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  Pref ace   

 Chronic heavy alcohol consumption is a major health issue worldwide and may lead 
to addiction and damage of almost every organ of the body. Alcohol accounts for 
approximately 2 million deaths per year (more than 3 % of all deaths). One of the 
most severe diseases caused by chronic alcohol consumption is cancer. Alcohol 
causes cancer of the upper alimentary (oral cavity, pharynx, esophagus) and respira-
tory tract (larynx), the liver, the colorectum, and the female breast. 

 Various workshops of the NIH/NIAAA in 1978, 2004, and 2010 have focused on 
alcohol as a cancer-causing agent. In addition, in 2007 the International Agency for 
Research on Cancer (IARC) in Lyon, France has invited an international group of 
experts to evaluate the role of alcohol in cancer development. This group came to the 
conclusion on the basis of epidemiologic data that alcohol is carcinogenic in humans, 
based on carcinogenicity of acetaldehyde, the fi rst metabolite of ethanol oxidation. 

 As epidemiology identifi ed alcohol as a cancer risk factor in countless publica-
tions, more and more publications on molecular mechanisms of alcohol in carcino-
genesis appeared since then. Therefore in 2010 it was time to start a new series of 
symposia on alcohol and cancer initiated by the European Society for Biomedical 
Research on Alcoholism (ESBRA). In September 2010 more than 100 specialists in 
the fi eld met at the German Cancer Research Centre (DKFZ) in Heidelberg, 
Germany for the fi rst International Congress on ALCOHOL AND CANCER. As a 
result of this congress various new approaches to the old topic originated due to 
multiple international co-operations. Thus, it was only a question of time when this 
success story could be continued. 

 In May 2013 the second international congress on ALCOHOL AND CANCER 
took place in Breckenridge, Colorado, USA. This book represents a summary of the 
presentations given during this congress. In general, a signifi cant progress in the 
understanding of the mechanisms by which alcohol effects carcinogenesis was 
noted. We are convinced that the reader of this book benefi ts from its content, and we 
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hope due to the increasing interest in this fi eld of various researchers from different 
areas in cancer research that this may further lead to elucidate the mechanisms by 
which alcohol acts as a carcinogen possibly resulting in therapeutic approaches. 
Finally, we hope to continue these Symposia in the future on a biennial basis.  

  New Haven, CT     Vasilis     Vasiliou   
 Washington, DC      Samir     Zakhari   
 Heidelberg, Germany      Helmut     K.     Seitz   
 Philadelphia, PA      Jan     B.     Hoek    

Preface
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    Chapter 1   
 Introduction 

             Gary     J.     Murray     

        Alcohol use disorders are a serious health problem having not only a profound 
 primary effect on individuals, their life expectancy, and general health but also sig-
nifi cant secondary effects on families and friends and a tertiary effect on society 
through the increased cost of health care and losses in productivity. The consump-
tion of alcoholic beverages has long been an integral part of celebrations throughout 
the world. Some have even suggested a historic and evolutionary connection 
between humans and alcohol metabolism linking survival of our species with the 
ability to consume rotting fruit and eliminate alcohol [ 1 ]. In the early history of 
mankind, when much of the water may have been toxic or potentially fi lled with 
pathogens, consumption of alcohol may have been safer than consumption of water. 
The use and abuse of alcohol, whether to celebrate, grieve, or just cope with life’s 
ups and downs, has led to a culture that condones and encourages its use and yet in 
recent years has become increasingly aware of the dangers of overindulgence. 

 To some, the consequences of consuming too much alcohol may be mild discom-
fort associated with the “morning after,” perhaps headache, malaise, some gastric 
distress, and inability to concentrate. To others especially for those who consume 
excessive quantities of alcohol either chronically or as binge drinkers, the manifes-
tation of symptoms may be much more severe and potentially include serious tissue 
damage and life-threatening organ failure. Although moderate alcohol consumption 
has been associated with health benefi ts—e.g., decrease in the risk of coronary 
artery disease and ischemic stroke—the World Health Organization has identifi ed 
chronic alcohol consumption as one of the top ten risk factors in terms of the years 
of life lost to premature mortality and years lived with disability [ 2 ]. The most 
 onerous among these adverse health effects may be the development of cancer. 

        Gary   J.   Murray ,  Ph.D.      (*) 
  Division of Metabolism and Health Effects ,  National Institute on Alcohol Abuse 
and Alcoholism, National Institutes of Health ,   Bethesda ,  MD ,  USA   
 e-mail: gary.murray@nih.gov  

mailto: gary.murray@nih.gov
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 Despite a suspected association between excessive use of alcohol and death due 
to cancer reported in an epidemiological study as early as 1903 [ 3 ], it took until 
1988 for the research community through the International Agency for Research on 
Cancer (IARC) to agree on the potential risk [ 4 ]. Alcohol was subsequently desig-
nated as a type 1 carcinogen in 2010 [ 5 ]. Although the association between smoking 
and cancer risk has been publicly accepted for many years, a similar recognition of 
the risks of alcohol consumption has not been part of the public perception of the 
risks of drinking. 

 Most epidemiological studies report a J-shaped risk profi le for the development 
of cancers of any kind such that the risk increases dramatically at higher levels of 
alcohol consumption. This also means that below a threshold level, usually set at the 
level considered as “moderate drinking,” the risk of developing cancer appears to be 
less than or equal to the risk for nondrinkers. The NIAAA and many international 
bodies have agreed that moderate alcohol consumption may be defi ned as up to one 
drink per day for women and up to two drinks per day for men, whereas heavy alco-
hol drinking is defi ned as having more than three drinks on any day or more than 
seven drinks per week for women and more than four drinks on any day or more 
than 14 drinks per week for men. The type of alcohol consumed shows no correla-
tion with the development of cancer; however, the pattern of drinking appears to 
have a strong infl uence, with binge alcohol consumption considered to be far more 
likely to produce alcohol-related pathology. This may, over time, develop into one 
of the many forms of cancer. 

 Clear patterns have emerged between alcohol consumption and the development 
of head and neck cancers, particularly cancers of the oral cavity, pharynx and larynx, 
and esophagus [ 6 ]. Often, these are associated most strongly with individuals with 
combined risk factors such as coincident alcohol and tobacco use [ 7 ]. Excessive 
alcohol use is an independent risk factor for and a primary cause of hepatocellular 
carcinoma. A number of contributing factors have been identifi ed including chronic 
infection and infections with hepatitis B and hepatitis C viruses [ 8 ]. Numerous epi-
demiological studies have found an association between alcohol consumption and 
the risk of breast cancer in women. For example, a slightly higher risk of breast 
cancer at low-to-moderate levels of alcohol consumption was identifi ed in the 
Million Women Study in the United Kingdom [ 9 ], a study that included more than 
28,000 women with breast cancer. However, these results have been called into 
question because they report lifetime breast cancer risk related to alcohol consump-
tion reported at a single point in time [ 10 ] and thus may overestimate the risk of 
cancer among light-moderate drinkers due to underreporting of intake [ 11 ]. As with 
most cancers, tracking exposure as a precipitating event in the development of breast 
cancer is not generally possible since an individual’s disease is the sum of a lifetime 
of contributory exposures. For instance, the pattern of drinking and age of onset of 
drinking behavior must be considered to determine if drinking at a particularly sus-
ceptible age has a critical infl uence on the results [ 12 ]. While alcohol exposures 
during childhood and adolescence are likely to affect a woman’s long-term risk of 
breast cancer, these have received far less research attention than exposures that 
occur later in life. Study participants are often stratifi ed into high- and low-risk 

G.J. Murray



3

drinking groups solely on the basis of recent alcohol use. This can potentially lead 
to erroneous conclusions since the origination of the cancer, the “precipitating 
event,” may be temporally far removed from the survey date and the effects may be 
long-lived. Indeed, damage caused by exposure to alcohol or any other carcinogen 
may initially be seen only at a subcellular or molecular level but continue to exert an 
infl uence on risk for many years after cessation of drinking. This has been clearly 
demonstrated for alcohol-associated head and neck cancers. Pooled analyses of mul-
tiple case-controlled studies of cancer of the oral cavity and pharynx and for esopha-
geal cancer have shown that the alcohol-associated cancer risk did not begin to 
decrease until at least 10 years after stopping alcohol drinking and did not approach 
that of never drinkers for at least 15 years after cessation of alcohol drinking [ 13 ]. 
More attention needs to be paid to the patterns of alcohol consumption throughout 
an individual’s life in order to properly assign risk. 

 Not all cancers are identical in initiation, promotion, and progression, and many 
hypotheses have been proposed by the scientifi c community to explain the 
mechanism(s) by which alcohol consumption may be linked to the development of 
cancer. Epidemiologic evidence emphasizes the signifi cant risk for development of 
various forms of cancer associated with the consumption of alcohol. It has also been 
shown that the risk increases due to synergy when alcohol acts in concert with other 
major risk factors including viral hepatitis B and C, smoking, and obesity. One of 
the best examples for this is the observation that especially high risks of cancer exist 
in individuals who both drink and smoke. Synergy between these two apparently 
independent risk factors has led to the hypothesis that alcohol induces enzyme sys-
tems capable of generating higher levels of carcinogens from tobacco smoke [ 13 ] 
or that alterations in the microbiome due to smoking and poor oral hygiene are 
responsible for increased acetaldehyde generated in the UADT [ 14 ]. 

 Multiple mechanisms exist by which alcohol may contribute to the initiation or 
progression of carcinogenesis. The development of cancer may be promoted by any 
or all of the following mechanisms: the metabolism of alcohol to acetaldehyde and 
more toxic downstream metabolites; changes in the oxidation state (to result in the 
generation of reactive oxygen species, ROS); alterations in folate metabolism and 
disturbances in the methionine cycle leading to epigenetic aberrations and changes 
in gene expression; and alcohol-induced disruption of gut barrier with dysregulation 
of the immune system and chronic infl ammation. One area of consensus in the sci-
entifi c community seems to be that alcohol rarely acts alone in the development of 
cancer but requires a confl uence of host genetic and environmental factors to result 
in the development or proliferation of cancer. 

 The IARC has classifi ed both alcohol and the acetaldehyde metabolite as type 
1A carcinogens [ 5 ]. This conclusion is based on the weight of the genetic and epi-
demiological evidence combined with the readily demonstrated cytotoxic proper-
ties and its ability to form DNA-acetaldehyde adducts and to generate numerous 
additional mutagenic species at concentrations attainable in vivo [ 14 ]. These may 
cause cancer by damaging DNA and arresting the repair mechanisms operative 
within the cell as will be discussed in greater detail in Chap.   5     in this volume (Balbo 
and Brooks). The best evidence for a role for acetaldehyde in a development of 
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cancer comes from epidemiological data from subjects with an inactive form of 
aldehyde dehydrogenase (ALDH2). Individuals who are heterozygous for this 
mutation ( ALDH2*1/2*2 ) have a greatly increased risk of developing various forms 
of head and neck cancers as a result of increased exposure to acetaldehyde [ 15 ]. 

 Metabolism of ethanol at each site of exposure occurs by stepwise conversion 
fi rst to acetaldehyde and then to acetate. Following ingestion, the highest direct 
exposure to both alcohol and acetaldehyde is most probably at the port of entry, the 
oropharyngeal tract. After drinking, alcohol may be present at high millimolar con-
centrations in the UADT and in the GI tract. In spite of a relatively short time of 
exposure, direct exposure to alcohol at high levels in the oral and gastric mucosa 
resulting in the local generation of acetaldehyde is the simplest and most likely 
explanation for the elevation in cancer risk to the upper aerodigestive tract. A small 
fraction of the ingested alcohol is metabolized at the point of ingestion, but much of 
the alcohol is delivered to the systemic circulation where it is rapidly distributed 
throughout the aqueous compartment in the body. Absorption into the systemic 
 circulation results in lower but still signifi cant exposures to both alcohol and acetal-
dehyde. Because of the high concentration of alcohol in many tissues, it may 
act nonspecifi cally on a variety of targets in the brain and peripheral organs. 
In individuals with optimally functioning metabolic and clearance systems and who 
do not drink excessively, the concentrations of ethanol and its metabolites are lower, 
minimizing the probability of serious consequences. 

 The cellular metabolism of alcohol and acetaldehyde and the generation of toxic 
by-products are dependent on the distribution of these substrates and the cell- and 
tissue-specifi c distribution of the enzymes responsible, the human alcohol and 
 aldehyde dehydrogenases and the various forms of the cytochrome P450 enzymes 
(CYP2E1), and the individual kinetic parameters of enzyme isoforms. In this context, 
it is important to note that both acute and chronic alcohol consumption results in oxi-
dative stress (through the generation of ROS and depletion of reduced glutathione) 
and the induction of CYP2E1 expression, all of which can lead to tissue damage and 
cancer. Acetaldehyde is produced by the metabolism of ethanol by the combination of 
these endogenous enzymes and the enzymes present in the microbiome and the bac-
teria found in the UADT, gut, and digestive tract. The latter vary from person to person 
and within an individual according to both location along the digestive tract and diet. 
The contribution of the microbiome to the process of converting ethanol into acetalde-
hyde and this capacity to generate carcinogens in situ represent an understudied area. 

 The importance of ethanol’s infl uence on epigenetics and the relationship to the 
etiology of alcohol-induced cancer need to be emphasized [ 16 ]. Alcohol’s infl uence 
on one-carbon metabolism, the folate and methionine cycles, induces epigenetic 
alterations that may include DNA methylation, histone modifi cation, and RNA- 
mediated gene silencing. As a general mechanism, methylation in the promoter 
region results in gene silencing and thus may reduce the risk of cancer; however, 
alcohol may induce both global hypomethylation and focal hypermethylation. 
Contributing complexity to the control of gene expression, hypomethylation of 
 certain oncogenes may lead to increases in gene expression, dedifferentiation, 
and proliferation [ 17 ,  18 ], whereas specifi c (hypermethylation of tumor suppressor 
genes to decrease their expression may also increase the risk for cancer [ 19 ]. 
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 Chronic infl ammation and cytokine signaling have been associated with the 
development of many serious adverse consequences of alcohol abuse and identifi ed 
in epidemiological studies as risk factor for developing cancer [ 20 ]. Multiple mech-
anisms exist by which cytokines may promote immune and nonimmune cells to 
survive and proliferate, to induce angiogenesis and tissue remodeling, or to migrate, 
thus contributing to invasiveness. Elucidation of alcohol’s effects on signaling pathways 
involved in cell proliferation, survival, cell death, angiogenesis, and motility, the 
cascade of events leading to the chronic infl ammatory state, the development of 
fi brosis and cirrhosis, and the specifi c triggers that result in the progression from 
fatty liver, through the various stages of alcoholic liver disease leading to hepatocel-
lular carcinoma, will provide insights into the relative importance of each in alcohol- 
induced tumorigenesis. 

 At the molecular level, each cancer type may be characterized by genetic altera-
tions involving the mutation of proto-oncogenes into oncogenes and/or silencing of 
tumor suppressor genes. Failures in the control of growth and survival in normal 
cells by genetic and epigenetic alterations transform cells such that they display the 
hallmarks frequently shared by most, if not all, human cancers. Alcohol may infl u-
ence the initiation, progression, and metastases of cancer by any of the mechanisms 
mentioned here or explored more fully in the remaining chapters. Rarely is it suffi -
cient to have a defect in a single gene, nor is it essential for a large number of 
genetic loci to be altered, but there may be some support for the need for more than 
one system failure to develop cancer. 

 Elucidation of the cellular and molecular mechanism(s) by which alcohol exerts 
its carcinogenic effect relative to cancer initiation, progression, and metastases will 
undoubtedly generate useful therapeutic strategies; however, the global battle 
against cancer will not be won with treatment alone. These, coupled with effective 
prevention measures, are urgently needed to prevent a cancer crisis. It is clear that 
alcohol can cause cancer but that retrospective, self-reported data may introduce 
uncertainty in the level of alcohol consumption associated with risk. Epidemiological 
studies have led and continue to lead the way and have provided a very useful road 
map for focusing the types of cancer for which alcohol may be suspected and even 
indicted; however, the level of culpability and guilt remains to be determined by the 
quality of the evidence and a more rigorous scientifi c jury. At present, our under-
standing of the role of alcohol in cancer induction or promotion is a work in prog-
ress as investigators worldwide continue to expand our knowledge base and integrate 
epidemiological observations with studies on mechanism and clinical care. Each 
advance in this area holds the promise of the development of new therapeutic strate-
gies to prevent or treat one or more of the alcohol-related cancers.    
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    Chapter 2   
 Alcohol and Breast Cancer: Reconciling 
Epidemiological and Molecular Data 

                Samir     Zakhari      and     Jan     B.     Hoek   

    Abstract     Breast cancer is the most diagnosed cancer in women worldwide. 
Epidemiological studies have suggested a possible causative role of alcohol con-
sumption as a risk factor for breast cancer. However, such conclusions should be 
interpreted with considerable caution for several reasons. While epidemiological 
studies can help identify the roots of health problems and disease incidence in a 
community, they are by necessity associative and cannot determine cause and effect 
relationships. In addition, all these studies rely on self-reporting to determine the 
amount and type of alcoholic beverage consumed, which introduces recall bias. 
This is documented in a recent study which stated that the apparent increased risk 
of cancer among light-moderate drinkers may be “substantially due to underreport-
ing of intake.” Another meta-analysis about alcohol and breast cancer declared “the 
modest size of the association and variation in results across studies leave the causal 
role of alcohol in question.” Furthermore, breast cancer develops over decades; 
thus, correlations between alcohol consumption and breast cancer cannot be deter-
mined in epidemiological studies with windows of alcohol exposure that captures 
current or recent alcohol intake, after clinical diagnosis. 

 Numerous risk factors are involved in breast carcinogenesis; some are genetic 
and beyond the control of a woman; others are infl uenced by lifestyle factors. Breast 
cancer is a heterogeneous and polygenic disease which is further infl uenced by epi-
genetic mechanisms that affect the transciptomes, proteomes and metabolomes, and 
ultimately breast cancer evolution. Environmental factors add another layer of com-
plexity by their interactions with the susceptibility genes for breast cancer and meta-
bolic diseases. The current state-of-knowledge about alcohol and breast cancer 
association is ambiguous and confusing to both a woman and her physician. 
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Confronting the huge global breast cancer issue should be addressed by sound 
science. 

 It is advised that women with or without a high risk for breast cancer should 
avoid overconsumption of alcohol and should consult with their physician about 
risk factors involved in breast cancer. Since studies associating moderate alcohol 
consumption and breast cancer are contradictory, a woman and her physician should 
weigh the risks and benefi ts of moderate alcohol consumption.  

  Keywords     Breast cancer   •   Epidemiology   •   Alcohol   •   Acetaldehyde   •   Reactive oxygen 
species   •   Estrogen   •   Folate   •   Metabolism   •   Epigenetics   •   Alcohol dehydrogenase   
•   Aldehyde dehydrogenase   •   BRCA1   •   BRCA2  

2.1         Introduction 

    Cancer is the leading cause of death in developed countries; worldwide, it is esti-
mated that cancer could result in 12 million deaths in 2030 [ 1 ]. The most common 
cancers worldwide are lung, breast, colorectal, stomach, and prostate. In women, 
the leading causes of cancer death are lung, breast, and colorectal cancers. In an 
annual report by the National Cancer Institute [ 2 ], overall cancer death rates contin-
ued to decrease in the USA in the period between 1975 and 2010; most declines 
were observed in female breast, prostate, lung, and colorectal cancers. The sharp 
decrease in breast cancer between 2002 and 2003 was attributed most likely to the 
reductions in the use of postmenopausal hormone-replacement therapy (HRT) [ 3 ]. 
Notwithstanding the signifi cant decline in breast cancer mortality rates in the indus-
trialized nations since 1990, breast cancer represents the most common female 
malignancy worldwide and is one of the primary causes of death among women 
globally [ 4 ]. 

 There are a multitude of underlying etiological risk factors for breast cancer, 
enumerated below, including the use of HRT. However, before discussing risk 
 factors, it is imperative to understand how breast cancer develops.  

2.2     The Biology of Breast Cancer 

 Breast development starts by the rapid division of stem cells at puberty and contin-
ues through woman’s fi rst full-term pregnancy. After birth, the hormonal milieu 
(estrogen, progesterone, growth hormone, prolactin) and cell fate-determining 
 signaling pathways transform a high percentage of mother’s breast cells into mature, 
differentiated milk-producing cells. Breast cell division is controlled by signals, 
such as estrogen, that allow cells to enter the cell cycle and promote cell 
division. Many proto-oncogenes code for the signals that control the cell cycle. 
Certain mutations in proto-oncogenes can result in oncogenes that code for protein 
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signals that cause overexpression of growth factors or their receptors, resulting 
in uncontrolled cell division and growth. For instance, erbB2, a member of the epi-
dermal growth factor (EGF) receptor family, also known as HER-2 (for Human 
Epidermal Growth Factor Receptor 2) or HER2/neu is a receptor tyrosine kinase 
protein that promotes cell proliferation. HER2 itself does not bind growth factors, 
but it can heterodimerize with other members of the EGF receptor family and 
 channel EGF and growth factor signals into more effective growth-promoting path-
ways. Overexpression of HER2 can thereby enhance the growth and proliferation of 
cancer cells; HER-2-positive breast cancers are more aggressive than other types 
of breast cancer. Other oncogenes that infl uence breast cancer include many other 
members of the tyrosine kinase family as well as cell cycle regulatory proteins, such 
as c-myc, cyclin D-1, and the cyclin regulator CDK-1. Opposing the oncogenes are 
tumor suppressor genes, such as p53 which recognizes cells with mutated DNA and 
causes apoptosis to these cells. Mutations in the p53 gene result in the continuous 
reproduction of cells with damaged DNA, enhancing cancer development [ 5 ]. 

 Breast cancer is a heterogeneous disease that encompasses more than 20 differ-
ent subtypes. Numerous molecular, cellular, and pathological processes are involved 
in the transformation of healthy tissue to preinvasive lesions, such as ductal carci-
noma in situ (DCIS), to invasive breast cancer. More than 70 % of DCIS lesions 
express estrogen receptors, and about 50 % of the lesions overexpress the  HER2 / neu  
proto-oncogene [ 6 ], In addition, the p53 tumor suppressor gene is mutated in 
roughly 25 % of lesions [ 7 ]. Based on molecular characteristics and clinical out-
come, subtypes of breast cancer are defi ned by gene expression profi les including 
evaluation of estrogen receptor (ER), progesterone receptor (PR), and HER2 recep-
tor, all of which affect the tumor growth rate and its metastatic potential, refl ected 
in the disease grading [ 8 ,  9 ]. 

 In addition to ER and PR, studies have revealed the presence and potential impor-
tance of several nuclear receptors in breast cancer, including receptors for steroid 
hormones (androgen, corticosteroids), vitamins A and D, fatty acids, and food-
derived xenobiotic lipids [ 10 ]. Among other major signaling pathways involved in 
mammary carcinogenesis is increased Wnt signaling [ 11 ]. The Wnt signaling path-
way controls the stability and activity of β-catenin, a transcription factor that drives 
the expression of a large number of proliferation promoting signals, as well as sig-
naling pathways that control the activity of mTOR, a critical junction in the cell-
growth control. Wnt signaling is an important factor during mammary development 
and is involved in stem cell fate determination. Wnt also determines the differentia-
tion of cancer stem cells, and its unregulated activation can promote tumorigenesis. 
In particular, there is evidence that Wnt activation is involved in triple-negative 
breast tumors, i.e., breast tumors that are not characterized by overexpression of 
HER2, ER, or PR. The role of aberrant Wnt signaling in breast carcinogenesis is 
further highlighted by the fi nding that knockdown of the tumor-suppressor gene 
PTEN ( phosphatase and tensin homolog deleted on chromosome 10 ) resulted in the 
activation of the Wnt/β-catenin pathway in human breast cells [ 12 ]. In addition to 
Wnt signaling, notch signaling regulates mammary stem and progenitor cell activity 
in breast tissue and commits stem cells to the luminal cell lineage [ 13 ].  
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2.3     Known Risk Factors for Breast Cancer 

 To fully understand the fi ndings and ramifi cations of epidemiological studies on 
alcohol and breast cancer, it is essential to consider the range of known risk factors 
involved in breast cancer development. Many of the primary risk factors for breast 
cancer cannot be readily modifi ed. These include the strong risk factors aging, genet-
ics (inherited changes in certain genes and family history of breast cancer), risk 
caused by prenatal history (e.g., daughters born to mothers who used diethylstilbes-
trol (DES) during pregnancy have increased risk), and reproductive parameters 
which determine the cumulative lifetime estrogen exposure (early menarche, before 
age 12; delayed menopause, after age 55; delayed child bearing; fi rst full-term preg-
nancy after age 30; miscarriage; abortion). Modifi able lifestyle risk factors include 
dietary habits (consumption of polyunsaturated fats and excessive alcohol), smok-
ing, exposure to radiation or synthetic estrogens, viral infection, physical inactivity, 
use of HRT, obesity, diabetes, breast implants, and even changes in circadian rhythm 
homeostasis, such as night-shift work. Needless to say, other risk factors may exist 
that are not yet fully understood or even known.  

2.4     Alcohol as a Risk Factor for Breast Cancer 

 Chronic heavy alcohol consumption (drinking too much too often) and binge drinking 
(too much too fast) are risky drinking behaviors that could promote various pathologi-
cal conditions, including cancer. More recently, some epidemiological studies have 
suggested that even moderate alcohol consumption can increase the risk of breast can-
cer by a small extent [ 14 ]. By contrast, others reported a decrease in breast cancer risk 
due to moderate drinking [ 15 ]. Equally, the molecular basis of alcohol use as a risk 
factor remains disputed. In view of the contradictory results of the epidemiological as 
well as the molecular studies on alcohol and breast cancer, the landscape of available 
information will be discussed under these two categorizations: (a)  epidemiological 
studies , which cover case–control or cohort studies, conducted in various countries and 
with a wide range of cohort size, and (b) studies addressing the  molecular basis  that 
might contribute to the infl uence of alcohol on breast cancer risk. We will then consider 
to what extent information on molecular and cellular actions of alcohol can account for 
the epidemiological fi ndings on  alcohol as a risk factor for breast cancer. 

2.4.1     Epidemiological Studies 

 A large number of prospective studies and some case–control studies on alcohol use 
as a risk factor for breast cancer have been reported over the past decades. Although 
there is consensus that heavy alcohol use can be a signifi cant risk factor, the fi ndings 
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are more controversial with regard to moderate alcohol use. These studies use 
a wide range of different sample sizes and methodologies, various defi nitions of a 
“drink,” and diverse criteria of moderate or heavy drinking and consider different 
times of drinking in a woman’s life. A constant feature is that essentially all studies 
obtain alcohol use data by self-reporting, the reliability of which is often problem-
atic, particularly for longer time intervals. All these factors can explain at least part 
of the divergent fi ndings and confusion. Studies discussed below are not intended to 
present a comprehensive review of epidemiological studies, rather a sampling of 
various studies, in different countries, with diverse methodologies and sample size, 
varied dietary intake, and different results. For clarity of the discussion that will fol-
low, these studies are enumerated below, and combined comments on them are dis-
cussed in the concluding remarks section.

    1.    The Nurses’ Health Study initiated in the USA in 1980 administered a dietary 
questionnaire (including the use of beer, wine, and spirits) to 89,538 nurses 
between the age of 34 and 59, with no history of cancer. During the ensuing 
4 years, 601 cases of breast cancer were diagnosed. (In this study, a drink was 
defi ned by rather nonstandard criteria with inaccurate estimates of their alcohol 
content). The study reported relative risk (RR) of 1.3 for women consuming 
one-third to one drink/day (compared to nondrinkers RR = 1.0), which went up 
to 1.6 for those consuming more than one drink/day, although, ironically, RR 
was not further increased in those consuming 1.8 or more drinks/day, and there 
was no increase in risk for those who drank less than 1/3 of a drink/day [ 16 ]. 
The study noted the potential impact of various other risk factors, such as body 
weight, cigarette smoking, and being nulliparous, but stated that these were not 
themselves associated with breast cancer risk in these studies. However, several 
other studies have reported that these are risk factors for breast cancer (see 
below). Moreover, the combined risk of alcohol use with these other factors 
could not be resolved.   

   2.    An update of the Nurses’ Health Study (1) was published in 2011 [ 17 ]. 
Cumulative average alcohol intake in 1994, the midpoint of the follow-up 
period, was used to assess RR for breast cancer. Compared with women who 
never consumed alcohol, those who consumed 5–9.9 g per day (equivalent to 
3–6 drinks per week) had a modest increase in risk (RR = 1.15); little difference 
was found between risk and various alcoholic drinks (RR per 10 g/day was 1.12 
for wine and 1.09 for beer or liquor). Women who on average consumed at least 
30 g of alcohol/day (slightly over two drinks per day) had a greater risk of 
breast cancer (RR = 1.51). Alcohol consumption seemed to be more strongly 
associated with the risk of ER+ status, PR+ status, or both for women who 
drank 10 or more g/day; this interaction did not reach statistical signifi cance 
though. The authors of this study highlighted the importance of considering 
lifetime exposure when evaluating the effect of alcohol. However, determin-
ing life time alcohol use by average use/day may miss important patterns of 
alcohol use that may have an infl uence on the outcome, as was recognized in 
some other studies.   
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   3.    In 1994, Longnecker [ 18 ] reported on a meta-analysis of 29 case–control and 9 
follow-up studies from the USA, Australia, Italy, France, Greece, the 
Netherlands, Canada, England, Sweden/Norway, Denmark, New Zealand, and 
Argentina. Daily consumption of a drink was associated with an 11 % increase 
in breast cancer risk compared to nondrinkers. However, the author reported 
that the “slope of the dose response curve was quite modest” and “the modest 
size of the association and variation in results across studies leave the causal 
role of alcohol in question.” Needless to say, these studies were conducted in 
different countries with wide variations in their dietary habits, environmental 
factors, smoking, and genetic background.   

   4.    In a case–control study of 890 cases of Black and White women, 20–74 years 
old, in the USA, the odds ratio (OR) to develop breast cancer for women who 
have a recent consumption of 1 or 2 drinks/day, compared to nondrinkers, was 
1.4; intriguingly, consumption of two or more drinks/day resulted in OR of 1.0 
(i.e., no increase in risk). In addition, average lifetime consumption of 91 g/
week (about 6.5 drinks) resulted in a “nonsignifi cant increased” risk (OR = 1.5) 
in women reporting binge drinking [ 19 ]. Also, ORs did not differ by race, age, 
menopausal status, use of HRT, or body mass index (BMI). Obviously, these 
correlations are intrinsically questionable. It is hard to see how recent consump-
tion can be a causal factor in breast cancer that probably has started at least 
20 years earlier. Also, it is diffi cult to correlate average lifetime consumption in 
a meaningful manner with the molecular events leading to breast cancer.   

   5.    A small case–control study in France involving 437 women between the age 
of 25 and 85, reported a decrease in risk for breast cancer for women consum-
ing less than 1.5 drinks/day; OR = 0.58, after adjustment for BMI, parity, 
breastfeeding, physical activity, history of breast cancer, diet, and duration of 
ovulation [ 20 ]. Three patterns of alcohol consumption were identifi ed (absti-
nent, sporadic, and frequent drinkers). Sporadic drinkers comprised women 
who drank four times per week or less, while frequent drinkers were defi ned as 
those who consumed alcohol fi ve times a week or more. Alcohol consumption 
was recorded as units (one unit = 10 g of ethanol in 4.2 oz of wine, 11 oz of beer, 
or 1 oz of spirits). No association was found between the pattern of total alcohol 
consumption and breast cancer risk. The study noted that drinking pattern could 
change during the period under consideration. For example, “a woman 
who claimed not to be drinking at the time of interview could, in fact, have been 
at some previous point alcoholic or could have had sporadic alcoholism that 
motivated the cessation of drinking. In such cases, the longest typical phase of 
consumption during that individual’s history was used for the study.”   

   6.    The risk of breast cancer due to total caloric intake, coffee and alcohol con-
sumption was studied in 280 breast cancer French Canadian women who were 
noncarriers of six specifi c mutations in  BRCA1 / 2  genes found more frequently 
in families of French Canadian descent. They were compared with 280 matching 
women without breast cancers who were not carriers of these mutations [ 21 ]. 
Data were obtained by using a food-frequency questionnaire (FFQ) that 
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 “covered the period 2 years prior to the diagnosis for cases and a corresponding 
period for the controls.” In addition, “alcohol-related beverages consumed were 
summed to obtain the total amount drunk per week.” Average alcohol consump-
tion was 9.8 and 6.3 g/day for cases and controls, respectively. The study con-
cluded that “more than two bottles of beer per week” increased breast cancer 
risk by 34 %, whereas >10 oz of wine or >6 oz of spirit per week increased 
cancer risk by 16 % and 9 %, respectively. The study acknowledged “recall 
bias” as a limitation.   

   7.    A case–control study involving 1,728 women 20–49 years of age, in Los 
Angeles County, California, administered a questionnaire about early, lifetime, 
or recent alcohol consumption [ 22 ]. The study reported that alcohol intake 
“during the recent 5 year period before the breast cancer diagnosis was associ-
ated with increased breast cancer risk” and that “intake of two or more alco-
holic drinks per day during this 5 year period was associated with an 82 % 
increase in breast cancer risk relative to never drinkers.” Ironically, there was no 
risk increase for “lifetime alcohol intake.”   

   8.    On the other hand, a population-based study (1,508 cases) collected infor-
mation on alcohol intake throughout life. Consumption of 15–30 g/day (approx-
imately 1–2 drinks) throughout life was associated with a modest 33 % increase 
in risk particularly among women with low BMI (<25) and those diagnosed 
with estrogen receptor-positive tumors; but heavier consumption (>30 g per 
day) was not. Risk did not vary with alcohol type or by patterns of use (recent 
use, intake prior to age 20 years) [ 23 ].   

   9.    Another population-based case–control study about lifetime alcohol consump-
tion did not fi nd an increase in breast cancer risk among women younger than 
50 years of age; however, among those over 50 years of age, ever drinking 
conferred a relative risk of 1.8. Information about alcohol intake was obtained 
using a questionnaire from women 40–75 years old who participated in a 
screening program in central Sweden [ 24 ].   

   10.    Breast density is a risk factor for breast cancer. The impact of alcohol consump-
tion on mammographic density was assessed for 1,207 cases from three popula-
tions (Japan, Hawaii, California) [ 25 ]; alcohol intake was estimated from 
“self-administered questionnaire” and recorded as “ever vs. never,” and for 
Hawaii and Japan only, the “ever drinkers were divided into ≤1 and >1 drink/
day.” Results showed that alcohol consumption did not signifi cantly modify the 
effect of mammographic density on breast cancer risk “in this pooled analysis.” 
The study stated that “whereas the dichotomous model did not indicate an 
 association between alcohol drinking and breast cancer, the relative risk was 
elevated for women consuming >1 drink/day without reaching statistical 
 signifi cance.” The study invoked “recall bias” and stated that “as in all epide-
miological studies, alcohol intake may have been underreported” and “this 
analysis had limited ability to model the exact relations between alcohol intake, 
mammographic density, and breast cancer risk and the fi ndings need to be inter-
preted with caution.” 
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 In short, these various studies highlight the intrinsic problem of assessing 
long-term or even lifetime drinking patterns through a recall questionnaire 
approach. 

 Another question is whether specifi c subtypes of breast cancer show 
enhanced risk related to past or current alcohol use and whether alcohol use 
synergizes with other breast cancer risk factors. In recent years, a number of 
large cohort studies were conducted that provided the opportunity to assess 
alcohol use history and other breast cancer risk factors for some of the major 
cancer subtypes.   

   11.    The Million Women Study [ 26 ] conducted in the United Kingdom and pub-
lished in 2009 calculated the RR for 21 site-specifi c cancers due to beverage 
alcohol consumption, including breast cancer, based on a questionnaire asking 
about the average alcohol consumption per week. Of the 1,280,296 women 
recruited, data from 708,265 women from a follow-up survey three years later 
were used. The study reported that women who drank alcohol were “likely to 
be younger, leaner, more affl uent, and to do strenuous exercise more frequently” 
and more likely to “have ever used oral contraceptives and to be currently using 
hormone replacement therapy” than nondrinkers. Also, among drinkers, “the 
proportion of current smokers increased with increasing alcohol intake.” The 
RR of breast cancer was 1.08, 1.13, and 1.29 for women who drank 3–6, 7–14, 
and 15 or more drinks/week, respectively. The study estimated a 12 % increase 
in breast cancer risk per 10 g increment of alcohol intake.   

   12.    The Women’s Health Study in the USA conducted a 10-years follow-up on 
38,454 women 45 years or older who were free of cancer and cardiovascular 
disease at baseline and provided detailed dietary information, including alcohol 
consumption [ 27 ]. High alcohol consumption (30 g/day—over two drinks) was 
associated with a modest increase in breast cancer risk (RR = 1.32) that was 
limited to ER+ and PR+ tumors. The RR for an increment of 10 g/day of alco-
hol were 1.11 for ER+/PR+ tumors, 1.00 for ER+/PR– tumors, and 0.99 for 
ER–/PR– tumors. The association seemed strongest among those taking HRT 
currently, albeit statistically not signifi cant. In addition, the RR of breast cancer 
for a 10 g/day increment was similar for different beverages (1.15 for beer, 1.13 
for white wine, and 1.08 for red wine or liquor).   

   13.    In a population-based Swedish Mammography Cohort study, self-reported data 
on alcohol consumption were collected in 1987 and 1997 from 51,847 post-
menopausal women [ 28 ]. After adjusting for age; family history of breast 
 cancer; BMI; parity; age at menarche, fi rst birth, and menopause; diet; and 
HRT use, alcohol consumption was associated with an increased risk for the 
development of ER+ tumors, irrespective of PR status, especially in women 
using HRT. Consumption of 10 g or more of alcohol/day increased RR to 1.35 
for ER+/PR+, 2.36 for ER+/PR−, 0.62 for ER−/PR+, and 0.80 for ER−/PR− 
tumors versus nondrinkers. However, the link between alcohol use and ER+ or 
PR+ status was not consistent across different studies. The study by Terry et al. 
[ 23 ] mentioned earlier reported that alcohol consumption increases the risk in 
ER+/PR+ breast cancer but not in ER−/PR− [ 23 ]; among postmenopausal 
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women no statistically signifi cant differences were observed in the risk factor 
profi les for ER+ PR+ and ER−PR− breast cancer [ 29 ]. An additional case– 
control study showed that alcohol increases risk in ER+/PR+ tumors, but not 
for ER+/PR− and ER−/PR− tumors [ 30 ]. Alcohol use appears to be more 
strongly associated with risk of lobular carcinomas and hormone receptor- 
positive tumors than it is with other types of breast cancer [ 31 ]. To add to the 
confusion, another study reported an increased risk for ER+/PR+, ER−/PR−, 
and ER−/PR+ tumors, but not for ER+/PR− in women 20–44 years of age [ 32 ]. 
Two additional case–control studies reported positive associations of alcohol 
consumption with risk of either ER+ or ER− tumors [ 33 ,  34 ] and one with ER+ 
tumors only [ 35 ]. Finally, two studies in which alcohol consumption was cate-
gorized into only “ever vs. never” reported no association irrespective of joint 
ER and PR status [ 36 ,  37 ].   

   14.    In contrast to the Swedish study, the Iowa Women’s Health Study found that 
alcohol intake was most strongly associated with ER–/PR– tumors in following 
37,105 cancer-free women 55–69 years of age, who fi lled out a questionnaire 
by mail, and were followed up for 7 years [ 38 ]. Alcohol consumption over the 
past year was self-reported and was averaged as g/week. The study reported 
that there was a 55 % increased risk for ER−/PR− tumors in “women who had 
ever drunk alcohol”; however, alcohol consumption was not quantifi ed.   

   15.    The interactions between alcohol consumption and HRT was studied in 40,680 
postmenopausal California teachers using a questionnaire for alcohol consump-
tion during the past year and HRT use for the past 5 years [ 39 ]. Subjects are 
grouped into three categories: nondrinkers, those consuming <20 g/day of alco-
hol, and those who consume ≥20 g/day. Increased breast cancer risk associated 
with alcohol consumption was observed among postmenopausal women who 
were current users of HRT (RR = 1.60 for those consuming <20 g/day and 
RR = 2.11 for consumers of ≥20 g/day). Alcohol did not increase risk among 
women who had stopped using HRT within 3 years. Results were similar for 
ER+ and ER+/PR+, and no increase in risk was observed in ER− tumors.   

   16.    A study on 989 cases of breast cancer in women aged 23–74 years in three 
Italian areas investigated the role of alcohol according to ER and PR status by 
collecting information on lifetime alcohol consumption using FFQ [ 40 ]. The 
weekly number of drinks was calculated, taking into account that one drink 
corresponds to approximately 125 mL of wine, 330 mL of beer, and 30 mL of 
hard liquor, each containing about 15 g of ethanol (30 mL of 80 proof liquor 
contains only 9.6 g of ethanol). The study reported that consumption of ≥13.8 g/
day increased the risk of ER+ tumors (OR = 2.16), ER− (OR = 1.36), ER+/PR+ 
(OR = 2.34), ER−/PR− (OR = 1.25) and concluded that alcohol is more strongly 
associated with ER+ and ER+/PR+ than ER− breast tumors.   

   17.    The National Institutes of Health-AARP Diet and Health Study obtained infor-
mation from 184,418 postmenopausal women aged 50–71 years, about their 
alcohol use and diet, through a mailed questionnaire at baseline [ 41 ], Breast 
cancer cases and ER and PR status were identifi ed through linkage to state 
cancer registries. The authors reported that “Moderate consumption of alcohol 
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was associated with breast cancer, especially hormone receptor-positive 
tumors.” However, a closer analysis of the data indicated that the RR did not 
reach signifi cance for both light (0.4–0.7 self-reported drinks/day) and moder-
ate (0.7–1.4 drinks/day) alcohol use (RR of 1.13 and 1.07, respectively, for 
ER+/PR+ cancers, with 95 % confi dence intervals ranging from 0.89 to 1.38) 
and even self-reported drinking at higher levels (1.4–2.5 drinks/day) with an 
RR of 1.34 and CI 1.06–1.69 was based on only 89 cases. Other cancer sub-
types (ER+/PR− or ER−/PR−) did not show signifi cant increases and were 
based on even lower incidence. Therefore, the conclusion of the authors that 
moderate drinking was associated with breast cancer is not supported by data.   

   18.    The Women’s Health Initiative-Observational Study enrolled 87,724 post-
menopausal women aged 50−79 years, without a history of breast cancer 
between 1993 and 1998, who self-reported their alcohol use histories [ 42 ]. In a 
follow-up through 2005, a total of 2,944 patients with invasive breast cancer 
were diagnosed. The study reported that the RR in women who consumed 
seven or more alcoholic beverages/week was 1.82 for hormone receptor- 
positive invasive lobular carcinoma and a statistically nonsignifi cant 1.14 for 
hormone receptor-positive invasive ductal carcinoma. Women who reported 
drinking one or more alcoholic beverage/day were more likely to be nullipa-
rous, with low BMI, currently use HRT, and smoke. Alcohol use was assessed 
only at baseline, and the authors stated that “Extensive measurement errors or 
changes in alcohol use could affect the study conclusions.”   

   19.    In 1966, Doll and colleagues reported on breast cancer incidence in fi ve conti-
nents where the USA was reported to be 4–7 times higher than in Asian popula-
tions [ 43 ]. Almost half of the East Asian population is defi cient in the 
mitochondrial enzyme that metabolizes acetaldehyde, the fi rst metabolite of 
alcohol and a suspect in breast carcinogenesis. Although the drinking history 
of breast cancer patients was not assessed in this study, this observation sug-
gests that acetaldehyde metabolism may not be a dominant determinant in 
breast cancer risk. To test any association between acetaldehyde and breast can-
cer, the effect of alcohol consumption on breast cancer incidence rates was 
studied in 597 Chinese, Japanese, and Filipino women living in San Francisco–
Oakland, Los Angeles, and Oahu, Hawaii [ 44 ]. Breast cancer risk was not 
 signifi cantly associated with alcohol drinking (OR = 0.9) in Asian American 
women. Furthermore, a prospective study performed in Japan using data from 
35,844 women who completed a self-administered questionnaire found that 
consuming <15 g/day did not signifi cantly increase the risk for breast cancer. 
However, risk was signifi cantly increased in women who consumed ≥15 g/day 
[ 45 ]. To add to the confusion, the Miyagi Cohort Study in Japan involving 
19,227 women found that consuming ≥15 g/day of alcohol “had no signifi cant 
relation to breast cancer risk” [ 46 ].   

   20.    To test whether alcohol-induced facial fl ushing (i.e., women who have the 
defective ALDH2*2 gene thereby cannot effectively metabolize acetaldehyde 
further to acetate) modifi es the risk for breast cancer, a prospective study was 
undertaken by Japan Public Health Center on 50,757 pre- and postmenopausal 
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women aged 40–69 years, using self-reported questionnaire [ 47 ]. After 
13.8 years of follow-up, 572 cases of invasive breast cancer were diagnosed. 
The study reported that, compared to never drinkers, regular alcohol drinkers 
(>150 g ethanol/week—about 2 drinks/day, which is higher than the defi nition 
of moderate drinking) have 78 % increased risk for breast cancer in premeno-
pausal women and 21 % increase in postmenopausal women. Consumption of 
10 g/day of alcohol was associated with 6 % increase in risk for overall breast 
cancer (compared to 12 % in the Million Women Study discussed above). This 
effect was not modifi ed by alcohol-induced facial fl ushing, by folate intake, by 
smoking, by BMI, nor by exogenous estrogen use by postmenopausal women. 
There was no statistically signifi cant association between alcohol intake and 
ER+ tumors. A previous study also showed no association between polymor-
phism of ALDH enzyme and risk of breast cancer [ 48 ]. Furthermore, a review 
of  epidemiological evidence in Japanese populations using three cohort studies 
and eight case–control studies by Nagata and colleagues reported that “epide-
miologic evidence on the association between alcohol drinking and breast can-
cer remains insuffi cient in terms of both the number and methodological quality 
of studies among the Japanese population” [ 49 ].   

   21.    A case–control study conducted in China involved 1,009 cancer cases, in which 
alcohol consumption data were obtained in a face-to-face interview within 
three months after diagnosis. Tumors’ ER/PR status was obtained from pathol-
ogy reports. The study reported that low-moderate alcohol consumption was 
inversely associated with breast cancer risk: adjusted odds ratio (OR) for 
women who consumed <5 g/day was 0.4 and 0.62 in post- and premenopausal 
women, respectively, compared to nondrinkers [ 15 ]. OR was low across hor-
mone receptor status groups even for those consuming <15 g/day for postmeno-
pausal women (OR = 0.36–0.56) and premenopausal women (OR = 0.57–0.64). 
Consuming >15 g/day increased OR in postmenopausal women regardless of 
the hormone receptor status. Apart from the wide range of participants’ age 
(20–87 years)—which infl uences the relative contribution of various risk fac-
tors for breast cancer-quantifi cation of alcohol consumption was haphazard. 
For instance, the study stated that “Standard drinking vessels used by Zhejiang 
residents were displayed during the interview to increase the accuracy of mea-
surement” without stating the volume or alcohol content. Furthermore, alcohol 
consumption was based on a “reference” recall period one year “before diagno-
sis.” Consumption of ≥15 g/day appeared to increase breast cancer in post-
menopausal women with ER+/PR− or ER−/PR+.   

   22.    Similarly, a study on 712 breast cancer cases, aged 30–74 years from the New 
Mexico Tumor Registry, collected data on recent and past alcohol intake via 
in-person interview. Compared to nondrinkers, low recent alcohol intake 
(<148 g/week, ~10.5 drinks) was associated with reduced risk of breast cancer 
for non-Hispanic Whites (OR = 0.49) independent of hormone receptor status 
for both pre- (OR = 0.29) and postmenopausal women (OR = 0.56). Past alcohol 
intake did not demonstrate association with breast cancer, and trends were 
nonsignifi cant [ 50 ]. 
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 Several studies explored the relationship between alcohol use and folate 
defi ciency as related risk factors in the development of breast cancer.   

   23.    A study conducted on 1,000 Mexican women [ 51 ] with breast cancer using 
 “in- person interviews” determined “recent alcohol intake” and whether the 
patient is an “ever drinker” or “never drinker.” It concluded that “any alcohol 
intake increases risk of breast cancer,” and “insuffi cient intake of folate may 
further elevate risk for developing breast cancer.” “Ever drinking was  associated 
with a twofold increase in the odds of breast cancer” reported the study. 
However, the defi nition of ever drinking was a “yes” or “no” without quantifi -
cation, and the authors declared that “recall bias is a concern.”   

   24.    Another study, the Women’s Health Initiative-Observational Study, gathered 
baseline questionnaires which addressed alcohol and folate intake from 88,530 
postmenopausal women 50–79 years [ 52 ] and found no evidence for folate 
attenuating alcohol’s effect on breast cancer risk. Similarly, the American 
Cancer Society Cancer Prevention Study II Nutrition Cohort [ 53 ] examined the 
relationship between alcohol, dietary intake of folate and methionine, and 
breast cancer risk in 66,561 postmenopausal women. Women who consumed 
15 or more grams of ethanol/day had increased risk of breast cancer (RR = 1.26) 
compared with nonusers. However, no association between risk of breast can-
cer and dietary folate, total folate, or methionine intake was found, and there 
was no evidence of an interaction between dietary folate or total folate and 
alcohol.   

   25.    Possible interaction between alcohol and folate was investigated in 24,697 
postmenopausal women in the “Diet, Cancer and Health” follow-up study 
which included 388 cases of breast cancer and 388 randomly selected controls 
to estimate the breast cancer incidence rate ratio (IRR) in conditional logistic 
regression analysis [ 54 ]. Alcohol intake was associated with risk of breast can-
cer mainly among women with folate intake below 300 μg (IRR = 1.19 per 10 g 
average daily alcohol intake); no association between alcohol and breast cancer 
risk was found among women with a folate intake higher than 350 μg (e.g., 
folate intake >400 μg; IRR = 1.01). The authors concluded that adequate folate 
intake may attenuate the risk of breast cancer associated with high alcohol 
intake.   

   26.    A case–control study in pre- and postmenopausal Japanese women including 
1,754 breast cancer patients aged 20–79 years found that self-reported alcohol 
consumption was associated with the risk of breast cancer [ 55 ]. Consuming 
≥23 g/day of alcohol increased the risk by 39 % compared to nondrinkers. 
However, no signifi cant positive association was observed among preme-
nopausal women. High folate intake was associated with a lower risk of 
 developing breast cancer in pre- but not postmenopausal women. In addition, 
high folate intake reduced the risk of breast cancer in women consuming ≥23 g/
day of alcohol only in post- but not premenopausal women. Determining the 
risk based on the tumor receptor status was misleading and confusing. For 
example, in premenopausal women with ER+/PR+/HER2+ tumors, the odds 
ratio (OR) of developing breast cancer for those drinking 1 to ≤5 g alcohol/day, 
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5 to ≤23 g/day, and ≥23 g/day were 0.84, 1.61, and 0.84, respectively. For ER−/
PR−/HER2+ OR was 0.7, 1.92, and 0.52, respectively. Examination of data 
revealed that the ORs for ER−/PR−/HER2+ tumors were based on 4, 7, and 1 
patients, respectively. Similarly, for ER−/PR−/HER2− tumors, ORs were 0.47, 
2.47, and 1.39 based on 2, 5, and 1 patients, respectively.   

   27.    The relation between alcohol intake and the risk of breast cancer was investi-
gated in 274,688 women participating in the European Prospective Investigation 
into Cancer and Nutrition study (EPIC). Alcohol information was obtained by 
self-reports. The IRR per 10 g/day of continuous higher recent alcohol intake 
was 1.03. No association was seen between lifetime alcohol intake and risk of 
breast cancer. No difference in risk was shown between users and nonusers of 
HRT, and there was no signifi cant interaction between alcohol intake and BMI, 
HRT, or dietary folate [ 56 ].     

 In summarizing the main outcomes of the epidemiological studies, despite the 
indications suggested by many of these studies that there is some relationship 
between alcohol use history and the risk for developing breast cancer, the nature of 
that relationship remains poorly characterized. Major open questions are what 
aspects of a woman’s drinking history infl uence breast cancer risk, whether differ-
ent subtypes of breast cancer account for the increased risk, and how an individual’s 
physiological response to alcohol and its metabolites could interact with other 
breast cancer risk factors to promote disease onset or progression. A better under-
standing of the molecular basis by which alcohol use is thought to enhance cancer 
risk is needed. The following section will explore the information available from 
molecular and cellular studies that have addressed these questions.  

2.4.2     Molecular Studies 

 Although epidemiological studies about alcohol and breast cancer resulted in con-
troversial results, identifi ed no causal association, and at low to moderate levels of 
drinking correlations were tenuous at best, experimental studies suggested possible 
mechanisms that could be invoked, including estrogen metabolism and response, 
acetaldehyde-induced cell mutation, oxidative stress, and epigenetic modifi cations 
involving one-carbon metabolism pathways. These mechanisms are elegantly 
reviewed by Seitz and colleagues [ 57 ] and by Dumitrescu and Shields [ 58 ]. 

2.4.2.1     Estrogen Metabolism 

 Estrogen plays an important role in breast cell division and hence carcinogenesis. 
It has been postulated that prolonged exposure of mammary tissue to estrogen and 
progesterone, due to early menarche and/or delayed menopause, may contribute to 
higher breast cancer risk. In postmenopausal women, estrogen levels are maintained 
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mostly by the activity of the aromatase enzyme which catalyzes the last step in 
estrogen biosynthesis from androgens (i.e., androstenedione to estrone and testos-
terone to estradiol) [ 59 ]. 

 In one experimental study on alcohol alone and breast cancer, 20 female ICR 
mice were given 10–15 % ethanol solution as the  sole  drinking fl uid for 25 months, 
with ad libitum solid diet [ 60 ]. Approximately, 45 % of mice developed either papi-
llary or medullary adenocarcinoma of glandular epithelial origin. However, the 
 relevance of this model for human alcohol consumption is questionable. Taking into 
account the average life span of ICR mouse, which is 2–2.5 years, these animals 
were given alcohol solution as the only drink available for about as much as 85 % 
of their life, at a rate equivalent to nonstop binge drinking, a situation that is neither 
physiological nor normal for humans. 

 Another study used transgenic mice that overexpress the HER2 protein (encoded 
by the proto-oncogene HER2⁄neu) in the mammary epithelium, resulting in the 
development of estrogen receptor alpha (ERα)-negative mammary tumors, similar 
to those of patients with HER2+ breast cancer [ 61 ]. Non-ovariectomized (NOVX) 
and ovariectomized (OVX) mice were exposed to 0, 5, and 20 % ethanol in the 
drinking water at 9 weeks of age till the endpoint (week 52), when serum was col-
lected to determine estrogen levels. Tumor incidence in the 5 and 20 % alcohol- 
consuming NOVX mice was 53.33 and 66.67 %, respectively, compared to 40 % in 
the control mice; however, tumor incidence reached statistical signifi cance only in 
mice consuming 20 % alcohol. Increase in tumor incidence was associated with 
increased systemic estrogen levels, increased expression of aromatase, and increased 
expression of ER-α in the tumors of 20 % alcohol-consuming mice. Additionally, 
ovariectomy blocked the effects of 20 % alcohol on tumor development (Fig.  2.1 ) 
despite the increase in estrogen levels due to alcohol. The authors concluded that 
“alcohol promotes mammary tumor development only in the presence of normal 
systemic estrogen levels, which the OVX animals lack,” and “alcohol consumption 

  Fig. 2.1    Consumption of 20 % alcohol enhanced tumorigenesis in mice. Ovariectomy abolished 
this effect despite alcohol-induced increase in estrogen levels (From Wong et al. [ 61 ])       
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promotes HER2 breast cancer development via the estrogen signaling pathway.” 
While 20 % alcohol consumption increased estrogen levels in OVX mice, the 
 estrogen levels were still signifi cantly lower than those of NOVX control mice. 
Also, OVX mice failed to develop tumors in numbers comparable to NOVX mice, 
which led the authors to state “estrogen may be important for the tumor model in 
general and that failure to see tumor promotion with alcohol is a secondary effect.”  

 The results of this study highlight the importance of assessing the HER2 status 
in addition to that of ER and PR. To translate these results to humans, women who 
take estrogen-containing HRT could have an increase in breast cancer risk due to the 
combined effects of HRT and alcohol. However, the epidemiological study (#26 
above) that took into account the HER2 status found that in premenopausal women 
with ER+/PR+/HER2+ tumors, the risk of developing breast cancer for those drink-
ing 5 to ≤23 g/day was increased by 61 % and for ER−/PR−/HER2+ by 92 % for 
women drinking the same amount. It is apparent that the results of this epidemio-
logical study do not dovetail in a straightforward manner with the mouse study, 
suggesting that the relationships between these variables are more complex. 

 The use of HRT that contains estrogen adds to the complexity of the interaction 
between various risk factors. For example, the Women’s Health Initiative (WHI) 
reported that women who received ≥5 years of continuous treatment with estrogen 
and progestin have increased risk of breast cancer [ 62 ]. Similar results were reported 
by studies #12, #13, and #15 above, but not by #4. In the same WHI study, post-
menopausal women with prior hysterectomy who received estrogen alone showed a 
statistically signifi cant decrease in breast cancer risk [ 63 ]. In addition, women in 
the French observational E3N study who received estrogen alone or estrogens com-
bined with micronized progesterone showed no increase in breast cancer risk; how-
ever, those who received estrogens and androgenic progestins, or who were on HRT 
for long time, were at increased risk [ 64 ]. In a Finnish study [ 65 ], postmenopausal 
women using estradiol (E2)-progestogen therapy showed no increase in breast can-
cer incidence within the fi rst 3 years of use. 

 Since supraphysiological estrogen doses caused mammary adenocarcinomas 
in rats [ 66 ], and alcohol consumption increased plasma estrogen levels (not to a 
supra physiological level) in human female volunteers [ 67 ], it was postulated that 
alcohol use should be more strongly associated with ER+ than ER− tumors. 
However, epidemiological studies that assessed the risk of alcohol consumption 
based on tumor status were contradictory. For example, while some epidemiologi-
cal studies showed a modest increase in ER+ tumors with the consumption of 
15–30 g/day, there was no association with consumption of >30 g/day (see study #8 
above). The link between alcohol use and ER+ or PR+ status was not consistent 
across different  studies (see discussion under #13). For instance, studies showed 
statistically nonsignifi cant associations with either or both ER+, PR+ for women 
consuming ≥10 g/day (study #2). Consumption of 30 g/day was associated with a 
modest increase in risk of ER+/PR+ tumors, but there was no increase in risk for 
ER+/PR− tumors (study #12). Other studies showed that 10 g/day of alcohol 
increased the risk in either ER+ or ER− (study #13), or mostly in ER−/PR− (study 
#14). Study #17 showed that consumption of 10–20 g/day was associated with 7 and 
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28 % increase in risk for ER+/PR+ and ER−/PR− tumors, respectively. Finally, 
meta-analysis of 4 prospective and 16 case–control studies [ 68 ] showed that an 
increase in alcohol consumption of 10 g per day was associated with increased risks 
for ER+/PR+ (11 %) and ER+/PR− (15 %). The authors concluded that the observed 
positive associations with alcohol for ER+/PR+ and ER+/PR− tumors cannot be 
explained by estrogen- dependent pathway only. 

 In addition, estrogen status is infl uenced by numerous exogenous factors. For 
instance, persistent exposure of mammary gland stem and progenitor cells to different 
environmental factors such as xenoestrogens (bisphenol A, phthalates, ethinyl estra-
diol, phytoestrogens) alters their epigenetic reprogramming during epithelial differ-
entiation [ 69 ]. This is mediated, in part, through ERα nuclear receptors which activate 
or silence the transcription of target genes [ 70 ]. Interactions between ERα and various 
enzymes involved in histone modifi cations (histone acetyltransferases, histone 
deacetylases, histone methyltransferases, histone demethylases), co- activators, and 
co-repressors have introduced another layer of complexity in the epigenetic regula-
tion of breast carcinogenesis [ 71 ]. Furthermore, women who were exposed in utero to 
diethylstilbestrol (DES), a synthetic estrogen, are at greater risk of developing breast 
cancer in their 40s (1.8–2.5-fold increased risk) and in their 50s (threefold increased 
risk) [ 72 ]. These environmental and epigenetic factors involving estrogen need to be 
taken into consideration in epidemiological studies. 

 Estrogen levels are intertwined with obesity to infl uence breast cancer risk. 
While some studies showed no effect of BMI on risk for breast cancer (e.g., study 
#20 above), dysregulation of sex hormones, hyperinsulinemia, and infl ammatory 
cytokines in obese women are factors that could infl uence the risk for breast cancer. 
Obesity is signifi cantly associated with low plasma levels of sex-hormone-binding 
globulin (SHBG), which increases the bioavailability of estrogens and androgens 
[ 73 ]. Thus, many established risk factors for breast cancer may function through an 
endocrine mechanism.  

2.4.2.2     Alcohol Metabolism 

 The liver is the major organ for metabolizing ethanol mainly by oxidative pathway 
which involves cytosolic alcohol dehydrogenase (ADH), of which multiple isoen-
zymes exist—e.g., in humans, class I ADH is composed of three genes (ADH1A, 
ADH1B, and ADH1C)—to produce acetaldehyde, a highly reactive molecule. ADH 
acts on a wide range of substrates including retinol. The cytochrome P450 iso-
zymes, mainly CYP2E1, predominantly present in the endoplasmic reticulum, also 
contribute to ethanol oxidation to acetaldehyde in the liver, particularly at higher 
alcohol concentrations. CYP2E1-dependent ethanol oxidation may occur in other 
tissues where ADH activity is low. CYP2E1 also produces highly reactive oxygen 
species (ROS), including hydroxyethyl, superoxide anion, and hydroxyl radicals. 
Acetaldehyde, produced by ethanol oxidation through any of these mechanisms, is 
rapidly metabolized mainly by mitochondrial aldehyde dehydrogenase (ALDH2) to 
form acetate and NADH and to a much lesser extent by ALDH1 in the cytosol. 
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Mitochondrial NADH is oxidized by the mitochondrial electron transport chain. 
Chronic alcohol consumption renders mitochondrial oxidative phosphorylation 
ineffi cient by interfering with the main respiratory complexes (Complex I, III, IV, 
and V) of the electron transport system encoded on mitochondrial DNA (mtDNA), 
resulting in the formation of the superoxide anion. In breast cancer, like in other 
cancers, mitochondrial function is severely impaired [ 74 ]. One early event in breast 
carcinogenesis can be mutations in mtDNA that destabilize the oxidative phosphor-
ylation system (OXPHOS) which can result in a shift in energy metabolism toward 
enhanced aerobic glycolysis. Alcohol metabolism could infl uence breast carcino-
genesis by generating acetaldehyde and ROS and by interfering with retinol 
metabolism. 

 Acetaldehyde is suspected in playing a role in breast carcinogenesis. Since blood 
acetaldehyde levels are very low or undetectable after alcohol consumption in 
humans [ 75 ], the human breast would not be exposed to signifi cant levels of exog-
enous acetaldehyde. Thus, ADH activity and in situ generation of acetaldehyde 
in the human breast tissue after ethanol consumption is of potential signifi cance. 
In mammary tissue of rats, cytosolic ADH and ALDH1 activities were 5.8 and 
8.3 % of that in the liver of the same animals, respectively [ 76 ]. Similarly, mitochon-
drial ALDH2 activity in breast tissue was 7.1 % of that in the liver. In humans, stud-
ies on normal and neoplastic breast tissue showed that class I, but not class IV, ADH 
is expressed in human mammary epithelium, which can support ADH-mediated oxi-
dation of ethanol; however, the expression of class I ADH is drama tically reduced or 
abrogated in invasive breast cancers [ 77 ]. The authors opined that this “virtual abro-
gation of expression of class I ADH in invasive breast cancer suggests that the 
enzyme has some ‘tumor suppressor’ function in the mammary epithelium.” 
However, whether the reduction in class I ADH activity was causally related to 
tumor formation or was merely a bystander effect was not considered. To investigate 
acetaldehyde formation by the cytosolic pathway and the microsomal fraction in the 
mammary tissue, Sprague–Dawley female rats were injected intraperitoneally with 
0.8 mL ethanol/kg/day for four consecutive days [ 78 ]. Mammary microsomal 
metabolism of alcohol to acetaldehyde by CYP2E1 was not induced after ethanol 
(or acetone) treatment, despite reports that CYP2E1 is expressed in normal and can-
cerous breast tissue [ 79 ]. In contrast, the cytosolic fraction of alcohol treated animals 
showed higher concentrations of acetaldehyde. 

 In humans, the interaction between alcohol consumption and ADH2 polymor-
phism with respect to breast cancer risk was reported in 278 German women with 
invasive breast cancer [ 80 ]. The authors stated that breast cancer risk associated 
with alcohol consumption may vary according to ADH2 polymorphism, probably 
due to differences in alcohol metabolism. 

 Variations in ADH and ALDH activities were reported to infl uence the risk of 
breast cancer. For example, while the  ADH1B  genotype [ 81 ] was not associated 
with breast cancer risk in a German population, a role for the  ADH1C  genotype has 
been suggested. This genotype, which is expressed mainly in the liver but also in 
breast tissue, has three polymorphic genes:  ADH1C1 * 1  and  ADH1C1 * 2  genotypes 
which result in enzymes with fast and intermediate turnover rates and which increase 
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the risk of breast cancer in Chinese drinkers, compared to  ADH1C2 * 2  which results 
in an enzyme with a slow rate of metabolism [ 82 ]. Similar results were obtained in 
a Long Island Breast Cancer Study which genotyped 1,047 breast cancer cases. 
Consumption of 15–30 g/day was associated with OR of 2.0, 1.5, 
and 1.3 in  ADH1C1 * 1 ,  ADH1C1 * 2 , and  ADH1C2 * 2  genotypes, respectively [ 83 ]. 
Ironically, another study in Caucasian postmenopausal women found an association 
between risk of breast cancer and the slow metabolizing variant, which led the 
authors to conclude that “ethanol rather than acetaldehyde is related to breast cancer 
risk” [ 84 ]. However, two studies found no association between breast cancer risk 
and functional allelic variants of the  ADH1B  and  1C  genes [ 85 ] and  ADH1B  and 
 ALDH2 . The authors concluded that “our fi ndings do not support the hypothesis that 
acetaldehyde is the main contributor to the carcinogenesis of alcohol-induced breast 
cancer” [ 86 ]. 

 Acetaldehyde and NADH produced by alcohol metabolism can be substrates for 
xanthine oxidoreductase (XOR), which is inducible by alcohol and produces ROS, 
especially superoxide anion [ 87 ]. To add to the complexity, XOR also metabolizes 
(activates) nitrofurans and nitroimidazoles, chemicals that are used in veterinary 
medicine and by beekeepers in honey-producing hives. Therefore, residues of these 
compounds could exist in animal-derived foods and honey and might be involved in 
the associated mammary carcinogenic effects [ 88 ]. 

 To explain acetaldehyde’s role in carcinogenesis, scientists proposed a model in 
which acetaldehyde reacts with DNA to generate DNA lesions that form interstrand 
cross-links (ICLs). Cells are protected against replication blocking DNA lesions 
and ICLs through the Fanconi anemia-BRCA (FANC-BRCA) DNA-damage 
response network. Mutations in two major susceptibility genes,  BRCA1 and BRCA2 , 
which are involved in the maintenance of genomic integrity and DNA repair, were 
identifi ed as major risk factors for breast cancer [ 89 ,  90 ]. The role of high levels of 
acetaldehyde in activating the FANC-BRCA network was discussed elsewhere [ 91 ,  92 ]. 
Furthermore, polymorphisms in the DNA repair gene  XRCC1  was associated with 
increased breast cancer risk in African-American women [ 93 ]. 

 The role of acetaldehyde in breast carcinogenesis has not been evident in epi-
demiological studies. For example, study #19 above did not fi nd a signifi cant asso-
ciation between breast cancer risk and alcohol consumption in Asian American 
women, almost half of whom are defi cient in ALDH2, the mitochondrial enzyme 
that metabolizes acetaldehyde. Furthermore, study #20 reported that the increase in 
risk for breast cancer in Japanese population was not modifi ed by alcohol-induced 
facial fl ushing, which means the risk was not modifi ed in women who have the 
defective ALDH2*2. 

 To examine alcohol effects on oxidative stress in the mammary tissue, female 
Sprague–Dawley rats were fed alcohol for 28 days [ 78 ]. An increase in  hydroperoxide, 
but not the lipid peroxidation product malondialdehyde (MDA) concentration, and 
a signifi cant reduction in glutathione in mammary tissue were observed. A study by 
Li and colleagues comparing breast cancer patients with cancer-free women 
reported that the levels of hydroxyl radical-DNA adducts and MDA-DNA adducts 
were ninefold higher in patient’s normal breast tissue adjacent to tumor tissue than 
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in breast tissue from cancer-free controls [ 94 ]. These reports highlight the potential 
that oxidative stress may lead to DNA damage in cancer patients that is not evident 
in healthy women. 

 Class I ADH has the potential to catalyze the oxidation of retinol (vitamin A) to 
retinal [ 95 ], the fi rst step in the biosynthesis of retinoic acid (RA), the principal 
mediator for maintaining epithelia in a differentiated state. Chronic and excessive 
alcohol intake interferes with retinoid metabolism and results in reduced RA. Alcohol 
acts as a competitive inhibitor of oxidation of vitamin A to RA (which involves ADH 
and ALDH) and induces CYP2E1, which can enhance catabolism of vitamin A and 
RA. The biological activity of RA is primarily mediated by nuclear retinoid recep-
tors which are involved in the antitumor activity of retinoids. Studies indicate cross-
talks between classic retinoids and various intracellular pathways controlling the 
growth, survival, and invasive/metastatic behavior of breast cancer cells [ 96 ]. 
Impaired RA homeostasis interferes with signaling (e.g., downregulates retinoid tar-
get gene expression) and with “crosstalk” with the mitogen-activated protein kinase 
signaling pathway (MAPK), including Jun N-terminal kinase and p38 kinase [ 97 ]. 
These observations could have implications for breast cancer prevention. However, 
better understanding of the alcohol–retinoid interaction and the molecular mecha-
nisms involved is needed before it would be justifi ed to pursue retinoids in the pre-
vention of breast cancer. Nonetheless, retinoids could be potential components of 
innovative and rational therapeutic combinations for breast cancer. Yet, it is impor-
tant to evaluate the responsiveness of ER+ tumors to retinoids and whether HER2 
expression always plays a negative role in modulating retinoid sensitivity of HER2+/
ER+ mammary tumors, as suggested by some studies [ 98 ].  

2.4.2.3     Folate Metabolism/Epigenetic Factors 

 Mutations in oncogenes and tumor suppressor genes result in specifi c gene expres-
sion profi les that are involved in the regulation of cellular homeostasis, including 
cell proliferation and DNA repair and survival. However, differentiation of mam-
mary stem cells to primitive progenitor cells is under epigenetic control. Epigenetic 
mechanisms, which result in changes in gene expression patterns without altering 
DNA sequence, partake in mammary glands developmental phases from in utero 
to menopause, as well as in breast carcinogenesis. One of these epigenetic mecha-
nisms is DNA methylation [ 99 ]. 

 DNA methylation involves the transfer of a methyl group from 
S-adenosylmethionine (SAM)—by DNA methyltransferases (DNMTs)—onto the 
5′-position of the cytosine residue found in cytosine guanosine dinucleotide pairs 
(CpG). SAM is generated from methionine. After the methyl transfer reaction, 
SAM forms S-adenosylhomocysteine, which is then broken down to homocysteine. 
The latter can be remethylated to form methionine, by transferring a methyl group 
either from N5-methyltetrahydrofolate (THF) by methionine synthase or from beta-
ine by betaine-homocysteine methyl transferase. Hypermethylation of CpG groups 
renders affected loci inaccessible to transcription factors resulting in transcriptional 

2 Alcohol and Breast Cancer: Reconciling Epidemiological and Molecular Data



26

silencing. Importantly, CpG methylation in promoter regions of tumor-suppressor 
genes (e.g.,  BRCA1 ) leads to the inactivation of these cancer-preventing proteins. 
Similarly, hypermethylation of numerous genes, whose biological function include 
hormone regulation, DNA repair, cell cycle regulation, tissue remodeling, apoptosis, 
cell adhesion and invasion, cell growth inhibition, and angiogenesis, has been identi-
fi ed in breast tumors [ 100 ]. Furthermore, DNA hypermethylation results in aberrant 
regulation of the Wnt pathway in breast cancer [ 101 ]; BRCA1 expression is sup-
pressed by a combination of gene mutation and DNA hypermethylation [ 102 ]. One 
epidemiological study of the interactions between alcohol consumption and breast 
cancer risk in  BRCA1  and  BRCA2  mutation carriers reported no signifi cant interac-
tion with  BRCA1  mutations but a greater risk of alcohol-associated breast cancer in 
women with  BRCA2  mutations [ 103 ]. In fact, the same investigators reported an 
inverse association between breast cancer and current alcohol consumption in women 
with a  BRCA1  mutation [ 104 ]. Another study reported no association between alco-
hol intake and breast cancer risk for women with  BRCA1  or  BRCA2  mutations and 
 suggested a possible reduction in risk in  BRCA2  mutation carriers with “modest” 
alcohol intake [ 105 ]. 

 DNA hypomethylation can also contribute to breast carcinogenesis [ 106 ]. For 
example, promoter hypomethylation could reactivate the expression of certain proto-
oncogenes (such as  synuclein γ ) which are associated with tumor metastasis [ 107 ]. 
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 Chronic heavy alcohol consumption leads to substantial DNA hypomethylation 
as a result of signifi cant reduction in tissue SAM (Fig.  2.2 ). Additionally, alcohol 
perturbs the folate cycle that is involved in the methionine metabolic pathway, which 
is integral to supplying the methyl groups necessary for DNA methylation. Folate is 
an important nutrient required for DNA synthesis, and at least 30 diffe rent enzymes 
are involved in the complex folate cycle including methylenetetrahydrofolate reduc-
tase (MTHFR), methionine synthase (MTR), and methionine synthase reductase 
(MTRR). Defects or polymorphic variations in the folate metabolic pathway may 
infl uence cancer susceptibility. However, a study on 1,063 women with breast cancer 
found no association between MTHFR genotype and risk for breast cancer, and there 
was no evidence of an interaction of genotype and alcohol consumption in premeno-
pausal women. However, in postmenopausal women, there was an increase in 
breast cancer risk in those who were homozygote  TT  for  MTHFR C677T  and 
drank >1.9 drinks/day [ 108 ].  

 Chronic heavy alcohol consumption can cause relative folate defi ciency due to 
the negative effects of alcohol on folate metabolism, including malabsorption, 
increased excretion, or enzymatic suppression. Based on the above interactions 
between folate and alcohol, it would be expected that high folate intake should ame-
liorate the association between alcohol intake and risk for breast cancer that is 
caused by this mechanism. Examination of epidemiological studies revealed incon-
sistencies in the fi ndings. For example, studies discussed under #25 and #26 showed 
that folate intake attenuated the alcohol-associated risk for breast cancer, so did 
another epidemiological study in Anglo-Australian [ 109 ] women aged 40–69 years; 
whereas studies discussed under #20 and #23 showed no association. Other studies 
reported that high intake of folic acid increased the risk of breast cancer in post-
menopausal women enrolled in the Prostate, Lung, Colorectal, and Ovarian Cancer 
Screening Trial [ 110 ] cohort in the USA. Additionally, a case–control study in 570 
Thai women concluded that genetic polymorphisms in folate and alcohol metabolic 
pathways may contribute to the etiology of breast cancer among Thai women [ 111 ]. 
In conclusion, the impact of folate supplementation on the risk for alcohol-induced 
breast cancer probably is affected by a wide range of other factors that are not well 
understood.    

2.5     Concluding Remarks 

 Breast cancer is the most diagnosed cancer in women worldwide; it is one of the 
primary causes of death among women globally. Women, particularly if they have 
known genetic susceptibilities, should consult with their physician about risk fac-
tors involved in breast cancer. Overconsumption of alcohol is a risk factor for many 
diseases and one that women with or without a high risk for breast cancer are well 
advised to avoid, 
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 The question whether a woman should not drink at all in order to reduce the risk 
of breast cancer or may drink moderately without undue risk is not settled. The 
reasons are threefold: (1) there are at least 20 recognized risk factors that can affect 
the onset and outcome of breast cancer (Fig.  2.3 ) and the overall risk depends on 
the interactions of all these factors, including those that have not yet been identifi ed; 
(2) epidemiological studies resulted in contradictory associations between the 
amount of alcohol consumed and risk for breast cancer; and (3) discrepancies exist 
between epidemiological and molecular studies.  

2.5.1     Multiple Risk Factors 

 Numerous risk factors are involved in breast carcinogenesis; only a few of them will 
be discussed below to illustrate the complex interactions between these risk factors. 
Some of the risk factors associated with breast cancer are genetic and beyond the 
control of a woman. Mutations in  BRCA1 and BRCA2 , were identifi ed as major risk 
factors for breast cancer [ 89 ,  90 ]. However, the incomplete penetrance of these 
mutations suggests that other factors, environmental and hormonal, may modify 
that risk, for example, a study in which monozygotic (MZ) twins who carried identi-
cal  BRCA1  gene mutation resulted in discordant phenotypes; one suffered from 
breast cancer twice in 27 years while her MZ twin remained healthy [ 112 ]. 

 The majority of breast cancers are not hereditary. Most late-onset breast cancer 
occurs in the absence of a fi rst-degree family history of breast cancer. Genome-wide 
association studies have identifi ed genetic susceptibility variants of medium- penetrance 
[ 113 – 116 ] (which confer risk of 2–3-fold per allele) and modest penetrance (which 
increase the risk 1.1–1.3-fold per allele). However, these variants could explain only 
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20–25 % of familial breast cancer risk [ 117 ]. These fi ndings led to the hypothesis that 
susceptibility to breast cancer is polygenic, i.e., conferred by a large number of loci, 
each with limited contribution to breast cancer risk [ 118 ]. 

 Age is another important nonmodifi able risk factor. Invasive breast cancer or its 
precursor lesion DCIS occurs at an exponential rate until about age 50 (menopause) 
followed by a slower rate of increase [ 119 ], supporting the notion that breast cancer 
biology is age-dependent. Early-onset breast cancer, therefore, could largely repre-
sent inherited mutations ( BRCA1 ,  BRCA2 ,  TP53 ,  ATM ,  or PTEN ) or early life trans-
forming events that affect the immature mammary cells [ 120 ]. In contrast, late-onset 
breast cancer could be due to an early mutagenic initiating event, which is then 
subjected to later life exposure to endogenous or exogenous promoting agent(s) 
and further compounded by age-related impairments in macromolecular repair, 
immune surveillance, or xenobiotic detoxifi cation. This could explain the increased 
risk from HRT. 

 Risk factors are greatly infl uenced by epigenetic mechanisms that change gene 
expression patterns for cell differentiation, proliferation, and apoptosis. These epi-
genetic mechanisms include DNA methylation, histone modifi cations, and the 
effects of noncoding RNAs such as microRNAs (miRNA) [ 99 ]. Epigenetic changes 
that infl uence the transciptomes, proteomes, and metabolomes and ultimately breast 
cancer evolution, are brought about by numerous endogenous (e.g., hormonal, 
microbiota, aging, infl ammation, inherited diseases such as type 1 diabetes) and 
exogenous (diet, smoking, infection, alcohol, obesity, radiation, shift work, circa-
dian rhythm disturbances) etiological factors that result in the vast heterogeneity of 
breast cancers. In fact, a study on the clinically relevant subtypes, luminal A and 
basal-like breast cancer revealed that distinct molecular mechanisms might have 
been preprogrammed at an early stage of the disease and that these breast tumor 
subtypes represent biologically distinct disease entities that may require different 
therapeutic strategies [ 121 ]. 

 The interactions between genes and the environment are crucial. Environmental 
factors add another layer of complexity by their interactions with the susceptibility 
genes for breast cancer and for metabolic diseases. For example, in a twin study in 
Finland [ 122 ], the probability that a co-twin would develop breast cancer (given that 
one twin already had breast cancer) was 10 % for monozygotic and 8 % for dizy-
gotic twins, suggesting that combined environmental effects are dominant in the 
development of breast cancer. In addition, in a subset of the Million Women Study 
(study #11 above), the strongest suggestion of a gene–environment interaction was 
between the high-risk common variant CASP8-rs1045485 and alcohol consump-
tion; the per-allele relative risk of breast cancer for CASP8-rs1045485 was not 
increased by consuming <1 drink/day, but was increased by 23 % (nonsignifi cant) 
in women who reported consuming one or more alcoholic drinks/day [ 123 ]. Another 
study found no interaction between the breast cancer susceptibility locus 
CASP8-rs17468277 and consuming <20 g/day of alcohol; however risk was 
increased by 45 % in those who drank ≥20 g/day [ 124 ]. Therefore, epidemiological 
studies should focus on gene–environment interactions rather than singling out 
 individual risk factors as if they operate in isolation.  
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2.5.2     Epidemiological Studies 

 While epidemiological studies, when conducted properly, can be effective tools to 
identify the root of health problems and disease outbreaks in a community, epide-
miological studies that deal with alcohol consumption and its consequences should 
be interpreted with considerable caution. Such studies can only highlight associa-
tions and cannot determine cause-and-effect relationships. Considering the wide 
range of variations in the size of studies, measurement errors in input and outcome 
variables, and individual variations in genetic background and life style factors, 
many of which were not taken into account, it is not surprising that the results have 
been contradictory. The epidemiological studies on alcohol and breast cancer 
 discussed above point to the following important points as possible sources of the 
variability in outcomes:

    1.    All studies use self-report to determine the amount and type of alcoholic bever-
age consumed. Most of the studies acknowledged “recall bias” that makes the 
alcohol consumption variable notoriously inaccurate, and drinking pattern could 
change during the period under consideration. In fact, a recent study on moderate 
alcohol intake and cancer stated that the apparent increased risk of cancer among 
light-moderate drinkers may be “substantially due to underreporting of intake” 
[ 125 ]. There is now strong evidence that recall over prolonged periods tends to 
grossly underestimate actual drinking frequency. This was highlighted dramati-
cally in a recent study by Stockwell et al. [ 126 ] who compared Quantity- 
Frequency (QF) recall with beverage-specifi c “yesterday” (BSY) consumption 
reports and with alcoholic beverage sales reports in a Canadian population to 
demonstrate that underreporting of alcohol consumption was considerable (2–3- 
fold) and varied by age and consumption level. Particularly relevant is the fi nd-
ing that moderate drinkers underreport their drinking much more than more 
frequent drinkers. In many of the epidemiological studies summarized above, an 
underreporting by a factor of 2–3 would increase the alcohol consumption asso-
ciated with increased risk of breast cancer into the recognized risky drinking 
category. Other studies used as input of alcohol consumption “ever” vs. “never” 
without even quantifi cation, and others use inaccurate information to character-
ize drink size (e.g., study #1 characterizes a drink of a liquor as one ounce 
 containing 15.1 g of alcohol). The defi nition of a standard drink according to the 
National Institute on Alcohol Abuse and Alcoholism [ 127 ] and the Dietary 
Guidelines for Americans is: 12 oz of beer (5 % alcohol), 5 oz of wine (12 % 
alcohol), and 1.5 oz of distilled spirit (40 % alcohol). In addition, the Dietary 
Guidelines for Americans defi ne moderate drinking as consuming no more than 
one drink/day for a woman, and no more than 2 drinks/day for a man. Although 
some studies used FFQ and claim it as valid, lack of consumption ascertainment 
can result in confusing results. For example, in study #4 above, consumption of 
1 or 2 drinks/day increased breast cancer risk by 40 %, whereas consumption 
of two or more drinks/day resulted in no increase in risk. A 42 % decrease in 
breast cancer risk was associated with drinking <1.5 drink/day (study #5), 
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whereas drinking 3–6 drinks/week was associated with a 15 % increase in risk 
(study #2). In fact, a meta-analysis reported by Longnecker (#3) stated “the mod-
est size of the association and variation in results across studies leave the causal 
role of alcohol in question.”   

   2.    Patterns of consumption are rarely analyzed. The majority of studies use average 
weekly consumption. Drinking seven drinks on a Saturday night and nothing the 
rest of the week is not, health-wise, the same as having one drink every day of 
the week.   

   3.    Breast cancer develops over a relatively long period of time, often more than 
20 years [ 128 ], and thus, correlations between alcohol consumption and breast 
cancer cannot be determined in epidemiological studies with windows of alcohol 
exposure that captures current or recent alcohol intake, after clinical diagnosis; 
for example, studies # 4, 6, 14, and 21 assessed recent alcohol consumption, 
consumption 2 years prior to diagnosis, past-year drinking, or consumption 
3 months after diagnosis, respectively.   

   4.    Despite the fact that age per se is a risk factor for breast cancer and during aging 
other environmental factors may compound or modify the risk, most epidemiologi-
cal studies stratify data based on pre- or postmenopausal status alone. Thus, includ-
ing women (ages 20–74, 25–85, 40–75, 23–74, and 20–87 in studies # 4, 5, 7,16, and 
21, respectively)—who have various degrees of exposure to environmental and life-
style factors that infl uence the genesis of breast cancer—without stratifi cation could 
be confounding. Similarly, studies that took into account other risk factors such as 
smoking, BMI, use of HRT, etc., resulted in contradictory fi ndings (see the above 
cited studies).   

   5.    Results of the association between breast cancer risk and alcohol consumption 
based on ER, PR, and HER2 status are very contradictory and vary between dif-
ferent studies. Therefore, correlations with HRT use cannot be deciphered, based 
on currently available data.   

   6.    Rarely does an epidemiological study differentiate between specifi c subtypes of 
breast cancer (there are about 20 different types) and risk of alcohol consump-
tion. These different subtypes, as described above, are heterogeneous, have dis-
tinct molecular mechanisms, are associated with unique risk factors, and might 
have been preprogrammed at an early stage of the disease.   

   7.    In a recent article, Ogino and colleagues [ 129 ] advocated the use of “Molecular 
Pathological Epidemiology” (MPE) to understand the interplay between etio-
logical factors, cellular molecular characteristics, and disease evolution in multi-
factorial diseases such as cancer. While conventional molecular epidemiology 
generally considers a disease as a single entity, MPE integrates analyses of popu-
lation studies together with the macroenvironment and molecular and microen-
vironment. This approach will allow scientists to investigate the relationships 
between potential etiological agent and disease subtypes based on molecular 
signatures. This concept is similar to systems biology approach and, according 
to the authors, “enables us to link potential etiological factors to specifi c molecu-
lar pathology, and gain novel pathogenic insights on causality.” This is a very 
important concept that needs to be applied to alcohol and breast cancer.      
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2.5.3     Discrepancies Between Epidemiological 
and Molecular Studies 

 A major challenge in understanding the epidemiological fi ndings is to elucidate the 
biological basis underlying the association. Several molecular mechanisms have 
been postulated, including formation of acetaldehyde and ROS, epigenetic effect 
through the folate cycle, and estrogen formation. However, there seems to be  discord 
between molecular and epidemiological studies.

    (a)    Acetaldehyde formation 
 Molecular studies have demonstrated the presence of alcohol-metabolizing 

enzymes ADH, ALDH1, and ALDH2 in breast tissue. Since acetaldehyde can 
form adducts with DNA and result in DNA lesions, it would seem logical that 
genes that encode for fast metabolizing ADH or defective ALDH2*2 enzymes 
that result in acetaldehyde accumulation would increase the risk for breast can-
cer. While some studies such as the Long Island Breast Cancer Study showed 
an increased risk in fast metabolizers; other epidemiological studies in Asian 
American women and in Japan (# 19, 20) showed that breast cancer risk was not 
signifi cantly associated with alcohol drinking and that facial fl ushing associated 
with the defective ALDH2*2 did not modify risk for breast cancer.   

   (b)    Folate metabolism 
 Alcohol’s effects on folate absorption and metabolism are well documented. 

Consequently, it is expected that levels of folate consumption can have a protec-
tive effect on breast cancer among women who consume alcohol. While some 
studies concluded that folate has protective effect on breast cancer in alcohol- 
consuming women, the Women’s Health Initiative-Observational Study found 
no evidence for folate attenuating alcohol’s effect on breast cancer risk. 
Similarly, the American Cancer Society Cancer Prevention Study II Nutrition 
Cohort reported no association between risk of breast cancer and dietary folate, 
total folate, or methionine intake, and there was no evidence of an interaction 
between dietary folate or total folate and alcohol. For more discussion, the 
reader is referred to Sect. 2.4.2.3    under molecular mechanisms.   

   (c)    Estrogen metabolism 
 See discussion above about estrogen metabolism.     

 In summary, despite all the effort, there is no solid evidence associating moderate 
alcohol consumption with an increased incidence of breast cancer. A woman and 
her physician should weigh the risks and benefi ts of moderate alcohol consumption, 
which could be a part of a healthy life style. This is especially important in light of 
the fact that moderate alcohol consumption has been associated with potential 
health benefi ts, including decreased risk of coronary artery disease and overall 
 mortality, protection against congestive heart failure, decreased risk of ischemic 
stroke, and protection against type 2 diabetes and rheumatoid arthritis. 

 Confronting the huge global breast cancer issue should be based on sound 
 science. The lack of unambiguous reliable information about alcohol and breast 
cancer has opened the door to various unsubstantiated opinions on the subject and 
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to errant hypotheses about causes and prevention. That caused a great deal of 
 confusion among women about the subject. Thus, confi rming association between 
breast cancer and alcohol consumption, if any, should be a high priority. Systematic 
studies should be based on a large cohort; ascertain alcohol consumption by reliable 
and validated methods, preferably over prolonged periods, take into account the 
interaction with the multitude of other risk factors; and incorporate detailed biologi-
cal information, including breast cancer subtypes. Public health policies must be 
rooted in impeccable science.      
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    Chapter 3   
 Genetic–Epidemiological Evidence 
for the Role of Acetaldehyde in Cancers 
Related to Alcohol Drinking 

             C.    J.     Peter     Eriksson     

    Abstract     Alcohol drinking increases the risk for a number of cancers. Currently, 
the highest risk (Group 1) concerns oral cavity, pharynx, larynx, esophagus, liver, 
colorectum, and female breast, as assessed by the International Agency for Research 
on Cancer (IARC). Alcohol and other beverage constituents, their metabolic effects, 
and alcohol-related unhealthy lifestyles have been suggested as etiological factors. 
The aim of the present survey is to evaluate the carcinogenic role of acetaldehyde in 
alcohol-related cancers, with special emphasis on the genetic–epidemiological evi-
dence. Acetaldehyde, as a constituent of alcoholic beverages, and microbial and 
endogenous alcohol oxidation well explain why alcohol-related cancers primarily 
occur in the digestive tracts and other tissues with active alcohol and acetaldehyde 
metabolism. Genetic–epidemiological research has brought compelling evidence 
for the causality of acetaldehyde in alcohol-related cancers. Thus, IARC recently 
categorized alcohol-drinking-related acetaldehyde to Group 1 for head and neck 
and esophageal cancers. This is probably just the tip of the iceberg, since more 
recent epidemiological studies have also shown signifi cant positive associations 
between the aldehyde dehydrogenase  ALDH2 (rs671)*2  allele (encoding inactive 
enzyme causing high acetaldehyde elevations) and gastric, colorectal, lung, and 
hepatocellular cancers. However, a number of the current studies lack the appropri-
ate matching or stratifi cation of alcohol drinking in the case-control comparisons, 
which has led to erroneous interpretations of the data. Future studies should con-
sider these aspects more thoroughly. The polymorphism phenotypes (fl ushing and 
nausea) may provide valuable tools for future successful health education in the 
prevention of alcohol-drinking-related cancers.  
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3.1         Introduction 

 An association between alcohol drinking and risk of cancer has been reported already 
more than 100 years ago [ 1 ]. Throughout the years, alcohol drinking has been linked 
to a number of cancers in different organs, such as oral cavity, pharynx, larynx, 
esophagus, stomach, colon, rectum, liver, pancreas, lung, breast, kidney, urinary 
bladder, prostate, endometrium, ovaries, testes, and brain. Extensive evaluations and 
reviews of the alcohol-related cancers have been published in the Monographs of the 
International Agency for Research on Cancer (IARC) [ 2 ,  3 ]. Currently, the most 
convincing evidence (Group 1) for alcohol-drinking-related cancers is targeted to 
oral cavity, pharynx, larynx, esophagus, colorectum, liver, and female breast [ 4 ]. 
Alcohol and other beverage constituents, their metabolic effects, and alcohol-related 
unhealthy lifestyles have been suggested as etiological carcinogenic factors. More 
specifi cally, a number of hypotheses, with more or less relevance, have been pro-
posed, including oxidative stress [ 5 ], toxicokinetics (alcohol inhibits the breakdown 
of carcinogens) [ 6 ], vitamin A (e.g., alcohol-mediated depletion and/or excess of 
retinol) [ 7 ], folate defi ciency by unhealthy lifestyle and by alcohol-mediated inhibi-
tion of folate uptake [ 8 ], insulin-like growth factors [ 9 ], immunodefi ciency and 
immunosuppression [ 10 ], alcohol and sex hormone elevations [ 11 ], and alcoholic 
cirrhosis [ 12 ]. The fundamental problem in determining the etiology of alcohol-
drinking-related cancers has been the lack of carcinogenicity of ethanol per se. 

 The aim of the present survey is to review the progress in collecting direct and 
indirect evidence for the role of acetaldehyde in the carcinogenicity of alcohol 
drinking, with special emphasis on the genetic–epidemiological evidence.  

3.2     General Evidence for the Carcinogenicity 
of Acetaldehyde 

 The general evidence and indications for acetaldehyde being directly or indirectly 
coupled to the etiology of cancer are briefl y outlined in the following. 

 In contrast to ethanol, acetaldehyde is a cytotoxic, genotoxic, mutagenic, and clas-
togenic compound already at low concentrations (below 1 mM) [ 13 ]. Acetaldehyde 
has been shown to form sister-chromatid exchanges in human and mammalian cells 
in vitro [ 14 ] and to elevate micronuclei formation (general tumor biomarker) in 
human lymphocytes [ 15 ]. These aforementioned effects by acetaldehyde have been 
proposed to originate from a variety of DNA–acetaldehyde adducts [ 16 ]. Recently, 
these acetaldehyde adducts (potential future biomarkers for carcinogenicity) have 
been determined also during moderate acute alcohol intake in humans [ 17 ]. 
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 Suffi cient evidence for a direct carcinogenic effect of acetaldehyde has been 
reported in experimental animal studies [ 18 ]. 

 The locations of alcohol-drinking-derived cancers are located in regions with 
active endogenous (liver, breast, and pancreas) and microbial (upper aerodigestive 
and gastrointestinal tracts) alcohol oxidation (i.e., acetaldehyde formation). 

 Most, if not all, locations, which are in direct contact with the fi rst passage of the 
alcohol consumed (i.e., primarily the digestive tracts), are susceptible to alcohol-
drinking- related cancers. These associations indicate an additional carcinogenic 
role of external acetaldehyde as a constituent in    alcoholic beverages. For example, 
indirect evidence for the carcinogenicity of beverage-containing acetaldehyde has 
been observed in the northwest regions of France, where the use of apple brandy 
Calvados (with high acetaldehyde content) is positively associated with increased 
risk for esophageal cancer [ 19 ,  20 ]. 

 It is well known that high risk of upper aerodigestive tract, especially esopha-
geal, cancers is positively correlated to alcohol-drinking-induced “fl ushing” and 
nausea in East-Asian populations [ 21 ]. These phenotypes are typical effects of ele-
vated acetaldehyde levels during alcohol intoxication [ 22 ].  

3.3     Genetic–Epidemiological Evidence 
for the Carcinogenicity of Acetaldehyde 

 The balance between acetaldehyde formation (i.e., alcohol oxidation) and elimina-
tion rates determines human tissue acetaldehyde levels during alcohol intoxication. 
The key enzymes for human alcohol oxidation are considered to be the Class 1 
alcohol dehydrogenases consisting of three subunits encoded by the genes  ADH1A , 
 ADH1B , and  ADH1C . In addition alcohol is also oxidized by the inducible cyto-
chrome P450 enzymes (especially by the form encoded by the gene  CYP2E1 ) and 
to a minor extent by catalase. Acetaldehyde oxidation is primarily catalyzed with 
the aldehyde dehydrogenase encoded by the gene  ALDH2  and to some extent with 
the enzyme encoded by the gene  ALDH1A1 . 

 The diffi culties in assessing the genetic–epidemiological evidence and the role 
of alcohol- and acetaldehyde-metabolizing enzyme polymorphisms (primarily con-
cerning the  ALDH2 rs671*2  allele) in the acetaldehyde-mediated carcinogenesis in 
different tissues are reviewed in the following. 

3.3.1      Basic Diffi culties in Assessing the Genetic–
Epidemiological Evidence 

 In case-control genotype comparisons, it is important to match the control population 
with the case group for all the factors which may affect the genotype distributions. 
Thus, concerning alcohol-related cancers, most of which, if not all, are positively 
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correlated with the overall alcohol consumption, matching and/or stratifi cation for 
the dose and time factors is crucial. Here the general rule is that the higher the 
matched alcohol consumption is in cases and controls, the higher is the probability to 
get valid data about possible genotype frequency differences. Consequently, with 
lower alcohol consumption, less impact is obtained from the alcohol-related cancers 
in comparison to other reasons for cancer development. Thus, the more non- to low-
alcohol drinkers are included in the control population, the more it hampers the strat-
ifi cations and adjustments for alcohol consumption and the possibility to get valid 
signifi cant genotype differences. 

 An underestimated problem with East-Asian populations is the fact that the 
 ALDH2 (rs671)*2  allele on one hand is the probable source for carcinogenicity (and 
thus the  *2  allele should be enriched in the case population) but on the other hand 
this allele prevents alcohol drinking [ 22 ] and consequently the development of can-
cer. Thus, the same allele is also enriched in the non- to low-drinking control popu-
lation, which artifi cially diminishes the chances of getting appropriate signifi cance. 
The normal  ALDH2 (rs671)*2  allelic variation is reported to be 0–40 % in Chinese 
and 0–30 % in the rest of Asian populations [ 23 ]. Thus, these limits should be used 
as the cutoff for the validity of normal Asian control populations. It should be noted 
that if signifi cant differences have been reached with control populations exceeding 
these limits, the real signifi cance would probably have been even higher. 

 In resemblance with the  ALDH2 (rs671)*2  allele, but not to the same extent, is 
the case with the  ADH1 (rs1229984)*2  allele (encoding overactive alcohol dehy-
drogenase), which also is reported to attenuate alcohol drinking [ 24 ]. 

 Other problematic factors to consider are the global distributional differences of 
the  ALDH  and  ADH  polymorphisms [ 23 ,  25 ] and environmental effects on the rela-
tion between genotype and alcohol drinking. For example, during the years there 
has been a trend for an increase in alcoholism frequency in Japanese heterozygotes 
( ALDH2 (rs671)*1/*2 ) [ 26 ]. Also adjustment or matching for smoking is often 
neglected. On the other hand, due to the strong association between drinking and 
smoking, adjustment may mask the real truth. Active endogenous alcohol and acet-
aldehyde metabolism may reduce the odds ratios for certain cancers, especially can-
cer in the colorectum, which already without alcohol drinking is in an 
acetaldehyde-containing environment due to microbial metabolism.  

3.3.2     Upper Aerodigestive Tract Cancer 

 The most compelling evidence for the carcinogenic role of elevated acetaldehyde 
related to alcohol drinking is the genetic–epidemiological results, linking defi cient 
aldehyde dehydrogenase activity [encoded by the  ALDH2 (rs671)*2  allele] to the 
etiology of upper aerodigestive tract (UADT) cancers. At least 57 studies display 
signifi cant positive associations between the  *2  allele and UADT cancers, all, except 
one, in East-Asian populations [ 27 – 83 ]. The exception was a study of Black South 
Africans [ 62 ], in which the  ALDH2*2  allele was claimed to be  rs671 . However, this 
allele was not observed in a recent study of Black South Africans [ 84 ]. 
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 In three studies no signifi cant differences were obtained for the role of the 
 ALDH2 (rs671)*2  allele. Factors like lack of control reference [ 85 ], too high fre-
quency (45 %) of nondrinkers plus lack of adjustment for smoking [ 86 ], and huge 
age differences between groups plus insuffi cient adjustment for overall alcohol con-
sumption [ 87 ] may explain these results. In two studies the association was nega-
tive, most likely due to too high frequency (>50 %) of * 2  allele individuals plus 
history of esophageal cancer in the control group [ 88 ] and too high frequency 
(>50 %) of never drinkers [ 89 ]. 

 In addition to the Asian rs671 data, four studies on non-Asian populations also 
display positive associations between more recently discovered new  ALDH2*2  sin-
gle nucleotide polymorphisms (SNPs) and UADT cancers [ 84 ,  90 – 92 ]. All of the 
new SNPs are in close linkage disequilibrium (LD) with each other [ 90 ,  91 ,  93 ], and 
responsible minor alleles are from SNPs rs886205 [ 84 ,  90 ], rs440 and rs441 [ 84 , 
 90 ], rs4767364, rs4648328, and rs737289 [ 91 ], and rs2238151 [ 92 ]. One Asian 
study also confi rms the positive association between rs886205 and UADT in a 
Chinese population, but in this polymorphism, it is the major allele which was the 
carcinogenic agent [ 94 ]. The close genomic proximity to the Asian rs671 SNP and 
the same phenotype outcome, i.e., alcohol-drinking-related carcinogenicity, indi-
cate that these new SNPs may also encode defi cient ALDH activity (but to a lesser 
extent compared with the rs671), which would cause systemic acetaldehyde eleva-
tions. However, this important aspect remains to be settled by future studies. 

 Also the  ADH1B (rs1229984)*1/*1  genotype encoding less active alcohol dehy-
drogenase has convincingly been associated with UADT cancers in a number of 
studies, including both Asian and non-Asian populations [ 95 ]. This has been 
explained by studies showing that less active alcohol dehydrogenase causes slower 
alcohol oxidation, which prolongs the appearance of affecting acetaldehyde [ 96 ]. 

 As the consequence of the overwhelming genetic–epidemiological data in sup-
port for the carcinogenic role of acetaldehyde, IARC decided to categorize alcohol-
drinking- related acetaldehyde to Group 1 regarding esophageal and head and neck 
cancers [ 4 ].  

3.3.3      Gastric Cancer 

 Currently, at least nine studies have been published on the association between gastric 
cancer and the  ALDH (rs671)*2  allele. These studies include East-Asian populations, 
four Japanese [ 32 ,  38 ,  58 ,  97 ], three Korean [ 98 – 100 ], and two Chinese [ 101 ,  102 ]. 
However, the overall signifi cance ( P  = 0.000) is calculated only from fi ve studies [ 58 , 
 97 ,  98 ,  100 ,  102 ] (Table  3.1 ), because most likely the same participants have been, at 
least partly, used in other smaller studies by the same authors [ 32 ,  58 ,  99 ]. One Chinese 
study [ 101 ] is omitted from the table because the precancerous group was compared 
with a reference group consisting of chronic atrophic gastritis patients, the condition 
which also has been shown to be positively associated with the  ALDH (rs671)*2  allele 
[ 96 ]. The overall signifi cance of the fi ve studies shown in Table  3.1  most likely repre-
sents an underestimation, because the two studies, which only displayed tendencies, 
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were not well stratifi ed and adjusted for the alcohol consumption and also included 
too many nondrinkers in their control populations.

   In congruence with the European studies on the positive association between the 
 ALDH rs886205  C allele and UADT cancers [ 84 ,  90 ], the same allele and another 
minor allele of the rs16941667 SNP have also been associated to gastric cancer in 
European populations [ 103 ,  104 ]. These fi ndings strengthen the evidence for a gen-
eral carcinogenic effect of acetaldehyde also in non-Asian populations. 

 The overall signifi cance (Table  3.1 ) demonstrates that there is suffi cient evidence 
that acetaldehyde is a functional carcinogen in the stomach after chronic alcohol 
drinking, at least in East-Asian individuals carrying the  ALDH2 (rs671)*2  allele.  

3.3.4      Colorectal Cancer 

 Currently, at least 11 studies have been published on the association between 
colorectal cancer and the  ALDH (rs671)*2  allele (Table  3.2 ) [ 32 ,  105 – 114 ]. Increased 
overall risk by the  *2  allele was observed in a Japanese [ 32 ] and a Chinese [ 105 ] 
study. Increased risks were also shown in Japanese studies specifi cally for rectum 
[ 106 ] and colon [ 107 ]. Similarly, increased risks in Japanese populations were 
 indicated by a gene–gene interaction with the  ALDH2 (rs671)*2  allele combined 
with the  ADH1B*2  [ 111 ] or  CD36*C  [ 113 ] alleles. On the other hand, the  ALDH*2  
allele was also associated with signifi cantly lower risk in another Chinese study 
[ 114 ]. The four remaining studies displayed nonsignifi cant results [ 108 – 110 ,  112 ].

     Table 3.1    Case–control studies on the association between  ALDH2  (rs671) and gastric cancer   

 ALDH2 genotypes ( n ) 

  *1/*1    *1/*2 + *2/*2  

 Authors  Case  Control  Case  Control  OR (95 % CI)   P  

 Nan et al. (2005) a  [ 98 ]  286  462  135  168  1.30 (0.99–1.70)  0.061 
 Yokoyama et al. (2007) b  [ 58 ]  29  242  16  39  3.42 (1.70–6.88)  0.001 
 Cao et al. (2010) c  [ 102 ]  50  51  15  6  2.53 (0.86–7.49)  0.092 
 Shin et al. (2011) d  [ 100 ]  53  44  15  3  4.26 (1.10–16.47)  0.036 
 Matsuo et al. (2013) e  [ 97 ]  87  145  44  32  2.29 (1.35–3.88)  0.002 
    Combined signifi cance    0.000 

  Part of the calculations has not been displayed in the publications and is marked here as “calculated 
from the original data” 
  a Korean men and women, not adjusted for alcohol drinking,  P  calculated from the original data 
  b Japanese alcoholic men, OR (95 % CI) calculated from the original data,  P  adjusted for alcohol 
drinking and smoking 
  c Chinese male drinkers, ≥2.5 kg*year, not adjusted for alcohol drinking,  P  calculated from the 
original data 
  d Korean male and female heavy drinkers, ≥144 g ethanol per week, OR and  P  adjusted for smoking 
  e Japanese male and female heavy drinkers, ≥115 g ethanol per week, OR and  P  calculated from the 
original data  
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   In addition to the Asian studies, two European investigations have assessed the 
role of other  ALDH2  alleles, namely, the rs441 [ 115 ] and the  rs886205  and  rs440  
alleles [ 116 ], but without obtaining any signifi cant results. 

 The seemingly discrepant data may partly be explained by the choice of control 
populations. As seen in Table  3.2 , the higher the proportion of nondrinkers to very 
low drinkers is, the less indication of increased risk of the  ALDH (rs671)*2  allele is 
achieved. As explained in Sect.  3.3.1 , there are problems in including nondrinking 
control populations, because of the enrichment of the  *2  allele. In addition the prob-
lem of active microbial endogenous alcohol metabolism in the gut may mask some 
of the effects by the alcohol-drinking-related acetaldehyde. Altogether, it seems that 
acetaldehyde here is a player, but in order to get suffi cient evidence, future studies 
should better stratify and match the alcohol drinking of the control populations with 
the drinking of cancer patients.  

    Table 3.2    Case–control studies on the association between the  ALDH2  (rs671)*2 allele and 
colorectal cancer   

 Authors 
  1/*2  +  *2/*2  vs. 
 *1/*1  OR (95 % CI)   P  

 Proportion of abstainers or 
low (<15 g/day) drinkers in 
the whole population (%) 

 Chiang et al. (2012) a  [ 105 ]  1.76 (1.15–1.17)  0.010  No information 
 Yokoyama et al. (1998) b  [ 32 ]  3.35 (1.51–7.45)  0.017  0 
 Matsuo et al. (2002) c  [ 106 ]  1.80 (0.54–5.96)  0.387 f   0 
 Murata et al. (1999) d  [ 107 ]  1.20 (0.77–1.87)  0.437 g   39 
 Yin et al. (2007) e  [ 108 ]  1.07 (0.64–1.79)  0.448  0 
 Otani et al. (2005) d  [ 109 ]  1.16 (0.73–1.86)  0.549  32 
 Miyasaka et al. (2010) d  [ 110 ]  0.80 (0.41–1.48)  0.528  54 
 Matsuo et al. (2006) d  [ 111 ]  0.99 (0.74–1.31)  0.987 h   40 
 Yang et al. (2009) a  [ 112 ]  0.92 (0.72–1.17)  0.494  78 
 Kuriki et al. (2005) d  [ 113 ]  0.80 (0.52–1.24)  0.376 i   52 
 Gao et al. (2008) a  [ 114 ]  0.54 (0.30–0.98)  0.050  48 

  Part of the calculations has not been displayed in the publications and is marked here as “calculated 
from the original data” 
  a Chinese men and women, OR and  P  calculated from the original data 
  b Japanese alcoholic men, OR adjusted for alcohol drinking and smoking,  P  calculated from the 
original data 
  c Japanese male and female drinkers, ≥39 g ethanol once a week or more frequently, OR and  P  
calculated from the original data 
  d Japanese men and women, OR and  P  calculated from the original data 
  e Japanese male and female drinkers, ≥40 g ethanol per day, OR and  P  calculated from the original 
data 
  f Increased risk,  P  = 0.10 (specifi cally for rectum   ) 
  g Increased risk,  P  = 0.04 (specifi cally for colon) 
  h Increased risk ( P  < 0.05) by gene–gene interaction with  ALDH2  (rs671) *2  and  ADH1B*1  
  i Increased risk ( P  < 0.05) by gene–gene interaction with  CD36*C  allele combinations  
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3.3.5     Pancreatic Cancer 

 Little information (only three Japanese studies, two of which include about the same 
population) is available on the role of  ALDH2 (rs671)*2  allele on pancreatic cancer 
[ 110 ,  117 ,  118 ]. After calculation of the original data, only nonsignifi cant results 
with higher frequency of the *1/*2 + *2/*2 vs. *1/*1 genotypes emerge, with ORs 
(95 % CI) 1.50 (0.95–2.38),  P  = 0.088 [ 118 ], and 1.15 (0.85–1.55),  P  = 0.401 [ 110 ]. 
The study displaying the trend [ 118 ] included only alcohol drinkers, while the study 
with  P  = 0.401 contained 54 % nondrinkers [ 110 ], which is in congruence regarding 
the studies on gastric and colorectal cancers (high proportion of nondrinkers reduces 
the signifi cance). At this point there is no valid genetic–epidemiological data assess-
ing a signifi cant role of acetaldehyde in the etiology of pancreatic cancer.  

3.3.6     Liver Cancer 

 Currently, at least 12 studies, all on East-Asian populations (ten Japanese and two 
Chinese), have been published on the association between hepatocellular cancer 
(HCC) and the  ALDH (rs671)*2  allele [ 32 ,  119 – 129 ], nine of which are displayed 
in Table  3.3  [ 119 – 127 ]. The three studies not presented in Table  3.3  are inconclusive 

     Table 3.3    Case–control studies on the association between the  ALDH2  (rs671)*2 allele and 
hepatocellular cancer (HCC)   

 Authors 
  1/*2  +  *2/*2  vs. 
 *1/*1  OR (95 % CI)   P  

 Proportion of non-drinkers 
in the whole population (%) 

 Kato et al. (2003) a  [ 119 ]  5.36 (2.10–14.02)  0.000  No information 
 Tomoda et al. (2012) b  [ 120 ]  1.73 (1.19–2.51)  0.005  No information 
 Sakamoto et al. (2006) c  [ 121 ]  2.13 (1.20–3.78)  0.014  0 
 Munaka et al. (2003) d  [ 122 ]  9.77 (1.63–58.60)  <0.05  38 
 Ding et al. (2008) e  [ 123 ]  1.97 (0.79–4.89)  0.185  0 
 Takeshita et al. (2000) f  [ 124 ]  1.46 (0.57–3.74)  0.486  0 
 Koide et al. (2000) b  [ 125 ]  0.79 (0.43–1.45)  0.536  41 
 Yu et al. (2002) g  [ 126 ]  0.74 (0.46–1.20)  0.269  59 
 Shibata et al. (1998) h  [ 127 ]  0.44 (0.21–0.92)  0.044  86 

  Part of the calculations has not been displayed in the publications and is marked here as “calculated 
from the original data” 
  a Japanese men and women,  *1/*1  +  *1/*2  vs.  *2/*2  genotypes, OR no adjustments,  P  calculated 
from original data 
  b Japanese men and women, OR and  P  calculated from original data 
  c Japanese male and female drinkers, drinking more than or once per week, OR and  P  calculated 
from original data 
  d Japanese men and women, OR and  P  adjusted for drinking, smoking, hepatitis B and C virus, age 
and gender 
  e Chinese male and female drinkers, >300 g ethanol per day, OR and  P  calculated from original data 
  f Japanese male drinkers, ≥24 g per day, OR and  P  calculated from original data 
  g Chinese men and women, OR and  P  calculated from original data 
  h Japanese men, OR and  P  calculated from original data  
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because of low number of cases, less than 25 per study and very few individuals 
carrying the  ALDH (rs671)*2  allele (four individuals altogether). At fi rst hand look-
ing at Table  3.3 , the data of the nine studies seem inconclusive with four studies 
showing a signifi cant positive association between the  *2  allele and risk for HCC 
[ 119 – 122 ], nonsignifi cance in four studies [ 123 – 130 ], and one signifi cant negative 
association [ 129 ]. However, a closer view of the data demonstrates again the same 
phenomenon as for the gastric and colorectal cancers (see previous Sects.  3.3.3  and 
 3.3.4 ), i.e., the nonsignifi cance and negative correlation are most likely the conse-
quence of a too high proportion of nondrinkers to low drinkers in the control group. 
The problem is the enrichment of the  *2  allele individuals in the control population. 
Thus, it is hardly a coincidence that the three studies displaying negative associa-
tions are the studies in which the frequency of  *2  allele individuals is highest com-
pared with the *1/*1 genotype frequency of the control population, 62 %, 57 %, and 
49 % in the studies [ 125 – 127 ], respectively. This means that most likely the role of 
acetaldehyde in the alcohol-related HCC has been underestimated.

3.3.7        Lung Cancer 

 Currently, the association between the  ALDH2 (rs671)*2  allele and lung cancer has 
been reported in two Japanese [ 32 ,  130 ] and two Korean [ 131 ,  132 ] studies 
(Table  3.4 ). Altogether, the combined data indicate a signifi cant role of acetaldehyde 
in the etiology of lung cancer. The odds ratios and probabilities may be, at least to 
some extent, underestimated.  For example, in the largest study of those displayed in 
Table  3.4 , the frequency of the  *2  allele individuals was considerably higher (67 %) 
compared to the *1/*1 carriers (33 %) in the control population [ 132 ], indicating an 
overrepresentation of the * 2  allele in the reference group. New studies with better 
matched control groups will be needed for an even more valid assessment of the 
carcinogenic role of acetaldehyde in lung cancer in East Asia.

    Table 3.4    Case   –control studies on the association between  ALDH2  (rs671) and lung cancer   

 ALDH2 genotypes ( n ) 

  *1/*1    *1/*2 + *2/*2   

 Authors  Case  Control  Case  Control  OR (95 % CI)   P  

 Yokoyama et al. (1998) a  [ 32 ]  5  443  2  44  8.20 (1.27–53.15)  0.132 
 Minegishi et al. (2007) b  [ 130 ]  163  54  68  18  1.25 (0.68–2.29)  0.550 
 Eom et al. (2009) c  [ 131 ]  112  103  20  13  1.69 (0.73–3.91)  0.201 
 Park et al. (2010) d  [ 132 ]  322  688  396  728  1.16 (0.97–1.39)  0.108 
 Combined signifi cance  <0.010 

  Part of the calculations has not been displayed in the publications and is marked here without 
adjustments as “calculated from the original data” 
  a Japanese alcoholic men, OR adjusted for alcohol drinking and smoking,  P  calculated from the 
original data 
  b Japanese male and female heavy drinkers, average >221 g ethanol per week, OR and  P  calculated 
from the original data 
  c Korean male and female drinkers, ≥108 g per week, OR and  P  adjusted for smoking 
  d Korean men and women, OR and  P  calculated from the original data  

3 Genetic–Epidemiological Evidence for the Role of Acetaldehyde in Cancers…



50

   In addition to the role of  ALDH2 (rs671)*2  allele in East-Asian lung cancer, one 
Norwegian study displays a higher risk for lung cancer by the minor allele of the 
 ALDH2 rs4646777  SNP [ 133 ]. The role of this SNP as well as of other possibly 
important European SNP candidates needs to be evaluated in future studies.  

3.3.8     Breast Cancers 

 All studies (one Korean [ 134 ], one Japanese [ 135 ], one Thai [ 136 ], and one Spanish 
[ 137 ]) on the role of ALDH2 in breast cancer have been nonconclusive. The Asian 
studies concerned the  ALDH2 (rs671)*2  allele and the European study the minor 
alleles of  ALDH2 rs737280 ,  rs2238151 ,  rs11066028 , and  rs11066034 .   

3.4     Summary and Conclusions 

 The general evidence for the carcinogenicity of acetaldehyde related to alcohol 
drinking is based on the cytotoxic, genotoxic, mutagenic, and clastogenic properties 
of acetaldehyde: acetaldehyde may form sister-chromatid exchanges and elevate 
micronuclei formation (general tumor biomarker) with a variety of DNA–acetalde-
hyde adducts; acetaldehyde adducts have been determined after alcohol intake in 
humans; acetaldehyde carcinogenicity has been shown in experimental animal stud-
ies; proximity between the locations of microbial activity, acetaldehyde exposure, 
and alcohol-drinking-derived cancers; and indication of carcinogenic effects by 
external acetaldehyde from the alcoholic beverage. This acetaldehyde should be 
recognized and considered for future assessments on limits for safe acetaldehyde 
concentrations in the alcoholic beverage. Currently, there is a need for developing 
new secure acetaldehyde regulations and directives for the alcohol industry. 

 The genetic–epidemiological evidence for the carcinogenicity of acetaldehyde is 
based on the positive association between the  ALDH2 (rs671)*2  allele and cancer in 
the upper aerodigestive tract, stomach, colorectum, liver, and the lungs. Regarding 
the pancreas and breast, the data is still nonconclusive. The results of a number of 
investigations are hampered by choosing non- to low-alcohol drinkers as the control 
and/or reference group in comparing the  rs671  genotype distribution in cases and 
controls. The thorough matching or stratifi cation of alcohol drinking has also com-
monly been neglected. The result has been an erroneous interpretation of the data. 
Considering these diffi culties clearly indicates that acetaldehyde, in addition to the 
already offi cially accepted carcinogenic effect in the upper aerodigestive tract, is 
most likely a responsible factor in the etiology of gastric, colorectal, hepatocellular, 
and lung cancers. Since the phenotypes (fl ushing and nausea) of the  rs671  polymor-
phism are clearly expressed, they provide a valuable tool for future successful health 
education in the prevention of alcohol-drinking-related cancers.     
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    Chapter 4   
 Alcohol and Cancer: An Overview with Special 
Emphasis on the Role of Acetaldehyde 
and Cytochrome P450 2E1 

             Helmut     K.     Seitz       and     Sebastian     Mueller   

    Abstract     The mechanisms by which chronic alcohol consumption enhances 
 carcinogenesis include acetaldehyde (AA) generated by alcohol dehydrogenase and 
reactive oxygen species (ROS) generated predominantly by cytochrome P450 2E1 
(CYP2E1), but also by other factors during infl ammation. In addition, ethanol also 
alters epigenetics by changing DNA and histone methylation and acetylation. A loss 
of retinoic acid due to a CYP2E1-related enhanced degradation results in enhanced 
cellular proliferation and decreased cell differentiation. Changes in cancer genes 
and in signaling pathways (MAPK, RAS, Rb, TGFβ, p53, PTEN, ECM, osteopon-
tin, Wnt) may also contribute to ethanol-mediated mechanisms in carcinogenesis. 
Finally, immunosuppression may facilitate tumor spread. In the present review 
major emphasis is led on AA and ROS. While AA binds to proteins and DNA gen-
erating carcinogenic DNA adducts and inhibiting DNA repair and DNA methyla-
tion, ROS results in lipid peroxidation with the generation of lipid peroxidation 
products such as 4-hydoxynonenal which binds to DNA-forming highly carcino-
genic exocyclic DNA adducts. ROS production correlates signifi cantly with 
CYP2E1 in the liver but also in the esophagus, and its generation can be signifi -
cantly reduced by the specifi c CYP2E1 inhibitor clomethiazole. Finally, CMZ also 
inhibits alcohol-mediated nitrosamine-induced hepatocarcinogenesis.  
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4.1         Introduction 

4.1.1     Historic Background 

 The fact that alcohol is a risk factor for certain types of cancer is well established. 
The fi rst report about such an association was published in Paris in 1910 by French 
pathologists about the signifi cant correlation between heavy drinking (absinth), 
smoking, and esophageal cancer [ 1 ]. In    the 1960s and 1970s, innumerous epidemio-
logical studies have been performed demonstrating that chronic alcohol consump-
tion is a risk factor for cancer of the upper aerodigestive tract (oropharynx, larynx, 
esophagus) and of the liver (when cirrhosis is present). Due to these new aspects, an 
alcohol and cancer workshop sponsored by the Division of Cancer Control and 
Rehabilitation of the National Cancer Institute and the Division of Extramural 
Research of the National Institute of Alcohol Abuse and Alcoholism has been held at 
the National Institute of Health (NIH) in Bethesda, Maryland, October 23–24, 1978. 

 In    addition, in the 1980s and 1990s, two other targets of alcohol-mediated cancer 
occurred, namely, the colorectum and the female breast. Thus, a second workshop 
has then been held at the National Institute of Alcohol and Alcohol abuse in 2004 
especially dealing with mechanisms of alcohol-mediated cancer. In 2007 the 
International Agency of Research on Cancer in Lyon (France) published the result 
of a one-week expert conference on alcohol and cancer. The experts came to the 
conclusion that alcoholic beverages are carcinogenic to humans and that the occur-
rence of malignant tumors of the oral cavity, pharynx, larynx, esophagus, liver, col-
orectum, and female breast is causally related to alcohol consumption. Finally, they 
stated that there is a substantial mechanistic evidence in humans defi cient in  alde-
hyde dehydrogenase  that acetaldehyde derived from ethanol metabolism causes 
malignant esophageal tumors [ 2 ]. 

 In 2010 a satellite congress of the European Society of Biomedical Research on 
Alcoholism (ESBRA) on alcohol and cancer was held at the German Cancer 
Research Centre (DKFZ) in Heidelberg, Germany. This was the fi rst congress spon-
sored by ESBRA. One year later the NIAAA again focused on the topic of alcohol 
and cancer in a two-day meeting elaborating major fi elds of mechanisms to explain 
the carcinogenic effect of alcohol. This meeting was fi nally published in a book 
edited by Drs. S. Zakhari, V. Vasiliou, and M. Guo [ 3 ]. The second International 
Congress on Alcohol and Cancer in Breckenridge, Colorado, has been predomi-
nantly focused on new mechanistic aspects in alcohol-mediated carcinogenesis.  

4.1.2     Epidemiology and Animal Experiments 

 Epidemiology has clearly identifi ed alcohol as a carcinogen for the targets men-
tioned above. In addition, experimental studies in animals have shown that alcohol 
indeed is a carcinogen. When given to B6C3F1 mice for more than a hundred weeks 
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as a 2.5 % and 5 % solution in drinking water, there was a signifi cant dose-related 
trend to more hepatocellular cancers and hepatocellular adenomas in these animals 
[ 4 ]. When given as 10 of 15 % in drinking water for 25 months to ICA mice, 25 % 
more animals with papillary and medullary adenocarcinomas of the breast were 
detected [ 5 ]. When given as 15 and 20 % of alcohol in drinking water to C57/B6 
APC min mice for 10 weeks, more intestinal tumors and more tumors in the distal 
small intestine were found as compared to controls [ 6 ], and it has to be mentioned 
that this strain of mice represents a genetic modal that resembles that of FAP in 
humans. Finally, when given as 10 % solution in drinking water livelong to Sprague- 
Dawley rats, more tumors of the oral cavity, the lips, the tongue, and the forestom-
ach were found [ 7 ]. More recently, also liver tumors were detected after alcohol 
consumption without any carcinogen given [ 8 ]. In this context it is noteworthy that 
innumerous animal experiments have been performed with various procarcinogens 
and carcinogens administered to the animals with and without alcohol. The majority 
of these experiments found that animals treated with alcohol develop more tumors 
and mostly at a more rapid time interval [ 9 ].   

4.2     Specifi c Mechanisms of Ethanol-Mediated 
Carcinogenesis 

 Table  4.1  summarizes various mechanisms involved in alcohol-associated carcino-
genesis. In the present paper only acetaldehyde (AA) as a carcinogen as well as 
oxidative stress will be discussed, and Figure  4.1  illustrates the role of these impor-
tant factors in ethanol-mediated carcinogenesis. In addition, a few comments will be 
made on retinoids. For other aspects it is referred to further review articles.

4.2.1        Acetaldehyde as a Carcinogen 

4.2.1.1     Mechanisms 

 AA produced by various alcohol dehydrogenases (ADHs) is a toxin and carcinogen 
which rapidly binds to proteins and DNA. It is degradated    by acetaldehyde dehydro-
genases (ALDHs) to acetate, which is not toxic. AA has three major modes of action 
with respect to carcinogenesis:

    1.    It forms with DNA carcinogenic DNA adducts.   
   2.    It inhibits DNA repair.   
   3.    It has signifi cant effects on epigenetics (DNA methylation).

   Ad (1) AA forms DNA adducts leading to N2-ethyl-2′-deoxyguanosine 
(N2-Et-dG) which is rather a marker for chronic alcohol consumption than a 
carcinogenic lesion. On the other hand, data by Dr. Brooks show clearly that 
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  Table 4.1    Specifi c 
mechanisms of alcohol- 
mediated carcinogenesis  

 Carcinogenesis 

 1. Acetaldehyde 
 2. Oxidative stress: induction of cytochrome P450 2E1 

and reactive oxygen species 
 3. Retinoids 
 4. Epigenetic changes 
 5. Cancer genes and signaling pathways 

 Mitogenic signals: MAPK, RAS 
 Insensitivity to antigrowth signals: Rb and cell cycle control, 
TGFβ 
 Apoptosis: p53, PTEN 
 Angiogenesis: VEGF 
 Metastasis: cell adhesion, ECM, osteopontin 
 Developmental signaling pathways 

 6. Infl ammation 
 7. Immunosuppression 
 8. Organ-specifi c mechanisms: cirrhosis, gastroesophageal refl ux 

 Disease, estrogens 

   MAPK  mitogen-activated protein kinase,  Rb  retinoblastoma 
 protein,  TGFß  transforming growth factor ß,  p53  tumor protein 
53,  PTEN  phosphatase and tensin homolog,  VEGF  vascular 
endothelial growth factor,  ECM  extracellular matrix  

  Fig. 4.1    The role of cytochrome P450 2E1 (CYP2E1) and acetaldehyde in ethanol-mediated car-
cinogenesis. Ethanol is metabolized via alcohol dehydrogenase (ADH) and CYP2E1 to acetalde-
hyde, and acetaldehyde is further metabolized via acetaldehyde dehydrogenase (ALDH) to acetate. 
Through    the ADH and ALDH reaction reducing equivalence in the form of NADH are generated 
infl uencing the redox state of cell with major infl uence of epigenetics. Acetaldehyde by itself 
forms carcinogenic DNA adducts, inhibits DNA repair, and leads to epigenetic changes due to a 
decreased availability of methyl groups resulting in hypomethylation of DNA and histones. 
CYP2E1 is important in the metabolism of retinoids to their polar metabolites and of procarcino-
gens to their ultimate carcinogens. The loss of retinol and retinoic acids leads to dedifferentiation 
and hyperproliferation. In addition, ethanol metabolism via CYP2E1 results also in the generation 
of reactive oxygen species (ROS) with lipid peroxidation and the occurrence of lipid peroxidation 
products such 4-hydroxynonenal (4HNE) and malondialdehyde (MDA) which form highly carci-
nogenic exocyclic etheno DNA adducts. Finally, acetate may infl uence epigenetics due to hyper-
acetylation of histones       
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AA under basic conditions and in the presence of basic amino acids, histones 
and polyamines, generates 1,N2-propano-2′-deoxyguanosine (PDG) which is 
a carcinogenic lesion [ 10 ]. This will be discussed by Dr. Brooks in a separate 
article of this book.  

  Ad (2) AA inhibits DNA repair and has an inhibitory effect on 3N-A-DNA-G 
and on MMST-DNA-G HOGG1. In addition, AA binds to glutathione and 
inhibits, therefore, the antioxidative defense system (AODS) which is respon-
sible for the detoxifi cation of reactive oxygen species (ROS) and reactive 
nitrogen species (RNS). Furthermore, AA stimulates NFκB which inhibits 
apoptosis, a major feature of carcinogenesis. AA can either act directly or via 
interleukin 6 (Il6) or MCL2 [ 11 ,  12 ].  

  Ad (3) Methylation    of DNA and histones is an important mechanism in epi-
genetics. Alcohol interferes with methyl transfer at various sites. First of all, 
ethanol leads to a decreased intake of folic acid [ 13 ]. Folic acid is an impor-
tant factor in the methylation of homocysteine to become methionine. 
Defi ciency in folic acid leads to an accumulation on homocysteine and to 
diminished generation of methionine. Furthermore, AA inhibits methyl ade-
nosine transferase 1 (MAT 1) with the result of a reduced production of 
S-adenosyl methionine (SAMe), the fi nal precursor of methyl transfer. 
Subsequently alcohol also inhibits DNA methyltransferase. As a side effect 
alcohol also decreases vitamin B6 which is involved in these processes. In 
conclusion, there is a diminished production of SAMe with a diminished 
methyl transfer and diminished methylation of DNA and histones associated 
with an accumulation of homocysteine, an important component to enhance 
endoplasmic reticulum stress [ 14 ]. In this context it has to be pointed out that 
in addition to DNA and histone hypomethylation due to the mechanisms 
 discussed, a hyperacetylation of histones also occurs due to two factors: (1) 
an increased production of acetate following ethanol oxidation and (2) a 
change in the hepatic redox state with an increase in NADH and a decrease in 
NAD again due to ethanol oxidation. These are prerequisites to inhibit the 
activity of histone deacetylase (HDAC) [ 15 ].       

4.2.1.2       Genetic Aspects of Acetaldehyde Accumulation 

 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 [ 16 ,  17 ]. For 
both the ADH1B and the ADH1C genes, several alleles exist that result in differ-
ences in the activity of the ADH molecules that they encode. For example, the 
ADH1B*2 allele encodes an enzyme that is approximately 40 times more active 
than the enzyme encoded by the ADH1B*1 allele. Similarly, the enzyme encoded 
by the ADH1C*1 allele is 2.5 times more active than the enzyme encoded by the 
ADH1C*2 allele [ 18 ]. Individuals who carry the highly active ADH1B*2 allele 
rapidly convert ethanol to AA. This leads to AA accumulation following alcohol 
consumption and results in toxic side effects, such as a fl ushing syndrome with 
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sweating, accelerated heart rate, nausea, and vomiting. These adverse symptoms exert 
a protective effect against acute and chronic alcohol consumption. The ADH1B*2 
allele is rarely found in Caucasians but occurs more frequently in Asian populations. 
It has recently been demonstrated that also the low activity ADH1B*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 expo-
sure to acetaldehyde produced by oral microbes [ 19 ]. There is also strong evidence 
that the combination of ALDH2 defi ciency and slow ADH1B associates with the 
highest risk for esophageal cancer especially among heavy drinkers [ 20 ,  21 ]. The 
effects of the different ADH1C alleles on alcohol metabolism and, consequently, on 
drinking levels and alcohol-related carcinogenesis are more subtle. They can be stud-
ied best in Caucasian populations in which the highly active ADH1B*2 allele is rare. 
Studies on the relationship between ADH1C alleles and cancer occurrence in 
Caucasians have led to contradictory results which have been discussed elsewhere 
[ 22 ]. Harty and colleagues [ 23 ] were the fi rst who compared the risk of oral cancer 
associated with various alcohol consumption levels in individuals homozygous for 
the more active ADH1C*1 allele with the risk in heterozygotes who carried only one 
copy of this allele or were homozygous for the less active ADH1C*2 allele. The study 
found that individuals who consumed eight or more drinks per day and were homozy-
gous for the more active ADH1C*1 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 ADH1C* allele 
had only a four- to sevenfold increased risk compared with nondrinkers. 

 We determined ADH1C polymorphisms in more than 400 heavy drinkers with 
daily alcohol intake of more than 60 g and various cancers of the upper aerodiges-
tive tract, liver, and breast [ 24 – 27 ]. 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. Cancer patients and 
control subjects were of similar age and had similar histories of alcohol consump-
tion and cigarette smoking. In this study, signifi cantly more patients with alcohol- 
related cancers either had at least one ADH1C*1 allele or were homozygous for 
ADH1C*1 than did patients with other alcohol-related diseases. Statistical analyses 
determined a signifi cant association between ADH1C*1 allele frequency and rate of 
homozygosity and an increased risk for alcohol-related cancer ( P  < 0.001). Finally, 
individuals homozygous for ADH1C*1 had a relative risk of developing esopha-
geal, liver, and head and neck cancers of 2.9, 3.6, as well as 2.2, respectively, com-
pared with people homozygous for ADH1C*2. We also found that individuals who 
are homozygous for the ADH1C*1 allele had signifi cantly higher AA levels in their 
saliva than did heterozygous individuals or individuals who are homozygous for the 
ADH1C*2 allele [ 24 ]. 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 ALDH2 enzyme activity and therefore cannot effi ciently 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 contributes to tumor 
development is supported by the observation that AA-fed rats with intact salivary 
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glands showed excessive proliferation of the upper gastrointestinal mucosa [ 28 ], 
similar to the changes observed following chronic alcohol consumption [ 29 ]. When 
the glands were surgically removed (i.e., when the animals no longer produced 
saliva), however, this excessive cell proliferation disappeared [ 30 ]. 

  In conclusion, the evidence for the involvement for AA in ethanol-associated 
cancer can be summarized as follows :

    1.    High AA levels occur in the saliva and in the colon following alcohol consumption.   
   2.    AA is a toxin which binds to proteins leading to structural and functional altera-

tions of the cell with epigenetic (disturbed DNA methylation and DNA repara-
tion) and genetic effects. AA forms mutagenic and carcinogenic DNA adducts 
especially in hyperregenerative tissues.   

   3.    Elevated AA levels in experimental carcinogenesis accelerate cancer develop-
ment in the colon.   

   4.    Data in humans demonstrate high risk for upper aerodigestive tract and colorec-
tal cancer in individuals who accumulate AA due to decrease detoxifi cation 
(ALDH2 defi ciency) or increased production (ADH1c1 homozygosity).    

4.2.2        Alcohol and Oxidative Stress 

4.2.2.1     Mechanisms of ROS and Cytochrome P450 2E1 
in Alcohol- Mediated Carcinogenesis 

 Various factors contributed to oxidative stress in alcoholic liver disease (ALD) 
including infl ammation and the invasion of neutrophils and macrophages. However, 
one major factor is the induction of cytochrome P450 2E1 (CYP2E1) after chronic 
alcohol consumption. This induction varies  interindividually  and occurs already at 
an alcohol dose of 40 g per day as well as already at a time interval of one week 
[ 31 ]. As    longer as alcohol is consumed as higher is the induction. However, it is 
important to note that some individuals have no CYP2E1 induction at all. It is 
believed that individuals who have a strongly induced CYP2E1 status have an 
increased risk for ALD due to the production of ROS and their consequences. After 
alcohol withdrawal CYP2E1 disappears rapidly within days [ 31 ]. Approximately 
10 to 15 % of alcohol oxidation occurs via CYP2E1. However, in the induced state, 
more than 30 % may be metabolized via CYP2E1. In this situation ROS occurs. 
ROS may lead to lipid peroxidation with a generation of lipid peroxidation products 
such as malondialdehyde and 4-hydroxynonenal (4HNE) [ 11 ]. 

 Furthermore, CYP2E1 is involved in the activation of various xenobiotics and 
procarcinogens to their ultimate carcinogenic intermediates which is important in 
situations where carcinogens are consumed together with alcohol [ 11 ]. For exam-
ple, afl atoxins occur in certain food products contaminated with fungi. These afl a-
toxins are activated through CYP2E1 which is induced after alcohol consumption 
[ 32 ]. CYP2E1 is also involved in drug metabolism including paracetamol and iso-
niazid. In this context it is referred to other review articles [ 33 ]. 
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 Finally, CYP2E1 catalyzes the metabolism of retinol and retinoid acid (RA) 
 leading to a decrease in RA concentrations associated with loss of cell differentia-
tion and cellular hyperregeneration [ 34 ]. These low levels in RA lead to a decrease 
of the RXR and RAR receptor as well as to a decrease in MKP-1 and an increase of 
JNK. At the same time CYP2E1 leads to oxidative stress which by itself increases 
JNK leading to an increased phosphorylation of c-fos and c-jun, the proteins of AP1 
[ 35 ]. Both increased AP1 expression and decreased RXR and RAR receptor regulate 
cell proliferation and apoptosis and lead to an increased cellular proliferation which 
stimulates carcinogenesis. On the other hand, if CYP2E1 is inhibited by CMZ, oxi-
dative stress decreases, RA increases, and carcinogenesis is prevented [ 36 ]. It has 
been shown that the supplementation of vitamin A or RA is not helpful in preventing 
carcinogenesis since both compounds in the presence of an induced CYP2E1 are 
metabolized to polar retinoic metabolites which have apoptotic properties [ 37 ]. 

 4-HNE is well known to form exocyclic ethanol DNA adducts with DNA which 
are highly carcinogenic. It has been shown in CYP2E1 knockout mice that carcino-
genic DNA lesions occur more frequently [ 38 ]. In recent experiements we could 
show that in CYP2E1 overexpressing HepG2 cells an increased exocyclic ethanol 
adduct formation with increasing concentrations of alcohol exists an increased exo-
cyclic ethanol adduct formation with increasing concentrations of alcohol [ 39 ]. The 
occurrence of these adducts could be diminished signifi cantly in the presence of 
clomethiazole (CMZ), a specifi c CYP2E1 inhibitor. These cell experiments could 
be extended to the human situation [ 39 ]. In biopsies from patients with ALD a sig-
nifi cant correlation between CYP2E1, 4-HNE and exocyclic ethanol adducts of 
adenine and cytosine was found. In a recent nonpublished study, we have examined 
89 patients with various stages of non-cirrhotic ALD, and we clearly found that 
CYP2E1 was not associated with the amount of alcohol consumed which is not 
surprising, keeping in mind the fact that the induction of CYP2E1 is interindividu-
ally different. However, there was a signifi cant correlation between etheno-DNA 
adduct formation and CYP2E1 induction (Seitz, personal communication). 

 CYP2E1 also plays a role in DNA lesions in esophageal biopsies from patients 
with esophageal cancer after chronic alcohol consumption. We could show that 
CYP2E1 correlates with exocyclic etheno-DNA adducts in esophageal tissue and in 
contrast to the liver with the amount of alcohol consumption [ 40 ]. It    has to be men-
tioned that drinking and smoking enhance esophageal cell proliferation signifi cantly 
which is a risk situation in carcinogenesis.  

4.2.2.2     The Role of CYP2E1 in Experimental Carcinogenesis 

 It has been shown that CYP2E1 is critical for the accumulation of apurinic and 
apyrimidinic DNA sites in CYP2E1 knockout mice as compared to wild-type mice 
[ 38 ]. This was the fi rst hint that CYP2E1 may be involved in carcinogenesis directly. 
A study by Lu et al. showed that the administration of CMZ, a specifi c CYP2E1 
inhibitor, to an alcohol diet inhibits both hepatic ROS generation and hepatic nitro-
gen species produced by alcohol [ 41 ]. To further study this effect, we applied 
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alcohol in a carcinogenesis model. Sprague-Dawley rats received one single dose of 
dimethylnitrosamine (20 mg/kg bwt) to induce hepatic tumors. The animals received 
Lieber-DeCarli diets for one month and for ten months either with or without 
CMZ. After 1 month CYP2E1 was signifi cantly induced by ethanol but did not 
increase in the presence of CMZ. In addition, alcohol increased cell proliferation, 
NFκB, and TNFα mRNA and decreased hepatic apoptosis. None of the effects have 
been observed when CMZ was added to the alcohol diet [ 42 ,  43 ]. In addition, the 
number of p-GST-positive hepatic foci induced by the nitrosamine was found to be 
signifi cantly increased in the ethanol-fed rats but not in the presence of CMZ. 

 After 10 months various histological features have been observed including 
hepatic amphophilic foci of cellular alteration, nodular regenerative hyperplasia, 
and hepatocellular adenoma. Four out of fi ve animals receiving alcohol in addition 
to dimethylnitrosamine revealed adenomas after 10 months, while none of six ani-
mals receiving ethanol with CMZ had adenoma. CYP2E1 was found to be signifi -
cantly increased following the alcohol diet but not when CMZ was administered 
simultaneously [ 43 ]. Most recently, Tsuchishima et al. demonstrated also that 
chronic ingestion of ethanol induces hepatocellular carcinoma in mice without any 
carcinogen and that this was associated with the induction of CYP2E1 [ 8 ].    

4.3     CYP2E1 and Its Role in Nonalcoholic 
Fatty Liver Diseases 

 It is well known that CYP2E1 is also induced in nonalcoholic fatty liver disease 
(NAFLD) [ 44 ] due to either free fatty acids or acetone. Dey and Cederbaum have 
clearly shown that the induction of cytochrome P450 2E1 promotes liver injury in 
ob/ob mice, an experimental model for NASH [ 45 ]. We studied the effect of alcohol 
on top of a dietary-induced fatty liver [ 46 ]. Sprague-Dawley rats received a 71 % 
high-fat diet to induce NASH for 4 weeks. Thereafter, the animals were divided into 
two groups: group I received a Lieber-DeCarli diet with 17 % ethanol, while group 
II received carbohydrates. The ethanol content of the diet was less than half of a 
regular Lieber-DeCarli diet. Both the high-fat diet with or without ethanol increased 
hepatic oxidative stress, hepatic Bax protein, hepatic TNF-α mRNA, and hepatic 
TNFR1 mRNA and decreased hepatic Bcl-2 protein as compared to controls. Hepatic 
apoptosis, hepatic Fas mRNA, and hepatic FasL mRNA were found to be further 
signifi cantly increased in the ethanol-fed group as compared to the high-fat group. 
Histologically the liver of the animals fed with high-fat diet with alcohol showed an 
increase in infl ammatory foci. The conclusion from this study is that moderate alco-
hol consumption aggravates high-fat diet-induced steatohepatitis in rats. 

 In addition, we were also using obese Zucker rats (fa/fa) and their lean litter-
mates as a genetic model for NASH. These animals are leptin defi cient and insulin 
resistant. A signifi cant increase in hepatic CYP2E1 was shown in obese animals as 
compared to lean animals and furthermore in obese animals after ethanol adminis-
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tration as compared to lean animals following alcohol ingestion. This increase in 
CYP2E1 was paralleled by the generation of exocyclic etheno DNA adducts [ 39 ]. 

 Most recently we investigated CYP2E1 and exocyclic etheno DNA adducts in 
children and adolescents with NASH. In 3 out of 21 liver biopsies from these chil-
dren, we found signifi cant levels of etheno-DNA adducts. These adduct levels did 
not correlate with CYP2E1 which is not surprising since in NASH additional 
infl ammatory processes take place which may lead to exocyclic etheno adduct for-
mation. In this context it is noteworthy that Ascha and coworkers [ 47 ] identifi ed 
alcohol as an important risk factor for hepatocellular cancer in NASH patients. The 
risk ratio was found to be 3.6 for any alcohol level consumed. Therefore, the conclu-
sion was stated in the American Journal of Gastroenterology that “until further data 
from rigorous prospective studies become available people with NAFLD should 
avoid alcohol of any type or amount” [ 48 ]. 

  The role of CYP2E1 in ethanol-mediated carcinogenesis can be summarized as 
follows  [ 49 ]: 

 The  induction of CYP2E1  by chronic ethanol consumption results in:

    1.    An enhanced metabolism of drugs and xenobiotics resulting in either low blood 
drug levels or increased drug toxicity   

   2.    An increased activation of various dietary and tobacco procarcinogens to their 
ultimate carcinogenic metabolites   

   3.    An enhanced metabolism of retinol and retinoic acid associated with the 
 activation of the AP-1 gene resulting in hyperregeneration   

   4.    The generation of ROS with lipid peroxidation and the occurrence of highly 
carcinogenic DNA lesions in man   

   5.    An enhancement of liver pathology induced by chronic ethanol ingestion (hepatic 
steatosis and fi brosis)    

  The  inhibition of CYP2E1  by chlormethiazole results in:

    1.    An improvement of experimental alcoholic liver disease   
   2.    A signifi cant reduction of carcinogenic DNA lesions in cell cultures and animal 

experiments induced by ethanol   
   3.    A normalization of retinol and retinoic acid levels and thus cell cycle behavior   
   4.    An inhibition of nitrosamine-induced hepatic carcinogenesis in rats    
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    Chapter 5   
 Implications of Acetaldehyde-Derived DNA 
Adducts for Understanding Alcohol-Related 
Carcinogenesis 

             Silvia     Balbo      and     Philip     J.     Brooks    

    Abstract     Among various potential mechanisms that could explain alcohol carcino-
genicity, the metabolism of ethanol to acetaldehyde represents an obvious possible 
mechanism, at least in some tissues. The fundamental principle of genotoxic carci-
nogenesis is the formation of mutagenic DNA adducts in proliferating cells. If not 
repaired, these adducts can result in mutations during DNA replication, which are 
passed on to cells during mitosis. Consistent with a genotoxic mechanism, acetalde-
hyde does react with DNA to form a variety of different types of DNA adducts. 
In this chapter we will focus more specifi cally on  N  2 -ethylidene-deoxyguanosine 
( N   2  -ethylidene - dG ), the major DNA adduct formed from the reaction of acetalde-
hyde with DNA and specifi cally highlight recent data on the measurement of this 
DNA adduct in the human body after alcohol exposure. Because results are of par-
ticular biological relevance for alcohol-related cancer of the upper aerodigestive 
tract (UADT), we will also discuss the histology and cytology of the UADT, with 
the goal of placing the adduct data in the relevant cellular context for mechanistic 
interpretation. Furthermore, we will discuss the sources and concentrations of acet-
aldehyde and ethanol in different cell types during alcohol consumption in humans. 
Finally, in the last part of the chapter, we will critically evaluate the concept 
of carcinogenic levels of acetaldehyde, which has been raised in the literature, 
and discuss how data from acetaldehyde genotoxicity are and can be utilized in 
physiologically based models to evaluate exposure risk.  
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5.1         Introduction 

 The designation of alcohol as carcinogenic to humans (Group 1) by the International 
Agency for Research on Cancer (IARC) represented an important change in our 
understanding of the health effects of alcohol consumption [ 1 ]. While previous 
IARC working groups had classifi ed the carcinogenicity of alcoholic beverages, 
they left open the possibility that the carcinogenic effects resulted from contami-
nants in the alcoholic beverages, rather than alcohol itself. Thus, the important ques-
tion of the carcinogenicity of alcohol per se was not defi nitively addressed. The 
notable aspect of the 2007 working group meeting was that alcohol (ethanol) itself 
was identifi ed as carcinogenic to humans [ 2 ]. This classifi cation therefore allows 
the scientifi c community to focus on the mechanistic question of how alcohol in 
alcoholic beverages increases the risk of cancers at certain sites in the body. Given 
the diversity of target tissues for alcohol-related carcinogenicity (liver, female 
breast, colorectum, upper aerodigestive tract), it is possible, and indeed likely, that 
different mechanisms are involved at different target tissues. 

 An obvious possible mechanism for the carcinogenicity of alcohol, at least in 
some tissues, involves the metabolism of ethanol to acetaldehyde. Redressing an 
oversight from the 2007 monograph, the 2009 IARC working group concluded that 
“acetaldehyde associated with the consumption of alcoholic beverages is carcino-
genic to humans (Group 1)” [ 3 ]. This conclusion was based in a large part on the 
dramatically elevated risk of esophageal cancer from alcohol drinking in individuals 
who are unable to metabolize acetaldehyde due to a genetic variant in ALDH2 [ 4 –
 6 ]. Based on these and other data, the strongest evidence for a causative role for 
acetaldehyde is for alcohol-related cancers of the UADT. The UADT includes the 
oral cavity, larynx, pharynx, and esophagus. 

 It is worth emphasizing here that the IARC Group 1 classifi cation specifi cally 
applies to acetaldehyde  associated with the consumption of alcoholic beverages . 
Acetaldehyde alone remains classifi ed as Group 2b, possibly carcinogenic to 
humans. We will return to this topic in the last part of this chapter focusing on car-
cinogenic levels of acetaldehyde. 

 Broadly speaking, there are two mechanistically different types of carcinogens: 
genotoxic and non-genotoxic [ 7 ]. Genotoxic carcinogens react directly to chemi-
cally modify the DNA, resulting in the increased rate of mutagenesis and therefore 
increased rate of carcinogenesis. Well-known examples of genotoxic carcinogens 
are ultraviolet light, components of cigarette smoke, and afl atoxin. In contrast, non- 
genotoxic carcinogens increase the risk of cancer by mechanisms that do not involve 
direct DNA damage. Examples of non-genotoxic carcinogenic mechanisms include 
infl ammation, which can result in DNA damage from infl ammatory mediators, and 
hormone-like effects. The two mechanisms are not mutually exclusive. Notably, the 
IARC carcinogen classifi cations encompass both genotoxic and non-genotoxic 
agents. As stated in the preamble to the IARC  Monographs: “ … an agent is termed 
‘carcinogenic’ if it is capable of increasing the incidence of malignant neoplasms, 
reducing their latency, or increasing their severity or multiplicity.” This broad and 
mechanism-independent aspect of the IARC classifi cation system is intentional; 
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“The aim of the  Monographs  has been, from their inception, to evaluate evidence of 
carcinogenicity at any stage in the carcinogenesis process, independently of the 
underlying mechanisms.” 

 From a mechanistic standpoint, genotoxic and non-genotoxic mechanisms may 
have different time courses and other signifi cant differences with practical implica-
tions for risk assessment and disease prevention (e.g., linear risk extrapolation ver-
sus thresholds for exposure; see [ 7 ]). Therefore, the main focus of this chapter will 
be on efforts made and strategies developed to assess the role of direct genotoxicity 
in the carcinogenic effect of acetaldehyde. Consistent with a genotoxic mechanism, 
acetaldehyde can react with DNA to form a variety of different types of DNA 
adducts. Since the general topic of acetaldehyde-DNA adducts was covered in a 
recent review [ 8 ], here we will focus more specifi cally on the major DNA adduct 
formed from the reaction of acetaldehyde with DNA,  N  2 -ethylidene-deoxyguanosine 
( N  2 -ethylidene-dG) and highlight recent data on the measurement of this DNA 
adduct in the human body after alcohol exposure. Because the results are of particu-
lar biological relevance for alcohol-related cancer of the UADT, we will also focus 
on the histology and cytology of these target tissues, with the goal of placing the 
adduct data in the relevant cellular context for mechanistic interpretation. We also 
discuss the sources and concentrations of acetaldehyde and ethanol in different cell 
types during alcohol consumption in humans. Finally, we will critically evaluate 
the concept of carcinogenic levels of acetaldehyde, which has been raised in the 
literature [ 9 – 11 ], and discuss how data from acetaldehyde genotoxicity are utilized 
to identify exposure risk.  

5.2     DNA Adducts from Acetaldehyde and Alcohol 

 Acetaldehyde’s genotoxic effect is attributable to its reactivity. The electrophilic 
nature of its carbonyl carbon results in reactions with DNA, generating DNA adducts 
[ 12 ]. The main reactions occur with deoxyguanosine (dG) followed by deoxy-
adenosine (dA) and then deoxycytosine (dC) [ 6 ,  13 ]. The binding of acetaldehyde to 
these nucleosides leads principally to the formation of a Schiff base on the exocyclic 
amino groups. The resulting imines are unstable at room temperature and neutral 
pH. However, these compounds can be stabilized using reducing agents, ultimately 
resulting in ethyl-adducts which are then easier to detect and to quantify. 

 The most abundant and well-studied acetaldehyde-DNA adduct is  N  2 -
ethylidene - dG  which can be stabilized by reduction to  N  2 -ethyl-dG. These adducts 
are illustrated in Fig.  5.1 .

   The instability of  N  2 -ethylidene-dG prevents direct investigation of its biological 
properties. In contrast,  N  2 -ethyl-dG is stable in aqueous solution, as well as under the 
conditions used for automated oligonucleotide synthesis. Therefore, most of the 
experimental data available for the biological effects of  N  2 -ethylidene-dG are inferred 
from experiments using  N  2 -ethyl-dG as a stable analog. This is a common approach 
in the fi eld of DNA damage and mutagenesis. For example, abasic sites in DNA, 

5 Implications of Acetaldehyde-Derived DNA Adducts…



74

which result from depurination, are one of the most common forms of endogenous 
DNA damage [ 14 ]. Because authentic abasic sites are unstable, much of the informa-
tion we have about their biological effects is derived from studies of tetrahydrofuran 
as a structural analog [ 15 ]. 

 Studies in vitro indicate that  N  2 -ethyl-dG does not signifi cantly inhibit the repli-
cative DNA polymerase delta [ 16 ]. The effects of the lesion on the other major 
replicative DNA polymerase, epsilon, have not been directly assessed. However, 
in vivo studies in mammalian cells indicate that the lesion does block replication but 
is weakly mutagenic, causing primarily −1 frameshift deletion mutations [ 17 – 19 ]. 
In light of the discussion above, however, it is important to carefully evaluate the 
limitations of  N  2 -ethyl-dG as a structural analog. 

 Figure  5.2  shows energy-minimized models of an  N  2 -ethylidene-dG paired with 
dC, an  N  2 -ethyl-dG paired with dC, and an unmodifi ed dG paired with dC. At fi rst 
glance, all three models appear similar. The ethyl/ethylidene moiety can be accom-
modated in the minor groove, with no structural impediment to the guanosine base 
forming Watson–Crick type H bonds with the appropriate atoms on dC. However, 
one notable difference is that while dG and  N  2 -ethyl-dG each form three H bonds 
with dC,  N  2 -ethylidene-dG can only form two H bonds. The missing H atom is due 
to the presence of a double bond between the nitrogen atom and the carbon from 
acetaldehyde. Viewed from this perspective, the formation of  N  2 -ethylidene-dG 
essentially results in G:C base pair with the stability of an A:T base pair.

   Studies of frameshift mutagenesis in experimental systems have documented 
that runs of A:T base pairs are prone to frameshift mutations resulting from a 
 template dislocation mechanism [ 20 ]. This observation has generally been explained 

  Fig. 5.1    The reaction of acetaldehyde with deoxyguanosine results in the formation of  N  2 -
ethylidendene - dG ; this unstable Schiff base can be converted through a reduction step to the more 
stable form:  N  2 -ethyl-dG (dR = 2′-deoxyribose)       
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by the reduced stability of A:T base pairs, which increases the probability of 
 primer- template misalignment resulting in frameshift mutations. Adapting this 
model to  N  2 -ethylidene-dG in a run of G:C base pairs, an analogous mechanism for 
frameshift mutagenesis can be hypothesized (see Fig.  5.3 ). The important point is 
that it would not be possible to test this hypothesis using  N  2 -ethyl-dG as a model, 
because  N  2 -ethyl-dG forms three H bonds with dC (as shown in panel A of Fig.  5.2 ). 
However, this hypothesis could be tested in vivo, perhaps using a yeast strain with 
run of G:C base pairs in a mutational reporter gene. It should be pointed out, how-
ever, that runs of G:C base pairs are generally refractory to frameshift mutagenesis 
due to their inherent stability.

5.2.1       Other Acetaldehyde-DNA Adducts 

 In addition to  N  2 -ethylidene-dG, the most well-studied acetaldehyde-related DNA 
adducts are the crotonaldehyde-derived propano-dG (CrPdGs) adducts [ 21 ]. The 
condensation of two molecules of acetaldehyde can also produce a reactive electro-
phile, 3-hydroxybutanal (crotonaldehyde), which can also form a Schiff base on the 
same amino group of dG. These CrPdG adducts can have multiple biologic effects 
as a result of their ability to undergo a ring opening reaction. Ring opening yields 
another aldehyde moiety which can react with proteins to form DNA-protein 

  Fig. 5.2    Energy-minimized models showing the difference in base pairing of  N  2 -ethylidene-dG 
and  N  2 -ethyl-dG compared to deoxyguanosine.  Panel A : the model shows  N   2  -ethylidene-dG paired 
with deoxycytosine (dC).  Panel B : the model shows  N   2  -ethyl-dG paired with dC.  Panel C : the 
model shows an unmodifi ed dG paired with dC       
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cross- links or (in some sequence contexts) with deoxyguanosine on the opposite 
strand to form DNA-interstrand cross-links. The biological effects of these adducts 
have been reviewed recently [ 8 ]. 

 It is also worth mentioning the early studies of Fraenkel-Conrat and colleagues, 
who showed that ethanol and acetaldehyde in combination could react with DNA 
bases to generate mixed acetal DNA adducts [ 22 ]. However, these adducts were 
very unstable, at least under the in vitro conditions investigated. As such, the bio-
logic signifi cance of these adducts, if any, is currently unclear. 

 In summary, acetaldehyde has been shown to form several DNA adducts, includ-
ing  N  2 -ethylidene-dG and the CrPdG adducts. Under in vivo conditions, which are 
of the most direct relevance to human carcinogenesis,  N  2 -ethylidene-dG has been 
the most well studied, and therefore, we review these studies in the following 
paragraphs.   

5.3      N  2 -Ethylidene-dG as a Biomarker of DNA Damage 
Resulting from Acetaldehyde Derived from Ethanol 

 As mentioned above, the major reaction of acetaldehyde with DNA occurs 
on the exocyclic amino group of guanine forming  N  2 -ethylidene-dG. This adduct 
is stable in DNA but it easily breaks down when released as a nucleoside. 

  Fig. 5.3    Mechanisms of 
frameshift mutagenesis 
hypothesized for 
 N   2  -ethylidene-dG       
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Fang et al. were the fi rst to report the detection of this adduct, as its reduced form 
 N  2 -ethyl-dG, in leukocyte DNA of alcoholics. In their work a  32 P-postlabelling 
method was used for the adduct quantitation. Only samples from heavy drinkers 
showed detectable amounts of  N  2 -ethyl-dG likely resulting from the reduction 
of  N  2 -ethylidene-dG by endogenous reducing agents such as ascorbic acid and 
 glutathione [ 23 ]. 

 In order to avoid the degradation of  N  2 -ethylidene-dG during DNA hydrolysis 
and increase the sensitivity of the method, a new approach was developed by Wang 
et al. [ 24 ]. A reducing agent, NaBH 3 CN, was introduced prior to DNA hydrolysis. 
Additionally, a stable isotope dilution method was used for the quantitation of the 
DNA adduct by liquid-chromatography-electrospray ionization-tandem mass 
spectrometry- selected reaction monitoring (LC-ESI-MS/MS-SRM). The use of this 
new method allowed a selective detection of  N  2 -ethyl-dG and an accurate quantita-
tion. By reducing the degradation of the adduct through its conversion into a more 
stable compound,  N  2 -ethyl-dG was detected in DNA from all samples analyzed. 
This resulted in an increased sensitivity which allowed for the detection of lower 
levels of the DNA adduct, expanding its application beyond the quantitation in sam-
ples from heavy drinkers, and set the stage for the broader use of this adduct as a 
marker for acetaldehyde-induced DNA damage. Since then,  N  2 -ethyl-dG has been 
measured in DNA from various samples, for the investigation of the effects on DNA 
of acetaldehyde from different sources [ 25 ,  26 ]. 

  N  2 -Ethyl-dG has been used successfully to measure ethanol-induced DNA 
 damage in HeLa cells expressing ADH1B, which corresponded to the activation of 
the Fanconi anemia-breast cancer susceptibility (FA-BRCA) DNA damage response 
network [ 27 ]. In a different study, the same DNA adduct was quantifi ed to investi-
gate ethanol-induced DNA damage in the brain of ethanol-treated mice. Higher 
levels of  N  2 -ethyl-dG were observed in brain DNA from mice exposed chronically 
and acutely to ethanol compared to controls [ 28 ]. These examples demonstrate that 
 N  2 -ethyl-dG is an extremely valuable tool for the investigation of DNA damage 
associated with acetaldehyde exposure from alcohol consumption and thus for the 
investigation of alcohol-related mechanisms of carcinogenesis. 

 The measurement of levels of  N  2  - ethyl-dG has indeed been crucial in studies 
focusing on the investigation of effects of alcohol exposure in ALDH2 defi ciency. 
Several studies have used this adduct to detect the DNA damage induced by ethanol 
exposure in wild-type and  Aldh2     knockout mice, used as a model for  ALDH2  defi -
ciency in humans. Increased levels of the adduct have been found in the liver, esoph-
agus, tongue, and submandibular gland DNA of  Aldh2  knockout mice exposed to 
ethanol [ 29 ,  30 ]. These fi ndings, together with the results from a study showing 
increased levels of  N  2  - ethyl-dG in peripheral blood of ALDH2-defi cient alcoholics 
[ 31 ], contributed substantially to the evidence supporting an acetaldehyde-mediated 
mechanism in alcohol-related carcinogenesis. Together with the epidemiological 
data showing a dramatic increase of risk for esophageal and head and neck cancers 
in ALDH2-defi cient drinkers, the results from the DNA damage studies contributed 
to the classifi cation of acetaldehyde related to alcohol consumption as carcinogenic 
to humans (Group 1) by the IARC [ 3 ] .  
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5.3.1     Experimental Studies of Acetaldehyde-DNA Adduct 
Formation from Alcohol Drinking in Humans 

 The studies described above clearly demonstrate that increased levels of 
acetaldehyde- DNA adducts can be observed in animals exposed to ethanol and in 
human alcohol abusers. However, the studies do not address the minimal amount of 
ethanol exposure necessary to increase DNA adduct levels or the time course or 
persistence of the adducts. Moreover, previous studies have not specifi cally investi-
gated acetaldehyde-DNA adduct formation in humans in a known target tissue for 
alcohol-related carcinogenesis. Overall, little is known about the formation and life-
time of DNA adducts in the human body. Experimental studies have shown that 
with constant dosing a steady state concentration of DNA adducts will occur, where 
the number of new adducts formed equals the number of adducts lost due to repair 
or instability. However, repair processes vary depending on the cell type and remove 
different adducts with various effi ciencies. Consequently, the lifetime of DNA 
adducts in vivo can be highly variable according to the tissue or cell type in which 
they are formed [ 32 ]. For instance, easily accessible surrogate tissues such as buccal 
cells or peripheral blood cells have very different lifetimes. In particular peripheral 
blood white cells include large cell subpopulations with major differences in lifes-
pan. Lymphocytes are long-lived cells with a life span up to several years, while 
neutrophils are extremely short-lived cells with a life span of 2–3 days. The quanti-
tation of  N  2 -ethylidene-dG in these cell types could potentially refl ect very different 
exposure effects and provide very different information on the formation, accumu-
lation, and elimination of the DNA adduct. Therefore, to address these important 
questions, Balbo et al. performed a biomonitoring study on human subjects before 
and after consumption of increasing amounts of ethanol [ 33 ,  34 ]. 

 Ten healthy volunteers were recruited. Subjects were required to refrain from 
any alcohol consumption other than that administered for the study, starting from 1 
week prior to the beginning of the experiment and throughout its entire duration. 
Three increasing alcohol doses were administered during the experiment, one dose 
a week, starting from the lowest. The alcohol dose administered was selected taking 
into account gender and weight in order to target specifi c blood alcohol levels, all 
below intoxication (defi ned as a blood alcohol level of 0.08 % [ 35 ]). The 3 doses 
selected for the study can roughly be described as corresponding to 1, 2, and 3 
vodka drinks per subject. Overall, the alcohol doses had an ethanol content that 
ranged between 20 and 50 g which corresponded to an ethanol concentration in the 
drink ranging between 1.5 and 2.5 M. These concentrations ultimately resulted in a 
fi nal blood alcohol concentration in the range of 0.01–0.02 M. 

 Levels of  N  2 -ethyl-dG were measured in DNA isolated from oral cells collected 
with a nonalcoholic mouthwash and from white blood cells. Granulocytes and lym-
phocytes were isolated from the blood to test potential effects of different cellular 
life span and repair mechanisms. A sample was collected before drinking to estab-
lish a baseline and then at several time points after exposure to each dose (2, 4, 6, 
24, 48, and 120 h) to assess the kinetics of adduct formation and disappearance. 

S. Balbo and P.J. Brooks



79

 Considering the results from the oral cavity fi rst, as shown in Fig.  5.4 , increased 
levels of  N  2 -ethyl-dG were already detected at 2 h after alcohol consumption and 
reached a peak between 2 and 6 h. Interestingly, adduct levels had returned to base-
line after 24 h, indicative of either DNA repair or cell turnover. We will return to this 
point in the discussion of the histology of the oral epithelia (discussed in detail 
below). Most importantly, peak adduct levels showed a clear dose–response rela-
tionship to the amount of alcohol consumed.

   A different pattern of adduct formation was observed in white blood cells after 
alcohol drinking. Quantitation of the DNA adduct in granulocytes and lymphocytes 
did not show a major difference between the two cell types. An increase after the 
alcohol doses was detected, but in contrast to the oral cavity, no clear dose response 
was observed. Additionally, the high baseline levels and the high intra- and interin-
dividual variability did not allow the clear identifi cation of an effect directly attrib-
utable to the alcohol dose. 

 To our knowledge, this is the fi rst study to investigate the effects of alcohol con-
sumption on the time course of DNA adduct formation in healthy volunteers. All 
previous published studies on  N  2 -ethyl-dG levels in humans were done on heavy 
drinkers or alcoholics [ 23 ,  29 ]. Furthermore, no information on the persistence of 

  Fig. 5.4    Summary of the results obtained from a study investigating the effects on oral cell DNA 
of consumption of increasing doses of alcohol. The study was performed on samples collected form 
ten subjects who abstained from drinking any alcoholic beverage other than the doses provided 
over the entire duration of the study. The graph reports the mean levels of  N   2  -ethyl-dG (fmol/μmol 
dG) measured in oral cell DNA at various intervals before and after three increasing alcohol doses. 
The fi rst time point reported on the  left  (B00) refers to 1 week before consumption of the fi rst alco-
hol dose. Starting from this time point, participants began to abstain from consuming any alcoholic 
beverage. The next time point (BD1) refers to the baseline level detected 1 week later, 1 h before 
consumption of the fi rst dose (d1, lowest). Subsequently, the graph shows the levels of  N   2  -ethyl-dG 
measured at the various time points considered after each dose (2–120 h). The DNA adduct levels 
were measured at the same time points before and after exposure to the next two doses (d2, inter-
mediate, and d3, highest). Levels of the adduct increased 2 h after exposure even after consumption 
of the lowest dose and returned to baseline 24 h after exposure. A clear dose–response effect of 
alcohol on  N   2  -ethyl-dG levels was found. The baseline time points measured 1 h before the dose 
(BD1–BD3) are 7 days apart. Values are means and SEs. Data from reference [ 33 ,  34 ]       
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this specifi c modifi cation was reported. These results clearly demonstrate that even 
a single drink of alcohol results in a signifi cant and dose-dependent increase in 
acetaldehyde-DNA adducts in cells in the human oral cavity, a known target tissue 
for alcohol-related carcinogenesis. 

 While  N  2 -ethylidene-dG is the major adduct formed after reaction of acetalde-
hyde with DNA, as mentioned above, several other adducts can result from acetal-
dehyde reactions with DNA, although generally they are formed in lower yield. 
Because of its high levels,  N  2 -ethylidene-dG is easier to detect and measure and thus 
could be considered as a general indicator of exposure of DNA to acetaldehyde and 
a proxy for detection of other DNA modifi cations. Consequently, these results pro-
vide a good starting point for future studies focusing on mapping multiple 
acetaldehyde- derived DNA modifi cations and investigating their potential role in 
the carcinogenic process. 

 These fi ndings demonstrate the utility of oral cell DNA for the investigation of 
the role of alcohol-related DNA adducts in head and neck carcinogenesis. These 
observations support the hypothesis that alcohol drinking increases the risk of oral 
cancer via a mechanism involving a genotoxic effect of acetaldehyde. Before 
exploring this question in more detail, however, it is necessary to put the results 
from Balbo et al. into the relevant cellular context. For this purpose, below we 
briefl y review the anatomy and histology of the oral cavity and esophagus.  

5.3.2     Anatomical Considerations 

 A fundamental aspect of genotoxic carcinogenicity is the formation of mutagenic 
DNA adducts in proliferating cells. If left unrepaired, these adducts can result in 
mutations during DNA replication, which are passed on to daughter cells during 
mitosis. DNA adducts that form in terminally differentiated cells (G0) do not 
directly contribute to carcinogenesis, because of the absence of DNA replication. 
As such, it follows that a key issue for interpreting the relationship between DNA 
adduct formation and carcinogenesis is the cell type in which the DNA adduct 
formed. 

 The oral cavity and esophagus are both squamous epithelial tissues, in which 
cells in the upper layers are continuously replaced by new cells generated in the 
lower layers (for review see [ 36 ]). A schematic representation of these tissues is 
shown in Fig.  5.5 . As indicated in the fi gure, proliferating cells (i.e., cells that rep-
licate their DNA) are located in the basal and suprabasal layers of the epithelium. 
After differentiation, cells move up toward the surface of the epithelial layer. During 
transit, these cells fl atten out (desquamate) and are ultimately sloughed off into the 
saliva or lumen of the esophagus. The time for newly generated cells in the oral cav-
ity to transit from the basal layer through the surface of the (non-cornifi ed) epithe-
lial layer has been estimated at roughly 4 days (in rabbits) [ 22 ,  37 ]. As the DNA 
labeling index of cells in the basal layers of humans and rabbits is similar, the 4-day 
transit time is likely to be a reasonable estimate for humans as well.
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  Fig. 5.5    Schematic 
representation of the 
squamous epithelial tissue 
of the oral cavity before, 
during, and after alcohol 
drinking.  Panel A  shows the 
various cell layers: cells in 
the upper layers are 
continuously replaced by new 
cells generated in the lower 
layers, the basal and 
suprabasal layers of the 
epithelium, where 
proliferating cells (i.e., cells 
that replicate their DNA) are 
located. After differentiation, 
cells move up toward the 
surface of the epithelial layer. 
During transit, these cells 
fl atten out (desquamate) and 
are ultimately sloughed off 
into the saliva.  Panel B  shows 
the levels of exposure to 
alcohol and to acetaldehyde 
of the various levels of the 
epithelium when drinking 
alcohol. In addition to high 
concentrations of ethanol and 
acetaldehyde diffusing from 
the epithelial surface 
downward into the deeper 
cell layers ( brown arrow ), 
some alcohol reaches the 
blood stream from where it 
can diffuse into epithelial 
cells ( red arrow ), allowing 
metabolism to acetaldehyde 
in situ. Acetaldehyde levels in 
the blood are very low and 
considered negligible for this 
model.  Panel C  illustrates the 
levels of exposure to ethanol 
and acetaldehyde of the 
various layers of the 
epithelium after alcohol 
drinking when the ethanol 
concentration levels between 
the saliva and the blood 
stream reach the equilibrium       
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   When drinking alcohol, the oral cavity and esophagus are transiently exposed to 
alcohol and acetaldehyde concentrations that are essentially the same as those in the 
beverage itself. While the time of exposure is only on the order of seconds, the alco-
hol and acetaldehyde concentrations can be very high. For example, the concentra-
tion of ethanol in hard liquor (100 proof) is roughly 7–8 M, in wine approximately 
2 M, and in beer between 500 and 700 mM. Acetaldehyde concentrations in alco-
holic beverages can vary between undetectable levels (vodka) to roughly 200 mM 
or more, depending on the beverage [ 38 ,  39 ]. By 30 min after alcohol drinking, sali-
vary ethanol levels have largely equilibrated with blood levels [ 40 ,  41 ]. 

 In addition to the saliva and alcoholic beverage, acetaldehyde is generated within 
esophageal epithelial cells as a result of ethanol metabolism. Cells of the upper GI 
tract including the esophagus express ADH7, as opposed to ADH1 proteins that are 
expressed in the liver. Compared to ADH1, which has a low Km for ethanol oxida-
tion (on the order of 1 mM), the Km of ADH7 is substantially higher (around 
25 mM) [ 42 ]. However, as noted above, the concentration of ethanol in alcoholic 
beverages can be in the molar range, which would clearly saturate the enzyme. 
Moreover, blood alcohol levels during alcohol intoxication could reach 25 mM, or 
even higher concentrations with heavy drinking, which would result in substantial 
metabolism to acetaldehyde by ADH7 in epithelial cells. Notably, the catalytic 
activity of ADH7 ( K  cat ) for acetaldehyde production is 1–2 orders of magnitude 
higher than ADH1 [ 42 ]. 

 Returning to the study of Balbo et al., the use of a mouthwash to obtain cells for 
analysis would primarily collect those terminally differentiated epithelial cells that 
were at the surface of the epithelial cell layer, in contact with the contents of the oral 
cavity, including those cells in the process of sloughing off (see Fig.  5.5  panel A). 
Therefore, acetaldehyde-DNA adduct levels in these cells does not directly monitor 
adduct levels in the proliferating cell layers that are of greatest relevance to 
carcinogenesis. 

 An important aspect of the Balbo et al. fi ndings is the reduction in adduct levels 
over time, reaching baseline by 24 h after alcohol drinking. Since the half-life of  N  2 -
ethylidene-dG in DNA at 37 °C is 24 h, the return of adduct levels cannot be com-
pletely explained by spontaneous adduct loss. If so, there are at least two possible 
explanations for the return of adduct levels to baseline. One possibility is that the 
adducts were repaired via DNA repair. While neither base excision repair nor direct 
repair have been shown to be able to remove  N  2 -ethyl-dG (used as a surrogate for  N  2 -
ethylidene-dG), it is possible that the nucleotide excision repair mechanism could 
remove the lesion. Another possibility is that the decline in adduct levels over time 
refl ects changes in the cell population being sampled. As shown in Fig.  5.5 , the epithe-
lium is not a static cell population, but one in which cells are born, differentiate, and 
depart over time, in a directional manner. As such, the cells collected at the 24 h time 
point would have been in a different physical location relative to the epithelial surface 
during the alcohol drinking and immediately afterwards, when salivary acetaldehyde 
levels would be highest. Therefore, to the extent that  N  2 -ethylidene-dG adducts were 
the result of salivary acetaldehyde formation, the cells collected at the 24 h time point 
may have been at least partially protected from DNA damage by the overlying cells. 
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 The two possibilities are not mutually exclusive, and both could be assessed 
experimentally. The role of NER could be readily tested by exposing normal and 
NER-defi cient human cells to acetaldehyde, then assaying the disappearance of 
 N  2 -ethylidene - dG  adducts over time in the two cell types. Assessing the kinetics of 
adduct formation in different cell layers of the oral epithelium in vivo is more techni-
cally challenging. Theoretically, antibodies against acetaldehyde-DNA adducts 
could be developed, which might be useful for a semiquantitative assay of adduct 
levels in different cell types with human biopsies. However, the sensitivity and spec-
ifi city of such antibodies are diffi cult to ensure. Alternatively, the proliferating cell 
layer could be dissected out for adduct analysis (e.g., by laser capture microdissec-
tion), but the amount of DNA would be insuffi cient for analysis by mass spectrom-
etry given the sensitivity of the technique currently. Conceivably, cell types of 
interest could be separated in bulk using cell-sorting techniques (e.g., [ 43 ]). However, 
this would require amounts of tissue that could not be obtained from humans. 

 Regarding animal models, it is important to note here that there is a major species 
difference in the  K  m  of ethanol oxidation by ADH7 between humans, mice, and rats. 
Specifi cally, while as noted above the Km of the human ADH7 for ethanol is approx-
imately 25 mM [ 42 ], that of the mouse ADH7 homolog is roughly 200 mM [ 44 ], and 
for the rat is >2 M [ 45 ]. Therefore, to the extent that ethanol metabolism in oral or 
esophageal epithelial cells plays an important role in alcohol-related acetaldehyde- 
DNA adduct formation, the major difference in ADH7 for ethanol metabolism is a 
signifi cant limitation of either rodent species as an animal model of humans.   

5.4     Why Are ALDH2-Defi cient Individuals at Such Elevated 
Risk of Esophageal Cancer from Drinking Alcohol? 

 The dramatically elevated risk of esophageal cancer in individuals with defi cient 
ALDH2 is well known [ 46 ,  47 ]. However, the question of why these individuals are 
at such elevated risk of esophageal cancer, as opposed to other types of cancers, is 
not well understood. It has been shown that ALDH2-defi cient individuals experi-
ence higher levels of salivary acetaldehyde from ethanol [ 48 ,  49 ] Importantly, this 
difference is only detectable when ethanol is actually ingested [ 50 ]. However, it is 
not clear that the difference in acetaldehyde concentrations in the saliva during alco-
hol drinking can fully explain the dramatically elevated esophageal cancer risk. 
In this context, a crucially important question concerns the localization of the 
ALDH2 enzyme in cells of the esophageal epithelium. Yin et al. [ 51 ] reported that 
ALDH2 activity in homogenates of the human esophageal mucosa, as measured on 
agarose gels, was barely detectable. Using standard enzymes assays, “low  K  m  
ALDH” (assayed at 200 μM acetaldehyde) was reported to be less than 10 % of the 
high  K  m  form. However, these studies did not completely exclude the possibility of 
ALDH2 expression in a population of cells in the esophagus. 

 In contrast to biochemical studies, immunohistochemical studies of ALDH2 in 
the human esophagus [ 50 ,  52 ] did in fact detect ALDH2 staining in a subset of cells, 
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specifi cally cells localized to the basal cell layer where proliferating cells are found. 
The ALDH2 antibody used in this work was developed by Weiner and colleagues 
[ 53 ] and had been validated using tissues from knockout mice lacking Aldh2. In 
support of these fi ndings, data available on a public database shows that ALDH2 
mRNA can be detected in the human esophagus (  http://www.ncbi.nlm.nih.gov/geo-
profi les/83899354    ) [ 54 ]. Interestingly, the staining intensity varied depending upon 
the drinking history of the tissue donors: the strongest staining was more often 
observed in samples from individuals with a history of alcohol drinking. These 
observations raise the intriguing possibility that ALDH2 expression may be induc-
ible by heavy alcohol drinking in the human esophagus. Consistent with these 
observations and the idea that ALDH2 can be inducible, ALDH2 expression can be 
increased by low pH in a human esophageal cell line (  http://www.ncbi.nlm.nih.gov/
geoprofi les/11619953    ) [ 55 ]. 

 Taken together, these data indicate that ALDH2 is expressed in proliferating cells 
of the human esophagus, where it could play a role in protecting genomic DNA 
against acetaldehyde generated from ethanol metabolism by ADH7 in situ. If so, 
then the absence of this activity in proliferating esophageal cells of ALDH2- 
defi cient alcoholics would provide a compelling explanation for the dramatically 
elevated risk of esophageal cancer from high levels of alcohol drinking in this 
population. 

 One fi nal point to be made here is that the proliferating cell layer of the oral and 
esophageal epithelium is not static. Under normal conditions, cell proliferation and 
differentiation are balanced to maintain the structure and function of the epithelium. 
However, in response to wounding or damage, the balance between proliferation 
and differentiation can shift to regenerate the damaged tissue [ 56 ]. An important 
study by Salaspuro and colleagues [ 57 ] in fact demonstrated that chronic exposure 
of rats to acetaldehyde in the drinking water does increase the size of the proliferat-
ing cell compartment in oral and gastrointestinal epithelia, as measured by the 
thickness of the epithelial layer and number and depth of cells staining for the pro-
liferation maker Ki67. While the concentration of acetaldehyde in the drinking 
water used in that work (120 mM) is far in excess of what would be considered 
clinically relevant during alcohol drinking in humans, as noted by the authors, 
 acetaldehyde is highly volatile (boiling point 24 °C) and would therefore likely dif-
fuse from the bottles, reducing the actual concentration. Also, the bottles were only 
changed every three days. Therefore, the actual acetaldehyde concentration that tis-
sues were exposed to from the drinking water was likely to be far less than 120 mM, 
especially by the third day after bottle change. Also, as shown in Fig.   5.5 b , during 
alcohol drinking in humans, acetaldehyde can be generated intracellularly from 
ethanol metabolism at high blood ethanol concentrations, and these intracellular 
levels could be quite high, especially in ALDH2-defi cient individuals. This issue 
could be addressed in the laboratory using cells expressing human ADH7, exposed 
to different ethanol concentrations spanning the range that could be generated in the 
blood during heavy alcohol drinking in humans. 

 The expansion of the proliferative cell compartment and hyperregeneration as 
a result of the toxic or damaging effects of acetaldehyde derived from ethanol 
metabolism (see [ 58 ,  59 ]) would be examples of non-genotoxic mechanisms for 
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acetaldehyde- related carcinogenesis. However, these mechanisms could synergize 
with genotoxicity, in that more proliferating cells with mutagenic DNA adducts 
essentially expand the target tissue for carcinogenesis. It is therefore likely that 
acetaldehyde acts as both a genotoxic and non-genotoxic carcinogens in the 
human UADT.  

5.5     Is There a “Carcinogenic” Level of Acetaldehyde? 

 As noted in the Introduction, the 2009 IARC classifi cation specifi cally identifi es 
acetaldehyde associated with the consumption of alcoholic beverages as a Group 1 
carcinogen. Acetaldehyde alone remains classifi ed in Group 2B (possibly carcino-
genic to humans). However, the concept of a “carcinogenic level of acetaldehyde” 
(variously described as between 50 and 100 μM) has entered the literature [ 11 ,  39 , 
 60 ]. As this term is based upon studies of DNA adduct formation, and genotoxic end 
points, we would like to briefl y discuss its derivation and implications. 

 One of the studies cited in support of this concept was the work of Theruvathu 
et al. [ 61 ] (one of us, P.J.B., was an author on that paper). This work was intended 
to address a specifi c mechanistic question, which was whether polyamines could 
stimulate the formation of CrPdG adducts in DNA during exposure to acetaldehyde. 
In that study, Theruvathu et al. incubated purifi ed genomic DNA with increasing 
concentrations of acetaldehyde, with or without a physiologically relevant concen-
tration of polyamine, at 37 °C for 24 h [ 61 ]. While the acetaldehyde concentrations 
used were within the range that could plausibly occur in the human body during 
alcohol drinking, the work was not intended to be a basis for establishing a muta-
genic or carcinogenic level of acetaldehyde. DNA adduct formation in living cells 
exposed to acetaldehyde is likely to be much lower than when pure DNA is exposed, 
due to reactions of acetaldehyde with other cellular molecules, as well as ongoing 
DNA repair. In fact, it would be important and relevant to assess CrPdG adduct 
levels in human cells exposed to different acetaldehyde concentrations for different 
periods of time. Highly sensitive and specifi c assays for CrPdG adducts in cellular 
DNA have been developed and could be used utilized for this purpose [ 31 ]. 

 Another study that has been cited to support the carcinogenic level of acetalde-
hyde is the work of Obe and Ristow [ 62 ], who investigated the effect of acetalde-
hyde on sister chromatid exchanges (SCE) in mammalian cells. The lowest 
concentration that was shown to increase SCE levels in that study was roughly 
90 μM. While an increase in SCEs is evidence of genotoxicity, SCEs are not muta-
tions, and their relevance for predicting cancer risk is controversial [ 63 ]. 

 A more important issue that is not explicitly considered when discussing carci-
nogenic levels of acetaldehyde is the histology of the oral cavity. As we have illus-
trated in Fig.  5.5 , the proliferating cells in the oral cavity that are of most relevance 
to oral cancer lie several layers below the epithelial surface. For this reason, the 
concentration of acetaldehyde that proliferating cells in the oral epithelium are actu-
ally exposed to will be much lower than the levels in saliva, due to the reaction of 
acetaldehyde with components of the overlying, terminally differentiated cells. 
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Estimating a carcinogenic acetaldehyde concentration in the oral cavity based upon 
an acetaldehyde concentration that increases SCEs in monolayer cells in tissue 
 culture fails to take this protective cell layer effect into account. 

 It is in fact possible to develop valid models of the effect of acetaldehyde on 
 different epithelial tissues, which could be relevant to understand carcinogenic 
mechanisms, and to provide a basis for risk assessment. Templates for such an 
approach are physiologically based pharmacokinetic models for vinyl acetate toxic-
ity and carcinogenesis in the oral and nasal epithelium [ 63 ]. Importantly, vinyl ace-
tate is metabolized to acetaldehyde and acetic acid in epithelial cells, and therefore, 
some of the information that was used in developing the vinyl acetate models may 
be directly applicable to acetaldehyde carcinogenicity as well. As in the case of 
vinyl acetate, different models should be developed for different tissues, taking into 
account the expected concentrations of ethanol and acetaldehyde, as well as the 
time course of exposure, and considering the unique biology of different tissues 
(e.g., oral cavity versus esophagus versus colorectum).  

5.6     Summary and Conclusions 

 The ability of acetaldehyde to form covalent adducts with DNA is consistent with a 
genotoxic mechanism for alcohol-related carcinogenicity, but does not prove such a 
mechanism, nor does it rule out non-genotoxic effects. More data on the kinetics of 
acetaldehyde-DNA adduct formation and repair in specifi c cell types in target tis-
sues for alcohol-related carcinogenicity will be important to fully understand carci-
nogenic mechanisms. Data from humans is of the most direct relevance to human 
carcinogenesis, and whole genome sequencing of human tumors may provide evi-
dence of genetic signatures corresponding to specifi c DNA adducts (see [ 8 ]). 
However, given the ethical and practical limitations of collecting relevant tissues 
from human, data from well-designed animal studies, taking into account relevant 
species differences as noted above, will also provide important mechanistic insights 
of relevance not only for alcohol-related carcinogenesis but also to the broader 
question of risk assessment for acetaldehyde alone.     
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    Chapter 6   
 The Role of Iron in Alcohol-Mediated 
Hepatocarcinogenesis 

             Sebastian     Mueller      and     Vanessa     Rausch   

    Abstract     Alcoholic liver disease (ALD) is the major liver disease in the developed 
world and characterized by hepatic iron overload in ca. 50 % of all patients. This 
iron overload is an independent factor of disease progression, hepatocellular carci-
noma and it determines survival. Since simple phlebotomy does not allow the effi -
cient removal of excess iron in ALD, a better understanding of the underlying 
mechanisms is urgently needed to identify novel targeted treatment strategies. This 
review summarizes the present knowledge on iron overload in patients with ALD. 

 Although multiple sides of the cellular and systemic iron homeostasis may be 
affected during alcohol consumption, most studies have focused on potential hepatic 
causes. However, it should not be overlooked that more than 90 % of the major iron 
pool, the hemoglobin-associated iron, is effi ciently recycled within the human body 
and it is also strongly affected by alcohol. The few available studies suggest various 
molecular mechanisms that involve iron regulatory protein (IRP1), transferrin 
receptor 1 (TfR1), and the systemic iron master switch hepcidin, but not classical 
mutations of the HFE gene. Notably, reactive oxygen species (ROS), namely, hydro-
gen peroxide (H 2 O 2 ), are powerful modulators of these iron-steering proteins. For 
instance, depending on the level, H 2 O 2  may both strongly suppress and induce the 
expression of hepcidin that could partly explain the anemia and iron overload 
observed in these patients. More studies with appropriate ROS models such as the 
novel GOX/CAT system are required to unravel the mechanisms of iron overload in 
ALD to consequently identify molecular-targeted therapies in the future.  
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  Abbreviations 

   ALAS    Aminolevulinic acid synthase   
  ALD    Alcoholic liver disease   
  DMT1    Divalent metal transporter 1   
  FP    Ferroportin   
  GGT    Gamma-glutamyltransferase   
  HCC    Hepatocellular carcinoma   
  HCV    Hepatitis C virus   
  HFE    Gene that is mutated in hereditary hemochromatosis   
  HH    Hereditary hemochromatosis   
  HO-1    Heme oxygenase 1   
  IRE    Iron-responsive element   
  IRP    Iron regulatory protein   
  ISC    Iron sulfur cluster   
  MPO    Myeloperoxidase   
  NO    Nitrogen oxide   
  RNS    Reactive nitrogen species   
  ROS    Reactive oxygen species   
  SOCS3    Suppressor of cytokine signaling 3   
  STAT3    Signal transducer and activator of transcription 3   
  TfR    Transferrin receptor   
  TNF    α Tumor necrosis factor α   
  YLL    Years of life loss   

6.1           Introduction 

 Carcinogenesis by alcohol is complex and still poorly understood for many reasons 
[ 1 ]. One major reason is due to the fact that it is rather the metabolites and side 
products of alcohol turnover rather than direct actions of alcohol itself (see Fig.  6.1 ). 
Indeed, alcohol is rapidly converted into more reactive, toxic, or even carcinogenic 
compounds such as acetaldehyde or reactive oxygen species (ROS) via 
nonenzymatic or enzymatic reactions. The production of these metabolites during 
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alcohol consumption is complicated since it is dependent on many additional 
factors that include the genetic background or the tissue-specifi c induction of detox-
ifying enzymes [ 2 ]. The complete understanding of alcohol-mediated carcinogene-
sis is also hampered by the fact that side products such as ROS are very diffi cult to 
measure and appropriate models to study ROS and ROS-mediated carcinogenesis 
are still lacking [ 3 ]. Finally, commonly used animal models such as rodents signifi -
cantly differ from humans with regard to alcohol sensitivity and metabolism and 
consequently with regard to cancer development. Although iron and its accumula-
tion in the liver during alcohol consumption has been appreciated for a long time, a 
better understanding of the underlying molecular mechanisms has been only gained 
in the last decade with the discoveries of key regulatory molecules such as hepcidin 
and the HFE gene. This overview aims to summarize the actual knowledge of iron 
toxicity and accumulation in ALD, which is considered an important single factor 
for the development of liver cancer and overall survival.

6.2        Health Statistics of ALD 

 Chronic alcohol consumption is one of the major risk factors worldwide, signifi -
cantly affecting both mortality and years of life loss (YLL) [ 4 ]. Ca. 5 % of the 
Western world show risky alcohol consumption and some countries such as China 
reach a yearly regional increase of alcohol consumption of 400 % [ 5 ]. The liver is 
the major target organ of alcohol consumption, although alcohol may affect many 
other organ systems such as the heart, nervous system, pancreas, breast, and others. 
According to the recently published “burden of disease study 2010,” liver cirrhosis 
and liver cancer are ranked at position 12 and 16 in the actual death statistics [ 6 ]. In 
2010 ca. one million people died from liver cirrhosis with one third directly attribut-
able to alcohol. This is a considerable number when comparing with coronary heart 
disease with about ten million deaths and ranking as the leading cause of mortality 
in the global death statistics. In Central Europe, liver cirrhosis even ranks at the 
fourth position of YLL and HCC is now the most common fatal complication of 
patients with alcoholic liver cirrhosis. Moreover, it has the second fastest increase of 
all tumors worldwide after kidney tumors, and alcohol-associated HCC ranks on 
third position after HCC caused by viral hepatitis B and C infections. These epide-
miological data explain the high interest in gaining a better understanding of molec-
ular mechanisms of alcohol-driven hepatocarcinogenesis to identify novel target 
approaches for future therapies.  

6.3     Prevalence of Iron Overload in ALD 

 A signifi cant iron deposition in patients with chronic alcohol consumption has been 
appreciated for a long time [ 7 ] (see Fig.  6.2 ). Considerable confusion still exists 
today with genetic hemochromatosis, which is characterized by a typical and severe 
hepatocellular iron overload and shows other classical symptoms such as arthritis, 
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skin pigmentation, and diabetes mellitus. The genetic nature of hereditary hemo-
chromatosis was already clear when the fi rst monographs on hemochromatosis in 
1935 by Sheldon and the extensive review by Finch et al. in 1955 [ 8 ,  9 ] appeared. 
However, it was also noted [ 8 ] that patients with hemochromatosis showed a high 
prevalence of alcoholism of ca. 30 %. Although the introduction of percutaneous 
  needle       biopsy     of the liver in the 1950s added a new tool for exact quantitation of 
hepatic iron deposition, it further led to considerable confusion since histological 
stainable iron deposits are common in cirrhotic livers [ 10 ,  11 ]. This is especially the 
case in alcoholic subjects and some investigators have even equated mild to moder-
ate alcoholic cirrhosis with hemochromatosis. Notably, it is still not clear in what 
form the iron is actually deposited and in what form the iron is toxic (ferritin, hemo-
siderin, or labile iron pool [ 12 ,  13 ]). When analyzing the Finch data for differences 
between alcoholic and nonalcoholic patients, Powell noted that laboratory signs of 
hepatocellular damage showed a signifi cant higher prevalence in the alcoholic 
group (serum transaminase elevation 35.5 % vs. 15.4 %). Interestingly, most large 
studies seem to indicate that mutations in the HFE gene [ 14 ] are not responsible for 
the iron accumulation [ 15 – 17 ] in ALD patients. Moreover, since hereditary hemo-
chromatosis shows a very weak clinical penetration of about 10 %, it still remains 
open what exact role alcohol plays in patients with hemochromatosis and whether it 
is an important but underestimated disease modifi er.

  Fig. 6.2    Histological section of a liver biopsy from a patient with ALD. Staining of iron-loaded 
cells by Prussian blue ( black arrows  = intracellular inclusions of iron in hepatocytes) in the liver of 
ALD patient.  Asterisk  = infl ammatory foci,  arrow head  = macrovesicular steatosis (fat droplet with 
displaced nucleus). In this patient, a predominant hepatocellular iron deposition is seen while 
Kupffer cells are not stained for iron       
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   Important studies in the 1980s focused on pathologic abnormalities of available 
serum iron parameters. For instance, Chapman et al. determined the hepatic iron 
content in 60 alcoholics with liver disease and in 15 patients with untreated idio-
pathic hemochromatosis [ 18 ]. A signifi cantly higher mean liver iron concentration 
was found in alcoholics as compared to controls (156.4 vs. 53 μg per 100 mg dry 
weight). However, liver iron was much higher in the hemochromatosis group 
(2,094.5 μg). In addition, no relationship between liver iron concentration and the 
amount of alcohol consumed was noted. Interestingly, Chapman also recognized 
that the serum ferritin concentrations refl ected well the iron overload in patients 
with hemochromatosis and mild alcoholic liver disease while no association was 
found with serum ferritin in patients with severe alcoholic liver disease. He also 
concluded that serum iron and transferrin saturation were of little value in assessing 
iron status in patients with ALD. In 1994, Bell studied 312 patients with different 
liver diseases and, after a careful assessment of fasting serum iron, transferrin, and 
ferritin levels, found that serum ferritin is more frequently elevated in ALD than in 
other liver diseases [ 19 ]. In addition, measurement of ferritin should be postponed 
until the patients are abstaining because he noted that serum ferritin decreased from 
1,483 to 388 μg/L after 1.5–6 weeks of abstaining from alcohol. The author claimed 
that most patients with increased serum ferritin had normal transferrin saturation. 
Again, ferritin levels higher than 1,000 μg/L were observed in 100 % of patients 
with hemochromatosis but only in 11 % in patients with ALD. Only 7.7 % of 
patients with other liver diseases had such high ferritin concentrations. It should be 
noted, however, that 15.2 % of ALD patients have increased transferrin saturation. 
In a recent study from Japan, excess iron accumulation was found in 22 hepatic 
 tissues with alcoholic liver diseases, but not in any normal hepatic tissues [ 20 ]. 

 We have recently characterized a large cohort at the Heidelberg Salem Medical 
Center using biopsy, but also various newer noninvasive tests including transient 
elastography. Selected data [ 21 ] from a cohort of 235 patients with ALD, of whom 
86 had underwent a liver biopsy, with detailed iron characterization regarding inten-
sity and location (macrophages vs. hepatocytes), are shown in Table  6.1 . It can be 
summarized that ca. 50 % of patients with ALD have signifi cant pathological iron 
deposition. Interestingly, iron deposits are found both at the same rate in macro-
phages and hepatocytes. In addition, there is a mixture of patient groups with only 
macrophages, only hepatocytes, and mixed iron deposition. It should be clearly noted 
that this iron deposition depends on fi brosis stage, as has already been seen many 
decades before. However, with new noninvasive technologies to better quantitate the 
stage of fi brosis (e.g., transient elastography), more quantitative associations can be 
shown (see Table  6.2 ). It should be also noted that the Heidelberger alcohol cohort 
shows a rather representative fi brosis distribution with about 60 % without any fi bro-
sis, 10 % with fi brosis stages F1 and F2, 10 % fi brosis stage F3, and 15 % fi brosis 
stage F4. According to our data, the mean histological iron score (0–3) is 1 in patients 
with advanced fi brosis stage F3 and F4. About 2/3 of these patients with advanced 
fi brosis stage have elevated ferritin levels higher 400 μg/mL and an increased trans-
ferrin saturation higher in 45 %. This is especially important to consider, since fer-
ritin levels and transferrin saturation are commonly used to screen patients with 
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hereditary hemochromatosis. In the subanalysis (Mueller et al. 2013, unpublished 
data), we could show that the serum ferritin levels were highly associated with GGT, 
transaminases levels, transferrin saturation, liver stiffness, and histological iron 
deposition in hepatocytes and to a lesser extent to iron in macrophages. Longitudinal 
analysis of serum ferritin levels during abstaining from alcohol showed that concen-
trations decreased by 50 % within 2.1 days. Importantly, a careful comparison 
between patients with alcoholic liver disease and patients with nonalcoholic liver 
disease (NALD) in 30 cases matched with regard to gender, age, and fi brosis stage 
showed signifi cant differences between the two cohorts with regard to iron-related 

   Table 6.1    Location and intensity of histological iron deposits in the ALD cohort from the 
Heidelberg Salem Medical Center   

 Parameter  Units  Mean 

 Fibrosis stage 

 Elevated (%)  F0–2  F3  F4 

 Ferritin (ng/mL)  m (30–400)  567.2  678.2  1,062.0  509.2   
 Transferrin (g/L)  (2–3.6)  2.5  2.3  2.4  1.9   
 Serum iron (ug/dL)  (59–158)  157.0  115.1  90.6  83.2   
 Cirrhosis (ultrasound)  18.75 %  6.52 %  25.00 %  64.71 %   
 Liver stiffness (kPa)  kPa  17.4  7.1  23.4  51.1   
 Iron (macrophages)  0–3  0.67  0.59  0.88  0.63  45.24 
 Iron (hepatocytes)  0–3  0.61  0.57  1.00  0.38  42.86 
 Steatosis (Kleiner score)  0–3  1.73  1.96  1.88  1.76  89.41 
 Lobular infl ammation  0–3  1.15  1.24  1.59  1.35  90.59 
 Ballooning  0–2  0.72  0.67  0.94  1.00  63.53 
 Mallory–Denk bodies  0–1  0.26  0.16  0.35  0.47  25.88 
 Cirrhosis (Kleiner)  0–4  2.20  1.59  3.00  4.00  88.68 

  Routine laboratory tests, liver stiffness measurements (Fibroscan), and histological assessment of 
liver biopsies in the context of fi brosis grading are shown ( n  = 235)  

   Table 6.2    Typical routine laboratory tests and ultrasound parameters in the actual 
Heidelberg cohort of ALD patients   

 Parameter  All (%) 
 No or low fi brosis 
(F0–2) (%) 

 advanced fi brosis 
(F3–4) (%) 

  Laboratory  
 GGT >60 IU/L  75.0  61.9  95.2 
 GOT/GPT >1  81.3  77.1  92.9 
 GOT >50 IU/L  60.1  51.4  88.1 
 GPT >50 IU/L  46.5  41.6  66.7 
 Ferritin >400 ng/mL  37.3  28.6  66.7 
 Transferrin saturation >45 % (%)  36.1  27.8  55.3 
 Bilirubin >1.3 mg/dL  15.8  5.7  26.2 
  Ultrasound  
 Sonographic signs of cirrhosis (%)  19.6  1.0  40.0 
 Splenomegaly (>11 cm) (%)  11.4  0.0  15.0 
 Ascites (%)  25.7  17.6  32.3 
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proteins. So ALD patients showed lower transferrin levels and lower erythrocyte 
counts and hemoglobin levels but signifi cantly higher ferritin level [ 22 ].

    Taken together, patients with ALD show a signifi cantly increased histological 
iron deposition in about half of the population that increases with disease progres-
sion toward cirrhosis (see Fig.  6.3 ). This iron deposition is refl ected by serum fer-
ritin levels, but unfortunately overlayered by additional infl ammatory conditions. In 
fact, according to our analysis, serum ferritin levels refl ect hepatocyte iron deposi-
tion more closely than macrophage iron deposition in ALD. Moreover and often 
overlooked, a signifi cant proportion of patients show elevated levels of transferrin 
saturation and ferritin levels that can be easily mistaken for hemochromatosis.

6.4        Iron Toxicity and Carcinogenesis 

 Iron toxicity has been well known for many decades and usually attributed to Fenton 
chemistry, fi rst described in 1896 by Fenton and referring to the reaction of reduced 
ferrous iron with H 2 O 2  to ferric iron and hydroxyl radicals [ 23 ]. These radicals are 
highly and universally reactive to all cellular compounds including DNA, proteins, 
lipids, and carbohydrates. They cause oxidative damage to DNA, including base 
modifi cations and DNA strand breaks, and may change the structure of proteins and 
lipids, eventually leading to mutagenesis. 

 Although, the direct chemical nature of the iron toxicity in Fenton’s chemistry 
has been recently questioned by Saran et al. [ 24 ], it is generally assumed that at least 
Fenton-like reactions contribute to the toxicity of iron. For this reason, we will not 
further differentiate both reactions in this review. In vitro studies have shown that 
liver viability decreases in the presence of high amounts of iron and that the deple-
tion of iron by iron chelators can protect cells from peroxide toxicity. Hepatic iron 
overload and the risk for liver cancer have also been extensively studied using 
in vivo experiments in the past. In patients with hereditary hemochromatosis due to 
HFE mutations, the hepatic iron overload ultimately determines the overall survival 
[ 25 ]. In a large transplant registry study, Ko et al. showed that iron alone increased 
the risk of HCC by a factor of 2.2 [ 26 ]. Turlin et al. showed in 1995 that the iron- 
associated risk of HCC was not dependent on whether the patient had cirrhosis or 
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  Fig. 6.3    Natural course of ALD ultimately leading to liver cancer       
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not [ 27 ]. In an interesting study from the NIH, Zacharski et al. could demonstrate 
that iron depletion by phlebotomy may have a protective effect on general carcino-
genesis [ 28 ]. He studied prospectively 641 controlled subjects without iron deple-
tion and 636 subjects in an iron reduction group. Iron reduction was achieved by 
monthly phlebotomy. Patients were followed up for an average for 4.5 years. 
Interestingly, the risk of new visceral malignancies was lower in the iron reduction 
group than controlled group (38 vs. 60), and among patients with new cancers, those 
in the iron reduction group had lower cancer-specifi c and all-cause mortality. Mean 
ferritin levels across all 6-monthly visits were lower among all patients who did not 
develop cancer. Notably, in a 1988 animal study, Hann et al. showed reduced tumor 
growth in iron-defi cient mice [ 29 ], and Tsukamoto et al. in 1995 showed in rodents 
that a mixture of high fat diet and alcohol together with supplemented iron led to 
pronounced cirrhosis [ 30 ]. In a meta-analysis by D’Amico et al., it was concluded 
that liver iron is one among several independent prognostic factors of survival in 
liver cirrhosis [ 31 ]. Ganne-Carrie showed in 229 patients with ALD or hepatitis C 
virus-related cirrhosis that iron is the best parameter for predicting mortality in 
ALD patients ( p  = 0.007) followed over 57 months [ 32 ]. This study found no prog-
nostic signifi cance of hepatic iron for HCV. 

 Taken together, there seems to be enough evidence from human and animal stud-
ies to suggest that hepatic iron overload leads to hepatocellular damage. This in turn 
leads to increased fi brosis progression and risk for hepatocarcinogenesis, and ulti-
mately iron seems to be an important prognostic factor for overall survival in 
patients with ALD. The most evident and generally accepted mechanisms of iron 
carcinogenesis include Fenton-like reactions that lead to the highly aggressive 
hydroxyl radicals.  

6.5     Mechanism of Iron Overload 

 Enormous progress has been made in the last two decades to better understand the 
molecular mechanisms of iron regulation and homeostasis both at the cellular and 
systemic level [ 33 – 35 ]. These milestones include the discovery of iron regulatory 
proteins (IRP) and their posttranscriptional regulation of cellular iron homeostasis 
in the late 1980s and early 1990s as well as identifi cation of the systemic master 
switch peptide hepcidin about 10 years ago [ 36 ]. Despite this progress, numerous 
aspects of iron regulation still remain unexplained in humans. Apart from the diag-
nosis of rare and common variants of hereditary hemochromatosis, the progress has 
led to signifi cant improvements in the diagnosis and therapy of iron overload. The 
discovery of the HFE gene that causes the majority of hereditary hemochromatosis 
forms has clearly helped to resolve the role of hemochromatosis in alcoholics [ 14 ]. 
Interestingly, most large studies seem to indicate that mutations in the HFE gene 
[ 14 ] are not responsible for the iron accumulation in patients with ALD [ 15 – 17 ]. 
These studies thus seem to rule out HFE as important genetic disease modifi er. 
In contrast, as briefl y discussed above, alcohol could be an important disease modi-
fi er in patients with hemochromatosis, but typically with weak clinical penetration. 
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In addition, at the systemic level, ALD appears rather complex since alcohol affects 
not only the liver but also many other organ systems including the bone marrow and 
the immune system so that iron regulation obviously is altered at many different 
levels and locations throughout the body. In the following, a brief description of the 
cellular and systemic iron homeostasis is given and the  status quo  of molecular fi nd-
ings in patients with ALD is discussed.  

6.6     Systemic Regulation 

 The majority of body iron, roughly 2 g in humans, is distributed in the oxygen carrier 
hemoglobin of red blood cells and developing erythroid cells (Fig.  6.4 ). Excess iron 
is usually stored in the liver, which normally contains about 1 g of iron, predomi-
nantly in the form of ferritin [ 34 ]. Ferritin is a protein composed of 24 subunits with 
a ferrihydrite core where 4500 iron atoms can be stored in cage-like structures. 
It consists of ferritin H chain (heavy or heart) and ferritin L chain (liver or light) sub-
units and can be regulated by IRPs [ 37 ]. Other signifi cant amounts of iron are found 
in macrophages (0.6 g) and in the myoglobin of muscles (0.3 g). It is generally 
believed that mammals lose iron from regular sloughing of the mucosa and skin cells 
or during bleeding and do not possess any mechanisms for iron excretion from the 
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body [ 33 ]. Therefore, the balance is maintained by the tight control of dietary iron 
absorption at the brush border of enterocytes in the proximal duodenum (Fig.  6.4 ). 
Dietary iron uptake involves the reduction of ferric iron to ferrous iron in the intesti-
nal lumen by ferric reductases, such as duodenal cytochrome B (Dcytb), and subse-
quent transport of iron via the apical membrane of enterocytes by divalent metal 
transporters (such as DMT1 encoded by SCL11A2 (solute carrier family 11, member 
2) gene). Iron can also be transported across the enteral membrane in the form of 
heme by unknown mechanisms and the iron is then released inside enterocytes via 
heme oxygenase 1 (HO-1). Cytosolic iron is exported by the basolateral iron trans-
porter ferroportin (FP-1 or SLC40A1) from the enterocytes to the blood compartment 
and then bound to transferrin, the major abundant iron-carrying protein within serum. 
Before binding, ferrous iron is oxidized by ferroxidases (e.g., hephaestin/ceruloplas-
min) to the ferric form. Iron is then distributed within the body and used in various 
pathways, but mainly utilized in the bone marrow for the synthesis of new heme.

   About 1–2 mg per day of iron is absorbed to keep a stable iron balance. Of note, 
iron undergoes an effi cient recycling. Senescent erythrocytes that have a life span of 
120 days are sequestered by macrophages and the iron is reused for new heme syn-
thesis. This recycling machinery accounts for about 90 % of newly synthesized hemo-
globin. It is important to note that the iron export pump, ferroportin, is not only found 
on enterocytes but also on macrophages and hepatocytes (Fig.  6.5 ). The ferroportin-
mediated effl ux of ferrous iron from enterocytes and macrophages into the serum is 
critical for systemic iron homeostasis and mainly controlled via the liver-secreted 25 
AS peptide hormone, hepcidin. Mechanistically, hepcidin binds to ferroportin and 
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promotes its phosphorylation, internalization, and lysosomal degradation [ 38 ,  39 ]. 
Hepcidin is primarily expressed in hepatocytes as a precursor pro- peptide, although 
other locations of secretion have been described, such as macrophages [ 40 ] (Fig.  6.5 ) 
and to a lesser extent cardiomyocytes. Hepcidin effi ciently blocks ferroportin, which 
leads to accumulation of iron within macrophages and blocks the iron absorption via 
enterocytes (Fig.  6.4 ).

   An important evolutionary conserved mechanism to induce hepcidin is an infec-
tion or infl ammatory state. Via cytokines, namely, IL-6, but also microbial mole-
cules (such as lipopolysaccharide), hepcidin is strongly induced leading to a rapid 
decrease of serum iron, which is thought to function as an antibacterial defense 
mechanism. More recently, another important infl ammatory cofactor, H 2 O 2 , has 
been identifi ed as potent inducer of hepcidin. In contrast, hepcidin levels seem to be 
suppressed in patients with genetic hemochromatosis, leading to increased uptake 
of iron via the duodenum and increased release of iron through macrophages. 
Cytokine-mediated induction of hepcidin is thought to be the reason for anemia of 
chronic disease [ 41 ], while the disruption of hepcidin is generally associated with 
the systemic iron overload (e.g., genetic hemochromatosis). Despite the progress 
and the discovery of various upstream regulators of hepcidin (such as C/EBPα; 
BMP6; SMAD 1, 5, 8, and 4; TMPRSS6; IL-6; CREBH; CHOP; and TLR4), an 
overall and conclusive understanding of the regulatory network with respect to the 
control of iron is not yet completely understood. Hitherto unexplained features of 
hepcidin regulation include:

    1.    Expression of hepcidin in cells other than hepatocytes   
   2.    The nature of co-expressing ferroportin in hepatocytes and macrophages   
   3.    The experimental and clinical fi nding that hepcidin responds differentially to 

iron overload in vitro and in vivo   
   4.    The controversial fi ndings of hypoxia-mediated regulation of hepcidin   
   5.    The controversial and confl icting fi ndings of the response of hepcidin toward 

ROS    

  At least to the latter point we could recently identify a partial explanation [ 42 ]. 
Thus, the central ROS, H 2 O 2  induces hepcidin in hepatocytes independent of IL-6 
when exposed in continuous manner. Bolus treatments, however, which refl ect an 
artifi cially high H 2 O 2  exposure blocked hepcidin expression [ 43 ]. They are even toxic 
at H 2 O 2  concentrations higher than 50 μmol and hepcidin suppression at such condi-
tions was due to unspecifi c inhibition of the mRNA transcription machinery [ 43 ].  

6.7     Cellular Iron Regulation 

 Developing erythrocytes, as well as most other cell types, require iron from plasma 
transferrin. Iron is loaded onto transferrin with a capacity of two atoms of ferric iron 
per molecule. Transferrin binds with a very high affi nity to cell surface transferrin 
receptor 1 (TfR1) ubiquitously expressed and with much lower affi nity to transfer-
rin receptor 2 (TfR2) sharing 45 % homology to TfR1 [ 44 ,  45 ] (see Fig.  6.6 ). 
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Homology aside, TfR2 exhibits different properties from TfR1. TfR2 is only 
expressed in liver and to a lesser extent in erythroid, spleen, lung, and muscle cells. 
Also, its mRNA levels are not directly regulated by cellular iron content. Its expres-
sion is higher in iron-replete conditions, suggesting a role as transferrin-iron sensor 
candidate rather than acting primary in iron uptake [ 46 ]. The TF-TfR1 complex is 
endocytosed via clathrin-coated pits. The release of ferrous iron into the intracellu-
lar compartment requires acidifi cation of the endosome using a proton pump and 
the reduction of ferric iron to the ferrous form via Steap3. DMT1 transports the 
ferrous iron across the endosomal membrane into the cytosol where it can be stored 
in ferritin complexes in non-erythroid cells or incorporated into hemoglobin in ery-
throid cells [ 47 ] (see Fig.  6.6 ). Iron is then either reused for various synthesis path-
ways such as intracellular heme synthesis and iron cluster protein synthesis or 
transported into the major iron storage protein ferritin.

   The expression of DMT1 and ferritin is coordinately posttranscriptionally regu-
lated by binding of trans-acting iron-responsive proteins (IRP1 and IRP2) to iron- 
responsive elements (IRE) in the untranslated regions (UTRs) of their respective 
mRNAs [ 48 – 50 ]. In iron-starved cells IRPs bind with high affi nity to cognate IREs 
(see Fig.  6.7a, b ). IREs are evolutionary conserved hairpin structures of about 30 
nucleotides with characteristic sequences. The effect of IRP binding to IREs is depen-
dent on their position. TfR1 mRNA contains fi ve IREs within its long 3′ UTR that 
stabilizes and protects the transcript from degradation leading to protein upregulation, 
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but other mRNAs, for example, mRNAs encoding H- and L-ferritins, contain a sin-
gle IRE in their 5′ UTRs where binding results in decreased protein translation by 
steric blockade. As a result increased TfR1 levels stimulated acquisition of iron 
from plasma transferrin to counteract iron defi ciency. The inhibition of ferritin syn-
thesis leads to decreased abundance of this protein as iron storage becomes obsolete 
under these conditions. Conversely, in cells with high iron content, both IRP1 and 
IRP2 become unavailable for IRE binding lowering TfR1mRNA degradation and 
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ferritin mRNA translation. Thus, when iron supply exceeds cellular means, the IRE-
IRP switch minimizes further iron uptake via TfR1 and favors the storage of excess 
iron in newly synthesized ferritin. Other IREs have been discovered in the genes of 
ALAS2, mitochondrial aconitase, ferroportin, HIF2α, β-APP, and α-synuclein, 
which in turn control iron storage and erythroid iron utilization, energy homeosta-
sis, hypoxia responses, and neurological pathways, respectively.

   Although, the IRE-IRP network allows an autonomous independent control of 
iron homeostasis for individual cells, it can be overwritten by additional control 
mechanisms. For example, TfR1 expression is regulated transcriptionally by ery-
throid active element and its promoter in erythroid progenitor cells, which take up 
an enormous amount of iron for heme synthesis [ 51 ]. IRE-IRP independent regula-
tion has been described in details elsewhere [ 52 ,  53 ]. An extensive phylogenetic 
analysis confi rmed the IRE-containing mRNAs are exclusively found in metazoans 
[ 54 ]. The ferritin IRE motive may represent the exceptional prototype that was sub-
sequently adapted during evolution by other genes in higher organisms. It should be 
also noted that IRP1 and IRP2 do not share sequence similarities with known RNA- 
binding proteins and do not contain any other established RNA-binding motives. 
IRPs belong to the family of iron sulfur cluster (ISC) isomerases, which are homol-
ogous to mitochondrial aconitase [ 48 – 50 ]. These enzymes catalyze the stereo- 
specifi c isomerization of citrate to isocitrate via the intermediate cis-aconitate 
during the citric acid cycle and contain a (4Fe-4S) cluster in its active side. ISC 
IRP1 assembles analogous to mitochondrial aconitase ISC. However, in contrast to 
m-aconitase, IRP1 only retains its ISC and its aconitase function in iron-repleted 
cells. Under iron deprivation, holo-IRP1 loses its labile cluster and is converted into 
apo-IRP1, which then binds to IRE-containing transcripts involved in iron uptake, 
storage, and transport. The ISC of IRP1 is also stabilized by hypoxia [ 55 ,  56 ]. 
Although IRP1 and IRP2 share 64 % sequence homology, they differ considerably 
in some aspects. IRP2 is neither assembled in (4Fe-4S) cluster nor retains aconitase 
activity. Consequently, IRP2 only exhibits an IRE-binding activity and does not 
have any enzymatic function. IRP2 is only regulated by its stability and is newly 
synthesized in response to low iron. Iron depletion or hypoxia leads to IRP2 
 stabilization [ 48 ,  50 ], whereas in iron-repleted cells, IRP2 becomes destabilized and 
undergoes rapid ubiquitination and degradation via the proteasome. More recently, 
an E3 ligase complex (SKP1-Cul1-FBXL5) was described to be responsible for 
iron-mediated IRP2 degradation [ 57 ,  58 ].  

6.8     Redox Regulation of Iron Metabolism 

 Both IRP1 and IRP2 are sensitive to ROS and RNS (reactive nitrogen species) 
(reviewed in [ 59 ,  60 ]). This is evident through the redox regulation of IRP1 
through its ISC. Exposure of cells to micromolar concentrations of ROS and RNS 
(especially NO) also leads to the destabilization of the IRP1-ISC complex with 
subsequent induction of IRE-binding activity via an incompletely characterized 
mechanism. This response can be antagonized by MPO-derived hypochlorite [ 61 ]. 
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In vitro studies showed that ROS and RNS remove iron of the ISC and convert it to 
a nonfunctional cluster. IRP also responds to NO, which likewise induces IRE bind-
ing at the expense of its aconitase activity [ 62 ]. However, ROS and RNS may also 
modify potential cluster-destabilizing factors rather than the IRP1-ISC complex 
itself. Furthermore, some discrepancies are found in the literature about the regula-
tion of IRP2 and NO. NO may either positively or negatively regulate IRP2, which 
could be explained by differential effects of the numerous NO species. Taken 
together, the redox regulation of IRE-IRP directly links the iron metabolism to 
infl ammatory processes, hypoxia, and oxidative stress.  

6.9     Non-hepatic Causes of Alcohol-Mediated Iron Overload 

 Although the liver is the major target organ of alcohol consumption, leading to the 
formation of steatosis in 90 %, infl ammation (hepatitis) in 30 %, and cirrhosis in ca. 
15 % (see also Fig.  6.3 ), various other target sites of iron homeostasis are affected 
(Fig.  6.4 , black circles). Such potential sites include the duodenum, which is typi-
cally infl amed during chronic alcohol exposure. Chronic alcohol consumption may 
further affect the binding of iron to transferrin and the generation of newly formed 
erythrocytes via interference with vitamin B12 and folate metabolism, with second-
ary effects on iron utilization. Of course, overall iron metabolism can be affected in 
ALD patients simply by bleeding due to infl ammatory conditions or ulcers in the 
upper gastrointestinal tract or due to complications of liver cirrhosis such as hyper-
tensive gastropathy and esophageal varices. The stability of erythrocytes is also 
strongly affected by chronic alcohol consumption, leading to an earlier sequestra-
tion by macrophages as well as the release of iron from macrophages. 

6.9.1     Alcohol and Hematopoietic System 

 Alcoholics are often found to have an abnormal hemogram because of direct dam-
aging effects on hematopoietic cells and pathologic consequences on hematopoie-
sis. Until recently, the frequent coexisting formation of infections in liver diseases 
and malnutrition have been thought to be primary the cause of these changes. 
However, nowadays it is appreciated that alcohol alone is capable of producing 
several types of hematologic abnormalities such as diseases of red blood cells, white 
blood cells, and platelets. Red blood cells are pathologically affected by alcohol in 
nearly every stage of their life cycle [ 63 ]. Alcohol impairs red blood cell production 
in the bone marrow, which also has dramatic effects on erythrocyte maturation, 
delivery, and life span. Alcohol is also a potent folic acid antagonist. It blocks its 
absorption in the jejunum and decreases serum folate levels. Folic acid defi ciency 
may be a key hematologic abnormality in ALD and the resulting anemia is almost 
invariably secondary to alcoholism and may therefore be the most common type of 
anemia seen in hospitals. Chronic alcohol abuse also leads to altered vitamin B6 
(pyridoxine, pyridoxal, and pyridoxamine) metabolism often resulting in defi ciency 
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of the coenzyme pyridoxal phosphate, which is important for heme biosynthesis as 
described in a study by Hines et al. [ 64 ]. Lumeng and Li reported an alternative 
mechanism: acetaldehyde reduces the synthesis of intracellular pyridoxal phosphate 
by increasing membrane-bound phosphatases resulting in accelerated degradation 
of pyridoxal phosphate within erythrocytes [ 65 ]. Erythrocyte abnormalities are also 
due to alcohol and alcohol-mediated changes of the iron metabolism. Thus, a sid-
eroblastic hypochromic anemia was found in alcoholic patients in whom the red 
blood cells appear similar to that seen in iron defi ciencies. Further effects on red 
blood cell survival are seen as an effect of alcohol by producing several types of the 
hemolytic syndrome [ 66 ]. Chronic alcohol ingestion is also associated with a dimin-
ished granulocyte precursor pool in the bone marrow and functional disturbances 
that may lead to neutrocytopenia, brought into connection with the high susceptibil-
ity to infections of alcoholics [ 67 ]. Also dysfunctional monocyte-macrophages and 
lymphocytes may undoubtedly contribute to the predisposition to infections seen in 
ALD patients. Platelets are also affected by alcohol withdrawal, as thrombocytope-
nia has been frequently observed in ALD patients. Here, dietary folic acid defi -
ciency is questionable as the underlying reason, but a direct effect of alcohol on 
platelet production and reduced survival may be the case [ 68 ]. All these changes 
and hematopoietic disorders seem to be reversible and return to normal levels after 
alcohol withdrawal, although, for example, an enlarged erythrocyte volume (MCV) 
can be detected still years after abstaining from alcohol.  

6.9.2     Alcohol and Hemolysis 

 An increased sequestration and degradation of erythrocytes is observed in the spleen 
mainly due to alcohol-induced alterations to red blood cells. Typically observed 
morphological changes related to membrane lipids due to peroxidation of fatty 
acids [ 69 ] include stomatocytes, knizocytes (also called bridge cells or target cells), 
acanthoid cells, and irregularly spiculated cells [ 70 ]. Hemolysis often ultimately 
leads to an enlarged spleen (splenomegaly) rather than cirrhosis. Therefore, ALD 
patients often have elevated levels of heme oxygenases (HO-1) and indirect biliru-
bin (called hyperbilirubinemia), as a breakdown product from heme catabolism 
(unpublished observations). Disruption of the hepato-protective glutathione metab-
olism [ 71 – 73 ] may be another important reason contributing to hemolysis. A loss of 
reduced glutathione could sensitize cells for oxidative damage by iron overload or 
infections often coexisting in ALD patients.  

6.9.3     Alcohol and Nutrition 

 Excessive and chronic alcohol consumption frequently causes malnutrition and 
vitamin defi ciency. This malnutrition is often due to poor dietary intake because 
energy supply is to 50 % replaced by alcohol, therefore leading to inadequate 
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calorie intake or periods without any food intake [ 74 ]. The status of malnutrition 
often correlates with the severity of ALD. Furthermore, gastrointestinal distur-
bances, e.g., maldigestion and malabsorption of nutrients, have also been observed 
[ 75 ]. These disturbances include dysgeusia (disorder of the sense of taste), anorexia, 
nausea, and early satiety [ 76 ]. Intestinal malabsorption and pancreatic dysfunction 
are seen in alcoholic patients with cirrhosis and in alcoholic patients with minimal 
and low liver disease. The substances that have been shown to be a malabsorbed are 
 d -xylose, thiamine, folic acid, and lipid [ 77 ]. Defi ciencies in nutrients like zinc, 
magnesium, and vitamin A, among many others, are also very common in these 
patients [ 78 ]. Therefore, additional suffi cient nutritional support is an important 
therapeutic strategy [ 79 ].   

6.10     Hepatic Causes of Iron Overload in ALD 

 The complete picture of the molecular changes in iron metabolism during chronic 
alcohol consumption is not yet completely understood (Fig.  6.8 ). There are various 
studies that focused on the central systemic master switch hepcidin. Both acute and 
chronic alcohol exposure seem to suppress hepcidin expression in the liver and in 
sera from patients with ALD and also pro-hepcidin levels are reduced. Ohtake and 
coworkers demonstrated that serum hepcidin is decreased in patients with ALD 
[ 80 ]. Most notably, Harrison-Findik et al. showed in their elegant study using 
an alcohol mouse model that the expression of hepatic hepcidin is rapidly sup-
pressed upon exposure to alcohol [ 81 ]. 4-Methylpyrazole, a competitive inhibitor of 
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alcohol- metabolizing enzymes (e.g., alcohol dehydrogenases), abolished this effect. 
However, ethanol did not alter the expression of TfR1 and ferritin or the activation 
of iron regulatory mRNA-binding proteins IRP1 and IRP2. Mice maintained on 
10–20 % ethanol for 7 days displayed a downregulation of liver hepcidin without 
changes in liver triglycerides or histology. This was accompanied by elevated DMT1 
and ferroportin expression in the duodenum [ 81 ]. Ethanol downregulated hepcidin 
promoter activity and the DNA-binding activity of the CCAT/NH-binding protein α    
(C/EBPα) but not β [ 82 ]. The same author showed later that the effect of alcohol and 
hepcidin was independent of Kupffer cell activation and TNFα signaling [ 83 ]. 
Conversely, there are observational studies showing that the hepatic expression of 
TfR1 is increased under conditions of alcohol consumption. In 2002 Suzuki et al. 
showed that TfR1 is increased in patients with ALD and that abstinence from drink-
ing decreased TfR1 [ 20 ]. Furthermore, ethanol increased transferrin- bound iron 
uptake into hepatocytes, possibly due to ethanol-induced TfR1 expression and partly 
mediated by activation of IRP1 [ 84 ,  85 ]. TfR1 upregulation may be directly related 
to translational affects by ROS and not due to IRP1 [ 86 ].

   Notably, we could not fi nd differences in the expression of various iron-related 
mRNAs in a preliminary microarray study comparing iron overload and normal 
ALD patients (Mueller, S. et al., unpublished). We also noted a high variability in 
the expression of these mRNAs, implicating some caution in the interpretation of 
liver samples from ALD patients. It seems that ALD lesions are quite heteroge-
neously scattered throughout the liver. Therefore, it remains an open question 
whether the effects observed in an acute alcohol-exposure model in rodents are 
directly related to alcohol and hepcidin. Additional indirect conditions on the perfu-
sion of the splanchnic system could also be involved. Two recent publications have 
tried to further elucidate the mechanisms of alcohol-mediated hepcidin expression 
[ 43 ,  87 ]. Both studies showed that bolus H 2 O 2  treatments, a major ROS insult, could 
drastically suppress hepcidin expression. However, we recently found that this 
effect is rather due to the artifi cial exposure to high H 2 O 2  levels (>50 μM) than per-
oxide itself [ 42 ]. If H 2 O 2  is released continuously at low concentrations (between 
0.3 and 6 μM) to hepatoma and primary liver cells, as they are typically released by 
infl ammatory cells or during cellular metabolism, a strong hepcidin upregulation 
rather than suppression was observed. H 2 O 2  synergistically stimulates hepcidin pro-
moter activity in combination with recombinant IL-6 or BMP-6 in a manner that 
requires the functional STAT3-responsive element. The H 2 O 2 -mediated hepcidin 
induction requires STAT3 phosphorylation and is effectively blocked by siRNA- 
mediated STAT3 silencing, overexpression of SOCS3 (suppressor of cytokine 
 signaling 3), and antioxidants such as  N -acetylcysteine [ 42 ]. 

 In summary, numerous rodent and human studies suggest the involvement of key 
iron molecules in the iron overload of ALD patients. These molecules may include 
hepcidin, TfR1, IRP1, and ROS. However, no defi nite conclusions can be made due 
to methodological challenges and complex interactions among these molecules.  
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6.11     Therapy of ALD in the Context of Iron Overload 

 Based on our preliminary knowledge of underlying mechanisms of iron distur-
bances in patients with ALD, no treatment options are readily available. The idea of 
iron depletion by phlebotomy has been controversially discussed in patients with 
HCV that equally develop iron overload; however, phlebotomy is highly propagated 
in certain countries, such as Japan. There has been one trial initiated in France in 
2012 and titled, “phlebotomy in risk of HCC in patients with compensated alcoholic 
cirrhosis” (Tirrox). Unfortunately, this study has stopped recruiting patients due to 
delayed recruitment compared to that anticipated (REF: ClinicalTrials.gov 
NCT01342705). For the moment it can be regularly perceived that iron overload is 
an important factor in the progression of ALD, also in combination with other liver 
diseases, such as HCV. It is an important challenge for the future to clearly identify 
the underlying molecular mechanisms and to develop novel targeted therapeutic 
strategies and to improve the early detection of hepatic iron overload in alcoholic 
liver disease (e.g., measurement of liver iron by susceptometry or hepcidin-ELISA 
for diagnostic purposes). Future studies will continue with the goal of preventing 
fi brosis progression and to prevent HCC development, thereby improving overall 
survival by targeted therapeutic approaches that may include a pharmacological 
intervention leading to stimulation of hepcidin.  

6.12     Summary 

 Presently, the pathological progression regarding iron metabolism in patients with 
chronic alcohol consumption is not completely and conclusively understood. First 
fi ndings on human subjects and animal models indicate that the systemic iron mas-
ter switch hepcidin is suppressed. Hepcidin suppression likely contributes to the 
hepatic iron overload observed in these patients. On the other side, it seems not to 
be clear whether ROS play an important role in mediating this hepcidin suppression. 
Although, ROS are assuredly involved in alcohol metabolism, specifi c levels have 
never really been detected inside hepatic cells. Additionally, the suppression of hep-
cidin has only been shown in bolus treatment experiments that do not recapitulate 
the physiological condition. Contrary, low steady state levels of peroxide are able to 
induce hepcidin. Unfortunately, the clinical characterization of iron status in patients 
with ALD is complicated and heterogeneous. It is well known that these patients 
have low hemoglobin levels, which cannot be solely attributed to bleeding events. 
One mechanistic explanation includes an ROS-mediated induction of hepcidin. 
Furthermore, patients with ALD display increased transferrin saturation and ferritin 
levels, which are not only observed in cirrhotic patients and are clearly related to 
iron deposition found in macrophages and also in hepatocytes. This means that iron 
accumulation in the liver of ALD patients is not solely due to infl ammatory events 
mediated by macrophages. The incomplete characterization of the iron physiology 
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itself further aggravates the studies on ALD patients. For instance, it is not clear 
why in vivo and in vitro fi ndings differ with regard to hepcidin responses toward 
iron exposure. Under in vivo conditions, iron loading leads to induction of hepcidin. 
The contrary is the case if liver cells in vitro were exposed to iron, which leads to 
subsequent downregulation of hepcidin. Therefore, it appears that the complicated 
network of ferroportin expression and potential systemic and paracrine effects of 
hepcidin are not yet fully understood. Presently, it should be well accepted that ROS 
are involved with and are responsible for iron disturbance in ALD. Additionally, low 
ROS levels lead to IRP1 and TfR1 upregulation that cause iron uptake and hepcidin 
upregulation that further results in iron retention in hepatocytes. Higher ROS levels 
that may destroy and damage hepatocytes can locally dramatically reduce and sup-
press hepcidin levels, what then could result in an “overfl ow” of iron and lead to 
further iron accumulation. It is quite conceivable that the presence of increased ROS 
(oxidative stress) and iron would dramatically increase Fenton-like reactions men-
tioned above, which then can be a highly cancerogenic environment. In summary, 
potential mechanisms of iron overload in ALD include:

    1.    Suppression of hepcidin via impaired redox signaling (role of NADPH oxidases) 
and overproduction of ROS   

   2.    Impaired iron recycling (hemolysis)   
   3.    Ineffective erythropoiesis   
   4.    Retinoid signaling   
   5.    Other iron proteins, e.g., TfR1 and IRP1   
   6.    Interference of molecules with iron chelating and antioxidant property  modifying 

iron absorption in the small intestine [ 88 ]         
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    Chapter 7   
 Alcoholic Cirrhosis and Hepatocellular 
Carcinoma 

             Felix     Stickel     

    Abstract     Hepatocellular carcinoma shows a rising incidence worldwide, and the 
largest burden of disease in Western countries derives from patients with alcoholic 
liver disease (ALD) and cirrhosis, the latter being the premier premalignant factor 
for HCC. The present chapter addresses key issues including the epidemiology of 
alcohol-associated HCC, and its link to other coexisting non-alcoholic liver dis-
eases, and additional host and environmental risk factors including the underlying 
genetics. Also discussed are molecular mechanisms of alcohol-associated liver can-
cer evolution involving the mediators of alcohol toxicity and carcinogenicity, acet-
aldehyde and reactive oxygen species, as well as the recently described mutagenic 
adducts which these mediators form with DNA. Specifi cally, interference of alcohol 
with retinoids and cofactors of transmethylation processes are outlined. Information 
presented in this chapter illustrates that the development of HCC in the context of 
ALD is multifaceted and suggests several molecular targets for prevention and 
markers for the screening of risk groups.  

  Keywords     Acetaldehyde   •   Alcohol dehydrogenase   •   Cytochrome P450 2E1   •   Gene 
methylation   •   Liver cirrhosis   •   Non-alcoholic fatty liver disease   •   Retinoic acid   • 
  Viral hepatitis  

7.1         Introduction 

 The incidence of hepatocellular cancer (HCC) is rising worldwide with more than 
600,000 new cases per year (4 % of all cancers) resulting in HCC being the fi fth 
most frequent cancer and third most frequent cause of cancer-related death only 
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surpassed by cancers of the lungs and the stomach [ 1 – 4 ]. While chronic infections 
with hepatitis B and C viruses are the prime causes leading to cirrhosis and HCC in 
Southeast Asia and sub-Saharan Africa [ 5 ], persistent high alcohol consumption 
and progressive liver disease associated with the metabolic syndrome resulting in 
non-alcoholic steatohepatitis (NASH) are the leading and emerging causes in 
Western industrialized regions [ 6 ,  7 ]. The Global Burden of Disease Project of the 
WHO concludes that alcohol accounts for approximately 1.8 million annual deaths 
and one of the most signifi cant diseases caused by chronic alcohol consumption is 
cancer [ 8 ]. In February 2007 an international group of specialist met at the 
International Agency for Research on Cancer (IARC) in Lyon, France, to evaluate 
the role of alcohol and its fi rst metabolite acetaldehyde, as potential carcinogens. 
This working group concluded that the occurrence of malignant tumours of the oral 
cavity, pharynx, larynx, oesophagus, liver, colorectum and female breast is causally 
related to the consumption of alcoholic beverages [ 9 ]. Worldwide, a total of approx-
imately 389,000 cases of cancer representing 3.6 % of all cancers derive from 
chronic alcohol consumption [ 10 ]. 

 The intention of this chapter is to provide the reader with an overview on the 
topic without the claim of being either complete or even objective.  

7.2     Epidemiology 

 In the USA, HCC is the fastest-growing cause of cancer-related death in men with 
incidence rates increasing more than twofold between 1985 and 2002 [ 11 ]. 
Incidence of HCC closely corresponds with its mortality with some 626,000 cases 
diagnosed each year and 598,000 deaths due to HCC. There are important differ-
ences between countries and regions in terms of HCC incidence. The latter can be 
as high as 99/100,000 in the Mongolian Republic and around 30–35/100,000 in 
East Asia and sub-Saharan Western Africa, whereas it can be only around 
10–15/100,000 in Italy, Spain and Greece or even lower (1–5/100,000) in countries 
like France, Great Britain, Germany, Canada, Northern America and Scandinavia 
[ 12 ]. Over the last decades a gradually decreasing incidence of HCC in many high 
prevalence areas of the world has been observed, whereas it has nearly doubled in 
low prevalence regions such as the USA and Europe [ 13 ]. While the decline in Asia 
is predominantly the result of large-scale vaccination against hepatitis B virus 
infection and decreased exposure to dietary afl atoxins with improved handling 
of food, the increase in Western countries is caused by the rising incidence of 
 progressively fi brosing viral hepatitis C and persistently high alcohol consumption. 
In an analysis of 1,605 patients diagnosed with HCC between 1993 and 1998, 
rates of HCC due to chronic hepatitis C infection increased threefold, while age-
adjusted rates for HCC following chronic hepatitis B infection and alcohol abuse 
remained stable [ 14 ].  
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7.3     Pathophysiology 

7.3.1     Tissue Remodelling as the Priming Condition for HCC 

 The vast majority of alcohol-associated HCCs develop in patients with established 
alcoholic cirrhosis, and alcohol-related HCC without cirrhosis is rare. However, 
case series have shown that the latter may occasionally occur [ 15 – 17 ]. Cirrhosis as 
a priming condition is not equally prone to HCC development across etiologies, and 
Fattovich et al. [ 2 ] calculated the 5-year incidence of HCC in alcoholic cirrhosis at 
8 % which is somewhat lower than the fi gures observed in Asians with HCV infec-
tion (30 %) or hereditary hemochromatosis (21 %) (Fig.  7.1 ). 

  Obviously, structural and functional abnormalities pertinent to alcoholic cir-
rhotic transformation such as profound alterations of extracellular matrix composi-
tion, growth factor and cytokine milieu, disturbed angiogenesis, impaired immune 
function and reduced capacity of cirrhotic tissue to handle oxidative and/or toxic 
insults result in an environment that favours dedifferentiation and malignant growth. 

 Certain histological features typically seen in established HCC are already pres-
ent, albeit to a lesser extent, in alcoholic cirrhosis and thereby support the assump-
tion that some pathogenic hallmarks leading to cirrhosis precede those causing 
HCC [ 6 ]. Enzyme-altered foci and preneoplastic nodules are typically observed 
premalignant lesions which can also be induced in experimental rodent models of 
HCC [ 18 ]. Interestingly, Mallory body (MB) formation is high in HCC, and the 
incidence of HCC is signifi cantly higher in cirrhosis with MBs than without leading 
to the hypothesis that MBs refl ect an initial phenotypical alteration in the carcino-
genic transformation of hepatocytes [ 19 ]. In addition, oval cells—pluripotent liver 
progenitor cells—are present in premalignant liver tissues HCC and adjacent tissues 
and evolve in response to long-term alcohol exposure [ 20 ]. 

 HCC evolution is closely linked to chronic liver injury from various causes requir-
ing cell/tissue regeneration for replacement of hepatocyte decay, but rarely develops 

  Fig. 7.1    Five-year cumulative incidence of HCC in different etiologies of liver cirrhosis (Data 
from Fattovich et al., Gastroenterology 2004;127:S35-50)       
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in healthy liver during physiological aging. One possible explanation for this tight 
correlation is that HCC development requires increased cell proliferation, leading to 
the stepwise accumulation of genetic hits allowing for dysplastic and eventually 
malignant transformation. The most common and unifying condition associated with 
hepatocarcinogenesis is cirrhosis which takes long to develop (20–40 years). As 
mentioned above, cirrhosis induces alterations of the microenvironment including 
altered cytokine secretion from activated hepatic stellate cells and portal fi broblasts, 
as well as proinfl ammatory stimuli from invading immune cells. Regarding the latter, 
molecular signals derived from proinfl ammatory tumour- necrosis factor α (TNFα) 
are considered pivotal in ALD [ 13 ]. Excessive alcohol consumption can lead to an 
increased portosystemic uptake of lipopolysaccharides/endotoxins from gram-nega-
tive gut bacteria which contribute to necroinfl ammation and fi brosis progression via 
various molecular mechanisms including TNFα and the CD14/toll-like receptor-4 
complex to produce ROS via NADPH oxidase [ 21 – 23 ]. In fact, elevated TNFα levels 
and other proinfl ammatory cytokines are prominent features of ALD, resulting in 
hepatocyte proliferation or apoptotic/necrotic death, recruitment of infl ammatory 
cells and tissue remodelling. Molecular responses are triggered upon binding of 
TNFα to its cellular receptors on hepatocytes and other liver cells leading to activa-
tion of adaptor protein 1 (AP-1; c- jun /c- fos ), crosstalk with epidermal growth factor 
signalling and subsequently enhanced cell proliferation and potentially to apoptosis 
via caspase activation [ 24 ]. Beyond that, TNFα activates sphingomyelinase to 
increase intracellular ceramide which inhibits the mitochondrial electron transport 
chain. Consequently increased production of ROS promotes lipid peroxidation and 
apoptosis independently of caspases. However, increased oxidative stress also con-
tributes to the activation of transcription nuclear factor κB which is instrumental for 
the initiation of cell survival mechanisms involving the upregulation of antiapoptotic 
proteins such as Bcl-2, manganese superoxide dismutase and nitric oxide synthase 
that can all protect mitochondrial integrity and function. Indeed, constitutive upregu-
lation of nuclear factor κB expression has been convincingly demonstrated both in 
human and experimental ALD [ 25 ,  26 ] and is a typical feature in human HCC [ 27 ]. 
Hence, TNFα may dose-dependently activate cellular survival mechanisms or pre-
cipitate apoptosis and/or necrosis. This may provide an explanation why hepatocytes 
challenged by infl ammatory insults below the threshold of cell death may acquire 
proliferative advantages and become susceptible to dedifferentiation triggered by 
carcinogens such as (alcohol-derived) acetaldehyde.   

7.4     Alcohol as a Risk Factor for HCC in Non-alcoholic 
Liver Diseases 

 Chronic alcohol consumption is an established risk modifi er of HCC development 
in patients with other, non-alcoholic concomitant liver diseases, particularly viral 
hepatitis [ 28 ], hereditary hemochromatosis (HH) [ 29 ] and non-alcoholic fatty liver 
disease (NAFLD) [ 30 ]. Hepatitis B and C infections account for the large majority 
of HCC cases in the developing world, whereas NAFLD along with the obesity 
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epidemic is an increasing cause of HCC in Western countries. In these diseases, 
which render the liver susceptible to additional oncogenic insults, chronic alcohol 
consumption even at moderate levels could have a striking infl uence on the 
population- based risk of HCC risk [ 31 ]. 

7.4.1     Coexisting Chronic Viral Hepatitis 

 A large Italian case-control study including 464 subjects with HCC as cases and 824 
subjects without liver diseases as controls demonstrated a synergism between alco-
hol drinking (>60 g/day) and hepatitis B or C virus infection regarding the risk of 
HCC with approximately a twofold increase in the odds ratio for each viral infection 
for drinkers [ 32 ] (Fig.  7.2 ).

   Not surprisingly, the coexistence of two liver diseases (alcohol + chronic infec-
tion with hepatitis viruses) synergistically enhances the risk of liver disease progres-
sion and also HCC. However, the mechanisms leading to HCC evolution are 
imprecisely defi ned and may be distinct between the two types of viral hepatitis.  

7.4.2     Hepatitis B 

 Data from human studies on the interaction between HBV infection and alcohol 
consumption are scarce. Marcellin and co-workers estimated the mortality related 
to HCV and HBV infections in France in 2001. They found that 95 % of patients 
with HCV infection who died had cirrhosis, and 33 % had HCC, similar to the 
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  Fig. 7.2    Odds    ratios (OR) for HCC in drinkers with/without chronic viral hepatitis B or 
C. Coexisting alcohol drinking doubles the risk of HCC in patients infected with hepatitis B or C 
virus (Data from Donato et al. Am J Epidemiol 2002;155:323–31)       
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 fi gures in the HBV infection group in which 93 % of subjects had cirrhosis and 
35 % had HCC. Overall, deaths related to either HBV or HCV infection occurred at 
an earlier age in patients with a history of excessive alcohol consumption [ 30 ]. In a 
similar study from Italy based on data from the Dionysos study, authors quantifi ed 
the burden of chronic viral liver disease and the role of alcohol intake to morbidity 
and mortality in a population-based study. Here, ethanol intake was found to be an 
independent predictor of cirrhosis in subjects with chronic HCV infection and an 
independent predictor of death in subjects with either HCV or HBV infection [ 33 ]. 
Comparable data come from a prospective cohort study in Taiwan which demon-
strated that habitual alcohol consumption can increase the risk of HCC in HBsAg- 
positive individuals with an odds ratio of 1.86 (1.32–2.61) [ 34 ]. A population-based 
cohort study from Korea found that in the subgroup of chronic HBV carriers, the 
HCC risk rose dose dependently with an alcohol intake of 50–99 g/day with a rela-
tive risk of 1.2 (95 % CI 1.0–1.5) and of 1.5 (95 % CI 1.2–2.0) for >100 g/day [ 35 ]. 
Whether this synergistic effect on the risk of HCC from alcohol and coexistent HBV 
infection is additive or exponential is not known. 

 Putative mechanisms are yet unknown, but may relate to a distinct pattern of 
epigenetic regulation of certain HCC-associated genes as evidenced by Lambert 
et al. who showed a high frequency of aberrant hypermethylation of specifi c genes 
(RASSF1A, GSTP1, CHRNA3 and DOK1) in HCCs compared to control cirrhotic 
or normal liver tissues [ 36 ]. An association between alcohol intake and hypometh-
ylation of the methyl-guanine methyltransferase gene promoter was demonstrated, 
whereas HBV infection was linked to promoter hypermethylation of glutathione 
S-transferase, indicating that hypermethylation of the genes analysed in HCC 
tumours exhibits remarkably distinct patterns between associated risk factors.  

7.4.3     Hepatitis C 

 Ample evidence exists demonstrating a clear synergistic effect between coexisting 
alcohol abuse and chronic HCV infection with regard to liver disease progression 
and HCC development. This is particularly important since the prevalence of HCV 
infection is signifi cantly higher among heavy drinkers than in the general popula-
tion; for example, while HCV antibody positivity in the general population of the 
USA is approximately 1 %, this fi gure increases to 16 % among alcoholics and 
reaches even 30 % in alcoholic individuals with liver disease [ 37 – 39 ]. 

 A large population-based study from Northern Italy analysed risk factors of 
 progression of chronic hepatitis C and development of HCC in anti-HCV-positive 
subjects derived from the Dionysos cohort and found a daily alcohol consumption 
of >90 g/day to be a signifi cant risk factor for HCC [ 40 ]. Hassan and co-workers 
 conducted a hospital-based, case-control study among 115 HCC patients and 230 
non- liver cancer controls matched for age, sex and year of diagnosis [ 41 ]. Factors 
independently associated with HCC were chronic hepatitis B and C, alcohol consump-
tion (>80 g/day) and type II diabetes. Signifi cant synergism was observed between 
heavy alcohol consumption and chronic HCV infection (OR 53.9; 95 % CI 7.0–415.7) 
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and diabetes mellitus (OR 9.9; 95 % CI, 2.5–39.3). The study underlines that heavy 
alcohol consumption contributes to the magnitude of HCC cases (32 %), whereas 
22 %, 16 % and 20 % were explained by HCV, HBV and diabetes mellitus, respec-
tively. Similar data have been gathered for Europe and Asia as well in which concomi-
tant alcohol consumption in HCV-infected individuals increases the risk of HCC 
additively, if not exponentially [ 42 ,  43 ]. 

 The underlying pathophysiology of this synergistic impact on HCC evolution is 
still not completely understood but may relate to joint effects of both alcohol and 
HCV on certain effects conveyed by HCV epitopes on key molecular events instru-
mental in hepatocarcinogenesis. In keeping, experimental evidence generated by 
Moriya and associates is highly suggestive of a direct oncogenic effect of the HCV 
core protein in mice [ 44 ]. In their study, the development of HCC in two indepen-
dent lines of transgenic mice overexpressing the HCV core gene was reported. The 
same mice spontaneously developed steatosis early in life as a feature of chronic 
hepatitis C infection and of alcohol, but not more advanced liver disease (Fig.  7.3 ). 
The latter similarity allows for speculations with regard to coexisting alcohol abuse 
[ 45 ]: the downstream events triggered by the core protein are segregated into two 
components. One is the augmented production of oxidative stress along with the 
activation of scavenging system, including catalase and glutathione, in the putative 
preneoplastic stage with steatosis in the liver. Thus, oxidative stress production 
in the absence of infl ammation by the core protein would partly contribute to 
the development of HCC. The generation of oxidative stress is estimated to origi-
nate from mitochondrial dysfunction in hepatocytes by HCV infection. Obviously, 
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  Fig. 7.3    HCV core protein promotes hepatocarcinogenesis indirectly via causing chronic infl am-
mation and mitochondrial dysfunction. However, evidence exists that HCV may also directly 
cause malignant transformation through stimulating hyperproliferation, reduction of cytokine 
release and upregulation of cell survival mechanisms       
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oxidative stress from concomitant alcohol consumption would further intensify 
these HCV-related effects. The other component is the alteration of intracellular 
signalling cascade of mitogen-activated protein kinase (MAPK) and activating fac-
tor (AP)-1, leading to the activation of cell growth and proliferation. Notably, AP-1 
upregulation is a key observation in alcohol-mediated liver cell regeneration via 
retinoic acid receptors, and MAP kinase cascades and their regulation by the 
phosphoinositide- 3-kinase/Akt signalling cascade appear to be crucial in the onset 
of alcohol-mediated cell injury [ 46 ]. These mechanisms are also hallmarks of 
alcohol- associated hepatocarcinogenesis, and joint impact from both alcohol and 
HCV on these molecular targets represents a potential explanation for the increased 
incidence of HCC in HCV-infected alcoholics.

7.5         Non-alcoholic Fatty Liver Disease 

 Since hepatic histological changes in NASH as well as in alcoholic steatohepatitis 
(ASH) are strikingly similar, and regular alcohol consumption in obese subjects is 
rather the rule than the exception, it is not surprising that alcohol consumption may 
aggravate obesity-related liver disease and vice versa. 

 Accordingly, two studies from France demonstrated that alcohol consumption is 
a confi rmed risk factor of steatosis and fi brosis progression in obese individuals [ 47 , 
 48 ]. A more recent study from Sweden investigated whether low alcohol intake, 
consistent with the diagnosis of NAFLD, is associated with fi brosis progression in 
71 subjects with biopsy-proven NAFLD [ 49 ]. By multivariate binary logistic regres-
sion analysis, heavy episodic drinking ( p  < 0.001) and insulin resistance ( p  < 0.01) 
were independently associated with signifi cant fi brosis progression. 

 These results contrast with a recent cross-sectional analysis of adult participants 
in the NIH NASH Clinical Research Network, which studied only modest or non- 
drinkers, while drinkers with heavy or otherwise harmful drinking behaviour were 
excluded. This study surprisingly showed that modest drinkers (daily alcohol con-
sumption <20 g) compared to non-drinkers had lower odds of having NASH (sum-
mary odds ratio 0.56, 95 % CI 0.39–0.84,  p  = 0.002) and also lesser fi brosis (OR 
0.56 95 % CI 0.41–0.77) and hepatocellular ballooning (OR 0.66 95 % CI 0.48–
0.92) than lifetime non-drinkers [ 50 ]. Cross-sectional data from Japan support this 
fi nding by demonstrating a signifi cant inverse correlation between drinking fre-
quency and the prevalence of fatty liver ( p  < 0.001) both in men and women [ 51 ]. 
Thus, a total embargo on any alcohol consumption in patients with NASH is cur-
rently not supported by human data. 

 However, very few data exist focussing on the interaction between features of the 
metabolic syndrome associated with NAFLD and concomitant alcohol consump-
tion regarding HCC development. However, bearing in mind that both NAFLD and 
ALD are independent risk factors of HCC, coincidence of either etiology in an 
individual will likely increase the risk of HCC, particularly when considering that 
the mechanisms leading to HCC in either disease are remarkably similar (Fig.  7.4 ).
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7.6        Alcohol-Mediated Activation of Environmental Carcinogens 

 Alcoholics may be exposed to carcinogens or procarcinogens ingested along with 
alcoholic beverages which may contain nitrosamines, polycyclic hydrocarbons, asbes-
tos fi bres and fusel oils [ 52 ]. In addition, many alcoholics are smokers and epidemio-
logical surveys have shown a hyperadditive effect of alcohol and smoking in increasing 
the risk of developing HCC [ 53 ]. Some of these procarcinogens are activated by 
 cytochrome P450 2E1 (CYP2E1), which is induced by chronic ethanol consumption 
(see below). Thus, potent hepatocarcinogens, such as nitrosamines, afl atoxins as well 
as vinyl chloride, are substrates of CYP2E1 and undergo activation [ 54 ]. 

 Importantly afl atoxin B1 can induce a mutation in codon 249 of the p53 tumour 
suppressor gene which is frequently found in human HCC [ 55 ]. Although animal 
experiments have been controversial as to whether ethanol enhances AFB 1 -induced 
hepatocarcinogenesis, an epidemiological study on AFB 1  exposure demonstrated 
that even a moderate daily consumption of 24 g ethanol increases the risk of 
 developing HCC induced by 4 μg of dietary AFB 1  by 35-fold [ 56 ].  

7.7     Ethanol Metabolism and HCC 

 More than 90 % of ethanol is metabolized in the liver, either by alcohol dehydroge-
nase (ADH), the microsomal ethanol oxidizing system (MEOS) represented by 
CYP2E1 or to a much smaller extent by catalase. While catalase plays only a minor 

  Fig. 7.4    Pathophysiology of alcoholic and non-alcoholic fatty liver disease shares many similari-
ties which synergistically promote HCC development in subjects who harbour both risk factors as 
a result of their lifestyle (Adapted from Stickel F, Hellerbrand C. Gut 2010;59:1303–7)       
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role in hepatic ethanol degradation, ADH and MEOS produce substantial amounts 
of acetaldehyde (AA), the fi rst and most toxic metabolite of ethanol as well as reac-
tive oxygen species (ROS), of which both may contribute to hepatocarcinogenesis.  

7.8     Acetaldehyde 

 Acetaldehyde (AA) is a recognized cancer-inducing agent due to its toxicity, muta-
genicity and carcinogenicity according to a consensus of the International Agency 
for the Research on Cancer (IARC) [ 9 ]. AA interferes with DNA synthesis and 
DNA repair. In vivo and in vitro experiments in prokaryotic and eukaryotic cell 
cultures as well as in animal models have provided evidence that AA has direct 
mutagenic and carcinogenic effects. AA causes point mutations in the hypoxanthine-
guanine- phosphoribosyltransferase locus in human lymphocytes and induces sister 
chromatid exchanges and gross chromosomal aberrations [ 57 – 61 ]. AA directly 
inhibits O6-methylguanosyl transferase, an enzyme that repairs DNA adducts [ 62 ]. 

 Most importantly, however, AA binds to DNA and forms stable adducts [ 61 , 
 63 – 69 ]. Binding to DNA represents one mechanism by which AA could trigger 
replication errors and/or mutations in oncogenes and tumour suppressor genes. It 
has been shown that the major stable DNA adduct N2-ethyl-desoxyguanosine 
(N2-Et-dG) serves as a substrate of eukaryotic DNA polymerase. However, 
N2-Et-dG seems rather a marker for chronic ethanol consumption than a major risk 
lesion for cancer. In addition, another DNA adducts of AA, 1,N2-propano- 
desoxyguanosine (PdG) has been identifi ed, especially in the presence of basic 
amino acids, histones and polyamines. While N2-Et-dG is non-mutagenic and may 
represent a marker of chronic alcohol ingestion, PdG has mutagenic properties. 

 Evidence of the causal role of AA in ethanol-mediated carcinogenesis comes 
from genetic candidate gene case-control studies in alcoholics. Individuals who 
accumulate AA due to polymorphisms and/or mutations in the genes coding for 
enzymes responsible for AA generation and degradation have been shown to have 
an increased cancer risk. Thus, individuals who drink alcohol and have a defi cient 
aldehyde dehydrogenase (ALDH) such as 40 of the Asian population with increased 
AA levels after drinking also have a high risk for various cancers such as those of 
the upper aerodigestive tract and the colon [ 70 ]. Similarly individuals who produce 
more AA due to a rapid alcohol dehydrogenase (ADH1C1*1) also have an increased 
risk for these cancers including HCC [ 71 ].  

7.9     Oxidative Stress 

 Oxidative stress by the formation of ROS such as superoxide anion and hydrogen 
peroxide is another hallmark of alcohol-mediated tissue injury. Several enzyme sys-
tems are capable to produce ROS, including CYP2E1, the mitochondrial respiratory 
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chain and the cytosolic enzymes xanthine oxidase and aldehyde oxidase [ 72 ]. 
Ethanol-mediated ROS formation may be due to an increased electron leakage from 
the mitochondrial reparatory chain associated with the stimulation of reduced nico-
tinamide adenine dinucleotide (NADH) shuttling into mitochondria and to the inter-
action between N-acetylsphingosine (via TNF-α) and mitochondria. The induction 
of sphingomyelinase by TNF-α increases the levels of ceramide, an inhibitor of the 
activity of the mitochondrial electron transport chain, leading to increased mito-
chondrial production of ROS [ 73 ]. ROS can also be generated in alcoholic hepatitis 
with activated hepatic phagocytes [ 74 ]. Hepatic iron overload as observed in alco-
holic liver disease increases ROS and fi nally nitric oxide production due to ethanol- 
mediated stimulation of inducible nitric oxide synthase results in the formation of 
highly reactive peroxynitrite [ 75 ]. 

 Most important in ALD, however, is the production of ROS via alcohol-induced 
CYP2E1. This induction is an adaptive process and associated with an increased 
metabolism of ethanol to acetaldehyde and ROS. Most likely, increased CYP2E1 
activity results from an inadequate degradation of CYP2E1 by the ubiquitin protea-
some pathway impaired by alcohol. A signifi cant increase in hepatic CYP2E1 activ-
ity may already occur following the ingestion of 40 g of ethanol daily for 1 week 
[ 76 ]. In animal experiments, the induction of CYP2E1 correlates with NAD phos-
phate (NADPH) oxidase activity, the generation of hydroxyethyl radicals, lipid per-
oxidation and the severity of hepatic damage, all of which could be prevented by the 
CYP2E1 inhibitor chlormethiazole [ 77 ]. In addition, premalignant DNA lesions 
were found more frequently in CYP2E1 wild-type mice compared to animals 
knocked out for CYP2E1 [ 78 ], and transgenic mice overexpressing CYP2E1 had 
more severe liver injury [ 79 ]. 

 ROS produced by CYP2E1 results in lipid peroxidation. Various lipid peroxida-
tion products including 4-hydroxynonenal may bind to purine and pyrimidine bases 
thereby forming exocyclic DNA adducts which can be mutagenic and carcinogenic 
[ 80 ,  81 ]. Biopsies from patients with various degrees and severities of alcoholic 
liver disease reveal a gradual increase of exocyclic DNA adducts along with the 
degree of alcoholic liver injury and a signifi cant correlation with 4-HNE immunos-
taining and CYP2E1 induction [ 82 ]. This takes already place at the stage of alco-
holic fatty liver [ 83 ]. Notably, the formation of etheno-DNA adducts can be inhibited 
by treatment with the CYP2E1 inhibitor chlormethiazole.  

7.10     Alcohol and Altered DNA Methylation 

 Apart from genetic changes along with chronic alcoholism, i.e. mutations, DNA cross 
links or impaired DNA repair, chronic and acute alcohol intake may also affect epigen-
etic mechanisms of gene expression such as methylation of DNA. DNA methylation 
is an important determinant in controlling gene expression whereby hypermethylation 
has a silencing effect on genes and hypomethylation may lead to increased gene 
expression. And indeed, alcohol intercepts with these epigenetic mechanisms [ 84 ]. 

7 Alcoholic Cirrhosis and Hepatocellular Carcinoma



124

 Alcohol interacts with absorption, storage, biologic transformation and excretion 
of compounds which are essential for methyl group transfer including folate, vita-
min B6 and certain lipotropes. Especially, the production of S-adenosyl- L - METHIONINE  
(SAMe), the universal methyl group donor in methylation reactions, is impaired. 
Furthermore, ethanol compromises SAMe synthesis through inhibition of crucial 
enzymes involved in SAMe generation. This can impair the formation of endoge-
nous antioxidants such as glutathione and also lead to reduced cellular membrane 
stability [ 85 ]. 

 In addition, alcohol interacts with the methylation status of certain genes and 
thereby contributes to liver damage and tumour development. Accordingly, alcohol- 
induced depletion of lipotropes may cause hypomethylation of oncogenes leading 
to their activation. The decrease in methylation capacity caused by chronic alcohol 
consumption can therefore contribute to epigenetic alterations of genes involved in 
hepatocarcinogenesis.  

7.11     Interaction of Alcohol with Retinoids 

 It has been shown for decades that chronic alcohol consumption lowers hepatic 
vitamin A levels, especially in advanced alcoholic liver disease [ 86 ]. Retinoic acid 
(RA) plays an important role in controlling cell growth differentiation, apoptosis 
and is of potential clinical interest in cancer prevention and treatment. Therefore, 
interaction of ethanol with RA metabolism has important implications on the evolu-
tion, prevention and treatment of alcohol-related cancers. 

 The mechanism of alcohol-associated decrease in retinol and RA has multiple 
causes (Fig.  7.5 ). Since ADH and ALDH share the common substrates ethanol and 
retinol as well as AA and retinal to form RA, an interaction at these enzyme sites is 
not surprising. It has been demonstrated that ethanol acts as a competitive inhibitor 
of retinol oxidation [ 87 ]. Beside the fact that ethanol competes with retinol for the 
binding site of ADH, there are other mechanisms explaining the decrease in 
RA. Since chronic ethanol consumption increases CYP2E1 activity, an enhanced 
catabolism of vitamin A and RA into polar metabolites due to an induction of cyto-
chrome P-450 2E1 occurs [ 87 ]. Although a variety of cytochrome isoenzymes such 
CYP1A1, CYP2B4, CYP2C3, CYP2C7, CYP2E1 and CYP26 are involved in RA 
metabolism, CYP2E1 seems of major importance [ 87 ]. The involvement of 
CYP2E1 in the metabolism of RA was proven by the fact that the CYP2E1 inhibitor 
chlormethiazole can completely inhibit this degradation [ 88 ]. The prevention of 
reduced RA status in the liver of ethanol-fed rats by chlormethiazole treatment indi-
cates that the breakdown of retinoids by microsomal CYP2E1 is a key mechanism 
for the ethanol-enhanced catabolism of retinoids in hepatic tissue after treatment 
with alcohol. Chronic ethanol consumption with low hepatic RA concentrations 
results in a downregulation of RA receptors and an up to eightfold increased expres-
sion of the AP-1 (c- jun  and c- fos ) transcriptional complex [ 87 ]. This explains hepa-
tocellular hyperproliferation as AP-1 is a central complex downstream of various 
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growth factors, oncogenes and tumour promoters. Supplementation of RA to 
 animals not only results in a decrease of AP-1 gene expression but also in reduced 
hepatic proliferation.

   In addition to an increased degradation of retinol and RA by CYP2E1, this 
 catabolism leads to polar retinoid metabolites which are identifi ed as 4-oxo- and 
18-hydroxy RA some yet unidentifi ed metabolites [ 89 ]. However, these metabolites 
cause liver cell damage by disrupting the mitochondrial membrane potential leading 
to the release of mitochondrial cytochrome C, caspase activation and fi nally 
 apoptosis. This may explain why chronic alcohol consumption together with the 
administration of retinol or RA may aggravate alcoholic liver injury [ 90 ].  

7.12     Host Genetics and Alcohol-Associated HCC 

 Only a relatively small proportion of 10–15 % of alcoholic cirrhotics develops HCC 
suggesting factors which render certain individuals more susceptible than others. In 
that regard, increasing evidence indicates a signifi cant impact of host genetic factors 
on the risk of developing HCC in patients with cirrhosis, particularly regarding 
alcohol-associated HCC. While polymorphic variants of genes implicated in 
alcohol- related liver pathophysiology suggested as risk factors of ALD in earlier 
hypothesis-driven case-control studies were not robustly confi rmed [ 71 ,  91 ], a 
sequence variation within the gene coding for patatin-like phospholipase encoding 
3 ( PNPLA3 , rs738409) was found to modulate steatosis, necroinfl ammation and 
fi brosis in alcoholic liver disease [ 92 ]. Subsequently, the same variant was repeat-
edly suggested also as genetic risk factor for HCC in patients with alcoholic cirrho-
sis. A recent metanalysis of individual patient data from candidate gene association 
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  Fig. 7.5    Interaction between alcohol and retinoid turnover takes place at various steps and results in 
a depletion of retinoic acid (RA) which augment hyperproliferation. In addition, alcohol- induced 
CYP2E1 causes the formation of polar metabolites from RA contributing to hepatocellular damage       
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studies found that variant PNPLA3 rs738409 is strongly associated with overall 
HCC and found that this association was more pronounced in ALD (OR = 2.20 95 % 
CI [1.80–2.67],  P  = 4.71 × 10 −15 ) than in patients with HCV-related HCC [ 93 ]. 
Whether other genetic host factors confer additional risk for HCC is yet unknown, 
calling for a genome wide scan which may detect genetic markers that could be 
used for better identifi cation of subjects in HCC screening.  

7.13     Summary and Conclusion 

 The incidence of HCC is rising worldwide. Chronic hepatitis B and C, alcohol 
abuse and a rising incidence of non-alcoholic fatty liver disease in many affl uent 
countries are the major causes. While the causative role of alcohol in the evolution 
of liver cirrhosis is well established, our understanding of its importance as an etio-
logic factor in hepatocarcinogenesis has only recently been recognized. To date, a 
number of possible mechanisms are well investigated by which alcohol promotes 
the development of HCC. These include dietary or environmental carcinogens 
ingested along with alcoholic beverages, alcoholic cirrhosis as a priming condition 
and particularly the toxicity of acetaldehyde, increased lipid peroxidation due to 
reactive oxygen species, activation of procarcinogens via induction of cytochrome 
P450 2E1 and DNA lesions derived from oxidative stress by-products. Alterations 
of DNA methylation through interactions with one carbon metabolism can lead to 
aberrant methylation of tumour suppressor genes and oncogenes, and alcohol 
metabolism reduces hepatic RA levels and alleviates RA-mediated silencing on 
hyperproliferation. Lately, evidence for an important role of host genetics has accu-
mulated with variation of PNPLA3 rs738409 as the fi rst and robustly confi rmed 
genetic modifi er of HCC in alcoholic cirrhosis. These insights underscore the 
importance of alcohol as an important etiologic factor in hepatocarcinogenesis and 
potentially pave the way for preventive and therapeutic measures.     
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    Chapter 8   
 TLR4-Dependent Tumor-Initiating Stem 
Cell- Like Cells (TICs) in Alcohol-Associated 
Hepatocellular Carcinogenesis 

             Keigo     Machida      ,     Douglas     E.     Feldman      , and     Hidekazu     Tsukamoto     

    Abstract     Alcohol abuse predisposes individuals to the development of hepatocellu-
lar carcinoma (HCC) and synergistically heightens the HCC risk in patients infected 
with hepatitis C virus (HCV). The mechanisms of this synergism have been elusive 
until our recent demonstration of the obligatory role of ectopically expressed TLR4 in 
liver tumorigenesis in alcohol-fed HCV  Ns5a  or  Core  transgenic mice. CD133+/
CD49f+ tumor-initiating stem cell-like cells (TICs) isolated from these models are 
tumorigenic in a manner dependent on TLR4 and NANOG. TICs’ tumor-initiating 
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activity and chemoresistance are causally associated with inhibition of TGF-β tumor 
suppressor pathway due to NANOG-mediated expression of IGF2BP3 and YAP1. 
TLR4/NANOG activation causes p53 degradation via phosphorylation of the protec-
tive protein NUMB and its dissociation from p53 by the oncoprotein TBC1D15. 
Nutrient deprivation reduces overexpressed TBC1D15 in TICs via autophagy-medi-
ated degradation, suggesting a possible role of this oncoprotein in linking metabolic 
reprogramming and self-renewal.  

  Keywords     HCC   •   Cancer stem cells   •   NANOG   •   TGF-β   •   p53  

8.1         Introduction 

    Hepatocellular carcinoma (HCC) is the most prevalent primary malignancy of the 
liver and the fi fth most common cancer in men. HCC is diagnosed in over half a 
million patients globally every year and is the second leading cause of the cancer- 
related mortality. Cirrhosis is the single and most important risk factor for HCC, 
raising the risk by 40-fold, and about 70 % of HCC patients have underlying cir-
rhosis. With respect to HCC risk by etiology, viral hepatitis (HBV and HCV) is 
most common, followed by alcoholic liver disease (ALD). In particular, chronic 
infection with HCV represents a major global risk factor for HCC [ 1 ] as more than 
170 million people are infected with HCV worldwide [ 1 – 3 ]. HCV produces pro-
teins which are directly implicated in hepatocyte toxicity and transformation. For 
instance, the HCV core protein causes overproduction of reactive oxygen species 
which may cause mitochondrial or nuclear DNA damage [ 2 ,  4 ,  5 ]. The core protein 
also inhibits microsomal triglyceride transfer protein activity and VLDL secretion 
[ 6 ], which contributes the genesis of fatty liver. The core also induces insulin resis-
tance in mice and cell lines, and this effect may be mediated by degradation of 
insulin receptor substrates (IRS) 1 and 2 via upregulation of SOCS3 [ 7 ] in a manner 
dependent on PA28γ 73, or via IRS serine phosphorylation [ 8 ]. These mechanisms 
may also be relevant to another etiological entity which promotes HCC risk: non- 
alcoholic fatty liver disease (NAFLD) [ 9 ] that is a liver phenotype of obesity- 
associated metabolic syndrome. HCV/HBV infection, ALD, and NAFLD share 
common pathophysiological events such as oxidant stress, organelle stress, and 
metabolic dysregulation which may contribute to their oncogenic activities. More 
importantly, an apparent synergism among HCV, alcohol, and obesity exists for the 
risk of HCC. Coexistence of alcohol abuse or obesity increases the HCV risk of 
developing HCC by additional eightfold, culminating to an overall 45–55-fold 
increase in the risk as compared to normal subjects [ 10 ,  11 ] (Fig.  8.1 ). As alcohol 
and obesity continue to dominate as leading life-style factors for disease burdens 
around the world [ 12 ], heightened HCC incidence, caused by synergistic interac-
tions of these factors with hepatitis viruses, represents the most predictable and 
devastating global health issue.
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   The most challenging aspect of HCC treatment is its refractoriness to chemo-
therapy. Among many potential mechanisms which underlie chemoresistance, the 
role of tumor-initiating stem cell-like cells (TICs) or the so-called cancer stem cells 
(CSCs) has received a spotlight. Stem cells have three major characteristics, self- 
renewal, asymmetric division (clonality), and plasticity. Forty percent of HCC are 
assumed to have clonality and to originate from progenitor/stem cells [ 13 – 16 ]. 
CD133+/CD49f+ cells in liver tumors correlate with tumorigenesity and the expres-
sion of “stemness” genes, such as Wnt/β-catenin, Notch, Hedgehog/SMO, and 
Oct3/4 [ 17 – 19 ]. Indeed, CD133+/CD49f+ HCC CSCs are chemoresistant [ 20 ] and 
survive during an initial therapy. Although an encouraging therapeutic response 
may be seen, survived CSCs eventually establish a clonal expansion and tumor 
recurrence. This chemoresistance may be caused by the plasticity of CSCs with 
dysregulated signaling and gene expression. Several oncogenic signaling pathways 
are activated in HCC or CSCs, including PI3K/AKT [ 21 ], signal transducer and 
activator of transcription 3 (STAT3) [ 22 ,  23 ], and hedgehog [ 24 ,  25 ] while defective 
tumor suppressor transforming growth factor-beta (TGF-β) pathway is also impli-
cated [ 26 ,  27 ]. Another pivotal mechanism is asymmetric division of CSCs produc-
ing dormant daughter cells which are less sensitive to chemotherapeutic drugs.  

8.2     Ectopic TLR4 Activation Underlies HCV-Alcohol 
Synergism 

 In our efforts to establish mouse models of HCV-alcohol synergism for HCC, we 
fed fi rst alcohol to HCV  Ns5a  transgenic mice by using the mouse intragastric feed-
ing (iG) model. This approach is prompted by the observation that TLR4 expression 
is induced in the liver by hepatocyte-specifi c NS5A expression [ 28 ]. As endotoxin- 
TLR4 pathway is established in the pathogenesis of ALD [ 29 ,  30 ], a synergism 
between alcohol-mediated endotoxemia and NS5A-induced TLR4 overexpression 
was predicted. Indeed, alcohol feeding to the  Ns5a  mice results in aggravated liver 
damage with severe hepatitis induced in some mice [ 31 ]. This pathology is depen-
dent on TLR4 as it is abrogated in alcohol-fed  Ns5a:Tlr4−/−  mice. This synergism 
is also due to endotoxin as it is attenuated by the concomitant treatment of the mice 
with polymyxin B and neomycin and is conversely potentiated by intragastric 
administration of LPS. To extend this observation to an extended period of 12 

  Fig. 8.1    Synergistically increased risk for HCV-mediated HCC by alcohol abuse or/and obesity. 
Comorbidity such as alcohol abuse and obesity synergistically heightens the risk of developing 
HCC by 6- to 8-fold in HCV-infected patients. As such HCV-infected, alcoholic or obese patients 
have 40–60 times higher HCC risk compared to healthy subjects       
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months, a modifi ed ethanol-containing liquid diet was fed to  Ns5a  and  Ns5a:Tlr4−/−  
mice. Although no liver tumor is observed in none of wild type (WT) or  Ns5a:Tlr4−/−  
mice fed alcohol, 23 % of alcohol-fed  Ns5a  Tg mice developed liver tumors [ 31 ]. 
This TLR4-dependent tumorigenic phenotype was subsequently reproduced in 
alcohol-fed HCV  Core  Tg mice [ 32 ].  

8.3     Identifi cation of TLR4/NANOG-Dependent TICs 

 Immunostaining of liver tumor sections from alcohol-fed  Ns5a  mice revealed cells 
double-positive for NANOG and CD133 or CD49f [ 31 ]. This prompted a FACS 
analysis of cells dissociated from liver tumors of these mice which detected a small 
yet signifi cantly increased percentage of CD133+/CD49f+ cells as compared to WT 
mice (1.11 % vs. 0.05 %). Gene profi ling analysis of sorted CD133+/CD49+ cells 
shows consistently upregulated stemness genes such as  Nanog, Oct4, Sox2  as 
 compared to CD133−/CD49+ or CD133−/CD49f− cells. 

 This heightened expression of stemness genes and cell proliferation are largely 
reduced by TLR4 silencing with lentiviral short-hairpin RNA (shRNA) compared to 
control CD133−/CD49f+ cells [ 32 ]. The CD133+/CD49f+ cells form colonies in 
soft agar and spheroids in ultra-low-adhesion plates, demonstrating they have 
anchorage-independent growth and self-renewal ability [ 32 ]. Subcutaneous trans-
plantation of CD133+/CD49f+ cells   , but not CD133−/CD49f+ cells into immuno-
compromised (NOG) mice, following infection with a red-fl uorescence (dsRed) 
lentiviral vector, results in tumor development; and this tumor growth, assessed by 
dsRed imaging, is inhibited by  Tlr4  or  Nanog  silencing by lentiviral shRNA trans-
duced prior to transplantation [ 32 ] (Fig.  8.2 ), indicating that CD133+/CD49f+ cells 
are TLR4/NANOG-dependent TICs and that  Tlr4  is a putative proto-oncogene 
involved in the genesis/maintenance of TICs and liver tumor in HCV Tg models. 
Furthermore, these NOG mice derived tumor have tumor-initiation capacity since 
injection of serial transplantation of these tumors into another NOG mice generates 
tumors in NOG mice. Then one will raise a question where these TICs are generated. 
These TICs may have been generated from hepatoblasts in several etiologies since 
hepatoblastic HCC subtype with poor prognosis has a gene expression profi le with 
markers of hepatic oval cells, suggesting that this subtype of HCC arises from LPCs 
[ 33 – 36 ]. Indeed, these HCC often recurs after chemotherapy presumably due to the 
presence of chemo-resistant TICs [ 37 ]. These aspects need further investigation.

8.4         TLR4  as a Putative Proto-oncogene 

 The obligatory roles of endotoxin and TLR4 in HCC promotion are shown in vari-
ous etiological settings including initiation in alcohol-HCV model and promotion 
[ 32 ] in the DEN/CCl 4  model [ 38 ]. Activated TLR4 pathway is responsible for 
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promotion of HCCs from different animal models [ 38 ], which offer new therapeutic 
targets for HCC. As PAMP (pathogen-associated molecular pattern), including 
TLR4, mediates infl ammatory responses to endotoxin and other ligands, infl amma-
tion is strongly associated with cancer in other cancers, including lung [ 39 ], colon 
[ 40 ], and skin carcinomas [ 41 ]. While TLR expression is very heightened in macro-
phages and lymphocytes, normal hepatocytes have less or nonfunctional TLR4, but 
ectopically expressed-TLR4 in epithelial cells is involved in oncogenesis as studies 
in other cancer models implicate liver has also similar oncogenic pathways since 
gut-derived endotoxin directly damages liver due to proximal anatomy of gut and 
liver through portal veins [ 31 ,  38 ,  42 ]. As we mentioned above, we have shown that 
long-term (12 months) feeding of alcohol diet induces liver tumors in HCV  Ns5a  Tg 
mice [ 43 – 46 ] and these incidences are reduced if the mice were crossbred with 
defective  Tlr4  mice [ 32 ]. Plasma LPS levels are elevated equally    in both TLR4 suf-
fi cient and defi cient mice fed these diets, indicating that ligand level is not changed 
even by disruption of its receptor  Tlr4  [ 31 ,  32 ]. Indeed, tumor tissues from  Tlr4+/+  
models display accentuated expression of TLR4 and its activation as assessed by its 

  Fig. 8.2    TICs’ tumorigenic activity is dependent on TLR4 and NANOG. CD133+/CD49f+ TICs 
isolated from liver tumors of alcohol-fed  Ns5a  Tg mice or alcoholic HCV patients were trans-
planted subcutaneously into NOG mice following lentiviral transduction of EGFP to allow a whole 
animal imaging for assessment of tumor growth for a period of 80 days. To test the dependence on 
TLR4 and NANOG, they were respectively knocked down by lentiviral expression of specifi c or 
control shRNA prior to transplantation. Tumor volume was calculated by three dimensional assess-
ment of the tumor image, and fi nal tumor weights were also compared at the end of the experiment. 
Note TLR4 ( a ) or NANOG ( b ) knockdown signifi cantly attenuates tumor growth derived from 
mouse and patient TICs. Immunoblotting of cell lysates collected 10 days after the transplantation 
confi rms expression of NANOG in the TICs and knockdown of this protein with specifi c shRNA. 
* p  < 0.05 (Reproduced from the published fi gure of the reference [ 32 ] with permission)       
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downstream marker TRAF6-TAK1 complex formation [ 32 ]. Furthermore, activa-
tion of human TLR4 oncogenic pathway, especially NANOG overexpression, is 
also noted in HCC sections of alcoholic HCV as well as non-steatohepatitis (NASH) 
patients [ 32 ], supporting this activation of TLR4-NANOG axis is clinically relevant 
for the development of both human and mouse HCCs [ 31 ]. TICs are resistant to 
chemotherapy and are associated with metastatic HCC, which is commonly 
observed in HCV-infected patients with alcohol abuse. Sensitization of TICs to che-
motherapy and identifying therapeutic molecular targets could be a considerable 
savings in morbidity, mortality, and cost. However, in HCCs, there are many signal-
ing involved in genesis of HCCs. In the next section, one of the typical crosstalk 
between TLR4 and TGF-β pathways will be discussed.  

8.5     TLR4 and TGF-β Mutual Antagonism 
in Liver Tumorigenesis 

 Our study identifi es TLR4 signaling as a central mediator in synergistic liver tumor 
formation by HCV and alcohol via the genesis of TLR4/NANOG-dependent TICs. 
On the other hand, defi cient TGF-β pathway caused by inactivation of at least one 
of the TGF-β signaling components is a well-known risk factor for HCC in man [ 26 , 
 47 ] and a causal oncogenic mechanism in animal models [ 15 ,  48 ]. Thus, we won-
dered about the relationship between the two pathways. To investigate this question, 
we have used two complementary approaches. First, we looked for TIC-specifi c 
genes which may be involved in regulating TGF-β pathway by screening lentiviral 
cDNA library established from TIC vs. CD133−/CD49f+ control cells for transfor-
mation of the p53 defi cient hepatoblast cell line PL4 [ 32 ]. This has identifi ed  Yap1  
and  Igf2bp3  as two TIC-associated genes which are under direct transcriptional 
control of NANOG and contribute to TICs’ tumor-initiating activities both in vitro 
and in vivo [ 32 ]. Further, these two gene products are shown to inhibit the TGF-β 
tumor suppressor pathway at the two distinct levels but in an interactive manner. 
YAP1 associates with SMAD3 and SMAD7 to block nuclear translocation of 
p-Smad3. IGF2BP3, an mRNA binding protein, promotes IGF-II translation by 
binding to the 5′ UTR of  Igf-II  mRNA [ 49 ]. IGF-II activates AKT and subsequently 
mTOR, which suppresses SMAD3 activation [ 50 ]. Indeed, mTOR activation by 
IGF2BP3 inhibits phosphor-activation of SMAD3 as such Rapamycin increases 
p-SMAD3 in TICs or even abrogates suppressed p-SMAD3 level caused by a con-
stitutively active AKT. This IGF2BP3-AKT-mTOR pathway also interfaces with 
the YAP1-SMAD3/SMAD7 pathway described above. Activated AKT phosphory-
lates Ser-127 of YAP1, and p-Ser127-YAP1 interacts most actively with p-SMAD3 
for cytosolic SMAD3 retention. Thus AKT activated by IGF2BP3 facilitates dual 
actions of mTOR-mediated suppression of SMAD3 phosphor-activation and 
p-YAP1-mediated p-SMAD3 retention, resulting in effective blockade of TGF-β 
pathway. As expected, silencing of  Igf2bp3  and  Yap1  in TICs restores TGF-β path-
way with increased nuclear p-SMAD3, reduces TICs’ tumorigenic activity, and 
enhances the chemosensitivity of TICs in vivo [ 32 ]. 
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 We have also used a reverse approach to test the reciprocal TLR4-TGF-β antago-
nism by assessing TLR4 expression and activation in  Spnb2 +/– mice. In fact, it is 
well known in innate immunity that the lack of a functional TβRII [ 51 ,  52 ] or Smad3 
[ 53 ] results in extensive infl ammation due to increased TLR4 expression and LPS 
hyper-responsiveness [ 54 ]. We believe this reciprocal regulation of augmented 
TLR4 response due to defi cient TGF-β signaling also plays a critical role in genera-
tion and oncogenic activity of Nanog+ CSCs. SPNB2 is the chaperone protein 
which recruits p-SMAD3/SMAD4 into the nucleus, and SPNB2 haploinsuffi ciency 
in  Spnb2 +/– mice reduces TGF-β signaling and causes spontaneous development of 
HCC [ 15 ]. TLR4 expression is induced in the liver of this genetic mouse model as 
compared with WT mice. Feeding  Spnb2+/–  mice with alcohol for 12 months 
results in conspicuous TLR4 activation as assessed by TAK1/TRAF6 interaction 
and doubles the liver tumor incidence as compared to  Spnb2+/–  mice fed with a 
control diet [ 32 ]. More importantly, this increment of the tumor incidence    is com-
pletely abrogated in alcohol-fed  Spnb2+/-Tlr4−/−  compound mice, demonstrating 
reciprocally upregulated TLR4 in  Spnb2+/–  mice with reduced TGF-β signaling, is 
also responsible for alcohol-associated liver tumorigenesis in the model. We readily 
extend this concept to clinically more relevant cells, the Huh7 human HCC cell line. 
Knockdown of SPNB2 in these cells increases TLR4 expression and tumorigenic 
activity in NOG mice [ 32 ].  

8.6     Anabolic Metabolism and TIC Self-Renewal 

 A critical event leading to deregulated TIC proliferation is inactivation of the p53 
tumor suppressor [ 55 ,  56 ], which acts as a key barrier against pluripotency and stem 
cell proliferation. This function of p53 is carried out through direct repression of 
stemness-associated transcription factor (TF) network components [ 57 ]. Mutation 
or loss of p53 is found recurrently in diverse malignancies including HCC [ 58 ] and 
is associated with poor prognosis [ 59 ,  60 ]. Strikingly, genetic inactivation of p53 
also leads to loss of cell polarity and aberrant execution of self-renewal [ 61 – 63 ]. 
The cell polarity determinant and tumor suppressor NUMB stably interacts directly 
with p53, protecting it from ubiquitin-mediated proteolysis catalyzed by the MDM2 
E3 ubiquitin ligase [ 64 ]. In polarized epithelial cells and in untransformed progeni-
tor cells, NUMB is distributed asymmetrically and segregates into the daughter cell 
that proceeds to differentiate. Cells defi cient in p53 fail to correctly localize NUMB 
and lose this intrinsic polarity [ 65 ,  66 ], however little is understood about the com-
position and regulation of the Numb-p53 complex. 

 We examined biochemically the composition of the Numb-p53 complex in 
CD133+/CD49f+ TICs isolated from liver tumors of alcohol-fed HCV  Ns5aTg  
mice, Fractionation of TIC lysates using sucrose density gradient centrifugation 
revealed that NUMB and p53 are the constituents of a high molecular mass 
(>700 kDa) complex, which is disintegrated upon NANOG-mediated activation 
of aPKCζ, a NUMB kinase [ 67 ]. Using affi nity purifi cation and tandem mass 
 spectrometry, we identifi ed the ATG8/LC3-binding protein TBC1D15 as a novel 
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component of this high molecular mass complex. Enforced expression of TBC1D15 
reduces steady state levels of p53 and this effect is blocked by a Nutlin-3 treatment, 
suggesting that TBC1D15 triggers the MDM2-dependent degradation of p53. 

 TBC1D15 is comprised of two distinct structural domains: a C-terminal GTPase 
activating protein (GAP) domain that inactivates the Rab7 GTPase, which mediates 
endosome/autophagosome-fusion to lysosomes [ 68 ,  69 ] and a functionally unchar-
acterized N-terminal domain. We expressed Flag-tagged variants of each domain 
individually with myc-tagged p53 (myc-p53), and found that the N-terminal domain 
(Flag-TBC1D15-N) recapitulated inhibition of myc-p53. Destabilization of myc- 
p53 corresponded closely with the extent of its displacement from NUMB. Sequence 
analysis of the N-terminal domain revealed a 50 amino acid region containing sig-
nifi cant homology to the  Drosophila  protein CANOE, which regulates the localiza-
tion of cell-fate determinants during asymmetric division and interacts genetically 
with  numb  [ 70 ,  71 ]. Coexpression of myc-p53 with GFP fusion proteins containing 
either the CANOE homology region (TBC-cno, aa 159–270) or the N-terminal 
region (TBC-N1, aa 2–158) revealed that GFP-TBC-N1 but not GFP-TBC-cno 
associated stably with NUMB, suggesting that a primary sequence or higher order 
structural motif within this region of TBC1D15 directly binds to NUMB and dis-
sociates it from p53 to promote p53 degradation. However, the mutual requirements 
and relative contributions of TBC1D15 and aPKCζ-mediated NUMB phosphoryla-
tion for p53 dissociation and degradation are not yet fully understood and merit 
further investigation. 

 We also found that  Tbc1d15  is transcriptionally repressed by p53, revealing a 
mutually antagonistic regulation between these genes. In agreement with these fi nd-
ings, three human HCC cell lines express TBC1D15 at higher levels than primary 
hepatocytes. In particular, Hep3B cells with p53 defi ciency and Huh7 cells with 
mutant p53 express substantially higher TBC1D15 than HepG2 cells which have 
wild type p53. Thus, p53 levels are inversely correlated with TBC1D15 expression 
in these cells. Similarly, TBC1D15 levels are increased in TICs compared to 
CD133− cells, and TBC1D15 is strongly expressed in tumors arising from TICs 
implanted subcutaneously into mice, as determined by immunohistochemical anal-
ysis of sectioned tumors. 

 Interestingly, the TCTP oncoprotein was also found in association with the 
Numb-p53 complex and shown to stimulate MDM2-mediated proteolysis of p53 
[ 72 ]. These results, along with our recent data on TBC1D15, collectively suggest 
that the Numb-p53 complex may serve as a pivotal control platform that integrates 
multiple inputs to permit the rapid modulation of cellular p53 levels. As there appears 
to be no signifi cant primary sequence homology between TCTP and TBC1D15, 
these proteins may dock with distinct subunits in the NUMB-p53 complex. 

 Cellular levels of TBC1D15 are diminished through starvation-induced autopha-
gic degradation, triggered through acute nutrient deprivation, depletion of ATP or 
chemical inactivation of the mTOR kinase complex. Conversely, TBC1D15 accu-
mulates when autophagic fl ux is blocked. These observations together suggest a 
scenario whereby accumulation of the TBC1D15 oncoprotein drives deregulated 
TIC proliferation and formation of liver tumors due to alcohol-induced suppression 
of autophagy. This proposal resonates with accumulating evidence that suppression 
of autophagy, including through targeted genetic ablation    of core autophagic 
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machinery components, promotes the accumulation of oncoproteins leading to 
tumor formation [ 73 – 75 ], underscoring the importance of autophagic degradation 
in the tonic suppression of cancer. These fi ndings suggest that depletion of p53 lev-
els through aPKCζ activation and TBC1D15 upregulation may in turn cause de- 
repression of  Tbc1d15  transcription, further accelerating p53 degradation and 
establishing a self-reinforcing feedback cycle. This cycle represents an attractive 
therapeutic target for inhibition of TICs in HCC, and developing a deeper under-
standing of the aPKCζ-NUMB-TBC1D15 regulatory axis in p53 degradation will 
further defi ne optimal therapeutic targets. 

 More broadly, defi ning the machinery that controls the expansion of TICs will 
have important ramifi cations for cancer treatment. Conventional chemotherapy kills 
a large fraction of tumor cells, resulting in a transient reduction in tumor volume. 
However, it typically fails to eradicate TICs and may actually impose a strong selec-
tive pressure for TIC survival [ 76 ]. As a result, following chemotherapy tumors are 
often enriched with TICs resistant to subsequent treatments. To be effective in the 
long term, cancer therapies will need to include agents that target TIC survival and 
self-renewal. We propose that selective inhibition of the machinery that drives inap-
propriate, self-renewing, symmetrical divisions in TICs will lead to “sterilization” 
of the tumor and to a lasting, benefi cial clinical response. The newly elucidated 
mechanistic framework for TIC proliferation described here represents an innova-
tion that holds signifi cant potential as a prospective therapeutic target.  

8.7     Conclusions and Discussions 

 CD133+ TICs have previously been isolated from liver tumors of PTEN or MAT1A 
defi cient mice [ 51 ,  52 ]. Using the same surface marker, we successfully isolated 
CD133+/CD49f+ TICs which activate a unique TLR4-NANOG pathway as an inte-
gral component for their self-renewal and tumorigenic activities. These TICs are 
also identifi ed in HCC sections of alcoholic HCV patients by immunostaining [ 32 ] 
and isolated from such patients to validate induction of TLR4-dependent stemness 
genes and transformation [ 32 ]. These TICs respond to endotoxin to initiate tumori-
genesis as shown in alcohol-fed HCV Tg mouse models, but TICs isolated from 
alcohol  Core  Tg mice and alcoholic HCV patients grow effi ciently in vitro without 
addition of LPS but this growth is reduced by TLR4 knockdown, suggesting LPS- 
independent mechanisms of TLR4 activation in these cells which remain to be elu-
cidated. Possibilities include non-LPS ligands such as HMGB1 released in 
infl ammation activating TLR4 and protein–protein interactions leading to ligand- 
independent activation. Although we began and focused our studies on alcohol- 
HCV synergism, the oncogenic role of TLR4 has been extended to HCC of non-viral 
and non-alcohol etiology such as that in  Spnb+/ − mice and NAFLD patient [ 32 ]. 
A recent study demonstrates the critical role of endotoxin-activated TLR4 in pro-
motion but not initiation of hepatocarcinogenesis induced by diethylnitrosamine 
and carbon tetrachloride [ 38 ]. We believe that the TLR4-dependent mechanisms of 
TIC generation actually contribute to or at least promote the initiation of HCC. 
A conceptual breakthrough of our fi ndings is that the proinfl ammatory  TLR4  is now 
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considered as a putative proto-oncogene in hepatocarcinogenesis that links infl am-
mation to carcinogenesis, the notion which has been entertained for the past 150 
years. Based on this renewed concept, our studies have offered two novel insights 
into the molecular mechanisms of TLR4-mediated TICs’ tumorigenic activity (see 
a schematic diagram shown in Fig.  8.3 ): NANOG-dependent upregulation of 
IGF2BP3 and YAP1 which in turn block the TGF-β tumor suppressor pathway; and 
NANOG-mediated p53 degradation by disengagement from the protective NUMB 
protein via TBC1D15 interaction. These studies are now exploring potential mecha-
nistic connections to metabolic programming known to occur in cancer cells and 
TICs in promoting and maintaining “stem cell fate” via molecular, genetic, and 
epigenetic mechanisms.
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    Chapter 9   
 Synergistic Toxic Interactions Between 
CYP2E1, LPS/TNFα, and JNK/p38 
MAP Kinase and Their Implications 
in Alcohol- Induced Liver Injury 

             Arthur     I.     Cederbaum     ,     Yongke     Lu    ,     Xiaodong     Wang    , and     Defeng     Wu   

    Abstract     The mechanisms by which alcohol causes cell injury are not clear. Many 
pathways have been suggested to play a role in how alcohol induces oxidative stress. 
Considerable attention has been given to alcohol-elevated production of lipopoly-
saccharide (LPS) and TNFα and to alcohol induction of CYP2E1. These two path-
ways are not exclusive of each other; however, associations and interactions between 
them, especially in vivo, have not been extensively evaluated. We have shown that 
increased oxidative stress from induction of CYP2E1 in vivo sensitizes hepatocytes 
to LPS and TNFα toxicity and that oxidative stress, activation of p38 and JNK MAP 
kinases, and mitochondrial dysfunction are downstream mediators of this CYP2E1- 
LPS/TNFα potentiated hepatotoxicity. This Review will summarize studies show-
ing potentiated interactions between these two risk factors in promoting liver injury 
and the mechanisms involved including activation of the mitogen-activated kinase 
kinase kinase ASK-1 as a result of CYP2E1-derived reactive oxygen intermediates 
promoting dissociation of the inhibitory thioredoxin from ASK-1. This activation of 
ASK-1 is followed by activation of the mitogen-activated kinase kinases MKK3/
MKK6 and MKK4/MMK7 and subsequently p38 and JNK MAP kinases. Synergistic 
toxicity occurs between CYP2E1 and the JNK1 but not the JNK2 isoform as JNK1 
knockout mice are completely protected against CYP2E1 plus TNFα toxicity, ele-
vated oxidative stress, and mitochondrial dysfunction. We hypothesize that similar 
interactions occur as a result of ethanol induction of CYP2E1 and TNFα.  

  Keywords     Alcohol liver injury   •   CYP2E1-dependent toxicity   •   Lipopolysaccharide–
CYP2E1 interactions   •   Oxidative stress and liver injury   •   CYP2E1-tumor necrosis 
factor alpha toxicity   •   JNK and p38 mitogen-activated kinases   •   Mitochondrial 
dysfunction  
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9.1         Introduction 

 The ability of acute and chronic ethanol treatment to increase production of reactive 
oxygen species (ROS) and enhance peroxidation of lipids, protein, and DNA has 
been demonstrated in a variety of systems [ 1 ]. The mechanism(s) by which alcohol 
causes cell injury are still not clear. Several mechanisms have been briefl y summa-
rized [ 2 – 4 ], and it is likely that many of them ultimately converge as they refl ect a 
spectrum of the organism’s response to the myriad of direct and indirect actions of 
alcohol. A major mechanism that is a focus of considerable research is the role of 
lipid peroxidation and oxidative stress in alcohol toxicity. Under certain conditions, 
such as acute or chronic alcohol exposure, production of reactive oxygen species 
(ROS) is enhanced and/or the level or activity of antioxidants is reduced. The result-
ing state—which is characterized by a disturbance in the balance between rates of 
ROS production, on one hand and rates of ROS removal and repair of damaged 
complex molecules, on the other—is called oxidative stress. 

 Many pathways have been suggested to play a key role in how ethanol induces 
“oxidative stress” [ 1 – 4 ]. Many of these pathways are not exclusive of one another 
and it is likely that several, indeed many, systems contribute to the ability of ethanol 
to induce a state of oxidative stress. Two major pathways include ethanol effects on 
the immune system with altered cytokine production due to ethanol-induced 
increase in bacterial-derived endotoxin with subsequent activation of Kupffer cells 
and ethanol induction of Cytochrome P4502E1, CYP2E1.  

9.2     Kupffer Cells and Alcoholic Liver Disease 

 Kupffer cells are stimulated by chronic ethanol treatment to produce free radicals 
and cytokines, including TNFα, which plays a role in ALD [ 5 ,  6 ]. This stimulation 
is mediated by bacterial-derived endotoxin, and ALD is decreased when gram- 
negative bacteria are depleted from the gut by treatment with lactobacillus or anti-
biotics [ 7 ]. The TNFα receptor super-family consists of several members sharing a 
sequence homology, the death domain, located in the intracellular portion of the 
receptor. These “death” receptors, including Fas, TNF-R1, and TRAIL-R1/
TRAIL-R2 are expressed in hepatocytes and when stimulated by their respective 
ligands, FasL, TNFα, or TRAIL, hepatocyte injury can occur [ 8 ]. Lipopolysaccharide 
(LPS) is a component of the outer wall of gram-negative bacteria that normally 
inhabit the gut. LPS penetrates the gut epithelium only in trace amounts; however, 
LPS absorption can be elevated under pathophysiological conditions such as alco-
holic liver disease (ALD) [ 9 ]. LPS directly causes liver injury by mechanisms 
involving infl ammatory cells such as Kupffer cells, and chemical mediators such as 
superoxide, nitric oxide, and tumor necrosis factor (TNFα) and other cytokines 
[ 10 ]. In addition, LPS potentiates liver damage induced by hepatotoxins including 
ethanol [ 11 – 14 ]. Ethanol alters gut microfl ora, the source of LPS, and ethanol 
increases the permeability of the gut, thus increasing the distribution of LPS from 
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the gut into the portal circulation (endotoxemia). This causes activation of Kupffer 
cells, the resident macrophages in liver, resulting in release of chemical mediators 
including cytokines and ROS and subsequently, ALD [ 15 ]. Destruction of Kupffer 
cells with gadolinium chloride attenuated ALD [ 5 ] and anti-TNFα antibodies pro-
tect against ALD [ 6 ]. NADPH oxidase was identifi ed as a key enzyme for generat-
ing ROS in Kupffer cells after ethanol treatment [ 16 ]. The role of TNFα in ALD was 
further validated by the fi ndings that the ethanol-induced pathology was nearly 
blocked in TNFα receptor 1 knockout mice [ 17 ].  

9.3     CYP2E1 

 CYP2E1 metabolizes a variety of small, hydrophobic substrates including solvents 
such as chloroform and carbon tetrachloride, aromatic hydrocarbons such as ben-
zene and toluene, alcohols such as ethanol and pentanol, aldehydes such as acetal-
dehyde, halogenated anesthetics such as enfl urane and halothane, nitrosamines such 
as  N,N -dimethylnitrosamine, and drugs such as chlorzoxazone and acetaminophen 
[ 18 – 20 ]. CYP2E1 metabolizes and activates many toxicologically important com-
pounds such as ethanol, carbon tetrachloride, acetaminophen, benzene, halothane, 
and many other halogenated substrates. Toxicity by the above compounds is 
enhanced after induction of CYP2E1 e.g., by ethanol treatment, and toxicity is 
reduced by inhibitors of CYP2E1 or in CYP2E1 knockout mice [ 21 ]. Molecular 
oxygen itself is likely to be a most important substrate for CYP2E1. CYP2E1, rela-
tive to several other P450 enzymes, displays high NADPH oxidase activity as it 
appears to be poorly coupled with NADPH-cytochrome P450 reductase [ 22 ,  23 ]. 
CYP2E1 was the most effi cient P450 enzyme in the initiation of NADPH-dependent 
lipid peroxidation in reconstituted membranes among fi ve different P450 forms 
investigated and anti-CYP2E1 IgG inhibited microsomal NADPH oxidase activity 
and microsomal lipid peroxidation dependent on P450 [ 22 ]. Microsomes isolated 
from rats fed ethanol chronically were about twofold to threefold more reactive in 
generating superoxide radical and H 2 O 2,  and in the presence of ferric complexes, in 
generating hydroxyl radical and undergoing lipid peroxidation than microsomes 
from pair-fed control rats [ 24 ,  25 ]. CYP2E1 levels were elevated about threefold to 
fi vefold in liver microsomes after feeding rats the Lieber–DeCarli diet for 4 weeks 
and the enhanced effectiveness of microsomes isolated from the ethanol-fed rats 
was prevented by addition of chemical inhibitors of CYP2E1 and by polyclonal 
antibody raised against CYP2E1 purifi ed from pyrazole-treated rats, confi rming 
that the increased activity in these microsomes was due to CYP2E1. 

 CYP2E1 plays a major role in mechanisms by which alcohol promotes hepato-
carcinogenesis. One prominent role for CYP2E1 is the oxidation of many low 
molecular weight cancer suspected agents such as benzene, styrene, halogenated 
hydrocarbons, nitriles, and nitrosamines [ 26 ]. Induction of CYP2E1 by alcohol 
results in enhanced activation of numerous procarcinogens to carcinogens [ 27 ]. 
Deletion of CYP2E1 or pharmacological inhibition of CYP2E1 by chlormethiazole 
reduces diethylnitroamine-induced hepatic tumors [ 28 ,  29 ]. Indeed, a recent editorial 
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[ 30 ] was entitled “Pharmacological Blockage of CYP2E1 and Alcohol-mediated 
Liver Cancer: is the Time Ready?” Further relevant to the role of CYP2E1 in 
alcohol- induced liver cancer are the studies showing that alcohol-induced DNA 
strand cleavage and etheno-adduct formation are dependent on CYP2E1 expression. 
For example, in HeLa cells overexpressing CYP2E1, ethanol produced oxidative 
stress and DNA strand breakage and these effects were blunted by a CYP2E1 inhib-
itor; no such effects were found with HeLa cells not expressing CYP2E [ 31 ]. In vivo 
administration of ethanol to male Wistar rats produced an increase in free radicals 
and DNA strand breaks, effects highly correlating with the induction of CYP2E1 
[ 32 ]. Acute ethanol consumption increased oxidative DNA damage and production 
of 8-hydroxy-deoxyguanine especially in ALDH2 knockout mice and induction of 
CYP2E1 played a pivotal role in these effects [ 33 ]. We showed that incubation of 
plasmids with microsomes from chronic ethanol-fed rats in which CYP2E1 was 
induced results in DNA strand breaks which could be completely prevented by anti- 
CYP2E1 IgG [ 34 ]. Bradford et al. [ 35 ] showed an increase of oxidative DNA 
adducts and of mutagenic apurinic and aprimidinic DNA sites and induction of 
DNA repair enzymes in wild type mice and NADPH oxidase knockout mice chroni-
cally fed alcohol but not in CYP2E1 knockout mice. Seitz and collaborators [ 36 ] 
recently showed that etheno-DNA adducts strongly correlated with CYP2E1 expres-
sion in patients with alcohol liver disease. The number of nuclei in hepatocytes from 
alcohol-fed lean and obese mice stained positively for etheno-DNA adducts corre-
lated with CYP2E1 expression and in vitro, etheno-DNA adducts were produced 
when ethanol was incubated with HepG2 cells expressing CYP2E1 but not with 
HepG2 cells not expressing    CYP2E1. Taken as a whole, such results, and others, 
strongly support a role for ethanol induction of CYP2E1 in ethanol induction of 
DNA strand breakage and hepatocarcinogenesis. 

 Since CYP2E1 can generate ROS during its catalytic cycle, and its levels are 
elevated by chronic treatment with ethanol, CYP2E1 has been suggested as a major 
contributor to ethanol-induced oxidative stress, and to ethanol-induced liver injury 
[ 37 – 39 ]. Experimentally, a decrease in CYP2E1 induction was found to be associ-
ated with a reduction in alcohol-induced liver injury [ 40 ,  41 ]. A CYP2E1 transgenic 
mouse treated with ethanol displayed higher transaminase levels and histological 
features of liver injury compared with control mice [ 42 ]. Infection of HepG2 cells 
with an adenoviral vector expressing CYP2E1 adenovirus potentiated acetamino-
phen toxicity as compared to HepG2 cells infected with a LacZ expressing adeno-
virus [ 43 ]. Administration of the CYP2E1 adenovirus in vivo to mice elevated 
CYP2E1 levels and activity and produced signifi cant liver injury compared to the 
LacZ-infected mice [ 44 ].  

9.4     LPS/TNFα–CYP2E1 Interactions 

 Abnormal cytokine metabolism is a major feature of ALD. Rats chronically fed 
ethanol were more    sensitive to the hepatotoxic effects of administration of LPS and 
had higher plasma levels of TNFα than control rats [ 45 ,  46 ]. Anti-TNFα antibody 
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prevented alcohol liver injury in rats [ 6 ] and mice lacking the TNFR1 receptor did 
not develop alcohol liver injury [ 17 ]. These and other studies clearly implicate 
TNFα as a major risk factor for the development of alcoholic liver injury. One com-
plication in this central role for TNFα is that hepatocytes are normally resistant to 
TNFα induced toxicity. This led to the hypothesis that besides elevating TNFα, 
alcohol somehow sensitizes or primes the liver to become susceptible to TNFα [ 47 , 
 48 ]. Known factors which sensitize the liver to TNFα are inhibitors of mRNA or 
protein synthesis, which likely prevent the synthesis of protective factors, inhibition 
of NF-κB activation in hepatocytes to lower synthesis of such protective factors, 
depletion of GSH, especially mitochondrial GSH, lowering of  S -adenosyl methio-
nine coupled to elevation of  S -adenosyl homocysteine or inhibition of the protea-
some. Combined treatment with ethanol plus TNFα was more toxic to hepatocytes 
and HepG2 E47 cells which express high levels of CYP2E1 than control hepato-
cytes with lower levels of CYP2E1 or HepG2 C34 cells which do not express 
CYP2E1 [ 49 ]. RALA hepatocytes with increased expression of CYP2E1 were sen-
sitized to TNFα mediated cell death [ 50 ]. These results suggest that increased oxi-
dative stress from CYP2E1 may sensitize isolated hepatocytes to TNFα-induced 
toxicity. Since either LPS/TNFα or CYP2E1 is considered independent risk factors 
involved in ALD, but mutual relationships or interactions between them are 
unknown, we initiated studies to evaluate whether CYP2E1 contributes or potenti-
ates LPS- or TNFα-mediated liver injury in vivo.  

9.5     Pyrazole Potentiates LPS toxicity [ 51 ,  52 ] 

 Male, Sprague–Dawley rats (160–180 g) were injected intraperitonally with pyr-
azole (PY), 200 mg/kg body wt, once a day for 2 days to induce CYP2E1. After an 
overnight fast, either saline or LPS (Sigma, serotype 055: BS, 10 mg/kg body wt) 
was injected via the tail vein. Rats were killed 8–10 h after the LPS or saline injec-
tion and blood and liver tissue collected. Neither pyrazole nor LPS alone caused 
liver injury as refl ected by transaminase (ALT, AST) levels or liver histopathology 
(Fig.  9.1 ). However, the combination of LPS plus pyrazole increased AST and ALT 
levels about four-fold over the levels in the pyrazole alone or LPS alone groups 
(Fig.  9.1A ). LPS plus pyrazole treatment induced extensive necrosis of hepatocytes, 
mainly located both in periportal and pericentral zones of the liver, accompanied by 
strong infi ltration of infl ammatory cells (Fig.  9.1B ). LPS alone treatment caused 
some apoptosis and activation of caspases 3 and 9, whereas pyrazole treatment 
alone had no effect. LPS plus pyrazole treatment was not any more effective than 
LPS alone in increasing apoptosis, unlike the increases in necrosis and infl ammation.  

 To assess whether oxidative stress occurs after the various treatments, malondi-
aldehyde (MDA) levels as a refl ection of lipid peroxidation, were assayed. Whereas 
pyrazole alone or LPS alone did not elevate TBAR levels over those found with 
saline controls, the combination of LPS plus pyrazole increased MDA levels about 
65 % ( p  < 0.05 compared to the other three groups, Fig.  9.2A ). Levels of 3 nitroty-
rosine protein adducts as a marker for oxidized nitrated protein formation were 
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determined by slot blot analysis. Low levels of 3-NT adducts were found in saline 
control livers. Treatment with either LPS alone or pyrazole alone slightly elevated 
3-NT protein adduct levels; however, striking increases in protein carbonyls were 
found in the combined LPS plus pyrazole group (Fig.  9.2B ). Thus oxidative/nitrosa-
tive stress was elevated in livers from the LPS plus pyrazole-treated mice.  

 CYP2E1 catalytic activity (oxidation of p-nitrophenol to p-nitrocatechol) was 
increased about twofold by either the pyrazole alone or the pyrazole plus LPS 
treatments. LPS alone slightly but not signifi cantly decreased CYP2E1 activity. 

  Fig. 9.1    Effect    of pyrazole or LPS or LPS plus pyrazole on serum ALT or AST levels ( A ) and liver 
histopathology ( B ). Panels in ( B ) refer to ( A ) saline; ( B ) pyrazole-treated; ( C ) LPS-treated; ( D ) 
and ( E ) LPS plus pyrazole-treated.  Arrows  show necrotic foci with infl ammatory cell infi ltration. 
** p  < 0.01 compared to all other groups. Either the JNK inhibitor SP600125 or the p38 MAPK 
inhibitor prevents the LPS plus pyrazole elevation of ALT and AST       
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Levels of CYP2E1 protein, measured by immunoblot analysis, showed similar 
trends, being increased about twofold by pyrazole or pyrazole plus LPS treatments. 
This enhanced liver injury is associated with elevated levels of CYP2E1 and 
increased oxidative/nitrosative stress generated by the combination of LPS plus 
CYP2E1.  

9.6     Pyrazole Potentiates TNFα Toxicity [ 53 ,  54 ] 

 Since TNFα levels are elevated after LPS administration and TNFα plays an impor-
tant role in the effects of LPS, we determined if pyrazole treatment to    induce 
CYP2E1 potentiates TNFα toxicity as it did LPS toxicity. Basically, the same 
approaches described above for LPS were used, with injection of TNFα (50 μg/kg 
body wt) replacing the LPS treatment. Figure  9.3A  shows that ALT and AST levels 
were low in the saline control mice and in the pyrazole-treated mice challenged 
with saline. Treatment of control mice with TNFα elevated transaminase levels by 
about 2–3-fold. Treatment of the pyrazole mice with TNFα elevated transaminase 
levels more than 3-fold over the TNFα-saline control treated mice (Fig.  9.3A ). 
Liver sections were stained with H&E for morphological evaluation. The saline and 
TNFα treated mice showed normal liver morphology. Liver from pyrazole-treated 
mice showed some vacuolar degeneration. Liver from the TNFα plus pyrazole-
treated mice showed several necrotic loci (arrows), typical pathology morphology 
changes including nuclear pyknosis, karyorrhexis, and karyolysis were observed 
(Fig.  9.3B ). The treatment with pyrazole did not signifi cantly alter the levels of 
thiobarbituric acid-reactive substrates (TBARS) in the total liver extract or the 

  Fig. 9.2    Pyrazole plus LPS increases oxidative stress. Mice were treated with either saline or 
pyrazole alone or LPS alone or LPS plus pyrazole. ( A ) Lipid peroxidation was assayed as forma-
tion of thiobarbituric acid-reactive substances (TBARS). ( B ) Formation of three nitrotyrosine pro-
tein adducts was assayed by slot blot and results expressed as arbitrary units. The inhibitors of JNK 
(SP) and p38 MAPK (SB) lower the potentiated increase in oxidative stress produced by pyrazole 
plus LPS       
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  Fig. 9.3    Pyrazole potentiates TNFα hepatotoxicity and in mice and inhibitors of JNK or p38 
MAPK block the increase in toxicity. Mice were treated with either saline or pyrazole alone or 
TNFα alone or pyrazole plus TNFα followed by assays for serum ALT/AST ( A ) or histopathology 
( B ) ( arrows  show necrotic zones)       
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mitochondria (Fig.  9.4A ). TNFα treatment of control mice elevated levels of 
TBARS about 2–3- fold. TBARS in the homogenates and the mitochondria were 
further elevated when TNFα was administered to the pyrazole-treated mice. Highest 
liver and mitochondrial TBARs levels were observed in the pyrazole plus TNFα 
treated mice. Liver GSH levels were similar in the saline, pyrazole-treated, and 
TNFα-treated mice but were decreased about 40 % in the liver extracts from the 
pyrazole plus TNFα treated mice (Fig.  9.4B ). GSH levels were lowered 40 % in the 
liver mitochondria from the pyrazole plus TNFα-treated mice compared to the 
TNFα alone treated mice. These results suggest that the combined pyrazole plus 
TNFα treatment produces elevated oxidative stress in the liver compared to TNFα 
alone or pyrazole alone, and that mitochondrial oxidative stress may occur in livers 
of the pyrazole plus TNFα-treated mice.   

 As expected, CYP2E1 activity and the content of CYP2E1 were elevated 2–3- 
fold by pyrazole or by pyrazole plus TNFα treatment, over the saline or TNFα alone 
treated mice. However, induction of CYP2E1 alone by pyrazole is not suffi cient to 
induce liver injury; rather, a second “hit” e.g., TNFα is required.  

  Fig. 9.4    Pyrazole potentiates TNFα-induced oxidative stress and inhibitors of JNK or p38 MAPK 
block the increase. Liver homogenates and mitochondria were isolated from mice treated as 
described in the legend to Fig.  9.3 . Lipid peroxidation ( A ) and levels of GSH ( B , note the log scale) 
were determined in the homogenates and the mitochondrial fraction       
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9.7     Role of CYP2E1 in Pyrazole Potentiation of LPS 
and TNFα Toxicity 

 To validate the role of CYP2E1 in the potentiation of LPS toxicity by pyrazole, 
experiments with chlormethiazole (CMZ) an inhibitor of CYP2E1 and with CYP2E1 
knockout mice were carried out [ 51 ]. C57BL/6 mice were injected intraperitoneally 
with pyrazole, 150 mg/kg body wt once a day for 2 days or 0.9 % saline. After an 
overnight fast, LPS, 4 mg/kg body wt or saline was injected IP. CMZ was injected 
in some mice at a concentration of 50 mg/kg body wt 15 h before and 30 min after 
the LPS treatment. Mice were killed 24 h after LPS or saline injection. In other 
experiments, CYP2E1 knockout mice, kindly provided by Dr. Frank Gonzalez, 
NCI, NIH (20) and their genetic background SV129 controls were treated with pyr-
azole and LPS as above. Administration of CMZ to the LPS plus pyrazole-treated 
mice decreased the elevated ALT and AST levels by about 55 and 65 %, respec-
tively (Fig.  9.5A ). Pathological evaluation showed large necrotic areas in the livers 
from the LPS plus pyrazole-treated mice, but only small necrotic foci were observed 
after treatment with CMZ (Fig.  9.5B ). The treatment with CMZ also lowered the 
elevated oxidative/nitrosative stress produced by the LPS plus pyrazole treatment as 
only weak signals for formation of 4-HNE adducts and 3-NT adducts were found 
after the CMZ treatment (Fig.  9.5C ). The pyrazole plus LPS treatment produced a 
twofold increase in CYP2E1 catalytic activity, which was prevented after the admin-
istration of CMZ. Thus, CMZ blocked the elevation of CYP2E1 in the LPS plus 
pyrazole-treated mice, and this was associated with a decline in oxidative/nitrosa-
tive stress and blunting of liver injury.  

 CYP2E1 knockout or wild type control SV129 mice were treated with LPS plus 
pyrazole. As with C57Bl/6 mice, liver injury was observed in the wild type SV129 
mice treated with LPS plus pyrazole, but not mice treated with LPS alone or pyr-
azole alone. Serum ALT and AST levels were about 50 % lower in LPS plus 
pyrazole- treated CYP2E1 knockout mice as compared to wild type mice (Fig.  9.6A ). 
Pathological evaluation showed large necrotic areas and widespread necrotic foci in 
wild type mice whereas almost normal histology was found in the LPS plus 
pyrazole- treated CYP2E1 knockout mice (Fig. 9.6B ). Positive TUNEL staining was 
also signifi cantly lower in the CYP2E1 null mice compared to wild type mice 
(Fig.  9.6C ). Immunoblots confi rmed the absence of CYP2E1 protein in the knock-
out mice while strong signals from CYP2E1 were detected in immunoblots of the 
wild type mice (Fig.  9.6D ). Thus, in both rats and mice, the CYP2E1 inducer pyr-
azole potentiates LPS-induced liver injury. This potentiation is associated with 
 elevated oxidative/nitrosative stress and is blocked by the CYP2E1 inhibitor CMZ, 
and blunted in CYP2E1 knockout mice. We hypothesize that CYP2E1-mediated 
oxidative stress may synergize with LPS-generated oxidative stress in this model to 
produce liver injury.  

 Similar results were found with the TNFα plus pyrazole potentiated toxicity 
model. Large increases in ALT and AST levels were found after TNFα administra-
tion to pyrazole-treated SV129 wild type mice. TNFα treatment of pyrazole-treated 
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  Fig. 9.5    The CYP2E1 inhibitor, chlormethiazole (CMZ) protects against LPS plus pyrazole toxic-
ity and oxidative/nitrosative stress in mice.  Sal  Saline-treated;  P + L  pyrazole plus LPS-treated, 
 C + P + L  CMZ plus pyrazole plus LPS-treated. ( A ) ALT/AST levels, ( B ) histopathology; ( C ) 
4-HNE adducts and 3 NT adducts       
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CYP2E1 knockout mice did not elevate transaminase levels. Similarly, TBAR levels 
in liver homogenates and isolated mitochondria were not elevated in the TNFα plus 
pyrazole-treated CYP2E1 knockout mice but were increased in the wild type mice. 
Normal liver pathology was observed after pyrazole plus TNFα treatment of 
CYP2E1 knockout mice. The failure of TNFα to induce liver injury in pyrazole- 
treated CYP2E1 knockout mice supports a critical role for CYP2E1 in the potenti-
ated injury observed in the wild type mice.  

9.8     Mitochondrial Dysfunction 

 Alcohol can cause mitochondrial dysfunction [ 55 ,  56 ]. We hypothesized that mito-
chondria are an eventual target for developing liver injury induced by TNFα when 
CYP2E1 is elevated by pyrazole. Initiation of a mitochondrial permeability transi-
tion was determined by assessing mitochondrial swelling in the absence and pres-
ence of 100 μM calcium. Succinate (10 mM) was the respiratory substrate. As 
shown in Fig.  9.7A , in the absence of calcium, swelling (decrease in absorbance at 
540 nm) was low with all mitochondrial preparations although there was some basal 
swelling with the mitochondria from the pyrazole plus TNFα-treated mice. The 
addition of 100 μM calcium caused a low rate of swelling in the saline or TNFα 

  Fig. 9.6    LPS plus pyrazole toxicity is lowered in CYP2E1 knockout mice. ( A ) ALT/AST levels: 
( B ) histopathology: ( a ) LPS plus pyrazole-treated CYP2E1 knockout mice; ( b ) LPS plus pyrazole- 
treated wild type control. ( C ) TUNEL staining for DNA fragmentation: ( a ) the CYP2E1 null mice 
and ( b ) wild type mice. ( D ) Immunoblot for CYP2E1 levels in wild type female or male mice 
(WTF, WTM) or male and female CYP2E1 knockout mice (KOM, KOF)       
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  Fig. 9.7    Treatment with TNFα plus pyrazole causes mitochondrial injury as refl ected by ( A ) 
increased mitochondrial swelling (decreased absorbance at 540 nm) or ( B ) decreased mitochon-
drial membrane potential as assayed by succinate-dependent decline in rhodamine 123 fl uores-
cence. The increased swelling produced by TNFα plus pyrazole is prevented by cyclosporine 
(CsA), an inhibitor of the mitochondrial permeability transition as well as by the inhibitors of JNK 
and p38 MAPK       
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alone mitochondria; swelling was somewhat elevated in the pyrazole alone mito-
chondria. Swelling was very rapid without any lag phase with the mitochondria 
from the pyrazole plus TNFα-treated mice (Fig.  9.7A ). Importantly, this rapid 
swelling was blocked by Cyclosporine A (CsA) (2 μM), a classic inhibitor of the 
mitochondrial permeability transition.  

 The electrochemical potential of the proton gradient generated across the mito-
chondrial membrane (ΔΨ) was assessed by monitoring fl uorescence quenching of 
rhodamine 123. Addition of 10 mM succinate at one minute caused a decrease in 
fl uorescence refl ective of a high ΔΨ corresponding to state 4 of respiration 
(Fig.  9.7B ). The decline in fl uorescence averaged about 40 arbitrary units per min-
ute with mitochondria from the saline or TNFα alone treated mice and 30 arbitrary 
units per minute with mitochondria from the pyrazole-treated mice. However, the 
decline in fl uorescence was only about 14 arbitrary units with mitochondria from 
the TNFα plus pyrazole-treated mice. Addition of ADP at 3 min caused an enhance-
ment of fl uorescence which corresponds to state 3 respiration as part of the proton 
motive force is utilized to synthesize ATP. This enhancement of fl uorescence aver-
aged 15, 14, 12, and 4 arbitrary units per minute for mitochondria from the saline, 
TNFα alone, pyrazole alone, and TNFα plus pyrazole-treated mice, respectively. 
Taken as a whole, these initial data suggest a small decline in ΔΨ in mitochondria 
from the pyrazole-treated mice and a more pronounced decline in mitochondria 
from the pyrazole plus TNFα-treated mice.  

9.9     Cyclosporine A Prevents Pyrazole Plus LPS-Induced 
Liver Injury [ 57 ] 

 We evaluated whether CsA, an inhibitor of the mitochondrial permeability transi-
tion, could protect against the TNFα plus pyrazole-induced liver injury. Such an 
experiment could validate that mitochondrial dysfunction is a key downstream tar-
get in this injury. Male C57BL/6 mice were treated with saline, pyrazole, LPS, or 
pyrazole plus LPS plus corn oil or pyrazole plus LPS plus 1 dose of CsA (100 mg/
kg body wt, dissolved in corn oil). Serum ALT and AST levels were elevated in the 
PY + LPS + corn oil group compared to the other three groups. CsA treatment atten-
uated this increase in transaminases (Fig.  9.8A ). H&E staining of liver tissue showed 
that the PY + LPS + corn oil treatment induced extensive liver zonal necrosis and 
that the CsA treatment prevented this (Fig.  9.8B ). Mitochondrial swelling was 
increased in mitochondria isolated from the PY + LPS + corn oil treated mice com-
pared to mitochondria from the saline + corn oil mice. The in vivo treatment with 
CsA prevented this increase in mitochondrial swelling, which likely explains the 
protection against LPS plus pyrazole-induced liver injury. The LPS plus pyrazole 
elevation of 4-HNE and 3-NT protein adducts were also decreased by CsA, suggest-
ing that mitochondrial dysfunction plays an important role in the increase in oxida-
tive/nitrosative stress.   
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9.10     Activation of MAP Kinases 

 Mitogen-activated protein kinases (MAPKs) are serine-threonine kinases that medi-
ate intracellular signaling associated with a variety of cellular activities including cell 
proliferation, differentiation, survival, death, and transformation. The mammalian 
MAPK family consists of extracellular signal-regulated kinase (ERK), p38 MAPK, 
and c-Jun NH 2 -terminal kinase (JNK) [ 58 ]. The MAPK signaling cascade consists of 
three distinct members of the protein kinase family, including MAP kinase (MAPK), 
MAPK kinase (MAPKK), and MAPKK kinase (MAPKKK). MAPKKK phosphory-
lates and thereby activates MAPKK, and the activated form of MAPKK in turn phos-
phorylates and activates MAPK. Activated MAPK may translocate to the cell nucleus 
and regulate the activities of transcription factors and thereby control gene expres-
sion [ 59 ]. In either in vivo or in vitro models of ALD, an increase of gene expression 
and activation of the MAPK pathway was found [ 60 – 62 ]. 

 JNK or p38 MAPK have been shown to play important roles in several models of 
liver injury, including CYP2E1-dependent toxicity [ 49 ,  50 ,  63 – 65 ]. We evaluated 
possible activation of MAP kinases in our pyrazole/LPS or pyrazole/TNFα hepato-
toxicity models. LPS treatment alone did not cause signifi cant JNK activation 
(Fig.  9.9A ) or p38 MAPK activation (Fig.  9.9B ) as refl ected by the low p-JNK and 
pp38 MAPK levels relative to total JNK and p38 MAPK levels. Similar low ratios 
were found for the saline or the pyrazole alone treated mice (Fig.  9.9a, B ). However, 
both JNK and p38 MAPK were activated in livers of the pyrazole plus LPS-treated 
mice. A similar activation of JNK and p38 MAPK was also observed after pyrazole 
plus TNFα but not in mice treated with TNFα or pyrazole alone [ 53 ]. ERK was 

  Fig. 9.8    In vivo administration of the mitochondrial permeability transition inhibitor, cyclospo-
rine A (CsA) lowers LPS plus pyrazole-induced increase in transaminase levels ( A ) and liver 
injury as detected by H&E staining ( B )       
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not altered by TNFα alone or pyrazole plus TNFα treatment. To evaluate the signifi -
cance of these changes in MAPK activation, the effect of SP600125, an inhibitor of 
JNK, and SB203580, an inhibitor of p38MAPK on the hepatotoxicity was deter-
mined. The LPS (Fig.  9.1 ) or TNFα (Fig.  9.3 ) plus pyrazole elevation of transami-
nases was blunted by administration of SP600125 (15 mg/kg) or SB203580 (15 mg/
kg) (Figs.  9.1  and  9.3 ). The MAPK inhibitors also lowered the necrosis, the mito-
chondrial dysfunction (Fig.  9.7 ) and partially blocked the increased oxidative stress 
(Figs.  9.2  and  9.4 ) produced by the pyrazole plus LPS/TNFα treatment, but had no 
effect on CYP2E1 activity or protein levels. These results suggest the CYP2E1 
elevation of LPS/TNFα liver injury and oxidative stress is MAPK dependent. The 
activation of JNK in the pyrazole plus TNFα group was blocked by SP600125 but 
not SB203580 whereas the activation of p38 MAPK was blocked by SB203580 but 
not SP600125, validating their specifi city.   

9.11     Activation of ASK-1 and Downstream MAP Kinase 
Kinases 

 The upstream mediators of JNK and p38 MAPK activation were not identifi ed in 
these previous studies. Apoptosis signal-regulating kinase 1 (ASK-1) is a member 
of the MAP3K family which is responsive to stress-induced cell damage. Activation 

  Fig. 9.9    LPS plus pyrazole treatment activates JNK ( A ) and p38 MAPK ( B ). The p-JNK/JNK and 
pp38 MAPK/p38 MAPK ratios are shown below the blots       
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of ASK-1 can determine cell fate by regulation of both the MKK4/MKK7-JNK and 
the MKK3/MKK6-p38 MAPK signaling cascades [ 66 ]. ASK-1 is activated by oxi-
dative stress, ER stress, and infl ammatory cytokines such as TNFα [ 67 ]. In resting 
cells, ASK-1 forms an inactive complex with reduced thioredoxin (Trx). Under 
conditions of stress by TNFα or ROS, ASK-1 dissociates from Trx and becomes 
activated [ 68 ]. Oxidation of Trx by ROS causes dissociation of ASK-1 from the 
oxidized Trx which switches the inactive form of ASK-1 to the active kinase. The 
Trx-ASK complex is thought to be a redox sensor, which functions as a molecular 
switch turning the cellular redox state into a MAP kinase signaling pathway [ 69 ]. 
Activated ASK-1 then promotes activation (phosphorylation) of the downstream 
MAPKK, MKK4/MKK7 which can activate JNK, and MKK3/MKK6 which can 
activate p38 MAPK [ 70 ,  71 ]. We evaluated whether CYP2E1 plus TNFα induced 
ROS promote release of ASK-1 from the Trx-ASK1 complex and activate ASK-1 
followed by the phosphorylation of MKK4/MKK7 and/or MKK3/MKK6 which 
subsequently regulate the phosphorylation of JNK and p38 MAPK and contribute 
to the liver injury [ 72 ]. 

 Treatment with TNFα for 4–12 h or pretreatment with PY alone did not activate 
ASK-1 (Fig.  9.10a ). TNFα plus PY treatment activated ASK-1 about threefold com-
pared with the 0 h control at 4 h after TNFα treatment. Activation of ASK-1 
decreased at 8 and 12 h. Immunoprecipitation of Trx1 showed that ASK-1 was 
bound to Trx-1 at 0 h but was released from the Trx-ASK1 complex at 4 h and 
remained free from binding to Trx1 at 8 and 12 h (Fig.  9.10b ). No ASK-1 release 
from the Trx-ASK1 complex was found in TNFα alone treated mice. ASK-1 was 
not activated in PY plus TNFα treated CYP2E1−/− mice and no ASK-1 was released 
from the Trx-ASK1 complex in CYP2E1−/− mice. WT mice treated with pyrazole 
plus TNFα developed liver injury between 8 and 12 h after addition of the TNFα 
(Fig.  9.10C ), Oxidative stress is a likely key factor to trigger signaling and liver 
injury in CYP2E1-mediated hepatotoxicity [ 73 ]. Thus, activation of ASK-1 by 
treatment with TNFα plus PY is associated with its release from the Trx-ASK1 
complex, occurs prior to the liver injury, and requires CYP2E1.  

 MKK4/7 and MKK3/6 are the MAPKK which activate downstream JNK or p38 
MAPK, respectively [ 71 ]. They are also targets for activation by ASK-1 [ 69 – 71 ]. 
Treatment of wild type mice with PY plus TNFα activated MKK4 at 4, 8, and 12 h 
compared with the TNFα alone groups [ 72 ]. No activation of MKK4 was found in 
TNFα or TNFα + PY treated CYP2E1−/− mice [ 72 ]. MKK7 was activated only at 
12 h. MKK3 was activated as early as 4 h in the TNFα plus PY treated mice while 
MKK6 was activated at 8 h. JNK was activated in the TNFα + PY mice at 8 and 12 h 
and p38 MAPK was activated at 12 h when compared with TNFα alone. In 
CYP2E1−/− mice, neither MKK4/7, MKK3/6, JNK, nor p38 MAPK was activated. 
Thus, the time course experiments suggest MKK4 may be the MAPK responsible 
for activation of JNK, while either MKK3 or MKK6 may be the MAPKK  responsible 
for the activation of p38 MAPK. 

 Our results implicate a role for ASK-1 in CYP2E1 potentiation of TNFα-induced 
liver injury. Future experiments with ASK-1 knockout mice [ 74 ] would be interest-
ing to further validate the role of ASK-1 in the PY/TNFα model. In CYP2E1−/− 
mice, no MAPKK was activated at any observation time point. TNFα alone did not 
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signifi cantly activate the MAPKK in wild type or CYP2E1−/− mice. The activation 
of MKK4 and MKK3/6 (4–8 h) occurs prior to the onset of liver injury (8–12 h). We 
hypothesize that TNFα alone-or CYP2E1 alone-generated ROS stress is not suffi -
cient to trigger the dissociation of ASK-1 from the Trx-ASK complex. The CYP2E1 
sensitization of TNFα induced liver injury may occur through a synergistic effect 
with TNFα to produce an enhanced ROS stress consistent with the so call “Two Hit” 
hypothesis.  

  Fig. 9.10    Activation of the MAPKKK ASK-1 by pyrazole plus TNFα treatment. ( A ) Immunoblot 
showing activation (phosphorylation) of ASK-1 4 h after treatment with pyrazole plus TNFα but 
not by pyrazole alone or TNFα alone. ( B ) Dissociation of the inhibitory thioredoxin 1 (Trx1) from 
its complex with ASK-1 4 h after treatment with pyrazole plus TNFα. Note that Trx1 is bound to 
ASK-1 initially (0 h) but not 4–12 h after treatment with pyrazole plus TNFα. Liver homogenate-
nates were immunoprecipitated with Trx1 antibody and then the immunoprecipitates were probed 
for ASK-1 by Western blot. ( C ) Time course for liver injury produced by pyrazole plus TNF α. 
Note injury occurs after 8 h, a time point when ASK-1 has already been activated       
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9.12     Effect of  N -Acetylcysteine 

 We evaluated [ 54 ] the effect of  N -acetylcysteine (NAC), a general antioxidant and a 
precursor of GSH, on the potentiation of TNFα toxicity by pyrazole as a proof of 
principle that oxidative stress plays an important role in the overall liver injury. 
C57BL/6 mice were treated with pyrazole for 2 days and then challenged with 
either saline or TNFα. Some mice in each group were also treated with 150 mg/kg 
NAC on the second day of treatment with pyrazole and on day 3 prior to the chal-
lenge with TNFα. The elevation in ALT and AST and the necrosis caused by the 
pyrazole plus TNFα treatment were lowered by NAC. The increase in TBARs pro-
duced by pyrazole plus TNFα and the decline in liver GSH were both prevented by 
NAC. Treatment with NAC had no effect on CYP2E1 protein levels or CYP2E1 
catalytic activity. The activation of JNK or p38 MAPK by the pyrazole plus TNFα 
treatment was blocked by NAC. These results with NAC suggest that elevated oxi-
dative stress is central to the activation of JNK and p38 MAPK and to the liver 
injury produced by treatment with pyrazole plus TNFα.  

9.13     Hepatotoxicty by CYP2E1 Plus TNFα Occurs in JNK2 
but not JNK1 Knockout Mice 

 The hepatotoxicity produced by pyrazole plus LPS/TNF-α was prevented by 
SP600125, an inhibitor of JNK (Figs.  9.1  and  9.3 ). JNK is encoded for by three 
genes, each of which is alternatively spliced to yield α and β forms of both a 54 and 
46 kDa protein. In hepatocytes, only two of the genes, JNK1 and JNK2 are expressed 
[ 75 ]. Mice defi cient in either JNK1 or JNK2 are viable but double knockouts are 
embryonic lethal suggesting some redundant functions [ 75 ]. JNK has been impli-
cated in hepatic injury produced by TNF-α, ischemia-reperfusion, hepatitis virus, 
bile acids, alcohols and acetaminophen [ 64 ,  65 ,  76 – 78 ]. Recent studies have evalu-
ated whether JNK1 or JNK2 play the more predominant role in potentiation of liver 
injury. In fi broblasts, JNK1 but not JNK2 appears to be essential for TNF-α-induced 
apoptosis [ 79 ]. However, liver injury produced by either LPS/ D -galactosamine or 
TNF-α/ D -galacosamine was the same in WT and JNK1 KO mice but lower in JNK2 
KO mice [ 80 ]. JNK2 promoted the development of steatohepatitis in mice fed a 
methionine choline-defi cient diet [ 77 ]. Singh et al. [ 81 ] reported that JNK1 KO 
mice fed a high fat diet did not gain weight or develop steatohepatitis as did the WT 
and JNK2 KO mice. JNK2 was found to be predominant in acetaminophen toxicity 
[ 65 ]. 6-Hydroxydopamine-induced apoptosis in PC12 cells was JNK2 but not JNK1 
dependent [ 82 ]. It appears that depending on the toxin and cell type, either JNK1 or 
JNK2 or both play the major role in cell injury. We evaluated whether JNK1 or 
JNK2 or both play critical roles in the potentiation of TNF-α-induced hepatotoxic-
ity and oxidative stress by pyrazole [ 83 ]. 
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 Male  jnk1  −/−  (B6.129- Mapk8   tm1Flv  /J),  jnk2  −/−  (B6.129- Mapk9   tm1Flv  /J), and wild 
type, C57BL/6 J mice (JNK1 KO, JNK2 KO and WT), weighing 24–26 g, at 8–10 
weeks of age, were purchased from Jackson Laboratory (Bar Harbor, ME). Mice 
were divided into three groups and each strain received either pyrazole alone, 
TNF-α alone, or TNF-α following pyrazole pretreatment. At 24 h after administra-
tion of TNF-α, the mice were sacrifi ced. Serum ALT and percentage of ischemic 
liver injury were signifi cantly higher in the WT and JNK2 KO groups treated with 
pyrazole plus TNF-α than that in the JNK1 KO group treated with pyrazole plus 
TNF-α or in the WT and JNK2 KO groups treated with pyrazole alone or TNF-α 
alone (Fig.  9.11A ). Severe pathological changes were detected in the WT mice 
treated with pyrazole plus TNF-α but not in WT mice treated with pyrazole alone or 
TNF-α alone (Fig.  9.11B  bottom panels). Severe pathological changes, similar to 
those found in WT mice, were observed in JNK2 KO mice treated with pyrazole 
plus TNF-α (Fig.  9.11B  middle panels). Many hepatocytes appeared to display sig-
nifi cant ischemic necrosis and infl ammatory infi ltration in the hepatic centrilobular 
zone. Only some mild lesions were observed in the JNK1 KO group treated with 
pyrazole plus TNF-α, mainly dilation and congestion in the sinusoid, swelling and 
focal necrosis of hepatocytes in the centrilobular area (Fig. 9.11B  top panels). Only 
mild degeneration of hepatocytes was found in JNK1 KO, JNK2 KO, or WT mice 
after pyrazole alone or TNF-α alone administration. TUNEL results showed that 
there were many hepatocytes with positive staining nuclei in the WT and JNK2 KO 
mice treated with pyrazole plus TNF-α compared to JNK1 KO group.  

 Western blot and immunohistochemistry showed that expression of CYP2E1 in 
situ was higher in all mice treated with pyrazole or pyrazole plus TNFα compared 
to mice treated with saline or with TNF-α alone. CYP2E1 catalytic activity was also 
higher in all pyrazole-treated mice, confi rming the elevation of CYP2E1 by pyr-
azole in all three groups. Similarly, expression of CYP2E1 was higher in all mice 
treated with pyrazole plus TNF-α compared to TNF-α alone. 4-HNE immunohisto-
chemical staining was signifi cantly stronger in the WT and JNK2 KO groups treated 
with pyrazole plus TNF-α compared to the JNK1 KO group treated with pyrazole 
plus TNF-α. The elevation of 4-HNE adducts in the WT and JNK2 KO mice were 
mainly found in the central lobular zone of the liver, the zone showing necrotic 
injury and elevated CYP2E1. MDA was signifi cantly higher while levels of GSH 
were signifi cantly lower in homogenates of liver of the WT and JNK2 KO groups 
treated with pyrazole plus TNF-α compared to the JNK1 KO group treated with 
pyrazole plus TNF-α [ 83 ].  

9.14     Conclusions 

 There are many mechanisms proposed as to how alcohol produces liver damage 
such as NAD + /NADH redox state changes, reactive acetaldehyde production, pro-
tein adduct formation, damage to mitochondria, direct hydrophobic membrane 
effects of alcohol, hypoxia, alcohol–nutritional interactions, alcohol effects on the 
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  Fig. 9.11    Liver injury produced by pyrazole plus TNFα occurs in wild type mice and JNK2 
knockout mice but not JNk1 knockout mice. ( A ) Serum ALT levels and percent ischemic liver 
cells. ( B ) histopathology after treatment of WT or JNK2 KO or JNK1 KO with pyrazole alone or 
TNFα alone or pyrazole plus TNFα. Note the ischemic necrosis and infi ltration of infl ammatory 
cells in the centrilobular zone of liver from the Pyrazole plus TNFα-treated WT and JNK2 KO 
mice ( right middle  and  bottom panels ) but normal liver in the JNK 1 KO mice ( right top panel )       
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immune system, and others. These have been reviewed elsewhere [ 3 ,  84 ,  85 ]. This 
review has focused on two major contributors to mechanisms by which ethanol 
causes liver injury, induction of CYP2E1 and elevated endotoxin (LPS) levels fol-
lowed by increased production of TNFα. Each of these has been extensively studied 
but there are few studies in which both factors have been evaluated simultaneously. 
We have shown that induction of CYP2E1 by pyrazole potentiates LPS- or TNF-
induced hepatotoxicity. Evidence for a role for CYP2E1 comes from studies in 
which the CYP2E1 inhibitor CMZ blocks the liver injury, and from studies with 
CYP2E1 knockout mice where pyrazole plus LPS toxicity is blunted. The potenti-
ated toxicity is associated with an increase in oxidative stress. Prevention of such 
increases e.g., treatment with the antioxidant NAC blunts the liver injury thus vali-
dating that the elevated oxidative stress plays a key role in producing the liver injury 
rather than occurs because of liver injury. JNK and P38 MAP kinases are activated 
by the combined pyrazole plus LPS/TNFα treatment. Preventing activation of JNK 
with SP600125 or activation of P38 MAPK with SB203580 decreases the liver 
injury. We hypothesize that the increase in oxidative/nitrosative stress, and the acti-
vation of MAP kinases ultimately impact on mitochondrial integrity and function as 
shown by the increase in mitochondrial swelling and decline in mitochondrial mem-
brane potential. Protection of mitochondrial integrity with CsA prevents the TNFα 
plus pyrazole-induced hepatotoxicity and oxidative stress. A scheme summarizing 
these results is shown in Fig.  9.12 . Upon binding to its receptor, TNFα activates 
MAPK signaling via complex 1 and caspases via complex II. ROS produced from 
CYP2E1 causes dissociation of the inhibitory thioredoxin from its complex with 
ASK-1, resulting in activation (phosphorylation) of ASK-1. Activated ASK-1 then 
activates downstream MAP kinase kinases MKK3/6 and MKK 4/7 which in turn 
activate JNK and p38 MAPK. Activation of the MAP kinases may also be promoted 
by inhibition of MAPK phosphatases such as MKP-1. Increases in ROS from 
CYP2E1 and TNFα and activated MAPK ultimately cause damage to the mitochon-
dria followed by liver injury. We hypothesize that similar interactions involving 
activation of MAP kinases, oxidative stress, and mitochondrial dysfunction occur as 
a result of ethanol induction of CYP2E1 and elevation of LPS/TNFα. We recently 
used CYP2E1 knockout (KO) mice, and a JNK inhibitor to test the role of CYP2E1 
and JNK in acute alcohol-induced steatosis [ 86 ]. In wild type mice, acute alcohol 
activated CYP2E1, produced fatty liver and increased oxidative stress, which recip-
rocally increased activation of the JNK signaling pathway. Acute alcohol- induced 
fatty liver and oxidative stress was blunted in CYP2E1 KO mice. The fatty liver and 
elevated oxidative stress was prevented by the JNK inhibitor, suggesting a role for 
JNK and CYP2E1-generated ROS in acute alcohol fatty liver.  

 JNK2 KO mice displayed hepatotoxicity similar to WT mice when treated with 
pyrazole plus TNF-α; however, JNK1 KO mice did not display this hepatotoxicity. 
A similar induction of CYP2E1 protein and activity by pyrazole was found with all 
three genotypes. While ROS play an important role in activating JNK, increases in 
JNK can further elevate ROS. Several parameters associated with oxidative/
nitrosative stress were elevated in the WT and the JNK2 KO mice, but not the 
JNK1 KO mice treated with pyrazole plus TNF-α. It is likely that the elevated 
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oxidative/nitrosative stress is playing a central role in the hepatotoxicity found 
with the JNK2 KO mice, while the lack of an increase in oxidative/nitrosative 
stress in the JNK1 KO mice is preventive against hepatotoxicity. Our results show 
that JNK1 plays the major role in the pyrazole plus TNF-α-induced liver injury, 
elevated oxidative stress, and mitochondrial dysfunction. It is not clear what activ-
ity JNK1 may catalyze that is not being catalyzed by JNK2, or vice versa, to 
explain the predominant role of JNK1 or JNK2 in promoting hepatotoxicity of a 
particular toxin or condition. Proteomic and molecular modeling experiments may 
be helpful in identifying JNK1 target(s). Use of a liver specifi c JNK1 KO mouse 

  Fig. 9.12    Scheme for TNFα plus CYP2E1 activation of the MAP kinase kinase kinase ASK-1, 
MAP kinase kinases MKK3/6 or MKK4/7, and MAP kinases JNK or p38 and the role of CYP2E1- 
generated ROS in removal of inhibitory thioredoxin from its complex with ASK-1. The scheme is 
discussed in the text       
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model may also be helpful in determining whether differences between JNK1 and 
JNK2 in promoting the pyrazole plus TNF-α hepatotoxicity is specifi c to JNK 
actions in the liver, and not extrahepatic JNK actions. While elevated oxidative/
nitrosative stress, decline in antioxidant protection, and mitochondrial dysfunction 
occur in the JNK2 but not JNK1 KO mice treated with pyrazole plus TNF-α, sug-
gesting a role for JNK1 in interacting with and potentiating CYP2E1 toxicity, addi-
tional studies are necessary to identify specifi c target(s) for JNK1, but not JNK2, 
which play critical roles in the CYP2E1 plus TNF-α toxicity. Identifying JNK1 as 
the JNK isoform responsible for the liver injury, the elevated oxidative stress and 
the mitochondrial dysfunction, may have relevance in attempts to prevent or lower 
the hepatotoxicity by specifi cally inhibiting JNK1 without affecting JNK2.    
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    Chapter 10   
 Understanding the Tumor Suppressor PTEN 
in Chronic Alcoholism and Hepatocellular 
Carcinoma 

             Colin     T.     Shearn       and     Dennis     R.     Petersen   

    Abstract     The tumor suppressor phosphatase and tensin homolog deleted on 
 chromosome 10 (PTEN) is a phosphatidylinositol (PtdIns) phosphatase that regu-
lates Akt activation via PtdIns 3 kinase. Changes in PTEN expression and/or activ-
ity have been identifi ed in a variety of chronic hepatocellular disorders including 
obesity, NAFLD, NASH, and alcoholism. In cancer biology, PTEN is frequently 
mutated or deleted in a wide variety of tumors. Mutations, decreased promoter 
activity, and decreased expression in PTEN are frequently identifi ed in patients with 
hepatocellular carcinoma. While the majority of research on PTEN concerns obe-
sity and NASH, PTEN clearly has a role in hepatic insulin sensitivity and in the 
development of steatosis during chronic alcoholism. Yet, in chronic alcoholics and 
HCC, very little is known concerning PTEN mutation/deletion or low PTEN expres-
sion. This review is focused on an overview of the current knowledge on molecular 
mechanisms of dysregulation of PTEN expression/activity in the liver and their rela-
tionship to development of ethanol-induced hepatocellular damage and cancer.  

  Keywords     PTEN   •   Chronic ethanol   •   Fatty acid synthesis   •   Posttranslational modi-
fi cation   •   Oxidative stress   •   Hepatic steatosis  

10.1         ALD and Cancer 

 Alcoholic liver disease (ALD) affects millions of patients worldwide every year and 
ranks among the leaders in morbidity and mortality. In ALD, disease progression is 
initially characterized by an increase in steatosis followed by progressive hepatocel-
lular damage as evidenced by steatohepatitis, fi brosis, and ultimately cirrhosis [ 1 ]. 
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Based on current data, ALD accounts for approximately ~3.8 % of all global deaths 
with 4.6 % global disability-adjusted life-years attributable to alcohol [ 2 ]. In the 
United States, in 2011 there were 22,073 deaths related to alcohol, with 15,000 
specifi cally to ALD [ 3 ,  4 ] with direct costs due to ALD of approximately 29 billion 
dollars (US Department of Health and Human Services [ 5 ]).The relationship 
between chronic alcohol abuse and hepatocellular cancer (HCC) is currently under 
intense study. Patients who report regular alcohol use are at an increased risk for the 
development of HCC [ 6 ]. Clearly, however, HCC in alcoholics occurs after forma-
tion of cirrhosis. In patients that develop alcoholic cirrhosis, estimated mortality 
risks are approximately 30 % (1 year) and 60 % (5 years). When HCC is diagnosed 
it frequently occurs in association with concurrent hepatitis C infection [ 7 ]. In active 
alcoholics, HCC is relatively rare with only 3–10 % of patients with alcoholic cir-
rhosis developing HCC [ 8 ]. It is hypothesized that this may be due to the death of 
patients with ALD due to alcoholic cirrhosis before they develop cancer [ 9 ]. This is 
supported by the fact that current statistics indicate alcoholic patients who die from 
HCC are typically signifi cantly older than alcoholic patients who die from liver 
failure [ 10 ]. Upon autopsy, however, has been estimated that as many as half of 
alcoholics will have early evidence of cancer.  

10.2     The PTEN Tumor Suppressor 

 The tumor suppressor phosphatase and tensin homolog deleted on chromosome 10 
(PTEN) is a 47,167 Da protein that frequently is found mutated or deleted in many 
late stage tumors and is considered the second most prevalent genetic mutation 
found in all cancer. In humans, three primary disorders have been identifi ed contain-
ing germline PTEN mutations: Cowden disease (G129E), Lhermitte–Duclos syn-
drome, and Bannayan–Zonana syndrome [ 11 ]. All three of these diseases show 
birth defects and an increased prevalence of multiple benign tumors including breast 
and thyroid malignancies. When examining human hepatocellular carcinoma, the 
PTEN gene is mutated in 5 % and PTEN expression is downregulated in almost half 
of HCC cases [ 12 – 15 ]. In addition, the expression of PTEN is downregulated as the 
stage of cancer progresses [ 16 ]. In patients with HCC, increased Akt expression and 
activation (as evidenced by phosphoSer 473 Akt) was identifi ed in early stage 1 and 
stage 2 HCC. This phenotype did persist in more advanced stages [ 17 ]. Surprisingly, 
there has only been one documented case of a patient with Cowden Disease devel-
oping NASH that progresses into hepatocellular carcinoma [ 18 ]. 

 PTEN suppresses growth via its enzymatic activity. PTEN is a PtdIns 
3- phosphatase, as it will convert PtdIns (3,4,5) P 3  to PtdIns (4,5) P 2  altering the 
association of a variety of lipid-binding proteins. Foremost among these proteins is 
the protein kinases Akt1, 2, and 3. Akt kinases regulate cell growth, proliferation as 
well as metabolic functions such as gluconeogenesis and lipogenesis [ 19 ,  20 ]. In the 
liver, only two isoforms of Akt (Akt1 and Akt2) are expressed [ 21 ]. Examining 
overall expression, Akt1 accounts for 15 % of Akt activity and Akt2 85 %. 
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Using murine deletion models, Akt2 regulates insulin control over glucose 
 metabolism as well as de novo lipogenesis. Recently concurrent deletion of Akt2 
in Lep(ob/ob) mice resulted in insulin resistance without hepatic triglyceride accu-
mulation [ 21 ]. Furthermore, feeding of a high-fat diet resulted in reduction of 
hepatic triglycerides but there was no change in lipogenesis nor was there evidence 
of an increase in β-oxidation. Not surprisingly, Akt2 expression is increased in HCC 
and correlates with poorer prognosis [ 22 ]. In the same study, changes in Akt1 were 
not evident suggesting that Akt2 may play a more important role in HCC. 

 Overexpression of PTEN results in decreased Akt phosphorylation, cell growth, 
and proliferation in cell lines [ 23 ]. Cell lines containing catalytically inactive forms 
of PTEN exhibit elevated Akt activity leading to increased cellular survival and/or 
proliferation [ 24 – 26 ]. Other proteins that are regulated by PTEN include PDK1, 
p70S6 kinase and in T-cells, the Tek homology kinase ITK [ 27 ,  28 ]. These proteins 
are all downstream effectors of PtdIns 3-kinase signaling and are either activated by 
proteins that can interact with phosphatidylinositides or interact with phosphati-
dylinositides themselves. Thus, PTEN is a negative regulator of PtdIns 3-kinase 
signaling. In the murine models, hepatospecifi c deletion of PTEN (PTEN f/f ) leads to 
insulin hypersensitivity, severe steatosis, increased hepatic and serum triglycerides, 
and progression into steatohepatitis in mice [ 29 – 31 ]. Over time, these mice devel-
oped hepatocellular carcinoma, but did not display insulin sensitivity and hyperlip-
idemia that are more characteristic of NASH. Therefore, PTEN f/f  mice appear to be 
a good model for specifi c types of NASH that do not possess insulin resistance or 
obesity. This is in part due to the fact that PTEN is a negative regulator of the pro- 
growth, pro-survival kinase Akt. Activation of Akt regulates the activation of pro- 
steatotic genes such as SREBP1, Forkhead (FoxO1), and PPARγ transcription 
factors. In the PTEN f/f  model, Akt activation was increased and cellular processes 
such as  de novo  lipogenesis were constitutively activated [ 32 ]. Not surprisingly, 
when crossed with Akt2 f/f  mice, steatosis and the development of HCC were signifi -
cantly decreased [ 33 ].  

10.3     PTEN and ALD 

 In alcoholism, the PtdIns 3 kinase/PTEN/Akt pathway has been studied for over a 
decade primarily in rat models of chronic ethanol feeding. The data accumulated 
from these studies, however, are somewhat confl icting. In an early study using male 
Sprague Dawley rats with 35 % ETOH for 2 weeks, PtdIns 3-kinase activity was 
increased in both the acute (3.2-fold) and chronic (2.8-fold) ETOH groups [ 34 ]. 
This is also evidenced by increased phosphotyrosine on IRS-1 and IRS-2. The 
authors concluded that insulin resistance occurring in chronic alcoholism is down-
stream of PtdIns 3-kinase in both acute and chronic ethanol models. Yet, this study 
only spanned 2 weeks and data regarding hepatocellular damage was not signifi -
cant. In another study using female Long Evans rats, an opposing result occurred 
[ 35 ]. Chronic ethanol consumption for 8 weeks with a ramp to 35.4 %, resulted in 
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decreased PtdIns 3-kinase activity, an increase in PTEN expression and activity 
 corresponding to a decrease in pSer 473 Akt, Akt activity and insulin resistance [ 35 ]. 
Concurrently, PTEN phosphorylation was reduced contributing to an increase in 
PTEN activity. In a follow-up study, it was determined that this result was more 
pronounced in Long Evans rats compared to Sprague Dawley and nonexistent in 
Fischer rats [ 36 ]. In the latter study, increased PTEN expression corresponded to an 
increase in p53 expression, hepatocellular death, and decreased insulin signaling. 
Yet, in non-ethanol models, it has been demonstrated that in order to preserve the 
half-life of 3-phosphoinositides, PtdIns 3-kinase is a positive regulator of PTEN and 
a decrease in p85 expression results in decreased PTEN activity [ 37 ]. This suggests 
that in the Yeon et al. and Derdak et al. studies, PtdIns 3-kinase and PTEN would 
have opposing effects and cellular concentrations of PtdIns (3,4,5P) 3  would be 
severely suppressed. Given that Akt is activated by membrane association of its PH 
domain to PtdIns (3,4,5) P 3 , these data are not refl ected in total Akt activity follow-
ing ethanol consumption which is decreased by approximately 25 %. Global Akt 
activity also did not correspond to GSK3β activity which was also decreased. 
A decrease in GSK3β activity is refl ective of an increase in phosphorylation on Ser 9  
by Akt [ 19 ]. It is interesting to note that although PTEN levels increased more than 
twofold, overall activity only increased by 25 %. One possibility is that PTEN activ-
ity is partially inhibited by posttranslational modifi cation of its active site via reac-
tive electrophiles resulting in differences in activity and expression. This study is 
partially in agreement with a recent study in male Sprague Dawley rats fed 36 % 
ETOH for 4 weeks [ 38 ]. Activation of Akt (pSer 473 ) was determined to be decreased 
and levels of Fox01 decreased [ 38 ]. Alcohol also increased hepatic mRNA expres-
sion of FoxO1 and p53 which was not refl ected in corresponding protein levels. In 
addition, acetylation of the tumor suppressor p53 was increased in the nucleus and 
there was evidence of increased DNA damage in ethanol-treated animals. The tumor 
suppressor p53 is involved in a positive feedback loop with PTEN [ 37 ]. The increase 
in PTEN is thought to arrest cell cycle or to promote cell death. Therefore although 
not shown, PTEN concentrations and activity should be suppressed in this system. 

 The discrepancy for these opposing results might be explained by two recent 
companion papers [ 39 ,  40 ]. Using male Sprague Dawley rats with intragastric addi-
tion of ethanol (13 g/kg/day), chronic ethanol resulted in decreased pSer 9 GSK3β 
and decreased pThr 308 Akt but increased pSer 473 Akt. Ethanol feeding resulted in 
decreased hepatic Akt activity and reduced nuclear SREBP-1. In this model there 
were no differences in either PTEN or PTEN phosphorylation indicating an alterna-
tive mechanism of regulation of Akt via ethanol. Examining other PtdIns-regulated 
proteins, there was signifi cant recruitment of PDK1, PtdIns 3-kinase p110α, p85 
and Rictor to the plasma membrane in ETOH animals. Chronic ETOH consump-
tion inhibited recruitment of Akt to the plasma membrane and increased cytosolic 
Akt. The adaptor protein TRB3 has been demonstrated to associate with Akt in the 
cytosol [ 41 ]. This association inhibits Akt phosphorylation on Thr 308  via PDK1. 
TRB3 protein and mRNA was increased in ETOH fed rats. Further experiments 
demonstrated that TRB3 associates with Akt2 via the Akt2-PH domain preventing 
plasma membrane association. This manuscript was followed by an additional set 
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of  experiments that examined the effects of either high-dose (13 g/kg/dL) or a 
 low-dose ETOH (4 g/kg/dL) in Sprague Dawley rats. With respect to PTEN, they 
found no differences. At low concentrations of ethanol, Akt phosphorylation at 
Thr 308 /Ser 473  was increased whereas at high doses phosphorylation was decreased 
on Thr 308 . At high concentrations of ethanol, nSREBP1 and pSer 9 GSK3β were 
decreased indicative of decreased Akt activity. Further experiments also demon-
strated at low doses, expression of the PtdIns 3-kinase P55 subunit is decreased by 
ethanol. Thus, at least in rats, Akt signaling is dysregulated by ethanol at higher 
concentrations but at low concentrations, Akt is activated. This provides a plausible 
explanation to the Yeon et al. and the Lieber et al. studies. The change in Akt activa-
tion due to changing blood ethanol concentrations may have resulted in the discrep-
ancies in Akt activation. The ramifi cations of Akt activation at the lower 
concentrations are not currently known. It can be hypothesized that given the role 
of Akt2 in the activation of de novo lipogenesis, early Akt2 activation at low ethanol 
concentrations may contribute to the early formation of steatosis following ethanol 
consumption. 

 It should be noted that all of these studies were performed in rats. We have exam-
ined the effects of ethanol consumption on PTEN signaling in C57BL6/J mice [ 42 ]. 
Using a modifi ed Lieber–DeCarli high-fat diet and chronic ethanol for 9 weeks 
(ramping to 31.5 % ETOH) we determined that PTEN activity was decreased and 
phosphorylation increased by ethanol. This corresponded to an increase in both 
total Akt activity and in Akt2 activity. No differences were identifi ed in Akt1 expres-
sion and activity. The blood ethanol concentrations also were similar to those found 
in the biphasic rat study (250 mg/dL). Thus, in mice, blood ethanol concentrations 
may need to be high than 250 mg/dL to increase PTEN activity and decrease Akt 
activity. This suggests that in mice, mechanisms of PTEN regulation by ethanol 
may be different. One difference is that in the biphasic study, ethanol was adminis-
tered via intragastric cannulation where as in our study ethanol was administered  ad 
libitum . These cellular processes might not be as straightforward as they appear. 
PTEN expression also can be downregulated following the addition of unsaturated 
free fatty acids [ 43 ]. Downregulation was more signifi cant in steatotic hepatocytes 
compared to surrounding non-steatotic hepatocytes. In our study dietary fat was 
largely derived from corn oil and therefore contained primarily polyunsaturated 
fatty acids.  

10.4     Posttranslational Modifi cations of PTEN 

 A primary mechanism for PTEN regulation is via posttranslational modifi cations. 
PTEN has been demonstrated to be susceptible to a wide variety of posttranslational 
modifi cations (Fig.  10.1 ). These include glutathionylation, S-nitrosylation, acetyla-
tion, phosphorylation, ubiquitinylation, and nitrosylation as well as undergo elec-
trophilic modifi cation by oxidative species [ 44 – 49 ]. Not shown in Fig.  10.1  are 
additional phosphorylation sites: Ser 229 , Thr 232 , Thr 319 , Thr 321 , Tyr 336 , Thr 366 , Ser 370 , 
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and Ser 385 . Of these modifi cations, only carbonylation and phosphorylation of Ser 380  
and Thr 382/3  have been examined in ethanol models.  

 The active site of PTEN contains a reactive cysteine that is required for catalysis 
(H C   124  KAGKGRT) [ 50 ]. The pKa of Cys 124  is 4.7–5.4 and is deprotonated at 
 physiological pH making it a strong nucleophile. This is due to the presence of Lys 
residues (Lys 125, 128 ) within the active site pocket. This makes Cys 124  susceptible to 
oxidation by hydrogen peroxide via the formation of a disulfi de with Cys 71  resulting 
in inhibition of enzymatic activity [ 46 ]. These cysteine disulfi des may be subse-
quently reduced via the thioredoxin system and the peroxiredoxin system [ 46 ,  51 , 
 52 ]. In addition Cys 124  is thought to be also susceptible to glutathionylation and 
carbonylation [ 42 ,  49 ,  53 ]. 

 Another source of electrophiles in cells is reactive aldehydes that are formed 
from lipid peroxidation [ 54 ,  55 ]. In alcoholism, a focus of research has been the 
identifi cation of the effects of lipid peroxidation in chronic alcoholics as well as in 
murine models [ 56 ]. The lipid aldehyde, 4-hydroxynonenal (4-HNE) irreversibly 
modifi es PTEN both in its active site as well as within its C2 domain [ 42 ]. Studies 
have shown that inhibition of PTEN activity by direct 4-HNE modifi cation occurs 
in numerous cell types (HepG2, MCF7, HEK-293) as well as in a murine chronic 
ethanol model [ 42 ,  53 ,  57 ,  58 ]. One defi cit of these studies was that the site of lipid 
aldehyde modifi cation of PTEN was not directly identifi ed in vivo. Current technol-
ogy was not suffi cient to reliably identify the site of PTEN carbonylation from livers 
isolated from ethanol fed mice. 

 PTEN is reversibly modifi ed by the electrophile S-nitrosoglutathione in pulmo-
nary epithelial cells. This modifi cation decreased PTEN activity, increased 

  Fig. 10.1    Schematic model showing the overall domain structure and posttranslational modifi ca-
tions of PTEN. PTEN is a 403 amino acid protein that contains fi ve domains. On the N-terminal 
side is a PtdIns (4,5) P 2 -binding domain that can be monoubiquitinated. This is followed by the 
catalytic domain that contains the signature CX 5 RT PTP phosphatase motif that is the active site. 
Following the catalytic domain is a topology II C2 domain that interacts with negatively charged 
phospholipids. On the C-terminus is a Pro-, Glu-, Ser-, Thr-rich domain (PEST) and a PDZ- 
binding motif       
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AKT activity, and increased HIF1α protein accumulation [ 59 ]. In the liver, using a 
NASH model, a high-fat diet resulted in increased glutathionylation of PTEN and 
decreased activity [ 44 ]. We have demonstrated increased glutathionylation occurs 
following chronic ethanol consumption. Utilizing immunohistochemistry, pericen-
tral increases in protein-SSG were identifi ed in mice chronically fed with ethanol 
for 6-weeks [ 60 ]. Based on these data, it is not unreasonable to predict increased 
glutathionylation of PTEN in alcoholism. 

 PTEN negatively regulated by acetylation. Acetylation of Lys 125 , Lys 128  by the 
histone acetyltransferase PCAF results in decreased PTEN activity and increased 
Akt activation following growth factor stimulation [ 61 ]. Acetylation of Lys 402  in the 
PTEN C-terminal PDZ-binding domain by CREB-binding protein results in 
enhanced binding to PDZ containing proteins [ 62 ]. Acetylation is signifi cantly 
altered by ethanol via regulation of the deacetylases Sirtuin 1 and Sirtuin 3 [ 63 – 66 ]. 
Following chronic ethanol consumption, acetylation of cytosolic proteins as well as 
mitochondrial proteins is increased and Sirtuin 1/3 activities are decreased [ 38 ,  63 , 
 67 ]. Based on these data, acetylation of PTEN may be altered during chronic etha-
nol consumption. 

 PTEN has been demonstrated to localize to the nucleus. Nuclear localization is 
increased following both monoubiquitination of Lys 13  and Lys 289  as well as under 
conditions of increased oxidative stress. Once in the nucleus, PTEN reduces 
p53-dependent tumor progression [ 68 ]. In a murine high-fat diet model of NASH, 
PTEN monoubiquitination was not increased [ 44 ]. In rat ethanol models, PTEN has 
been demonstrated to be downstream of p53 and increased p53 nuclear localization 
correlated with increased PTEN expression [ 36 ]. The authors concluded that these 
factors contributed to insulin resistance. Monoubiquitination of PTEN was not 
examined in this system. 

 Phosphorylation plays an integral role in regulating PTEN activity. Although 
PTEN has been demonstrated to be phosphorylated on numerous residues within its 
c-terminal tail as well as its C2 domain, of particular importance to this review is 
phosphorylation on Ser 380 , Thr 382 , and Thr 383 . Substituting these residues for alanine 
results in increased membrane association as well as PtdIns 3-phosphatase activity 
demonstrating an inhibitory role for these residues [ 69 ].  

10.5     Conclusions 

 In summary as presented in Fig.  10.2 , from the presented data it is clear that the role 
that PTEN plays in ALD as well as ALD-induced HCC has not been fully eluci-
dated. What is known is that there appears to be concentration-dependent ETOH 
effects on PTEN inhibition/Akt activation. Given the preponderance of data is in rat 
models, additional experiments are necessary in alternative rodent models to vali-
date fi ndings in the rat. It is also not known if current data translates into humans. 
In other models, PTEN has been demonstrated to localize to not only the cytosol but 
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also to the mitochondria and the nucleus. What are the effects of chronic ethanol 
consumption on hepatic PTEN subcellular localization? Does monoubiquitination 
play a role? Given the fact that ethanol induces a phase III response in the liver, are 
there hepatozonal-specifi c effects on PTEN signaling as well? Given changes in 
PtdIns 3 kinase signaling over time during ethanol consumption, more studies need 
to be performed using a spaciotemporal model to fully elucidate the contribution of 
the PTEN/Akt pathway to ethanol-induced steatosis and hepatocellular damage.  

 As mentioned, we have demonstrated an increase in overall protein glutathionyl-
ation in our chronic ethanol models [ 60 ]. An unexplored question is whether PTEN 
is glutathionylated following chronic ethanol consumption and what are the ramifi -
cations? In addition, does the acetylation status of PTEN change following ethanol 
consumption? Posttranslational modifi cations of PTEN have not been examined in 
patients with HCC. Furthermore, if PTEN is downregulated following ethanol con-
sumption at low concentrations of ethanol, mild or moderate consumption may pro-
mote HCC. In alcoholics who consume high amounts of alcohol, via its ability to 
downregulate Akt, PTEN activation may actually have a “benefi cial” inhibitory 
effect towards development of HCC.     

   Grants and Funding     This research was funded by the following grants from the National 
Institutes of Health; 5F32AA018613-03 CTS.   

  Fig. 10.2    Schematic summary of the effects of ethanol on PTEN and future directions. PTEN is 
clearly an important regulator of hepatic steatosis as well as insulin resistance. In chronic alcohol-
ism, the effects of ethanol have not been fully elucidated. It is apparent that different concentra-
tions of ethanol induce differential responses in PTEN activation. At low ETOH concentrations, 
PTEN is inhibited resulting in increased Akt signaling and increased lipid accumulation. At high 
ETOH concentrations, PTEN is activated contributing to decreased Akt signaling and insulin resis-
tance. Future research will need to be focused on elucidating the ability of ethanol to affect PTEN 
spatiotemporally in the liver and to determine ethanol-dependent changes in posttranslational 
modifi cation of PTEN       
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    Chapter 11   
 Alcohol Consumption, Wnt/β-Catenin 
Signaling, and Hepatocarcinogenesis 

             K.    E.     Mercer     ,     L.     Hennings    , and     M.    J.    J.     Ronis   

    Abstract     Alcohol is a well-established risk factor for hepatocellular carcinoma, 
and the mechanisms by which alcohol liver cancer is complex. It has been suggested 
that ethanol (EtOH) metabolism may enhance tumor progression by increasing 
hepatocyte proliferation. To test this hypothesis, ethanol (EtOH) feeding of male 
mice began 7 weeks post-injection of the chemical carcinogen diethylnitrosamine 
(DEN), and continued for 16 weeks, with a fi nal EtOH concentration of 28 % of 
total calories. As expected, EtOH increased the total number of cancerous foci and 
liver tumors identifi ed in situ fi xed livers from the EtOH + DEN group compared to 
corresponding pair-fed (PF) + DEN and chow + DEN control groups. In the 
EtOH + DEN group, tumor multiplicity corresponded to a 3- to 4-fold increase in 
proliferation and immunohistochemical staining of β-catenin in non-tumorigenic 
hepatocytes when compared to the PF + DEN and chow + DEN groups,  p  < 0.05. 
Analysis of EtOH-treated livers from a previously published rat model of chronic 
liver disease revealed increases in hepatocyte proliferation accompanied by a hepatic 
depletion of retinol and retinoic acid stores ( p  < 0.05), nuclear accumulation of 
β-catenin ( p  < 0.05), increased cytosolic expression p-GSK3β ( p  < 0.05), signifi cant 
upregulation of soluble Wnts, Wnt2, and Wnt7a, and increased expression of several 
β-catenin targets involved in tumor promotion and progression, cyclin D1, c-myc, 
WISP1, and MMP7 ( p  < 0.05). These data suggest that chronic EtOH consumption 
activates the Wnt/β-catenin signaling pathway, which increases hepatocyte prolif-
eration thus promoting tumorigenesis following an initiating insult in the liver.  
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11.1         Introduction 

 Cancer progression in an alcoholic liver occurs through the complex interaction of 
initiating and promoting mechanisms [ 1 ,  2 ]. Experimentally, ethanol (EtOH) 
feeding induces the hepatic alcohol metabolizing enzyme, cytochrome P450 
(CYP) CYP2E1. Increased CYP2E1 activity produces reactive oxygen species 
and lipid peroxidation products, as well as activates environmental pro-carcino-
gens, i.e. dietary nitrosamines and polycyclic hydrocarbons, all of which damage 
DNA, increase mutagenicity, and initiate hepatocarcinogenesis in rodent models. 
EtOH metabolism by CYP2E1 and by alcohol dehydrogenase produces the reac-
tive metabolite acetaldehyde, and reduces DNA methylation as a result of disrup-
tion of one-carbon metabolism, which may also contribute to tumor initiation [ 3 ]. 
In addition to these initiating mechanisms, chronic EtOH feeding also increases 
hepatocyte proliferation in animal models of alcoholic liver disease and HCC 
[ 4 – 9 ]. Several signaling pathways have been implicated in this process, one of 
which is decreased in retinoic acid receptor (RAR) signaling resulting from vita-
min A depletion in alcoholic livers [ 6 ]. Downregulation of RAR signaling in 
EtOH-treated mice has been reported to increase expression of Wnt signaling tar-
gets, cyclin D1 and c-Jun. [ 6 ] Interestingly, a study using transgenic mice express-
ing a liver-specifi c, dominant- negative form of RAR, the loss of RAR signaling 
also resulted in subsequent upregulation TCF-4/β-catenin-regulated targets such 
as cyclin D1, increased hepatocyte proliferation, and increased tumor incidence 
[ 10 ]. Clinically, a signifi cant proportion of hepatocellular carcinomas (HCCs) 
including those from alcoholics have been shown to be β-catenin positive [ 11 ]. In 
these tumors, aberrant activation occurs through mutations found either in the 
β-catenin gene, primarily in the phosphorylation site for GSK3β, or in Axin1/2, a 
scaffolding protein necessary for targeting β-catenin for degradation [ 12 ,  13 ]. 
However, studies using transgenic mice expressing mutant forms of β-catenin 
have shown that activation through mutations is not suffi cient to initiate tumori-
genesis, and suggest instead that Wnt/β-catenin signaling participates in tumor 
promotion [ 12 ]. 

 These data support a hypothesis linking EtOH-mediated loss of retinoic acids 
and RAR signaling, activation of Wnt/β-catenin pathways, and tumor promotion. In 
the present study we chronically fed a Lieber–DeCarli EtOH liquid diet to a dieth-
ylnitrosamine (DEN)-initiated HCC mouse model for 4 months to test if long-term 
EtOH ingestion increases tumor multiplicity through increased Wnt/β-catenin sig-
naling. At the same time, we utilized liver tissue from a previously published rat 
model of long-term, chronic alcoholic liver disease [ 8 ] to mechanistically validate 
the hypothesis that chronic EtOH ingestion alone increases hepatocyte proliferation 
through increased Wnt/β-catenin signaling, resulting in increased expression of 
known progression markers of HCC.  

K.E. Mercer et al.



187

11.2     Materials and Methods 

11.2.1     In Vivo Model of EtOH Promotion of DEN-Induced 
Hepatocarcinogenesis 

 C57Bl/6 male mice ( n  = 51) received an i.p. injection 10 mg/kg DEN in saline on 
postnatal day (PND) 14. The mice were weaned on PND28 and maintained on 
rodent chow until PND53 at which the mice were randomly assigned to three 
weight-matched diet groups: a standard chow diet ( n  = 17, chow + DEN), an EtOH- 
containing Lieber–DeCarli liquid diet ( n  = 15, EtOH + DEN), and a corresponding 
pair-fed (PF) control Lieber–DeCarli diet ( n  = 18, PF + DEN). PF and PF + DEN 
mice were fed the Lieber–DeCarli control diet (Dyets#710027), which were isoca-
lorically matched to their corresponding EtOH group based on the diet consump-
tions of the previous day. At sacrifi ce, mice livers were perfused with 10 % neutral 
buffered formalin for in situ fi xation [ 14 ]. Liver samples acquired from a previously 
published rat model of alcoholic liver disease were also analyzed in this study [ 8 ]. 
Blood alcohol concentrations were analyzed using an Analox analyzer as previously 
reported [ 15 ].  

11.2.2     Pathological Evaluation 

 For each mouse, formalin-fi xed lobes were separated, embedded into paraffi n, sec-
tioned at 4 μm, stained with H&E, and examined under a light microscope and 
scored by a veterinary pathologist. Within each lobe, lesions were counted at 40× 
magnifi cation. Foci and tumors were defi ned as follows: basophilic focus, a non- 
compressive lesion less than the width of 4 hepatic lobules in which hepatocytes are 
smaller and stain more basophilic than normal; eosinophilic focus, a non- 
compressive lesion less than the width of four hepatic lobules in which hepatocytes 
are slightly larger than normal with more acidophilic cytoplasm; adenoma, a com-
pressive lesion of any size without evidence of invasion or other criteria of malig-
nancy; and HCC, a compressive and invasive lesion with criteria of malignancy 
[ 16 ].  

11.2.3     Immunohistochemistry 

 β-Catenin expression was assessed in paraffi n-embedded mouse liver sections by 
immunohistochemistry as using a monoclonal β-catenin antibody detecting the 
active, dephosphorylated (Ser37 or Thr41) form (Anti-Active-β-Catenin, clone 8E7, 
EMD Millipore, Billerica, MA) as previously described [ 14 ]. Quantifi cation of 
β-catenin staining was achieved by color deconvolution using Aperio Technologies 
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Spectrum analysis algorithm package and ImageScope analysis software. 
Hepatocyte proliferation was also measured by immunohistochemical analysis of 
proliferating cell nuclear antigen (PCNA) staining as described previously [ 8 ]  

11.2.4     Retinoid Extraction and LC/MS/MS Analysis 

 Retinoids were extracted from control and EtOH-treated rat livers as previously 
described [ 14 ]. Retinoid extracts were separated by HPLC using an Agilent 1100 
HPLC system (Agilent Technologies, Santa Clara, CA) using Phenomenex Synergi 
4 μm Max-RP 80A column (4 μm, 3 × 150 mm) as previously described [ 6 ]. Retinol 
and retinoic acid were identifi ed using a 4000 Q TRAP mass spectrometer (Applied 
Biosystems) coupled with the HPLC. The mass spectrometer was controlled using 
Analyst version 1.5.1 software and was operated in a MRM mode.  

11.2.5     Protein Isolation and Western Blotting 

 Nuclear and cytosolic protein fractions were isolated from TEN control and EtOH- 
treated rat livers [ 8 ] using NE-PER Nuclear and Cytoplasmic Extraction reagent kit 
(Thermo Fisher Scientifi c) as per manufacturer’s instructions. Proteins (30 μg) were 
separated by SDS-polyacrylamide gel electrophoresis using standard methods. 
Blotted cytosolic proteins were incubated with either an anti-active β-catenin anti-
body used in immunohistochemistry, or with a polyclonal antibody recognizing the 
phosphorylated form of GSK3β, (Phospho-GSK-3α/β (Ser21/9), Cell Signaling 
Technology, Beverly, MA). Total nuclear β-catenin expression was determined 
using standard procedures and the anti-active β-catenin antibody previously 
described [ 14 ]. Protein bands were quantifi ed using a densitometer and band densi-
ties were corrected for total protein loaded by staining with 0.1 % amido black.  

11.2.6     Gene Expression 

 RNA was isolated from livers from a previously published rat model of alcoholic 
liver disease [ 8 ]. Samples from the control and EtOH groups were combined sepa-
rately into  n  = 3 pools/treatment, reverse transcribed using iScript cDNA synthesis 
kit (Bio-Rad Laboratories, Hercules, CA), and then analyzed for gene expression 
using a WNT signaling pathway RT 2  profi ler PCR array (#PARN 043Z, 
Sabiosciences, Qiagen, Valencia, CA) following manufacturer’s instructions. Array 
gene expression was confi rmed by real time RT-PCR of individual cDNA samples 
from each group ( n  = 9) using SYBR green and an ABI 7500 sequence detection 
system (Applied Biosystems, Foster City, CA).  
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11.2.7     Data and Statistical Analysis 

 Data presented as means ± SE comparisons between two groups were accomplished 
using either Student’s  t -test or Mann–Whitney  U  rank-sum test. Number of lesions 
was compared across groups using negative binomial regression which generalizes 
Poisson regression to account for over-dispersion of the count data as previously 
described [ 14 ]. Continuous outcomes, such as PCNA and β-catenin were compared 
across groups using nonparametric Kruskal–Wallis rank test, and signifi cant fi nd-
ings were followed by Bonferroni adjusted Wilcoxon/Mann–Whitney  U  rank-sum 
test for post hoc comparisons. Statistical analysis was performed using the SigmaPlot 
software package 11.0 (Systat Software, Inc., San Jose, CA) and Stata statistical 
software 13.1 (Stata Corporation, College Station, TX). Statistical signifi cance was 
set at  P  < 0.05.   

11.3     Results and Discussion 

 It is clear that alcohol consumption can result in the initiation and progression of 
HCC. In a recent case-control study involving US HCC patients, heavy alcohol 
consumption (≥80 g daily) was a primary contributing factor for one-third of the 
reported cases [ 17 ]. It was also reported that chronic drinking combined with other 
risk factors, particularly HCV/HBV infections or diabetes mellitus, increased risk 
an additional twofold. Although mechanisms underlying alcohol-induced initiation 
have been well characterized, alcohol-related signaling pathways involved in tumor 
promotion and progression are poorly described. In this study, we developed a 
mouse model of tumor promotion using DEN (i.p. 10 mg/kg at PND13) as the ini-
tiating agent, followed by chronic EtOH feeding for 16 weeks. To eliminate any 
possible EtOH-associated initiating effects, primarily through increased CYP2E1 
expression and activity in response to EtOH feeding, liquid diets were started 7 
weeks post DEN injection. EtOH was added to the Lieber–DeCarli liquid diet by 
slowly substituting carbohydrate calories for EtOH calories in a stepwise manner 
until 28 % total calories were reached, which constitutes a fi nal EtOH concentration 
of 5.0 % (v/v) respectively, and was maintained until sacrifi ce. On average, the 
EtOH + DEN group received 21 g/kg/day of EtOH, which resulted in a blood alco-
hol concentration of 75 ± 29 mg/dL (range 13–393) at sacrifi ce. Histological analy-
sis was performed using hematoxylin and eosin (H&E)-stained liver sections for 
each mouse receiving the chow + DEN, PF + DEN, and EtOH + DEN diets. Overall, 
EtOH-feeding signifi cantly increased the total number of cancer foci, which encom-
passed basophilic and eosinophilic foci and adenomas, present in the EtOH + DEN 
group compared to the PF + DEN and chow + DEN group (Table  11.1 ). The number 
of carcinomas identifi ed the PF + DEN and EtOH + DEN groups were small and 
insuffi cient for statistical analysis. In the EtOH + DEN-treated mice, we also 
observed a fourfold increase in hepatocyte proliferation in the non-tumor hepatic 

11 Alcohol Consumption, Wnt/β-Catenin Signaling, and Hepatocarcinogenesis



190

tissue as measured by PCNA immunohistochemistry when compared to the 
PF + DEN, and chow + DEN-treated mice,  p  < 0.05 (Fig.  11.1a ). These results are 
consistent with Yip-Schneider et al. who reported an increase in tumor multiplicity 
in male alcohol-preferring rats receiving EtOH in their drinking water compared to 
pair-matched rats on water alone [ 9 ]. Brandon-Warner et al., also observed increased 
tumor burden in male DEN-treated mice receiving EtOH in the drinking water, and 
reported an association between tumor burden and hepatic PCNA and cyclinD1 
expression in the EtOH-drinking DEN-treated mice, suggesting an EtOH-related 
promotional effect [ 5 ]. However, unlike these published models, we did not observe 
a signifi cant increase in tumor incidence in the EtOH + DEN group compared to all 
other groups (Table  11.1 ). In contrast to EtOH feeding, the PF + DEN diet, com-
posed of 47 % carbohydrates, 35 % fat and 18 % protein, increased both adenoma 

     Table 11.1    Pathological assessment of tumor foci in Chow + DEN, PF + DEN and EtOH + DEN 
mice   

 Group 

 Tumor foci  Adenoma 

 % Incidence  Multiplicity  % Incidence  Multiplicity 

 Chow + DEN ( n  = 17)  16/17 = 94  100/17 = 5.8 a      1/17 = 6  2/17 = 0.1 a  
 PF + DEN ( n  = 18)  18/18 = 100 *   209/18 = 11.6 b   10/18 = 55 *   15/18 = 0.8 b  
 EtOH + DEN ( n  = 15)  16/15 = 100 *   266/15 = 17.7 c   9/15 = 60 *   33/15 = 2.2 c  

  % Incidence = number of tumor-bearing animals/ n  × 100 ( n  = total number of animals per group), 
signifi cance was determined by Fisher’s exact test, * p  < 0.05 vs. Chow+DEN; Multiplicity = total 
number of lesions/ n  ( n  = total number of animals per group), signifi cance was determined by One-
way ANOVA followed by Student Newman-Keuls post hoc analysis,  p  < 0.05 a < b < c. [ 14 ]  

  Fig. 11.1    Quantifi cation of immunohistochemical staining of ( a ) PCNA and ( b ) un- phosphorylated 
(Ser41/33) β-catenin in paraffi n-embedded liver sections from chow + DEN ( n  = 17), PF + DEN 
( n  = 18) and EtOH + DEN ( n  = 15) diet groups. Data is expressed as means ± SE. Statistical signifi -
cance was determined by using Bonferroni-adjusted Wilcoxon/Mann–Whitney  U  rank-sum for post 
hoc analysis. Groups with different  letters  are signifi cantly different from each other ( p  < 0.05) [ 14 ]       
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incidence and multiplicity when compared to the DEN + chow fed mice (Table  11.1 ). 
These results are not surprising given that disease progression of alcoholic and non- 
alcoholic steatohepatitis share many signaling pathways [ 18 ,  19 ]. Recent epidemio-
logical studies have also shown that obesity-related diseases like metabolic 
syndrome, contribute to HCC risk in patient populations [ 17 ,  20 ]. However, tumor- 
promoting mechanisms between EtOH exposure and high-fat feeding may be differ-
ent. In this study, tumor incidence corresponded to increased TNFα signaling 
associated with high-fat feeding [ 14 ]. In Fig.  11.1a , we observed no signifi cant dif-
ferences in PCNA staining between the chow + DEN and PF + DEN controls, sug-
gesting that high-fat feeding does not increase proliferation as observed in the 
EtOH + DEN group.

    Immunohistochemical staining of β-catenin was signifi cantly increased in the 
non-tumor hepatic tissue of the EtOH + DEN-treated mice in comparison to both the 
chow + DEN and PF + DEN controls (Fig.  11.1b ). Localization of β-catenin expres-
sion was different between diet groups. Previously we have reported that DEN 
alone increased membrane expression of β-catenin in the chow-fed mice, and simi-
lar to the chow + DEN group, β-catenin expression remains localized in the mem-
brane of the PF + DEN-treated group [ 14 ]. Unlike the other groups, in the 
EtOH + DEN group we observed β-catenin staining in the membrane, cytosol, and 
in some areas, nuclear β-catenin accumulation, which is a staining pattern similar to 
what we observed in tumor tissue [ 14 ]. Equally as important, in a separate rodent 
model of alcohol liver disease [ 8 ], prolonged feeding of EtOH alone (TEN + EtOH) 
also increased nuclear β-catenin expression in rat hepatocytes compared to TEN 
controls (Fig.  11.2a ). For the most part, aberrant β-catenin activity in liver tumors 
corresponds to mutations in the  β - catenin  gene [ 13 ]. Interestingly, the use of 
Phenobarbital (Pb) as a promoting agent in the DEN-induced HCC mouse model 
produces a subset of β-catenin positive tumors which contains mutations in exon 

  Fig. 11.2     Chronic alcohol consumption increased (a) nuclear expression of β-catenin which cor-
responded to (b) increased cytosolic expression of phosphorylated (Ser 21/9) GSK3β in the 
TEN + EtOH-treated rats compared to TEN controls. Statistical analysis between the two groups 
was performed by Student’s  t -test, * p  < 0.05) [ 14 ]       
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3 of  β - catenin  [ 21 ,  22 ] Further  analysis of this DEN/Pb model has shown that the 
chromosomal instability which produces these mutations occurs after 32 weeks of 
Pb treatment [ 22 ]. In our DEN/EtOH model, EtOH feeding occurs over 16 weeks, 
which suggests the possibility that early exposure to EtOH may activate β-catenin 
through a different mechanism. In addition to increased β-catenin accumulation in 
the TEN + EtOH group, we also observed increased cytosolic expression of the 
phosphorylated (Ser 21/9) GSK3β,  p  < 0.05, when compared to the TEN controls 
(Fig.  11.2b ). This phosphorylated form is unable to complex with β-catenin, APC, 
axin1, thus preventing the targeting β-catenin for degradation [ 13 ]. As expected in 
the TEN + EtOH rats, nuclear β-catenin expression also correlated with a twofold 
increase in mRNA expression of proliferative markers, Ki67 and cyclin D1, 
(Fig.  11.3a ) compared to TEN controls,  p  < 0.05, and increased PCNA staining pre-
viously reported [ 8 ]. In addition, chronic EtOH feeding signifi cantly reduced 
hepatic retinol and retinoic acid concentrations by 31 % and 24 % respectively, 
compared to the TEN control group (Fig.  11.3b ). Loss of hepatic retinoid storage is 
a well-established event in the progression of alcoholic liver disease and HCC 
development [ 23 ,  24 ]. In rodents, Chung et al. reported that EtOH-mediated loss of 
hepatic retinoids increased proliferation through upregulation of cyclin D1 [ 6 ]. Our 
current study provides a link between retinoid depletion, upregulation of Wnt sig-
naling, increased hepatocyte proliferation, and tumor promotion in response to 
EtOH feeding. It also identifi es other potential targets that may participate in the 
promoting effects observed in our DEN- treated mice receiving EtOH, which include 
mediators of the Wnt signaling pathway, soluble Wnt2 and Wnt7a, transcription 
factors associated with proliferative signaling pathways, c-fos and c-myc and 
known β-catenin targets like MMP7 and WISP1 (Table  11.2 ).  

  Fig. 11.3     Biochemical analysis of hepatic retinoid concentrations, ( a ) retinol and ( b ) retinoic acid 
in TEN + EtOH-treated rats, and compared to TEN controls. Tissue extraction and quantifi cation of 
retinol and retinoic acid was performed as previously described. Statistical analysis between the 
two groups was performed by Student’s  t -test, * p  < 0.05 [ 14 ]       
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   In conclusion, we have developed a new DEN-induced hepatocarcinogenesis 
mouse model designed to identify the EtOH-specifi c mechanisms involved in tumor 
promotion and progression. In response to EtOH feeding, DEN-treated mice have 
increased tumor burden compared to DEN-treated chow-fed and PF controls, which 
corresponded to increased hepatocyte proliferation and increased β-catenin expres-
sion and nuclear localization in non-tumor hepatic tissue. In a separate study, EtOH 
feeding alone reduced hepatic retinoid concentrations, increased hepatocyte prolif-
eration, and nuclear expression of β-catenin, and increased expression of estab-
lished markers of HCC progression. Clinical administration of synthetic retinoids in 
primary liver cancer patients has been shown to prevent tumor occurrence, and may 
also have a chemopreventive effect through restoration of RXRα signaling [ 24 ]. We 
believe future studies using this novel animal model will provide valuable informa-
tion on the molecular mechanisms whereby EtOH acts as a tumor promoter, and 
also potentially reveal additional targets in the hepatic Wnt/β-catenin signaling sys-
tem for cancer prevention studies.     
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    Chapter 12   
 Alcohol and HCV: Implications for Liver 
Cancer 

             Gyongyi     Szabo      ,     Banishree     Saha     , and     Terence     N.     Bukong    

    Abstract     Liver cancers are one of the deadliest known malignancies which are 
increasingly becoming a major public health problem in both developed and devel-
oping countries. Overwhelming evidence suggests a strong role of infection with 
hepatitis B and C virus (HBV and HCV), alcohol abuse, as well as metabolic dis-
eases such as obesity and diabetes either individually or synergistically to cause or 
exacerbate the development of liver cancers. Although numerous etiologic mecha-
nisms for liver cancer development have been advanced and well characterized, the 
lack of defi nite curative treatments means that gaps in knowledge still exist in iden-
tifying key molecular mechanisms and pathways in the pathophysiology of liver 
cancers. Given the limited success with current therapies and preventive strategies 
against liver cancer, there is an urgent need to identify new therapeutic options for 
patients. Targeting HCV and or alcohol-induced signal transduction, or virus–host 
protein interactions may offer novel therapies for liver cancer. This review summa-
rizes current knowledge on the mechanistic development of liver cancer associated 
with HCV infection and alcohol abuse as well as highlights potential novel thera-
peutic strategies.  

  Keywords     Hepatitis C virus   •   Alcohol   •   Cancer   •   Therapy   •   Infl ammation   • 
  Molecular signaling   •   Immunity   •   Liver  

12.1         Introduction 

 Alcohol use, hepatitis B (HBV), and hepatitis C (HCV) infection are the most com-
mon etiologies for chronic liver disease, liver fi brosis, and hepatocellular cancer 
(HCC) [ 1 – 4 ]. HCV infection affects over 170 million worldwide and leads to 
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chronic infection in 50–80 % of infected individuals [ 5 ,  6 ]. Excessive alcohol use 
is common in all parts of the world and according to WHO, there are about 140 
 million people who are chronic alcoholics and many of them develop alcoholic liver 
disease (ALD), alcoholic hepatitis, liver fi brosis, and HCC [ 7 – 9 ]. While HCV and 
alcohol independently increase the risk of liver cancer, they have a synergistic effect 
and liver cancer odds ratio increases to 47.8 from 8.6 by having concomitant alcohol 
abuse in HBV- or HCV-infected patients [ 10 ,  11 ]. There are multiple overlaps 
between alcohol use and HCV infection. About 30 % of alcoholics are infected with 
HCV [ 12 ] and about 70 % of people with HCV infection have heavy alcohol use 
history [ 13 ]. The clinical progression of ALD is accelerated in individuals with 
HCV infection and alcohol use is an independent risk factor for HCV progression 
[ 14 ,  15 ]. The mechanisms of the synergistic effects of alcohol and HCV on liver 
damage, fi brosis, and HCC are not fully understood. It has been found that even 
ongoing moderate alcohol consumption increases infl ammatory activity in the 
HCV-infected liver and interferon (IFN)-based therapies are ineffective in individu-
als with active alcohol use [ 16 ,  17 ]. There are several common targets of alcohol 
and HCV in the pathophysiology of HCC such as immune surveillance, host factors, 
cell proliferation, and regeneration [ 18 ]. It is well known that chronic alcohol con-
sumption increase gut bacteria fl ora growth as well as increase guts permeability 
that allows the translocation of gut bacteria to the liver compromising the immune 
barrier functions of the gut [ 19 – 21 ]. The transfer of bacterial products leads to the 
activation the hepatic immune cells driving infl ammatory cytokine production [ 21 –
 24 ]. Additionally, increased alcohol in the liver leads to oxidative stress induced by 
alcohol and its metabolites [ 22 – 24 ]. In association with HCV infection, which can 
independently induce liver injury and infl ammation, alcohol use creates a dangerous 
mix which can additionally induce and sustain liver injury with an increased risk of 
liver cancer development [ 11 ,  25 ]. 

 In this communication, we will review some of the recent advances in the under-
standing of the combined effects of alcohol and HCV on the liver as it relates to 
innate immunity, HCV replication, and HCC (Fig.  12.1 ).   

12.2     Alcohol, HCV and Innate Immunity 

 The immune response is a common target of both alcohol and the HCV. HCV is a 
typical tissue-tropic virus that replicates in hepatocytes and triggers innate and 
adaptive immune responses [ 26 ,  27 ]. Recognition of HCV by innate immune cells 
such as monocytes and macrophages leads to infl ammatory cytokine induction and 
type I IFN production [ 28 – 30 ]. Recognition of HCV by dendritic cells and their 
antigen presentation to T cells is pivotal in a robust anti-HCV immune response that 
leads to viral clearance. In effective resolution of acute HCV, DCs induce a strong 
CD4 Th1-type T cell activation that is HCV specifi c to lead to viral elimination. 
In contrast, during chronic HCV infection, DC functions are impaired and T cell 
activation is predominantly Th2 type and not antigen specifi c [ 31 – 33 ]. 
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 Importantly, alcohol also impairs immune responses. Acute alcohol binge results 
in attenuation of infl ammatory cytokine induction and attenuation of Type I IFN 
induction [ 34 – 36 ]. Chronic alcohol equally impairs immunity and increases non-
specifi c infl ammatory responses and decreases virus-induced Type I IFN production 
[ 35 ,  37 ]. 

 These immune abnormalities in the local environment of alcohol exposed, HCV- 
infected liver can then contribute to a detrimental imbalance of innate immune 
responses that otherwise are critical in HCV elimination. Moreover, the chronic 
infl ammatory signals and infl ammatory cell presence and activation may promote 
HCC development. 

12.2.1     Antiviral Immunity in HCV Infection and Alcohol Use 

 HCV is a single stranded RNA virus that is recognized by pattern recognition 
 receptors (PRRs) on the host cells, that induce Type I IFNs and infl ammatory medi-
ators [ 29 ,  35 ]. In the HCV, several vital components represent “dangerous signals” 
for the host immune system (Fig.  12.2 ). The ssRNA of HCV is recognized by TLR8 
while during HCV replication, the dsRNA is sensed by the host TLR3, RIG-I, and 
perhaps Mda-5. All of these PRRs induce type I IFNs, particularly IFNß in hepato-
cytes. In immune cells, HCV-induced activation of these PRRs can also trigger 
IFNα and IFNß (type I IFNs), IFN-gamma (γ) (type II), and IFN-lambdas (Type III 
IFNs) [ 38 – 40 ]. HCV, however, has several ways to undermine these host immune 

  Fig. 12.1    Alcohol and HCV in liver disease: common sites of action       
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alert mechanisms. For example, the HCV NS3-4a serine protease cleaves the host 
adapter molecules that are critical in TLR3 and RIG-I activation, respectively [ 41 ,  42 ]. 
Current therapies with protease inhibitors target this activity and now are in clinical 
practice for treatment of HCV [ 43 – 45 ].  

 Antiviral immunity is compromised by both acute and chronic alcohol use 
 [ 46 – 49 ]. In a binge drinking model, blood mononuclear cells of human volunteers 
showed impaired type I IFN production in response to stimulation with viral danger 
signals via TLR8 or with bacterial danger molecule (LPS) that is recognized by 
TLR4 [ 35 ]. More important, similar defects were seen after chronic alcohol treat-
ment of immune cells suggesting that alcohol, whether acute or chronic, impairs 
Type I IFN induction [ 35 ,  50 ,  51 ]. The combined negative effects of alcohol and 
HCV were also seen on IFN induction in hepatoma cells [ 52 ].  

12.2.2     Mechanisms of Infl ammation 

 HCV components, such as the core and NS3 proteins can be recognized by TLR2 
and induce downstream activation of pro-infl ammatory cascades in immune cells 
[ 53 – 56 ]. This has direct clinical relevance because in the HCV-infected liver there 
is increased infi ltration and activity of innate immune cells including tissue macro-
phages and Kupffer cells that produce infl ammatory mediators [ 57 – 60 ]. Even in 
peripheral blood monocytes that can serve as precursors of liver macrophages, there 
is increased in vivo activation and hyper-infl ammatory response in patients with 
chronic HCV infection [ 60 ,  61 ]. It has been shown that the infl ammatory cell and 
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cytokine milieu contribute to triggering and promoting liver cirrhosis and cancerous 
transformation in hepatocytes [ 62 ,  63 ]. 

 Chronic alcohol abuse is another trigger of infl ammation. Activation of the 
infl ammatory cascade, increased liver, and circulating pro-infl ammatory cytokine 
levels are the characteristics of ALD and alcoholic steatohepatitis [ 64 – 66 ]. Several 
key elements have been identifi ed in the pathomechanisms of ALD including LPS/
TLR4-mediated activation of infl ammation, upregulation of the infl ammatory cyto-
kine cascade (TNFα, IL-1ß, MCP-1, IL-6), that are linked to an in vivo Kupffer cell 
activation and sensitization to LPS. There is evidence for increased circulating lev-
els of LPS, a gram negative bacterial innate immune danger signal in ALD in 
humans as well as in animal models [ 34 ,  67 ,  68 ]. Interestingly, serum levels of LPS 
are also increased in patients with treatment-naïve chronic HCV infection [ 60 ]. In 
vitro experiments demonstrated that chronic alcohol exposure augments TLR- 
induced TNFα production in human monocytes [ 35 ].   

12.3     Cancer Surveillance in HCV Infection and Alcohol Use 

12.3.1     NK Cells 

 Host immunity serves as a “controller” to prevent the development of cancer by 
recognizing and eliminating cells with cancerous malformation [ 69 ,  70 ]. However, 
alcohol is a major inhibitor of many of the key functions of the innate immune sys-
tem that are pivotal in this process. For example, alcohol interferes with function of 
natural killer cells (NK cells) [ 71 – 73 ]. Deregulated activation of NK cells through a 
reduction of systemic β-endorphins production can also occur with alcohol con-
sumption leading to increased hepatocyte damage [ 74 ]. Alternatively, recent reports 
have suggested a critical inhibitory role of alcohol on NK cells to effectively carry 
out immune surveillance. For example, alcohol consumption can suppress the effec-
tive function of NK cells in the liver by decreasing the expression of TRAIL, IFN-γ, 
and NKG2D—the activating NK cell receptor [ 75 ,  76 ]. Additionally, alcohol use 
blocks NK cell release from the bone marrow and signifi cantly induces splenic NK 
cell apoptosis [ 77 ] which can compromise viral clearance and exacerbate disease 
progression during HCV infection. Finally, alcohol has also been shown to increase 
serum corticosterone levels which can impair the function of NK cells [ 78 ] and 
enhance HCV disease progression. Given the important role of NK cell in viral 
clearance, patients with a genetic predisposition for lower NK cell function usually 
progress to chronic HCV infection [ 79 ]. 

 During HCV infection of hepatocytes, NK cells are rapidly activated providing 
an important role in the resolution of early infection [ 80 ,  81 ]. However, HCV infec-
tion can also interfere with NK cell activation and inhibit NK cell IFNγ production 
[ 82 ,  83 ]. Impaired activity of NK cells has been proposed as a mechanism contrib-
uting to HCV persistence. HCV chronic infection severely affects NK phenotype 
and function. It exhibits a polarized phenotype with increased cytotoxicity [ 84 ,  85 ]. 
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In addition to their antiviral function, NK cells can suppress the development of 
fi brosis by directly killing activated myofi broblasts (MFB) and IFN-α production 
which induces cell cycle arrest and apoptosis of MFB [ 86 ,  87 ]. Chronic ethanol 
feeding diminished the inhibitory effect of NK/IFN-γ in liver fi brosis, which has 
been suggested to be an important mechanism contributing to alcohol acceleration 
of liver fi brosis in patients with chronic HCV infection [ 75 ,  87 ,  88 ].  

12.3.2     Antigen Presenting Cells in HCV Infection 

 In addition to NK cells, antigen presenting cells are also important in recognition of 
injured and abnormal cells. However, both alcohol and HCV infection alone and 
together attenuate the capacity of myeloid dendritic cells to fulfi ll their antigen pre-
senting and T cell stimulatory function [ 89 – 92 ]. Some of the mechanistic aspects of 
alcohol- and HCV-induced impairment of DC phenotype and function are similar 
and additive. For example, both alcohol and HCV infection results in impaired 
capacity of monocyte-derived DCs to reach full maturation after an external stimu-
lation [ 91 ,  93 ]. This involves decreased expression of co-stimulatory molecules, 
decreased IL-12 and increased IL-10 production [ 91 ,  93 ]. In HCV infection, there is 
also overexpression of the PD1 ligand that is an inhibitory cell surface molecule for 
T cells [ 94 – 97 ]. Other types of the dendritic cell population are also negatively 
impacted in HCV infection. Plasmacytoid DCs, that are the major producers of 
IFNα, have reduced numbers in the periphery and most important, decreased capac-
ity to produce IFNα [ 30 ,  98 ]. The mechanisms for this involve some of the infl am-
matory mediators produced by monocytes such as IL-10 and TNFα [ 30 ,  99 ,  100 ]. 
Most recently, IFN-lambda (IL-18 and IL-29) production was found in a unique DC 
population, the M2 DCs [ 40 ]. In HCV infection, however, this population has 
impaired production of IFN-lambda [ 40 ]. The biological and clinical consequence 
of this fi nding is under active investigation, however, one of the effects of IFN- 
lambda is to trigger and amplify production of other interferons [ 40 ]. Thus, decreased 
IFN-lambda in chronic HCV infection can have broad and magnifi ed effects.   

12.4     Alcohol and HCV Replication, Role of Micro-RNAs 

12.4.1     Oxidative Stress 

 Despite the substantial epidemiologic data on HCV, alcohol and liver disease, the 
molecular mechanisms modulating chronic liver disease development and progress 
to fi brosis, cirrhosis, and even HCC are not fully known. Recent in vitro and mice 
studies expressing HCV proteins have been instrumental in deciphering some of 
the mechanisms underlying the synergism of alcohol abuse and HCV infection in 
liver disease [ 101 – 106 ]. The expression of the HCV core protein in mice caused 
signifi cant production of reactive oxygen species (ROS) which appears to be 
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responsible for mitochondrial DNA damage during HCV infection [ 105 – 108 ]. 
These observations clearly demonstrated a mechanistic insight by which the HCV 
core protein through synergistic signifi cant oxidative stress induction can exacer-
bate liver injury in alcohol-fed core transgenic mice. Additionally, chronic alcohol 
use and HCV infection independently increase TLR2 and TLR4 expression in 
hepatocytes, Kupffer cells, and peripheral monocytes in both in vitro and in vivo 
studies [ 25 ,  35 ,  109 – 111 ]. Increased synergistic TLR expression during HCV 
infection and alcohol will mechanistically enhance TLR-mediated signal activa-
tions resulting in liver disease progression ultimately resulting in HCC [ 25 ,  110 ]. 
Mechanistic evidence has been demonstrated by chronic ethanol feeding in mice 
expressing the HCV NS5A protein in a hepatocyte-specifi c manner were mice fed 
with alcohol were prone to liver tumor development in a TLR4 dependent manner 
[ 10 ]. The tumorigenic effect of alcohol in a TLR4 dependent manner in hepatic 
HCV NS5A transgenic mice was also associated with the upregulation of the 
NANOG usually associated with HCC [ 112 ]. NANOG is transcription factor essen-
tial for self-renewal of stem cells [ 113 ,  114 ] and is associated with tumor malig-
nancy and metastasis [ 115 ]. 

 Chronic alcohol and HCV infection independently or in association also induce 
numerous biochemical and metabolic changes in hepatocytes that could directly or 
indirect initiate or potentiate HCC. Increased production of ROS and deposition of 
iron and their downstream effect have been advanced to at least in part account for 
the synergism of alcohol and HCV in mediating liver disease including HCC. The 
generation of ROS has been associated with both ALD and HCC. While there may 
be differences in their generation their downstream effects are quite similar. HCV 
core [ 116 ] and NS5A [ 117 ] have been shown to induce the generation of ROS via 
mitochondrial damage and calcium release. ROS also play an important role in 
alcohol-induced liver injury and in hepatocarcinogenesis [ 118 ]. In the liver, alco-
hol is metabolized by alcohol dehydrogenase and by cytochrome P450 2E1 
(CYP2E1) to acetaldehyde—a carcinogen in mouse studies. Chronic alcohol use 
increases alcohol dehydrogenase and CYP2E1 which produces ROS in the pres-
ence or absence of alcohol. We and others have demonstrated the importance of 
CYP2E1 in enhancing HCV replication during alcohol exposure in CYP2E1-
expressing hepatoma cells [ 119 ,  120 ]. Human studies on genetic polymorphisms 
alcohol dehydrogenase and CYP2E1 which metabolize alcohol in the development 
of HCC have provided confl icting fi ndings. A Japanese study demonstrated an 
association between alcohol dehydrogenase and CYP2E1 gene polymorphism 
with the risk of HCC in humans while earlier a Korean study found no such asso-
ciation [ 121 – 123 ].  

12.4.2     Modulation of HCV Replication by Alcohol Via HSP90 

 Alcohol abuse has been shown by numerous studies to exacerbate disease outcome 
during HCV infection. Recent studies have increasingly identifi ed Heat-shock pro-
tein 90 (HSP90) as an important mediator of HCV disease progression associated 
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with alcohol abuse. HSP90 is an evolutionary conserved chaperone protein that 
plays a key role with other co-chaperone proteins in assisting newly synthesized 
proteins to fold properly. They also assist in stabilizing proteins under stress and 
play a vital role in modulating protein degradation. HSP90 is normally induced dur-
ing cellular stress conditions and numerous studies have demonstrated the diverse 
functions of HSP90 including those related to viral-pathogenesis, transcription reg-
ulation, neo-vascularization, and cancer development/metastasis [ 124 – 132 ]. It is 
estimated that over 16–20 % of cancers worldwide are caused by viruses [ 133 ,  134 ] 
including HCV. The molecular mechanisms by    which HCV infection induces can-
cer development has been linked the expression viral oncogenes as well as the 
capacity for virus to induces sustained infl ammation that promotes neoplastic trans-
formation of infected cells [ 135 ]. While some oncogenic viruses have vaccines to 
prevent human infections, there is no vaccine against HCV. In this regard, it is there-
fore imperative to better understand the molecular mechanism by which HCV alone 
and in association with exacerbating factors like alcohol can promote cancer devel-
opment. We and others have demonstrated that HSP90 increases during ALD, HCV 
infection, and even HCC development [ 136 – 141 ]. Mandrekar et al. recently demon-
strated that alcohol-induced hepatic stress modulates alcohol liver disease in an 
HSP90 dependent manner [ 136 ,  138 ]. Additionally, we and others have demon-
strated an important role of HSP90 modulating HCV replication with and without 
alcohol exposure [ 137 ,  142 – 146 ]. During the HCV life cycle, the HCV RNA is 
translated to form a single viral polyprotein. This HCV viral polyprotein is cleaved 
by cellular and viral proteins to form its nine functional viral proteins. HSP90 has 
been shown to play a critical role in the cleavage and activation of HCV NS3 and 
NS2 proteins [ 147 ]. The mechanism by which HSP90 induces such cleavage is yet 
to be identifi ed but reports have speculated that indirect interaction between HSP90 
and viral proteins might protect them from proteolysis [ 142 ,  147 ]. HSP90 also inter-
acts with HCV NS5A protein and enhances viral replication in association with 
other host proteins [ 144 ,  148 ] which can promote cancer development. 

 In addition to its role in modulating HCV replication and viral protein stability, 
HSP90 has been shown to enhance the proliferative potential of malignant cells and 
even enable neoplastic cells to escape cell death ultimately enhancing neoplastic 
development [ 149 ,  150 ]. HSP90 also plays an important role in maintaining the 
integrity of NF-κB and Akt    which are two main cell survival pathways that attenu-
ate the anticancer effi cacy of some cancer therapeutic drugs [ 151 ]. Inhibition of 
HSP90 has been shown to improve the effi cacy of anticancer agents [ 152 ]. Given 
the important role played by HSP90 in ALD, HCV, and even HCC development, 
our fi ndings and those by other groups show a great promise for HSP90 inhibitors 
as novel pharmacological agents for ALD, HCV, and anticancer therapy [ 136 – 138 , 
 143 ,  153 ,  154 ]. Treatments against cancer targeting HSP90 are of prime importance 
and likely to be more successful since HSP90 is of great importance in maintaining 
the integrity, conformation, stability, and functional properties of important 
oncogenic proteins.  
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12.4.3     Role of Micro-RNA 122 

 Previous studies indicated that alcohol use can increase serum HCV levels [ 155 ,  156 ]; 
however, it remained unclear whether this was related to increased HCV replication. 
In a recent study, we demonstrated that alcohol increases HCV replication in vitro 
and identifi ed a critical role of micro-RNA-122 (miRNA-122) in the process [ 119 , 
 137 ] (Fig.  12.3 ), however a meta-analysis study showed that alcohol had no effect 
on HCV replication [ 157 ]. MiRNAs are non-coding RNAs that are increasingly 
being recognized as major players in the regulation of most physiologic and patho-
logical processes. In the liver, miRNA-122 has the highest abundance in hepato-
cytes compared to other cell types [ 158 ,  159 ]. Furthermore, miRNA-122 is a host 
factor that has been shown to modulate the HCV replication machinery by binding 
to the HCV 5′-UTR [ 160 – 162 ]. Recently we discovered that alcohol increases 
miRNA-122 levels in hepatoma cells and through this mechanism, increases HCV 
replication [ 119 ]. Additionally, miRNA-122 regulation of HCV has been shown to 
be enhanced by the RISC-complex molecules Argonaute 2 (Ago2) [ 158 ] and 
GW182 which is increased during alcohol exposure in cultured human hepatic cell 
line Huh7.5 [ 137 ]. While RISC-complex proteins have been shown to enhance 
HCV replication in association with miRNA-122, a recent report indicates that 
Ago2 might be dispensable when miRNA-122 is overexpressed [ 163 ]. Interestingly 
miRNA-122 expression is decreased in the liver in HCC [ 164 ,  165 ]. In a mouse 
model of ALD, we found that chronic alcohol feeding in mice results in decreased 
miRNA-122 levels in the liver but increased levels in the serum [ 166 ]. Because 
serum miRNAs are highly stable, they have been proposed as potential biomarkers. 
Indeed, increased levels of miRNA-122 appear to correlate with the extent of liver 
damage and serum ALT levels in different mouse models of liver disease [ 166 – 170 ]. 
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  Fig. 12.3    Working model for alcohol-induced increase in HCV replication       
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MiRNA-122 also regulates genes involved in lipid metabolism and in cell cycle. 
Recent fi ndings have described the phenotype of miRNA-122 loss in hepatic lipid 
modulation [ 171 ,  172 ]. These fi ndings demonstrated that miRNA-122 loss was 
associated with modulation of multiple hepatic pathways involved in fat metabo-
lism, tumor suppression, infl ammation, and even hepatic fi brosis. While loss of 
miRNA- 122 in these studies induces steatohepatitis, it is unknown whether exoge-
nous miRNA-122 might ameliorate fatty liver disease induced by diet or virus infec-
tion. Additionally, the tumor-suppressive function of miRNA-122 illustrated by 
both groups suggests that the restoration of miRNA-122 expression may be of ben-
efi t against HCC and even enhance response to therapy as recently proposed [ 173 ]. 
While this might prove benefi cial for some HCC patients, such applications might 
need to carefully assess fi ndings from current trails using miRNA-122 inhibitors to 
treat HCV infection [ 174 ,  175 ]. In addition, several other miRNAs are also dysregu-
lated in HCC that may represent biomarkers or therapeutic targets (Table  12.1 ). 

12.5         Summary 

 The current literature suggests that alcohol and HCV have several common targets 
in modeling liver disease (Fig.  12.4 ). Both affect and disable key immune functions 
particularly in innate immunity in antiviral host defense as well as in infl ammation. 
Additional common element on the effect of increased gut permeability and the 
effect in modulating HCV associated with alcohol abuse have yet to be fully 
explored [ 176 ,  177 ]. Finally, in hepatocytes, the capacity of alcohol to modulate the 
cell cycle and the HCV replication process contributing to the development of HCC 
at the molecular level still needs to be addressed. Given the recent developments 
with new and potent drugs in the treatment of HCV infection [ 178 – 182 ], it is pos-
sible that the negative trend in liver cancer development in alcoholic-HCV patients 
may be signifi cantly reduced.      
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  Table 12.1    Characteristic 
micro-RNAs in HCC  

 Liver reduced levels of:  Serum reduced levels of: 

 miR-24a  miR-21 
 miR-26a  miR-16 
 miR-15a/b  miR-199a 
 miR-150  miR-122 
 miR-195  miR-22 
 miR-122 
 miR-20 family 
 miR-124 
 let-7 family members 
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    Chapter 13   
 Application of Mass Spectrometry-Based 
Metabolomics in Identifi cation of Early 
Noninvasive Biomarkers of Alcohol-Induced 
Liver Disease Using Mouse Model 

             Soumen     K.     Manna     ,     Matthew     D.     Thompson     , and     Frank     J.     Gonzalez    

    Abstract     A rapid, non-invasive urine test for early stage alcohol-induced liver 
disease (ALD) would permit risk stratifi cation and treatment of high-risk individuals 
before ALD leads to irreversible liver damage and death. Urinary metabolomic 
studies were carried out to identify ALD-associated metabolic biomarkers using 
 Ppara -null mouse model that is susceptible to ALD development on chronic alcohol 
consumption. Two successive studies were conducted to evaluate the applicability 
of mass spectrometry-based metabolomics in identifi cation of ALD-specifi c signa-
tures and to examine the robustness of these biomarkers against genetic background. 
Principal components analysis of ultraperformance liquid chromatography coupled 
with electrospray ionization quadrupole time-of-fl ight mass spectrometry (UPLC-
ESI- QTOFMS)-generated urinary metabolic fi ngerprints showed that alcohol- 
treated wild-type and  Ppara -null mice could be distinguished from control animals. 
It also showed that a combined endogenous biomarker panel helps to identify sub-
jects with ALD as well as those at risk of developing ALD even without any infor-
mation on alcohol intake or genetics. Quantitative analysis showed that increased 
excretion of indole-3-lactic acid and phenyllactic acid was a genetic background-
independent signature exclusively associated with ALD pathogenesis in  Ppara -null 
mice that showed liver pathologies similar to those observed in early stages of 
human ALD. These fi ndings demonstrated that mass spectrometry-based metabolo-
mic analysis could help in the identifi cation of ALD-specifi c signatures, and that 
metabolites such as indole-3-lactic acid and phenyllactic acid, may serve as robust 
noninvasive biomarkers for early stages of ALD.  

  Keywords     Alcohol-induced liver disease   •   PPARα   •    Ppara -null mouse   •   Steatosis   
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  Abbreviations 

   ALD    Alcohol-induced liver disease   
  ALT    Alanine aminotransferase   
  ANOVA    Analysis of variance   
  AST    Aspartate aminotransferase   
  ESI+    Electrospray ionization in positive mode   
  ESI−    Electrospray ionization in negative mode   
  MRM    Multiple reaction monitoring   
  NAD +     Oxidized nicotinamide adenine dinucleotide   
  NADH    Reduced nicotinamide adenine dinucleotide   
  OPLS    Orthogonal projection to latent structures   
  PCA    Principal components analysis   
   Ppara -null    Peroxisome proliferator-activated receptor alpha knock-

out mouse model   
  PPARα    Peroxisome proliferator-activated receptor alpha   
  UPLC-ESI-QTOF-MS    Ultraperformance liquid chromatography coupled with 

electrospray ionization quadrupole time-of-fl ight mass 
spectrometry   

13.1           Introduction 

13.1.1     Alcohol and Alcohol-Induced Liver Disease 

 Alcohol consumption is the third most common cause of lifestyle-associated mor-
tality in the United States 2003 [ 1 ]. Alcohol consumption is also an emerging prob-
lem in developing countries [ 2 ]. The 2011 World Health Organization (WHO) status 
report [ 3 ] stated that “almost 4 % of all deaths worldwide are attributed to alcohol, 
greater than deaths caused by HIV/AIDS, violence or tuberculosis.” Additionally, 
epidemiological studies have shown signifi cant variation exists in susceptibility to 
alcohol use and alcohol-dependent health conditions depending on an individual’s 
genetic background [ 2 ,  4 – 11 ]. Genetic polymorphisms related to alcohol metabo-
lism affect incidence of alcoholism and physiological response [ 8 ,  10 ,  12 ], as well 
the development alcohol-induced liver disease (ALD) and associated outcomes [ 4 , 
 5 ,  9 ,  13 ,  14 ]. Even in developed countries such as United States, more than half of 
alcoholism- related deaths are attributable to ALD [ 1 ]. Thus ALD poses a signifi cant 
challenge to public health all over the world. 

 ALD pathogenesis is characterized by three stages; steatosis, alcoholic hepatitis, 
and fi brosis/cirrhosis [ 2 ]. Approximately 90 % of alcoholics develop fatty liver 
 (steatosis) that resolves when alcohol consumption is discontinued [ 2 ]. However, 
continued excessive drinking with concomitant steatosis increases the risk of devel-
oping cirrhosis by 37 % [ 15 ], an irreversible stage of ALD [ 16 ]. Overall 5-year 
survival rates for patients with cirrhosis are as low as 35 %. Liver cirrhosis is also 
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associated with increased risk of development of liver cancer [ 17 ,  18 ]. Although, at 
earlier stages of ALD (steatosis), liver damage is reversible and patients can recover 
completely [ 2 ,  11 ,  19 ,  20 ], it is largely asymptomatic and, thus, evades diagnosis to 
proceed to irreversible liver damage. Detection of ALD at this stage is, therefore, 
key to improve quality of life, maximize therapeutic benefi t, and reduce mortality 
and healthcare burden.  

13.1.2     The Role of PPARα in ALD 

 Since the fi rst observable change in ALD pathogenesis is the deposition of free fatty 
acids in the liver [ 21 ], many scientifi c studies have focused on understanding path-
ways involved in fatty acid metabolism. The nuclear receptor peroxisome 
proliferator- activated receptor alpha (PPARα) [ 22 ] is a key regulator of the genes 
involved in lipid metabolism [ 23 ,  24 ], particularly catabolism of fatty acids in the 
liver. Expression of PPARα and its target genes are attenuated on chronic alcohol 
consumption [ 25 ]. Consistent with these observations, chronic alcohol treatment of 
the peroxisome proliferator-activated receptor alpha knockout ( Ppara -null) mice 
was shown to result in the development of liver pathologies very similar to the early 
stages of the human ALD whereas wild-type animals remained protected [ 26 ].  

13.1.3     Diagnosis of ALD 

 Currently, ALD diagnosis is based on biochemical assays including enzymatic 
activities of alanine aminotransferase (ALT), aspartate aminotransferase (AST), and 
gamma-glutamyl transpeptidase (GGT), along with patient history and other clini-
cal symptoms [ 20 ,  27 ]. Serum-based enzymatic activity assays are non-specifi c 
with respect to etiology [ 11 ,  19 ]. This leaves liver biopsy as the only confi rmatory 
tool for diagnosis [ 11 ,  19 ,  28 ]. However, in the absence of detailed life-style associ-
ated information, especially acknowledgement of alcohol consumption, often 
biopsy alone cannot be used to readily distinguish ALD from other liver disorders 
[ 29 ,  30 ]. The invasiveness of biopsies, and its associated complications [ 31 ] also 
precludes it as a routine screening and diagnostic tool, particularly, given the fact 
that ALD is largely asymptomatic initial stages [ 20 ]. Therefore, an early, noninva-
sive, high-throughput, ALD-specifi c biomarker is highly warranted.  

13.1.4     Scope of Metabolomics 

 Metabolomics is an emerging fi eld in chemical biology that seeks to identify and 
quantify changes in distribution of all endogenous and exogenous biochemicals 
(metabolites) in the biological matrix of interest. Since the production    of a 
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metabolite is dependent on interaction among of biological molecules (i.e. DNA, 
RNA, and proteins), the collection of metabolites (e.g. the metabolome), is essen-
tially a refl ection of physiological state of an organism at systems level. Therefore, 
in principle, every physiological state is expected to have a characteristic biochemi-
cal fi ngerprint represented by the metabolome and differences between these signa-
tures can be used to predict a pathology. The latent signatures can also be used to 
elucidate the changes in biochemical landscape during pathogenesis. Metabolomics 
has yielded promising fi ndings in recent studies of complex systems including phar-
macometabolomics, radiation biodosimetry, and cancer biology [ 32 – 35 ]. As such, 
the  application of metabolomics to elucidate biochemical changes associated with 
ALD represents a powerful approach to identify early biomarkers of the  disease that 
could reveal novel aspects of underlying biology.   

13.2     Methodological Overview for Urinary Metabolomics 

13.2.1     Animal Model 

 Since, wild-type mice remain protected whereas  Ppara -null mice develop ALD on 
chronic alcohol consumption; they together represent an excellent model for delin-
eating ALD-specifi c changes. The studies discussed herein combine the power of 
metabolomics with the well-characterized  Ppara -null mouse model to search for 
ALD-specifi c changes in urinary metabolome. Age-matched male wild-type and 
 Ppara- null mice were fed control or an alcohol-containing liquid diet. Urine samples 
collected from these mice were analyzed using    ultraperformance liquid chromatog-
raphy coupled with electrospray ionization quadrupole time-of-fl ight mass spec-
trometry (UPLC-ESI-QTOFMS) to identify metabolomic changes associated with 
the development of ALD and to differentiate them from those related to the metabo-
lomic changes due to of alcohol consumption [ 36 – 38 ]. A summary of the workfl ow 
is shown in Fig.  13.1 .   

13.2.2     Step 1: Preparation of Urine Samples 
for  UPLC-ESI- QTOFMS Analysis 

 Urine was diluted 1:2 (v/v) with 50 % aqueous acetonitrile containing internal 
 standards (50 μM 4-nitrobenzoic acid and 1 μM debrisoquine) in a Sirroco™ 
 protein precipitation plate (Waters Corp.) and briefl y vortexed. The deproteinated 
extracts were collected into 96-well collection plates under vacuum, and a 5 μL 
aliquot was injected into a Waters UPLC-ESI-QTOFMS system.  
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13.2.3     Step 2: UPLC-ESI-QTOFMS Analysis 
of Urine Samples 

 An Acquity UPLC BEH C18 column (1.7 μm, 2.1 × 50 mm, Waters Corp.) was used 
for chromatographic separation of metabolites before introduction into electro-
spray. The mobile phase comprised of a mixture of 0.1 % aqueous formic acid (A) 
and acetonitrile containing 0.1 % formic acid (B). A 0.5 mL/min fl ow rate was 
maintained over a 10-min run with a gradient elution: 2 % B for 0.5 min, 2–20 % B 
in 4 min, 20–95 % B in 8 min, 95–99 % B in 8.1 min, holding at 99% B up to 
9.0 min, bringing back to 2 % at 9.1 min and holding at 2 % till end. Column tem-
perature was maintained at 40 °C throughout sample runs. The QTOF Premier mass 
spectrometer was operated in electrospray ionization positive (ESI+) and negative 
(ESI−) mode. Capillary voltage and cone voltage were maintained at 3 kV and 20 V, 
respectively. Source and desolvation temperatures were set at 120 °C and 350 °C, 
respectively. Nitrogen was used as both cone gas (50 L/h) and desolvation gas 
(600 L/h), and argon was used as collision gas. Sulfadimethoxine was used as the 
lock mass ( m/z  311.0814 + ) for accurate mass calibration in real time. Collision energy 
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  Fig. 13.1    Step-wise workfl ow for urinary metabolomic analysis to identify biomarkers of alcohol- 
induced liver disease (ALD). Wild-type and  Ppara -null B6 and 129S mice were placed in the 4 % 
EtOH or control group. After 1 month of alcohol treatment, histological and biochemical analysis 
was performed to confi rm ALD onset in  Ppara -null mice. From 2 to 6 months, 24 h urine samples 
were collected monthly and subjected to UPLC-ESI-QTOFMS analysis, multivariate and pathway 
analyses, and identifi cation and quantitation of urinary metabolites       

 

13 Application of Mass Spectrometry-Based Metabolomics…



222

ranging from 10 to 40 eV was applied for MS/MS fragmentation of target ions. 
All urine samples were analyzed in a randomized fashion to avoid complications 
due to artifacts related to injection order and changes in instrument effi ciency.  

13.2.4     Step 3: Data Deconvolution and Feature Extraction 

 Ion chromatogram and mass spectral data were acquired using MassLynx software 
(Waters Corp.) in centroid format. Chromatograms were inspected for consistency 
of sample injection, reproducibility of retention time, and mass accuracy using 
internal standards and quality control samples. Data was binned, features extracted 
and area under the peak was calculated through integration using MarkerLynx soft-
ware (Waters Corp.)  

13.2.5     Step 4: Multivariate Data Analysis 

 Individual ion intensities were normalized with respect to the total ion count (TIC) in 
order to generate a data matrix consisting of the retention time, m/z value, and the 
normalized peak area. The data matrix was analyzed by SIMCA-P+12 software 
(Umetrics, Kennelon, NJ). Unsupervised segregation of control and alcohol-treated 
metabolomes was checked by principal components analysis (PCA) using Pareto- 
scaled data [ 39 ]. The supervised orthogonal projection to latent structures (OPLS) 
model was used to identify ions that contributed signifi cantly to group discrimina-
tion. OPLS analysis concentrated group discrimination into the fi rst component with 
remaining unrelated variation contained in subsequent components. The magnitude 
of the parameter p(corr)[1] obtained from the loadings S-plot generated by OPLS 
analysis correlates with the group discriminating power of a variable. A list of ions 
was then generated from the loadings S-plot showing considerable group discrimi-
nating power (−0.8 >  p (corr)[1] or  p (corr)[1] > 0.8) (statistically signifi cant ( P  < 0.05) 
difference in relative abundance between control and alcohol-treated animals). 
The  p (corr)[1] values represent the interclass difference and  w (1) values indicate the 
relative abundance of the ions. Ions that contribute highly to the interclass differences 
were selected for further identifi cation and quantitation as candidate biomarkers.  

13.2.6     Step 5: Metabolic Pathway Analysis 

 MassTRIX (  http://metabolomics.helmholtz-muenchen.de/masstrix/    ) is a web-based 
tool designed to assign ions of interest from a metabolomics experiment to anno-
tated pathways [ 40 ]. It can be used to fi nd metabolic pathways even without any 
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systematic identifi cation [ 41 ]. This was used to identify metabolic pathways affected 
by alcohol treatment. The masses of the ions that are signifi cantly elevated ( p (corr)
[1] > 0.8) or depleted ( p (corr)[1] < −0.8) upon alcohol treatment were used to iden-
tify metabolic pathways of interest using the KEGG (  http://www.genome.jp/kegg/    ) 
database (including HMDB, Lipidmaps, and updated KEGG). A mass error of 
<5 ppm in the respective ionization modes and the possibility of formation of Na + -
adducts in the electrosprayer (ESI+ mode) was also taken into account.  

13.2.7     Step 6: Identifi cation of Urinary Biomarkers 

 Elemental compositions were derived using the Seven Golden Rules [ 42 ] consider-
ing a mass error <5 ppm. Possible candidates were also searched using metabolomic 
databases [ 43 ,  44 ]. Finally, authentic standards were used to confi rm the identities 
of these ions by comparison of retention time (UPLC) and fragmentation pattern 
(ESI-MS/MS). Sulfatase (Sigma-Aldrich) treatment followed by retention time and 
fragmentation comparison of deconjugated metabolites with authentic standards, 
were used to confi rm sulfate conjugates. Urine samples and standards were incu-
bated with 40 U/mL of the enzyme solution in 200 mM sodium acetate buffer 
(pH 5.0) overnight at 37 °C. The enzyme and other particulates were precipitated 
with 50 % aqueous acetonitrile, and the supernatant was analyzed by UPLC-ESI- 
QTOFMS/MS. 4-Nitrocatechol sulfate was used as a positive control for the sulfa-
tase activity. Deconjugation was also carried out using acid hydrolysis by heating 
the urine samples with 6 M HCl at 100 °C for 1 h under refl uxing conditions.  

13.2.8     Step 7: Quantitation of Urinary Metabolites 

 An Acquity ®  UPLC system coupled with a XEVO™ triple-quadrupole tandem 
mass spectrometer (Waters Corp.) was used to quantitate urinary metabolites by 
multiple reaction monitoring (MRM). Standard compounds were mixed together to 
optimize the condition for separation and detection of metabolites from a complex 
mixture such as urine. Standard calibration plots for quantitation were generated 
using authentic standards. Deproteinated urine samples containing 0.5 μM debriso-
quine (internal standard) were analyzed in the same fashion as that of authentic 
compounds. The mobile phase was comprised of 0.1 % aqueous formic acid (A) and 
acetonitrile containing 0.1 % formic acid (B). The gradient elution was performed 
over 6 min at a fl ow rate of 0.3 mL using: 1–99 % B in 4 min, holding at 99%B up 
to 5.0 min, bringing back to 1 % at 5.5 min and holding at 1 % till end. The area 
under the peak for each metabolite was divided by that    for the internal standard to 
calculate response and a serial dilution was performed to generate a standard cali-
bration plot of response vs. concentration. Serially diluted urine samples containing 
0.5 μM debrisoquine were analyzed in the same way as the authentic standards. 
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The quantitative abundances were calculated from the response using the linear 
range of detection of the calibration plot. All analyses were performed using 
TargetLynx software (Waters Corp.). One-way ANOVA with Bonferroni’s correc-
tion for multiple comparisons was performed using GraphPad Prism 4 software 
(San Diego, CA) with a two-sided  P  < 0.05 considered statistically signifi cant. 

 According to their fragmentation pattern, the following MRM transitions were 
monitored for the respective compounds: indole-3-lactic acid (206→118; ESI+), 
indole-3-pyruvic acid (204→130; ESI+), tryptophan (205→118; ESI+), 
2- hydroxyphenylacetic acid (151→107; ESI−), 4-hydroxyphenylacetic acid 
(151→107; ESI−), adipic acid (147→101; ESI+), pimelic acid (159→97; ESI−), 
debrisoquine (176→134; ESI+), phenylalanine (166→120; ESI+), phenyllactic acid 
(165→103; ESI−), suberic acid (173→111; ESI−),  N -hexanoylglycine (174→76; 
ESI+), xanthurenic acid (206→160, ESI−),  N -acetylglycine (116→74, ESI−), taurine 
(124→80, ESI−), and creatinine (114→86; ESI+). All concentrations were normal-
ized with respect to creatinine to account for any change in glomerular fi ltration rates.  

13.2.9     Effect of Genetic Background on Metabolomic 
Signatures 

 Genetic background is well-known to infl uence outcome of alcoholism including 
alcohol-induced liver disease [ 4 ,  5 ,  13 ,  14 ]. Since, metabolome refl ects the pheno-
type; robustness of metabolomic biomarkers against genetic background needs to 
be investigated. C57BL/6 (B6) and 129/Sv has earlier shown to differ considerabl 
with respect to physiological functions [ 45 ] as well as the biochemical response and 
outcome of xenobiotic insults [ 46 ,  47 ]. Thus these two strains of mice were used to 
characterize the infl uence of genetic background on overall metabolome and ALD 
biomarkers.   

13.3     Animal Study Design 

•      Study 1 : Identifi cation of ALD-associated metabolic signatures in  Ppara -null 
Mice. 
 Male (6- to-8-week-old,  N  = 4/group) wild-type and  Ppara -null on 129/Sv back-
ground were fed a 4 % ethanol-containing liquid diet ad libitum (Lieber-DeCarli 
Diet, Dyets, Inc.). Control animals ( N  = 4/group) were fed an isocaloric diet sup-
plemented with maltose dextran ad libitum (Dyets, Inc.).  

•    Study 2 : Identifi cation of genetic background-independent ALD biomarkers. 
 The design in Study 1 was replicated but with the addition of two genetic back-
grounds: wild-type and  Ppara -null mice (6- to 8-week-old male,  N  = 4/group) on 
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B6 (C57BL/6 N-Ppara<tm1Gonz>/ N ) as well as their counterparts on a 129/Sv 
(129S4/SvJae-Ppara<tm1Gonz>/ N ) background.    

 In both studies, a subset of mice    were euthanized after 1 month on the alcohol 
diet, serum was collected, and portions of the liver were harvested for histology to 
confi rm that  Ppara -null mice were developing steatosis. Livers were formalin-fi xed, 
paraffi n-embedded, sectioned, and stained with hematoxylin and eosin. Serum AST 
and ALT activities were measured using VetSpec™ kits (Catachem, Inc.). Liver and 
serum triglycerides were estimated using a colorimetric assay kit from Wako. At 2 
months, after mice were accustomed well to the liquid diets, they were transferred 
to a urinary metabolomics protocol where urine samples were collected monthly 
using Nalgene metabolic cages (Tecniplast USA, Inc.). Urines were collected over 
24 h and stored at −80 °C in glass vials until analyzed. All mice were acclimated to 
the metabolic cages by placing them in the metabolic cages before the actual sample 
collection.  

13.4     Results and Discussion 

13.4.1     PCA Analysis of Metabolomic Data 

 In agreement with an earlier report [ 26 ], only  Ppara -null mice on alcohol treatment 
showed lipid accumulation after 1 month (Fig.  13.2a ) indicating ALD onset [ 48 , 
 49 ]. Mass spectrometry-based metabolomic analysis revealed that alcohol exposed 
 Ppara -null mice had a distinct urinary metabolic profi le compared to those on con-
trol diet even at the earliest time point, i.e., after 2 months of alcohol treatment 
(Fig.  13.2b ). After 6 months of alcohol treatment, when  Ppara -null mice exclu-
sively developed alcoholic steatosis, the urinary metabolomic data showed distinct 
segregation of control and alcohol-treated mice as well as wild-type and  Ppara -null 
animals on the scores-scatter plot for unsupervised principal components analysis 
(Fig.  13.2c ). These data indicated that each of these four groups represents a distinct 
metabolic signature. The separation of these mice along fi rst principal component 
was according to their alcohol exposure. Interestingly, the separation along second 
principal component, which was infl uenced by the genotype, was more prominent 
in  Ppara -null mice compared to wild-type. This indicated that in agreement with 
the liver pathology, the  Ppara -null metabolome is also more susceptible to chronic 
alcohol consumption. Subsequently, supervised orthogonal projection to latent 
structures (OPLS) analysis was performed. As the loadings S-plots showed 
(Fig.  13.2d, e ) there were a number of ions that showed similar trends of elevation 
(such as P1, P1a, and P8) or depletion (such as P4, P5, and P5a) on alcohol treat-
ment in both wild-type and  Ppara -null mice. However, few ions were found to be 
exclusively elevated (such as P2) in the urine of alcohol-treated  Ppara -null mice 
(Fig.  13.2e ) that developed ALD. These ions might represent ALD-specifi c metabolic 
derangements.   
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  Fig. 13.2    ( a ) Liver histology (HE stain) of wild-type (WT,  left panel ) and peroxisome proliferator-
activated receptor alpha knockout ( Ppara -null,  right panel ) mice after a duration of 1 month on 
control ( upper panel ) or 4 % alcohol-containing liquid diet ( lower panel ). Histology shows 
increased fat deposition in  Ppara -null animals on the 4 % alcohol containing liquid diet. ( b ) Scores 
scatter plot from principal components analysis (PCA) showing unsupervised segregation of the 
urinary metabolome (ESI+ mode) from control and alcohol-treated  Ppara -null mice at 2 months. 
( c ) PCA scores scatter plot showing a larger difference between wild-type and  Ppara -null metabo-
lomic data as a result of chronic alcohol treatment (over 6 months). The  triangles  and  dots  indicate 
mice on control and alcoholic diet, respectively, with  black  and  red color  representing wild-type 
and  Ppara -null mice, respectively. ( d ) Loading S-plots from the supervised orthogonal projection 
to latent structures (OPLS) analysis of ESI+ mode metabolic signatures (at 6 months) for candidate 
markers of chronic alcohol exposure in wild-type and ( e )  Ppara -null mice. Each  triangle  represents 
an ion characterized by unique mass and retention time. Representative candidates have been high-
lighted ( solid box ) in the plots. A differential response was characterized by biomarkers that were 
exclusive to wild-type (P3) or  Ppara -null (P2) mice. ( f ) MassTRIX analysis of putative metabolites 
related to tryptophan metabolism detected in ESI+ mode show variation over time during alcohol 
treatment. The  solid  and  dotted lines  represent wild-type and  Ppara -null animals, respectively       
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13.4.2     Metabolic Pathway Analysis 

 To further identify possible metabolic pathways affected by alcohol treatment and 
ALD pathogenesis, ions that signifi cantly contributed to the separation of alcohol- 
treated and control animals were analyzed using MassTRIX. Following alcohol 
exposure, metabolites potentially originating from tryptophan metabolism were 
found to be signifi cantly signifi cantly elevated (Fig.  13.2f ). However, in wild-type 
animals, the number of such metabolites gradually decreased over time, while in 
 Ppara -null animals, the corresponding number of metabolites increased. Thus, the 
MassTRIX analysis indicated that alcohol consumption impacted tryptophan 
metabolism more in the  Ppara -null mice as compared to wild-type mice.  

13.4.3     Identifi cation and Quantitation of Metabolites 

 Identities of a number of these ions were subsequently confi rmed using authentic 
standard and their concentrations were measured. Tables  13.1  and  13.2  show metab-
olites deranged in the urine of wild-type and  Ppara -null mice on alcohol treatment. 
Both wild-type and  Ppara -null animals showed an elevation of ethanol metabolites 
such as ethyl sulfate and ethyl-β- D -glucuronide, albeit to a different extent. In addi-
tion, metabolites such as 2-hydroxyphenylacetic acid, 4-hydroxyphenylacetic acid, 
4-hydroxyphenylacetic acid sulfate and xanthurenic acid were elevated, whereas 
adipic acid and pimelic acid were depleted in the urine of alcohol-treated mice. 
Similar to alcohol metabolites, many of these endogenous metabolites also showed 
signifi cant difference in their excretion in wild-type and  Ppara -null animals. 
However, it was interesting to note that indole-3-lactic acid was exclusively elevated 
in the urine of alcohol-treated  Ppara -null mice (Fig.  13.2a, b ).

    For biomarker discovery, reproducibility of measurements is a very important 
issue. Nuclear magnetic resonance (NMR)-based metabolic profi ling has an advan-
tage of being very reproducible as well as for giving direct structural information 
about the metabolite. However, it is interesting to note that concentrations of indole-
3- lactic acid in these urine samples were in the low micromolar range. The sensitiv-
ity of the analytical method used for measuring changes in the metabolic profi le 
becomes crucial to detect changes in the excretion of such metabolites. NMR 
 typically fails to capture changes in abundance of metabolites at these concentration 
levels whereas mass spectrometry, as evident from these results, is sensitive enough 
to measure concentrations down to nanomolar and even picomolar ranges. Thus in 
spite of inferior reproducibility compared to NMR, mass spectrometry has a distinct 
advantage in increasing sensitivity and capturing miniscule changes in excretion of 
larger number of metabolites present in such low concentrations. Mass spectrome-
try can also    increase the chance of identifi cation novel metabolites that may be low 
in abundance but specifi c to the pathology. On the other hand, NMR typically mea-
sures only few hundreds of known and relatively abundant metabolites. Thus, mass 
spectrometry is often superior as a platform, particularly, for discovery of metabolic 
biomarkers.  
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    Table 13.1    Metabolic signature of chronic alcohol exposure in the wild-type mice   

 Identity  Putative origin 
 Trend 
in B6 

 Trend 
in 129S 

 Ethyl sulfate  Alcohol metabolism  −  ↑ 
 Ethyl-β- D -glucuronide  Alcohol metabolism  ↑  ↑ 
  N -Acetylglycine  Alcohol metabolism  ↑  ↑ 
 4-Hydroxyphenylacetic acid  Phenylalanine metabolism and gut fl ora  −  ↑ 
 4-Hydroxyphenylacetic acid 
sulfate 

 Phenylalanine metabolism and gut fl ora  −  ↑ 

 2-Hydroxyphenylacetic acid  Phenylalanine metabolism and gut fl ora  −  ↓ 
 Xanthurenic acid  Tryptophan metabolism and gut fl ora  ↑  − 
 Adipic acid  Fatty acid ω-oxidation  −  ↓ 
 Pimelic acid  Fatty acid ω-oxidation  −  ↓ 
 Taurine  Cysteine metabolism  ↓  ↑ 
  N -hexanoylglycine  Fatty acid β-oxidation and gut fl ora  ↑  − 

    Table 13.2    Metabolic signature of chronic alcohol exposure in the  Ppara -null mice   

 Identity  Putative origin 
 Trend 
in B6 

 Trend 
in 129S 

 Ethyl sulfate  Alcohol metabolism  −  ↑ 
 Ethyl-β- D -glucuronide  Alcohol metabolism  ↑  ↑ 
  N -Acetylglycine  Alcohol metabolism  ↑  ↑ 
 4-Hydroxyphenylacetic acid  Phenylalanine metabolism 

 and gut fl ora 
 −  ↑ 

 4-Hydroxyphenylacetic acid 
sulfate 

 Phenylalanine metabolism and gut fl ora  −  ↑ 

 2-Hydroxyphenylacetic acid  Phenylalanine metabolism and gut fl ora  −  ↓ 
 Xanthurenic acid  Tryptophan metabolism and gut fl ora  ↑  − 
 Adipic acid  Fatty acid ω-oxidation  −  ↓ 
 Pimelic acid  Fatty acid ω-oxidation  −  ↓ 
 Taurine  Cysteine metabolism  ↓  ↑ 
 Indole-3-lactic acid  Tryptophan metabolism  ↑  ↑ 
 Phenyllactic acid  Phenylalanine metabolism  ↑  ↑ 

13.4.4     Potential Use of Metabolic Signature in Detection 
of Alcohol Intake and ALD Susceptibility 

 Diagnosis of ALD is often complicated due to lack or fi delity of information on 
alcohol intake. The principal components analysis including all endogenous and 
alcohol metabolites showed clear clustering of mice according to genotype and 
alcohol exposure as early as after 2 months of alcohol treatment (Fig.  13.3c ). At 3 
months, these clusters separated into different quadrants with fi rst principal 
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  Fig. 13.3    Discriminatory power of non-invasive ALD urinary biomarkers. Variation of the urinary 
excretion of indole-3-lactic acid in wild-type mice ( a ) and  Ppara -null mice ( b ) that develop alcohol- 
induced liver disease (ALD). The  dashed  and  solid lines  represent the variation in the concentration 
of urinary indole-3-lactic acid from control and alcohol-treated mice, respectively (One-way 
ANOVA with Bonferroni’s correction for multiple comparisons, signifi cance at  P  < 0.05;  #,  signifi -
cantly different from control  Ppara -null mice; *, signifi cantly different from the alcohol- treated 
wild-type mice). PCA scores scatter plot for the variation in the urinary excretion of the endogenous 
metabolites (indole-3-lactic acid, 4-hydroxyphenylacetic acid, 4-hydroxyphenylacetic acid sulfate, 
2-hydroxyphenylacetic acid, adipic acid, and pimelic acid) as well as alcohol metabolites (ethyl 
sulfate, ethyl-β- D -glucuronide) at 2 months ( c ) and at 3 months ( d ) after beginning of alcohol treat-
ment. The  triangles  and  dots  indicate mice on control and alcoholic diet, respectively, with  black  
and  red color  representing wild-type and  Ppara -null mice, respectively. Horizontal separation in 
the scatter plots correlates with  Ppara -null expression that determines the susceptibility towards 
ALD with the  horizontal arrow  indicating a decrease in PPARα expression and an increase in ALD 
susceptibility. Vertical separation in the scatter plots correlates with alcohol exposure (in the direc-
tion of the  vertical arrow ). ( e ) The scores scatter plot for the PCA of endogenous urinary metabo-
lites shows their collective discriminatory power to identify phenotypes at 2 months and ( f ) at 3 
months of alcohol treatment. The  triangles  and  dots  indicate mice on control and alcoholic diet, 
respectively, with  black  and  red color  representing wild-type and  Ppara -null mice, respectively       

 

13 Application of Mass Spectrometry-Based Metabolomics…



230

component refl ecting genotype and the second representing alcohol exposure 
(Fig.  13.3d ). Alcohol metabolites such as ethyl sulfate and ethyl-β- D -glucuronide 
are used in forensic analysis for alcohol consumption [ 50 ,  51 ]. Thus, a combined 
metabolic panel could be used for detection of recent alcohol consumption as well 
as liver damage. However, none of these metabolites are detectable beyond 3 days 
[ 50 ,  51 ]. This could present a challenge in ALD diagnosis if the patient stops drink-
ing just 3 days prior to examination and denies alcoholism. Interestingly, it was 
found that endogenous metabolites also showed similar discriminatory power 
between these groups of animals (Fig.  13.3e, f ). At 3 months, mice clustered in four 
different quadrants with horizontal separation indicating ALD susceptibility (geno-
type), vertical separation indicating alcohol consumption and diagonal separation 
indicating interaction between them resulting in ALD pathogenesis. This indicated 
that metabolomic signature alone may not only help to diagnose ALD but also 
detect alcohol intake and predict ALD susceptibility prospectively.   

13.4.5     Effect of Genetic Background on Metabolic Signatures 

 Similar to 129/Sv mice,  Ppara -null mice on B6 background also showed an increase 
in steatosis compared to their wild-type counterparts on alcohol treatment. However, 
the overall metabolic fi ngerprint of B6 mice was distinctly different from the 129S 
mice irrespective of  Ppara  expression and ethanol treatment throughout the course 
of the study (Fig.  13.4a ). This represents intrinsic difference between biochemical 
landscapes of these two strains due to difference in genetic background. In fact, 
these mice were also found to be different in terms of alcohol metabolism. Ethyl 
sulfate, which showed a huge increase in the urine of alcohol-treated 129/Sv mice, 
was not detected in the urine of B6 mice (Tables  13.1  and  13.2 ). Such differences in 
alcohol metabolism is common in people with different genetic backgrounds and 
contributes to difference in the outcome of alcohol-induced liver injury [ 4 ,  5 ,  13 , 
 14 ]. However, MassTRIX analysis showed (Fig.  13.4a ) that similar to that observed 
in case of 129S mice, a number of metabolites potentially belonging to tryptophan 
metabolism were elevated on alcohol treatment in B6 mice and the number of ele-
vated metabolites in  Ppara -null was also higher than that in the wild-type mice. In 
addition,  Ppara -null mice also showed a progressive increase in number of potential 
metabolites belonging to phenylalanine metabolism on alcohol treatment whereas 
wild-type mice showed a decrease. All metabolites were identifi ed and quantitated 
using authentic standards. The results showed an elevation in urinary excretion of 
indole-3-lactic acid exclusively in alcohol-treated  Ppara -null mice (Fig.  13.5a, b ) 
on B6 background similar to that observed in 129/Sv mice. This was accompanied 
with an elevation in the urinary excretion of phenyllactic acid exclusively in alcohol- 
treated  Ppara -null mice (Fig.  13.5c, d ). Phenyllactic acid was also measured and 
found to be elevated in the urine of alcohol-treated  Ppara -null mice on 129/Sv 
background (Fig.  13.5e, f ).    
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13.4.6     The Biochemical Origin of ALD Biomarkers 

 These results showed a signifi cant difference between B6 and 129/Sv animals with 
respect to alcohol metabolism, fatty acid metabolism, amino acid metabolism and 
gut fl ora metabolism as shown in Fig.  13.6 . In spite such widespread difference due 
to genetic background, two α-hydroxy acid metabolites, namely, indole-3-lactic 
acid and phenyllactic acid were exclusively elevated in the urine of alcohol-treated 
 Ppara -null mice of both backgrounds. This indicates plausible mechanistic 
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association of these metabolites with molecular events associated with ALD 
 pathogenesis in  Ppara -null mice. PPARα, which is a master regulator of genes 
involved in fatty acid β-oxidation, activates the tryptophan-quinolinic acid-NAD +  
pathway by down- regulating α-amino-β-carboxymuconate-ε-semialdehyde decar-
boxylase [ 52 ]. This results in the attenuation of NAD +  production in  Ppara -null. 
Since NAD +  is a cofactor for fatty acid oxidation by both β- and ω-oxidation path-
ways, the reduced NAD+ biosynthesis makes  Ppara -null mice more susceptible to 
fat deposition in the liver compared to their wild-type counterparts.  

 Alcohol is oxidized stepwise by alcohol dehydrogenase (EC 1.1.1.2) into acetal-
dehyde in the liver and acetaldehyde to acetic acid by aldehyde dehydrogenase (EC 
1.2.1.3) (Fig.  13.7 ). Acetic acid can enter the TCA cycle or be a substrate for fatty 
acid synthesis [ 53 ]. However, both reactions consume NAD +  and produce 
NADH. Therefore, chronic alcohol consumption further decreases the ratio of 
NAD + /NADH [ 54 ] in  Ppara -null mice, shifting cellular redox balance more towards 
reduced state to impair fatty acid catabolism and results in fat deposition in the liver 
(Fig.  13.7 ).  
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 Tryptophan is an essential amino acid that is metabolized in the liver. 
Tryptophan is typically deaminated by  L -amino acid oxidase (EC 1.4.3.2) to 
indole-3-pyruvic acid, an α-keto acid intermediate. It was shown that some micro-
bial AST (EC 2.6.1.1) can also catalyze this reaction, albeit with lower effi ciency 
[ 55 ,  56 ]. Interestingly, aspartate aminotransferase (AST) level also increases 
during liver injury. Thus it may also contribute to increase in production of to 
indole-3-pyruvic acid. In the presence of elevated NADH due to alcohol consump-
tion, indole-3-pyruvic acid may be readily reduced to corresponding α-hydroxy 
acid, i.e., indole-3-lactic acid (Fig.  13.7 ). Enzymes responsible for this interconver-
sion have been reported in microbes (EC 1.1.1.120, indolelactate dehydrogenase; 
and EC 1.1.1.222 (R)-4-hydroxyphenyllactate dehydrogenase) [ 57 ]. Tryptophan 
conversion to indole-3-lactate has been shown in protozoa [ 58 ]. 

 Another α-hydroxy acid, phenyllactic acid, was also found to be elevated in the 
urine of  Ppara -null mice following alcohol-treatment. Phenyllactic acid is a product 
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sponding α-hydroxy acids: phenyllactic acid and indole-3-lactic acid. Enzyme numbers mentioned 
in  blue  and  light gray  indicate enzymes annotated and unannotated in mammals, respectively       

 

S.K. Manna et al.



235

of reduction of the deaminated phenylalanine. Apart from tyrosine aminotransferase 
(EC 2.6.1.5), aspartate aminotransferase can also catalyze the deamination of phe-
nylalanine to phenylpyruvic acid [ 56 ,  59 ]. However, the shift in the redox balance 
in the alcohol-treated  Ppara -null mice may drive the reduction of this intermediate 
to phenyllactate, possibly by the action of (R)-4-hydroxyphenyllactate dehydroge-
nase (EC 1.1.1.222) [ 60 ] as depicted in Fig.  13.7 . This enzyme is also not known in 
mammals. 

 Taken together, the elevation of these α-hydroxy acids in the alcohol-treated 
  Ppara - null   mice strongly suggests common enzymatic pathways linking alcohol-
induced liver injury and shift in redox balance. It shows that the increase in meta-
bolic biomarkers is essentially driven by same biochemical events that are associated 
with alcohol-induced liver damage and steatosis. However, the proposed biochemi-
cal pathways highlight lacunae in our understanding of metabolic pathways, par-
ticularly, under pathological conditions.   

13.5     Summary and Future Directions 

 This study showed that mass spectrometry-based metabolic fi ngerprinting can be a 
powerful tool in identifi cation of noninvasive signature for detection of ALD at 
early stage. The simultaneous use of wild-type and  Ppara -null animals helped to 
distinguish signatures of alcohol exposure from those associated with ALD patho-
genesis. It showed that an endogenous metabolomic signature may be helpful in 
prediction of ALD susceptibility as well as ALD diagnosis even in absence of reli-
able information on alcohol consumption. Validation of metabolomic signatures in 
different genetic backgrounds helped to identify robust biomarkers for ALD. These 
noninvasive biomarkers appeared to simultaneously refl ect change in redox balance 
and ongoing liver injury due to chronic alcohol consumption. In conclusion, this 
study demonstrated that metabolic signatures can be helpful in early noninvasive 
screening and diagnosis of ALD. However, these results are yet to be validated in 
human samples. In addition, to the effect of human genetic background, careful 
analysis on the effect of food habit, life-style as well as orthogonality of metabolic 
biomarkers to other liver disease/disorders remains to be undertaken.     
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    Chapter 14   
 Alcohol Metabolism by Oral Streptococci 
and Interaction with Human Papillomavirus 
Leads to Malignant Transformation of Oral 
Keratinocytes 

             Lin     Tao     ,     Sylvia     I.     Pavlova    ,     Stephen     R.     Gasparovich    ,     Ling     Jin    , 
and     Joel     Schwartz   

    Abstract     Poor oral hygiene, ethanol consumption, and human papillomavirus 
(HPV) are associated with oral and esophageal cancers. However, the mechanism is 
not fully known. This study examines alcohol metabolism in  Streptococcus  and its 
interaction with HPV-16 in the malignant transformation of oral keratinocytes. The 
acetaldehyde-producing strain  Streptococcus gordonii  V2016 was analyzed for  adh  
genes and activities of alcohol and aldehyde dehydrogenases.  Streptococcus  attach-
ment to immortalized HPV-16 infected human oral keratinocytes, HOK (HPV/
HOK-16B), human oral buccal keratinocytes, and foreskin keratinocytes was stud-
ied. Acetaldehyde, malondialdehyde, DNA damage, and abnormal proliferation 
among keratinocytes were also quantifi ed. We found that  S. gordonii  V2016 
expressed three primary alcohol dehydrogenases, AdhA, AdhB, and AdhE, which 
all oxidize ethanol to acetaldehyde, but their preferred substrates were 1-propanol, 
1-butanol, and ethanol, respectively.  S. gordonii  V2016 did not show a detectable 
aldehyde dehydrogenase. AdhE is the major alcohol dehydrogenase in  S. gordonii . 
Acetaldehyde and malondialdehyde production from permissible  Streptococcus  
species signifi cantly increased the bacterial attachment to keratinocytes, which was 
associated with an enhanced expression of furin to facilitate HPV infection and 
several malignant phenotypes including acetaldehyde adduct formation, abnormal 
proliferation, and enhanced migration through integrin-coated basement membrane 
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by HPV-infected oral keratinocytes. Therefore, expression of multiple alcohol 
dehydrogenases with no functional aldehyde dehydrogenase contributes to  excessive 
production of acetaldehyde from ethanol by oral streptococci. Oral  Streptococcus  
species and HPV may cooperate to transform oral keratinocytes after ethanol 
 exposure. These results suggest a signifi cant clinical interaction, but further valida-
tion is warranted.  

  Keywords     Alcohol   •   Ethanol   •   Acetaldehyde   •   Dehydrogenase   •   ADH   •   ALDH   • 
  Cancer   •   Carcinogenesis   •   Keratinocytes   •   Human papillomavirus   •   HPV   • 
   Streptococcus   

14.1         Ethanol, Bacteria, Human Papillomavirus, 
and Oral Cancer 

    Several types of cancers, such as the cancers of the head and neck, liver, colorectal, 
and female breast, have been linked to chronic ethanol consumption [ 1 ]. The stron-
gest association of ethanol and increased cancer risk is seen for the upper aerodiges-
tive tract including the oral cavity, throat, voice box, and esophagus. Recently, poor 
oral hygiene and tooth loss have been associated with an increased risk of oral and 
esophageal cancers [ 2 – 4 ], suggesting a role of oral microorganisms in carcinogen-
esis. Recent epidemiologic studies show an increased incidence of human papillo-
mavirus (HPV)-related cancers, such as oropharyngeal cancers, in North America 
and Northern Europe [ 5 ,  6 ]. Although the exact mechanism by which ethanol con-
sumption, bacterial and/or viral infections cause cancer is not fully known, local 
production of carcinogenic agents by microorganisms is suspected [ 7 ]. Additionally, 
we observed that ethanol metabolism by certain oral  Streptococcus  strains promoted 
the function and activity of furin, a serine proprotein convertase in mammalian 
cells, which is required for the entry of HPV subtype 16 (oncogenic mucotropic 
form) into human oral keratinocytes (HOK) [ 8 ] and has a variety of other functions 
related to malignant transformation [ 9 ]. 

 Ethanol itself is not carcinogenic, but it can be metabolized to carcinogenic acet-
aldehyde in the oral cavity by oral microorganisms [ 10 ,  11 ]. In the oral cavity, 
 Streptococcus  species are dominant bacteria [ 12 ]. It has been reported that many 
species of oral streptococci can produce acetaldehyde from ethanol [ 7 ,  13 ]. Also, 
alcohol dehydrogenase (ADH) activities have been observed in oral  Streptococcus  
species [ 14 ]. However, little is known about genes encoding these ethanol metabolic 
enzymes in these bacteria and whether ethanol metabolism by bacteria play a role 
in facilitating HPV infection in the oral and esophageal carcinogenesis. 

 The metabolite of ethanol is acetaldehyde, which is a carcinogen in animal 
 models [ 15 ] and causes chromosomal damage, including sister-chromatid exchanges 
and chromosomal aberrations [ 16 ]. It reacts with 2′-deoxyguanosine to form 
  N  2 -ethyl - 2 ′-deoxyguanosine  ( N  2 -EtdG) to form DNA adduct in animal models of 
ethanol exposure and in white blood cells of human alcoholics [ 17 ]. Additionally, 
acetaldehyde inhibits DNA repair enzymes [ 18 ]. Recently, acetaldehyde associated 
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with alcoholic beverages has been named as a Class I carcinogen for humans by the 
International Agency for Research on Cancer of WHO [ 19 ]. 

 ADH catalyzes the conversion of ethanol to acetaldehyde, which can be further 
converted to acetic acid by aldehyde dehydrogenase (ALDH). Therefore, if a bacte-
rium has both active ADH and ALDH, it can metabolize ethanol fully to the harm-
less acetic acid. However, if a bacterium has active ADH without ALDH, excessive 
acetaldehyde can be produced from ethanol. Acetaldehyde can readily diffuse 
through eukaryote and prokaryote membranes, and increase the long-term risk for 
DNA damage to epithelial cells with formation of bulky adducts and mutations. In 
both bacterial species and HOK, ethanol can be metabolized by ADH to produce 
acetaldehyde and then to acetyl-coenzyme A or acetate by ALDH [ 20 ]. Human 
genes encoding ADH and ALDH, as well as other associated enzymes, show differ-
ent activities in ethanol metabolism, release of acetaldehyde, differentiation of oral 
epithelium, and risk in developing cancer depending on individual gene polymor-
phism [ 21 ]. 

 In addition to production of acetaldehyde from ethanol, the oral fungus  Candida 
albicans  can also produce acetaldehyde from glucose through the pyruvate-bypass 
pathway [ 22 ,  23 ], but most oral bacteria, including  Streptococcus , do not have pyru-
vate decarboxylase, the enzyme required for this pathway. Therefore, excessive pro-
duction of acetaldehyde from ethanol by oral bacteria [ 3 ,  13 ] and from ethanol and/
or glucose by oral fungi may contribute to an increased risk of oral-esophageal 
cancer. However, unless in immune compromised patients, the oral-esophageal 
 cavity of a healthy adult human often has a low number of fungi but a high number 
of bacteria. 

 The human body carries about 10 14  bacteria in the oral-digestive tract [ 24 ,  25 ]. 
The metabolic activities performed by these bacteria resemble those of an organ 
[ 26 ]. Like host cells, many bacteria in the oral cavity and gut can produce acetalde-
hyde from ingested ethanol [ 7 ,  11 ,  13 ,  14 ,  27 – 29 ]. Even though active ALDH is 
present in the human host tissues, nearly all acetaldehyde accumulated in the saliva 
is of microbial origin due to abundance of oral bacteria [ 14 ,  29 ]. Therefore, acetal-
dehyde production by oral bacteria from ethanol is signifi cant to the etiology of 
oral-esophageal cancers.  

14.2     Ethanol Metabolism by Oral Streptococci 

14.2.1     Selection of a Representative Strain 

 Streptococci readily colonize mucosal tissues in the nasopharynx and the respira-
tory and gastrointestinal tracts [ 12 ]. The oral cavity contains teeth, which provide 
non-shedding surfaces. This allows bacteria to adhere to the surface of teeth to form 
dental plaque, or biofi lm, which contains high density of bacteria, mainly strepto-
cocci. Therefore, we focused on oral streptococci to study the microbial ethanol 
metabolism [ 30 ]. 

14 Alcohol Metabolism by Oral Streptococci and Interaction…



242

 Two groups of oral streptococcal strains were analyzed. The fi rst group included 
14 laboratory strains:  Streptococcus sanguinis  ATCC 10556, S7, Blackburn, 1239b, 
133-79, V2020, V2053, V2054, and V2650 (SK36),  Streptococcus gordonii  V685, 
488, CHI, V288 and V2016. The second group included 38 clinical strains isolated 
from the saliva of 12 healthy volunteers. Their species were identifi ed by 16S rRNA 
gene sequence to be  Streptococcus gordonii, S. mitis, S. oralis, S. salivarius,  and  S. 
sanguinis . The clinical study was approved by Institutional Review Board of the 
University of Illinois at Chicago. 

 Bacterial metabolism of ethanol involves two steps. The fi rst step is to convert 
ethanol to acetaldehyde by ADH. The second step is to convert acetaldehyde to 
acetic acid by ALDH. If a bacterium has both high ADH and ALDH, it can con-
vert ethanol to acetic acid, which reduces pH and can be detected by color change 
in the purple broth [ 30 ]. However, if a bacterium has only ADH but no ALDH, 
it can only produce acetaldehyde from ethanol without further converting it to 
acetic acid. 

 The growth of streptococcal strains and detection of acetaldehyde production 
from ethanol by oral  Streptococcus  were described previously [ 30 ]. A total of 52 
oral  Streptococcus  strains were analyzed for their capacity of acetic acid and acetal-
dehyde production from ethanol. Only 17 strains of  S. mitis, S. oralis  and  S. sali-
varius  produced acetic acid from ethanol, while 19 strains of all fi ve of these 
 Streptococcus  species ( S. gordonii, S. mitis, S. oralis, S. salivarirus  and  S. sangui-
nis ) produced acetaldehyde. Among these  Streptococcus  strains some produced 
only acetic acid without detectable acetaldehyde, while others produced only acet-
aldehyde without detectable acetic acids, and still others produced both or neither 
products from ethanol. Among all the strains tested,  S. gordonii  V2016,  S. oralis  
108, and  S. mitis  110-5 showed the most abundant production of acetaldehyde. 
However,  S. oralis  108 and  S. mitis  110-5 also showed production of acetic acid 
from ethanol, but  S. gordonii  V2016 showed only acetaldehyde production from 
ethanol. Therefore, V2016 was selected for further study of its enzymes involved in 
acetaldehyde production from ethanol.  

14.2.2     Construction of  adh  Mutants in  S. gordonii  V2016 

 By in silico analysis of the  S. gordonii  genome [ 31 ], we have identifi ed three genes: 
 adhA  (SGO_0565; 1,023 bp),  adhB  (SGO_1774; 1,038 bp), and  adhE  ( acdH,  
SGO_0113; 2,652 bp) that encode putative ADHs. These three genes were subject 
to PCR-ligation mutagenesis with different antibiotic resistance markers to achieve 
allelic exchange [ 32 ]. Standard recombinant DNA techniques were employed as 
described [ 33 ]. Multiple pairs of oligonucleotides (Integrated DNA Technologies) 
used in this study and the  S. gordonii  V2016  adh  deletion mutants were constructed 
and confi rmed as previously described [ 30 ].  
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14.2.3     Acetaldehyde Production by  S. gordonii  V2016 
 adh  Mutants 

 The acetaldehyde production by the wild type and various gene-deletion mutants of 
V2016 was tested on the PBB-Schiff’s agar plate. A positive reaction to acetalde-
hyde is indicated by the pinkish red color, while a negative reaction by white color. 
As shown in Fig.  14.1 , the wild type strain displayed the strongest production, the 
single gene knockout mutants a slightly reduced production, double gene knockout 
mutants a much reduced production, and the triple knockout mutant a negative pro-
duction of acetaldehyde.   

14.2.4     Alcohol Dehydrogenases of  S. gordonii  V2016 

 Because existing enzyme activity gel assays (zymograms) were not sensitive enough 
to detect multiple ADH activities from crude bacterial samples, we developed a 
more sensitive zymogram method, which allowed us to detect multiple ADHs 
simultaneously on the same gel with crude bacterial lysates. ADH and ALDH activ-
ities of the testing bacteria were determined by a specifi c zymogram method 
improved from several methods described previously [ 11 ,  34 ,  35 ]. Nitroblue tetra-
zolium (NBT) in the presence of phenazine methosulfate (PMS) reacts with nicotin-
amide adenine dinucleotide phosphate (NADPH) produced by dehydrogenases to 
produce an insoluble blue-purple formazan. This new NBT-PMS detection method 

  Fig. 14.1    Acetaldehyde 
production by  Streptococcus 
gordonii  on the PBB-Schiff’s 
agar. (1) V2016wt; (2) 
 ΔadhA ; (3)  ΔadhB ; (4) 
 ΔadhAB ; (5)  ΔadhE ; (6) 
 ΔadhAE ; (7)  ΔadhBE ; (8) 
 ΔadhABE        
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was used to visualize ADH and ALDH in polyacrylamide gels [ 30 ]. Yeast ADH and 
ALDH (Sigma-Aldrich) were used as positive controls. 

 By knocking out three  adh  genes individually and in various combinations, we 
identifi ed that  S. gordonii  V2016 has three primary ADHs, AdhA, AdhB, and AdhE 
(Fig.  14.2 ), which all recognized ethanol as a substrate with different activities 
(Fig.  14.3 ). Additionally, we have also identifi ed a secondary ADH, S-AdhA, which 
specifi cally recognizes the secondary alcohol, 2-propanol, and a dehydrogenase 
specifi c for threonine (Fig.  14.4 ). These two dehydrogenases, however, do not rec-
ognize ethanol as their substrate (Figs.  14.2  and  14.3a ), despite that AdhA recog-
nizes both threonine and 2-propanol as its substrate (Fig.  14.4 ).    

 In addition to  S. gordonii  V2016, three other  S. gordonii  strains including V288, 
CHI, and 110-3, and fi ve  S. sanguinis  laboratory strains including 133-79, S7, 
Blackburn, SK36 and ATCC 10556, and 11 oral  Streptococcus  isolates, including 
four strains produced only acetaldehyde, two strains produced both acetic acid and 
acetaldehyde, and fi ve strains produced only acetic acid from ethanol (see legend to 
Fig.  14.5  for strain names), were also analyzed for both ADH and ALDH activities.  

 Among three ADHs in  S. gordonii  V2016, a cross regulation of their activities 
may exist. As shown in Fig.  14.2 , when the activity of AdhE is weak due to the lack 
of its cofactor Fe 2+  or missing due to gene deletion, the activities of AdhA and AdhB 
were relatively strong. However, when Fe 2+  and Zn 2+  were supplemented to the 
growth medium, the AdhE activity became substantially increased (Fig.  14.3a , 
Lanes 1–4) but the activities of both AdhA and AdhB were suppressed, possibly by 

  Fig. 14.2     Streptococcus 
gordonii  V2016 ADH 
distribution analysis by 
zymogram without added 
Fe 2+  and Zn 2+ : (1) V2016wt; 
(2)  ΔadhA ; (3)  ΔadhB ; 
(4)  ΔadhE . Note: missing 
band(s) of each  Δadh  mutant 
indicates the location(s) of 
the target ADH       
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the increased activity of AdhE. However, when the  adhE  gene was deleted, the 
activity of AdhA was increased (Fig.  14.3a , Lanes 5, 7), but not AdhB, which 
appeared to be relatively independent from AdhE regulation. A similar scenario was 
also observed when 1-propanol (Fig.  14.3b ) and 1-butanol were used as substrates 
(Fig.  14.3c ). These results suggest that AdhE may be the major ADH in  S. gordonii . 
When its activity is upregulated, the activities of other ADHs, especially the AdhA, 
are reduced. 

 The ADH activities of V2016 and its various  adh  mutants were analyzed with 
the NBT-PMS zymogram method. First, the approximate size of each ADH was 

  Fig. 14.3    Analysis    of substrate preference of  Streptococcus gordonii  V2016 ADH. Fe 2+  and Zn 2+  
were added to the growth medium and zymogram detection solution. (1) V2016wt; (2)  ΔadhA ; (3) 
 ΔadhB ; (4)  ΔadhAB ; (5)  ΔadhE ; (6)  ΔadhAE ; (7)  ΔadhBE ; (8)  ΔadhABE. Note : in the wild type 
strain, AdhE prefers ethanol, AdhA prefers 1-propanol and AdhB prefers 1-butanol       

  Fig. 14.4    Identifi cation of two novel dehydrogenases in  S. gordonii , the threonine dehydrogenase 
(TdhA) and the secondary alcohol dehydrogenase (S-AdhA) by zymograms. (1) V2016wt; (2) 
 ΔadhA ; (3)  ΔadhB ; (4)  ΔadhAB ; (5)  ΔadhE ; (6)  ΔadhAE ; (7)  ΔadhBE ; (8)  ΔadhABE. Note : AdhA 
reacted with both threonine and 2-propanol because mutants with  ΔadhA  did not show these bands       
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estimated by testing each  adh  gene-deletion mutant against the wild type on an 
ADH zymogram. As shown in Fig.  14.2 , the wild type V2016 displays all three 
functional ADH enzymes (Lane 1). The  ∆adhA  mutant lacks three bands between 
55 and 72 kDa (Lane 2). The  ∆adhB  mutant misses a single band near 130 kDa 
(Lane 3). The  ∆adhE  mutant misses top two bands around 260 kDa (Lane 4). 
Because the actual molecular sizes of these enzymes cannot be determined by the 
native polyacrylamide gel the sizes and shapes of these enzymes can only be esti-
mated. For example, since three bands are related AdhA, this enzyme may take 
three different forms (e.g., monomer, dimer, and/or trimer). 

 The DNA sequences of  adhA  and  adhB  both show a zinc-binding domain, but 
only AdhA showed enhanced ADH activity after zinc supplementation and only in 
the absence of AdhE (Fig.  14.3a ). Supplementing iron signifi cantly enhanced AdhE 

  Fig. 14.5    ( a ) ALDH zymogram: 1-6,  Saccharomyces sereviciae  ALDH controls: 1, 0.1U; 2, 
0.25U; 3, 0.5U; 4, 0.75U; 5, 1 U; 6, 3 U; 7, blank; 8,  S. gordonii  V2016wt. ( b ) ADH zymogram: 
1-3,  S. gordonii  V2016wt, V2016 ΔadhE  and V288; 4 and 5,  S. sanguinis  S7 and Blackburn; 6 and 
7,  S. gordonii  CHI and 110-3; 8-10,  S. sanguinis  133-79, SK36 and ATCC 10556 (ALDH zymo-
gram of these strains was all negative; data not shown). ( c ) ALDH zymogram: 1-4 (produced only 
acetaldehyde from ethanol),  S. salivarius  101-1;  S. sanguinis  104-5;  S. salivarius  109-2, and  S. 
sanguinis  109-3; 5 and 6 (produced both acetaldehyde and acetic acid from ethanol),  S. oralis  108 
and  S. mitis  110-5; 7-11 (produced only acetic acid from ethanol),  S. salivarius  101-7,  S. mitis  
104- 4,  S. salivarius  107-2, 110-1, and 110-4. ( d ) ADH zymogram of the same 11 strains displayed 
in ( c ). Note: only  S. salivarius  107-2 displayed an ALDH band, which is different from AdhE.  S. 
oralis  108 did not show detectable ADH       
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activity (Fig.  14.3a , Lanes 1–4) suggesting that the AdhE protein is an iron- 
dependent ADH. However, in mutants with  adhE  inactivation (Fig.  14.3 , Lanes 5 
and 7), the activity of AdhA is enhanced, but the activity of AdhB is not. The AdhB 
protein has apparent one (Fig.  14.2 ) or two conformations (Fig.  14.3 ). The second 
AdhB band showed up only when zinc was supplemented into the growth medium 
and when AdhE is present.  

14.2.5     Absence of ALDH in  S. gordonii  V2016 

 The  S. gordonii  genomic data [ 31 ] showed that this bacterium has a gene ( acdH,  
SGO_0113) encoding the putative dual functional ALDH/ADH (AdhE). It has 
homology to the ALDH/ADH dual function AdhE in other bacteria [ 36 ]. Therefore, 
it is important to test whether  S. gordonii  V2016 AdhE also has dehydrogenase 
activity for acetaldehyde. As shown in Fig.  14.5a , we tested  S. gordonii  V2016 with 
the optimized NBT-PMS zymogram. However,  S. gordonii  V2016 did not show any 
detectable ALDH activity (Fig.  14.5a , Lane 8). To make sure that this method is 
sensitive enough to detect microbial ALDH, we used  S. cerevisiae  ALDH as a posi-
tive control. The zymogram detected ALDH activity as low as 0.1 U. This method 
has also detected ALDH from another oral  Streptococcus  strain,  S. salivarius  107-2 
(Fig.  14.5c ). Therefore, the zymogram method should be reliable and the negative 
result indicated that  S. gordonii  V2016, as well as other tested oral  Streptococcus  
strains, did not have a detectable ALDH. Because the  adhE  gene of these oral strep-
tococci is highly homologous to  adhE  in other bacteria [ 36 ] that encodes a bifunc-
tional ALDH/ADH, there might be a mutation(s) in its ALDH domain. This fi nding, 
together with the fi nding of oral  Neisseria  [ 11 ], indicates that genetic polymor-
phisms in ALDH in bacteria may exist similar to that seen in humans [ 21 ,  37 ]. 
Because most tested oral streptococcal strains showed multiple ADH, but no ALDH, 
the enzyme distribution bias may contribute to their excessive production of acetal-
dehyde from ethanol. 

 In the East Asian population of humans, a rather high percentage (up to 30 %) 
carries a defective ALDH2, which is caused by a point mutation resulting in a Glu 
to Lys substitution at the amino acid position 487, and is referred to as  ALDH2*487Lys  
(previous symbol:  ALDH2*2 ) [ 38 ,  39 ]. In this study, we observed that in most 
strains of oral  Streptococcus  tested, the AdhE protein has only ADH but no ALDH 
activity. This is also true in  Neisseria  [ 11 ]. This indicates that the  adhE  gene of these 
bacteria might have lost its ability to express functional ALDH during the course of 
evolution. Based on a recent study on bacterial evolution [ 40 ], if a gene is nones-
sential for bacterial survival, more mutations can be accumulated in comparison 
with genes that are essential. Because  adhE  is nonessential, a random mutation in 
 adhE  could be allowed and be passed down to the offspring. The questions are how 
many bacterial species carry such a mutation in their  adhE  gene and which base 
substitution(s) may inactivate its ALDH activity.  
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14.2.6     Substrate Specifi cities of  S. gordonii  ADHs 

 In addition to ethanol, we also tested other alcohols, including methanol, 1- propanol, 
2-propanol, 1-butanol, and tertiary-butanol, and the amino acid threonine with the 
NBT-PMS zymogram method. Except for methanol and tertiary-butanol which 
showed no activity all other tested substrates showed varied activities with these 
three primary ADHs (Figs.  14.3  and  14.4 ). The preferred substrates for AdhA, 
AdhB, and AdhE were 1-propanol, 1-butanol, and ethanol, respectively. Additionally, 
two new dehydrogenases for threonine and 2-propanol were observed. Insertion- 
inactivation study showed that the dehydrogenase encoded by the gene located at 
SGO_0440 was specifi c for threonine. We therefore named this gene  tdhA , encod-
ing the threonine dehydrogenase. To fi nd the gene locus coding for 2-propanol 
dehydrogenase, we identifi ed three genes with homologies to major dehydroge-
nases: SGO_0273, SGO_0440, and SGO_0841. However, none of the mutations in 
the three loci had inactivated the enzyme activity for 2-propanol. Therefore, the 
gene encoding the dehydrogenase specifi c for the secondary alcohol remains to be 
determined. The specifi cities of fi ve dehydrogenases to various tested substrates are 
listed in Table  14.1 . The substrate specifi city analysis showed that three ADHs of 
 S. gordonii  V2016 all recognize a broad range of substrates besides ethanol, but the 
activities of S-AdhA and TdhA were quite specifi c to their preferred substrates. 
It appears to be disadvantageous for a bacterium to have multiple ADHs that all 
produce the toxic metabolite from ethanol. Having multiple different ADHs may 
offer the bacterium competitive growth advantage in the environment due to the 
capability of utilizing multiple different nutrient substrates.

14.2.7        ADH/ALDH Profi les Vary Among Strains 
of Oral  Streptococcus  

 As shown in Fig.  14.5b , among four  S. gordonii  strains tested, only V2016 showed 
all three ADHs (AdhA, AdhB, and AdhE).  S. gordonii  V288 and CHI showed 
AdhA and AdhE, but no AdhB. However,  S. gordonii  110-3 showed only one ADH 

   Table 14.1    Substrate 
specifi city of  S. gordonii  
V2016 dehydrogenases   

 Substrate  AdhA  AdhB  AdhE  S-AdhA  TdhA 

 Acetaldehyde  −  −  −  −  − 
 Methanol  −  −  −  −  − 
 Ethanol  + a   +  +++  −  − 
 1-Propanol  +++  +  +  −  − 
 2-Propanol  +  −  −  +++  − 
 1-Butanol  +  a   +++  +  ±  − 
 tert-Butanol  −  −  −  −  − 
 Threonine  +  ±  −  −  ++ 

   a When AdhE was present, AdhA activity was low, but when 
AdhE was absent, AdhA activity was high  
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similar to AdhA. Among fi ve  S. sanguinis  strains tested, S7 and Blackburn showed 
only AdhA and AdhE. 133-79 showed only a weak AdhB. SK36 showed only a 
weak AdhE. Although ATCC 10556 showed four bands representing AdhA, AdhB, 
and AdhE, their activities are relatively weak. As shown in Figs.  14.5c, d , three 
groups of oral  Streptococcus  strains included four strains produced only acetalde-
hyde, two strains produced both acetic acid and acetaldehyde, and fi ve strains 
 produced only acetic acid from ethanol were tested for both ALDH and ADH. 
Although most strains showed one or more ADHs, only one strain,  S. salivarius  
107-2 showed an ALDH activity band, which is signifi cantly smaller than AdhE 
(Fig.  14.5c ). Because its size is not within the range of AdhE, it may be a novel 
ALDH (Table  14.2    ).

   With a broad range of substrate preferences and varied ADH profi les, these 
bacteria may metabolize ethanol differently. Because several acetic acid producers 
did not show ALDH activity bands, these bacteria may have either very weak ALDH 
or use different mechanisms to produce acetic acid from ethanol. In addition to 
enzymatic pathways, ethanol can also be oxidized by non-enzymatic free radical 
pathways to produce acetaldehyde [ 41 ,  42 ]. This might explain  S. oralis  108 that 
showed no detectable ADH activity (Fig.  14.5d ) but still produced excessive acetal-
dehyde from ethanol. 

 AdhE is highly conserved and may have multiple functions depending upon dif-
ferent bacterial species. For example, in  Leuconostoc , AdhE is a bifunctional 
ALDH/ADH [ 36 ]. In  Escherichia coli  [ 43 ] and  Streptococcus bovis  [ 44 ], AdhE 
has three distinct enzymatic activities: ADH, acetaldehyde-CoA dehydrogenase, 

   Table 14.2    Furin expression associated with  Streptococcus  adherence to immortalized oral 
keratinocytes (hTERT HOK)   

 Cell 
 % of Cells 
express furin d  

 % of Cell with ≥10 bacteria 
adhered to surface d  

 Untreated hTERT HOK control  22  ND 
 101-7 + 1 % ethanol a   45  75 
 101-7 + 1 % ethanol + CMK b   28  75 
 101-7  42  72 
 101-1 + 1 % ethanol c   66  74 
 101-1 + 1 % ethanol + CMK  46  31 
 101-1  37  43 

   Note :  S. salivarius  is a common oral bacterium of the tongue. Furin was detected with a primary 
rabbit polyclonal antibody and a secondary anti-rabbit antibody (FITC) 
  a  S. salivarius  101-7 (does not produce acetaldehyde only acetic acid from ethanol) exposed to 1 % 
ethanol (added 50 × 10 3 /well) and incubated for 3 h after 1 h exposure to ethanol 
  b CMK = UIGI-1 (5-FAM-Lys-Arg-Val-Lys-Arg-CMK) added to HOK before  S. salivarius  labeled 
with 5-Carboxy-di-O-acetylfl uorescein  N -succinimidyl ester 
  c  S. salivarius  101-1 (produces acetaldehyde from ethanol) exposed to 1 % ethanol (added 50 × 10 3 /
well and incubated for 3 h after 1 h exposure to ethanol 

  d Estimated % of cells (counted 3 × 100 cells/well in 6-well plates)  
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and pyruvate formate-lyase (PFL) deactivase. In  Listeria , AdhE is also a major 
adhesion protein (named LAP, stands for  Listeria -adhesion protein) and is located 
on the cell surface [ 45 ]. In  Thermoanaerobacter mathranii,  AdhE is a bifunctional 
ALDH/ADH responsible for ethanol production [ 46 ].  

14.2.8     Effect of  adh  Deletions on Bacterial Growth in Medium 
Containing Ethanol or Acetaldehyde 

 The V2016 wild type and its seven mutants,  ΔadhA, ΔadhB, ΔadhE, ΔadhAB, 
ΔadhAE, ΔadhBE , and  ΔadhABE , were analyzed for growth in THY broth (control) 
and THY broth supplemented with 1 % ethanol or 1 % acetaldehyde. Each strain 
was grown in three tubes of 5 mL THY broth overnight with serial diluted inocula-
tions. In the second morning, the culture at mid-exponential phase was transferred 
with a 1:100 dilution to the three different testing media and incubated at 37 °C. 
The optical density at 600 nm was measured every 30 min with a Genesys 20 
Spectrophotometer. To better present the bacterial growth data, optical density 
 readings as a function of time in the logarithmic growth phase were converted to 
doubling time (Fig.  14.6 ).  

 Deletion of any of these three  adh  genes did not show apparent difference in 
the growth doubling times in THY without supplemented ethanol. However, 
when ethanol was supplemented at 1 %, the growth became slowed with signifi -
cantly longer doubling times for the wild type and the  ΔadhA  and/or  ΔadhB  
mutants. The four mutants containing  adhE  deletion had largely the same dou-
bling times between growth in THY alone and THY supplemented with 1 % etha-
nol. In comparison with the wild type, these four mutants showed signifi cantly 
shorter doubling times in THY supplemented with 1 % ethanol. All eight strains 
displayed signifi cantly longer doubling times in THY supplemented with 1 % 
acetaldehyde. 

 The signifi cant increase in bacterial doubling time of all eight strains indicates 
that acetaldehyde is more toxic than ethanol. A similar effect is also reported in a 
study with yeast [ 47 ]. Therefore, mutants that lack the enzyme for the production of 
acetaldehyde can be more tolerant to ethanol than the wild type [ 5 ]. The growth 
study (Fig.  14.6 ) showed that all four mutants containing  ∆adhE  when grown in 
THY containing 1 % ethanol had no signifi cant increase in doubling times compar-
ing with growth in control THY. However, the  ΔadhA  and/or  ΔadhB  mutants showed 
increased doubling times like the wild type when grown in THY containing 1 % 
ethanol. This suggests that AdhA and AdhB may be less involved in acetaldehyde 
production from ethanol than AdhE in  S. gordonii  V2016.   
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14.3     Ethanol Metabolism by Oral Streptococci Increases 
Bacterial Adhesion, HPV Entry, and HPV-Mediated 
Malignant Transformation of Oral Keratinocytes 

 Because both streptococci and HPV are commonly found in the oropharynx at rela-
tively high levels and both independently produce damages to HOK, we hypothe-
sized that bacteria and HPV may cooperate to affect oral mucosal cells and increase 
the risk for malignant transformation. When encountering environmental stress, 

  Fig. 14.6    Doubling times of  Streptococcus gordonii  V2016wt and seven  Δadh  mutants grown in 
THY or THY containing 1 % ethanol or 1 % acetaldehyde.  Asterisk  represents statistic difference 
by the Student’s  t -test (* p  < 0.05; ** p  < 0.01). When  asterisk  is on top of the data bar, it represents 
signifi cant difference between the doubling time of this strain and its wild type growing in the 
same medium. When  asterisk  is inside the data bar, it represents signifi cant difference between the 
same strain growing in THY and THY containing 1 % ethanol. All strains growing in THY con-
taining 1 % acetaldehyde had signifi cantly longer doubling times than grown in other media. Each 
data bar represents the average of fi ve measurements plus standard deviation       
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such as exposure to ethanol, bacteria may increase attachment to the oral mucosa. 
This may disrupt the wellbeing of oral mucosal cells due to release of virulence fac-
tors and/or ethanol metabolites by the attached bacteria. As a result, oral mucosal 
cells may become vulnerable to viral infection or undergo virus-mediated malignant 
changes for cells already infected by a virus. 

14.3.1     Ethanol Metabolites Production by Bacteria 
and Toxicity to Keratinocytes 

 We tested the cytotoxicity of ethanol and its metabolites, acetaldehyde and malondi-
aldehyde, produced by bacteria. Even a low level of ethanol exposure could result 
in a loss of normal physiologic function such as oxidation metabolism in keratino-
cytes. This cell feature was examined in the presence of  Streptococcus mutans  and 
exposure to different levels of ethanol. We expected to fi nd a low concentration of 
ethanol that enhanced the attachment of  S. mutans  to HOK but did not alter oxida-
tive metabolism of the cells. This was accomplished by incubation of HOK (HPV/
HOK-16B) and  S. mutans  together for 24 h in the cell medium exposed to increas-
ing levels of ethanol (0.1, 1, 10, 20%, v/v). We used 5-carboxyfl uorescein diacetate 
(5-CFDA) (Calbiochem, La Jolla, CA), which requires a viable metabolic active 
cell, to characterize oxidative stress using a microplate reader (excitation, 495 nm; 
emission, 520 nm) to provide a determination of keratinocyte viability. Acetaldehyde 
concentration (in mM) was also recorded with a spectrophotometric analysis. 

 The result showed that ethanol at 1 % produced the highest concentration of 
acetaldehyde without negatively affecting the viability of HPV/HOK-16B cells. 
Additionally, another carcinogen, malondialdehyde, was released at a parallel level 
by HPV/HOK-16B after exposure to ethanol and attachment of  S. mutans . We found 
that 24 h of exposure of  S. mutans  and HPV/HOK-16B to ethanol produced signifi -
cantly ( p  < 0.05) higher levels of malondialdehyde (67 ± 5.5 mM/L) in comparison 
with exposure to ethanol with HPV/HOK-16B (malondialdehyde, 38 ± 42.0 mM/L) 
and with HPV/HOK-16B cells alone (malondialdehyde, 5 ± 5.4 mM/L). 

 Therefore,  S. mutans  co-incubation with HPV/HOK-16B and exposure to etha-
nol produced signifi cantly increased release of two carcinogens, acetaldehyde and 
malondialdehyde, in comparison with ethanol exposure by only HPV/HOK-16B 
cells. Likewise, other oral streptococcus species, such as  S. gordonii  and  S. sali-
varius , also produced similar results.  

14.3.2     Ethanol Exposure Promotes Attachment 
of Streptococci to HOK 

 To evaluate effect of ethanol on the interaction among bacteria, viruses and host 
cells, we tested changes in  Streptococcus  adherence to HPV-infected and non-HPV- 
infected HOK cells [ 48 ]. The normal human foreskin keratinocyte (HFK) purchased 
from BioWittaker/Clonetics (Walkersville, MD) was used as a non-oral cell control 
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and  Lactobacillus rhamnsus  was used as a non-streptococcus bacterial control. 
The plasmid pMHPV-16d was transfected into 70 % confl uent normal HOK to pro-
duce the cell line HPV/HOK-16B (obtained from Dr. No Hee Park, University of 
California, Los Angeles). Cells were cultured in Dulbecco’s modifi ed Eagle’s 
medium (DMEM) and Ham F-12 with 10 % fetal bovine serum (FBS). Assays were 
performed without penicillin and streptomycin, unless otherwise specifi ed. 

 Certain  Streptococcus  strains, namely  S. mutans  LT11,  S. salivarius  101-7 and 
107-1, after low-level ethanol exposure (1 %) released carcinogens acetaldehyde 
and malondialdehyde. This occurred along with an increased adherence to the cell 
surfaces of HPV/HOK-16B (Fig.  14.7 ). However, other  S. salivarius  srains, such as 
101-1 and 109-2, and two  Lactobacillus rhamnosus  strains, 24-1 and 25-2, did not 

  Fig. 14.7    ( a ) Percent of human oral buccal keratinocytes (HOBK) or HPV/HOK-16B cells with 
 S. mutans  attachment after exposure to ethanol (ETOH) and/or acetaldehyde (AA). After exposure 
to 1 % ethanol and/or acetaldehyde (3 h),  S. mutans  attachment to fresh HOBK and HPV/HOK-
16B cells was signifi cantly higher ( p  < 0.003) than controls ( S. mutans  not exposed to ethanol with 
either human cell). ( b ) Identifi cation of acetaldehyde producer  S. salivarius  by green fl uorescent 
dye to detect attachment (with 20× magnifi cation). The  S. salivarius  strain that produced acetalde-
hyde (101-7) and the strain that only produced acetic acid (109-2) were observed for attachment 
after exposure to 1 % ethanol. There was a signifi cant level ( p  < 0.001) of attachment by  S. sali-
varius  strains (101-7 and 107-1) without or in the presence of ethanol in comparison to controls. 
Controls included  S. salivarius  strains (109-2 and 110-1) that do not produce acetaldehyde and 
 L. rhamnosus  strains (1, 2) without or in the presence of ethanol and HPV/HOK-16B cells       
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show signifi cant adherence. This suggested that the ethanol-promoted bacterial 
adherence to HOK cells may be strain specifi c. These results are interesting because 
the levels of ethanol, acetaldehyde, and malondialdehyde under laboratory condi-
tions can be encountered in oral or oropharyngeal tissues. Humans are exposed 
routinely to high levels of ethanol from alcoholic beverages or mouth washes. In 
addition, we observed a novel change in behavior for  S. mutans , which is normally 
a colonizer of the dental hard tissue but not a colonizer of oral mucosal membrane.  

 It is apparent that attachment by certain  Streptococcus  strains to keratinocytes 
was induced by ethanol. This could be simply by increasing expression of an adhe-
sion unrelated to ethanol metabolism such as in  Staphylococcus  [ 49 ]. However, 
since only the acetaldehyde-producers but not the non-producers showed an 
increased attachment upon exposure to ethanol, a housekeeping enzyme involved in 
ethanol metabolism, such as AdhE, could also play a role either by serving as an 
adhesion protein like in  Listeria  [ 45 ] or by generating acetaldehyde, a stronger 
inducer of the adhesin expression, from ethanol. 

 In addition to ethanol, some other carcinogenic chemicals also increased attach-
ment of streptococcal bacteria to the human telomerase immortalized (hTERT) 
HOK cells. For example, more  S. gordonii  cells (red dye stained) attached to HOK 
after exposure to 1 % ethanol (57.5 ± 16.0 %;  p  < 0.0001), 50 μg/mL of polycyclic 
aromatic hydrocarbon (PAH) and dibenz[a, l]pyrene (DBP) (40.4 ± 19.0 %,  p  < 0.01) 
or to a combination of ethanol and DBP (82.6 ± 22.0 %;  p  < 0.001) (Fig.  14.8 ). Like 
acetaldehyde, the tobacco-derived PAH and DBP are also type I carcinogens. 
Therefore, carcinogenic chemicals appear to promote certain bacterial species to 
attach to human mucosal cells.   

14.3.3     Ethanol Metabolism by Oral Streptococci Promotes 
HPV 16 Entry into HOK 

 293TT cells of an adenovirus transformed human embryonic kidney cell line with a 
stably integrated SV40 genome with high levels of large T antigen were cultured in 
DMEM+ Enhanced GLU (GIBCO, Life Technologies, Grand Island, NY) supple-
mented with 10 % fetal bovine serum (Sigma-Aldrich, St. Louis MO). The HPV 
pseudovirus (PsV) was produced with an Optiprep purifi cation or a maturation 
method using overnight incubation of crude cell lysate at 37 °C. HPV 16 PsV pack-
aging plasmids (p16L1-GFP and pfwB) and the expression vector for luciferase 
(pCLucf) driven by the cytomegalovirus (CMV) promoter were used [ 50 ]. This sys-
tem relies upon a co-propagation of L1/L2 expression plasmid together with a 
reporter plasmid [green fl uorescent protein (GFP)] to generate high titers of mature 
PsV stocks for visualization of viral entry. 

 PsV particles (50 μL) were placed into wells in a 6-well plate coated with Type 
IV collagen containing hTERT HOK cells at 50–60 % confl uence (5 × 10 5  cells) 
after inhibitor chemicals, and/or bacterial strains were added during a 24 h incuba-
tion and washing with DMEM + Enhance GluMax. Infection was monitored at least 
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7 days for GFP expression as a consequence of plasmid replication in hTERT HOK 
cells. Before addition of PsV for experimental studies we conducted a titration 
assay (200, 100, 50, 25, 10, and 5 μL) for each cell line to determine the maximum 
expression of GFP in a period of 7 days [ 51 ]. 

 The result demonstrated that addition of streptococci and ethanol affected HPV 
16 entry in a strain specifi c manner. When compared to control (no bacteria; 
12.0 ± 10.0 %)  S. gordonii  V2016 wt (ADH positive) promoted HPV 16 entry into 
hTERT HOK cells (55.0 ± 20 %;  p  < 0.01), while the ADH null strain of  S. gordonii  
V2016  ΔadhABE  showed no signifi cant increase (15.5 ± 11.0 %;  p  > 0.5) after expo-
sure to 1 % ethanol (Fig.  14.9 ).  

 Because HPV entry requires furin activity, we tested if furin inhibitors could 
 suppress the streptococcal adherence promoted furin expression. The furin inhibitor 

  Fig. 14.8    Effect of environmental DNA damaging agents on attachment by  S. gordonii  to HPV/
HOK-16B cells. ( a )  S. gordonii  V2016 was exposed to 1 % ethanol (1 h), washed, stained and then 
added (50 × 10 3  CFU/well) to HPV/HOK-16B cells (3 h).  S. gordonii  was stained with a fl uores-
cent red dye (LIVE/DEAD ®  BacLight™ Bacterial Viability Kit, Molecular Probe) after killing 
with isopropanol. ( b ),  S. gordonii  V2016 was exposed to the poly-cyclic aromatic hydrocarbon 
(PAH) and dibenz[a,l]pyrene (DBP), 50 μg/mL each, 1 h; washed, stained and added to HPV/
HOK-16B cultures as above. ( c ),  S. gordonii  V2016 was exposed to 1 % ethanol and DBP (50 μg/
mL) for 1 h, washed, stained, and then added to HPV/HOK-16B cells (3 h). Results show an 
increased attachment by  S. gordonii  after treatment with ethanol, PAH and/or DBP identifi ed by 
the red dye detection. ( d ) Control shows a lack of attachment to HPV/HOK-16B cells by stained 
 S. gordonii  V2016 without treatment       
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peptide UIGI-1 (5-FAM-Lys-Arg-Val-Lys-Arg-CMK) (CMK) was added to HOK 
before exposure to  S. gordonii  or  S. salivarius  ADH expressing strains. We were 
able to visualize and detect this inhibition using 5-Carboxy-di- O -acetylfl uorescein 
 N -succinimidyl ester labeled CMK. Prior treatment with the CMK reduced attach-
ment (red dye) of  S. salivarius  101-1 (acetaldehyde producer from ethanol) and 
 S. salivarius  101-7 (acetaldehyde non-producer from ethanol) to HOK, while in 
control HOK (not exposed to bacteria), furin expression was almost completely 

  Fig. 14.9    HPV 16 PsV entry following exposure to ethanol treated  S. gordonii  strains. A GFP- 
tagged HPV 16 was used to track the viral entry in hTERT HOK cells. The dark fi eld microscopy 
on the left was to distinguish fl uorescence showing viral entry, while the light fi eld one the right 
was to show the location of cells. ( a ) hTERT HOK cells displayed low levels of HPV 16 entry after 
incubation with 50 × 10 2  PsV of HPV 16 without prior exposure to  S. gordonii  cells. ( b ) Increased 
viral entry illustrated by augmented green fl uorescence after hTERT HOK cells were treated with 
 S. gordonii  V2016, which was exposed to 1 % ethanol (1 h), washed and added to hTERT HOK 
cells (3 h) and then removed with a gentle wash. ( c ) A marked reduction in GFP-tagged cells with 
PsV replication and HPV 16 entry with cells treated with the ADH-negative strain  S. gordonii 
ΔadhABE  exposed to 1 % ethanol       
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  Fig. 14.10     S. salivarius  attachment to HOK following exposure to 1 % ethanol and fl uorescein- 
tagged CMK. One the  left panel , the green fl uorescence illustrates furin expression in HOK cells, 
while on the  right panel  the red fl uorescence indicates adherent oral streptococci. ( a ) HOK cells 
were exposed to  S. salivarius  107-1 (non-producer of acetaldehyde from ethanol) and CMK. ( b ) 
HOK cells were exposed to  S. salivarius  101-1 (producer of acetaldehyde from ethanol) and CMK. 
( c ) HOK cells were exposed to CMK only without bacteria. Note: furin is expressed in HOK cells 
while they were exposed to both CMK and streptococci, but furin is not detectable when HOK 
cells were exposed to only CMK without bacteria       

suppressed (Fig.  14.10 ). The quantitative effect was shown in Table  14.3 . It discloses 
that a loss of furin expression is associated with a decreased bacterial attachment. 
A similar result was also seen with  S. gordonii  wt and  ΔadhABE  strains (data not 
shown). 
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   It is recognized that furin-like convertase active domains are found in various 
growth factor receptors such as epithelial growth factor, transforming growth factor, 
and insulin growth factor receptors [ 9 ,  52 ]. Therefore, it is suggested that oral 
microbial attachment following exposure to ethanol/acetaldehyde or other DNA 
damaging agents (Figs.  14.7  and  14.8 ) can affect membrane related enzymes such 
as furin and also growth factor receptors critical for expansion of transforming 
malignant clones of epithelial cells [ 53 ]. 

 Moreover, as proliferative dysregulation occurs from inappropriate activity of 
growth factors and weakening of normal epithelial intracellular bridge network an 
enhanced opportunity for HPV 16 entry to stem-cells like basal keratinocytes results 
to increase the risk for carcinoma development. For HPV 16 entry, timing is critical 
and to a degree specifi c sites are preferred, such as more common in the tonsil- 
oropharynx than in the oral cavity like lateral border of the tongue [ 54 – 56 ]. 
Microbial-biofi lm changes at these critical sites can further infl uence the develop-
ment of DNA damage through the release of ethanol-derived carcinogens such as 
acetaldehyde [ 57 ,  58 ].  

14.3.4     Malignant Transformation of HOK Cells 

 Human oral buccal keratinocytes (donor sources had no history of HPV) were 
harvested for short-term (ethanol 10 mM/L; 24 h) incubation (5 % CO 2 , 99 % 
humidity) by use of an oral brush harvest technique. A soft bristle brush was used 
after a 20-s oral rinse of phosphate-buffered saline (PBS), which reduced the 
numbers of surface non-nucleated exfoliated epithelial cells. A second oral brush 
harvest of keratinocytes occurred with another soft bristle brush with at least 
20 brushing back-and-forth motions but without induction of any bleeding. 

    Table 14.3    Detection in 96-well basement membrane extract with cell invasion assay   

 Treatment a   Relative fl uorescent units  No. of cells/well (mean) 

 Control (HPV/HOK-16B cells)  136   5,650 
 Control +  S. mutans  (5 × 10 3 )  208   8,508 
 Control +  S. mutans  + 1 % ethanol  684  24,726 
 Control +  S. mutans  + 1 % ethanol + HS  685  24,778 
 Control + BS + 1 % ethanol  662  18,533 
 Control + BS + HS  342  14,020 

   Note : The percentage of HPV/HOK-16B cells that migrated through basement membrane proteins 
was recorded after exposure to  S. mutans  plus ethanol (1 h), heparin sulfate (100 U), or fi ltered 
bacterial supernatant. The results indicate that incubation with  S. mutans  plus ethanol enhanced 
this activity ( p  < 0.001) 
  Abbreviations :  HS  heparan sulfate (100 U) incubation (1 h) with HPV/HOK-16B cells (50 × 10 3 ) 
before placement into well,  BS  bacterial supernatant fi ltered (0.22-ìm syringe fi lter) from culture 
of  S. mutans  after incubation with ethanol for 3 h 

  a Keratinocytes (5 × 10 4 ) were plated into triplicate wells in a 96-well plate  
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Harvested buccal keratinocytes were immediately placed into the cell culture 
medium (10 6  cells/10 μL), and then placed into tissue chamber slides for short-
term culture (24 h). 

 Several characteristics associated with malignant transformation, including 
nuclear damage, acetaldehyde adduct formation, abnormal cell proliferation [moni-
tored by 5′-bromo-2-deoxyuridine (BrdU) incorporation], and enhanced migration 
through integrin-coated basement membrane by HPV/HOK-16B, were analyzed 
[ 48 ]. To determine the presence of nuclear damage, nucleation and viability were 
assessed with a propidium iodide nuclear stain (80–90 % nucleated cells observed) 
with visualization of nuclear material by use of a 480-nm wavelength excitation. 
The observed physiologic modifi cations in keratinocytes suggest a transformation 
toward a malignant cell type because of an increase in DNA-acetaldehyde bulky 
adduct formation (Fig.  14.11 ), increased proliferation (Fig.  14.12 ), and migration 
through an integrin-laden basement membrane (Table  14.3 ) by HPV/HOK- 
16B. Although this is a cell laboratory study, a heretofore unrecognized contributor 
for malignant keratinocyte phenotype was suggested with  Streptococcus  species 
and bacterial release of acetaldehyde and malondialdehyde, whereas  L. rhamnosus  
did not show such changes.   

 These results revealed that a complex interaction among oral  Streptococcus , 
HPV-infected HOK and an environment containing ethanol leads to malignant 
changes in the keratinocytes. This suggested that poor oral hygiene, often associated 
with high presence of  Streptococcus  species and HPV, combined with the use of 
ethanol may increase the risk of cancer in the head and neck. We observed that 
under the infl uence of ethanol, certain oral  Streptococcus  species contributed to 
DNA damage, abnormal proliferation and migration activities in HPV/HOK-16B 
cells. The base of the tongue, hypopharynx and fl oor of the mouth are common sites 
for HPV and streptococcus exposures and squamous cell carcinoma. Further studies 
are required to observe these changes in clinical populations at risk for oral and 
oropharyngeal cancers.   

14.4     Possible Study Limitations 

 First, expression of bacterial enzymes, namely ADH and ALDH, could be affected 
by the atmospheric conditions, such as aerobic, microaerophilic, and strict anaerobic 
[ 59 ]. Our enzyme analysis data were obtained from  Streptococcus  strains grown only 
in candle jars with a carbon dioxide-rich and oxygen-poor atmosphere (microaero-
philic) condition. The enzyme activities might be different if the bacteria were grown 
under different atmospheric conditions. Second, we used only one concentration for 
both ethanol and acetaldehyde to study their difference in growth inhibitions against 
 S. gordonii  V2016. In real life, the ethanol level is high in the digestive tract only 
transiently when ethanol is fi rst consumed. Once absorbed, the ethanol level in the 
saliva is much lower (0.02–0.1 %) and so is acetaldehyde (10–150 μM) [ 10 ]. We have 
not tested growth inhibitions of ethanol and acetaldehyde at such low concentrations. 
Third, our methods for determining the enzyme activities and productions of 
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  Fig. 14.11    ( a ) acetaldehyde adduct formation in HPV/HOK-16B cells after exposure to ethanol 
and/or acetaldehyde. DNA detection for N2-ethyldeoxyguanosine bulky adduct (fmol/dG μmol/L) 
in HPV/HOK-16B cells after exposure to ethanol [10–20 mmol/L (1–2 %), 24 h] or acetaldehyde 
[20–40 mmol/L (1–2 %), 24 h] was undertaken by use of liquid chromatography–electrospray 
ionization–tandem mass spectrometry for detection. Bulky adduct formation after exposure to 
ethanol and/or acetaldehyde was 2× or 4.5× the levels observed in controls. ( b ) Micronuclei 
observed after treatment with ethanol and ethanol +  S. mutans . We obtained inverted-phase micro-
graphs of HPV/HOK-16B exposed or not exposed to ETOH or  S. mutans  followed by propidium 
iodide nuclear stain to detect micronuclei. Micronuclei were counted in HPV/HOK-16B cells with 
ethanol treatment (Rx) (0.5 h: 0.1, 1, 10, and 20 %; 24 h) and co-cultured with  S. mutans . Signifi cant 
numbers of micronuclei ( p  < 0.001) were counted after increases in ethanol and/or presence of  S. 
mutans  compared with a lack of ethanol exposure (UnRx, untreated)       

acetaldehyde and acetic acid from ethanol were either qualitative or semi-quantita-
tive. Finally, our study about the interactions among  Streptococcus , HPV and HOK 
after exposure to ethanol was under  in vitro  conditions. In the future, quantitative 
analyses of acetaldehyde and in vivo studies of malignant changes in HOK will be 
needed to confi rm these observations.  
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14.5     Summary 

 We have screened 52 oral  Streptococcus  strains for their capacity of acetic acid and 
acetaldehyde production from ethanol. Only 17 strains produced acetic acid from 
ethanol, while 19 produced acetaldehyde. Among all the strains tested,  S. gordonii  
V2016 produced the most abundant acetaldehyde without acetic acid. Therefore, 
V2016 was selected for further study of its enzymes involved in acetaldehyde pro-
duction from ethanol. We found that this bacterium displayed three different ADHs, 
AdhA, AdhB, and AdhE, that all oxidize ethanol to acetaldehyde, although their 
preferred substrates were 1-propanol, 1-butanol, and ethanol, respectively. Among 
the three enzymes, AdhA and AdhB are zinc-dependent, while AdhE is iron- 
dependent and is the major ADH in  S. gordonii  for ethanol metabolism because 
ethanol is its preferred substrate. Inactivation of  adhE , but not  adhA  and  adhB , 
resulted in a greater tolerance of the bacterium to ethanol due to reduction of the 
more toxic acetaldehyde production.  S. gordonii  V2016 did not show a detectable 
ALDH. Analysis of 19 additional strains of  S. gordonii ,  S. mitis, S. oralis, S. sali-
varius , and  S. sanguinis  all showed similarly varied enzyme profi les of ADHs with-
out detectable ALDH except one strain even though the  Streptococcus  carries the 
gene  adhE  that encodes a putative ALDH. The fi nding that a defective ALDH 
occurs frequently in bacteria is of evolutionary interest in biology because a signifi -
cant number of humans in the East Asian population also express a defective 
ALDH. Therefore, activities of multiple ADHs but no ALDH in most oral strepto-
cocci may contribute to the excessive production of acetaldehyde from ethanol. 
Also, exposure to ethanol enhanced the attachment of acetaldehyde-producing 
 Streptococcus  strains to HOK and promoted HPV entry and malignant changes in 

  Fig. 14.12    HPV/HOK-16B or foreskin keratinocyte (HFK) cells were exposed to ethanol (ET) 
(10 mmol/L, 1 %) (5 × 10 3 ) and  S. mutans  (S. Mut), and immunohistochemistry was used to deter-
mine levels of expression for BrdU. Exposure to ethanol and  S. mutans  signifi cantly increased 
( p  < 0.001) levels of BrdU as compared with untreated (unRx) cells       
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HPV-infected keratinocytes. As a result, these bacteria, in combination with HPV 
infection, may contribute to alcohol-associated oral and esophageal carcinogenesis 
in the human host.     
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    Chapter 15   
 Genetic Polymorphisms of Alcohol 
Dehydrogense-1B and Aldehyde 
Dehydrogenase-2, Alcohol Flushing, 
Mean Corpuscular Volume, and Aerodigestive 
Tract Neoplasia in Japanese Drinkers 

             Akira     Yokoyama      ,     Takeshi     Mizukami    , and     Tetsuji     Yokoyama   

    Abstract     Genetic polymorphisms of alcohol dehydrogenase-1B (ADH1B) and 
aldehyde dehydrogenase-2 (ALDH2) modulate exposure levels to ethanol/acetalde-
hyde. Endoscopic screening of 6,014 Japanese alcoholics yielded high detection 
rates of esophageal squamous cell carcinoma (SCC; 4.1 %) and head and neck SCC 
(1.0 %). The risks of upper aerodigestive tract SCC/dysplasia, especially of multiple 
SCC/dysplasia, were increased in a multiplicative fashion by the presence of a com-
bination of slow-metabolizing  ADH1B*1/*1  and inactive heterozygous  ALDH2*1/*2  
because of prolonged exposure to higher concentrations of ethanol/acetaldehyde. 
A questionnaire asking about current and past facial fl ushing after drinking a glass 
(≈ 180 mL) of beer is a reliable tool for detecting the presence of inactive ALDH2. 
We invented a health-risk appraisal (HRA) model including the fl ushing question-
naire and drinking, smoking, and dietary habits. Esophageal SCC was detected at a 
high rate by endoscopic mass-screening in high HRA score persons. A total of 
5.0 % of 4,879 alcoholics had a history of (4.0 %) or newly diagnosed (1.0 %) gas-
tric cancer. Their high frequency of a history of gastric cancer is partly explained by 
gastrectomy being a risk factor for alcoholism because of altered ethanol metabo-
lism, e.g., by blood ethanol level overshooting. The combination of  H. pylori - 
associated  atrophic gastritis and  ALDH2*1/*2  showed the greatest risk of gastric 
cancer in alcoholics. High detection rates of advanced colorectal adenoma/carci-
noma were found in alcoholics, 15.7 % of 744 immunochemical fecal occult blood 
test (IFOBT)-negative alcoholics and 31.5 % of the 393 IFOBT-positive alcoholics. 
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Macrocytosis with an MCV ≥ 106 fl  increased the risk of neoplasia in the entire 
aerodigestive tract of alcoholics, suggesting that poor nutrition as well as  ethanol/
acetaldehyde exposure plays an important role in neoplasia.  

  Keywords     Acetaldehyde   •   Alcohol dehydrogenase   •   Alcoholic   •   Aldehyde dehy-
drogenase   •   Colorectal neoplasia   •   Esophageal cancer   •   Head and neck cancer   • 
  Mean corpuscular volume   •   Stomach cancer  

15.1         Endoscopy and Esophageal Iodine Staining 
of Screening Japanese Alcoholic Men for Upper 
Aerodigestive Tract Neoplasia 

 Alcohol consumption, tobacco smoking, inadequate intake of fruits and vegetables, 
and low body mass index (BMI) are risk factors for squamous cell carcinoma (SCC) 
of the upper aerodigestive tract (UADT, i.e., the oral cavity, pharynx, larynx, and 
esophagus), and many alcoholic patients have all of these risk factors. We intro-
duced an endoscopic screening program at Kurihama Medical and Addiction Center 
in 1993 [ 1 ], and by 2010 initial screening of 6,014 Japanese alcoholic men by 
endoscopy combined with head and neck inspection and esophageal iodine staining 
had detected esophageal SCC in 243 (4.0 %) of them and head and neck SCC in 65 
(1.1 %) of them. Barrett adenocarcinoma was detected in only two patients. 
Technical improvements in endoscopes and a growing understanding of the endo-
scopic fi ndings of early SCC in the UADT [ 2 ,  3 ] have enabled very early detection 
of SCC in the UADT. Treatment of early SCC in UADT by endoscopic or endoscope- 
guided mucosectomy has become a widespread practice in Japan and succeeded in 
improving the outcome of this high-mortality cancer [ 3 ,  4 ].  

15.2     ALDH2 Genotype and Alcohol Metabolism 

 Genetic polymorphism of aldehyde dehydrogenase-2 (ALDH2, rs671) modulates 
exposure levels to acetaldehyde after drinking (Fig.  15.1 ). A mutant  ALDH2*2  allele 
encoding an inactive subunit of ALDH2 was carried by Han Chinese as they spread 
throughout East Asia [ 5 ]. About 40 % of Japanese, 7 % being homozygotes and 35 % 
heterozygotes [ 6 ], have the inactive  ALDH2*2  allele which acts in a dominant man-
ner. After drinking a small amount of alcohol, people with inactive ALDH2 tend to 
experience a fl ushing response that includes facial fl ushing, palpitations, nausea, and 
drowsiness [ 7 ]. People with inactive ALDH2 [ 8 ] or with inactive-ALDH2- associated 
facial fl ushing [ 9 ] tend to experience a hangover in the morning after drinking a 
smaller amount of alcohol than people without either of them. Thus presence of inac-
tive ALDH2 in some East Asians tends to prevent them from drinking heavily [ 6 ]. 
Because of their very intense fl ushing responses  ALDH2*2/*2  homozygotes are 
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usually nondrinkers or occasional drinkers. However, the inhibitory effect of being 
heterozygous for inactive ALDH2 on heavy drinking is infl uenced by sociocultural 
factors. The proportion of Japanese alcoholics with the  ALDH2*1/*2  genotype 
increased dramatically from 2.5 % in 1979, to 8.0 % in 1986, and to 13.0 % in 1992 
[ 10 ], and the proportion continued to increase from 13.0 % in 1996–2000, to 14.0 % 
in 2001–2005, and to 15.4 % in 2006–2010 [ 11 ].   

15.3     ALDH2 Genotype and Squamous Cell Neoplasia 
in the UADT 

 In 1996, we fi rst reported that being heterozygous for inactive ALDH2 is a strong 
risk factor for esophageal cancer in daily drinkers and alcoholics [ 12 ]. Since then, 
epidemiological studies have almost consistently demonstrated a strong association 
between the  ALDH2*1/*2  genotype and the risk of UADT cancer in East-Asian 
drinkers [ 13 ]. A meta-analysis of Asian case–control studies of esophageal cancer 
showed that the  ALDH2*1/*2 -associated odds ratio (95 % confi dence interval) 
[OR (95 % CI)] for esophageal cancer was 3.12 (1.95–5.02) in moderate drinkers, 
5.64 (1.57–20.25) in ex-drinkers, and 7.12 (4.67–10.86) in heavy drinkers [ 14 ]. 
The  ALDH2*1/*2  genotype has been found to be a very strong risk factor for esoph-
ageal cancer among Taiwan Chinese and Japanese drinkers (OR = 4.74–6.21 in 
moderate drinkers and 9.21–9.75 in heavy drinkers), but the OR associated with the 
 ALDH2*1/*2  genotype in the high incidence regions of esophageal cancer of 
Mainland China was not so high (OR = 1.98 in moderate drinkers and 1.31 in heavy 

Ethanol Acetaldehyde Acetate

inactive heterozygous
ALDH2*1/*2

slow-metabolizing 
ADH1B*1/*1

Alcohol flushing 
Hangover susceptibility 
Alcoholism susceptibility 
The protective effect has been

weakening during the past 30 yrs.
Liver disease susceptibility 

Alcohol flushing , 
even in ALDH2*1/*2 heterozygotes  
Alcoholism susceptibility ,
especially in the younger generation
Alcoholics smell of alcohol in the morning
after heavy drinking
Liver disease susceptibility in alcoholics 
Weight gain by alcoholics because of    
efficient utilization of ethanol energy

Prolonged exposure to 
ethanol/acetaldehyde

Increased accumulation 
of acetaldehyde

Neoplasia in the upper 
aerodigestive tract

  Fig. 15.1    Phenotypes of the  alcohol dehydrogenase-1B*1/*1  ( ADH1B*1/*1 ) and  aldehyde dehy-
drogenase- 2*1/*2  ( ALDH2*1/*2 ) genotypes and their relationships to ethanol and acetaldehyde 
exposure and accumulation       
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drinkers). The meta-analysis confi rmed that being homozygous for the inactive 
allele, i.e., having the  ALDH2*2/*2  genotype greatly increased the risk of esopha-
geal cancer in drinkers, and that the heterozygous genotype, i.e.,  ALDH2*1/*2  
increased the risk of esophageal cancer in a similar manner in both men and women. 
A meta-analysis of 6 Japanese case–control studies showed that the  ALDH2*1/*2 - 
associated  risk for head and neck cancer was also greater in heavy drinkers [OR 
(95 % CI) = 3.57 (1.21–2.77)] than in moderate drinkers [OR (95 % CI) = 1.68 
(1.22–2.27)] [ 15 ]. 

 The United States National Cancer Institute’s SEER Program reported synchro-
nous multiple cancers and metachronous multiple cancers in only 2 % and 3 %, 
respectively, of esophageal cancer patients during the 1973–2003 period [ 16 ]. The 
prevalence of multiple organ cancers among esophageal cancer patients treated at 
the National Cancer Center of Japan increased at an alarming rate between 1969 and 
1996 from 6.3 % in 1969–1980, to 22.2 % in 1981–1991, and to 39.0 % in 1992–
1996 [ 17 ], and the most frequent sites of the other cancers were the head and neck 
and stomach. The increased proportion of multiple cancers in Japanese esophageal 
cancer patients may partly explained by a dramatic increase in the proportion of 
 ALDH2*1/*2  heterozygotes among Japanese heavy drinkers during the same period 
[ 10 ]. The  ALDH2*1/*2  genotype has consistently been demonstrated to be a strong 
determinant of the risk of synchronous and metachronous SCC of the UADT in 
Japanese drinkers [ 13 ]. 

 The ORs (95 % CI) associated with the  ALDH2*1/*2  genotype in Japanese alco-
holics has been found to increase for the very early stages of the esophageal neoplasia, 
from 2.88 (1.81–4.57) for low-grade intraepithelial neoplasia, to 5.14 (2.87–9.19) 
for high-grade intraepithelial neoplasia, and to 4.07 (1.97–8.40) for invasive SCC 
[ 18 ]. The presence of multiple esophageal iodine-unstained lesions or a large esoph-
ageal dysplasia has been found to be a strong predictor of the development of mul-
tiple cancers in the UADT in Japanese [ 13 ], and to be associated with the 
 ALDH2*1/*2  genotype [ 18 ], p53 alteration [ 19 ], and telomere shortening in the 
esophagus [ 20 ] in Japanese alcoholics. Thus, acetaldehyde, which is an established 
human carcinogen, plays a critical role in the multicentric development of neoplasia 
throughout the UADT.  

15.4     The Simple Flushing Questionnaire 

 The discovery of ALDH2-associated cancer susceptibility emphasizes the impor-
tance of developing screening tests for inactive ALDH2 based on alcohol fl ushing. 
We devised a fl ushing questionnaire to identify person with inactive ALDH2 
(Fig.  15.2 ) [ 21 ,  22 ]. The simple fl ushing questionnaire consists of two questions: (A) 
Do you have a tendency to fl ush in the face immediately after drinking a glass 
(≈180 mL) of beer? (B) Did you have a tendency to fl ush in the face immediately 
after drinking a glass of beer during the fi rst to second year after you started drinking? 
The results are used to classify the subjects as a current fl usher, former fl usher, or 
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never fl usher. When current fl ushers or former fl ushers were assumed to have  inactive 
ALDH2, the simple fl ushing questionnaire had 90 % sensitivity and 88 % specifi city 
when evaluated in 610 Japanese men 40 years of age or older [ 22 ] and 88 % sensitiv-
ity and 92 % specifi city when evaluated in 381 Japanese women 40 years of age or 
older [ 23 ]. The individuals’ risks of UADT cancer estimated on the basis of the replies 
to the fl ushing questionnaire were slightly lower than but essentially comparable to 
their risks estimated on the basis of ALDH2 genotyping [ 21 – 23 ].   

15.5     Mass-Screening for SCC of the UADT by Means 
of Health-Risk Appraisal Models 

 Based on the results of a case–control study [ 24 ], we devised health-risk appraisal 
(HRA) models for esophageal cancer that include ALDH2 genotype or alcohol 
fl ushing [ 25 ]. The total risk score is calculated by adding the scores A–E (Fig.  15.3 ). 
If a person’s risk score is 11 or more according to the HRA-Flushing model, that 
person’s risk of esophageal cancer is in the top 10 % of the study population. 
A cross-validation study predicted that approximately 60 % of the esophageal and 
hypopharyngeal SCCs in the entire population could be detected by examining only 
people whose risk scores were in the top 10 % in the HRA models. Follow-up 
endoscopy with esophageal iodine staining (median follow-up period: 5.0 years) 

Simple Flushing Questionnaire
to identify inactive ALDH2

(A) Do you have tendency to flush in the face 
immediately after drinking a glass of beer?

(B) Did you have tendency to flush in the face 
immediately after drinking a glass of beer 
during the first to second year after you 
started drinking?

Yes, No, or Unknown

Sensitivity: 90%,  specificity: 88%
for identification of persons with inactive ALDH2.

Current flusher: (A) = Yes.
Former flusher: (A)≠Yes, but (B) = Yes.
Never flusher:   Others.

inactive ALDH2

active ALDH2

  Fig. 15.2    The simple fl ushing questionnaire to identify persons with inactive ALDH2. Sensitivity 
and specifi city are both approximately 90 % in Japanese 40 years of age and over, regardless of 
gender       
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was performed on 404 cancer-free controls and resulted in the diagnosis of six 
esophageal SCCs and two pharyngeal SCCs [ 26 ]. The risk scores of six of these 
eight cancer patients at baseline were in the top 10 % according to the HRA-Flushing 
model. The cancer detection rate per 100 person–years in the top 10 % risk group of 
the cancer-free controls was 2.3 for esophageal cancer and 3.5 for esophageal or 
pharyngeal cancer. We applied this HRA-Flushing questionnaire to endoscopic 
mass-screening programs of 2,221 Japanese men during 2008 and 2009 at fi ve can-
cer screening facilities, and esophageal cancer was diagnosed in 19 persons as a 
result [ 27 ]. The HRA-Flushing score of 5 % of the examinees was 11 or greater, and 
esophageal cancer was detected in 4.3 % of them, as opposed to in 0.7 % of the 
other examinees. A receiver operating characteristic curve analysis showed that 
when we used an cutoff point of an HRA score of ≥9 in the 50–69 age group and of 
≥8 in the 70–89 age group to select individuals with a high risk for esophageal can-
cer, the sensitivity and false-positive rate was 52.6 % and 15.2 %, respectively, and 
cancer was detected in 2.91 % of the examinees in the high-risk group, as opposed 
to 0.48 % in the other group. Although the cutoff values for high-risk groups should 

Factors

Facial flushing and drinking

Any flushing

Never/rare drinker (<1 unit/week) 0
Never flushing

Light drinker (1-8.9 units/week) 1
Moderate drinker (9-17.9 units/week) 5
Heavy drinker (18+ units/week) 6
Ex-drinker 7

Current/former flushing

Light drinker (1-8.9 units/week) 4
Moderate drinker (9-17.9 units/week) 9
Heavy drinker (18+ units/week) 10
Ex-drinker 8

Drink strong alcoholic beverages frequently

Yes 3
No 0

Smoked 30 pack-years or more

Yes 2
No 0

Eat green -yellow vegetables almost every day

Yes 0
No 1

Eat fruit almost every day

Yes 0
No 1

Risk score (select one choice each for A-E)

B

C

D

E

A

9 or moreAge 50-69 years

8 or moreAge ≥ 70 years

High -risk scores
Endoscopic screening 
is recommended

Total risk score = A + B + C + D + E

(1 unit =22 g of ethanol)

  Fig. 15.3    Health-risk appraisal model for esophageal cancer combined with the simple fl ushing 
questionnaire. The questionnaire enables makes it possible for people to easily determine their risk 
of esophageal cancer, and public awareness campaigns that use the questionnaire will help per-
suade high-risk persons to undergo endoscopic screening or enable them to change their lifestyle 
to prevent esophageal cancer       
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be changed to achieve better performance of the HRA model according to the 
 population targeted, these fi gures encouraged using our questionnaire to screen 
larger populations of Japanese men.  

 Our simple questionnaire makes it possible for many people to identify their risk 
of UADT cancer very easily, and use of the questionnaire in public awareness cam-
paigns will help persuade high-risk persons to undergo endoscopic screening or 
enable them to change their lifestyle to prevent UADT cancer. Our HRA model that 
includes ALDH2 genotype yielded a slightly better positive predictive value [ 25 ] 
and a slightly higher cancer detection rate [ 26 ] than the HRA-Flushing model. 
Genotyping ALDH2 would entail an initial cost, but genotyping needs to be per-
formed only once in a lifetime, the data are always available, and the unit cost would 
be greatly discounted if a huge number of samples are analyzed.  

15.6     ADH1B Genotype, Alcohol Metabolism, 
and SCC of the UADT 

 Alcohol dehydrogenase-1B (ADH1B, previously called ADH2) also has a 
 functional genetic polymorphism (rs1229984; Fig.  15.1 ). The  ADH1B*1/*1  geno-
type, which results in expression of slow-metabolizing ADH1B, is prevalent in 
Caucasians (present in approximately 90 %), but present in only a small fraction of 
East Asians (e.g., 7 % of Japanese) [ 6 ]. The presence of slow-metabolizing ADH1B 
is a stronger risk factor for alcoholism and SCC of the UADT in East Asians than 
the presence of the fast-metabolizing ADH1B because of having the  ADH1B*2  
allele. Approximately 30 % of Japanese alcoholics have the slow-metabolizing 
ADH1B, and the slow- metabolizing ADH1B has been found to be more frequent in 
the younger generations of Japanese alcoholics, probably because the  ADH1B*1/*1  
genotype accelerates the progression of alcohol dependence [ 11 ]. 

 Alcohol challenge tests have failed to demonstrate any associations between 
ADH1B genotype and the blood ethanol or acetaldehyde concentrations after inges-
tion of small to moderate doses of ethanol [ 13 ]. However, the slow-metabolizing 
ADH1B has an approximately 40 times lower Vmax in vitro than the fast- 
metabolizing ADH1B [ 28 ], and an experiment in which a clamping technique and 
intravenous alcohol infusion were used showed a modestly but signifi cantly lower 
ethanol elimination rate (11–18 %) among Jews with the slow-metabolizing ADH1B 
than with the fast-metabolizing ADH1B [ 29 ]. At the time of their fi rst visit to our 
Addiction Center, we evaluated associations between ADH1B and ALDH2 geno-
types and the blood ethanol levels of 805 Japanese alcoholic men in the morning 
after drinking within the previous 34 h [ 30 ]. The results showed no signifi cant 
 differences in age-adjusted usual alcohol consumption according to ADH1B or 
ALDH2 genotypes. Higher blood ethanol levels persisted for longer periods in the 
group with the slow-metabolizing ADH1B who were  ADH1B*1/*1  carriers ( n  = 246) 
than in the group with the fast-metabolizing ADH1B who were  ADH1B*2  carri-
ers ( n  = 559), and blood ethanol levels ≥0.3 mg/mL (criterion for drunk driving 
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according to Japanese law) after a 12.1–18-h interval since the last drink were 
observed in a signifi cantly higher proportion of the  ADH1B*1/*1  carriers than of 
the  ADH1B*2  carriers (40 % vs. 14–17 %,  p  < 0.0001). Multivariate analyses 
showed that the ethanol levels were 0.500 mg/mL higher in the group with the 
 ADH1B*1*1  genotype, and the OR (95 % CI) for an ethanol level ≥0.3 mg/mL in 
the presence of the  ADH1B*1/*1  genotype was 3.44 (2.34–5.04). There were no 
signifi cant differences in blood ethanol levels according to ALDH2 genotype. 

 We evaluated associations between ADH1B and ALDH2 genotypes and the body 
weight and BMI of 1,301 Japanese alcoholic men on the day of their fi rst visit [ 31 ]. 
There were no signifi cant differences in usual caloric intake in the form of alcoholic 
beverages according to ADH1B genotype in any of the age brackets, but the pres-
ence of the slow-metabolizing ADH1B was more strongly associated with weight 
gain in all age brackets. This result links the slower ethanol elimination by the 
 ADH1B*1*/*1  alcoholics with their more effi cient utilization of ethanol as an energy 
source. No effects of ALDH2 genotype on body weight or BMI were observed. 

 In a study in which we simultaneously measured the blood and salivary ethanol 
and acetaldehyde levels of Japanese alcoholics in the morning on the day of their 
fi rst visit [ 32 ,  33 ], we found that ethanol and acetaldehyde remained in the blood 
and saliva for much longer periods and at much higher levels in the group with the 
slow-metabolizing ADH1B than in the group with the fast-metabolizing ADH1B, 
even after adjusting for age, body weight, the amount of alcohol consumed, and 
interval since the previous drink. Chronic heavy drinking by alcoholics may amplify 
the modest effect of  ADH1B*1/*1  on ethanol metabolism and lead to clear prolon-
gation of the presence of ethanol in the body, including in the UADT. The blood and 
salivary ethanol levels of the subjects were similar, but the acetaldehyde levels in 
their saliva were much higher than in their blood because of acetaldehyde produc-
tion by oral microorganisms. [ 32 ,  33 ] 

 ADH1B genotype markedly affects alcohol fl ushing [ 22 ,  34 ]. Alcohol fl ushing in 
fast-metabolizing ADH1B carriers is triggered by a rapid initial rise in the blood 
acetaldehyde concentration, whereas the slow initial rise in the blood acetaldehyde 
in slow-metabolizing ADH1B carriers may weaken the alcohol fl ushing [ 22 ,  34 ]. 
The results of our fl ushing questionnaire showed that despite the presence of inac-
tive ALDH2 in heterozygotes, 25 % of the slow-metabolizing ADH1B carriers were 
never fl ushers and 38 % were former fl ushers, and thus there was a clear association 
between alcohol consumption by inactive ALDH2 heterozygotes and their facial 
fl ushing categories [ 22 ]. 

 The above fi ndings provide clues as to why slow-metabolizing ADH1B increases 
the risk of both alcoholism and UADT cancer. First, slow-metabolizing ADH1B 
diminishes the intensity of facial fl ushing, thereby accounting for the greater 
 susceptibility to heavy drinking. Second, chronic heavy drinking amplifi es the mod-
est effect of slow-metabolizing ADH1B on ethanol elimination, which leads to 
much longer exposure to ethanol and, in turn, results in increasing the risk of devel-
oping alcoholism. When ethanol lingers in the body, the UADT is exposed to high 
levels of acetaldehyde as a result of acetaldehyde production in saliva, and that 
 creates a condition that increases the risk of UADT cancer.  
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15.7     The  ADH1B*1/*1  and  ALDH2*1/*2  Genotype 
Combination and SCC in the UADT 

 The risk of SCC of the head and neck and esophagus of Japanese and Taiwanese 
drinkers has been found to be extremely increased in a multiplicative fashion by the 
combination of slow-metabolizing ADH1B in the  ADH1B*1/*1  genotype and inac-
tive ALDH2 in the  ALDH2*1/*2  genotype (OR = 22–122 for esophageal SCC) [ 13 , 
 18 ,  24 ,  35 – 37 ]. In Japanese alcoholics, the OR (95 % CI) with the  ADH1B*1/*1  and 
 ALDH2*1/*2  genotype combination has been found to increase for the very early 
stages of the esophageal neoplasia, from 4.53 (2.17–9.47) for low-grade intraepithe-
lial neoplasia, to 10.4 (4.34–24.7) for high-grade intraepithelial neoplasia, and 21.7 
(7.96–59.3) for invasive SCC [ 18 ]. When the two genotypes were combined with 
other risk factors, based on the multivariate OR for each risk factor the ORs (95 % 
CI) of Japanese for esophageal SCC increased enormously, by 248 times when 
combined with consumption of 198–395 g ethanol/week and by 414 times when 
combined with consumption of ≥396 g ethanol/week [ 24 ], in Taiwanese by 382 
(47–3,085) times when combined with consumption of >30 g ethanol/day [ 35 ], and 
in Japanese by 189 (95–377) times when combined with both consumption of 
>96.5 g ethanol/week and smoking [ 36 ] and by 357 (105–1,210) times when com-
bined with both drinking and smoking [ 37 ].  

15.8     ADH1B and ALDH2 Genotype and Liver Disease 
in Japanese Alcoholic Men 

 Contrary to results of investigations of the relationships between the ADH1B and 
ALDH2 genotypes and susceptibility to UADT cancer, a cross-sectional survey of 1,902 
Japanese alcoholic men showed that liver cirrhosis was associated with the presence of 
the  ADH1B*2  allele and  ALDH2*1/*1  genotype [ 38 ]. When non- cirrhotic patients with 
no or only mild liver fi brosis as controls, the results showed that the OR (95 % CI) of 
the  ADH1B*2  allele increased according to the severity of their liver disease, from 1.67 
(1.32–2.11) in the non-cirrhotic group with liver fi brosis, to 1.81 (1.24–2.63) in the 
Child-Pugh class A cirrhosis group, 2.97 (1.79–4.93) in the Child-Pugh class B cirrho-
sis group, and 4.32 (1.48–12.6) in the Child-Pugh class C cirrhosis group. Since age-
adjusted daily alcohol consumption did not differ according to ADH1B/ALDH2 
genotypes in the alcoholics, their ADH1B/ALDH2- associated increase in risk of liver 
disease cannot be explained by the levels of ethanol and acetaldehyde exposure.  

15.9     Gastric Cancer in Japanese Alcoholic Men 

 The lifetime drinking profi les of Japanese alcoholic men have shown that gastrec-
tomy increases susceptibility to alcoholism [ 39 ]. Gastrectomy results in swift pas-
sage of ethanol from the small intestine into the systemic circulation. Because of 
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this dynamic change in ethanol delivery, overshoot of blood ethanol levels and 
 subsequent high ethanol exposure have been observed after gastrectomy [ 40 ], and 
they lead to rapid development of alcohol dependence. A large survey of 4,879 
Japanese alcoholic men demonstrated that a high proportion of them had a history 
of gastrectomy, although the proportion decreased from 13.3 to 7.8 % during the 
1996–2010 period [ 11 ]. Many alcoholic men with a history of gastrectomy had 
changed their drinking pattern after the gastrectomy and had became alcoholics 
after a shorter period of heavy drinking and after a lower cumulative alcohol intake 
than alcoholics with no history of gastrectomy [ 39 ]. There were more frequent 
blackouts in the gastrectomy group, and that may have refl ected the sharper rise in 
their blood ethanol level. Since a history of gastrectomy increases the risk of alcohol 
dependence, this acquired risk factor increases susceptibility to alcohol dependence 
in the absence of the alcoholism-susceptibility genotype  ADH1B*1/*1 , and that 
explains the lower frequency of  ADH1B*1/*1  that was found in a gastrectomy 
group of Japanese alcoholic men than in a non-gastrectomy group [ 11 ]. 

 The prevalence of gastric cancer is extremely high among Japanese alcoholic 
men. A study of 4,879 Japanese male alcoholic patients revealed that 187 had a his-
tory of gastrectomy for gastric cancer and ten had a history of mucosectomy for 
gastric cancer, and 47 were diagnosed with gastric cancer during the initial endo-
scopic screening [ 11 ]. A total of 244 (5.0 %) of the patients had a history of gastric 
cancer or were newly diagnosed with gastric cancer. 

 Inactive ALDH2, macrocytosis, and simultaneous presence of UADT cancer as 
well as  H. pylori -associated atrophic gastritis have been found to be associated with 
the risk of gastric cancer detected by endoscopic screening of Japanese alcoholic 
men [ 41 ]. This fi nding partly explains why gastric, esophageal, and head and neck 
cancers are often concurrent in Japanese alcoholic men. However, the frequency of 
the  ALDH2*1/*2  genotype in alcoholics with a history of gastrectomy for gastric 
cancer was found to be as low as in alcoholics without a history of gastrectomy [ 11 ]. 
These fi ndings suggest different causal associations between alcoholism and each 
group of gastric cancer. 

 The risk of metachronous gastric cancer is high in Japanese with esophageal 
SCC, especially among alcoholic men, suggesting a common cause of both cancers. 
Endoscopic follow-up (median, 47 months) after the initial diagnosis of esophageal 
SCC was performed in 99 Japanese alcoholic men [ 42 ]. A serum pepsinogen test 
showed a higher seroprevalence of severe chronic atrophic gastritis among the 
esophageal SCC cases than among age-matched alcoholic controls, whereas their 
 H. pylori  status was similar. The accelerated progression of severe chronic atrophic 
gastritis observed in Japanese alcoholic men with esophageal SCC suggests the exis-
tence of a common mechanism by which both esophageal SCC and  H. pylori - related  
severe chronic atrophic gastritis develop in the alcoholics. Metachronous gastric 
adenocarcinoma was diagnosed in 11 of the 99 gastric cancer-free patients in the 
same study, and the cumulative rate of metachronous gastric cancer within 5 years 
was estimated to be 15 %. The hazard ratio [HR (95 % CI)] of metachronous gastric 
cancer was 7.87 (1.43–43.46) in the group with severe chronic atrophic  gastritis in 
comparison with the group without chronic atrophic gastritis. Inactive heterozygous 
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ALDH2 was not associated with an increased risk of metachronous gastric cancer. 
Accelerated development of severe chronic atrophic gastritis at least partially 
explained the very high frequency of development of metachronous gastric cancer in 
this population of Japanese men with an initial diagnosis of SCC of the esophagus.  

15.10     Colonoscopic Screening of Japanese Alcoholic 
Men for Colorectal Neoplasia 

 The results of colonoscopic screening of Japanese alcoholic men for colorectal neo-
plasia yielded an extremely high rate of advanced colorectal neoplasia: 15.7 % in 
the group of 744 subjects with a negative immunochemical fecal occult blood test 
(IFOBT) and 31.6 % in the group of 393 subjects with a positive IFOBT [ 43 ]. 
Advanced colorectal neoplasia has been reported to have been detected in 2.6 % of 
an IFOBT-negative group and 16.0 % of an IFOBT-positive group in the Japanese 
general population [ 44 ]. Advanced colorectal neoplasia includes adenomas 
≥10 mm, villous and tubulovillous adenomas, high-grade dysplasia, carcinoma-in- 
situ, and invasive cancers. Thus, screening alcoholic men by the IFOBT alone is 
inadequate, and colonoscopy should be recommended to the patients. There were 
no signifi cant associations between ALDH2 genotypes and the risk of advanced 
colorectal neoplasia [ 43 ].  

15.11     Association Between a High Mean Corpuscular 
Volume and Increased Risk of Aerodigestive Tract 
Neoplasia in Japanese Alcoholic Men 

 Epidemiological evidence indicates that the red cell mean corpuscular volume 
(MCV) of inactive ALDH2 carriers is increased by exposure to acetaldehyde [ 45 –
 51 ]. Alcoholism, severe acetaldehyde exposure because of the presence of inactive 
ALDH2, smoking, low BMI, and folate defi ciency are associated with both increased 
MCV and increased risk of aerodigestive tract cancer. The simultaneous presence of 
a high MCV of 106 or more,  ALDH2*1/*2  genotype, and  ADH1B*1/*1  genotype in 
Japanese alcoholic men synergistically increase their risk of esophageal SCC [OR 
(95 % CI) = 320 (27–>1,000)] [ 47 ]. An endoscopic follow-up study of cancer-free 
Japanese alcoholics revealed that cancer of the UADT developed much more fre-
quently among alcoholics with a high MCV of 106 or more [HR (95 % CI) = 2.52 
(1.22–5.22)] [ 51 ]. An MCV of 106 or more in Japanese alcoholic men was found to 
increase their risks of head and neck SCC [OR (95 % CI) = 2.71 (1.42–5.16)] [ 52 ], 
esophageal SCC [OR (95 % CI) = 3.68 (1.96–6.93)] [ 48 ], and gastric cancer [OR 
(95 % CI) = 2.5 (1.2–5.2)] [ 41 ], and to increase their risk of advanced colorectal 
neoplasia in an IFOBT-negative group [ORs (95 % CI) = 1.65 (1.02–2.64)] and an 
IFOBT-positive group [2.83 (1.15–6.93)] [ 43 ] (Table  15.1 ).
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15.12        Conclusions 

•     The  ADH1B*1/*1  genotype and  ALDH2*1/*2  genotype are associated with an 
increased risk of UADT neoplasia in East-Asian drinkers.  

•   Prolonged exposure to high ethanol and acetaldehyde concentrations and ineffi -
cient degradation of acetaldehyde in the UADT explains the high risk of UADT 
 neoplasia in people with these genotypes.  

•   Health-risk appraisal models that include alcohol fl ushing or ALDH2 genotype 
are useful tools for mass-screening for UADT neoplasia.  

•   The ADH1B genotype of Japanese alcoholic men affects their body weight and 
susceptibility to liver disease.  

•   Gastric cancer and advanced colorectal neoplasia are more common in Japanese 
alcoholic men than in nonalcoholic Japanese men.  

•   A high MCV in Japanese alcoholic men increases their risk of aerodigestive tract 
neoplasia.        
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    Chapter 16   
 Acetaldehyde and Retinaldehyde-Metabolizing 
Enzymes in Colon and Pancreatic Cancers 

             S.     Singh    ,     J.     Arcaroli    ,     D.    C.     Thompson    ,     W.     Messersmith    , and     V.     Vasiliou    

    Abstract     Colorectal cancer (CRC) and pancreatic cancer are two very signifi cant 
contributors to cancer-related deaths. Chronic alcohol consumption is an important 
risk factor for these cancers. Ethanol is oxidized primarily by alcohol dehydroge-
nases to acetaldehyde, an agent capable of initiating tumors by forming adducts 
with proteins and DNA. Acetaldehyde is metabolized by ALDH2, ALDH1B1, and 
ALDH1A1 to acetate. Retinoic acid (RA) is required for cellular differentiation and 
is known to arrest tumor development. RA is synthesized from retinaldehyde by the 
retinaldehyde dehydrogenases, specifi cally ALDH1A1, ALDH1A2, ALDH1A3, 
and ALDH8A1. By eliminating acetaldehyde and generating RA, ALDHs can play 
a crucial regulatory role in the initiation and progression of cancers. ALDH1 cata-
lytic activity has been used as a biomarker to identify and isolate normal and cancer 
stem cells; its presence in a tumor is associated with poor prognosis in colon and 
pancreatic cancer. In summary, these ALDHs are not only biomarkers for CRC 
and pancreatic cancer but also play important mechanistic role in cancer initiation, 
progression, and eventual prognosis.  
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16.1         Introduction 

 Colorectal cancer (CRC) and pancreatic cancer represent serious health concerns 
because of their very high morbidity and mortality. Each year, more than one mil-
lion new CRC cases are diagnosed and over 500,000 deaths are associated with this 
condition worldwide [ 1 ]. In the USA, CRC is the fourth most commonly diagnosed 
cancer and second leading cause of cancer-related death. Pancreatic cancer ranks 
tenth in incidence but is disproportionately fatal in being the fourth largest cause of 
cancer-related deaths in the USA. The American Cancer Society estimated diagno-
sis of 142,820 new cases of CRC in the USA during 2013; of these, approximately 
50,830 people are expected to die. The estimated incidence of pancreatic cancer is 
45,220 with 38,460 deaths [ 2 ]. Although the exact mechanisms that promote CRC 
remain obscure, there is increasing evidence suggesting the involvement of lifestyle- 
related factors in addition to genetic predisposition. These factors include waist 
circumference, folate, and multivitamins in the diet, high fat and high energy diet, 
physical exercise, tobacco smoking, and alcohol consumption [ 3 ,  4 ]. 

 According to dose–response meta-analysis and pooled results from cohort stud-
ies, chronic daily consumption of approximately 50 g of alcohol increases the rela-
tive risk for colon cancer by 40 % [ 5 ,  6 ]. Alcohol and its primary metabolite, 
acetaldehyde, have also been linked with pancreatic cancer [ 7 ]. Various theories 
have been advanced regarding the mechanism by which alcohol induces cancer. For 
example, ethanol may enhance mucosal penetration of a carcinogen by serving as a 
solvent. In addition, ethanol induces cytochrome P4502E1 (CYP2E1), an enzyme 
capable of generating reactive oxygen species (Fig.  16.1 ). However, the most well-
accepted theory regarding ethanol-induced cancer involves acetaldehyde acting as a 
carcinogen [ 8 ,  9 ]. Ethanol is metabolized to acetaldehyde by alcohol dehydrogenase 
(ADH), CYP2E1, and catalase [ 10 ,  11 ] (Fig.  16.1 ). Acetaldehyde is a molecule 
capable of forming adducts with DNA which is considered an initial step in carcino-
genesis [ 12 ]. In 2009, the International Agency for Research on Cancer (IARC) 
designated acetaldehyde (as associated with alcohol consumption) to be a group I 
human carcinogen [ 13 ]. Acetaldehyde is metabolized to acetate, a process catalyzed 
by aldehyde dehydrogenase (ALDH) 2, ALDH1B1, and ALDH1A1 (Fig.  16.1 ) [ 14 ]. 
The ability of these ALDHs to repress cellular acetaldehyde levels is consistent with 
a role for ALDHs in colon and pancreatic cancers and is supported strongly by the 
association of ALDH2 defi ciency with high incidence of CRC and pancreatic cancer 
in heavy ethanol drinkers [ 15 ,  16 ]. In addition to metabolizing acetaldehyde, ALDH1 
isozymes are the primary enzymes involved in the metabolism of retinaldehyde to 
retinoic acid (RA), a signaling molecule that plays a crucial role in cellular prolifera-
tion and differentiation [ 11 ]. Given their ability to affect cellular RA levels, it is 
likely that RA-generating ALDHs have a role in modulating carcinogenesis. Several 
other observations lend support to the notion that ALDHs are implicated in cancer. 
First, ALDH activity has been used to identify and isolate normal and cancer stem 
cells (CSCs) of various lineages [ 17 – 19 ] (Table  16.1 ). Second, high ALDH expres-
sion has been found to be associated with poor clinical outcome in leukemia [ 20 ], 
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ovarian [ 21 – 23 ], prostate [ 24 ,  25 ], breast [ 26 – 28 ], colorectal [ 29 ], and pancreatic 
cancer [ 15 ,  30 ]. Third, ALDH+ cells (cells with very high ALDH expression) exhibit 
a greater tumorigenic capacity, as refl ected in colony-forming capability in vitro and 
in xenograft-induced tumor formation in vivo [ 31 ]. We have found very strong up-
regulation of ALDH1B1 expression in an animal model of colon polyps, specifi cally 
adenomatous polyposis coli multiple intestinal neoplasia ( Apc ( Min )/+) mice (our 
unpublished data). These mice have point mutation in  Apc , a tumor suppressor gene 
which when mutated leads to dysregulation of the Wnt-signaling pathway and 
results in up-regulation of oncogenes like  c-Myc  [ 32 ]. Overexpression of 
ALDH1B1 in polyps from these mice is suggestive of a possible relationship 
between Wnt-signaling and ALDH1B1 expression, a consideration that warrants 
further study. 

  Fig. 16.1    ALDHs modulate carcinogenesis by metabolizing acetaldehyde and retinaldehyde. 
Ethanol is metabolized by alcohol dehydrogenase (ADH), catalase, and CYP2E1 to acetaldehyde. 
Acetaldehyde can interfere with antioxidative defense systems (AODS) and generate reactive 
 oxygen species (ROS); inhibits DNA repair and methylation; and forms DNA and protein adducts 
to promote tumor growth. Acetaldehyde is metabolized to acetate primarily by ALDH2, ALDH1B1, 
and ALDH1A1. Retinaldehyde, formed from retinol by ADH, is converted to retinoic acid (RA) by 
retinaldehyde-metabolizing ALDHs. RA exerts anticarcinogenic activity by binding to cellular 
retinoic acid-binding proteins (CRBPII) and activating the RA receptor (RAR). When RA binds to 
fatty acid-binding protein 5 (FABP5), it activates orphan nuclear receptor peroxisome proliferator- 
activated receptor (PPAR)β/δ and acts as procarcinogenic agent.  ALDH  aldehyde dehydrogenase, 
 NAD  +  NAD(P), nicotinamide adenine dinucleotide (phosphate),  H   2   O   2   hydrogen peroxide       
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   A causal relationship exists between alcohol consumption and CRC or  pancreatic 
cancer and this may be mediated, at least in part, by acetaldehyde [ 12 ,  15 ]. The 
signifi cance of retinaldehyde and acetaldehyde in tumor formation, and very high 
expression of the ALDHs in colorectal and pancreatic cancer are suggestive of a 
crucial role for acetaldehyde- and retinaldehyde-metabolizing ALDHs in these can-
cers. Lack of ALDH2 activity and resultant high acetaldehyde levels are linked with 
colon cancer initiation. By contrast high ALDH1 activity (primarily ALDH1A1 and 
ALDH1B1) is required for the stemness and tumorigenic potential of CSCs.  

16.2     Acetaldehyde: A carcinogen 

 Acetaldehyde is categorized as “carcinogenic to humans” and “reasonably antici-
pated to be a human carcinogen” according to IARC regulations and US National 
Toxicology Program (NTP), respectively [ 13 ,  33 ]. Acetaldehyde has been shown to 
be a highly toxic, mutagenic, and carcinogenic compound in a variety of in vitro and 
in vivo studies. Its effects range from damaging antioxidant defenses [ 11 ] to interfer-
ing with DNA methylation and repair mechanisms through formation of adducts with 
DNA and proteins (Fig.  16.1 ) [ 10 ,  12 ]. In the colon, acetaldehyde is primarily pro-
duced from ethanol by resident bacteria and, to a lesser extent, by mucosal alcohol 

   Table 16.1    ALDH expression in various progenitor, stem, and cancer cell types   

 S.No.  Cell or tumor type  ALDH isozyme(s) a   Reference 

 1  Hematopoietic progenitor  ALDH, ALDH1A3  [ 17 – 19 ,  75 ,  76 ] 
 2  Mesenchymal progenitors  ALDH  [ 75 ] 
 3  Endothelial progenitors  ALDH  [ 75 ] 
 4  Neural stem cells  ALDH, ALDH1L1  [ 77 ,  78 ] 
 5  Normal mammary stem cells  ALDH1A1  [ 26 ] 
 6  Breast cancer stem cells  ALDH1A1, ALDH1A3, 

ALDH2, ALDH6A1, 
 [ 26 ,  28 ,  76 ,  79 , 
 80 ] 

 7  Prostate cancer  ALDH, ALDH7A1  [ 24 ,  25 ,  81 ] 
 8  Ovarian cancer stem cells  ALDH, ALDH1A1  [ 21 – 23 ,  82 ] 
 9  Ovarian cancer cells  ALDH1A1, ALDH1A3, 

ALDH3A2, ALDH7A1 
 [ 83 ] 

 10  Colon stem cells  ALDH1A1, ALDH1B1  [ 65 ,  71 ] 
 11  Colon cancer stem cells  ALDH1A1, ALDH1B1  [ 21 ,  29 ,  31 ,  65 ,  71 , 

 84 ] 
 12  Leukemia stem cells  ALDH  [ 20 ] 
 13  Human lung cancer cells  ALDH1A1  [ 21 ,  85 ,  86 ] 
 14  Head and neck cancer stem 

cells 
 ALDH1A1  [ 87 ] 

 15  Pancreatic cancer  ALDH, ALDH1A1, ALDH1A3  [ 30 ,  76 ,  88 ] 
 16  Liver cancer stem cells  ALDH, ALDH1A1  [ 89 ,  90 ] 

   a ALDH is designated for studies in which ALDH+ cells were identifi ed and isolated using the 
ALDEFLUOR™ assay  
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dehydrogenase (ADH). As a result of metabolism by intra-colonic microbes, large 
quantities (nine- fold higher than normal) of acetaldehyde accumulate in the rat colon 
2 h after intraperitoneal injection of ethanol [ 34 ]. Human colon mucosal cells harbor 
ADH1, ADH3, and ADH5, with the ADH1 and ADH3 isozymes being most active 
[ 35 ]. In an in vitro experiment, human colon contents were able to generate 60–250 μM 
acetaldehyde when incubated with concentration of ethanol (10–100 mg%), which is 
known to be attained during normal ethanol drinking [ 36 ]. The high levels of acetal-
dehyde attained in the colon after drinking ethanol likely underlies the correlation 
between chronic, heavy ethanol consumption, and CRC in humans. In ethanol- treated 
rats, a high concentration of acetaldehyde (50–350 μM) in the colon mucosa has been 
shown to correlate positively with hyper-proliferation of the colon crypt cells. Such a 
phenomenon would be anticipated to favor the development of CRC [ 37 ,  38 ]. 

 Acetaldehyde is metabolized primarily by mitochondrial ALDH2 and ALDH1B1 
and, to lesser extent, by cytosolic ALDH1A1 (Table  16.2 ) [ 14 ]. The most convinc-
ing evidence for a role of acetaldehyde in CRC initiation emanates from studies 
involving Asians who possess a polymorphism in their ALDH2 enzyme known as 
ALDH2*2. These subjects possess a single nucleotide polymorphism (SNP) that 
leads to a lysine to glutamate substitution at residue 487 that renders the enzyme 
functionally inactive [ 39 ,  40 ]. Approximately 40 % of the Asian population carry an 
ALDH2*2 allele; this compromises their ability to metabolize acetaldehyde and 
increases their colon cancer risk 3.4 times [ 16 ].

16.3        Opposing Effects of Retinoic Acid on Cancer Cell 
Proliferation 

 Retinoids exert many physiologically important and diverse functions in relation to 
cellular proliferation and differentiation of normal and cancer cells. For example, 
retinoids are crucial for embryonic development and adult tissue remodeling. The 
retinoids comprise all of the derivatives of retinol, including all- trans -, 9- cis -, and 

    Table 16.2    Affi nity of ALDHs for acetaldehyde and retinaldehyde   

 S.No. 
 ALDH 
isozyme(s)  Substrate   K  m  (μM)  Reference 

 1  ALDH1A1  Acetaldehyde  180  [ 14 ] 
 All- trans  retinaldehyde  11.6–26.8  [ 91 ] 
 9- cis  retinaldehyde  3.59  Jackson et al., under preparation 

 2  ALDH1A2  All- trans  retinaldehyde  0.66  [ 92 ] 
 9- cis  retinaldehyde  0.62 

 3  ALDH1A3  All- trans  retinaldehyde  0.2  [ 93 ] 
 4  ALDH1B1  Acetaldehyde  55  [ 14 ] 

 Retinaldehyde  24.9  Jackson et al., under preparation 
 5  ALDH2  Acetaldehyde  3.2  [ 14 ] 
 6  ALDH8A1  9- cis  retinaldehyde  3.15  [ 46 ] 
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13- cis - retinoic acid (RA). Retinol is oxidized to retinaldehyde by retinol dehydroge-
nases. The resultant retinaldehydes are further metabolized to their corresponding 
RA by retinaldehyde dehydrogenases which include RALDH1 (ALDH1A1), 
RALDH2 (ALDH1A2), RALDH3 (ALDH1A3), and RALDH4 (ALDH8A1) 
(Table  16.2 ) [ 41 – 46 ]. Among the RAs, all- trans -RA (ATRA) is the most biologically 
potent retinoid. Abnormally low levels of ALDH1A2 have been observed in breast 
and prostate cancers [ 47 ,  48 ]. Impaired RA formation and high levels of CYP26A1 
(an RA-metabolizing enzyme) in human breast cancer are consistent with a protec-
tive role for RA in this cancer [ 47 – 49 ]. The physiological actions of the retinoids are 
mediated through binding of the RA receptor (RAR) and retinoid X receptor (RXR) 
heterodimer to the regulatory region of retinoid-responsive genes, known as RA 
response elements [ 50 ]. RARs and RXRs are ligand-dependent transcription factors 
and exist as α, β, or γ isoforms. RAR isoforms interact with both ATRA and 9- cis  RA, 
whereas RXR isoforms interacts only with 9- cis  RA [ 51 ,  52 ]. The binding of RA with 
the RAR/RXR dimer recruits co-activator proteins and initiates transcriptional acti-
vation of the retinoid-responsive genes [ 50 ]. Retinoids have been found to be effec-
tive for the treatment of acute promyelocytic leukemia and prevention of liver, lung, 
breast, prostate, skin, and colon cancers [ 53 – 55 ]. In vivo studies involving rats have 
revealed that retinoids added to the diet reduced colon cancer cell proliferation and 
prevented azoxymethane-induced aberrant crypt foci (putative precancerous lesions 
in colon) and colon tumor formation [ 55 ,  56 ]. An RXR-selective retinoid, AGN194204, 
has been found to inhibit the proliferation of human pancreatic cancer cells, an effect 
that can be reversed by an RXR-selective antagonist [ 57 ]. In addition to inhibiting the 
growth of pancreatic cancer cells, RA increases the sensitivity of pancreatic adeno-
carcinoma cells to the antineoplastic drugs gemcitabine and cisplatin [ 58 ]. 

 In contrast to the antiproliferative and anti-survival role of RA in cancer cells, 
dietary ATRA has been shown to enhance initiation and growth of intestinal tumors 
in the  Apc ( Min )/+ mouse model in vivo [ 59 ]. RA can promote cell survival and 
hyperplasia in cells expressing high levels of fatty acid-binding protein 5 (FABP5) 
by activating an orphan nuclear receptor, peroxisome proliferator-activated receptor 
(PPAR)β/δ [ 60 ]. PPARβ/δ mediates antiapoptotic properties partly by inducing the 
PDK1/Akt survival pathway [ 61 ]. RA binds to intracellular lipid-binding proteins 
(iLBPs), including cellular retinoic acid-binding proteins (CARBPII and FABP5). 
CARBPII and FABP5 are selective for nuclear receptors RARα and PPARβ/δ, 
respectively [ 60 ]. Hence, RA induces CARBPII- or FABP5- mediated activation of 
RAR or PPARβ/δ (respectively), depending on the ratio of FABP5/CRBPII in the 
cells [ 60 ]. Human CRC cell lines (specifi cally, T84, COLO205, SW620, SW480, 
HCT116, and DLD-1) express ~30-fold higher levels of FABP5 relative to normal 
colorectal cells (CCD18-Co), suggesting the possibility of pro-proliferative and 
antiapoptotic roles for RA in these cells [ 60 ,  62 ]. However, the expression levels of 
PPARβ/δ in CRC cells and its role in tumorigenesis are unresolved in various can-
cers, including CRC [ 63 ]. 

 RA inhibits the proliferation and increases chemosensitivity of pancreatic cancer 
cells. However, the involvement of RA in CRC is less clear, with opposing fi ndings 
suggesting pro- or antiproliferative roles.  
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16.4     ALDHs and Cancer Stem Cells 

 In the gastrointestinal (GI) tract, tissue-specifi c stem cells are at the top of the 
 cellular hierarchy and play a critical role in regulating tissue homeostasis. These 
specialized epithelial cells are characterized by their ability to self-renew and dif-
ferentiate into a variety of cellular populations that perform specifi c functions within 
the GI tract. Currently, it is believed that these tissue-specifi c stem cells (or progeni-
tor cells), when oncogenically transformed, become CSCs or tumor- initiating cells 
(TICs) since they functionally possess the capacity to form tumors and maintain 
tumor growth. Accumulating evidence also suggests that CSCs are responsible for 
chemotherapeutic/radiation resistance and tumor recurrence (Fig.  16.2 ). ALDH 
catalytic activity has been identifi ed in many human cancers [ 28 ] and, as such, is 
used as a marker of CSCs, including colorectal and pancreatic cancer. The patho-
physiological function of ALDHs in CSCs remains unresolved. Intense research of 
ALDH enzymes is underway in order to elucidate the role of these proteins in the 
development and progression of cancer as well as drug resistance.  

16.4.1     Colorectal Cancer 

 Although earlier stages of CRC are highly curable, therapeutic interventions in 
advanced disease have proven to be poorly effective at increasing the 5-year sur-
vival rate. Recent drug development has focused on targeting the CSC population as 
a potential therapy. In normal colon, CSCs reside at the bottom of the crypt and 
generate upward, migrating and differentiating transit amplifying cells (in the mid-
dle of the crypt) which become terminally differentiated cells as they move upward 
and eventually shed into the lumen (Fig.  16.3a ) [ 64 ]. In CRC, several different mol-
ecules, including the cell surface markers CD133 and CD44 as well as ALDH activ-
ity, have been proposed as biomarkers for identifi cation and isolation of the CSC 

  Fig. 16.2    ALDH-expressing cells are responsible for chemoresistance and relapse of many tumors 
after chemotherapy. Most current chemotherapy drugs are effective against the bulk of the tumor 
cells. However, the high ALDH-expressing (ALDH+) cancer stem cells are resistant to these treat-
ments. As a result, during chemotherapy, the ALDH+ cells proliferate and promote tumor growth. 
The resultant tumors contain an increased proportion of ALDH+ cells making them more resistant 
to chemotherapy than the original tumor       
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population [ 31 ,  65 – 68 ]. CD133+ colon cancer cells were initially shown to be 
tumorigenic [ 67 ,  68 ]. However, subsequent studies identifi ed that both CD133+ and 
CD133− cells possess tumorigenic potential [ 69 ]. CD44+ (either with or without 
epithelial-specifi c antigen (ESA+)) was demonstrated to be a marker in colon CSCs 
[ 69 ]. However, additional studies showed that CD44+ cells reside throughout the 
entire crypt, including the proliferative compartment, suggesting that the CD44+ 
colon cells are not necessarily stem-like [ 65 ]. We have examined CD44 and ALDH 
together in one of our CRC patient-derived tumor xenograft (PDTX) models to 
determine if CD44+ cells had tumorigenic properties [ 70 ]. Despite ALDH+/CD44+ 
cells showing some tumorigenic growth, ALDH+/CD44− cells exhibited a higher 
incidence and faster growing tumors. In this same PDTX model, isolation and injec-
tion of ALDH+ and ALDH− cells in mice showed a signifi cant difference with 
respect to tumor growth [ 70 ]. ALDH+ cells produced fast growing and large tumors 
when compared to ALDH− cells that either produced very small tumors or no 
tumors in fi ve separate PDTX models. Importantly, all ALDH+ tumors looked mor-
phologically the same as the original tumor. Several other studies have shown that 
injection of ALDH+ cells from colitis and colon cancer patients facilitated spheroid 
formation (in vitro three-dimensional spheroid cell culture that more closely resem-
bles the in vivo environment) and tumor growth in a xenograft model, while ALDH− 
cells were incapable of tumor growth [ 31 ,  65 ]. These studies demonstrate that 
ALDH catalytic activity appears to be a robust marker of CSCs in CRC.  

  Fig. 16.3    ALDH1B1 expression pattern in normal colon and colon adenocarcinoma. Location of 
various cell types in normal colon ( a ). ALDH1B1 expression ( red arrows ) is strictly localized to 
stem-like cells at the base of crypts in the normal human colon ( b ). ALDH1B1 is expressed at 
extremely high levels throughout all cells of human colon adenocarcinomas ( c ). In fi gures ( b ,  c ) 
(reproduced from Chen et al. [ 71 ]),  lower panels  are higher magnifi cation of areas identifi ed by 
 squares  in the  upper panel        
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 Given the apparent promise of ALDH activity as a potential biomarker of CSCs, 
many investigations are currently exploring the role of ALDH in CSC function. In 
particular, a great deal of focus is being placed on which ALDH isoform(s) mediate 
the catalytic activity in the CSCs. In normal colon stem cells, ALDH1 has been 
demonstrated to be primarily expressed at the bottom of the crypt compartment in 
the colon (where colon-specifi c stem cells are located) and ALDH1 levels are sig-
nifi cantly elevated in the development and progression of CRC [ 65 ]. Interestingly, 
ALDH1 protein levels are elevated in the colon of patients with ulcerative colitis (a 
risk factor for colon cancer) compared to normal colon cells; such expression may 
be important in the transformation from colitis to colon cancer [ 31 ]. We have shown 
that ALDH1B1 protein is 5.6-fold higher when compared to ALDH1A1 in CRC 
patients and may be a potential biomarker in CRC (Fig.  16.3b, c ) [ 71 ]. Similarly, 
very high expression of ALDH1B1 was found in the colon polyps of  Apc ( Min )/+ 
mice (our unpublished data). While these studies indicate elevations in individual 
ALDH isoforms in CRC, the contribution of these enzymes to the progression of 
CSCs and CRC remain to be clarifi ed. 

 A common problem associated with standard chemotherapeutic regimens in CRC 
is treatment resistance. Although chemotherapy is effective at reducing tumor bur-
den, many CRC patients will experience disease recurrence and ultimately succumb 
to their disease. CSCs are thought to be responsible for chemotherapy resistance and 
disease recurrence [ 72 ]. Therefore, therapeutic elimination of this population would 
be predicted to reduce tumor recurrence and ultimately improve survival. In our CRC 
PDTX model, the effects of an inhibitor of the Notch pathway (considered to be 
important for self-renewal of colon stem cells) in combination with irinotecan was 
investigated on the ALDH+ cell population [ 70 ]. The combination therapy was effec-
tive at reducing the number of ALDH+ cells as well as tumor recurrence, even after 
treatment was discontinued when compared to single agent Notch pathway inhibi-
tion and irinotecan. Administration of the combination therapy for 28 days prevented 
tumor growth in the ALDH+ cell xenograft model; this protection continued for 3 
months after combination treatment was completed [ 70 ]. These data indicate that the 
ALDH+ population has the ability to self-renew, and signifi cantly reducing this pop-
ulation of cells delays tumor recurrence (Fig.  16.2 ). Whether specifi c ALDH iso-
zymes contribute to chemotherapy resistance remains to be determined.  

16.4.2     Pancreatic Cancer 

 Despite considerable research, the 5-year survival rate for pancreatic cancer still 
remains extremely poor. A concerted effort is underway to delineate pathways that 
are dysregulated in the CSC population of this disease and thereby identify novel 
potential therapeutic targets. 

 In pancreatic cancer, ALDH+ cells have been shown to possess stem cell fea-
tures, as evidenced by enhanced clonogenicity in vitro and tumorigenic growth in 
mice [ 73 ]. These cells also have greater tumorigenic potential than CD133+ cells [ 73 ]. 
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Interestingly, ALDH+ cells from pancreatic cancers have been demonstrated to: (1) 
express many genes of the mesenchymal phenotype, (2) have an increased capacity 
to migrate and invade, and (3) be more numerous in metastatic lesions [ 30 ]. 
Furthermore, in pancreatic cancer patients, expression of ALDH in tumors is asso-
ciated with a worse survival rate than those tumors that do not express ALDH [ 30 ]. 
ALDH1A1 expression has been linked to resistance to chemotherapy in a pancreas 
PDTX model. In this context, treatment with gemcitabine was shown to enhance 
gene and protein expression of ALDH. Inclusion of an inhibitor of hedgehog (a 
pathway important for stem cell regulation in the pancreas) with gemcitabine 
resulted in decreased expression of ALDH [ 74 ]. These studies suggest that ALDH+ 
cells are stem-like cells in pancreas cancer and may be important contributors in 
disease progression and chemoresistance; therefore, contribute to the negative out-
comes in patients with pancreatic cancer.   

16.5     Summary 

 There is accumulating evidence that supports a role for ALDHs in cancer develop-
ment and progression. The exact mechanisms by which ALDHs infl uence tumori-
genesis remain to be defi ned. Certainly, metabolism of acetaldehyde and/or the 
generation of retinoic acid represent modalities by which ALDHs could infl uence 
CRC and pancreatic cancer. ALDH catalytic activity appears to be an excellent bio-
marker that can be utilized for the isolation and characterization of the CSC popula-
tion in tumors obtained from patients with CRC or pancreatic cancer. It is becoming 
apparent that the various ALDH isozymes may have different roles in tumorigenesis 
(from metabolism of the carcinogen to modulation of the proliferation- regulating 
retinoids) and that the timing and cellular localization of isozyme expression may 
be critical factors that infl uence how ALDHs modulate cancer development and 
progression. Further studies are needed that identify (1) the importance of ALDH 
catalytic activity in modulation of tumorigenesis, (2) the specifi c ALDH isozymes 
involved (and that regulate CSCs), and (3) the signaling pathways that regulate 
tumor-associated ALDH expression. The results obtained from such studies should 
lead to the development of novel therapies that may more effectively treat these 
devastating diseases.     
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    Chapter 17   
 Alcohol, Carcinoembryonic Antigen 
Processing and Colorectal Liver Metastases 

             Benita     McVicker      ,     Dean     J.     Tuma     ,     Kathryn     E.     Lazure     ,     Peter     Thomas     , 
and     Carol     A.     Casey    

    Abstract     It is well established that alcohol consumption is related to the develop-
ment of alcoholic liver disease. Additionally, it is appreciated that other major 
health issues are associated with alcohol abuse, including colorectal cancer (CRC) 
and its metastatic growth to the liver. Although a correlation exists between alco-
hol use and the development of diseases, the search continues for a better under-
standing of specifi c mechanisms. Concerning the role of alcohol in CRC liver 
metastases, recent research is aimed at characterizing the processing of carcino-
embryonic antigen (CEA), a glycoprotein that is associated with and secreted by 
CRC cells. A positive correlation exists between serum CEA levels, liver metasta-
sis, and alcohol consumption in CRC patients, although the mechanism is not 
understood. It is known that circulating CEA is processed primarily by the liver, 
fi rst by nonparenchymal Kupffer cells (KCs) and secondarily, by hepatocytes via 
the asialoglycoprotein receptor (ASGPR). Since both KCs and hepatocytes are 
known to be signifi cantly impacted by alcohol, it is hypothesized that alcohol-
related effects to these liver cells will lead to altered CEA processing, including 
impaired asialo-CEA degradation, resulting in changes to the liver microenviron-
ment and the metastatic potential of CRC cells. Also, it is predicted that CEA 
processing will affect cytokine production in the alcohol-injured liver, resulting 
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in pro-metastatic changes such as enhanced adhesion molecule expression on the 
hepatic sinusoidal endothelium. This chapter examines the potential role that alco-
hol-induced liver cell impairments can have in the processing of CEA and associ-
ated mechanisms involved in CEA-related colorectal cancer liver metastasis.  

  Keywords     Carcinoembryonic antigen   •   Colorectal cancer   •   Liver metastases   • 
  Alcoholic liver disease   •   Asialoglycoprotein receptor   •   Kupffer cells   • 
  Carcinoembryonic antigen receptor   •   Pro-infl ammatory cytokines   •   Liver 
microenvironment  

17.1         Introduction 

 It is estimated that 65 % of all patients with colorectal cancer (CRC) will develop 
distant metastases with the liver being the most common site [ 1 ]. Despite advance-
ments in diagnosis, surgical interventions and chemotherapeutics, the mechanisms 
involved in CRC liver metastasis remain uncharacterized. The metastatic ability of 
cancers varies widely; however, the concentration of carcinoembryonic antigen 
(CEA), a cell surface glycoprotein associated with carcinomas, has been shown to 
be predictive of the metastatic potential of colon tumors [ 2 ]. Additionally, the con-
sumption of alcohol has been linked to elevated serum CEA levels and increases in 
liver metastasis in CRC patients [ 3 ]. It is proposed that key parameters involved in 
CRC metastases to the liver, especially in an alcohol-injured organ, may involve the 
specifi c processing of CEA by liver cells. In particular, the binding and degradation 
of circulating CEA occurs primarily in the liver by both nonparenchymal and paren-
chymal cells. CEA is removed from the circulation by Kupffer cells (KCs) that leads 
to the production of infl ammatory cytokines that are known to facilitate tumor cell 
adhesion and survival [ 2 ,  4 ,  5 ]. Ultimately, CEA levels are controlled by hepatocel-
lular degradation of the CEA that is processed (desialylated) by and released from 
KCs followed by hepatocellular endocytosis via the parenchymal cell-specifi c 
asialoglycoprotein receptor (ASGPR) [ 6 ]. 

 It has been established that both KCs and hepatocytes are signifi cantly affected 
by alcohol consumption and thus linked to the development and progression of liver 
disease. As the resident macrophage in the liver, KCs have been shown to be impor-
tant producers of ethanol-induced reactive oxygen species (ROS) and infl ammatory 
cytokines, especially tumor necrosis factor-alpha (TNF-α), that are implicated in the 
development of alcoholic liver injury [ 7 ,  8 ]. As the ethanol metabolizing cell and 
direct recipient of ethanol-induced injury (i.e., damage elicited by KC-produced 
cytokines), the hepatocyte has been shown to be extremely susceptible to the effects 
of alcohol. Many potential mechanisms and defects in hepatocellular function in 
response to alcohol have been documented [ 9 ]. Among the prominent and consis-
tent defects identifi ed in ethanol-injured hepatocytes were signifi cant alterations 
observed in hepatocellular protein traffi cking events, including marked defects in 
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the activity and function of the ASGPR [ 10 ,  11 ]. Considering such extensive and 
cell-specifi c effects of ethanol in the liver, it is proposed that alcohol consumption 
may also increase the susceptibility of the liver to the colonization of tumor cells, 
especially those coming from a primary CRC lesion. Although the general mecha-
nisms of tumorigenesis including processes of metastases have been largely identifi ed, 
the biochemical mechanisms involved in CRC liver metastases remains uncharacter-
ized. Importantly, the identifi cation of specifi c changes in the liver microenvironment 
that support the development of liver metastases from CRC in the alcoholic could lead 
to the generation of better therapeutic options for cancer patients.  

17.2     Disease Impact: CRC and Liver Metastases 

17.2.1     Colon Carcinoma, Alcohol Comorbidity, and Metastasis 

 CRC is the third most common cancer worldwide, and in the United States alone is 
expected to account for over 50,000 deaths annually [ 1 ]. In recent years, progress 
has been made in reducing the incidence rate of CRC primarily through the use of 
screening techniques and the removal of noncancerous polyps. In spite of these 
efforts, survival disparities still exist within various groups, especially between 
patients diagnosed with localized disease compared to those with CRC spread to a 
distant site (e.g., liver). Exact reasons for the differences in CRC morbidity and 
mortality rates are unknown, but certainly may be related to CRC risk factors such 
as family history, obesity, consumption of red or processed meats, and moderate-to- 
heavy alcohol drinking. 

 CRC is a complex disease that typically develops slowly over a period of 10–15 
years, demonstrating why favorable outcomes are seen with early detection and 
removal of adenomatous polyps. The vast majority of CRCs develop from altera-
tions in the glandular tissue forming adenocarcinomas. CRC can expand in the lin-
ing and wall of the colon or rectum, spread to nearby lymph nodes and travel in 
blood vessels to distant locations, primarily the liver. The development of CRC has 
been linked to several risk factors including eating habits and the consumption of 
alcohol. Reported estimates state that individuals with a lifetime average intake of 
2–4 drinks per day have a 23 % increased risk of CRC compared to those who con-
sume less than one drink per day [ 12 ]. Multiple research studies are actively in 
search of mechanisms that contribute to CRC development in chronic and excessive 
alcohol users. Areas of investigation include the characterization of P450 cyto-
chrome induction, effect of acetaldehyde or other alcohol metabolites on apoptosis 
and DNA repair, DNA methylation defects, and the role of ROS in the transforma-
tion of normal cells into cancerous cells. In addition to research focused on defi ning 
how ethanol infl uences carcinogenesis in the colon and rectum, another important 
and emerging area of study is aimed at deciphering the effect of alcohol on the 
 biology of CRC spread to the liver.  
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17.2.2     Colorectal Liver Metastases 

 Although studies have provided evidence that chronic alcohol use is involved in the 
promotion of epithelial cell cancers including CRC, several works have also shown 
that alcohol consumption is associated with more aggressive courses and poorer 
prognosis of CRC [ 13 ]. More specifi cally, the spread of CRC to distant sites is con-
sidered a key contributing factor of poorer outcomes in patients with an alcohol use 
history. In a recent retrospective study, more alcohol consumption was reported in 
patients with colorectal liver metastasis (CLM) compared to CRC patients with no 
evidence of liver involvement [ 14 ]. In another study, alcohol consumption was iden-
tifi ed as an independent risk factor of CRC liver metastasis [ 3 ]. A signifi cant cor-
relation was observed between alcohol consumption and synchronous liver 
metastasis with an increased trend observed in metachronous CLM that was detected 
later in the course of CRC disease [ 3 ]. To date, the mechanisms by which alcohol 
promotes CLM has not been determined. Due to the varied response of alcohol in 
humans, the primary mechanisms for CLM in alcohol consumers may be complex, 
but it has been shown that the duration as well as amount of alcohol consumed is 
related to impaired liver function and parameters associated with CRC metastatic 
growth such as impaired natural killer cell activity and gastrin release [ 15 – 18 ]. 
Additionally, consequences of alcohol metabolism may be involved in multiple 
steps of the complex metastatic process from the arrest of CRC cells in the liver 
sinusoids, adhesion to the liver epithelium, and establishment in the hepatic paren-
chyma. Overall, the study of CLM in conjunction with clinicopathological factors 
of alcohol-mediated liver injury is vitally important for the betterment of CRC 
patients and therefore warrants continued efforts in the search and identifi cation of 
contributing mechanisms. 

 The liver is the most common and often only site of CRC metastasis as well as 
the most frequent site of recurrence [ 19 ]. Considering this, liver involvement of 
CRC is considered a major determining factor of survival. Sadly, half of CRC 
patients are expected to develop CLM at either the time of CRC diagnosis (synchro-
nous) or later in the course of disease. The overall median survival is 6–12 months 
if left untreated leaving surgical resection as a primary treatment. Since alcohol 
consumption has been identifi ed as a risk factor for CLM, it is important to deter-
mine mechanisms involved in CRC metastasis in the liver since alcohol may affect 
not only the development of CLM, but also the recurrence of disease following 
surgical interventions. In studying the metastatic process, it is important to note that 
the location and unique architecture of the liver are well suited to facilitate the meta-
static potential of CRC. Circulating cancer cells enter the liver via the portal vein 
system and travel within the sinusoids where encounters with the various special-
ized liver cells occur determining the fate and metastatic potential of the CRC cells. 
During the initial phase of CRC cell colonization from a primary lesion in the colon 
to the liver, the cancer cells must survive mechanical stresses and escape elimina-
tion by the immune system in order to proceed. Although the liver is poised to 
effi ciently eliminate incoming cancer cells, the infl ammatory responses induced by 
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the invading cells can elicit mechanisms that actually facilitate tumor cell arrest and 
growth. The overall promotion of metastasis occurs through the pathways of arrest, 
extravasation, vascularization, and ultimately placement and growth of CRC cells in 
the liver tissue [ 20 ]. There is evidence indicating that an important factor in the suc-
cess of cancer cell invasion into the liver depends on cross-talk events that occur 
between various liver cells and the CRC metastatic cells [ 21 ]. The cells of the 
hepatic sinusoid appear to be especially crucial in the early steps of the metastatic 
process where the tumor cells adhere and migrate into the hepatic parenchyma [ 22 – 24 ]. 
During the time tumor cells are trying to survive immune surveillance or pro-
death signaling mechanisms, the environment in the sinusoids is rich in infl amma-
tory associated cytokines produced and released from the liver sinusoidal endothelial 
cells (LSECs) and resident KCs. In response to the cytokine-enriched environment, 
there is a multidimensional response to the tumor cells that includes an increase in 
the expression and secretion of adhesion molecules that can enhance the adhesion 
of the CRC cells to the endothelial lining of the sinusoids. A number of adhesion 
molecules have been identifi ed that are thought to play prominent roles in metastatic 
adhesion of CRC cells such as E-selectin, intercellular adhesion molecule- 1 (ICAM-
1), and the CEA [ 22 ,  23 ]. Also, the activity of liver KCs appears to be crucial during 
this phase of the metastatic process which can be signifi cantly affected by CEA-
induced cytokine release from KCs and related increases in LSEC adhesion mole-
cule expression [ 6 ,  24 ]. It is theorized that the characterization of events at the early 
phases of metastasis may yield the identifi cation of better therapeutic targets com-
pared to events that occur later in CLM such as during the extravasation and estab-
lishment of CRC cells in the liver parenchyma. Thus, the role of KCs during the 
arrest and adhesion phases of metastases is of current interest, especially in under-
standing the interplay of KCs with CEA, the CRC associated adhesion molecules, 
and changes resulting from CEA processing that affect the liver microenvironment 
and potential of CRC tumors to colonize.   

17.3     The Carcinoembryonic Antigen, Colon 
Adenocarcinoma, and Liver Metastasis 

17.3.1     CEA and Colorectal Cancer 

 The CEA is a 180 kDa glycoprotein that belongs to the immunoglobulin gene fam-
ily that codes for several adhesion proteins. CEA has been studied extensively for 
half a century, initially described as an antigen found in embryonic colon tissue as 
well as in colon adenocarcinomas [ 25 ] and then to a lesser extent in certain benign 
tissues [ 26 ]. Elevations in serum CEA levels were soon found to be associated with 
the presence of various malignancies ultimately designating CEA as one of the most 
widely used tumor markers worldwide. Due to the heterogeneity of CEA expression 
during the presence of various cancers as well as nonspecifi c closely related 
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proteins, the use of serum CEA levels as a screening tool proved unreliable [ 27 ]. 
However, the signifi cant overexpression of CEA associated with colorectal carcino-
mas has allowed CEA to remain as an excellent and useful marker for CRC. Positive 
correlations to serum CEA concentrations have been shown for colorectal tumor 
stage, grade and site. Serum CEA was found to be increased with increasing disease 
stage [ 28 ], with well-differentiated tumors [ 29 ] and with tumors presenting on the 
left side of the colon [ 28 ]. A signifi cant benefi t of using CEA serum measures was 
also found in assessing prognosis in CRC patients. Several studies have shown that 
patients with high preoperative CEA serum concentrations (>5 ng/mL) had worse 
outcomes [ 30 – 32 ] resulting in the ranking of preoperative CEA as a category I prog-
nostic marker for CRC [ 33 ]. Additionally, it was determined that postoperative 
serum CEA levels correlated to the frequency of disease recurrence [ 34 ]. Moreover 
and notably, CEA measures proved to be a sensitive and specifi c prognostic marker 
for liver metastasis. It is well established that the spread of CRC to distant organs 
occurs primarily to the liver which is associated with adverse outcomes (20–50 % 
5-year survival rates posthepatic resection) [ 35 ]. CEA has been shown to be 
increased in >80 % of patients with distant metastasis and it was found that serial 
CEA measures were greater than 95 % accurate in detecting liver metastatic disease 
[ 36 ,  37 ]. Despite this evidence, the monitoring of CEA as a suitable biomarker con-
tinues to be debated since low numbers of CRC patients (less than 5 %) are able to 
benefi t from hepatic surgical resection, and because of studies that question the 
prognostic value of CEA imaging [ 38 ,  39 ]. However, serum CEA concentrations 
remain the preferred marker of CRC liver involvement and continued research into 
the biological processing of CEA in the liver may aid in the treatment, use of CEA 
as a biomarker, and importantly better outcomes for CRC patients.  

17.3.2     CEA and Liver Metastasis 

 Although, it is clear that CEA is a major determinant of CRC tumor progression and 
metastasis, characterization of the biological function and processing of CEA 
remains incomplete, especially during liver metastatic disease. Over the last 30 
years, the development of molecular techniques and appropriate animal models has 
signifi cantly contributed to our understanding with evidence presented that CEA 
has important biologic function related to tumorigenicity and CRC metastatic 
spread. In early studies, CEA was found to function as an intercellular adhesion 
molecule facilitating contact with epithelial cell membranes [ 40 ,  41 ]. In other 
works, CEA has been shown to be involved in stimulating the survival of tumor 
cells through the inhibition of apoptotic or anoikis mechanisms [ 42 ,  43 ]. In addition 
to its role as an adhesion molecule, CEA was also shown to be related to multiple 
pro-metastatic immunosuppressive events. It was demonstrated that CEA is involved 
in (1) the stimulation of anti-infl ammatory factor release from lymphocytes [ 44 ]; 
(2) inhibition of natural killer cell activity [ 45 ]; and (3) suppression of dendritic 
cells resulting in weak T cell response to tumor cells [ 46 ]. Altogether, it became 
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clear that CEA is intimately involved in CRC metastasis by affecting immunity and 
by promoting CRC colonization in the liver [ 47 ] and/or attachment in the hepatic 
sinusoids [ 41 ,  48 ]. In further seminal investigations, it was demonstrated that CEA 
could facilitate liver colonization of CRC cells by affecting the liver microenviron-
ment. Specifi cally, it was shown that in contrast to the direct adhesion mechanisms 
of CEA-bearing tumor cells, the metabolism of CEA was found to be actively 
involved in the colonization of CRC cells in the liver. Work from the laboratories of 
Thomas and Jessup showed that soluble CEA enhanced liver metastasis which 
involved the increased release of cytokines from CEA-stimulated Kupffer cells, the 
resident liver macrophage [ 49 ,  50 ]. It was determined that KCs have a specifi c CEA 
receptor (CEAR) and that CEA–CEAR interaction leads to pro-infl ammatory cyto-
kine secretion that subsequently stimulates the up-regulation of adhesion molecules 
and ultimately the adhesion of colorectal cells [ 51 ,  52 ]. Furthermore, in addition to 
pro-metastatic effects induced by CEA-mediated KC cytokine release, it was also 
determined that the metabolism of CEA is a multistep process that also involves 
hepatocytes, the parenchymal cell of the liver. It was shown that subsequent to inter-
nalization via CEAR, CEA is partially degraded in the KC and released as a desi-
alylated asialo-CEA molecule that can then be recognized by the hepatocyte-specifi c 
asialoglycoprotein receptor and ultimately degraded [ 53 ]. From these works, it is 
appreciated that understanding the combined processing of CEA by both popula-
tions of liver cells could provide key information concerning the mechanistic role of 
CEA in promoting CRC liver metastatic disease.  

17.3.3     Contribution of Liver Cell CEA Degradation 
in CRC Liver Metastasis 

 The liver is the major site of uptake and eventual clearance of circulating CEA that 
involves the processing of CEA by both nonparenchymal (Kupffer Cell) and paren-
chymal (hepatocyte) cells [ 53 ]. 

17.3.3.1     Kupffer Cell Metabolism of CEA 

 It is known that Kupffer cell binding of CEA is highly conserved allowing compara-
tive studies between rodent models and human tissue [ 54 ]. Additionally, the details 
of CEA liver uptake in animal models has been established through in vitro as well 
as in vivo studies. As previously noted, CEA belongs to a family of CEA-related 
cell adhesion molecules of the immunoglobulin (Ig) supergene family. The differen-
tiation between the cell adhesion family members was shown to involve variations 
in the extracellular domain of the molecule. All the CEA family members are highly 
glycosylated proteins that typically have one variable N-domain and up to six Ig 
domains in the extracellular region that function as adhesion molecules or receptors 
[ 55 ]. What identifi es the family members is the number of Ig domains that stem 
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from the anchorage point in the cell membrane. Of the best characterized CEA cell 
adhesion family members, CEA has been shown to bear six of the Ig domains 
whereas other closely related family members such as the biliary glycoprotein and 
the nonspecifi c cross-reacting antigen bear 2–3 domains. The number of Ig domains 
has been shown to mediate interactions with other cellular proteins and is associated 
with the diversity between their functions. For CEA, the interaction has been char-
acterized to occur with the 80 kDa CEA receptor (CEAR), a heterogeneous nuclear 
ribonucleoprotein M that is found on both human and rodent cells [ 56 ]. Specifi cally, 
CEA is recognized and internalized by CEAR via a specifi c peptide sequence, Pro-
Glu- Leu-Pro-Lys (PELPK), which is located between the N domain and the fi rst Ig 
domain in the extracellular portion of CEA. The binding of CEA to CEAR on 
Kupffer cells initiates a series of signaling events that leads to the tyrosine phos-
phorylation of at least two intracellular proteins followed by the induction and 
release of several cytokines including the interleukins (IL-1α, IL-6, and IL-10), and 
TNF-α. The production of these cytokines has been shown to affect the up- regulation 
of adhesion molecules on the hepatic sinusoidal endothelium, the protection of 
tumor cells against cytotoxicity by nitric oxide and other reactive oxygen radicals, 
and the action of pro-angiogenic factors that enhance cancer cell survival [ 49 ,  56 , 
 57 ]. Overall, it is thought that the responses of KCs to CEA is integral for the 
remodeling of the microenvironment that takes place allowing tumor cell establish-
ment and CRC growth, especially during metastatic disease in the liver.  

17.3.3.2     Hepatocellular CEA Processing 

 The uptake and eventual clearance of CEA in the liver occurs through a multistep 
process that involves two distinct liver cell types, macrophages (KCs) and hepato-
cytes. Following CEA binding, internalization, and stimulation of KCs as described, 
CEA is processed further by KCs resulting in the production and exportation of 
desialylated CEA. The carbohydrate side chain of CEA contains mannose, galac-
tose,  N -acetylglucosamine, fucose, and sialic acid [ 53 ]. Subsequent to internaliza-
tion, KCs modify CEA by removing sialic acid residues producing asialo-CEA. The 
asialo-CEA protein that now expresses exposed terminal galactose residues is exo-
cytosed by the KC into the hepatic sinusoid where it is endocytosed by liver paren-
chymal cells via the asialoglycoprotein receptor (ASGPR). The asialoglycoprotein 
receptor, also termed the hepatic binding protein, was discovered four decades ago 
and described as a hepatocellular surface carbohydrate that binds glycoproteins 
lacking terminal sialic acid residues (asialoglycoproteins with exposed sugars such 
as galactose) [ 58 ,  59 ]. Proteins that are internalized via the ASGPR follow the well- 
characterized process of receptor-mediated endocytosis (RME) and are ultimately 
degraded into constituent amino acids and sugars. The fate of CEA processing in the 
hepatocyte was confi rmed as asialo-CEA was shown to be endocytosed by hepato-
cytes via the ASGPR in clathrin-coated pits that develop into transport vesicles 
which ultimately fuse with the lysosomes where degradation of CEA takes place 
[ 53 ]. The contribution of asialo-CEA processing by hepatocytes in CRC hepatic 
metastasis remains to be determined. It is known that the carbohydrate-lectin 
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interaction between asialo-CEA and the ASGPR is different from the protein–protein 
interaction used by the CEAR for the KC processing of CEA. Thus, the specifi c 
recognition mechanisms used for CEA and asialo-CEA processing by liver cells 
most likely formulates the responses in the liver and the potential of CRC cells to 
seed and grow. It is speculated that defects in asialo-CEA degradation by hepato-
cytes could be involved in enhanced CRC metastasis. It is hypothesized that altered 
asialo-CEA clearance by hepatocytes could lead to further stimulation of KCs or 
other liver cells and the secretion of products that induce pro-metastatic changes 
such as the up-regulation of adhesion molecules (i.e., ICAM-1), growth factors (i.e., 
vascular endothelial growth factor), and modulating enzymes (i.e., matrix metallo-
proteinases). Also, asialo-CEA that is not properly removed by hepatocellular deg-
radation has the potential to directly contribute to CRC cell survival by interacting 
with and stimulating anti-apoptotic mechanisms within tumor cells. Clearly, more 
information is needed to defi ne the role of asialo-CEA in livers with hepatocellular 
damage and particularly in situations in which the ASGPR is impaired.    

17.4     The Role of Alcohol in CEA Processing and Potential 
to Promote CRC Liver Metastasis 

17.4.1     Effect of Alcohol on Liver Cells 

 The clinical manifestations of alcoholic liver disease (ALD) include the develop-
ment of steatosis, alcoholic hepatitis, fi brosis, and cirrhosis [ 60 ]. Increasing evi-
dence suggests that the liver is sensitized to particular triggers (e.g., oxidative stress 
and endotoxins) in earlier phases of ALD such as steatosis that ultimately results in 
hepatocyte injury and the subsequent development of more advanced disease [ 9 , 
 61 ]. Accompanying these events are striking changes to various liver cells, espe-
cially Kupffer cells and hepatocytes. Ongoing work in our laboratory is examining 
how such ethanol-mediated effects to liver cells can impact CEA processing and the 
enhanced potential of CRC to metastasize in the alcohol-injured liver (Fig.  17.1 ). 
We suggest that alcohol consumption signifi cantly affects the direct processing of 
CEA by KCs, the subsequent release of cytokines, and the role of those cytokines in 
facilitating the expression of pro-metastatic changes in the liver. Additionally, we 
believe that the processing of asialo-CEA is markedly altered by ethanol-mediated 
impairments to the hepatocyte ASGPR resulting in enhanced metastatic potential of 
CRC cells in the alcohol-injured liver.  

17.4.1.1     Effect of Alcohol on Kupffer Cells 

 Kupffer cells are known to play an important role in ethanol and/or its metabolite’s 
detrimental effects on liver function. Therefore, the activation of liver macrophages 
and related consequences are of central importance. Kupffer cell (KC) activation 
results in the secretion of infl ammatory cytokines and cytotoxic products including 
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LPS-stimulated TNF-α production through signaling mediated by the KC macro-
phage endotoxin receptor, CD14. The evidence for KC involvement in ALD was 
confi rmed when enhanced measures of injury (aminotransferase levels, steatosis, 
and cell death) were alleviated by gadolinium chloride-induced elimination of KCs 
in the liver [ 62 ]. In addition to ethanol-induced endotoxin-mediated activation of 
KCs and the consequential secretion of cytokines, KCs play multiple roles in the 
injured liver including cell adhesion, phagocytosis, and as a mediator of infl amma-
tion [ 63 ]. However, the contribution of liver macrophages in disease states is 
extremely complex due to the knowledge that activated KCs release different che-
mokines, reactive oxygen intermediates, and cytokines in response to ethanol or 
other stimuli. In support of our hypothesis that the effects of alcohol would facilitate 
enhanced CEA-mediated KC responses, it is important to note that the cytokine 
TNF-α has been linked to pro-metastatic changes of the microenvironment. It was 
demonstrated that TNF-α serum concentrations correlated to the increased risk of 
metastasis of certain tumors through the up-regulation of adhesion molecules on the 
endothelium [ 64 ]. In the setting of alcohol, the production of TNF-α is one of the 

  Fig. 17.1    CEA processing and metastatic potential of colorectal cancer cells (CRC) in the alcohol- 
injured liver. ( a ) The potential effects of alcohol on the direct processing of CEA by Kupffer Cells 
(KCs), the release of cytokines, and the role of those factors in facilitating the expression of 
 pro- metastatic adhesion molecules on liver sinusoidal endothelial cells (LSECs). ( b ) The indirect 
processing of CEA by KCs and hepatocytes and the potential ethanol-elicited impairments to this 
process can enhance KC activation and pro-metastatic changes in the liver.  Key :  a-CEA  asialo- 
CEA,  ASGPR  hepatic asialoglycoprotein receptor,  CEA  carcinoembryonic antigen,  CEAR  CEA 
receptor       
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earliest responses to damage implicating these events as key players in the patho-
genesis of ethanol-induced liver injury [ 8 ,  65 ]. Notably, in recent studies we have 
determined that alcohol administration results in the enhanced KC production of 
TNF-α in response to CEA (Fig.  17.2 ). In this work, KCs were isolated from rats fed 
the Lieber–DeCarli control or ethanol-containing diets for up to 6 weeks, a well- 
established rodent model of alcohol-induced liver injury [ 66 ]. The obtained KCs 
were used in an in vitro assay in which they were stimulated in the presence of 
either human CEA or low concentrations of LPS as a positive control for KC stimu-
lation, followed by analysis of the media for the presence of TNF-α. The results 
demonstrate that KCs from both control and ethanol-fed rats were stimulated to 
produce TNF-α in response to CEA as well as LPS as expected. Importantly, the KC 
response from alcohol-fed animals was found to be enhanced over that produced by 
KCs obtained from the pair-fed control animals. This data supports our hypothesis 
that the alcohol-mediated effects on liver macrophages contributes to increases in 
TNF-α expression, a cytokine known to potentiate metastatic processes.   

17.4.1.2     Alcohol-Mediated Defects to the Hepatocyte ASGPR 
and Asialo- CEA Processing 

 Alcohol consumption can lead to a variety of pathological consequences including 
alcohol-induced alterations to the essential resident cell of the liver parenchyma, 
the hepatocyte [ 67 ]. Studies by our Liver Study Group reported that particular pro-
cesses are highly susceptible to the detrimental effects of ethanol as defects were 

  Fig. 17.2    Alcohol administration results in enhanced production of TNF-α from KCs in response 
to CEA. Kupffer cells (KCs) were isolated from the livers of rats chronically fed control or alcohol- 
containing liquid diet. TNF-α production was measured in the media of cultured KCs after 4 h of 
incubation with vehicle, LPS, or CEA as indicated. Values signifi cant from control-fed animals are 
indicated (*p<0.05)       
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identifi ed in protein traffi cking pathways, including the cellular process of RME 
[ 68 – 70 ]. Those works demonstrated that ethanol administration signifi cantly 
impacted the function of the abundant hepatocyte ASGPR that was involved in the 
observed RME defects. It was shown that ethanol feeding to animals resulted in 
impairments to the ASGPR from initial binding of ligands and internalization of 
receptor–ligand complexes to its subsequent sorting and delivery to lysosomes for 
degradation [ 10 ,  11 ]. Several sites of alcohol-mediated alterations in the ASGP 
receptor were recorded that included a signifi cant decrease in number of surface 
receptors and the ability to internalize and degrade ligands. The hepatocellular 
RME process is thought to be especially important in the regulation of CEA in the 
liver. In particular, the asialo-CEA that is produced by KCs can be recognized, 
bound to, and internalized via the ASGPR which facilitates the ultimate degradation 
of the CEA glycoprotein in the hepatocyte. In our current work, we examined how 
ethanol-mediated impairments to the ASGPR would affect the clearance of asialo- 
CEA by performing binding and degradation assays using radiolabeled desialylated 
CEA (asialo-CEA) and a known ligand for the ASGPR, asialoorosomucoid (ASOR) 
(Fig.  17.3 ). As predicted from our previous work, we found that ASOR binding to 
the surface of hepatocytes was impaired in cells from ethanol-fed animals compared 
to controls and that the binding was specifi c for ASGPR (inhibited by excess unla-
beled ASOR). Importantly, we determined that asialo-CEA binding was impaired in 
hepatocytes from ethanol-fed animals and furthermore, was inhibited by unlabeled 
ASOR, demonstrating specifi city to the ASGPR. Additionally, the terminal 

  Fig. 17.3    Alcohol administration alters the binding of desialylated CEA to the hepatocyte asialo-
glycoprotein receptor (ASGPR). Hepatocytes (HCs) were isolated from control or ethanol-fed rats 
and incubated at 4 °C for 60 min with either radiolabeled asialoorosomucoid ( 125 I ASOR) or 
asialo- CEA ( 125 I a-CEA). Nonspecifi c binding was assessed by the inclusion of 100-fold excess 
of unlabeled ligand (xASOR). Values signifi cant from control-fed HCs are indicated (*p<0.05)       
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degradation of asialo-CEA in normal and ethanol-injured hepatocytes was 
 measured (Fig.  17.4 ). Again, classic ethanol-induced reductions were observed in 
the degradation of ASOR, a well-characterized ligand for the ASGPR. In a similar 
fashion, the degradation of asialo-CEA was also found to be signifi cantly reduced 
in hepatocytes obtained from chronically fed animals compared to controls. It is 
evident from these initial studies that ethanol-induced derangements of hepatocel-
lular endocytosis can disrupt the regulation of CEA in the liver by altering effective 
clearance mechanisms.      

17.5     Summary 

 Alcohol consumption has been shown to be a major etiologic factor of both acute 
and chronic diseases affecting many other critical organ systems (e.g., liver, pan-
creas, brain, and lung). In addition, it is clear that alcohol is a recognized carcinogen 
and that chronic and/or heavy consumption is a signifi cant risk factor for the devel-
opment of cancers as well as metastasis to secondary organs. Sadly, the develop-
ment of liver metastasis in CRC patients has been correlated to alcohol consumption. 
Due to this correlation, alcohol consuming CRC patients require intensive examina-
tion and follow-up with respect to liver metastasis since most recurrences to the 
liver are not resectable leading to poor survival rates. Even though it is known 
that alcohol consumption correlates with liver metastasis and poor outcomes in 

  Fig. 17.4    Degradation of 
asialo-CEA is impaired in 
hepatocytes isolated from 
ethanol-fed rats. Hepatocytes 
isolated from rats chronically 
fed control or alcohol- 
containing diets were 
incubated over a 150 min 
time course with radiolabeled 
desialylated CEA ( 125 I 
asialo-CEA) or a specifi c 
ligand for the hepatocyte 
asialoglycoprotein receptor, 
asialoorosomucoid ( 125 I 
ASOR). The degradation of 
the iodinated ligands was 
determined by the acid- 
soluble radioactivity 
measured in the cell culture 
media. Values signifi cant 
from control-fed animals are 
indicated (*p<0.05)       
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CRC patients, the mechanism(s) by which alcohol participates in, or provides an 
environment supportive of CRC metastases is unknown. Some of the current 
research in this fi eld is aimed at characterizing the role of CEA, a hallmark predic-
tive factor of metastatic colon cancer. The relationships between serum CEA levels 
in alcoholics, ethanol-mediated alterations to liver cells and the consequences of 
alcohol-related CEA processing in the liver are being investigated. Understanding 
CEA processing in the liver has the potential to signifi cantly impact the fi eld and 
lead to the development of therapies for early detection and/or prevention of liver 
involvement in CRC disease.     
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    Chapter 18   
 Alcohol Consumption and Antitumor 
Immunity: Dynamic Changes from Activation 
to Accelerated Deterioration of the Immune 
System 

             Hui     Zhang     ,     Zhaohui     Zhu    ,     Faya     Zhang    , and     Gary     G.     Meadows   

    Abstract     The molecular mechanisms of how alcohol and its metabolites induce 
cancer have been studied extensively. However, the mechanisms whereby chronic 
alcohol consumption affects antitumor immunity and host survival have largely 
been unexplored. We studied the effects of chronic alcohol consumption on the 
immune system and antitumor immunity in mice inoculated with B16BL6 mela-
noma and found that alcohol consumption activates the immune system leading to 
an increase in the proportion of IFN-γ-producing NK, NKT, and T cells in mice not 
injected with tumors. One outcome associated with enhanced IFN-γ activation is 
inhibition of melanoma lung metastasis. However, the anti-metastatic effects do not 
translate into increased survival of mice bearing subcutaneous tumors. Continued 
growth of the subcutaneous tumors and alcohol consumption accelerates the dete-
rioration of the immune system, which is refl ected in the following: (1) inhibition in 
the expansion of memory CD8 +  T cells, (2) accelerated decay of Th1 cytokine- 
producing cells, (3) increased myeloid-derived suppressor cells, (4) compromised 
circulation of B cells and T cells, and (5) increased NKT cells that exhibit an IL-4 
dominant cytokine profi le, which is inhibitory to antitumor immunity. Taken 
together, the dynamic effects of alcohol consumption on antitumor immunity are in 
two opposing phases: the fi rst phase associated with immune stimulation is tumor 
inhibitory and the second phase resulting from the interaction between the effects of 
alcohol and the tumor leads to immune inhibition and resultant tumor progression.  
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18.1         Introduction 

    Epidemiological and experimental data convincingly indicate that alcohol consumption 
increases the incidence of multiple types of cancer, most notably digestive system 
cancers in both genders, although more common in men, and breast cancer in 
women [ 1 – 6 ]. There is no doubt that alcohol and its metabolites such as acetalde-
hyde are carcinogenic in humans and animals. Therefore, the International Agency 
for Research on Cancer in 2012 listed alcoholic beverages and acetaldehyde associ-
ated with the consumption of alcoholic beverages as group 1 carcinogens, which are 
the substances, mixtures, and exposure circumstances that are carcinogenic to 
humans. 

 The research on alcohol consumption and cancer can be divided into two equally 
important areas. One of the areas is focused on the mechanistic studies related to the 
carcinogenic activity of alcohol and its metabolites. The other area involves the 
study of how alcohol consumption affects tumor progression and the survival of 
cancer patients. Compared to the extensive studies on the molecular mechanisms of 
how alcohol and its metabolites act as carcinogens, studies on how alcohol con-
sumption affects tumor progression and survival of cancer patients are very limited. 
Most of the research on the survival of human alcoholics with cancer has come from 
epidemiological surveys. There are no studies that reveal the underlying mecha-
nisms of how chronic alcohol consumption affects the survival of cancer patients 
with different types of cancer. The results often vary with the type of cancer. 
Epidemiological research consistently indicates that alcohol consumption decreases 
the survival of patients with oral cavity, pharyngeal, laryngeal, and esophageal can-
cer [ 7 – 11 ]. However, most studies indicate that chronic alcohol consumption, espe-
cially low and moderate alcohol consumption, does not signifi cantly affect the 
survival of breast cancer patients [ 12 – 15 ]. Some research indicates that alcohol con-
sumption decreases the survival of high intensity drinkers in postmenopausal 
women with breast cancer [ 16 – 18 ]; whereas, other studies indicate that low and 
moderate alcohol consumption benefi ts the survival of young breast cancer patients 
[ 12 ,  19 ]. A paradoxical observation is that while alcohol consumption is associated 
with a decrease in the incidence of Non-Hodgkin’s Lymphoma (NHL) [ 20 – 22 ], it 
also decreases the survival of these patients [ 23 – 25 ]. In our mouse studies, chronic 
alcohol consumption inhibits lung metastasis of B16BL6 melanoma inoculated 
intravenously [ 26 ]; however, survival of mice bearing subcutaneous melanomas is 
decreased [ 27 ]. 

 Multiple factors are involved in the regulation of cancer progression and patient 
survival. The immune system plays a key role. Tumor immunotherapy has become 
one of the most promising approaches to treat and cure cancers. A large body of 
research conducted in human alcoholics and experimental animals indicates that 
chronic alcohol consumption is immunomodulatory [ 28 ,  29 ]. Although it is well- 
known that alcohol is an immunosuppressant, it also is well documented that chronic 
alcohol consumption activates the immune system, especially T, NKT, and dendritic 
cells in human and experimental animals [ 30 – 33 ]. However, the effects on how 
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chronic alcohol consumption affects tumor progression and antitumor immunity are 
largely unexplored. Using a murine chronic alcohol consumption and B16BL6 mel-
anoma model, we have systematically studied how chronic alcohol consumption 
affects the antitumor immunity.  

18.2     Animal Model of Chronic Alcohol Consumption 
and B16BL6 Melanoma Inoculation 

18.2.1     Alcohol Administration 

 Female C57BL/6 mice at 6–7 weeks of age were purchased from Charles River 
laboratories (Wilmington, MA). After arrival, mice were single housed in plastic 
cages with micro-fi lter tops in the Wegner Hall Vivarium, which is fully accredited 
by the Association for the Assessment and Accreditation of Laboratory Animal 
Care. Mice were allowed ad libitum access to Purina 5001 rodent laboratory chow 
and sterilized Milli-Q water. After 1 week of acclimation, mice were randomly 
divided into two groups. One group as control was continuously provided with 
chow and Milli-Q water. The other group was provided with chow and 20 % (w/v) 
alcohol diluted from 190-proof Everclear (St. Louis, MO) with sterilized Milli-Q 
water. Mice consume at least 30 % of their caloric intake from alcohol [ 34 ]. Previous 
studies that incorporated a pair-fed group indicated no difference in energy intake 
between water-drinking and alcohol-consuming groups [ 35 ]. Mice were used for 
experiments 2–6 months after starting alcohol consumption, since during this time 
period the immune parameters induced by chronic alcohol consumption are rela-
tively stable [ 36 ]. This chronic alcohol consumption model does not cause liver 
injury. All protocols involving mice were approved by the Institutional Animal Care 
and Use Committee at Washington State University.  

18.2.2     Tumor Inoculation 

 B16BL6 melanoma was used in this study, and it is a well-established model to 
study tumor metastasis, tumor immunology, and immunotherapy [ 37 ,  38 ]. For the 
lung metastasis study, 5 × 10 4  B16BL6 cells in 200 μL of PBS were injected intrave-
nously via the lateral tail vein. Mice were euthanized 3 weeks after tumor cell inoc-
ulation. Lungs was collected and fi xed in phosphate buffered formalin. Lung 
colonies of melanoma were counted under a dissecting microscope. For survival 
and antitumor immune response experiments, tumor cells were inoculated subcuta-
neously into the right side of hip area with 2 × 10 5  cells in 200 μL PBS. Related 
antitumor immune parameters were determined from 5 to 28 days after tumor 
inoculation.  
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18.3     Chronic Alcohol Consumption Inhibits B16BL6 
Melanoma Lung Metastasis in an IFN-γ Signaling 
Pathway-Dependent Fashion 

 Most cancer patients die of metastasis. Little clinical data are available regarding 
the effects of chronic alcohol consumption on tumor metastasis in human alcohol-
ics. One clinical observation indicated that alcohol consumption signifi cantly 
enhanced liver metastasis in colorectal cancer patients [ 39 ]. Two recent reports 
demonstrated that alcohol consumption did not signifi cantly affect the metastasis of 
duodenal wall gastrinomas and laryngeal squamous cell cancers, which are two 
types of cancer that are related to alcohol consumption [ 40 ,  41 ]. Using the mouse 
chronic alcohol consumption and B16BL6 melanoma model, we found that alcohol 
consumption inhibited B16BL6 lung metastasis [ 26 ]. This inhibition is independent 
of perforin and granzyme-induced NK cell cytotoxic effects [ 42 ]. The anti- metastatic 
effect induced during alcohol consumption is maintained in γC knockout mice, 
which lack NK, B, and CD8 +  T cells (Fig.  18.1 ) [ 43 ]. While tumor metastasis is a 
complicated process, IFN-γ plays an important role in control of melanoma metas-
tasis [ 44 ]. The inhibition of B16BL6 melanoma lung metastasis in mice chronically 
consuming alcohol was abrogated in IFN-γ knockout (KO) mice (Fig.  18.1 ) [ 43 ]. 
This suggests that the anti-metastatic effect induced by chronic alcohol consump-
tion is dependent on the IFN-γ signaling pathway and that multiple cell types are 
involved in this process. It should be noted that in this system, melanoma cells were 
inoculated into the blood via the tail vein. These cells circulate in the blood and then 
seed the lung. The survival of these cells in the blood determines their fate and abil-
ity to form lung metastases. The tumor cells are cleared from the blood within 48 h 
after inoculation. Therefore, the activated immune cells in the blood play a key role 
in the clearance of the tumor cells. Chronic alcohol consumption decreases metas-
tasis of B16BL6 melanoma into the lung in an IFN-γ-dependent fashion, 

  Fig. 18.1    Chronic alcohol consumption-induced inhibition on B16BL6 melanoma metastasis is 
IFN-γ-dependent. ( a ) Images showing colonies of melanoma ( black dots ) on the lung of water- 
drinking mice and alcohol-consuming mice. ( b, c ) Histogram showing melanoma lung colony 
number in γC KO ( b ) and IFN-γ KO ( c ) mice drinking water or consuming alcohol for 3 months. 
Each group contained 10–13 mice. Two-tailed Student- t  test was used to test the difference between 
the two groups. The difference was defi ned as signifi cant when  p  value was less than 0.05. With 
kind permission from Springer Science + Business Media, this fi gure is adapted from  Experimental 
and Clinical Metastasis , IFN-γ is essential for the inhibition of B16BL6 melanoma lung metastasis 
in chronic alcohol drinking mice, 28(3), 2011, 301–307, Zhang H, Zhu Z, McKinley JM, and 
Meadows, GG, Fig. 1 and Fig. 2d, 2e       
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suggesting that alcohol increases activated immune cells, especially those producing 
IFN-γ. Indeed, we found that chronic alcohol consumption increases IFN-γ-
producing T cells, NK cells, and NKT cells in the blood.   

18.4     Effects of Chronic Alcohol Consumption on T Cells: 
Induction of T Cell Activation Through Homeostatic 
Proliferation in the Steady State and Acceleration 
of T Cell Dysfunction in Melanoma-Bearing Mice 

 T cells are important cells of the adaptive immune response. T cells can be divided 
into CD4 +  T cells, also called helper T (Th) cells, and CD8 +  T cells, known as cyto-
toxic T lymphocytes (CTL). Based on their T cell receptor (TCR) activation status, 
these cells can be divided further into naïve cells, which are T cells that have not 
contacted antigen, and memory cells, which are the T cells that have been activated 
by antigen. Upon activation memory T cells produce more cytokines and exhibit 
stronger functional response compared to naïve T cells. Based on the function, espe-
cially cytokine production, CD4 +  T cells are divided into different subtypes. Th1 
cells produce infl ammatory cytokines such as IFN-γ, which will activate macro-
phage, dendritic cells, NK cells and CD8 +  T cells. Th1 cells play important roles in 
antitumor immunity. Th2 cells produce IL-4, IL-5, IL-10, IL-13, etc. cytokines. 
These cytokines inhibits Th1 response and antitumor immunity. Th2 cells play 
important roles in allergy and humoral immune response .  CD4 + CD25 + FoxP3 +  regu-
latory T (Treg) cells produce IL-10 and TGF-β. Treg cells inhibit CD8 +  T cell and 
NK cell function and facilitate tumor progression [ 45 ]. Th17 cells produce IL-17 
family cytokines. These cells play critical roles in autoimmune diseases, but exhibit 
controversial function in antitumor immunity [ 46 ,  47 ]. CD8 +  T cells are the key 
effector cells in antitumor immunity [ 48 ]. Upon activation, CD8 +  T cells produce 
Th1 cytokines and the cytotoxic effector molecules perforin and granzymes to kill 
target cells. IFN-γ produced by memory and tumor-specifi c T cells play the crucial 
role in the control of tumor progression, metastasis, and host survival [ 49 ]. Compared 
to naïve T cells, memory T cells are more effi cient and are potent producers of IFN- 
γ. This effect could be associated with the low threshold for demethylation in the 
promoter region of the IFN-γ gene in the memory T cells [ 50 – 52 ]. Memory CD8 +  
T cells are also the important cell population that provides the early source of IFN-γ 
before T cell receptor activation [ 53 ]. Alcohol consumption increases activated 
CD8 +  T cells and IFN-γ-producing CD8 +  T cells in human alcoholics [ 54 ]. We and 
others found that chronic alcohol consumption in the steady state increases the per-
centage of CD8 +  T cells exhibiting the memory phenotype and also CD8 +  T cells 
producing IFN-γ [ 31 ,  33 ]. We further showed that chronic alcohol consumption 
increases memory T cells in the steady state through the induction of T cell homeo-
static proliferation [ 33 ]. These increased memory and IFN-γ-producing CD8 +  
T cells in alcohol-consuming mice could play an important protective role in the 
antitumor immune response. 
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 Although alcohol consumption increases steady state levels of memory and 
 IFN-γ- producing CD8 +  T cells in mice not injected with tumors, it inhibits memory 
and tumor-specifi c CD8 +  T cell expansion in the melanoma-bearing mice (Fig.  18.2 ) 
and also accelerates CD8 +  T cell dysfunction, which is refl ected in the repaid decline 
in cytokine-producing cells (Fig.  18.3 ) [ 55 ]. Tumor cells produce factors that induce 
immune inhibitory cells, which inhibit CD8 +  T cell function. These inhibitory cells 
include tumor associated macrophages (TAM), myeloid-derived suppressor cells 
(MDSC), regulatory T cells (Treg), inhibitory B cells (CD1d hi CD5 + ), and NKT 
cells. We found that chronic alcohol consumption does not alter the percentage of 
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  Fig. 18.2    Chronic alcohol consumption inhibits memory and tumor-specifi c CD8 +  T cell expan-
sion. ( a )  Dot plot  showing gated CD8 +  T cells (R1). ( b )  Histogram  showing CD44 hi  memory CD8 +  
T cells in the spleen of melanoma-bearing mice. ( c ) Percentage of CD8 + CD44 hi  cells in CD8 +  
splenocytes from non-tumor injected mice (control) and melanoma-bearing mice at the indicated 
time points after tumor inoculation. ( d )  Dot plot  showing gp100-tetramer + cells (3700 PE) in the 
gated splenic CD8 +  T cells of melanoma-bearing mice. ( e ) Percentage of gp-100-specifi c CD8 +  T 
cells in splenic CD8 +  T cells at the indicated time points after tumor inoculation. ( f ) Number of 
gp100-specifi c CD8 +  T cells in the spleen of tumor-bearing mice 3-week after tumor inoculation. 
Water = water-drinking mice, ETOH = alcohol-consuming mice. * p  < 0.05, ** p  < 0.01, *** p  < 0.001. 
With kind permission from Springer Science + Business Media, this fi gure is adapted from  Cancer 
Immunology, Immunotherapy , Chronic alcohol consumption enhances myeloid-derived suppressor 
cells (MDSC) in B16BL6 melanoma-bearing mice, 59 (8), 2010, 1151–1159, Zhang, H and 
Meadows, GG, Fig. 1 and 2          

Fig. 18.3  (continued) 2015,1070–1080, Zhang, H and Meadows GG, Fig. 7. With kind permis-
sion from Springer Science + Business Media, Fig.  18.3b  is adapted from  Cancer Immunology, 
Immunotherapy , Chronic alcohol consumption enhances MDSC in B16BL6 melanoma-bearing 
mice, 59 (8), 2010, 1151–1159, Zhang, H and Meadows, GG, Fig. 3       
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  Fig. 18.3    Chronic alcohol consumption accelerates the decay of Th1 cytokine-producing CD8 +  
T cells in the melanoma-bearing mice. Mice were given alcohol for 2 months (non-tumor 
injected mice) to 3 months (tumor-bearing mice). IFN-γ ( a ), TNF-α ( c ) and IL-2 ( e )-producing 
cells in splenic CD8 +  T cells of non-tumor injected mice and melanoma-bearing mice ( b ,  d ,  f , 
respectively) at the indicated time points after tumor inoculation as determined by intracellu-
lar staining. Each group contained ten mice. Two-tailed Student- t  test was used to test the 
difference between the two groups. The difference was defi ned as signifi cant when  p  value was 
less than 0.05. * p  < 0.05, ** p  < 0.01, *** p  < 0.001. With kind promession, Fig.  18.3a  ( a ) is 
adapted from the  Journal of Leukocyte Biology , Chronic alcohol consumption in mice 
increases the proportion of peripheral memory T cells by homeostatic proliferation, 78(5),
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Treg and TAM, but decreases inhibitory B cells, increases MDSC (Fig.  18.4 ), 
and increases NKT cells (Fig.  18.5a, b ) in melanoma-bearing mice. These results 
suggest that MDSC and NKT cells could be the major immunoregulatory cells that 
inhibit CD8 +  T cell function in the alcohol-consuming, melanoma-bearing mice. 
One of the signaling pathways employed by MDSC to inhibit CD8 +  T cell function 
is IL-13/IL13R/iNOS-arginase/arginine [ 56 ]. IL-13 activates MDSC to upregulate 

  Fig. 18.4    Effects of chronic alcohol consumption on Treg, tumor associated macrophages (TAM) 
and MDSC in melanoma-bearing mice. ( a ) Percentage of FoxP3 + CD4 +  regulatory T cells in spleen, 
PBL, and lymph nodes (LN) of melanoma-bearing mice. ( b ) Percentage of CD11b + F4/80 hi  and 
CD11b + F4/80 dim  TAM in the tumor infi ltrated leukocytes (TIL). ( c ) Percentage of CD11b + Gr-1 int  
MDSC in the PBL of mice inoculated with B16BL6 for 1-week. Each group contained ten mice. 
** p  < 0.01. With kind permission from Springer Science + Business Media, Fig.  18.4a  and  18.4c  
are adapted from  Cancer Immunology, Immunotherapy , Chronic alcohol consumption enhances 
MDSC in B16BL6 melanoma-bearing mice, 59 (8), 2010, 1151–1159, Zhang, H and Meadows, 
GG, Fig. 4 and 5       

  Fig. 18.5    Chronic alcohol consumption increases iNKT cells in the blood and skews iNKT cell 
cytokine profi le toward Th2-dominant cytokines. ( a ) Percentage and number of CD3 + NK1.1 +  NKT 
cells in the PBL at the indicated time points after tumor inoculation. ( b ) Number of CD3 + NK1.1 +  
NKT cells in 700 μL of blood at the indicated time points after tumor inoculation. ( c ) Ratio of 
IL-4-producing cells to IFN-γ-producing cells in NKT cells from PBL of melanoma-bearing mice. 
With kind permission, Fig.  18.5a  and  18.5b  are adapted from the  Journal of Immunology  189(3), 
2012, 1340–1348, Zhang, H, Zhu, Z and Meadows, GG, Fig. 2D and 2I       
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the expression of iNOS and arginase 1. These enzymes metabolize arginine to 
decrease the availability of this amino acid, which in turn (1) block the translation 
of CD3ζ, one of the important components of TCR complex; (2) inhibit T cell 
 proliferation; and (3) promote T cell apoptosis [ 57 ]. We found that chronic alcohol 
consumption signifi cantly upregulates the expression of IL-4/IL-13 receptor α-chain 
(CD124) on MDSC [ 55 ], and decreases the concentration of arginine in the plasma 
of melanoma-bearing mice [ 35 ]. The increased MDSC could be associated with the 
inhibition of the memory and tumor-specifi c CD8 +  T cell proliferation and dysfunc-
tion in the tumor-bearing mice. The dysfunction of CD8 +  T cells will promote tumor 
progression.     

 In summary, the increase in memory and IFN-γ-producing T cells in mice due to 
alcohol consumption leads to inhibition of lung metastasis after intravenous mela-
noma inoculation and may even inhibit tumor growth at the early stage after subcu-
taneous tumor inoculation. However, tumor progression is facilitated by the 
continued presence of and interaction between melanoma and alcohol, which accel-
erates CD8 +  T cell dysfunction, negating any established early antitumor activity. 
Thus, the net outcome is no increase or even the decrease in survival of melanoma- 
bearing mice.  

18.5     Effects of Chronic Alcohol Consumption on NK Cells: 
Impaired NK Cell Release from the Bone Marrow 
and Decreased Mature NK Cells in the Periphery 

 NK cells are innate immune cells. More than 95 % of these cells originate, develop, 
and mature in the bone marrow. Around 5 % of NK cells develop and mature in the 
thymus [ 58 ]. Bone marrow-derived NK cells have strong cytolytic activity, but are 
weak in cytokine production. Thymus-derived NK cells exhibit strong cytokine pro-
duction, but exhibit weak cytolytic activity. Upon maturation these cells circulate to 
peripheral tissues and organs such as blood, spleen, lymph nodes, and liver. Unlike 
T cells and B cells, NK cells do not have a rearranged antigen specifi c receptor. The 
receptors governing NK cell function are Ly-49 family C-type lectin receptors in 
mice and immunoglobulin-like receptors in human. Most of these receptors are 
inhibitory. Their ligands are MHC molecules [ 59 ]. Most virus-infected cells and 
transformed cancer cells lose the expression of MHC molecules on their cell sur-
face, which decreases the inhibitory signals in NK cells, thus leading to activation 
and production of perforin and granzymes to kill viral infected cells or cancer cells. 
Activated NK cells also produce Th1 cytokines to induce and enhance CD8 +  T cell 
and the Th1 cell immune response. Therefore NK cells play important roles in can-
cer surveillance and antitumor immunity [ 60 ]. Chronic alcohol consumption 
decreases the numbers of NK cells and compromises their cytolytic activity in the 
blood of human alcoholics [ 61 ]. Chronic alcohol consumption in mice also decreases 
NK cells in the peripheral organs, and inhibits NK cell cytolytic activity in the blood 
and spleen [ 62 ,  63 ]. We found that chronic alcohol consumption compromises 
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NK cell release from the bone barrow and this contributes to the decrease in mature 
NK cells in the spleen and blood [ 36 ]. Due to the decrease of bone marrow-derived 
mature NK cells, the portion of thymus-derived NK cells, which are a population of 
NK cells that express IL-7Rα (CD127) and produce large amount IFN-γ upon acti-
vation, is increased in the periphery [ 36 ]. Chronic alcohol consumption inhibits NK 
cell migration to lymph nodes through the downregulation of CD62L expression 
[ 64 ]. NK cells play an important role in preventing B16 melanoma metastasis into 
lymph nodes [ 65 ]. We found that chronic alcohol consumption increases B16BL6 
melanoma metastasis into the draining lymph nodes in mice bearing subcutaneous 
tumor [ 64 ].  

18.6     Effects of Chronic Alcohol Consumption on B Cells: 
Impaired B Cell Circulation in B16BL6 Melanoma- 
Bearing Mice 

 B cells are the largest population of lymphocytes in the spleen of mice and also 
the largest population of antigen presenting cells. The major function of B cells is 
to produce antibodies and orchestrate the humoral immune response. However, 
the effects of B cells in antitumor immunity have not been studied fully. Using 
gene mutation and cell depletion, it was found that depletion of B cells enhances 
antitumor immunity, suggesting that B cells have an inhibitory function on antitu-
mor immunity [ 66 ]. A group of B cells that are CD19 + CD1d hi CD5 +  produce IL-10 
and inhibit T cells function [ 67 ]. Depletion of these inhibitory B cells enhances 
antitumor immunity [ 68 ]. Mature B cells play important roles in antitumor immu-
nity through enhancing T cell activation and cytokine production, which depend 
on the antigen presenting function of B cells [ 69 ]. Therefore, two opposite func-
tions of B cells in antitumor immunity have been identifi ed. The fi rst is an inhibi-
tory function through IL-10 production. The second is an antitumor function 
through presentation of antigen to T cells to enhance T cell activation and cyto-
kine production. We found that in the steady state chronic alcohol consumption 
does not signifi cantly affect the B cell phenotype and nor their distribution in 
blood and lymph nodes; however, B cell numbers decrease in the spleen [ 33 ]. In 
melanoma-bearing mice B cells decrease around fourfold in the blood of alcohol-
consuming mice with prolonged tumor growth compared to their water-drinking 
counterparts [ 70 ]. The cells that decrease are mature CD23 +  B cells. The decrease 
of mature B cells in the blood results from impaired B cell circulation associated 
with a compromised sphingosine-1- phosphate (S1P)/S1PR1 signaling pathway 
[ 70 ]. Effective circulation of B cells is important in order to capture antigen and 
for T cell activation. Therefore the impaired circulation of mature B cells would 
be expected to negatively affect T cell function in the melanoma-bearing, alcohol-
consuming mice.  
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18.7     Effects of Chronic Alcohol Consumption on iNKT 
Cells: Increased Mature iNKT Cells That Produce 
an IFN-γ-Dominant Th1 Cytokine Profi le in the Steady 
State, and an IL-4 Dominant Th2-Cytokine Profi le 
in Melanoma-Bearing Mice 

 NKT cells are a unique population of T cells that recognize lipid antigens 
 presented by the MHC I-like molecule, CD1d, but do not recognize peptide anti-
gens presented by MHC molecules. Therefore, these cells are CD1-restricted T 
cells. Around 80 % of these cells express an invariant TCR α chain: Vα14Jα18 in 
mice and Vα24Jα18 in humans. They are called invariant NKT cells or iNKT 
cells. One of the most important features of iNKT cells is that these cells rapidly 
produce large amount of and a broad spectrum of cytokines once activated. These 
cytokines include Th1 cytokines such as IFN-γ, Th2 cytokines such as IL-4, 
IL-10, and IL-13, and Th17 cytokines such as IL-17A and IL-9. Due to the broad 
spectrum of cytokines produced, iNKT cells function more like immune regula-
tory cells than effector cells. iNKT cells play important roles in the regulation of 
antitumor immunity. The balance of Th1 and Th2 cytokines will shape the down-
stream antitumor immune response. When iNKT cells produce Th1-dominant 
cytokines such as IFN-γ, they will activate dendritic cells to produce IL-12. 
IL-12 synergizes with IFN-γ to further activate NK, iNKT, and T cells to produce 
more IFN-γ, which induces a strong Th1 immune response that inhibits Th2 
immune responses and inhibits tumor progression. When iNKT cells produce a 
Th2-dominant cytokine profi le these cytokines will not only directly inhibit the 
Th1 immune response, but also induce regulatory dendritic cells to produce IL10 
and inhibit NK and CD8 +  T cell function (Fig.  18.6 ). These Th2 cytokines also 
induce MDSC, TAM to further enhance the Th2 immune response, which will 
facilitate tumor progression (Fig.  18.6 ). Under normal conditions iNKT cells 
produce Th1-dominant cytokines and favor antitumor immunity. Repeat activa-
tion of iNKT cells induces iNKT cell anergy [ 71 ]. The anergic iNKT cells pro-
duce Th2- dominant cytokines which inhibit antitumor immunity and favor tumor 
progression [ 71 ].  

 Since the ligands of iNKT cell receptors are lipids, and since alcohol consump-
tion alters the metabolism of lipids, it is highly possible that alcohol consumption 
will affect iNKT cells through inducing iNKT cell activation. Indeed, we found that 
in the steady state chronic alcohol consumption signifi cantly increases iNKT cells 
in the thymus and liver, but not in the spleen, blood, or bone marrow. The increased 
iNKT cells are NK1.1 +  mature cells. These cells are potent IFN-γ-producing cells. 
Upon activation under normal conditions, iNKT cells produce an IFN-γ-dominant 
Th1 cytokine profi le, which favors antitumor immune responses. However, in 
melanoma- bearing mice, alcohol consumption not only increases iNKT cells in 
the thymus and liver, but also signifi cantly increases iNKT cells in the blood 
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(Fig.  18.5a, b ). More importantly, once activated, the iNKT cells produce an IL-4 
dominant cytokine profi le (Fig.  18.5c ). These results indicate that in the melanoma-
bearing mice alcohol interacts with the tumor to not only activate iNKT cells, but 
also to reverse the cytokine profi le from Th1-dominant to Th2-dominant. This Th2- 
dominant cytokine profi le favors tumor progression. 

 In summary, chronic alcohol consumption induces a signal to enhance iNKT cell 
activation and maturation in the steady state. We designate this signal as Signal 
I. This signal induces iNKT cells to produce and maintain a Th1-dominant cytokine 
profi le. Activation of these iNKT cells will induce NK and CD8 +  T cells to generate 
Th1 immune responses, which favor antitumor immunity. In the tumor-bearing 
mice, alcohol interacts with melanoma cells to induce another signal that also acti-
vates iNKT cells. We designate this signal as Signal II. We suggest that the continu-
ous activation of iNKT cells by these two signals induces iNKT cell anergy to 
produce a Th2-dominant cytokine profi le that enhances MDSC and TAM function, 
but inhibits NK and CD8 +  T cell function. The net outcome would facilitate tumor 
progression (Fig.  18.6 ).  

  Fig. 18.6    A mechanistic scheme for NKT cell regulation of tumor immune responses and the 
hypothetical interaction between alcohol consumption and melanoma in modulating NKT cell 
anti- and pro-tumor (in  bold ) immunity. Once activated, NKT cells produce Th1 and Th2 cyto-
kines. If the cytokine profi le is dominated by the Th1 cytokine, IFN-γ, this will activate DC to 
produce IL-12, which in turn activates NK and CD8 +  T cells in addition to further activation of 
NKT cells to produce additional IFN-γ. IFN-γ produced by NKT cells activate NK and CD8 +  T 
cells to produce IFN-γ. This positive feedback loop forms a strong antitumor immune response. If 
the NKT cell cytokine profi le is dominated by Th2 cytokines such as IL-4, IL-10, and IL-13, these 
cytokines will inhibit the Th1 response. IL-13 can activate MDSC and TAM. These cells produce 
TGF-β and IL-10, which can inhibit NK and CD8 +  T cell activation and attenuate antitumor immu-
nity. Th2 cytokines produced by NKT, TAM, and MDSC also facilitate tumor growth and progres-
sion. Alcohol consumption induces thymocytes to produce lipids which work as Signal I to 
simulate NKT cell activation and proliferation. Alcohol consumption interacts with melanoma to 
induce/increase lipids which work as Signal II to stimulate NKT cells. The continuous stimulation 
of Signal I and Signal II induces NKT cell anergy leading to a Th2-dominant cytokine profi le that 
inhibits antitumor immunity and promotes tumor progression       
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18.8     Immunological Basis of Chronic Alcohol Consumption 
on Tumor Surveillance, Progression, and the Survival 
of Cancer Patients 

 If chronic alcohol consumption activates the immune system, why does chronic 
alcohol consumption also increase the incidence of multiple types of cancer? We 
provide the following explanation based on the current knowledge regarding tumor 
immunosurveillance and tumor immunoediting. Normal cells have intrinsic func-
tions, such as tumor suppressor genes, active DNA repair mechanisms, and apopto-
sis, to prevent carcinogen-induced cellular transformation [ 72 ]. Once some cells are 
transformed into cancer cells, they are controlled by the surveillance of immune 
system. This process is called tumor immunoediting, which includes three stages: 
elimination, equilibrium, and escape [ 73 ]. In the elimination stage, both innate and 
adaptive immune systems are involved in the elimination of transformed cells. Most 
of the transformed cells will be eliminated at this stage. Some of the transformed 
cells may survive the immunosurveillance, and enter the equilibrium stage. At the 
equilibrium stage, the adaptive immune system will keep the transformed cells in 
check and continue eliminating the transformed cells. Under the selection pressure 
of the immune system, the tumor cells will change their tumor antigens to avoid 
immunosurveillance. At this stage the tumor cells survive, but the tumor is clinically 
invisible. This stage may last for years, possibly even decades. Once tumor cells 
escape the control of the immune system, they will grow quickly and form a clini-
cally visible tumor. At this escape stage, the tumor will generate multiple factors 
including inhibitory cells to inhibit immune system function and cause immune 
system exhaustion. Chronic alcohol consumption generates some carcinogens, such 
as acetaldehyde. These carcinogens accumulate in some specifi c organs, such as 
mammary gland and the upper aerodigestive tract, to induce cell transformation in 
these organs. Although alcohol consumption activates the immune system, which 
may help eliminate the transformed cells, the continuous stimulation of carcinogens 
from chronic alcohol consumption will induce a high frequency of cellular transfor-
mation. The frequent tumor cell transformation will accelerate immune system 
exhaustion and increase the chance of tumor escape. Once tumor cells escape the 
immune system control, they can interact with alcohol to induce immune inhibitory 
factors, such as MDSC and iNKT, as we found in the B16BL6 melanoma model, to 
accelerate the dysfunction of the immune system. The outcome would be the 
decreased host survival. As an example, the reduction in the incidence of NHL in 
alcoholics could be associated with an activated immune system. Because the NHL 
cancer cells are circulating, this will increase the chance that they will encounter 
activated immune cells and be eliminated, thus diminishing the incidence of 
NHL. Indeed, it was found that the occurrence of NHL is correlated with the Th1 
cytokine level in the blood [ 74 ]. However, once NHL cancer cells escape immuno-
surveillance, this will quickly lead to immune system exhaustion resulting in a 
decreased survival in the alcoholics.  
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18.9     Prospective and Possible Strategies for Tumor 
Immunotherapy in Alcoholics 

 The ultimate goal of tumor immunology research is to fi nd optimized approaches 
for tumor immunotherapy. Our research in the mouse model of alcohol and tumor 
immunology suggests the following strategies of tumor immunotherapy in alcohol- 
consuming and melanoma-bearing mice that could ultimately be translated to 
humans. Targeting iNKT cells and CD8 +  T cells should be good candidates to 
recover antitumor immunity in alcoholics. For example, we found in the B16BL6 
melanoma model that alcohol consumption increases iNKT cells, and these cells are 
tumor inhibitory in the steady state and at the early stage of tumor growth. However, 
with the progression of tumor growth, the crosstalk between alcohol and melanoma 
induces iNKT cell anergy and reverses the iNKT cell cytokine profi le from Th1 
dominant to Th2 dominant. Therefore, developing immunotherapeutic strategies to 
prevent iNKT cell anergy through blocking the negative crosstalk between alcohol 
and melanoma cells could greatly enhance the antitumor immune response and 
therapeutic outcome in alcoholics. Blockade of the PD-1/PD-L1 signaling pathway 
can prevent activation-induced iNKT cell anergy and return IFN-γ production in 
iNKT cells to its former state [ 75 ]. Blockade of NKG2A, a receptor that inhibits 
activation of iNKT cells and that is increased in alcohol-consuming mice, can break 
the IFN-γ-induced negative regulation feedback loop [ 76 ,  77 ]. Antibodies or siRNA 
could be used to block PD-1/PD-L1 or/and NKG2A signaling pathway to prevent 
iNKT cell dysfunction and enhance antitumor immunity via activating iNKT cells 
in alcohol-consuming, tumor-bearing mice. 

 An additional approach to prevent iNKT cell anergy in alcoholics with cancer 
would be to manipulate lipid metabolism (modulate Signal I and Signal II). 

 MDSC and iNKT cells are the key inhibitory cells in alcohol-consuming mice 
bearing melanoma that modulate CD8 +  T cell function. Targeting MDSC and iNKT 
cells could result in recovery of CD8 +  T cell function. As discussed above, blockade 
of PD-1/PD-L1 and NKG2A could prevent iNKT cell anergy and enhance IFN-γ 
production of iNKT cells, which should enhance CD8 +  T cell function. In addition, 
anergic CD8 +  T cells express PD-1 and NKG2A [ 78 ,  79 ]. Blockade of PD-1 and 
NKG2A will not only prevent iNKT cell anergy, but also directly overcome the 
inhibitory signals in CD8 +  T cells. IL-15/IL-15Rα immunotherapy could be another 
option to boost CD8 +  T cell function in alcohol-consuming, tumor-bearing mice. 
We previously found that alcohol consumption decreases IL-15-producing dendritic 
cells, which are critical for memory T cell and NK cell proliferation and survival 
[ 80 ]. Therefore, IL-15/IL-15Rα combined with PD-1 and NKG2A blockade could 
be an additional approach to recover CD8 +  T cells function that is lost as a result of 
the alcohol/melanoma tumor interaction. Experimental and clinical data indicate 
that a combination of different therapies produce more effi cient and powerful thera-
peutic outcome than single therapy [ 81 ].   
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18.10     Overall Summary and Concluding Remarks 

 Our research using the mouse chronic alcohol consumption and B16BL6 melanoma 
model clearly demonstrates that the dynamic effects of alcohol consumption on 
antitumor immunity occur in two opposing phases. The fi rst phase associated with 
immune stimulation is tumor inhibitory and the second phase resulting from the 
interaction between the effects of alcohol and the tumor leads to immune inhibition 
and tumor progression. These fi nding may provide some mechanistic explanation 
for the controversial effects of alcohol consumption on the survival of different type 
of cancers, such as the reduction in NHL risk and the decrease in survival of NHL 
patients. Chronic alcohol consumption modulates T cells, NK cells, NKT cells, and 
B cells in non-tumor injected mice and in tumor-bearing mice by different mecha-
nisms. Chronic alcohol consumption in mice not injected with tumor (1) increases 
memory and IFN-γ-producing T cells through the induction of T cell homeostatic 
proliferation, (2) increases IFN-γ-producing NK cells via the increase in the propor-
tion of thymus-derived NK cells, and (3) increases iNKT cells and their activation 
and maturation through the induction of a lipid signal, Signal I. In melanoma- 
bearing mice, chronic alcohol consumption inhibits memory- and tumor-specifi c 
CD8 +  T expansion and accelerates CD8 +  T and NK cell dysfunction through the 
induction of MDSC as well as the induction of a Th2-skewed cytokine profi le in 
iNKT cells. In addition alcohol also interacts with melanoma cells to induce another 
iNKT cell activation signal, Signal II. The continuous presence of Signal I and 
Signal II induces not only skews the iNKT cell cytokine profi le from Th1 toward 
Th2, but also induces iNKT cell anergy. Moreover, alcohol consumption impairs the 
circulation of mature B cells through modulation of the S1P/S1PR1 signaling path-
way to impair T cell activation and antitumor cytokine production. These fi ndings 
provide new insights regarding the selection of targets for cancer immunotherapy in 
alcoholics.  

18.11      Future Directions of Research in Alcohol and Tumor 
Immunology 

 Although research in this area so far has defi ned the effects of alcohol consumption 
on the antitumor immune response at the cellular level, the underlying molecular 
mechanism is largely unknown. Once the precise molecular basis is identifi ed, it 
will be possible to select more effi cient targets for tumor immunotherapy in alcohol-
ics. Major research directions required to further understand the role of alcohol in 
regulation of antitumor immunology include determining the following: (1) the 
molecular mechanism of how alcohol interacting with tumor induces iNKT cell 
anergy, (2) the molecular mechanism of how alcohol consumption induces MDSC 
in the melanoma-bearing mice, (3) the effects of impaired mature B cell circulation 
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on antitumor immunity and the survival of tumor-bearing mice, and (4) identifi cation 
of the molecular basis underlying how alcohol interacting with tumor modulates the 
S1P/S1PR1 signaling pathway and compromises the circulation of B cells. In addi-
tion to these basic immunology studies, it is also important to study the dynamic 
effects of different immunization regimens on the antitumor immune response in 
the alcohol-consuming, tumor-bearing mice. With continued research in these and 
other areas, it is highly likely that new effective immunotherapeutic approaches will 
become available for the treatment of alcoholics with cancer.     
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    Chapter 19   
 A Perspective on Chemoprevention 
by Resveratrol in Head and Neck Squamous 
Cell Carcinoma 

             Sangeeta     Shrotriya    ,     Rajesh     Agarwal    , and     Robert     A.     Sclafani    

    Abstract     Head and neck squamous cell carcinoma (HNSCC) accounts for around 
6 % of all cancers in the USA. Few of the greatest obstacles in HNSCC include 
development of secondary primary tumor, resistance and toxicity associated with 
the conventional treatments, together decreasing the overall 5-year survival rate in 
HNSCC patients to ≤50 %. Radiation and chemotherapy are the conventional treat-
ment options available for HNSCC patients at both early and late stage of this cancer 
type malignancy. Unfortunately, patients response poorly to these therapies leading 
to relapsed cases, which further, emphasizes the need of additional strategies for the 
prevention/intervention of both primary and the secondary primary tumors post-
HNSCC therapy. In recent years, growing interest has focused on the use of natural 
products or their analogs to reduce the incidence and mortality of cancer, leading to 
encouraging results. Resveratrol, a component from grape skin, is one of the well-
studied agents with a potential role in cancer chemoprevention and other health 
benefi ts. As an anticancer agent, resveratrol suppresses metabolic activation of pro-
carcinogens to carcinogens by modulating the metabolic enzymes responsible for 
their activation, and induces phase II enzymes, thus, further detoxifying the effect of 
pro-carcinogens. Resveratrol also inhibits cell growth and induces cell death in can-
cer cells by targeting cell survival and cell death regulatory pathways. Growing 
 evidence also suggest that resveratrol directly binds to DNA and RNA, activates 
antioxidant enzymes, prevents infl ammation, and stimulates DNA damage check-
point kinases affecting genomic integrity more specifi cally in malignant cells.  
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  Abbreviations 

   4NQO    4-Nitroquinoline 1-oxide   
  ADH    Alcohol dehydrogenase   
  ALDH    Aldehyde dehydrogenase   
  AP-1    Activator protein 1   
  ARE    Antioxidant response element   
  ATM    Ataxia telangiectasia mutated   
  ATR    Ataxia telangiectasia-Rad3-related   
  B[A]P    Benzo[a]pyrene   
  BER    Base excision repair   
  Brca1    Breast cancer gene 1   
  Cdc25C    Cell division cycle 25C   
  CDKs    Cyclin dependent kinases   
  Chk1/2    Checkpoint kinase 1/2   
  COX2    Cyclooxygenase 2   
  CYP450    Cytochrome P450s   
  DMBA    7,12-Dimethylbenz[α]anthracene   
  DSBs    Double strand break   
  EGFR    Epidermal growth factor receptor   
  Egr 1    Early growth response 1   
  EMT    Epithelial mesenchymal transition   
  FA    Fanconi anemia   
  GSH    Glutathione   
  HNSCC    Head and neck squamous cell carcinoma   
  HPV    Human papilloma virus   
  HRR    Homologous recombination repair   
  IGFR    Insulin-like growth factor receptor   
  iNOS    Inducible nitric oxide synthetase   
  JNK    c-Jun N-terminal kinase   
  MAPK    Mitogen-activated protein kinases   
  MCM    Minichromosome maintenance   
  MMPs    Metalloproteinases   
  MMR    Mismatch repair   
  mTOR    Mammalian target of rapamycin   
  NER    Nucleotide excision repair   
  NF-kB    Nuclear factor kappa B   
  NHEJ    Non-homologous end joining   
  NNK    4-Methylnitrosamine-1-(3-pyridyl)-1-butanone   
  P53    Protein 53   
  PARP    Poly (ADP-ribose) polymerases   
  PCNA    Proliferating cell nuclear antigen   
  RA    Retinoic acid   
  Rb    Retinoblastoma protein   
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  Res    Resveratrol   
  ROS/RNS    Reactive oxygen species/reactive nitrogen species   
  SPT    Secondary primary tumor   
  SSBs    Single strand break   
  STAT3    Signal transducer and activator of transcription 3   

19.1           Introduction 

 This chapter aims to summarize recent development in the etiology and treatment of 
head and neck squamous cell carcinoma (HNSCC). Alcohol and its by-products 
have been reported to be strong possible carcinogens in different types of malignan-
cies including HNSCC. In this perspective, chemopreventive agents are revealed to 
exert their chemopreventive effi cacy either by blocking the activity of carcinogens 
or its metabolism or by targeting various cell survival pathways in tumor cells [ 69 ]. 
Further in-depth mechanistic studies revealed that nutraceutical resveratrol may 
inhibit carcinogenesis by affecting the molecular events in the initiation, promotion, 
and progression stages. Therefore, our goal in this chapter is to briefl y describe the 
molecular mechanism involved in alcohol-induced oral cancer and to propose that 
these oral cancers can be prevented through the use of the nontoxic natural product 
resveratrol. 

19.1.1     Head and Neck Squamous Cell Carcinoma 

 HNSCC is a devastating disease worldwide accounting for 650,000 new cases and 
350,000 deaths every year [ 14 ]. According to the American Cancer Society, in the 
year 2013, approximately 53,640 new cases and 11,520 deaths are projected to 
occur, in the USA alone [ 59 ]. HNSCC is mostly curable with conventional treat-
ment therapy when is diagnosed in early stage (I or II) ;  unfortunately most of the 
HNSCC patients are diagnosed at advanced stage of the disease (III or IV), and 
survival rate is below 50 %. Epidemiological data suggest that several behavioral, 
environmental, viral, and genetic factors have been associated with the development 
of HNSCC. Tobacco and alcohol consumption accounts for ≥80 % of the risk fac-
tors associated with HNSCC [ 48 ,  56 ]. For individuals using both tobacco and alco-
hol, there is a synergistic effect, accelerating the risk of both oral and pharyngeal 
cancer by nearly 35-fold [ 65 ]. One cohort study with nearly 0.5 million participants 
focused on investigating the relationship between HNSCC risk and alcohol con-
sumption, suggested that moderate drinkers (up to one drink a day) showed reduced 
risk of HNSCC compared to nondrinkers and heavy drinkers [ 17 ]. Refl ecting this 
linearity, alcohol consumption is one of the major risk factors for nonsmoker. This 
was further supported by a population-based survey of 1,090 oral or pharyngeal 
cancer patients where the risk of secondary primary tumors (SPTs) was documented 
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to be ≥50 % who continue with their drinking behavior after treatment [ 10 ]. Hence, 
considering concurrent risk of cancer development among alcoholics, understand-
ing the relationship between alcohol consumption and cancer development, specifi -
cally HNSCC, is crucial for therapeutics and preventive purposes.  

19.1.2     Major Molecular and Genetic Predispositions 
in HNSCC 

 Molecular and genetic analyses have revealed that multiple pathways are compro-
mised in head and neck cancer [ 34 ]. Pathways that are critically altered in HNSCC 
include protein 53 (p53), retinoblastoma protein (Rb), epidermal growth factor 
receptor, signal transducer and activator of transcription, vascular endothelial 
growth factor, DNA repair regulators, and mammalian target of rapamycin; these 
pathways are thus also identifi ed as potential therapeutic targets [ 18 ,  26 ]. 
Overexpression of dominant negative p53 and cyclin D1, together with increased 
telomerase activity (≥80 %), confer deregulated cell cycle and resistance to DNA 
damage stimulators in HNSCC [ 7 ]. Viral proteins E6 and E7 encoded by human 
papilloma virus (HPV) bind and inactivate p53 and Rb, respectively, disrupting the 
cell cycle regulation in HPV + tumors [ 29 ]. Most HPV + tumors are observed among 
young nonsmokers and nondrinkers, and are usually present at an advanced stage at 
the time of diagnosis [ 16 ,  22 ]. In addition, a clinical study with HNSCC patients 
( n  = 37) and healthy individuals ( n  = 35) showed that tumor cells are more sensitive 
to irradiation-mediated DNA damage and display impaired DNA repair, indicating 
the crucial role of DNA repair mechanism in HNSCC treatment [ 8 ,  54 ]. Another 
study with archival human head and neck cancer tumor specimens revealed that 
Ku80, a DNA repair protein, was overexpressed and correlated with increased drug 
resistance, thus indicating this pathway as an attractive therapeutic target [ 8 ,  37 ,  41 ]. 
In relation to this linearity, patients with Fanconi Anemia (FA), a genetic syndrome 
with defective DNA repair mechanism, have been associated with an early lymph 
node metastases with poor clinical outcome [ 68 ]. DNA repair defects in Fanconi 
patients lead to pre-cancerous cells with increased levels of DNA damage and muta-
tions. Although there is no evidence for genetic mutations in Fanc/Brca pathway in 
HNSCCs, loss or reduced expression of Fanc/Brca pathway genes has been reported 
in sporadic HNSCCs [ 36 ]. Likewise, amplifi cation of several oncogenes [e.g., 
c-myc, Ras, EGFR, erbB2, nitric oxide synthetase, and cyclooxygenase 2 (COX2)] 
has been observed in HNSCC and has been associated with poor prognosis [ 28 ,  51 ]. 
The direct downstream target of tyrosine kinase receptors (EGFR, IGF-1R) and the 
PI3K/Akt signaling pathway is mammalian target of rapamycin (mTOR), which is 
found to be activated in 90–100 % of HNSCC [ 43 ]. Together, all these oncogenic 
pathways interlinked cellular pathways, deregulated in HNSCC, serve as potential 
therapeutic and preventive targets for HNSCC [ 5 ,  34 ,  45 ]. All these pathways 
directly or indirectly involved in cancer initiation, promotion, or progression are 
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reported as possible targets of alcohol or its metabolites [ 12 ,  57 ]. Herein, identifi ca-
tion of these cellular and molecular processes that are disrupted by exposure to 
alcohol is necessary to consider for the therapeutic and preventive intervention of 
cancer included HNSCC [ 26 ].  

19.1.3     Alcohol: Carcinogen or Co-carcinogen in HNSCC 

 As mentioned earlier in this chapter, heavy alcohol consumption is directly associ-
ated with increased risk of cancer included HNSCC. In notion to this, International 
Agency for Cancer has classifi ed alcohol as carcinogen to human, as it may infl u-
ence cancer incidence by modulating different stages in cancer development [ 57 ]. In 
this chapter, we have briefl y summarized cellular and molecular processes altered 
by alcohol. 

19.1.3.1     Alcohol Metabolism and Metabolic Enzymes 

 The bacterial microfl oras present in the oral cavity or esophagus convert ethanol to 
acetaldehyde with the help of alcohol dehydrogenase (ADHs), cytochrome P4502E1 
(CYP2E1), and catalase [ 17 ]. Acetaldehyde so formed is further processed to ace-
tate in the presence of aldehyde dehydrogenase (ALDH). Acetaldehyde binds cova-
lently with DNA forming DNA adducts and interferes with DNA synthesis and 
repair, thereby initiating multistage carcinogenesis process after continuous expo-
sure [ 57 ]. There are ample evidences showing that exposure to acetaldehyde 
 produce mucosal lesions and adenocarcinomas in the nasal mucosa in rats [ 32 ,  70 ]. 
A study by Balbo and colleague have reported that N 2 -ethyl-2′-deoxyguanosine, a 
major acetaldehyde derived-DNA adduct was increased by several-fold from base-
line after alcohol use in humans [ 2 ]. Genetic evidence suggests that individuals 
having fast metabolites alleles variants for ADHs [ADH1B*2, ADH1C*1] and the 
null allele for ALDH 2 [ALDH2*2] have increased acetaldehyde levels and ineffi -
cient alcohol metabolism, thereby increasing susceptibility to cancer after alcohol 
consumption [ 9 ,  57 ,  7 ]. Similarly, the activities of ADH and ALDH are shown to be 
signifi cantly higher in cancerous than in healthy tissues [ 30 ], further suggesting the 
importance of these enzymes in alcohol metabolism and aggressive cancer. 
Furthermore, chronic alcohol consumption leads to induction of CYP2E1, which 
metabolizes alcohol to acetaldehyde, as well as generates reactive oxygen species 
(ROS) and reactive nitrogen species (RNS) as by-products [ 12 ]. These formed ROS 
and/or RNS can directly damage DNA, generate lipid peroxidation products, and 
increase infl ammation. Moreover, prolonged ethanol exposure leads to decreased 
levels of endogenous antioxidants, thereby reducing cellular defense mechanisms 
[ 12 ]. Together, this supports the key role of alcohol metabolites in causing cancer 
including HNSCC in humans through different endogenous mechanisms.  
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19.1.3.2     Alcohol: DNA Damage and DNA Repair 

 Reactive oxygen- or nitrogen-containing molecules that are generated during 
 alcohol metabolism can result in different types of DNA damage included single-
base lesions, single-strand breaks (SSBs), and double-strand breaks (DSBs). To 
counteract the DNA damage, cells have elaborated DNA repair mechanisms, thus 
protecting genomic integrity [ 24 ]. SSBs and single-base lesions are repaired by 
base-excision repair (BER), nucleotide-excision repair (NER), and mismatch repair 
(MMR); and DSBs are repaired through non-homologous end joining (NHEJ) and 
homologous repair (HR) mechanisms. A prolonged consumption of alcohol results 
in higher levels of oxidative DNA damage, lipid peroxidation adducts, and 
acetaldehyde- DNA adducts, and thus overwhelming the relevant DNA repair mech-
anism and impairing genome function [ 12 ]. In recent years, polymorphisms in DNA 
repair have been directly linked with increased risk to DNA damaging agents with 
a likelihood of oncogenic transformation [ 19 ].  

19.1.3.3     Alcohol Interacts with Oncogenes and Tumor Suppressor 
Pathways 

 Apart from mutagenic potential of alcohol metabolites through DNA adducts 
 formation, alcohol is also shown to disrupt cellular and molecular pathways in the 
multistage carcinogenesis process. It has been suggested that acetaldehyde abro-
gates a cell’s ability to repair DNA damage [ 57 ]. Similarly, alcohol has been reported 
to either directly interacting with cell membrane proteins or modulating cellular 
function [ 57 ]. Long-term alcohol exposure preferentially causes  K -ras mutation, 
impairs p16INK4A protein expression, and induces mutation in both retinoblas-
toma (Rb) and p53 proteins thereby, triggering cancer promotion [ 51 ]. Aberration 
of all these genes promote cell survival, evade apoptosis, and stimulate cell prolif-
eration of cancer cells [ 49 ]. A recent study has reported that ethanol in cancer cells 
is ultimately converted to acetyl-CoA (a high-energy mitochondrial fuel) that can be 
used to synthesize ketone bodies, fueling tumor cell growth via oxidative mitochon-
drial metabolism (OXPHOS) [ 55 ]. Alcohol consumption has been associated with 
disruption of retinoid metabolism; retinoic acid (RA)-receptor signaling pathways 
involved in regulating cell proliferation, differentiation, lipid metabolism, and 
infl ammation in many alcohol-associated malignancies [ 25 ]. Different natural prod-
ucts are shown to activate retinoid receptors expressed in cancer cell types initiating 
redifferentiation in cancer cells [ 27 ]. 

 Recently, a connection between alcohol as a carcinogen and cancer has been 
made in Fanconi anemia (FA) patients, who are at risk for leukemia and HNSCC 
[ 20 ,  23 ]. Consistent with this, a very recent study in humans have suggested a com-
promised FA pathway which likely leads to an increased accumulation of aldehyde- 
induced DNA damage in hematopoietic stem cells, resulting in p53/p21 mediated 
cell death or senescence [ 23 ]. Earlier, a similar fi nding was observed in a preclinical 
model in which the hematopoietic stem cells in ALDH2/FANCD2 double knockout 
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mice accumulate more DNA damage than hematopoietic stem cells in either of the 
single knockout mice [ 20 ]. In summary, loss of the ALDH2 isozyme in FA humans 
and knockout mice results in accumulation of acetaldehyde   , which then acts as a 
carcinogen by producing DNA crosslinks that are not repaired due to the loss of the 
FA/BRCA DNA repair pathway. These studies may provide a rationale to explain 
why alcohol is a factor in the etiology of non-FA HNSCC. In this idea, continual 
exposure to alcohol may result in enough acetaldehyde being produced to cause an 
accumulation of mutations and increased risk for HNSCC.  

19.1.3.4     Alcohol and Nutrition 

 Various studies have shown that chronic alcohol abuse may alter the way body pro-
cesses nutrients, consequently changing its carcinogenic potential. This has been 
supported by the studies reporting that alcoholics have reduced levels of zinc, iron, 
vitamin E, and vitamin B [ 17 ,  57 ]. Once nutrients are absorbed, alcohol can prevent 
their utilization in the body by altering their transport, storage, and excretion [ 51 ].   

19.1.4     Chemoprevention 

19.1.4.1        Biologic Basis of Chemoprevention 

 Molecular and genetic analyses have revealed that various pathways are compro-
mised in different malignancies included head and neck cancer [ 34 ], and that these 
pathways are being targeted by chemotherapeutic agents to improve life quality of 
patients, but have limited success [ 1 ]. It is, thus, inevitable that additional alternative 
strategies are required to signifi cantly enhance the therapeutic index of conventional 
treatment modalities. In this regard, dietary components are reported to inhibit can-
cer development, progression, and metastasis by modulating different mechanisms 
of cancer development, under a modality known as “cancer chemoprevention.”   

19.1.5     Resveratrol as Chemopreventive Agent 

 Resveratrol, a grape-derived stilbene, is one of the most widely investigated chemo-
preventive agents retaining a wide variety of health-benefi cial activities, including 
anticancer properties [ 42 ]. It has been shown to decelerate carcinogenesis process 
via direct and indirect multiple targets, mechanisms involved in the survival of 
 cancer cells, and accelerating cell death. As detailed review of chemopreventive 
potential of resveratrol is beyond the scope of this chapter, we will briefl y summa-
rize the underlying molecular mechanism involved in chemopreventive effi cacy of 
 resveratrol in multistage carcinogenesis process. 
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19.1.5.1     Resveratrol in Xenometabolism 

 Under continuous exposure to pro-carcinogenic agent, normal cells undergo DNA 
mutations leading to initiation of the carcinogenesis process. Generally, carcino-
gens such as 7,12-dimethylbenzo[a]anthracene, benzanthracene, benzopyrene [B(a)
P], and 4-nitroquinolone-1-oxide are converted to active metabolites in the presence 
of Phase I metabolic enzymes. These metabolites interact with genomic DNA form-
ing adducts that directly correlate with cancer initiation, promotion, and progression 
stages. Resveratrol is shown to be effective in suppressing cancer initiation process 
by inhibiting these metabolic enzymes that play an important role in activation of 
pro-carcinogen [ 21 ]. Resveratrol modulates the activities of CYP1A1, CYP1B1, 
CYP3A, glutathione- S -transferase, UDP-glucuronosyl transferase (UGT), aryl 
hydrocarbon receptor (AhR),  O -acetyl transferase, and sulfotransferase in both pre-
clinical and clinical studies, thereby changing the risk of carcinogen undergoing 
metabolism [ 21 ,  69 ]. Resveratrol also activates phase II enzymes gene expression 
through modulation of mitogen-activated protein kinase pathways [ 21 ]. Resveratrol 
is also shown to differentially induce NAD(P)H quinone reductase (NQO), glutathi-
one (GSH), glutathione reductase, and hemoxygenase 1 (HO-1), subsequently 
inhibiting DNA damage [ 21 ]. In contrast, in some of the cancer cells, resveratrol 
exerts pro-oxidant effect in the presence of transition metals such as Cu (II) depend-
ing on its concentration and time of exposure, leaving normal cells unharmed [ 40 ].  

19.1.5.2    Resveratrol: As Anti-infl ammatory Agent 

 In general, excessive generation of ROS and nitrogen species plays a pivotal role 
during infl ammation [ 35 ]. Other two important enzymes involved in triggering 
infl ammatory responses include cyclooxygenase and lipoxygenase, promoting 
tumor growth, progression and metastasis [ 52 ]. Among cyclooxygenase enzymes, 
COX1 plays a key role in prostaglandin synthesis, and COX2 is involved during 
infl ammation [ 52 ]. Both of these enzymes are known to promote DNA synthesis, 
cell proliferation, invasion, and metastasis [ 27 ]. In this context, resveratrol is known 
to inhibit de novo synthesis of iNOS and COX2 via inhibition of NF-kB pathway as 
well the upstream kinases activating this pathway [ 51 ]. Resveratrol also targets 
nitric oxide production and lipoxygenase-stimulated infl ammatory responses [ 7 ]. In 
conclusion, resveratrol counteracts ROS- and/or RNS-associated DNA damage and 
infl ammatory responses as a part of its potential cancer chemopreventive effi cacy.  

19.1.5.3    Resveratrol: Cell Growth and Death Regulatory Pathways 

 Resveratrol exerts anti-proliferative activity via induction of cell growth inhibition, 
and induces apoptosis by modulating the major survival pathways present in the 
cancer cells [ 20 ]. Phosphatidylinositol 3-kinase (PI3K)/AKT pathway is considered 
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as one of the major regulators of cell survival. Resveratrol is reported to suppress 
the activation of mitogen-activated protein kinases (MAPKs), c-Jun N-terminal 
kinase (JNK), MEK/ERK/NF-kB, cyclins, and cyclin dependent kinases (CDKs) 
leading to cell cycle arrest at specifi c stage and reversal of epithelial-to- mesenchymal 
transition (EMT) [ 4 ]. For instance, resveratrol has been shown to inhibit cell growth 
of different cancer cells at G0/G1 phase by altering cyclin D1/CDK4; in addition, 
resveratrol also causes S and G2/M phase cell cycle arrest resulting in increased 
cyclin A and E levels [ 62 ,  66 ,  67 ]. Moreover, a study by Shi and colleagues has 
shown that resveratrol exerts synergistic effects, when given in combination with 
the cytotoxic agent tamoxifen, on inhibiting the growth of both MCF-7/TR cells and 
metastasis [ 4 ]. Regarding the apoptosis induction, it is reported that resveratrol acti-
vates TNF-related apoptosis ligand, modulates the expression of pro-(Bax) and anti-
(Bcl2 and Bcl-xL) apoptotic proteins, disrupts mitochondrial membrane potential, 
and causes caspases 9, 3 and poly (ADP-ribose) polymerase (PARP) cleavage, thus 
facilitating apoptotic cell death both in culture and mouse xenograft models [ 6 ,  50 , 
 53 ,  62 ,  66 ]. As an upstream trigger to this cellular function, resveratrol is also shown 
to stimulate DNA damage response molecules and their downstream targets facili-
tating DNA damage response, cell cycle arrest, and apoptosis in various cancer 
models including HNSCC [ 11 ,  66 ]. Collectively, detailed mechanistic studies in 
preclinical cancer models have revealed that resveratrol targets PI3K/Akt/mTOR, 
NF-kB, MAPKs and apoptotic pathways, cell cycle regulatory molecules, different 
cellular receptors, and angiogenic pathways, which attribute towards its cancer che-
mopreventive effi cacy.  

19.1.5.4    Resveratrol: An Antioxidant 

 Antioxidant property of resveratrol is considered one of the crucial mechanisms 
involved in its chemopreventive and anticancer effi cacy. In support to this idea, 
resveratrol is shown to prevent the generation of ROS following exposure to oxidiz-
ing agents, e.g., chemical carcinogens generated from tobacco and alcohol, hydro-
gen peroxide, etc. [ 21 ]. Resveratrol strongly increases the activity of antioxidant 
response element (ARE)/Nrf-2, leading to enhanced expression of phase 
II-detoxifying enzymes and antioxidant enzymes including NAD(P)H: quinone oxi-
doreductase 1(NQO 1) and hemoxygenase 1(HO1) via modulation of p38/PI3K/
Akt pathways [ 21 ,  60 ]. Resveratrol has also been shown to enhance histone/protein 
deacetylase SIRT1 and adenosine monophosphate-activated protein kinase (AMPK) 
leading to metabolic changes in the cancer cells [ 62 ]. Likewise, resveratrol exhibits 
protective effect against ROS-mediated lipid peroxidation and DNA damage in nor-
mal cells, versus toxic effect in malignant cells including head and neck cancer [ 66 ]. 
More recently, Bishayee and colleagues have reported that resveratrol suppresses 
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)- and benzo[a]pyrene (B[a]
P)-mediated precancerous changes in the human epithelial breast cancer cell 
MCF10A [ 6 ,  30 ].  
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19.1.5.5     Resveratrol: Interaction with DNA Polymerase, 
Topoisomerase, and Telomerase 

 Various preclinical studies have revealed that resveratrol directly binds to DNA and 
RNA through H-bond and stabilizes the double-helical structure, and this might 
serve as a molecular basis for anti-mutagenic effect of resveratrol [ 21 ,  39 ]. 
Resveratrol also impedes DNA replication by specifi cally interacting with DNA 
polymerase α and δ, resulting in DNA damage [ 20 ]. DNA polymerases are the 
enzymes required for de novo synthesis of DNA, and are equally crucial in protect-
ing cells against the effects of DNA damage, and for initiating DNA repair [ 47 ]. 
Resveratrol is also reported to result in DNA damage through pro-oxidant effect in 
the presence of transition metal [ 40 ]. This might raise doubts of its benefi cial func-
tion in normal cells versus cancer cells in general. However, it has been reported 
that pro-oxidant effect of these phytochemicals are more specifi c to cancer cells, for 
the fact that cancer cells have higher levels of transition metals, produce more ROS, 
etc. [ 63 ]. Similarly, Topoisomerase activity is particularly higher by several folds in 
cancer cells including squamous cell carcinoma, and has been targeted by many 
anticancer drugs [ 15 ]. Topoisomerase is essential for DNA replication, facilitating 
chromosome tangling, condensation, and mitotic segregation [ 21 ]. Three different 
types of topoisomerases are described in mammalian cells (type IA, type IB, and 
type II). Among all these, molecular modeling has confi rmed that resveratrol spe-
cially binds to topoisomerase II and stabilizes the cleavage complexes of DNA and 
topoisomerase compromising DNA topology in cancer cells [ 3 ]. Similarly, resvera-
trol is shown to inhibit telomerase, a cellular reverse transcriptase that catalyzes the 
synthesis and extension of telomeric DNA, further assisting the cells to proliferate 
and delay the development of cell senescence [ 33 ]. Recently, several studies have 
also shown that resveratrol downregulates telomerase activity as well as inhibits the 
nuclear localization of human telomerase reverse transcriptase (hTERT), a subunit 
of telomerase [ 21 ,  33 ]. As hTERT is regulated by upstream protein kinase C, NF-kB, 
MAP kinases, and effect of resveratrol on hTERT might be indirect due to inhibition 
of these upstream kinases as well.  

19.1.5.6    Resveratrol: DNA Damage and DNA Damage Repair 

 As mentioned earlier in this chapter that chemopreventive and anticancer activities 
of resveratrol have been implicated to involve DSBs. After DSBs, DNA repair mol-
ecules, for instance Mre11, Rad50, and Nbs1 (MRN complex), are stimulated at the 
site of DSBs, and recruits PI3K-related kinases such as ataxia telangiectasia 
mutated (ATM)/ATR to the DNA break site. Once activated, ATM phosphorylates 
several key DSB repair and checkpoint control factors like H2AX, p53, Nbs1, 
BRCA1, SMC1, Chk2, and Chk1 [ 19 ]. H2A.X is critical for facilitating the assem-
bly of specifi c DNA-repair complexes on damaged DNA site [ 44 ]. Resveratrol is 
reported to induce S-phase arrest through activation of an ATM/ATR–Chk1/Chk2–
Cdc25C pathway [ 67 ]. A study by Galicia and colleagues have shown that 
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resveratrol at higher concentrations also triggers the downregulation of several 
genes of MMR, DNA replication, homologous recombination (HR), and cell 
growth inhibition [ 36 ]. Similarly, resveratrol modulates another set of genes up-
regulated in different cancers, namely mini-chromosome maintenance [ 46 ] genes 
family, that are recruited to sites of DNA replication and facilitate DNA replication 
via helicase activity [ 38 ,  39 ]. In one recent study, resveratrol was shown to possess 
an anti-MCM effect by inducing a signifi cant decrease in MCM2–MCM7 and 
MCM10 gene expression [ 36 ]. Interestingly, in the same study, the authors have 
found that resveratrol downregulated the expression of Rad51, BRCA1, and 
BRCA2 genes in MCF-7 breast cancer cells [ 36 ]. In contrast to this fi nding, study 
from our group has shown that resveratrol at lower concentrations (5–50 μmol/L) 
induces DNA damage in HNSCC cells but not in normal human epidermal kerati-
nocytes, and causes S-phase arrest together with induction of Brca1 and gamma-
H2AX foci in both in vitro and in vivo models [ 66 ]. This discrepancy may be due 
to the fact that effect of resveratrol in different systems depends upon the pheno-
type of cancer cells. It should be noted that BRCA1 plays an important role in the 
maintenance of genome stability, specifi cally through the HR pathway for double-
strand DNA repair [ 61 ]. The results from a study suggest that resveratrol reduces 
the expression of these targets, blocks DNA repair mechanisms, which in turn leads 
to cell death [ 36 ] .   

19.1.5.7    Resveratrol: Clinical Studies 

 According to the US National Institute of Health, at present, several clinical trials 
are being conducted assessing the potential effects of resveratrol alone or in com-
bination with other agents on human diseases, including cancer (  http://clinicaltrials.
gov    ). Most of these clinical studies are designed to assess the therapeutic effi cacy 
of resveratrol as an antioxidant, anti-hypertensive, anti-diabetic, anti-infl ammatory, 
cardiac problems, anti-erythema, metabolic syndrome, and anticancer agent [ 62 ]. 
Red wine rich in resveratrol, has long been thought to be benefi cial in preventing 
heart disease by increasing the levels of “good” cholesterol and protecting against 
artery damage. In one of the randomized double blinded placebo controlled studies, 
50 healthy adult smokers were given 500 mg −1  resveratrol or placebo for 30 days, 
followed by a wash-out period of 4 weeks to determine the effect of resveratrol on 
endothelial function. The investigators have reported that 4 weeks of resveratrol 
treatment, signifi cantly reduced triglyceride concentration and increased antioxi-
dant status [ 4 ]. In another study resveratrol was evaluated against systemic oxida-
tive stress, which revealed that it signifi cantly increases antioxidant properties [ 6 ]. 
Similarly, high level of resveratrol is shown to inhibit CYPs and interact with 
transporters which modify the CYPs-mediated metabolism [ 72 ]. In another ran-
domized control trial by De Groote et al., the investigator evaluated the change in 
the gene expression after resveratrol (150 mg/day for 28 days) ingestion. The 
results from this study have demonstrated that genes affected include antioxidants, 
infl ammatory, stress-response and those regulating cell growth [ 11 ]. Another 
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published study with colon cancer patients receiving either 500 or 1,000 mg of 
resveratrol has shown that it decreases the expression of Ki-67 proliferation marker. 
In contrary, another study with same dose of resveratrol did not exhibit any signifi -
cant difference [ 62 ]. In a study by Howells et al., hepatic cancer patients ( n  = 3 
receiving 5 g/day for 10–21 days) receiving resveratrol prior to surgery, have shown 
that apoptosis marker (cleaved caspase 3) was signifi cantly increased in malignant 
hepatic tissues; however, there was no effect in the hepatic tissue levels of IGF-1, 
Ki-67, phospho-Akt, phospho-GSK, GSK3, phospho-ERK, ERK, β-catenin, sur-
vivin, Bcl-1, Bax, or PARP [ 27 ]. There are many mechanisms and pathways which 
are proven to be regulated by resveratrol in both preclinical and clinical studies, and 
to summarize all of these studies is beyond the scope of this chapter.   

19.1.6     Conclusions and Prospect of Resveratrol in HNSCC 

 In HNSCC, the acute toxicity associated with conventional therapies is observed in 
30–40 % of cases, thereby preventing from timely completion of therapy, affecting 
overall survival rates of the patients [ 64 ]. The results from different studies have 
revealed that only 10–20 % of patients are benefi ted from single targeted therapies, 
and remaining exhibit intrinsic resistance, thereby, limiting their clinical use [ 13 , 
 31 ,  58 ]. Furthermore, >50 % of the head and neck patients undergoing surgical 
resection of primary tumors develop loco-regional recurrence, and the molecular 
genesis driving this phenomenon of secondary tumor development is largely 
unknown. Hence, from translational viewpoint, natural agents like resveratrol have 
demonstrated promising anti-tumor and cancer chemopreventive effi cacy against 
different malignancies included head and neck cancer, by exerting pleiotropic 
effects on different signaling pathways as summarized in Fig.  19.1 . Similarly, res-
veratrol is also shown to bind to DNA, inhibit DNA polymerase α/δ, modulate 
topoisomerase and telomerase activity, induce DNA damage, and alter DNA repair 
pathways (schematically shown in Fig.  19.1 ). Considering the importance of DNA 
repair mechanism in developing resistance to DNA damaging agents, often limiting 
the therapeutic effi cacy of chemotherapy agents, it is suggestive that resveratrol 
might help to overcome drug resistance, reduce drug toxicity, and enhance effi cacy 
when used in combination with other therapeutic agents. Furthermore, considering 
the selective toxicity to cancer cells, resveratrol might be a promising chemopreven-
tive agent in a wide-range of HNSCC patients including smokers, alcoholics and FA 
patients; however, this assumption needs rigorous pre-clinical followed by clinical 
studies before resveratrol could “really” be benefi cial to the identifi ed cancer patient 
population.       
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    Chapter 20   
 The Effects of Alcohol and Aldehyde 
Dehydrogenases on Disorders 
of Hematopoiesis 

             Clay     Smith      ,     Maura     Gasparetto    ,     Craig     Jordan    ,     Daniel     A.     Pollyea    , 
and     Vasilis     Vasiliou   

    Abstract     Hematopoiesis involves the orderly production of millions of blood cells per 
second from a small number of essential bone marrow cells termed hematopoietic stem 
cells (HSCs). Ethanol suppresses normal hematopoiesis resulting in leukopenia, anemia, 
and thrombocytopenia and may also predispose to the development of diseases such as 
myelodysplasia (MDS) and acute leukemia. Currently the exact mechanisms by which 
ethanol perturbs hematopoiesis are unclear. The aldehyde dehydrogenase (ALDH) gene 
family plays a major role in the metabolism of reactive aldehydes derived from ethanol 
in the liver and other organs. At least one of the ALDH isoforms, ALDH1A1, is 
expressed at high levels in HSCs in humans, mice, and other organisms. Recent data 
indicate that ALDH1A1 and possibly other ALDH isoforms may metabolize reactive 
aldehydes in HSCs and other hematopoietic cells as they do in the liver and elsewhere. 
In addition, loss of these ALDHs leads to perturbation of a variety of cell processes that 
may predispose HSCs to disorders in growth and leukemic transformation. From these 
fi ndings, we suggest a hypothesis that the cytopenias and possible increased risk of MDS 
and acute leukemia in heavy alcohol users is due to polymorphisms in genes responsible 
for metabolism of alcohol derived reactive aldehydes and repair of their DNA adducts in 
HSCs and other hematopoietic cells. In the article, we will summarize the biological 
properties of hematopoietic cells and diseases related to ethanol consumption, discuss 
molecular characteristics of ethanol metabolism, and describe a model to explain how 
ethanol derived reactive aldehydes may promote HSC damage.  
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  Abbreviations 

   AML    Acute myeloid leukemia   
  CFU    Colony forming unit   
  HSC    Hematopoietic stem cell   
  MDS    Myelodysplasia   
  RBC    Red blood cell   

20.1           Hematopoiesis 

 The human body has at any one time about 10 12  bone marrow cells from which all 
the mature white blood cells (including lymphocytes and myeloid cells), red blood 
cells (RBCs), and platelets that comprise the hematopoietic system are generated 
[ 1 ]. The lymphocytes include T-cells, B-cells, and NK-cells all of which play critical 
roles in immunity, tumor surveillance, autoimmune diseases, immunodefi ciencies, 
organ and bone marrow transplantation as well as other processes. The T-, B-, and 
NK-cell lineages are comprised of a wide range of subpopulations and ultimately 
individual clonal populations. These share specifi c T-cell receptors, immunoglobu-
lins, and NK inhibitory receptors, respectively, leading to tremendous diversity in 
the immune repertoire. Myeloid cells include neutrophils, monocytes, eosinophils, 
and basophils, which also play critical roles in immunity, infl ammation, and other 
processes. In addition, to being very diverse, the hematopoietic system is extremely 
dynamic so that specifi c cell populations respond rapidly to a particular demand and 
then quickly return to baseline when the demand no longer exists. For example, with 
signifi cant bleeding, RBC production quickly increases and then when the hemato-
crit returns to normal levels, RBC production declines back to baseline levels. 
Similarly with a bacterial infection, neutrophil production rapidly increases and 
once the infection is under control, also returns to baseline levels. All of the blood 
cell types have limited life spans, which range from hours to days for neutrophils, a 
week for platelets, 3–4 months for RBCs, and up to decades for some T- and 
B-lymphocytes. To keep up with this constant loss of blood cells, millions of new 
blood cells are produced each second and this process typically lasts for the entirety 
of human life spans unless it is interrupted by a hematopoietic disorder. 

 The process by which all of these diverse blood cell lineages are produced in 
such a robust, dynamic, and durable fashion is termed hematopoiesis [ 2 ]. Most of 
what we know about hematopoiesis is derived from murine studies but there is some 
data from large animal and human studies to believe that hematopoiesis proceeds 
through relatively conserved and consistent processes in these different organisms. 
The current model of hematopoiesis is summarized in Fig.  20.1 . In this model, rare 
cells termed hematopoietic stem cells (HSCs) reside primarily in the bone marrow 
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and produce all of the various cell lineages through a successive series of intermedi-
ate cells termed progenitors [ 3 ]. The HSCs have tremendous replicative capacity 
and can produce all the progenitors, which ultimately yield lymphocytes, myeloid 
cells, RBCs, and platelets. In contrast, hematopoietic progenitors have progres-
sively restricted capacity to divide and to yield multiple lineages. For example, there 
are common lymphoid progenitors that can produce T-, B-, and NK-cells but not 
myeloid cells. Downstream of these are more restricted T-cell progenitors that can 
produce T-cells but not B- or NK-cells. Ultimately, terminally differentiated cells 
are produced which can no longer divide and are pre-programmed to undergo apop-
tosis or be scavenged by various cells within the reticuloendothelial system.  

 Hematopoiesis is governed by a complex set of intrinsic coordinated gene 
expression processes that can be strongly infl uenced by a variety of environmental 
factors, which include cytokines, chemokines, direct cell contact with other cell 
types, and tissue oxygen levels. Particularly important is the bone marrow 
 microenvironment, which is very complex with a wide array of growth, differentia-
tion, migration, and other signals constantly bathing the HSCs and progenitors and 
infl uencing their growth and development [ 4 ].  

  Fig. 20.1    Hematopoiesis. The current model of hematopoiesis is depicted below. In this model 
hematopoietic cells are derived from a small number of HSCs that progress through a series of 
progenitors that are characterized by progressive restriction of the ability to proliferate and gener-
ate different hematopoietic progenitors.  HSC  hematopoietic stem cells,  CLP  common lymphoid 
progenitor,  CMP  common myeloid progenitors,  G  granulocytes,  M  monocytes,  P-B  pre-B cells, 
 GMP  granulocyte macrophage progenitor, myelo-erythroid progenitor       
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20.2     Myelodysplasia and Acute Leukemia 

 Given the tremendous amount of cell turnover and the complex intracellular and 
 environmental regulation of hematopoiesis, it is not surprising that there are a number 
of hematopoietic disorders ranging from low blood counts (cytopenias) to myelodys-
plasia (MDS) and acute leukemia. MDS is a spectrum of disorders of blood produc-
tion, typically characterized by anemia, neutropenia, or thrombocytopenia and a 
tendency to transform into acute leukemia [ 5 ]. The natural history of MDS ranges 
from indolent and stable for years to rapidly progressive with death occurring within 
months from infections, bleeding or evolution to acute leukemia. Approximately 
15,000 people, most in their 60s and older, develop MDS in the USA each year. 
The known environmental associations with MDS include exposure to benzene, 
 radiation, and prior chemotherapy treatment of other malignancies but in most 
patients, there is not an obvious cause. The treatment of MDS depends on whether it 
is considered low risk or high risk for progression and death. Low risk patients may 
require no treatment or may need transfusions, growth factor administration, or treat-
ment with hypomethylating agents such as azacytidine, which broadly effect gene 
expression patterns. High risk MDS is treated with allogeneic stem cell transplanta-
tion if the patient is fi t enough to be able to tolerate this aggressive form of therapy. 

 Acute leukemia comes in two major versions, acute myeloid leukemia (AML) 
and acute lymphoblastic leukemia (ALL). These are likely derived from malignant 
transformation of myeloid and lymphoid hematopoietic progenitors, respectively, 
although some evidence indicates that in some cases, leukemic transformation may 
occur at the level of the HSC. Approximately 14,000 people develop AML each year 
and it typically effects people in their 60s or older although it can develop at any age. 
AML is also a wide range of diseases, driven by a variety of different molecular 
processes [ 6 ]. Most patients with AML are treated with chemotherapy and patients 
deemed at high risk for relapse but otherwise fi t are further treated with an allogeneic 
stem cell transplant in an effort to reduce the chances of relapse. Overall    about 
30–40 % of patients with AML can be cured; however there is great variation depend-
ing on the genetic abnormalities in the AML and the age and fi tness of the patient. In 
patients with high risk cytogenetic features, <5–10 % of patients can be cured [ 7 ]. In 
contrast, ALL occurs more commonly in children although it can occur in adults of 
any age as well [ 8 ]. Approximately 6,000 people are diagnosed per year with ALL, 
and in childhood the majority of patients are now cured with prolonged courses of 
multiple chemotherapy agents. However, in adults the cure rate is much lower, largely 
due to relapse of the disease. Patients deemed at high risk for relapse after treatment 
with chemotherapy alone are treated with  allogeneic stem cell transplantation.  

20.3     The Effects of Alcohol on Hematopoiesis 

 Heavy and prolonged alcohol use has long been known to cause cytopenias includ-
ing anemia, leukopenia, and thrombocytopenia. In a group of heavy alcohol users, 
anemia occurred in around half and thrombocytopenia and leukopenia were also 
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common [ 9 ]. A variety of abnormalities in red cell size and structure have been 
observed including increased RBC cell volume and the development of abnormal 
RBCs including macrocytes, stomatocytes, and others. Morphologic analysis of 
bone marrow samples revealed vacuolization and other abnormalities indicative of 
toxic effects [ 9 – 11 ]. In addition to suppression of red cells, platelet, and neutrophils, 
alcohol may also suppress B-cell development and thereby impact immunity [ 12 ]. 
Ethanol and its primary reactive metabolite acetaldehyde (Fig.  20.2 ) also signifi -
cantly suppress neutrophil and macrophage function and increase intracellular reac-
tive oxygen species (ROS) [ 13 ].  

 The toxic effects of alcohol on hematopoiesis are compounded by other factors 
including concomitant medications and illnesses. For example, in a murine model 
of HIV, chronic administration of ethanol for 7 weeks resulted in a substantial 
reduction in erythroid and myeloid progenitors, which was worsened by expression 
of HIV proteins in hematopoietic cells or by treatment with the HIV drug azidothy-
midine (AZT). This study indicates that ethanol ingestion in HIV-1-infected indi-
viduals, particularly those on antiretroviral drugs, might increase bone marrow 
toxicity and contribute to HIV-1-associated hematopoietic impairment [ 14 ]. In part 
this may be due to the adverse effects of AZT on mitochondrial DNA replication 
that may be additive to the known deleterious effects on other aspects of mitochon-
drial function [ 15 ,  16 ]. Similarly, in mice exposed to ethanol and benzene, another 
marrow toxin, a variety of abnormalities in RBC production were noted [ 17 ]. 

 The cytopenias from alcohol have been investigated in both animal models and 
in human in-vitro models of hematopoietic cell growth. Laboratory measurements 
of hematopoietic progenitor cell growth such as colony forming (CFU) assays dem-
onstrate sensitivity to ethanol and an even more marked inhibition by acetaldehyde. 
Suppression of erythroid progenitors occurred more readily than suppression of 
myeloid progenitors [ 18 ], which may partially explain why anemia is more com-
mon than leukopenia in heavy alcohol users. In contrast, suppression of primitive 
multipotent progenitors was relatively minimal with concentrations of ethanol and 
acetaldehyde that suppressed more committed myeloid and erythroid progenitor 
cells. These fi ndings indicated that suppression of hematopoiesis by alcohol 
occurred primarily at the level of committed hematopoietic progenitors, there was 
differential sensitivity of myeloid and erythroid progenitors to alcohol and that both 
ethanol and acetaldehyde played roles in the development of cytopenias following 
alcohol use [ 18 ]. The effects of ethanol specifi cally on platelet formation have also 

  Fig. 20.2    Role of ALDHs in ethanol metabolism.  ALDH  aldehyde dehydrogenase,  ADH  alcohol 
dehydrogenase       
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been investigated. Immature megakaryocyte progenitors as measured in CFU assays 
had a dose dependent suppression by ethanol. In contrast, acetaldehyde did not 
inhibit more mature megakaryocytes unless very high concentrations were used 
while they retained sensitivity to ethanol [ 19 ,  20 ]. 

 In addition to suppressing baseline hematopoiesis, chronic ethanol may also 
block the dynamic response of hematopoiesis to demands such as infections. In a 
murine model, long-term ethanol exposure blocked the increase in blood granulo-
cyte counts normally associated with intrapulmonary inoculation with  S. pneu-
moniae . This suppression was associated with a signifi cant decrease in bone marrow 
myeloid progenitor cell proliferation and was accompanied by increased STAT3 
phosphorylation. In addition, ethanol increased G-CSF induced activation of the 
STAT3–p27 Kip1  pathway in a mouse hematopoietic progenitor cell line while inhibit-
ing growth proliferation and inducing cell cycle arrest [ 21 ]. Similarly, in a murine 
model of pneumonia, ethanol exposure impaired the pneumococcal-induced 
increase in neutrophil recruitment into the alveolar space, decreased bacterial clear-
ance from the lung, and increased mortality from pneumonia. At least part of this 
was due to impaired proliferation of early marrow hematopoietic progenitors [ 22 ]. 
In addition to these direct effects of alcohol on hematopoiesis, indirect effects may 
occur as well. For example, ethanol has been shown to decrease the production of 
growth factors from T-cells which are important for normal hematopoiesis [ 23 ]. The 
exact molecular mechanisms by which ethanol and acetaldehyde suppress hemato-
poiesis remain unknown. Several lines of evidence implicate the formation of reac-
tive aldehyde adducts with proteins, DNA, and other cellular constituents as part of 
the mechanism. In immunohistochemical analysis of erythroid cells from blood and 
marrow from patients with heavy ethanol use, acetaldehyde adducts occurred on 
both the cell membrane and intracellularly [ 24 ,  25 ]. 

 Together   , these fi ndings demonstrate that ethanol and its metabolite acetalde-
hyde have wide ranging direct and indirect effects on hematopoiesis, immunity, and 
cell function that in part be mediated by adduct formation by acetaldehyde. 

20.3.1     Alcohol and the Risk of MDS and Leukemia 

 Given the wide-spread deleterious effects of ethanol on the hematopoietic system, 
associations with the development of MDS and leukemia have been investigated in 
a number of epidemiologic and laboratory studies. In a case controlled Japanese 
study, alcohol consumption was associated with approximately a twofold increase 
in the risk of MDS and this risk was dose dependent [ 26 ]. An Italian population 
based case control study demonstrated that there may be an increased incidence of 
AML in people consuming high levels of alcohol [ 27 ]. A hospital case control study 
in Shanghai also demonstrated that alcohol may be a possible risk factor for the 
development of AML [ 28 ]. In contrast, in a US population based case control inter-
view study, there was a mildly increased risk for MDS and leukemia in alcohol 
users, which did not reach statistical signifi cance [ 29 ]. In patients in the USA with 
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AML and known pre-existing MDS, no association was found with alcohol use 
[ 30 ]. Similarly, in a large cohort study from the Netherlands no association with the 
development of AML was observed with ethanol while the association with MDS 
was not examined [ 31 ]. Together, these epidemiologic studies are inconsistent so 
that it currently remains unclear whether there is an association between alcohol use 
and development of MDS and leukemia. 

 In laboratory studies, there is more consistent and clear evidence that ethanol and 
acetaldehyde can lead to AML development. In mice genetically engineered to be 
defi cient in the acetaldehyde metabolizing enzyme Aldh2 and the DNA repair 
enzyme Fancd2 (which is responsible in part for repairing acetaldehyde induced 
DNA crosslinks), ethanol exposure led to bone marrow failure and spontaneous 
AML development [ 32 ]. In follow-up studies, Aldh2 and Fancd2 defi cient mouse 
HSCs were found to be the more sensitive to damage by reactive aldehydes than 
more committed progenitors. This further confi rmed that reactive aldehydes from 
both exogenous and endogenous sources might play an important role in HSC biol-
ogy. In addition, these studies indicated that congenital bone marrow disorders with 
a propensity to bone marrow failure and AML development, such as Fanconi’s ane-
mia (which is caused by defi ciency of Fancd2), might also be caused by excess 
accumulation of reactive aldehydes [ 33 ]. In support of this possible explanation for 
human diseases of the marrow, Japanese Fanconi’s anemia patients with polymor-
phisms in ALDH2 that affected enzymatic function had accelerated progression to 
bone marrow failure compared to their counterparts with normal aldehyde dehydro-
genase (ALDH) activity [ 34 ]. These studies show that the affect    of alcohol on hema-
topoietic cells including HSCs may be complex and at least in part be dependent on 
the presence or absence of defi ciencies in DNA repair enzymes like FancD2 and 
acetaldehyde metabolizing enzymes including the ALDHs.   

20.4     ALDH and HSCs 

 As discussed elsewhere in this volume, ALDHs play a key role in metabolizing 
alcohol (Fig.  20.2 ). ALDH activity is higher in HSCs compared to more mature 
progenitors and most differentiated hematopoietic cells. Based on this distinction, a 
fl uorescent ALDH substrate termed Aldefl uor has been developed that is useful in 
the isolation of human hematopoietic cells as well as stem cells in other tissues and 
species [ 35 ]. In studies investigating the biology of ALDHs in HSCs and other 
hematopoietic cells, Aldefl uor was found to be primarily a substrate for the 
ALDH1A1 isoform and to a lesser extent the ALDH3A1 isoform while other studies 
have also found it is a substrate for ALDH2 as well [ 36 ,  37 ]. Surprisingly, however, 
loss of ALDH1A1 in hematopoietic cells did not lead to any clear phenotype [ 38 ]. 
However, loss of ALDH1A1 led to an increase in expression in the ALDH3A1 iso-
form, presumably as a compensatory mechanism [ 36 ]. When mice defi cient in both 
ALDH1A1 and ALDH3A1 were examined, there were a wide range of hematopoi-
etic defects under baseline conditions including a block in B-cell development as 
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well as abnormalities in cell cycling, intracellular signaling, and gene expression 
along with reduced numbers of HSCs. Intriguingly, hematopoietic cells from these 
mice had increased ROS and reduced metabolism of the reactive aldehyde 
4-hydroxynonenal and sensitivity to DNA damage from these agents [ 36 ]. Together 
these fi ndings further support a role for ALDHs in HSCs in metabolizing endoge-
nous and exogenous reactive aldehydes such as acetaldehyde derived from ethanol.  

20.5     A Possible Model for Ethanol Induced Bone Marrow 
Damage and Development of MDS/AML 

 Clearly, the understanding of the effects of alcohol on hematopoiesis and the devel-
opment of cytopenias, MDS, and AML is at a very early stage with much that is 
unclear. However it is possible that there is an important but complex association 
between ethanol derived reactive aldehydes and bone marrow disease states. One 
testable hypothesis that links the various fi ndings discussed above is that ethanol 
derived acetaldehyde forms protein and DNA adducts but that these species are 
more prevalent (and therefore more damaging) in people with reduced ALDH activ-
ity or reduced DNA adduct repair activity (see Fig.  20.3 ). This would be consistent 
with the prior fi ndings that hematopoietic progenitors appear to be more sensitive to 
ethanol and acetaldehyde than HSCs, possibly because HSCs normally have high 
levels of ALDH activity that effectively metabolize acetaldehyde to acetate so that 
DNA and protein adducts do not accumulate. Similarly with high levels of DNA 
repair activity in HSCs, any DNA adducts that form may be readily corrected. 
However people with insuffi cient ALDH or DNA repair activity in HSCs may be 
more susceptible to accumulating DNA damage from ethanol-derived acetaldehyde. 
Ultimately the DNA damage could lead to mutagenesis and the development of 
MDS and AML.  

 There are known polymorphisms in the DNA repair proteins that predispose to 
leukemia formation as well as polymorphisms in ALDHs that may increase risk of 
other cancers [ 39 ,  40 ]. If the above model is correct, then people with these poly-
morphisms could be specifi cally vulnerable to the effects of ethanol. These rela-
tively small populations may not be obvious in large epidemiologic studies, where 
larger, less susceptible populations may dilute their contribution to the overall risk 
assessments. This hypothesis could be tested both in the laboratory and in future 
epidemiologic studies. For example, in the laboratory, it will be interesting to test 
whether mice engineered to have various combinations of ALDH defi ciencies with 
and without DNA repair defi ciencies are prone to MDS and AML development fol-
lowing exposure to ethanol. In population studies, it would be useful to test persons 
with MDS and AML for known polymorphisms in ALDHs and DNA repair genes 
along with ethanol use and look for associations. If these studies confi rm that there 
are defi ned populations specifi cally susceptible to hematopoietic damage by alco-
hol, then perhaps simple clinical tests can be developed to readily identify these 
persons in order to help them mitigate their risks from ethanol use. 
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 In summary, the intersection between alcohol, reactive aldehydes, HSCs, and 
hematopoiesis may be complex but improved understanding of these relationships 
could lead to new approaches to preventing alcohol related blood disorders as well 
as new insights into the biology of the blood system and stem cells.     
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    Chapter 21   
 The Effect of Alcohol on Sirt1 Expression 
and Function in Animal and Human Models 
of Hepatocellular Carcinoma (HCC) 

             Kyle     J.     Thompson     ,     John     R.     Humphries     ,     David     J.     Niemeyer     , 
    David     Sindram     , and     Iain     H.     McKillop     

    Abstract      Introduction : Chronic heavy alcohol use is an independent risk factor for 
developing hepatocellular carcinoma (HCC). Sirtuin-1 (Sirt1) is a NAD + -dependent 
deacetylase implicated in alcohol-induced liver injury and overexpressed in human 
HCC. The aims of this study were to investigate Sirt1 expression in mouse models 
of HCC and chronic EtOH-feeding, and in human HCC cells expressing alcohol 
metabolizing enzymes. 

  Methods : C57BL/6 and B6C3 mice were injected with DEN and randomized to 
receive drinking water (DW) or EtOH-DW for 8 weeks at 36 weeks. Livers were 
analyzed for HCC incidence, size, and Sirt1 expression. In parallel, human HepG2 
cells or HepG2 cells transfected to express ADH and CYP2E1 (VL-17a cells) were 
treated with alcohol (0–50 mM) and/or CAY10591 (Sirt1 activator) or EX-527 
(Sirt1 inhibitor). 

  Results : B6C3 mice exhibited signifi cantly elevated Sirt-1 expression vs. C57BL/6 
mice and Sirt-1 expression was elevated in HCC vs. non-tumor liver. However, 
EtOH-feeding did not further affect Sirt1 expression in mice of either background 
despite EtOH increasing HCC size and incidence in B6C3 mice. In vitro ,  EtOH 
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treatment signifi cantly decreased Sirt1 expression in VL-17a-cells and stimulated 
cell growth, an effect not observed in HepG2 cells. The effects of ethanol on VL-17a 
cells were abrogated by pretreatment with CAY10591. 

  Conclusions : Sirt1 expression correlates with susceptibility to form HCC, but is not 
further affected by alcohol feeding. Conversely Sirt1 expression and function is 
impacted by alcohol metabolism capacity in human HCC cells in vitro. These 
 discrepancies in Sirt1-expression-function may refl ect differences in enzyme 
expression compared to activity, or more complex changes in genes targeted for 
deacetylation during tumor progression in the setting of chronic alcohol ingestion.  

  Keywords     Hepatocellular carcinoma   •   Sirt1   •   Ethanol   •   HepG2  

21.1        Introduction 

 Primary tumors of the liver represent the third leading cause of cancer-related mor-
tality worldwide and are among the most rapidly increasing types of cancer diag-
nosed [ 1 ]. Hepatocellular carcinoma (HCC) comprises approximately 80 % of all 
primary liver tumors and their incidence correlates strongly with exposure to known 
risk factors, including viral hepatitis B and C infection, afl atoxin exposure, obesity, 
and chronic alcohol consumption [ 2 ]. Despite advances in diagnosis and therapy for 
HCC late presentation and a lack of transplantable organs results in poor prognoses, 
5-year survival for all HCC cases remaining at a dismal 15–20 % [ 1 ]. 

 Alcohol consumption has long been noted to be associated with development of 
cancers, with 3.6 % of all cancers attributable to alcohol consumption, and men 
experiencing a 3:1 higher ratio of alcohol-related cancers than women [ 3 ,  4 ]. 
Moderate to high alcohol consumption (≤80 g/day) is a risk factor for a range of 
cancers, including the oral cavity, larynx, esophagus, and liver among other organs 
[ 5 ]. Although heavy consumption is most commonly associated with cancer risk, 
reports also suggest light alcohol consumption (<12.5 g/day; equivalent to approxi-
mately 1 drink/day) is also associated with elevated risk for oral-pharyngeal, breast, 
and esophageal cancers, but not liver cancer [ 6 ]. Furthermore, it is widely reported 
that alcohol acts synergistically with other established HCC risk factors [ 7 ,  8 ]. 

 Following consumption, the majority of alcohol (~80 %) is absorbed in the 
small intestine and metabolized primarily by hepatocytes in the liver. Following 
short- term and acute alcohol consumption, alcohol dehydrogenase (ADH) metabo-
lizes the majority of alcohol to acetaldehyde with concomitant reduction of nicotin-
amide adenine dinucleotide (NAD+) to NADH [ 9 ]. Acetaldehyde is then 
metabolized to acetate by acetaldehyde dehydrogenase (ALDHs), with acetate 
being further metabolized to acetyl-coA and entry into the citric acid cycle [ 10 ]. 
Following chronic, heavy alcohol consumption, induction of CYP2E1 occurs. In 
addition to acetaldehyde production, CYP2E1 metabolism of alcohol also yields 
reactive oxygen species (ROS), including hydroxyethyl radicals [ 9 ,  11 ]. Alcohol-
dependent production of ROS and acetaldehyde can in turn lead to peroxidation 
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and/or adduct formation occurring in multiple cellular components including DNA 
(e.g., N 2 -ethyl-2′-deoxyguanosine, N 2 -propano-2′-deoxyguanosine), protein, and 
lipids (e.g.,  malondialdehyde and 4-hydroxynonenal) [ 12 ,  13 ]. 

 Alcohol metabolism can have additional consequences through the disruption of 
NAD+ reduction states. Sirtuin-1 (Sirt1) is an NAD+-dependent class III histone 
deacetylase that acts as a metabolic “sensor,” and is implicated in regulating a wide 
range of intracellular processes including aging, DNA repair, apoptosis, infl amma-
tion, and energy production and storage [ 14 ]. Sirt1 activity is regulated by the 
imbalance of the NAD+-NADH ratio, and accumulation of the NAD+ degradation 
product, nicotinamide (NAM) [ 15 ]. Impairment of Sirt1 activity leads to sustained 
acetylation of Sirt1 target transcription factors which acts to either increase (e.g., 
sterol regulatory element-binding protein-1c (SREBP-1c), nuclear factor kappa-
light- chain-enhancer of activated B cells (NF-κB), and p53), or repress their activity 
(e.g., Peroxisome proliferator-activated receptor gamma co-activator 1-α (PGC-1α)) 
[ 16 ]. Within the liver, these actions can result in the increased lipogenesis and 
infl ammation, concomitant with decreased gluconeogenesis, promoting steatosis 
and liver injury [ 16 ]. Furthermore, alcohol treatment has been shown to diminish 
Sirt1 protein expression and activity, as well as the expression of known down-
stream Sirt1 targets [ 17 – 19 ]. 

 However, the role of Sirt1 in HCC suggests increased Sirt1 activity, may be, 
promote liver tumor progression and studies report a correlation between Sirt1 over-
expression in HCC patients and poor prognosis. Similarly, in an in vivo xenograft 
model of HCC tumor growth was impaired by inhibition of Sirt1 [ 20 – 22 ]. These 
in vivo studies are further complimented by cell culture studies that report decreased 
cell proliferation following inhibition of Sirt1 [ 20 ,  23 ]. The aims of the current stud-
ies were to examine the effect of alcohol and alcohol metabolism on expression and 
function of Sirt1 during HCC progression using in vivo and in vitro models of hepa-
tocarcinogenesis [ 24 ,  25 ].  

21.2     Materials and Methods 

  Assurances : Male C57BL/6 (21 days) and B6C3 (21 days) were purchased from 
Jackson Laboratories (Bar Harbor, ME). All studies were approved by the 
Institutional Animal Care and Use Committee and conformed to the NIH Guidelines 
for Care and Use of Laboratory Animals. 

  Materials : Diethylnitrosamine (DEN) and ethanol were purchased from Sigma- 
Aldrich (St. Louis, MO). Antibodies against ADH, aldehyde dehydrogenase 1/2 
(ALDH), cytochrome P450 2E1 (CYP 2E1), and β-actin were purchased from Santa 
Cruz Biotechnology (Santa Cruz, CA). An antibody against sirtuin-1 (Sirt1) was 
purchased from Abcam (Cambridge, MA). The Sirt1 inhibitor EX-527 was pur-
chased from Cayman Chemical (Ann Arbor, MI). Dulbecco’s Modifi ed Eagle 
Medium (DMEM), Penicillin/Streptomycin, Zeocin, G-418 and CyQuant Assay 
were purchased from Life Technologies (Grand Island, NY). Heat-inactivated Fetal 
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Bovine Serum (FBS) was purchased from Gemini Bio Products (West Sacramento, 
CA). EnzyChrom Ethanol Assay Kit was purchased from BioAssay Systems 
(Hayward, CA). 

  Animal models : The effects of chronic ethanol feeding on HCC progression were 
investigated in two strains of mice. Male C57BL/6 mice were injected intraperitone-
ally with either 5 mg/kg DEN (in 100 μL of sterile olive oil) or an equal volume of 
sterile olive oil alone at 21-day-old. In a parallel study series, male B6C3 mice were 
injected with either 3 mg/kg DEN in 100 μL of sterile olive oil, or an equal volume 
of sterile olive oil alone when 21-day-old. Mice were maintained with ad libitum 
access to standard rodent chow and on a 12 h light/dark cycle. At 35 weeks mice 
were randomized and weaned onto a 10 %/20 % (v/v) ethanol-drinking water 
(EtOH-DW) regiment (alternate days) or maintained on drinking water (DW) alone. 
At 42 weeks, mice were euthanized and whole blood was collected in Sodium- 
EDTA Vacutainers (BD, Franklin Lakes, NJ), and plasma separated by centrifuga-
tion. The liver was resected and examined grossly for visible lesions and 
representative sections taken from the left, right, median, and caudate lobes and 
either placed in neutral-buffered formalin for histology/immunohistochemistry or 
snap frozen in liquid nitrogen and stored (−80 °C) for subsequent analyses. 

  Immunohistochemistry : Tissue sections (4 μm) were de-paraffi nized, rehydrated, 
subjected to antigen retrieval, and blocked with donkey serum in a humidifi ed 
chamber [ 24 ]. Sections were incubated with a rabbit anti-Sirt1 antibody (1:1,000 
dilution) and detection performed using an anti-goat IgG probe polymer kit with 
Betazoid DAB and counterstained with methyl green. Five random fi elds/section 
were examined microscopically (×200), photographed, and blind scored for Sirt1- 
positive staining. 

  Cell culture : The human HepG2 hepatoma cell line was purchased from ATCC 
(Manassas, VA). The HepG2 E47 cell line (E47) overexpresses human CYP 2E1 
and was obtained as a generous gift from Dr. Arthur Cederbaum (Mt Sinai School 
of Medicine, NY, NY) [ 26 ]. The HegG2 VA-13 and VL-17a cell lines, that overex-
press human ADH and human ADH/CYP 2E1 respectively, were obtained as a gen-
erous gift from Dr. Dahn Clemens (University of Nebraska Medical Center, Omaha, 
NE) [ 27 ,  28 ]. Cells were maintained in DMEM supplemented with 10 % (v/v) FBS 
and Penicillin/Streptomycin antibiotics at 37 °C in a 5 % CO 2  incubator. Media for 
E47 cells was supplemented with G-418 (400 μg/mL), VA-13 cells with Zeocin 
(400 μg/mL), and VL-17a with G-418 and Zeocin (400 μg/mL). For proliferation 
experiments, cells were seeded at 5,000 cells/well in 96-well plates and maintained 
overnight in growth media; however, selective antibiotics G-418 and Zeocin were 
withdrawn. Cells were then subjected to serum depletion for 24 h with 0.1 % 
(v/v) FBS. 

 To determine the effects of Sirt1 activity on EtOH-dependent HCC cell prolifera-
tion, cells were pretreated for 1 h with either a Sirt1 activator (CAY; CAY10591, 
5 μM) or Sirt1 inhibitor (EX; EX-527, 5 μM) [ 29 ,  30 ]. Cells were then treated with 
or without EtOH (25 mM) for 24 h. One percent volume to volume FBS (FBS) was 
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utilized as a positive control for proliferation. Proliferation was measured using the 
CyQuant assay was performed according to the manufacturer’s specifi cations as 
previously [ 31 ]. 

  Ethanol assay : Cells seeded in T25 screw-cap fl asks were subjected to serum deple-
tion in 0.1 % (v/v) FBS for 24 h. Cells were then treated with 50 mM EtOH for 24 h. 
A fl ask containing growth media plus 50 mM EtOH alone was used as a control for 
evaporation of EtOH. Following time point, 100 μL aliquots of growth media were 
taken and immediately fl ash-frozen and stored in screw-cap vials until EtOH assay 
was performed. EtOH assay was performed according to the manufacturer’s speci-
fi cations as previously [ 25 ]. 

  Western blotting : Following treatment, cells were washed with phosphate- buffered 
saline (PBS, 4 °C) and whole-cell lysates were prepared using radioimmunoprecipi-
tation assay buffer (RIPA; 1 % (v/v) NP-40, 0.5 % (v/v) deoxycholate, 0.1 % (w/v) 
SDS, 0.5 mM phenylmethylsulfonyl fl uoride, 0.05 mM Na 3 V0 4 , 2 μg/mL aprotinin 
in PBS). For whole liver, lysates were homogenized in RIPA buffer and centrifuged 
to remove non-soluble debris (13,000 ×  g , 5 min, 4 °C). Protein concentrations were 
determined using Bradford Assay, pooled, and Western blot analysis and detection 
performed as previously reported [ 32 ]. Primary antibodies were diluted 1:1000 in 
5 % (v/v) non-fat dry milk diluted in TBS Tween (NFDM-TBST) and incubated 
overnight (4 °C). Secondary antibodies were diluted 1:5,000 in 5 % NFDM-TTBS 
for 1 h at room temperature. 

  Statistical analysis : Data are expressed as mean ± SEM. Statistical analysis was per-
formed using one-way ANOVA with Tukey’s post-test or Fisher’s Exact Test using 
GraphPad Prism V5.0b (La Jolla, CA). A  p  value < 0.05 was considered signifi cant.  

21.3     Results 

  Sirt1 expression in mouse models of EtOH-feeding and HCC : The expression and 
localization of Sirt1 was undertaken in two mouse models of HCC progression in 
the setting of chronic EtOH-feeding. DEN administration induced tumors in 85.7 % 
of B6C3 mice compared to 60 % of C57BL/6 mice. Induction and maintenance on 
an EtOH-DW regiment at 36 weeks of age further increased tumor incidence in 
B6C3 mice (92.9 %) (Fig.  21.1a ). In contrast, we measured a statistically signifi cant 
( p  < 0.05) decrease in tumor incidence in C57BL/6 mice (44.4 %) maintained on 
EtOH-DW (Fig.  21.1a ). No tumors were observed in mice injected with vehicle 
(sterile olive oil,  i.p. ), either with or without EtOH-DW, in either strain over the 
44-week experimental period (Fig.  21.1a ). Gross analysis of liver tissue revealed 
livers from DW-EtOH mice and from C57BL/6 mice had relatively small lesions as 
compared to similarly treated B6C3 mice. Induction and maintenance on the 
EtOH-DW regimen did not affect tumor size in C57BL/6 mice. In contrast 8 weeks 
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of ethanol consumption signifi cantly promoted tumor progression in similarly 
DEN-initiated B6C3 mice (Fig.  21.1b ). Immunohistological staining of liver sec-
tions demonstrated signifi cantly increased Sirt1 nuclear staining in hepatocytes of 
B6C3 mice treated with DEN compared to vehicle-injected mice ( p  < 0.05); how-
ever, EtOH-DW regimen had no additional effect (Fig.  21.2a, b ). Western blot anal-
ysis of Sirt1 from pooled liver extracts showed poor correlation with IHC results, 
with the strongest Sirt1 expression being measured in Veh-DW B6C3 mice and 
DEN-DW C57BL/6 mice (Fig.  21.2c, d ).   

  EtOH treatment on Sirt1 expression in HCC cell lines : To validate expression of 
EtOH-metabolizing enzymes, Western blot analysis was performed on lysates from 
HepG2, VA-13, E47 and VL-17a cell lines. As expected, ADH expression was 
strongest in VA-13 and VL-17a cells, and CYP 2E1 expression was strongest in E47 
and VL-17a cells, although weak expression was detected in HepG2 and VA-13 cell 
lines (Fig.  21.3a ).  

 Cells were treated with 50 mM EtOH for 24 h to evaluate ethanol-metabolizing 
capacity. HepG2 cells had minimal EtOH-metabolizing capacity while ADH- 
expressing VA-13 and VL-17a cells had highest EtOH-metabolizing capacity, and 
E47 cells displayed intermediate capacity (Fig.  21.3b ). 

 Treatment of cells with increasing concentrations of EtOH (0–100 mM, 24 or 
48 h) demonstrated no signifi cant change in Sirt1 protein expression in HepG2 cells 
(Fig.  21.3b ). However, treatment of VA-13 (24 and 48 h), E47 (48 h), and VL-17a 
cell lines (48 h) demonstrated decreased Sirt1 expression in a dose-dependent man-
ner, increased effect (decreased Sirt1 protein) being detected at increasing doses of 
EtOH (Fig.  21.3c ). 

  Fig. 21.1    Tumor incidence in two models of HCC and EtOH consumption. ( a ) Twenty-one-day- 
old male C57BL/6 or B6C3 mice were injected with vehicle (Veh; 100 μL sterile olive oil) or 
DEN (5 mg/kg, C57BL/6; 3 mg/kg B6C3). At 35 weeks mice were weaned onto either 10 %/20 % 
(v/v) alternate day ethanol in drinking water (EtOH) or drinking water alone (H 2 O) until 42 
weeks. Tumors formed in only 60 % of C57BL/6 mice, an effect that was mildly suppressed by 
EtOH (44.4 %). Tumor incidence was 85.7 % and 92.9 % respectively for B6C3 mice injected 
with DEN or DEN plus EtOH regimen, which was signifi cantly higher than C57BL/6 mice. 
* p  < 0.05 vs. C57BL/6 EtOH DEN ( b ) Tumors were much larger in B6C3 DEN mice than 
C57BL/6 mice, an effect exacerbated by EtOH in B6C3 animals alone. No tumors were identifi ed 
in Veh-injected mice       
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  Fig. 21.2    Sirt1 expression in mouse models of HCC and EtOH consumption. ( a ) Representative 
Sirt1 IHC of hepatic sections (×200 magnifi cation) from C57BL/6 and B6C3 mice injected with or 
without DEN and placed on EtOH or drinking water alone. Sirt1 expression was higher in B6C3 
mice vs. C57BL/6 mice. DEN administration caused a signifi cant increase in Sirt1 expression in 
B6C3 mice only. No effect due to EtOH was observed. ( b ) Data from Sirt1 IHC scoring in graph 
format. * p  < 0.05 vs. Veh-injection (B6C3 mice). ( c ) Representative Western blot for Sirt1 expres-
sion from pooled liver lysates. ( d ) Quantitative of bands following normalization with β-actin 
showed increased Sirt1 expression in B6C3 Veh-injected mice, in contrast to IHC fi ndings. 
Likewise, increased Sirt1 expression was detected in DEN-injected C57BL/6 mice       

  Fig. 21.3    EtOH metabolism and effect on Sirt1 expression in HCC cell lines varying in EtOH 
metabolism capacity. ( a ) Representative Western blots from HepG2, VA-13, E47 and VL-17a HCC 
cell lines. ADH expression was highest in VA-13 and VL-17a cells, with minimal expression in 
HepG2 and E47 cell lines. ALDH was expressed highest in E47 and VL-17a cell lines and CYP 
2E1 had highest expression observed in E47 and VL-17a cells. ( b ) Sirt1 expression from HCC cell 
lines treated with 0–100 mM of EtOH for 24 and 48 h.    Western blots for Sirt1 showed no effect on 
Sirt1 expression was seen in HepG2 cells; however, decreases were seen in VA-13 (24 and 48 h), 
E47 (48 h), and VL-17a cell lines (48 h)       
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  Effects of EtOH and Sirt1 activity on HCC cell line proliferation : To determine if 
changes in Sirt1 expression affect proliferation of HCC cells lines with varying 
capacities to metabolize EtOH, HepG2, VA-13, E47, and VL-17a HCC cells were 
treated with or without EtOH (25 mM) in the absence or presence of a Sirt1 activa-
tor (CAY10591, 5 μM) or inhibitor (EX-527, 5 μM) (24 or 48 h). HepG2 cells, 
which have low EtOH-metabolizing capacity, had no signifi cant change in 
 proliferation at 24 h with the exception of cells treated EX-527, which signifi cantly 
increased proliferation. At 48 h, there was a signifi cant reduction in cell prolifera-
tion following CAY10591 treatment, while cells pretreated with EX-527 (Fig.  21.4a ) 
exhibited signifi cant increases in proliferation. We next treated VA-13 with the 

  Fig. 21.4    Effect of Sirt1 modulation on proliferation in HCC cell lines with varying EtOH metab-
olism capacity. Cell lines were treated with or without 1 % FBS (FBS), 25 mM EtOH (EtOH), 
5 μM CAY 10591 (CAY), 5 μM EX-527 (EX) or no treatment (CTRL) ( a ) HepG2 had no signifi -
cant changes at 24 h except for treatment with the Sirt1 inhibitor EX-527, which signifi cantly 
increased proliferation. At 48 h, there was a signifi cant reduction in proliferation with CAY treat-
ment, and signifi cant increases in proliferation with EX. * p  < 0.05 vs. CTRL, EtOH, CAY, 
CAY + EtOH  #  p  < 0.05 vs. FBS, CAY, EX, EX + EtOH ( b ) We next treated with VA-13 and observed 
reduction in proliferation with CAY at both 24 and 48 h; however, there were no signifi cant 
changes in other treatment groups, including EX. * p  < 0.05 vs. EX + EtOH  #  p  < 0.05 vs. CAY, 
CAY + EtOH ( c ) Treatment of the CYP 2E1-only overexpressing cell line, E47, showed increased 
proliferation at 48 h with X treatment; however, no signifi cant decrease in proliferation was seen 
with CAY at either time point.  #  p  < 0.05 vs. EX + EtOH ( d ) We then examined VL-17a cells and 
detected signifi cant differences in proliferation between EX-treated cells and CTRL cells at 48 h, 
as well as between EX- and CAY-treated cells. Additionally, VL-17a cells were the only cells that 
had increased proliferation in the presence of EtOH treatment * p  < 0.05 vs. CTRL  #  p  < 0.05 vs. 
CTRL  †  p  < 0.05 vs. CAY, CAY + EtOH       
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same regiment and found again, reduction in proliferation with Sirt1 agonist at both 
24 and 48 h; however, there were no signifi cant changes in other treatment groups, 
including the Sirt1 inhibitor group (Fig.  21.4b ). Treatment of the CYP 2E1-only 
overexpressing cell line, E47, led to increased proliferation at 48 h with EX-527 
treatment; however, no signifi cant decrease in proliferation was measured with 
CAY10591 treatment at either time point (Fig.  21.4c ). We then examined CYP 2E1 
and ADH-expressing VL-17a cells and measured signifi cant differences in prolif-
eration between EX-527-treated cells and controls at 48 h, as well as between 
EX-527- and CAY10591-treated cells. Additionally, the CYP 2E1 and ADH- 
expression VL-17a cells were the only cells that had increased proliferation in the 
presence of EtOH treatment (Fig.  21.4d ).   

21.4     Discussion 

 We report increased Sirt1 expression in nuclei of hepatocytes in animals with sig-
nifi cant liver tumor burden (DEN-injected) compared to Veh-injected animals on a 
B6C3 background (Fig.  21.1a, b ); however, EtOH administration did not further 
enhance Sirt1 staining. These fi ndings are somewhat paradoxical, as Sirt1 expres-
sion has been correlated to increased liver tumor progression/poor prognosis in 
humans; however, Sirt1 expression and activity are impaired by EtOH metabolism 
[ 18 ,  21 ]. Thus, future studies to assess acetylation of downstream Sirt1 targets such 
as NF-κB and SREBP-1c in HCC, including HCC in the setting of EtOH abuse 
would be of interest. 

 HCC is an increasingly diagnosed disease state in the liver for which alcohol is a 
leading risk factor in developed countries [ 33 ]. The deleterious effects of alcohol in 
the liver arise as a combination of the direct effects of alcohol metabolism within 
the liver, and the actions and interactions of the indirect/systemic effects of alcohol 
with other organs and physiological systems. Following hepatic metabolism much 
of the hepatic damage occurs as a result of the formation of reactive metabolic inter-
mediates that promotes hepatocyte damage and, in doing so, the activation of hepatic 
stellate cells, infl ammation, and fi brosis. If left unchecked, progression to hepatic 
cirrhosis occurs, a pathological state representing the setting for approximately 
80 % of all HCC diagnosed [ 2 ,  34 ]. 

 Sirt1 is a histone deacetylase that is intimately positioned as a cellular metabolic 
switch that participates in a diverse series of biological pathways. Within the liver, 
Sirt1 regulates acetylation status, and thus, infl uences the activity of numerous tran-
scription factors associated with lipid and glucose metabolism, including SREBP-1c, 
cAMP-responsive element-binding protein (CREB) regulated transcription co-acti-
vator- 2 (CRTC2) and peroxisome proliferator-activated receptor gamma co- 
activator 1-α (PGC-1α) [ 35 ,  36 ]. Sustained overnutrition and alcohol consumption 
deplete intracellular NAD+ stores, impairing Sirt1 activity, and thus promoting lipo-
genesis and steatosis. Sirt1 is also attractive in targeting alcoholic liver disease 
because of its role in hepatic infl ammation. Indeed, overexpression of Sirt1 is 
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reported to protect against liver infl ammation whereas deletion of Sirt1 enhances 
infl ammation [ 37 ,  38 ]. These fi ndings at least in part are attributed to decreased 
deacetylation of nuclear factor-kappaB (NF-κB) at lysine 310 [ 39 ]. 

 In the current study, we report increases in Sirt1 expression in DEN-treated ani-
mals on a B6C3 background, but not a C57BL/6 background (Fig.  21.1b ). B6C3 
animals are more susceptible to liver tumor formation than C57BL/6 mice and when 
fed EtOH-DW, have increased HCC progression (Fig.  21.1a ) [ 24 ]. However, 
changes in Sirt1 expression levels do not necessarily correlate to increased activity, 
as Sirt1 activity is more closely tied to the availability of NAD+ as a cofactor in the 
deacetylation reaction [ 40 ]. Thus simply having high levels of Sirt1 may be a con-
sequence, as opposed to a cause, of increased tumor promotion in the setting of 
EtOH-DW for B6C3 mice. 

 An increasing number of reports appear to suggest a deleterious role for Sirt1 in 
HCC and other cancers [ 41 ,  42 ]. These fi ndings are attributed to in vitro fi ndings 
linking Sirt1 activity and deacetylation (and thus inactivation) of the tumor suppres-
sor p53 [ 23 ,  43 ]. These fi ndings are also coupled with observations that Sirt1 can 
promote cell survival through telomere maintenance [ 21 ,  44 ]. Despite observation 
fi ndings that Sirt1 expression is enhanced in liver tumors and correlated with poor 
prognosis, there is a lack of in vivo data that demonstrate a mechanistic role for 
Sirt1 in HCC [ 22 ]. 

 Contrary to a role in tumor promoting tumor progression, reports indicate Sirt1 
impairs Wnt/β-catenin pathway-associated proliferation. Constitutive expression of 
Wnt/β-catenin has been found in approximately 90 % of colorectal cancers and 
deacetylation of β-catenin by Sirt1 has been reported to prevent transcriptional acti-
vation by β-catenin in vitro [ 45 ,  46 ]. Additionally, Sirt1 plays an important role in 
DNA stability, as evidenced by knockout of Sirt1 leading to increased genomic 
instability and increased chromosomal fusions [ 47 ]. Indeed, overexpression of Sirt1 
prevented evidence of metabolic syndrome and provided strong protection against 
liver cancer development in a DEN/high-fat diet mouse model of liver cancer [ 48 ]. 

 We present additional fi ndings to support an anticancer role for Sirt1 activity in 
an in vitro model of HCC progression (Fig.  21.4 ). Antagonism of Sirt1 expression, 
utilizing the Sirt1 inhibitor EX-527, promoted HCC cell line proliferation indepen-
dent of EtOH metabolism, whereas activation of Sirt1 using the specifi c agonist 
CAY10591 inhibited proliferation in both the presence and absence of 25 mM 
EtOH. However, it is worth noting EtOH failed to promote HCC cell line prolifera-
tion except in VL-17a cell lines expressing both ADH and CYP 2E1 (Fig.  21.4d ), 
despite previous fi ndings that E47 cells proliferate in the presence of an equivalent 
dose of EtOH [ 25 ]. Lack of a proliferative response to EtOH by VA-13 cells is not 
surprising considering previous fi ndings that ADH-expressing cells have dimin-
ished proliferative responses to EtOH treatment [ 28 ]. 

 An important consideration to the contribution of Sirt1 to the promotion or 
 prevention of HCC is the contribution of non-parenchymal liver cells (NPCs), 
including Kupffer cells, sinusoidal endothelial cells, and hepatic stellate cells. 
Currently, there is a dearth of studies examining Sirt1 expression and/or activity on 
the function of NPCs; however, one report suggested Sirt1-NF-κB signaling is 
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involved in TNF-α production in the presence of alcohol [ 49 ]. Indeed additional 
studies to elucidate potential role(s) for Sirt1 in NPCs utilizing models of alcohol-
induced liver injury and/or cancer are attractive and may help explain differences 
observed in in vitro and in vivo studies presented herein.  

21.5     Conclusion 

 We report Sirt1 antagonism and activation promotes and represses HCC cell line 
proliferation respectively, regardless of the capacity to metabolize ethanol. These 
fi ndings suggest that Sirt1 may impair HCC proliferation, despite the observation 
that Sirt1 expression is enhanced in a B6C3 model of EtOH-promoted HCC pro-
gression. To better elucidate the role of Sirt1 in ethanol-associated HCCs, in vivo 
experiments coupling liver-specifi c knockout of Sirt1, or use of Sirt1 activators 
in vivo ,  using a model of DEN/EtOH-DW are warranted.     
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    Chapter 22   
 Transgenic Mouse Models for Alcohol 
Metabolism, Toxicity, and Cancer 

             Claire     Heit    ,     Hongbin     Dong    ,     Ying     Chen    ,     Yatrik     M.     Shah    , 
    David     C.     Thompson    , and     Vasilis     Vasiliou     

    Abstract     Alcohol abuse leads to tissue damage including a variety of cancers; 
however, the molecular mechanisms by which this damage occurs remain to be fully 
understood. The primary enzymes involved in ethanol metabolism include alcohol 
dehydrogenase (ADH), cytochrome P450 isoform 2E1, (CYP2E1), catalase (CAT), 
and aldehyde dehydrogenases (ALDH). Genetic polymorphisms in human genes 
encoding these enzymes are associated with increased risks of alcohol-related tissue 
damage, as well as differences in alcohol consumption and dependence. Oxidative 
stress resulting from ethanol oxidation is one established pathogenic event in 
alcohol- induced toxicity. Ethanol metabolism generates free radicals, such as reac-
tive oxygen species (ROS) and reactive nitrogen species (RNS), and has been asso-
ciated with diminished glutathione (GSH) levels as well as changes in other 
antioxidant mechanisms. In addition, the formation of protein and DNA adducts 
associated with the accumulation of ethanol-derived aldehydes can adversely affect 
critical biological functions and thereby promote cellular and tissue pathology. 
Animal models have proven to be valuable tools for investigating mechanisms 
underlying pathogenesis caused by alcohol. In this review, we provide a brief dis-
cussion on several animal models with genetic defects in alcohol-metabolizing 
enzymes and GSH-synthesizing enzymes and their relevance to alcohol research.  
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22.1         Introduction 

 The Centers for Disease Control and Prevention reported that the annual number of 
alcohol-related deaths was 88,000 in the United States from 2006 to 2010. Alcohol 
is a causal factor in more than 60 human diseases and places a signifi cant burden on 
the economy with healthcare costs estimated in 2006 as surpassing 223 billion dol-
lars in the United States alone [ 1 ]. A comprehensive understanding of the mecha-
nisms mediating alcohol toxicity is essential because it facilitates the development 
of therapies that prevent and/or treat the pathologies associated with alcohol con-
sumption. The cellular and molecular mechanisms leading to alcohol-induced tissue 
damage are not fully understood. However, emerging evidence indicates that com-
mon mechanisms of cell injury, such as stress, infl ammation, and alterations in sig-
naling (including apoptosis) pathways, are all involved in the deleterious effects of 
alcohol. 

 Animals in which expression of specifi c proteins are repressed, the so-called 
knockout animals, represent an innovative and powerful research tool for scientifi c 
discovery. Genetic manipulation of proteins involved in the metabolism of ethanol 
or in the cellular defense mechanisms against alcohol-induced oxidative stress have 
allowed the exploration of their roles in alcohol-related pathologies, such as alco-
holic liver disease, pancreatitis, cardiovascular disease, and diabetes mellitus, as 
well as in various cancers, including oral, colorectal, liver, pancreatic, aerodiges-
tive, breast, and colon [ 2 – 7 ]. Currently available animal models will be outlined in 
the following review. In addition, double and triple knockout strains of these mice 
are currently being produced in our laboratory.  

22.2     Clinical Signifi cance of Human Polymorphisms 
of Genes Involved in Ethanol Metabolism 

 Ethanol is metabolized primarily  via  oxidation to acetaldehyde through the enzy-
matic activity of alcohol dehydrogenases (ADH), catalase (CAT), and cytochrome 
p450 2E1 (CYP2E1) (Fig.  22.1 ). Acetaldehyde is then oxidized to acetate by the 
aldehyde dehydrogenases (ALDHs). The role of ADH in ethanol metabolism is well 
established [ 8 – 10 ]. The human genome contains three Class I  ADH  genes ( ADH1A, 
ADH1B, ADH1C ); in contrast, rodents have only one  Adh1  gene [ 11 ]. Genetic poly-
morphisms in  ADH1  genes are associated with colon and breast cancers [ 4 ,  5 ,  12 ]. 
The role of CYP2E1 in ethanol metabolism, oxidative injury, and cancer is also well 
established [ 13 – 17 ] and genetic polymorphisms are associated with increased can-
cer risk [ 18 – 20 ]. Catalase appears to play an important role in ethanol metabolism 
in the brain [ 14 ,  15 ]. Nevertheless, polymorphisms in the catalase gene are associ-
ated with diabetes mellitus, hypertension, and vitiligo [ 21 ,  22 ]. ALDHs are a family 
of 19 human proteins that metabolize aldehydes, in which three isoforms are respon-
sible for metabolizing acetaldehyde. Mitochondrial ALDH2 is the primary enzyme 
involved in the metabolism of acetaldehyde (Km ≤ 5 μM). The ALDH2*2 allele 
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(which appears restricted to an Asian genetic background) causes marked reduc-
tions in acetaldehyde metabolism that manifest clinically as fl ushing syndrome and 
ethanol avoidance in heterozygous and homozygous individuals. This polymor-
phism is also associated with alcohol-related cancers [ 3 ,  23 ]. ALDH1B1 has the 
next lowest Km for acetaldehyde (Km = 55 μM), implicating a role in acetaldehyde 
metabolism secondary to ALDH2. ALDH1B1 has been proposed as a biomarker for 
colon cancer [ 24 ]. Several ALDH1B1 polymorphisms have been found in humans 
and recent studies have linked these polymorphisms to drinking aversion, elevated 
systolic blood pressure, and frequent hypersensitivity reactions in Caucasians [ 25 , 
 26 ]. ALDH1A1 has a role in acetaldehyde metabolism and drinking preference [ 27 , 
 28 ] and a defi ciency in this enzyme is associated with ethanol hypersensitivity in 
Caucasian subjects [ 29 ]. Polymorphisms in alcohol- and acetaldehyde- metabolizing 
enzymes have been closely linked with alcohol-related cancers. In a Japanese popu-
lation, p53 accumulation, esophageal neoplasia, and esophageal squamous cell car-
cinomas were increased in subjects whose genes included the inactive heterozygous 
allele ALDH2 *1/*2 and the less active ADH1B *1/*1 [ 30 ,  31 ]. These polymor-
phisms also exhibited more frequent acetaldehyde-induced DNA damage [ 32 ].  

  Fig. 22.1    Major enzymatic pathways involved in ethanol and glutathione metabolism. Ethanol 
(EtOH) is subject to metabolism by catalase (CAT), cytochrome P450 isoform 2E1 (CYP2E1), and 
alcohol dehydrogenase (ADH). Acetaldehyde is metabolized by aldehyde dehydrogenase (ALDH) 
isoforms 1A1, 1B1, and 2. In the glutathione (GSH) pathway, glutamate cysteine ligase (GCL), 
which includes two subunits the catalytic subunit (GCLC) and the modifi er subunit (GCLM), cata-
lyzes the synthesis of γ-glutamylcysteine (γ-GC). γ-GC is then coupled to glycine by glutathione 
synthetase (GSS) to form GSH. During oxidative processes, reactive oxygen species (ROS) form 
which can cause lipid peroxidation. ROS can be reduced by GSH, in the process forming GSSG, 
the oxidized form       
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 Taken together, the association between human polymorphisms of ethanol- 
metabolizing genes and alcohol-related diseases implicates a signifi cant pathogenic 
role of ethanol metabolism in alcohol toxicity. Various research groups have devel-
oped animal models that harbor genetic ablations of ethanol-metabolizing enzymes. 
These models can serve as important experimental tools to elucidate the mechanis-
tic roles of specifi c enzymes or pathways in alcohol-related diseases and therefore 
have direct relevance to alcohol research.  

22.3     Animal Models for Alcohol-Induced Cancer 

 Low to moderate consumption of alcohol has tissue-protective properties [ 33 ]. 
However, heavy alcohol consumption increases the risk of several diseases, includ-
ing cancer. A comprehensive review of epidemiological data demonstrated a signifi -
cant increase in cancer risk for several epithelial-derived tumors associated with 
ethanol consumption [ 3 ]. Studies using experimental animals, however, support the 
notion that ethanol acts as a cocarcinogen or tumor promoter rather than being a 
carcinogen itself [ 5 ]. The mechanisms by which alcohol promotes tumorigenesis 
remain unclear due primarily to a lack of good animal models that can recapitulate 
the increased risk of alcohol in carcinogenesis. Animal models analogous to 
infl ammation- promoted cancers, such as the azoxymethane (AOM)/dextran sulfate 
sodium (DSS) model, are needed [ 34 ]. In this model, the carcinogen AOM by itself 
is administered at a dose that causes no dysplasia; however, when administered in 
combination with DSS (which induces infl ammation), a synergistic increase in the 
number of tumors is observed. The creation of a similar model for alcohol will rely 
on a better understanding of the interactions between the genetic mutations (or car-
cinogen) with the duration, route, and concentration of ethanol for the epithelial 
tumor that is to be modeled. Moreover, diets that better mimic heavy alcohol con-
sumption in humans are required. The interaction of tumor-promoting dietary com-
ponents, such as alcohol, high-fat, and iron, may lead to more robust and precise 
models. Lastly, experimental evidence indicates that the metabolism of ethanol 
leading to the generation of acetaldehyde and free radicals is intimately involved in 
alcohol-associated carcinogenesis [ 3 ]. Therefore, a more comprehensive under-
standing of the enzymes required for alcohol metabolism in cancer are needed and 
the genetic animal models discussed in this review could represent unique opportu-
nities to identify their roles in alcohol-induced cancers.  

22.4     Glutathione in Alcoholic Tissue Injury 

 In the development of alcohol-induced tissue injury, it is apparent that numerous 
pathways in target organs are modulated by ethanol [ 35 ,  36 ]. Oxidative stress appears 
to play a central role in many of these pathways [ 37 ]. Ethanol metabolism, CYP2E1 
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induction, compromised antioxidant defense, mitochondrial injury, infl ammation, 
hypoxia, and iron overload can all contribute to the alcohol-induced oxidative envi-
ronment. Accumulation of the reactive molecules (including reactive oxygen species 
and electrophilic products, such as acetaldehyde and lipid peroxidation products) 
can be harmful to a biological system due to their propensity to inactivate enzymes 
and cause DNA damage, loss of protein functions and cell death [ 38 ]. 

 Glutathione (GSH) plays an important role as an antioxidant by serving as a 
cofactor for antioxidant enzymes, such as glutathione peroxidase and glutathione 
 S -transferases, or by directly scavenging free radicals [ 39 ]. It is the most abundant 
nonprotein thiol, attaining a concentration in the high millimolar range in the liver 
[ 40 ]. Because of its abundance, GSH plays a key role in maintaining cellular redox 
homeostasis and, therefore, enzymes that help generate GSH are critical in protect-
ing cells against oxidative stress. GSH is a tripeptide composed of glutamate, cyste-
ine, and glycine. It is synthesized in most types of cells by two successive enzymatic 
reactions. The fi rst reaction couples glutamate and cysteine and is catalyzed by 
glutamate-cysteine ligase (GCL), resulting in the formation of γ-glutamylcysteine 
(γ-GC) [ 41 ] (Fig.  22.1 ). The second reaction, catalyzed by GSH synthetase, couples 
γ-GC with glycine. The formation of γ-GC by GCL is considered rate-limiting in 
GSH biosynthesis, and GCL has been the principal target of drugs designed to 
inhibit GSH biosynthesis [ 41 ] and to generate mice with GSH defi ciency [ 42 ]. 

 In higher eukaryotes, GCL in its most catalytically effi cient form is a heterodi-
mer composed of a catalytic (GCLC) and a modifi er (GCLM) subunit, each of 
which is encoded by separate genes on different chromosomes. GCLC possesses all 
of the catalytic activity of γ-GC formation; GCLM optimizes the kinetic properties 
of the holoenzyme, thereby regulating tissue GSH levels [ 43 ]. GSH is exclusively 
synthesized in the cytoplasm [ 39 ] and further distributed into mitochondria, endo-
plasmic reticulum, and nuclei, where it plays a pivotal role in the normal function-
ing of these subcellular organelles [ 44 ]. During detoxication of free radicals, GSH 
is oxidized to glutathione disulfi de (GSSG). Both GSH and GSSG can be trans-
ported outside the cell where it is broken down in sequence by γ-glutamyl transfer-
ases and dipeptidase, producing free cysteine and glycine for intracellular 
reutilization [ 45 ]. Depletion of hepatic GSH, particularly mitochondrial GSH, 
occurs as a result of excessive GSH consumption by free radicals and acetaldehyde 
generated during alcohol metabolism [ 46 ]. Given the above considerations, animal 
models exhibiting a GSH defi ciency will serve as important tools to study GSH- 
regulated redox biology in ethanol metabolism and ethanol-induced tissue damage. 
As such, they are of direct relevance to alcohol research.  

22.5     Mouse Models with Genetic Defi ciencies 
in Ethanol- Metabolizing Enzymes 

  ADH1 global knockout : The  Adh1  −/−  mouse line has been generated by Duester [ 47 ] 
(Table  22.1 ). It should be noted that human  ADH1  gene family consists of three 
genes,  viz. ADH1A ,  ADH1B , and  ADH1C , whereas the mouse genome has a single 
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        Table 22.1    Transgenic mouse models   

    Strain 
 Genetic 
background  Phenotype  References 

  Adh1   −/−    C57BL6  • No gross abnormality  Deltour et al. 
[ 9 ]  • Reduction in blood ethanol clearance 

  Cat   −/−    C57BL6  • No gross abnormality  Ho et al. [ 49 ] 
 • Defi ciency in brain mitochondrial 

respiration 
 • Has not been used in ethanol toxicity 

studies 
  Cyp2e1   −/−    129/Sv  • No gross abnormality  Lee et al. [ 50 ], 

Lu et al. [ 54 ]  • Decreased sensitivity to acetaminophen 
hepatotoxicity 

 • Resistance to ethanol-induced fatty liver 
and oxidant stress 

  Cat   −/−    Cyp2e1   −/−   
 double knockout  

 C57BL6/129 
mixed 

 • No gross abnormality  Unpublished 
 • Has not been used in ethanol toxicity 

studies 
  Aldh2   −/−    C57BL6  • No gross abnormality  Isse et al. [ 55 ], 

Oyama et al. 
[ 59 ,  61 ] 

 • High susceptibility to ethanol toxicities 
by oral administration 

 • High sensitivity to inhalation toxicities of 
acetaldehyde 

  Aldh1a1   −/−    C57BL6  • Viable and fertile     Fan et al. [ 74 ], 
Ziouzenkova 
et al. (2007) 

 • Decreased susceptibility to diet-induced 
obesity and insulin resistance 

 • Cataract development at age of 6-month 
 • Has not been used in ethanol toxicity 

studies 
  Aldh1b1   −/−    C57BL6  • No gross abnormality  Unpublished 

 • Reduction in blood acetaldehyde 
clearance 

  A variety of transgenic strains are available for research. For each strain, the genetic background 
and phenotypes are provided  

 Adh1  gene [ 11 ].  Adh1  −/−   mice  have limited capacity to oxidize ethanol and retinol. 
Pharmacokinetic studies show a reduction in blood ethanol clearance in these ani-
mals [ 9 ]. Following parenteral administration of ethanol, these mice displayed an 
increased sleep time and embryonic resorption was increased threefold [ 9 ]. While 
ADH1 is thought to be responsible for the majority of ethanol metabolism in the 
liver, new pharmacokinetic evidence suggests a role for other ADH isoforms as well 
[ 48 ]. Therefore, this model may be useful in determining the pathophysiological 
importance of compensatory ADH isoforms as well as elucidating the kinetics of 
these enzymes for ethanol.

    Catalase global knockout : The  Cat  −/−  mouse strain was developed and characterized 
by Ho and colleagues [ 49 ] (Table  22.1 ). These mice do not express catalase and 
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develop normally, i.e., exhibit no gross abnormalities. However, brain mitochondria 
of these animals show defi ciencies in mitochondrial respiration. To date, this knock-
out strain has not been subjected to ethanol toxicity studies. Given that earlier stud-
ies have shown a signifi cant role of catalase in modulating ethanol sensitivity in the 
brain [ 14 ,  15 ], the  Cat  −/−  mice would be anticipated to be a valuable animal model 
for examining ethanol drinking preference as well as alcohol toxicities. 

  CYP2E1 global knockout : CYP2E1 is an ethanol-inducible enzyme with a role in 
hepatic ethanol oxidation. By genetically ablating exon 2 of  Cyp2e1  gene, Gonzalez 
and colleagues developed  Cyp2e1  –/–  mice [ 50 ] (Table  22.1 ). These mice do not 
express CYP2E1 enzyme and develop normally [ 50 ]. They also show lower sensi-
tivity to the deleterious hepatic effects of acetaminophen [ 50 ]. As one of the pri-
mary xenobiotic/endobiotic-metabolizing p450s, CYP2E1 is a contributor to a 
variety of cellular toxicities induced by endogenous or exogenous pathogens. Using 
the  Cyp2e1  –/–  mouse model, CYP2E1 has been shown to play a pivotal role in medi-
ating hepatotoxicity making this an interesting model for alcohol-related liver toxic-
ity [ 51 ,  52 ]  Cyp2e1  –/–  and  Cyp2e1  knock-in mice have been used to examine the 
potentiation of ethanol-induced hypoxia.  Cyp2e1  –/–  mice exhibited the lowest levels 
of hypoxia and HIF1-α [ 53 ]. Similarly, ethanol-induced fatty liver and oxidant 
stress are blunted in these mice [ 54 ]; this study confi rmed the important role of 
CYP2E1 in ethanol-induced liver toxicities.  Cyp2e1   −/−   mice also display longer 
ethanol-induced sleep time than do wild-type mice [ 15 ], confi rming the relevance of 
the  Cyp2e1   −/−   mouse line for the study of the CYP2E1 enzyme in ethanol toxicities 
and alcohol-induced drinking preference.  

22.6     Mouse Models with Genetic Defi ciencies 
in Acetaldehyde-Metabolizing Enzymes 

  ALDH2 global knockout:  The  Aldh2   − / −   strain was originally developed and charac-
terized by Isse and colleagues [ 55 ,  56 ] (Table  22.1 ).  Aldh2   − / −   mice do not express 
ALDH2 protein and have no detectable capacity to oxidize acetaldehyde, propion-
aldehyde, or methoxyacetaldehyde in liver mitochondrial fractions. Following oral 
administration of ethanol,  Aldh2   − / −   mice exhibit higher ethanol and acetaldehyde 
levels and lower acetate levels in the blood, brain, and liver than  Aldh2   +/+   mice [ 57 , 
 58 ]. Further, they are more susceptible to ethanol-induced body weight loss [ 59 ], 
but show no change in mortality [ 60 ].  Aldh2   − / −   mice are more sensitive to the toxic 
effects of inhaled acetaldehyde [ 61 ] and exhibit more frequent mutations in the T 
cell receptor site than their corresponding wild-type [ 62 ]. A single oral dose of etha-
nol in  Aldh2   − / −   downregulates the alcohol-metabolizing CYP2E1 mRNA [ 63 ], 
which suggests that there is compensation due to an abundance of acetaldehyde. 
This treatment has also been shown to decrease hepatic malondialdehyde and 
increase hepatic glutathione, both markers of oxidative stress, in  Aldh2   − / −   mice [ 64 ]. 
Acetaldehyde adducts are also increased in  Aldh2   − / −   mice. These mice have been 
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used to determine ethanol- and acetaldehyde-induced cholinergic changes in the 
hippocampus. The null mice exhibit decreases in choline acetyltransferase mRNA 
and protein; however, neurotrophins (nerve growth factor or brain-derived neuro-
trophic factor) remain unaffected [ 65 ], indicating that aldehydes have a selective 
effect in the brain.  Aldh2   − / −   mice also exhibit alcohol avoidance in a test of prefer-
ence and difference in liver or brain acetaldehyde levels [ 55 ]. ALDH2 also appears 
to infl uence bone growth and cardiac function, as demonstrated by reductions in 
trabecular bone formation and cardiomyocyte function in  Aldh2   − / −   mice treated 
with alcohol [ 66 ,  67 ]. Stomach DNA adducts are dramatically increased after 
chronic ethanol feeding of  Aldh2   − / −   mice [ 68 ,  69 ] and acute ethanol treatment 
increases hepatic oxidative DNA adducts in null mice [ 70 ,  71 ]. The  Aldh2   − / −   strain 
represents a valuable strain that can be used to identify functions of ALDH2 in etha-
nol metabolism and toxicity. 

  ALDH2 conditional knockout : A “knockout-fi rst” conditional allele for  Aldh2  has 
been developed by Skarnes and colleagues [ 72 ]. These mice have been crossed with 
 FLP  mice to generate  Aldh2  fl oxed conditional knockout ( Aldh2   f/f  ) mice, which can 
be further crossed with specifi c  CRE  mouse lines to generate cell-specifi c  Aldh2  
knockout mice. As expected,  Aldh2   f/f   mice develop normally and exhibit no observed 
phenotype (unpublished observation). To date, no ethanol studies have been con-
ducted in these mice. This strain can be used to study tissue-specifi c contributions 
of ALDH2 in ethanol metabolism and toxicity. 

  ALDH1B1 global knockout : The  Aldh1b1   − / −   strain was recently generated by 
Vasiliou and coworkers ( Singh S, Vasiliou V et al. , manuscript in preparation) 
(Table  22.1 ). The  Aldh1b1   − / −   mice develop normally and show no overt phenotype. 
In agreement with the catalytic properties of ALDH1B1 (i.e., the second lowest Km 
for acetaldehyde oxidation [ 73 ]), these mice exhibit higher blood concentrations of 
acetaldehyde following acute ethanol administration [manuscript in preparation]. 
The  Aldh1b1   − / −   strain represents the fi rst animal model for the study of ALDH1B1 
enzyme in ethanol-induced tissue injury. 

  ALDH1A1 global knockout : The  Aldh1a1   − / −   mouse line has been generated by Fan 
et al. [ 74 ] (Table  22.1 ). These mice are fertile and exhibit no overt phenotype, except 
that aged  Aldh1a1   − / −   mice display ~2.4-fold higher cataract incidence than wild-
type mice [ 75 ]. While ALDH1A1 primarily metabolizes retinaldehyde, it also plays 
a role in acetaldehyde metabolism. Genetic variants of  ALDH1A1  (that result in low 
enzyme activity) have been associated with increased alcohol sensitivity in 
Caucasians [ 29 ]. Therefore, the  Aldh1a1   −/−   mouse line represents a useful animal 
model for investigation of the ALDH1A1 enzyme in ethanol toxicities.  

22.7     Mouse Models with GSH Defi ciency 

  GCLC conditional (Gclc    f/f   ) knockout : The global gene knockout of  Gclc  results 
in embryonic lethality, indicating an essential role of GSH in mouse development 
[ 76 ]. The  Gclc   f/f   strain was developed and originally characterized by Chen and 

C. Heit et al.



383

 colleagues [ 77 ]. The in vivo role of hepatic GSH has been investigated using the 
hepatocyte- specifi c  Gclc  knockout ( Gclc   h/h  ) mice created by intercrossing  Gclc   f/f   
and  Alb-Cre  mice [ 77 ].  Gclc   h/h   mice experience almost complete loss of hepatic 
GSH (~5 % of normal) and die from acute liver failure when mitochondrial failure 
occurs [ 77 ]. Chronic administration of  N -acetylcysteine, a treatment that promotes 
only a mild increase in liver GSH levels (to 8 % of normal) but partially preserves 
mitochondrial function, allows  Gclc   h/h   mice to survive to adulthood, albeit with the 
serious liver pathologies fi brosis and cirrhosis [ 78 ]. These studies demonstrate an 
essential role of GSH in normal functioning of the liver. The  Gclc   f/f   mice represent 
a unique model that can be used to elucidate cell-specifi c functions of GSH in etha-
nol metabolism and toxicity. 

  GCLM global knockout : The  Gclm  –/–  strain was developed and originally character-
ized by Yang and coworkers [ 79 ].  Gclm  –/–  mice are viable and fertile, despite having 
only 9–16 % of the normal GSH levels in liver, lung, pancreas, erythrocytes, and 
plasma [ 79 ]. Except when challenged with oxidant stress [ 80 ,  81 ],  Gclm  –/–  mice 
exhibit no overt phenotype, making them a useful model for studying chronic GSH 
depletion. Interestingly, these mice show accelerated clearance of ethanol and acet-
aldehyde and are protected from alcohol-induced steatosis ( Chen Y, Vasiliou V et al, 
manuscript in preparation ). Thus,  Gclm  –/–  mice represent a model wherein signifi -
cant GSH depletion in the liver is associated with benefi cial metabolic and stress 
responses to ethanol.  

22.8     Concluding Remarks 

 Alcohol use is widespread and related to numerous diseases, including oral, 
colorectal, liver, pancreas, aerodigestive, breast, and colon cancers. Ethanol metab-
olism and resultant oxidative stress are primary pathogenic events mediating 
alcohol- induced organ damage and neurobehavioral changes, the molecular details 
of which are not yet fully understood. The knockout mouse models for enzymes 
metabolizing ethanol (ADH1, CAT, and CYP2E1), acetaldehyde (ALDH2, 
ALDH1A1, and ALDH1B1) and enzymes involved in GSH synthesis (GCLC and 
GCLM), which we have discussed briefl y in this review, represent unique and 
highly relevant animal models for alcohol research. Utilization of these models will 
deliver valuable information about the fundamental mechanisms underlying etha-
nol toxicity. Such knowledge should accelerate the development of more effective, 
targeted therapies to both prevent and treat health issues associated with excessive 
alcohol consumption.     
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    Chapter 23   
 Fetal Alcohol Exposure Increases 
Susceptibility to Carcinogenesis and Promotes 
Tumor Progression in Prostate Gland 

             Dipak     K.     Sarkar    

    Abstract     The idea that exposure to adverse environmental conditions and lifestyle 
choices during pregnancy can result in fetal programming that underlies disease 
susceptibility in adulthood is now widely accepted. Fetal alcohol exposed offspring 
displays many behavioral and physiological abnormalities including neuroendo-
crine–immune functions, which often carry over into their adult life. Since the neu-
roendocrine–immune system plays an important role in controlling tumor 
surveillance, fetal alcohol exposed offspring can be vulnerable to develop cancer. 
Animal studies have recently showed increased cancer growth and progression in 
various tissues of fetal alcohol exposed offspring. I will detail in this chapter the 
recent evidence for increased prostate carcinogenesis in fetal alcohol exposed rats. 
I will also provide evidence for a role of excessive estrogenization during prostatic 
development in the increased incidence of prostatic carcinoma in these animals. 
Furthermore, I will discuss the additional possibility of the involvement of impaired 
stress regulation and resulting immune incompetence in the increased prostatic 
 neoplasia in the fetal alcohol exposed offspring.  
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23.1         Introduction 

 It is well established that there is a positive association between excessive alcohol 
consumption and increased risk of cancers of various organs [ 1 ,  6 ,  66 ]. A large 
number of studies in alcoholic patients showed a strong positive association between 
heavy alcohol consumption and cancer of the upper digestive tract, colon, lung, and 
liver [ 34 ,  64 ,  77 ,  78 ] and breast tissues [ 15 ,  18 ,  80 ]. There are also reports showing 
deleterious effects of repetitive alcohol drinking on prostate epithelial cell in humans 
and animal models [ 21 ,  79 ]. Clinically, increased risk of prostate cancer has been 
seen in a large cohort study of heavy alcohol abusers in Denmark [ 78 ] and among 
alcoholics in Sweden who are less than 65 years of age [ 1 ]. A similar association of 
heavy alcohol drinking and increased prostate cancer risk was observed in a recent 
study conducted in San Francisco with 2,129 participants in the Prostate Cancer 
Prevention Trial (PCPT) [ 27 ]. A prospective associations study between quantity 
and frequency of alcohol consumption and cancer risk using 323,354 male partici-
pants identifi ed a signifi cant positive association between 3 or more drinks on drink-
ing days and the incidence of prostate cancer [ 15 ]. 

 Fetal alcohol exposure has also been shown to increase cancer susceptibility of 
offspring. Clinicians reported that there were many cases of children that came to 
the hospital with fetal alcohol syndrome in conjunction with benign or malignant 
tumors, while the clinical cases found didn’t show uniformity as to the tumor type 
[ 20 ]. Fetal alcohol exposed children often show mild hyperplasia such as tibial 
exostoses [ 5 ] as well as malignant cancer like embryonal rhabdomyosarcoma of 
urinary bladder and prostate cancer [ 8 ]. A case-control study showed some evidence 
of an increased risk of childhood acute myeloid leukemia in fetal alcohol exposed 
children [ 35 ]. Maternal consumption of alcohol during pregnancy was also found to 
be associated with development of testicular cancer in the sons [ 44 ]. Several case 
reports also identifi ed incidence of childhood acute lymphoblastic leukemia, acute 
myeloid leukemia, brain tumors, neuroblastoma, prostate, and testicular cancer in 
children born from mothers who abused alcohol during pregnancy (Table  23.1 ). 
Animal research also showed that fetal alcohol exposure increases the incidence of 
tobacco-related pancreatic cancer [ 73 ], β-estradiol induced prolactinoma [ 24 ,  28 ], 
and carcinogen-induced mammary tumor growth [ 28 ,  32 ,  52 ,  76 ]. Studies using 
animal models showed that maternal alcohol consumption during pregnancy 
advanced the occurrence of malignant mammary tumor phenotype to the offspring 
[ 32 ,  52 ]. Interestingly, breast and prostate cancer share many similarities, in terms 
of geographical distribution, risk factors, biomolecular determinants, and natural 
history of disease [ 19 ].

23.2        Fetal Alcohol Promotion of Prostate Cancer 

 We recently tested whether an analogous circumstance occurs in the prostate 
because diet and hormones, especially estrogen and androgen, are crucial and inter-
active players in many biological and pathological processes of tumorigenesis in 
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breast and prostate. We found that prostates of noncarcinogen-treated animals 
which were alcohol (6.7 % v/v) exposed during the prenatal period (day 11–21) 
demonstrated infl ammatory cell infi ltration and epithelial atypia and increased 
number of proliferative cells in the ventral lobe of this gland, but the prostate of 
control animal showed normal cytoarchitecture [ 46 ]. Prenatally ethanol exposed 
rats, when treated with a carcinogen N-nitrosomethylurea (NMU) and testosterone, 
showed histological evidence for high-grade prostatic intraepithelial neoplasia 
(PIN) primarily in the ventral prostate, whereas control animals showed only low-
grade PIN. Prenatally ethanol exposed rats treated with NMU and testosterone also 
showed increased number of proliferative cells in the ventral prostate (Fig.  23.1 ; 
[ 46 ]). These results suggest that prenatal ethanol exposure induces histophysiologi-
cal changes in the prostate as well as it increases the susceptibility of the prostate to 
develop neoplasia during adulthood.   

23.3     Fetal Alcohol, Prostate Estrogenization, and Cancer 

23.3.1     Evidence for an Increased Estrogen Production 
in the Prostate 

 Prostate gland development from urogenital sinus (UGS) during fetal life occurs 
at around 10–12 weeks of gestation in humans and 18.5 embryonic days in rats [ 57 ]. 
The proper development of prostate is largely dependent on the constant supply 
and binding of circulating testosterone or its more potent metabolite, 
5α-dihydrotestosterone (DHT), to androgen receptors in the UGS mesenchyme and 
further activation of UGS epithelium by mesenchyme. A variation in androgen 

   Table 23.1    Incidence of cancer in FASD patients   

 Reference  Gender  Age  FASD  Cancer type 

 [ 7 ]  M  28 months  Yes  Neuroblastoma 
 [ 11 ]  F  3 years 9 months  Yes, with hydantoin  Hodgkin disease 
 [ 33 ]  F  12years 11 months  Yes  Adrenal carcinoma 
 [ 37 ]  M  27 months  Yes  Hepatoblastoma 
 [ 38 ]  M  21 months  Yes  Malignant disease 
 [ 39 ]  25 months  Yes  Ganglioneuroblastoma 
 [ 40 ]  M  110 days  Yes  Neuroblastoma Paravertebral 

found near kidney 
 [ 63 ]  M  35 months  Yes, and hydantoin  Neuroblastoma 
 [ 72 ]  M  35 months  Yes, and hydantoin  Ganglioneuroblastoma 
 [ 83 ]  M  21 months  Yes  Rhabdomyosarcoma 

 F  6 years  Yes  Nephroblastoma 
 F  16 months  Yes  Leukemia 
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  Fig. 23.1    Fetal alcohol exposures increase estrogen production in the prostate gland and promote 
prostate’s susceptibility to carcinogen. ( a – c ) Showing changes in aromatase, estradiol, and estro-
gen receptor (ER)-α in the ventral prostatic lobe from prenatally fed with control diet (AD, PF) or 
alcohol diet (AF) and sacrifi ced at adult age. The mean + SEM tissue concentration of aromatase 
and estradiol in the ventral prostate measured using ELISA are shown as histograms ( a ,  b , respec-
tively). Immunoblot of ER-α and actin were presented in represented gel blots and mean + SEM 
values as histograms ( c ).  N  = 6–7 rats. ***,  P  < 0.001 vs. AD and AF. ( d – f ) Changes in Ki-67 
immunostaining and histopathology in ventral prostatic lobes of adult (7–8 months of age) fetal 
alcohol exposed offspring treated with NMU and testosterone (treatment details are described in 
[ 46 ]). The average number of Ki-67 from 5 representative slides containing 3 serial sections from 
each part of the ventral lobe in each group was presented in histograms ( d ). Representative H&E- 
stained photomicrographs of ventral prostatic lobes of AD, PF, and AF rat offspring ( e ). The ven-
tral lobe of AD and PF rats showed low-grade prostatic intraepithelial neoplasia (PIN;  arrows ), 
while similar prostatic lobe of AF rats showed high-grade PIN. All the images were captured at 
40× magnifi cation. Mean + SEM values of percentage ratio of low-grade and high-grade PIN in 
animals after carcinogen treatment in AD, PF, and AF groups are shown as histograms ( f ).  N  = 9–14 
rats. ***,  P  < 0.001 vs. AD and AF. Adopted from Murugan S, Zhang C, Mojtahedzadeh S, Sarkar 
DK (2013) Alcohol Clin Exp Res doi:   10.1111/acer.12171           
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synthesis and secretion and/or delivery to the UGS has the potential to perturbate 
normal development [ 57 ]. Studies have shown that estrogens are equally involved in 
the normal and abnormal growth of prostate in human and many rodents [ 10 ,  49 ]. 
It has been shown that exposure to estrogenic compounds during the neonatal period 
leads to permanent alterations in prostatic growth and also produced lobe-specifi c 
histological changes later in life [ 22 ]. 

 Neonatal exposure of rodents to high doses of estrogen permanently imprints the 
growth and function of the prostate and predisposes the gland to hyperplasia and 
severe dysplasia analogous to PIN during aging [ 22 ]. Because prostatic levels of 
steroid hormones and their receptors are known to be critically involved in prostate 
maintenance and pathogenesis [ 65 ], we measured the levels of aromatase, an 
enzyme essential for production of estradiol from testosterone, estrogen, and estro-
gen receptor-α (ER-α) in the ventral lobe of the prostate of alcohol-fed and control 
fed rats. We found that the aromatase activity, ER-α immunoreactivity, and estrogen 
level were higher in the ventral prostate of fetal alcohol exposed offspring (Fig.  23.1 ). 
These fi ndings indicate that the prostate gland of fetal alcohol exposed rats produce 
more estrogen than the control rats. 

 The initiation of prostatic development is known to be dependent on androgens 
produced by the fetal testes [ 54 ]. In addition, the developing prostate is particularly 
sensitive to estrogens [ 55 ,  67 ]. Estrogen receptor α (ERα) localizes to proximal 
mesenchymal cells during early development in rodents and declines as morpho-
genesis proceeds implicating a specifi c developmental role for estrogens [ 55 ]. ERβ 
is induced in luminal epithelial cells upon cytodifferentiation suggesting a role for 
ERβ in differentiated function [ 41 ,  58 ]. In humans, under the infl uence of maternal 
estrogens, all fetal males contain marked prostatic squamous metaplasia which 
sloughs at birth [ 87 ]. Additionally, maternal exposure to pharmacological levels of 
diethylstilbestrol (DES) has been shown to induce prostatic abnormalities in human 
offspring [ 23 ]. 

 Consequently, it is proposed that excessive estrogenization during prostatic 
development may contribute to the high incidence of prostatic carcinoma observed 
in the aging male population [ 67 ]. Previous works from various laboratories address-
ing this hypothesis have documented that brief exposure of rodents to high doses of 
natural or synthetic estrogen early in life results in permanent alterations of the 
prostate gland, a phenomenon referred to as estrogen imprinting or developmental 
estrogenization [ 55 ,  59 ,  62 ]. Organ culture studies confi rm a direct effect since the 
developmental aberrations are recapitulated upon estrogen addition [ 61 ]. Using the 
Sprague–Dawley rat model, it has been shown that brief exposure to high levels of 
estrogens during the neonatal period (days 1–5) causes marked developmental and 
cellular differentiation defects [ 56 ], dose-dependent reductions in adult prostate 
size [ 29 ,  48 ,  62 ], and compromised secretory capacity in adulthood [ 31 ,  62 ]. Upon 
aging, prostatic infl ammation, epithelial hyperplasia, PIN, and eventually adenocar-
cinoma are prominent [ 55 ]. Thus, it appears that developmental estrogen exposures 
may predispose to neoplasia in adulthood.  
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23.3.2     Connection between the Developmental Estrogenization 
and Prostatic Neoplasia 

 Alcohol consumption has been shown to be associated with a 20 % increase in 
serum estrogen levels in women [ 43 ], and this fi nding has been supported by rodent 
studies [ 32 ]. Exposure to estrogens in utero [ 14 ], or synthetic estrogen diethylstil-
bestrol (DES) treatment has also been associated with a higher risk for breast cancer 
in female offspring and prostate cancer in male offspring later in life [ 23 ]. It is 
interesting to note that although the initiation of prostatic development is dependent 
on androgens produced by the fetal testes [ 54 ], the developing prostate is particu-
larly sensitive to estrogens [ 55 ,  67 ]. In the estrogen receptor (ER) positive cell line 
MCF-7, alcohol treatment resulted in a dose-dependent increase in cell prolifera-
tion. In contrast, no increase in proliferation was observed in ER negative cell lines. 
In the same study, it was shown that alcohol also induced production of ERα protein 
in a dose-dependent manner [ 74 ]. These data suggest that ER-α may be one of the 
factors involved in alcohol-induced tumorigenesis. It is also interesting to note that 
combined treatment of estrogen and testosterone induces biochemical and histo-
logical carcinogenesis in ER-β-knockout (β-ERKO) mice but not in ER-α-knockout 
(α-ERKO) mice, suggesting a role for ER-α in prostate carcinogenesis [ 65 ]. In 
humans, under the infl uence of maternal estrogens, all fetal males contain marked 
prostatic squamous metaplasia which sloughs at birth [ 87 ]. Additionally, maternal 
exposure to pharmacological levels of diethylstilbestrol (DES) has been shown to 
induce prostatic abnormalities in human offspring [ 23 ]. 

 Consequently, it is proposed that excessive estrogenization during prostatic 
development may contribute to the high incidence of prostatic carcinoma observed 
in the aging male population [ 67 ]. In this regard, fetal exposure to alcohol has been 
shown to alter pubertal mammary gland development [ 53 ] due to excessive estro-
genization [ 32 ,  52 ] and increases aromatase and ER-a levels in prostate [ 46 ]. 
Furthermore, prolonged adult exposure to estradiol at levels within a physiologic 
range is capable of driving prostatic carcinogenesis in the Noble rat model [ 82 ]. 
Thus, the possibility exists that developmental estrogenic exposures within the 
prostate may lead to cellular abnormalities and carcinogenesis in the adult life.   

23.4     Fetal Alcohol, Neuroimmune Axis Abnormalities, 
and Cancer 

23.4.1     Neuroendocrine–Immune System and Tumor 
Surveillance 

 As discussed earlier fetal alcohol exposure increases the incidence of various 
hormone- dependent and independent cancers. The question arises why the fetal 
alcohol exposed offspring shows higher tumor incidence in many tissues? It could 
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be hypothesized that many types of cancers in fetal alcohol exposed patients might 
have been promoted due to an abnormality in the physiological process(s) that pre-
vents cancer development as well as molecular processes (e.g., prostate estrogeniza-
tion) that control growth and differentiation of a specifi c cell population. There are 
two biological systems that are signifi cantly altered in fetal alcohol exposed patients. 
One relates to stress regulation and the other is the immune system function. 
Children who are exposed to alcohol during fetal life often show behavioral and 
physiological changes such as depression, anxiety, hyperactivity, and an inability to 
deal with stressful situations [ 30 ,  75 ]. Fetal alcohol exposed patients and prenatal 
ethanol exposed rats often show elevated basal and stimulated levels of the adrenal 
hormone glucocorticoid, pituitary hormone adrenocorticotropic hormone (ACTH), 
and hypothalamic hormone corticotropin-releasing hormone (CRH) in response to 
stressors such as repeated restraint, foot shock, and immune challenges [ 13 ,  42 ,  85 ]. 
Children prenatally exposed to alcohol have lower cell counts of eosinophils and 
neutrophils, decreased circulating E-rosette-forming lymphocytes, reduced 
mitogen- stimulated proliferative responses by peripheral blood leukocytes, and 
hypo-c-globulinemia [ 35 ]. In animal models, fetal alcohol exposure is shown to 
negatively affect lymphoid tissue development, immune cell function, humoral 
immunity, and cytokine productions [ 4 ]. Activity of NK cells is also suppressed in 
these animals [ 13 ]. Children prenatally exposed to alcohol often have an increased 
incidence of bacterial infections such as urinary tract and upper respiratory tract 
infections [ 35 ]. 

 Studies from human and animal models have shown that acute and chronic 
stressful events have adverse effects on a variety of immunological mechanisms, 
such as traffi cking of neutrophils, macrophages, antigen-presenting cells, natural 
killer (NK) cells, and T and B lymphocytes [ 9 ,  16 ]. Exposure to stress modulates 
cell-mediated immunity by suppressing lymphocyte proliferation and NK activa-
tion, lowering the number of CD4+ cells in the peripheral blood and altering CD4/
CD8 T cell ratios [ 9 ,  81 ]. Studies have also shown that depression and stress might 
have effects on carcinogenesis indirectly, through the poorer destruction or elimina-
tion of abnormal cells by reduced NK cell activity. Decreased NK cell activity is 
also associated with growth and progression of a variety of cancers in animals and 
humans, because NK cells appear to represent a fi rst line of defense against the 
metastatic spread of tumor cells [ 50 ]. Stress is also associated with altered infl am-
matory and anti-infl ammatory cytokine ratios in systemic circulation, increases 
expression of interleukin-1 beta (IL-1ß) and tumor necrosis factor-alpha (TNF-α), 
and reduced expression of IL-2 and interferon-gamma (IFN-γ) [ 2 ]. Sustained eleva-
tion of TNF-α is known to inhibit the activity of protein tyrosine phosphatase 
(PTPase), causing reduced production of the MHC class I antigen of the cell sur-
face, and leading to malignant cells escaping immune surveillance [ 45 ]. Although 
there are many specifi c details yet to be delineated, it is becoming increasingly clear 
that stressful life events can impact cancer growth, progression, and metastasis by 
modulating nervous, endocrine, and immune systems of the body. Thus, reduced 
immune function and increased susceptibility to cancer may be a consequence of 
the stress axis abnormalities in fetal alcohol exposed offspring.  
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23.4.2     Neuroendocrine–Immune System Abnormalities 
and Prostatic Neoplasia 

 As discussed earlier, studies in animals indicated that fetal alcohol exposed off-
spring show elevated basal and hyper stress response to stressors and immune chal-
lenges [ 13 ,  35 ,  42 ,  85 ]. Can these changes of the stress axis relate to an abnormality 
in the feedback regulation of the axis? It is known that beta-endorphin (BEP), a 
hormone release from a set of neurons in the hypothalamus inhibits CRH secretion 
and downregulates the HPA axis functions. Fetal alcohol decreases the levels of 
BEP in the hypothalamus during adult life [ 17 ,  68 ]. Furthermore, transplantation of 
BEP neurons in the hypothalamus normalizes the HPA dysfunction in fetal alcohol 
exposed offspring [ 13 ]. Therefore, the stress hyperactivity in fetal alcohol exposed 
offspring may have resulted from a decreased BEP neuronal function Fig.     23.2 .  

 BEP is an endogenous opioid polypeptide, a cleavage product of proopiomelano-
cortin (POMC), which is also the precursor hormone for adrenocorticotrophic hor-
mone (ACTH) and α-melanocyte-stimulating hormone (α-MSH). POMC products 
are produced and secreted by the hypothalamus (BEP and α-MSH) and pituitary 
gland (ACTH, α-MSH and BEP) in vertebrates during exercise, excitement, pain, 
and orgasm, and they resemble the opiates in their abilities to produce analgesia and 
a feeling of well-being [ 3 ,  26 ]. 

 BEP neuronal cell bodies are primarily localized in the arcuate nuclei of the 
hypothalamus, and its terminals are distributed throughout the CNS, including the 
paraventricular nucleus of the hypothalamus [ 69 ]. In the paraventricular nucleus 
these neurons innervate CRH neurons and inhibit CRH release [ 36 ]. During stress, 
secretion of CRH and catecholamine stimulate secretion of hypothalamic BEP and 
other POMC-derived peptides, which in turn inhibit the activity of the stress system 
[ 51 ]. BEP is known to bind to δ- and μ-opioid receptors and modulate the neuro-
transmission in sympathetic neurons via neuronal circuitry within the paraventricu-
lar nucleus to alter NK cell cytolytic functions in the spleen [ 12 ,  13 ]. Low levels of 
hypothalamic BEP are correlated with a higher incidence of cancers and infections 
in patients with schizophrenia, depression, and fetal alcohol syndrome and in obese 
patients (reviewed in [ 84 ]). Hence, hypothalamic BEP inhibits CRH secretion and 
sympathetic outfl ow to the lymphoids and stimulates immunity. 

 We have recently shown that in vitro produced BEP neurons, when transplanted 
in the paraventricular nucleus of the hypothalamus, remained at the site of trans-
plantation, and increase NK cell cytolytic function and production of anti- 
infl ammatory cytokines in response to an immune challenge [ 69 ,  70 ]. BEP 
transplantation in the paraventricular nucleus of the hypothalamus also suppresses 
carcinogen-induced prostate and mammary tumorigenesis. Importantly, when the 
BEP transplants were given at an early stage of tumor development, many tumors 
were destroyed possibly due to increased innate immune activity, and the surviving 
tumors lost their ability to progress to high-grade cancer due to BEP cells’ suppres-
sive effects on epithelial–mesenchymal transition (EMT) regulators. Another 
remarkable effect of the BEP transplantation was that it promoted the activation of 
the innate immune activity following tumor cell invasion to such an extent that 
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tumor cell migration to another site was completely halted. The cellular mechanism 
involved in the cancer preventive effects of BEP appears to involve alteration of the 
autonomic nervous system functioning, leading to activation of innate immunity 
and reduction in systemic levels of infl ammatory and anti-infl ammatory cytokine 
ratios. Since fetal alcohol exposed animals have BEP neuronal defi ciencies and 
higher incidence of aggressive prostate tumors following a carcinogen treatment, 
the possibility is raised that the stress abnormalities and resulting immune 
 incompetence might have contributed to the increased prostatic neoplasia in these 

  Fig. 23.2    Beta-endorphin (BEP) neuron in the hypothalamus controls the growth and progression 
of tumor cells by modulating the neurotransmission in the autonomic nervous system and activat-
ing innate immune system. Effects include the stimulation of parasympathetic nervous system and 
release of acetyl choline (Ach) and suppression of the sympathetic nervous system and release of 
norepinephrine (NE) leading to activation of innate immune cells (including macrophages and 
natural killer cells) of the lymphoid organ and an increase in cytotoxic immune cells and anti- 
infl ammatory cytokine levels in the circulation. In a tumor microenvironment these immune cell 
and cytokine changes increase apoptotic death of tumor cells and reduce infl ammation-mediated 
epithelial-mesenchymal transition (EMT), and thereby suppress cancer growth and metastasis. 
Collectively, these effects create an unfavorable environment for tumor initiation, growth, and 
progression. From: Zhang C, Sarkar DK (2012) Oncoimmunology 1(4):552-554       
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animals. Our recent preliminary data support this concept and show that BEP neural 
functional abnormality is also one of the causes for increased cancer incidence in 
fetal alcohol exposed offspring [ 84 ]. 

 Studies are currently underway to establish the role of BEP and its potential use 
in prevention of cancers in fetal alcohol exposed animals.   

23.5     Conclusions 

 Fetal alcohol exposure occurs when the mother drinks alcohol during pregnancy. 
This exposure to alcohol during the developmental period as a fetus will cause a 
series of defects in different aspects to the individual. These defects include elevated 
estradiol production in the reproductive tissues, decreased BEP neuronal numbers, 
increased stress level, and increased susceptibility to different types of cancers. 
Alcohol consumption has been shown to be associated with a 20 % increase in 
serum estrogen levels in women. Fetal alcohol exposed offspring also appears to 
produce more estrogen and ER-α in the prostate. It is interesting to note that although 
the initiation of prostatic development is dependent on androgens produced by the 
fetal testes, the developing prostate is particularly sensitive to estrogens. Hence, 
prostate estrogenization during the developmental period may contribute to a higher 
risk for prostate cancer in male offspring later in life. Fetal alcohol exposures also 
alter stress axis function partly by killing BEP neurons in the hypothalamus, and by 
reducing body’s immunity. Previous studies in rats showed that increasing BEP neu-
ronal activity activates the innate immune function, which is essential to fi ght against 
cancer and inhibit cancer growth. Therefore it is possible that the increased cancer 
susceptibility in fetal alcohol rats is also partially due to the decrease. BEP neuronal 
number leads to a hyperactive stress axis and a suppressed immune system. Further 
studies are needed to determine the exact cause(s) for the higher incidence of neo-
plasm in the prostate and other tissues in fetal alcohol exposed animals and patients.     
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    Chapter 24   
 Fetal Alcohol Exposure and Mammary 
Tumorigenesis in Offspring: Role 
of the Estrogen and Insulin-Like Growth 
Factor Systems 

             Wendie     S.     Cohick     ,     Catina     Crismale-Gann     ,     Hillary     Stires     , and     Tiffany     A.     Katz    

    Abstract     Fetal alcohol spectrum disorders affect a signifi cant number of live births 
each year, indicating that alcohol consumption during pregnancy is an important 
public health issue. Environmental exposures and lifestyle choices during preg-
nancy may affect the offspring’s risk of disease in adulthood, leading to the idea that 
a woman’s risk of breast cancer may be pre-programmed prior to birth. Exposure of 
pregnant rats to alcohol increases tumorigenesis in the adult offspring in response to 
mammary carcinogens. The estrogen and insulin-like growth factor (IGF-I) axes 
occupy central roles in normal mammary gland development and breast cancer. 
17-β estradiol (E2) and IGF-I synergize to regulate formation of terminal end buds 
and ductal elongation during pubertal development. The intracellular signaling 
pathways mediated by the estrogen and IGF-I receptors cross-talk at multiple levels 
through both genomic and non-genomic mechanisms. Several components of the 
E2 and IGF-I systems are altered in early development in rat offspring exposed to 
alcohol in utero, therefore, these changes may play a role in the enhanced suscepti-
bility to mammary carcinogens observed in adulthood. Alcohol exposure in utero 
induces a number of epigenetic alterations in non-mammary tissues in the offspring 
and other adverse in utero exposures induce epigenetic modifi cations in the mam-
mary gland. Future studies will determine if fetal alcohol exposure can induce epi-
genetic modifi cations in genes that regulate E2/IGF action at key phases of mammary 
development, ultimately leading to changes in susceptibility to carcinogens.  
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24.1         Introduction 

 It has long been recognized that prenatal alcohol exposure can lead to fetal alcohol 
spectrum disorder (FASD), the most severe case being fetal alcohol syndrome 
(FAS) [ 1 ]. FASDs are characterized by facial abnormalities, growth defi ciencies, 
central nervous system dysfunction, intellectual impairment, and behavioral prob-
lems, leading to long-term adverse outcomes [ 2 ,  3 ]. It is estimated that FASDs 
affect at least 1 % of all live births in the United States each year [ 4 ]. In response to 
these data, the US Surgeon General issued an advisory in 2005 stating that women 
who are pregnant or who are planning on becoming pregnant should abstain from 
drinking alcohol [ 5 ]. However, despite this information, many women continue to 
consume alcohol during pregnancy. The Centers for Disease Control report that 
51.5 % of women who are of child-bearing age and 7.6 % of pregnant women con-
sume alcohol. Of pregnant women surveyed, 1.4 % self-reported binge drinking in 
the United States [ 6 ]. In a study conducted in Australia, New Zealand, Ireland, and 
the UK 60 % of women reported drinking during pregnancy, with 16 % reporting 
moderate (8–14 units per week) or high alcohol (14 or more units per week) intake [ 7 ]. 
Collectively these statistics indicate that alcohol consumption during pregnancy is 
an important public health issue worldwide. 

 Breast cancer is the most common form of cancer among women and the National 
Cancer Institute estimates that there will be 232,340 new cases in the United States 
in 2013 [ 8 ]. Many factors contribute to a woman’s risk of breast cancer including 
reproductive parameters (e.g., age at menarche and menopause, age at fi rst full-term 
pregnancy, parity), genetics, and obesity [ 9 – 11 ]. In addition, epidemiological analy-
ses and animal studies have shown that alcohol consumption is associated with a 
higher risk of breast cancer [ 12 – 16 ]. A newly emerging concept is that environmen-
tal exposures and lifestyle choices during pregnancy may affect the offspring’s risk 
of disease in adulthood [ 17 – 20 ]. This has led to the idea that a woman’s breast 
cancer risk may be pre-programmed prior to birth [ 21 – 23 ]. In support of this 
hypothesis, Hilakivi-Clarke and colleagues found that alcohol exposure in utero 
increases mammary tumor susceptibility to the carcinogen 7,12-dimethylbenz(a)
anthracene (DMBA) in adult offspring [ 24 ]. In this study pregnant Sprague Dawley 
rats were fed a liquid diet containing either low or moderate levels of alcohol from 
days 7–19 of pregnancy or pair-fed an isocaloric liquid diet. Offspring exposed to 
the moderate, but not low, levels of alcohol developed more tumors as a group rela-
tive to the isocaloric pair-fed controls (Fig.  24.1a ). Given the number of children 
born with FASD each year, which is associated with consuming more alcohol than 
used in the Hilakivi-Clarke study, we fed pregnant Sprague Dawley dams a high 
level of alcohol. Dams were acclimated to the alcohol diet by feeding a liquid diet 
containing 2.2 % ethanol on days 7 and 8 and 4.4 % ethanol on days 9 and 10 of 
gestation. Once acclimated, dams were fed the liquid diet containing 6.7 % ethanol, 
representing 35 % of total calories, from days 11–21 of pregnancy [ 25 ]. Control 
dams were fed an isocaloric liquid diet with the alcohol calories replaced by 
maltose- dextrin (pair-fed) or rat chow ad libitum (ad lib-fed). At birth, female 
 offspring were cross-fostered to ad lib-fed mothers so that female offspring were 
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only exposed to alcohol in the fetal environment. Offspring were exposed to 50 mg 
 N -nitroso- N -methylurea (NMU)/kg body weight at day 50 of life by intraperitoneal 
injection [ 26 ]. Similar to Hilakivi-Clarke et al. [ 24 ] we found an increased number 
of tumors in the alcohol-exposed offspring at 16 weeks post-NMU injection com-
pared to either control group (Fig.  24.1b ). The increased number of tumors per 
group was a function of both increased incidence (i.e., number of animals with 
tumors) as well as increased multiplicity (more tumors per animal). Furthermore, in 
this study the tumors from the alcohol-exposed offspring developed earlier and had 
a more malignant phenotype (i.e., more adenocarcinomas and more estrogen recep-
tor (ER)-α-negative tumors) [ 25 ].  

 These studies suggest that an additional adverse outcome of alcohol consumption 
during pregnancy could be that women born to these mothers have increased risk of 
developing breast cancer as adults. Fetal exposure to alcohol has been shown to 
increase risk for childhood leukemia, suggesting that fi ndings in rodent models may 
be relevant to human disease [ 27 ]. There is considerable discussion surrounding the 

  Fig. 24.1    Alcohol exposure 
in utero increases total 
number of mammary tumors 
in offspring. ( a ) Rats exposed 
in utero to low (7 % of total 
calories) or moderate (15 % 
of total calories) alcohol or 
an isocaloric liquid diet 
(control) were injected with 
DMBA at 47 days of age. 
Adapted by permission from 
Macmillan Publishers Ltd: on 
behalf of Cancer Research 
UK [ 24 ]. ( b ). Rats exposed to 
high alcohol (35 % of total 
calories), an isocaloric liquid 
diet (pair-fed), or ad libitum 
rat chow (ad lib-fed) were 
treated with NMU at 
approximately 50 days of 
age. Reproduced with 
kind permission from 
Springer Science + Business 
Media [ 131 ]       
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over-diagnosis and overtreatment of breast atypia due to the diffi culty in discerning 
which of these will progress to invasive cancer [ 28 ]. Therefore, it is of utmost impor-
tance to identify additional risk factors for breast cancer so that we can clearly dis-
tinguish which groups of women are at high risk for developing the disease. 

 While the fi nding that rodent offspring born to alcohol-exposed dams exhibit 
increased susceptibility to carcinogens as adults is consistently observed, the mech-
anisms underlying this increased susceptibility are not well understood. The estro-
gen and insulin-like growth factor (IGF) axes occupy central roles in both mammary 
gland development and breast cancer. This chapter will discuss evidence that this 
endocrine axis may be affected by alcohol exposure in utero leading to increased 
mammary tumorigenesis and propose potential mechanisms for these alterations.  

24.2     Overview of Mammary Gland Development 

 The development of the mammary gland depends on complex molecular interac-
tions between the parenchyma and the supporting stroma throughout three main 
stages of life: fetal development, puberty, and reproduction (pregnancy, lactation, 
and involution). The parenchyma consists of luminal and basal epithelial cells struc-
tured into ducts for milk production with adjacent myoepithelial cells that secrete 
basement membrane, while the stroma is comprised of multiple cell types including 
adipocytes, fi broblasts, immune cells, and nerve cells [ 29 ]. Much of what is known 
about human mammary gland development comes from rodent models [ 30 ]. 

 In rats, mammary development begins between day 10 and 11 of gestation at 
which time the mammary streak (line) is detected and consists of a single layer of 
ectodermal tissue stretching from the anterior to the posterior limb buds [ 31 ]. Over 
the next day, epidermal cells migrate to form several layers of cells, creating the 
mammary placodes [ 32 ,  33 ]. In rats there are six pairs of mammary placodes which 
correspond to the number of mammary glands in the adult. Each mammary placode 
invaginates into the underlying mesenchyme to become a bulb-shaped mammary 
bud. The surrounding mesenchymal cells reorient themselves into a radial pattern 
surrounding the parenchyma to form a pad of fatty connective tissue (the fat pad 
precursor). After a 3–4 day morphological quiescence there is a period of rapid cel-
lular proliferation, which results in the mammary sprout. This elongates, forming 
ducts that penetrate the fat pad precursor such that at birth, the gland is comprised 
of a limited number of branching ducts [ 31 ,  34 ,  35 ]. 

 After birth the mammary gland continues to grow isometrically with the rest of 
the body until the onset of ovarian hormones during puberty, when growth becomes 
allometric. The leading edge of each duct enlarges to form a club-shaped structure 
called a terminal end bud (TEB), which contains highly proliferative cells. Once the 
ducts have penetrated the fat pad and undergone initial bifurcations, the complexity 
of the milk duct system increases through side branching during each estrous cycle. 
During pregnancy, ductal side branching becomes even more extensive. Subsequently 
during lactation the gland becomes mature and fully functional. The epithelial 
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 component of the gland proliferates and fi lls the fat pad with lobular alveolar 
 structures. The alveoli differentiate to produce milk proteins which are secreted into 
the ductal lumen and transported to the nipple. Once suckling ceases the gland 
undergoes involution, during which epithelial cells undergo apoptosis and the 
 alveolar structures dedifferentiate [ 35 ].  

24.3     Role of Estrogen in Mammary Gland Development 
and Breast Cancer 

 Estrogens are steroid hormones that are produced mainly in the ovaries in pre- 
menopausal women, with minor contributions from adipose tissue and the adrenal 
glands. 17β-estradiol (E2) is the major circulating estrogen, but minor forms include 
estrone (E1) and estriol (E3), with E3 produced by the placenta during pregnancy. 
The hypothalamic-pituitary-gonadal (HPG) axis regulates ovarian production of 
estrogen. The hypothalamic peptide gonadotropin-releasing hormone (GnRH) 
induces release of luteinizing hormone (LH) and follicle-stimulating hormone 
(FSH) which simulate androgen production and aromatase activity, respectively. 
Aromatase catalyzes the aromatization of testosterone to E2, the fi nal rate-limiting 
step of E2 biosynthesis. The high levels of E2 released during ovulation feedback to 
inhibit the release of GnRH, LH, and FSH. 

 The classical genomic mechanism of E2 action is initiated when E2 diffuses 
across the plasma membrane and binds to ER in the cytoplasm, where it resides 
bound to heat-shock proteins (Fig.  24.2 ). Binding of E2 to ER results in its dissocia-
tion from these proteins, leading to dimerization of the receptor and translocation to 
the nucleus where the complex functions as a ligand-activated transcription factor 
by binding to estrogen response elements (EREs) to initiate expression of multiple 
target genes [ 36 – 38 ]. Additionally, non-genomic effects of E2 have been described 
and will be discussed more below [ 39 ,  40 ].  

 Estrogens act primarily through two nuclear ERs, ER-α and ER-β. E2 is required 
for the initial formation of the TEBs during pubertal mammary gland development. 
Ovariectomy of mice around the onset of puberty causes regression of TEBs which 
reappear when E2 pellets are implanted [ 41 ]. Additionally, ER-α knockout mice 
(ERKO) have mammary glands that appear rudimentary and lack any branching or 
TEBs [ 42 ]. Transplantation studies indicate that while ER-α is expressed in both the 
stroma and the epithelium of the developing gland [ 41 ], ER-α in the epithelial cells 
is most important for growth [ 42 ]. Deletion of ER-β does not affect ductal growth 
of the mammary gland [ 43 ] though it does interfere with terminal differentiation 
during lactation [ 44 ]. 

 A role for E2 in the etiology and progression of breast cancer was fi rst recog-
nized when bilateral ovariectomy in pre-menopausal breast cancer patients was 
found to result in cancer remission [ 45 ]. This fi nding led to investigation into the 
role of ovarian hormones and their receptors in breast cancer. Since approximately 
70 % of all breast cancers are ER-α positive and require E2 for growth, an effective 
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treatment strategy in women with ER-α positive tumors has been to block the E2 
system with either selective ER modulators (SERMs) that bind to and block ER-α, 
or aromatase inhibitors, which act by inhibiting E2 production [ 46 ]. For this reason, 
ER-α has become a prognostic and predictive marker for breast cancer. 

 The fact that a number of breast cancer risk factors correspond with an increase 
in exposure of the mammary gland to E2 (e.g., women who experience menarche at 
an early age and/or menopause at a later age) has led to the idea that lifetime expo-
sure to this hormone is a primary risk factor for the disease [ 47 ]. Increased exposure 
to E2 across a women’s lifetime is thought to indirectly affect carcinogenesis by 
increasing the number of cell cycles and thus the chances of genetic mutations. In 
addition, many studies have reported that increased serum E2 is positively associ-
ated with breast cancer risk in postmenopausal women [ 48 – 50 ]. However, recent 
meta-analyses of multiple epidemiological studies suggest that postmenopausal 
hormone concentrations are not strongly related to age at menarche or fi rst full-term 
pregnancy, parity or family history [ 51 ,  52 ], suggesting that these risk factors are 
not likely mediated through postmenopausal hormone levels. These risk factors 
may instead operate through long-term effects of sex hormone levels in 
 pre- menopausal women such as changes in the duration rather than the level of 
long- term exposure to sex hormones, by permanent changes in breast structure 
induced by pregnancy and lactation, or by other mechanisms [ 51 ]. 

  Fig. 24.2    Classical estrogen signaling pathway in the cell. 17-β estradiol (E2) diffuses across the 
plasma membrane and binds to ER in the cytoplasm. The E2/ER complex translocates to the 
nucleus and binds to estrogen response elements (EREs) to initiate gene expression. Reproduced 
with permission of Annual Reviews in the format Republish in a book via Copyright Clearance 
Center [ 38 ]       
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 A second mechanism by which E2 may impact carcinogenesis is via direct car-
cinogenic properties of E2 metabolites. The conversion of E2 to 2- or 4-OH-E2 
results in reactive oxygen species byproducts that are carcinogenic [ 53 ]. Also, the 
metabolites themselves can directly bind DNA and form adducts leading to muta-
genesis [ 54 ,  55 ]. The ERKO/Wnt-1 transgenic mouse demonstrates the importance 
of these metabolites in tumor initiation. In this study treating ERKO/Wnt-1 trans-
genic mice with E2 increased mammary carcinogenesis in the absence of ER-α, 
thus implicating the metabolites as the culprits [ 56 ].  

24.4     Role of the IGF System in Normal Mammary 
Gland Biology and Breast Cancer 

 The IGF family is comprised of two ligands (IGF-I and IGF-II) and six IGF-binding 
proteins (IGFBP-1 through IGFBP-6) that modulate the actions of IGFs. They exert 
their biological effects primarily through the IGF type I receptor (IGF-IR), a het-
erodimeric intrinsic tyrosine kinase receptor [ 57 ,  58 ]. The  IGF - IR  gene encodes a 
protein consisting of an extracellular α ligand binding domain and a β subunit con-
taining the intracellular tyrosine kinase domain which dimerizes with a second unit 
to form the functional receptor. The insulin receptors A and B are closely related to 
IGF-IR and it has recently been recognized that IGF-insulin hybrid receptors may 
also infl uence IGF action in the mammary gland [ 59 ,  60 ]. Binding of IGF ligand 
induces autophosphorylation of the receptor, followed by activation of adapter mol-
ecules such as insulin-receptor substrate 1 (IRS-1) and Shc, setting in motion activa-
tion of the phosphatidyl inositol-3-kinase (PI3K) and mitogen activated protein 
kinase (MAPK) signal transduction cascades (Fig.  24.3 ). These signaling molecules 
activate downstream factors that stimulate multiple processes that regulate normal 
growth and development of the mammary gland, including cellular proliferation, 
survival, angiogenesis, and migration. These processes also underlie abnormal 
growth processes that lead to breast cancer, including tumorigenesis and metastasis.  

 Development of the mammary gland is regulated by complex hormonal interac-
tions involving the pituitary hormones, growth hormone (GH) and prolactin, and the 
ovarian hormones, estrogen and progesterone. The postnatal effects of GH in mam-
mary gland development are predominately mediated through IGF-I [ 61 ]. The 
importance of IGF-I in mammary gland development is demonstrated by the fi nding 
that IGF-I knockout mice have dramatically impaired TEB formation and ductal 
development [ 62 ]. Understanding the role of the IGF system in normal mammary 
gland development is complicated by the fact that IGF-I exerts it effects on the 
mammary gland through both endocrine and autocrine/paracrine mechanisms [ 58 ]. 
The majority of circulating IGF-I is produced in the liver, while most tissues, includ-
ing the mammary gland, also produce IGF-I at the local level. GH can increase 
circulating IGF-I by binding to hepatic GH receptors and regulating hepatic produc-
tion and/or it can bind to GH receptors in the mammary gland to increase local 
production [ 63 ]. Mice that exhibit reduced local and circulating levels of IGF-I 
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(IGF-I midi mice) have normal ductal elongation into the fat pad but fewer branch-
ing structures than normal mice. However, mice with a liver-specifi c deletion of 
IGF-I (LID mice) exhibit a 75 % reduction in circulating IGF-I, yet maintain normal 
mammary ductal branching [ 64 ], suggesting that locally produced IGF-I acts in a 
paracrine fashion to regulate branching morphogenesis. Studies with transgenic 
mice that overexpress hepatic IGF-I (HIT) but have no local IGF-I production 
(IGF-I knockout/HIT) show that circulating IGF-I can maintain normal mammary 
gland development in the absence of local IGF-I. In addition, HIT mice exhibit 
enhanced mammary gland proliferation compared to control mice, indicating that 
elevated circulating IGF-I in the presence of local IGF-I production can accelerate 
mammary gland growth [ 65 ]. Collectively these studies show that both local and 
endocrine actions of IGF-I are important in mammary gland development. 

 Both circulating and local production of IGF-I are also important in mammary 
tumorigenesis and progression. In LID mice, administration of the carcinogen 
DMBA results in a lower incidence of mammary tumors and delays tumor onset 
[ 66 ], supporting a role for circulating IGF-I in breast tumor progression. Since 
IGF-I is predominately made in the stromal tissue in response to GH, a transgenic 
model was generated that mimics paracrine exposure of breast epithelial to stromal 
IGF-I by placing IGF-I under control of the keratinocyte 5 promoter, leading to 
overexpression of IGF-I in myoepithelial cells. These mice show increased ductal 
proliferation prepubertally compared with wild-type mice and exhibit increased 
susceptibility to carcinogen-induced tumorigenesis as adults [ 67 ]. 

  Fig. 24.3    Signal transduction pathways activated by IGF-I via the IGF-I receptor in the cell 
Reproduced with permission [ 131 ]       
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 As mentioned above, the biological activity of IGF-I is modulated by a family of 
six high affi nity IGFBPs. Of these IGFBPs, a large body of evidence supports a role 
for IGFBP-5 as a growth-inhibitory and/or pro-apoptotic factor in the mammary 
gland [ 68 ]. There is a positive relationship between IGFBP-5 expression and cell 
death during mammary involution. Transgenic overexpression of IGFBP-5 in mam-
mary tissue causes increases in apoptotic death of epithelial cells and reduces inva-
sion of the mammary fat pad, while addition of exogenous IGFBP-5 to murine 
mammary epithelial cells suppresses IGF-I mediated survival [ 69 ,  70 ]. Implantation 
of IGFBP-5 into one mammary gland of hypophysectomized, oophorectomized 
Sprague Dawley rats decreases the ability of GH and E2 to stimulate TEB formation 
after 7 days [ 71 ]. Likewise, when IGFBP-5 is injected into wild-type intact mice for 
7 days beginning on day 16 of pregnancy, the proportion of secretory tissue in the 
gland is decreased and lactation is impaired [ 72 ]. Many of these pro-apoptotic, 
growth-inhibitory effects are thought to be related to the ability of IGFBP-5 to 
sequester IGF-I and prevent its pro-survival and growth-stimulatory effects.  

24.5     Cross-Talk Between the E2 and IGF Systems 

 The E2 system interacts extensively with the IGF system in modulating mammary 
gland development and tumorigenesis [ 73 – 75 ]. During mammary gland develop-
ment, administration of E2 or IGF-I alone to ovariectomized, hypophysectomized 
rats does not restore full ductal development; however, the gland develops normally 
when these hormones are administered together [ 76 ]. Likewise, both E2 and IGF-I 
are required to restore normal mammary gland development in the IGF-I knockout 
mouse [ 62 ]. At the cellular level, normal breast epithelial cells that are positive for 
ER-α do not stain positive for Ki67 or bromodeoxyuridine (BrdU) incorporation, 
indicating that E2 is not directly driving proliferation [ 77 – 79 ]. E2 is believed to 
stimulate the release of IGF-I, which acts in a paracrine manner to drive growth of 
adjacent cells [ 80 ]. 

 In breast cancer cells, the proliferative effect of E2 is accounted for, in part, by 
its ability to upregulate components of the IGF signaling pathway, including IGF 
ligands, IGF-IR, and IRS-1 [ 81 – 84 ]. Reciprocally, IGF ligands can act via the 
IGF-IR to enhance transcriptional activation of ER-α by promoting its binding to 
EREs or by phosphorylating ER-α via activation of the PI3K and MAPK pathways 
[ 85 – 88 ]. The interactions between ER and IGF-IR may be mediated through a small 
pool of ERs localized to the plasma membrane, which can also occur in the absence 
of sex steroid [ 37 ,  89 ,  90 ]. These include not only ER-α and ER-β, but also ER-α 
transcript variants (including ER-α36) and the G-protein-coupled ER 1 (GPER, 
 formerly known as GPR30), a G-protein coupled receptor that is structurally differ-
ent from the classical ERs [ 91 ,  92 ]. A complex relationship between the membrane 
and nuclear effects of E2 also involves membrane-initiated phosphorylation of 
coactivators, which are then recruited to the nucleus. In addition to localizing to the 
nucleus and the plasma membrane, some ER may also localize to mitochondria 
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[ 37 ]. Therefore, the integration of effects that are mediated by ERs at distinct cel-
lular locations plays a major role in regulating cellular outcomes in the cell. The 
fi nding that the E2/ER/IGF systems interact so extensively has led to the develop-
ment of an array of therapeutic agents to target the IGF-IR signaling system in 
cancer, including breast cancer. However, despite promising results in early phase 
trials, randomized phase III trials have not yet been successful, demonstrating the 
complexity of the IGF signaling system [ 93 ,  94 ].  

24.6     Evidence for Alterations in E2 and IGF Systems 
in Alcohol-Exposed Offspring 

 Several lines of evidence from rodent studies conducted in our laboratory show that 
alcohol-exposed offspring exhibit alterations in various components of the E2/IGF 
axis. Few mutations in components of the E2/IGF axis have been reported in humans 
which demonstrate the primary importance of these system components to normal 
growth and development. Therefore it is possible that alterations in the E2/IGF sys-
tem are caused by epigenetic modifi cations, defi ned as heritable but reversible 
changes in gene function that occur without changes in nucleotide sequence. In the 
sections below, we outline evidence indicating that exposure to alcohol in utero 
induces epigenetic events. It is plausible that there could be epigenetic changes to 
E2/IGF hormone action in response to these alcohol-induced modifi cations. This 
regulation could occur at one or more levels to affect hormone synthesis, circulating 
and/or target tissue hormone levels, and/or target-organ responsiveness [ 95 ]. 

 To determine if prenatal alcohol exposure induces early changes in mammary 
gland morphology that might enhance the susceptibility to a carcinogen in adult-
hood, we used the same in utero model of alcohol exposure described in the intro-
duction. Instead of injecting NMU at postnatal day (PND) 50, we euthanized 
animals at three developmental time points: PND 20, a prepubertal time point when 
the ductal structures in the mammary gland are highly proliferative, PND 40, near 
puberty when the HPG hormonal axis has been activated, and PND 80, when the 
mammary gland is mature. Offspring were injected with BrdU prior to euthaniza-
tion to quantitate cell proliferation. At 20 and 40 days of age, animals exposed to 
alcohol in utero had an increased proliferative index compared to PF controls [ 26 ]. 
The increases between days 20 and 40 indicate that in utero alcohol exposure causes 
early changes in programming of the mammary gland that may contribute to the 
enhanced tumorigenesis observed in response to NMU. 

 Given the increase in the proliferative state of the mammary gland at this early 
age, we hypothesized that alterations in the IGF-I axis might contribute to this 
effect. Hepatic IGF-I mRNA levels were increased at all three time points in alcohol- 
exposed offspring, while IGF-I mRNA levels were also increased in the mammary 
gland at PND 20. Interestingly, IGFBP-5 mRNA levels were signifi cantly lower at 
PND 40 in animals exposed to prenatal alcohol relative to pair-fed controls 
(Fig.  24.4 ). Therefore, a decrease in IGFBP-5 expression in tumors of rats exposed 
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to alcohol in utero may allow more free IGF-I to access the IGF-IR and promote 
tumorigenesis. IGFBP-5 is reduced in epithelial tumors such as head and neck squa-
mous cell carcinoma and cervical carcinoma and has been proposed as a tumor 
suppressor gene [ 96 ,  97 ]. Therefore, the increased proliferation we observed in 
alcohol-exposed offspring could also be related to a decrease in a tumor suppressor 
role of IGFBP-5, which could be independent of IGF-I.  

 In addition to changes in the IGF axis, aromatase expression was increased in the 
mammary glands of alcohol-exposed offspring at both PND 20 and 40 [ 26 ]. As 

  Fig. 24.4    Alcohol exposure 
in utero increases hepatic and 
mammary IGF-I expression 
and delays the developmental 
increase in mammary 
IGFBP-5 expression. 
Following alcohol exposure 
in utero, liver and mammary 
glands were collected at 
sacrifi ce on postnatal day 
(PND) 20, 40, or 80. RNA 
was isolated and analyzed by 
qRT-PCR. ( a ,  c )  Different 
letters  denote signifi cant 
differences ( P  < 0.05); ( b ) 
 Asterisk  denotes signifi cance 
at  P  < 0.001. Adapted from 
[ 26 ] with kind permission 
from Springer Science + 
Business Media       
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mentioned above, aromatase is the key enzyme that converts testosterone to E2. 
Interestingly, IGF-I enhances aromatase activity in a variety of cells although the 
mechanism is not well understood. Recently, IGF-I was shown to increase aroma-
tase activity by decreasing degradation of aromatase with no corresponding change 
in mRNA levels [ 98 ]. Therefore both IGF-I and E2 expression may be increased 
locally in mammary glands of alcohol-exposed offspring, where they may cross- 
talk to promote mammary proliferation in early development. 

 To further test our hypothesis that the E2 system is altered by alcohol exposure 
in utero we conducted another study in alcohol-exposed adult offspring in which 
we monitored the estrus cycle by vaginal cytology and sacrifi ced all animals during 
proestrus. Animals exposed to alcohol in utero exhibited signifi cantly higher circu-
lating levels of E2 relative to either pair-fed or ad libitum control groups (Fig.  24.5 ). 
These data may be related to fi ndings that in utero alcohol exposure alters the devel-
opment and maturation of the HPG axis in female rats [ 99 ]. 

 In addition to alcohol, exposure to a wide variety of toxic compounds during 
fetal or neonatal development affects postnatal mammary gland development and/
or leads to increased susceptibility to mammary carcinogens in adulthood, support-
ing the fetal origins of disease hypothesis [ 100 ]. Many of these toxins are endocrine 

  Fig. 24.5    Alcohol exposure 
in utero increases circulating 
levels of 17-β estradiol (E2) 
during proestrus in adulthood. 
Pups were sacrifi ced during 
proestrus (ages 62–76 days) 
to avoid cyclic differences in 
circulating E2 levels and trunk 
blood was collected. E2 levels 
were determined by ELISA. 
 Different letters  denote 
signifi cant differences 
( P  < 0.05). Republished from 
[ 25 ] with kind permission 
from Springer Science + 
Business Media       
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disruptors, which act by interfering with E2 action. Furthermore, rodent studies 
have shown that maternal exposures to dietary factors such as high fat leads to 
alterations in mammary morphology during development and/or an increased risk 
of mammary cancer in the offspring [ 101 ,  102 ]. Feeding a high fat diet also increases 
circulating concentrations of E2 in the dams [ 101 ]. Exposure to estrogens in utero 
due to female twin-ship [ 103 ] or DES treatment [ 104 ] is associated with a higher 
risk for breast cancer later in life. Based on the rationale that alterations in the fetal 
estrogenic environment may change the susceptibility of the mammary gland to 
later exposure to carcinogens, Hilakivi-Clarke et al. [ 24 ] measured E2 in the circu-
lation of pregnant dams exposed to alcohol. They found an increase in E2 concen-
trations in the dams fed the lower level of alcohol (7 % of total calories) but not in 
the dams fed the intermediate level of alcohol (15 % of total calories). Interestingly, 
tumor number was only increased in the dams fed the intermediate level of alcohol. 
Whether circulating E2 levels are increased in dams fed high concentrations of alco-
hol has not yet been determined.  

24.7     Fetal Alcohol and Epigenetics 

 As mentioned above, epigenetics involves heritable changes in gene expression that 
occur without an alteration in the primary nucleotide sequence of a gene. Epigenetic 
modifi cations to nuclear chromatin structure alter DNA, histones, and non-histone 
proteins. These modifi cations limit or enhance the accessibility and binding of the 
transcriptional machinery or recruit repressor complexes, resulting in changes in 
gene expression. Epigenetic mechanisms include DNA methylation of promoter 
and/or non-promoter CpG islands, covalent histone modifi cations (methylation, 
acetylation, phosphorylation, ubiquitination or sumoylation), microRNAs, and the 
more recently described long noncoding RNAs [ 95 ,  105 – 107 ]. 

 DNA methylation represents a major epigenetic regulatory pathway that is cata-
lyzed by DNA methyltransferases (DNMTs). These enzymes add methyl groups 
from  S -adenosylmethionines to carbon 5 positions of cytosines [ 108 ]. Three impor-
tant family members of DNMTs have been reported: DNMT1, DNMT3A, and 
DNMT3B. DNMT1 is considered the maintenance DNA methyltransferase, whereas 
DNMT3A and DNMT3B are primarily involved in de novo DNA methylation [ 95 , 
 109 ]. Covalent histone modifi cations, including acetylation and methylation, are a 
second major pathway. Histone acetylation and deacetylation are regulated by his-
tone acetyltransferases (HATs) and histone deacetylases (HDACs), respectively. 
Histone methylation and demethylation are regulated by histone methyltransferases 
(HMTs) and histone demethylases (HDMs), respectively [ 110 ]. Lysine residues on 
histone tails can be regulated by both methylation and acetylation. Modifi cations 
of lysines on histone H3 can be repressive (e.g., H3K9 di- or trimethylation, 
H3K27 trimethylation) or activating (e.g., H3K9 acetylation, H3K4 trimethylation) 
[ 95 ,  110 – 112 ]. HATs do not bind to DNA promoters directly, but are recruited by 
DNA-bound transcription factors. Overall, hypomethylation of DNA and histone 

24 Fetal Alcohol Exposure and Mammary Tumorigenesis in Offspring



416

acetylation cause a more relaxed chromatin state, allowing easier interaction 
between the DNA and the transcriptional machinery, thus resulting in increased 
gene transcription. DNA hypermethylation and histone deacetylation result in con-
densed chromatin structure, causing a decrease in gene transcription [ 95 ]. 

 The epigenome is particularly susceptible to environmental factors during fetal 
development as the DNA synthetic rate is high and the complex DNA methylation 
patterning and chromatin structure required for normal tissue development is estab-
lished at this time [ 113 ]. DNA methylation and histone modifying pathways cross- 
talk and both are necessary for normal genomic imprinting during development 
[ 114 ]. Epigenetic reprogramming involves genome-wide erasure and re- 
establishment of DNA methylation and histone modifi cations during normal mam-
malian development (immediately after fertilization until pre-implantation of the 
embryo and also during primordial germ cell development) [ 109 ,  111 ,  115 – 118 ]. 
Aberrant epigenetic regulation is also implicated in cancer, whereby oncogenes are 
expressed, and tumor suppressor genes are silenced [ 112 ,  119 ]. 

 In 1991, Garro et al. showed that administration of alcohol to pregnant mice on 
days 9–11 of pregnancy resulted in genome-wide hypomethylation in 11-day old 
fetuses. The effect was proposed to be mediated by acetaldehyde, a product of alco-
hol metabolism, which inhibits DNA methyltransferase in vitro [ 120 ]. In the last 
few years numerous studies have confi rmed that alcohol exposure in utero induces 
epigenetic alterations in the offspring. Studies with the Agouti mouse model dem-
onstrate that alcohol exposure during gestation can affect adult phenotype through 
epigenetic mechanisms [ 121 ]. Microarray analysis of murine embryos exposed to 
alcohol on gestational day 9 shows altered expression of a subset of genes involved 
in methylation and chromatin remodeling [ 122 ]. In support of this fi nding, analysis 
of whole-embryo murine cultures treated with alcohol show increased and decreased 
DNA methylation of 1,028 and 1,136 genes, respectively. Greater than 200 of these 
methylation alterations are found on chromosomes 7, 10, and X, which are chromo-
somes that contain many imprinted genes as well as genes prone to aberrant epigen-
etic silencing. Additionally, changes in DNA methylation correspond with actual 
changes in gene expression in 84 genes, indicating that fetal alcohol can impact 
gene expression in the developing embryo through an epigenetic mechanism [ 123 ]. 

 In addition to global methylation analyses, several studies have focused on meth-
ylation changes in specifi c genes. Exposure of mice to alcohol between gestational 
days 10 and 18 affects methylation of the paternally imprinted H19 gene in the off-
spring’s sperm, resulting in a 3 % decrease in the number of methylated CpGs in this 
gene at 8 weeks of age. The CCCTC-factor DNA-binding sites of H19 play a role in 
regulating IGF-II expression [ 124 ]. Due to the well-defi ned neurological conse-
quences of developmental alcohol exposure, recent studies have focused on epigen-
etic regulators expressed specifi cally in the brain. Perinatal alcohol exposure 
(gestational day 1 through PND 10) induces gene expression changes in epigenetic 
regulators (DNMT1, DNMT3a, and methyl-CpG binding protein 2) in the hippo-
campus as well as increases in DNMT activity [ 125 ]. Alcohol exposure of fetal cere-
bral cortical neuroepithelial stem cells causes a decrease in trimethylation of H3K4 
(H3K4me3) and H3K27 (H3K27me3) in developmental genes that play an integral 
role in regulating neural stem cells as well as neural differentiation [ 126 ]. H3K4me3 
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is usually associated with gene activation, whereas H3K27me3 is considered a 
repressive histone mark [ 95 ,  126 ]. Expression of epigenetic- modifying enzymes 
such as Dnmt1, Uhrf1, Ash2L1, Wdr5, Ehmt1, and Kdm1b are also observed [ 126 ]. 
DNMT expression and histone modifi cations are also altered in the hypothalamus of 
offspring exposed to fetal alcohol. In utero  alcohol exposure from gestational day 
7–21 results in a decrease in H3K4 di- and  trimethylation as well as H3K9 acetyla-
tion, and an increase in H3K9 dimethylation as well as expression of DNMT1, 
DNMT3a, and methyl-CpG-binding protein [ 127 ]. These studies raise the possibility 
that alcohol exposure in utero will affect epigenetic regulators in other tissues as 
well, including the ovaries and mammary gland.  

 While epigenetic alterations induced by fetal alcohol exposure in the mammary 
gland have not been investigated to date, other in utero exposures cause epigenetic 
modifi cations in the mammary gland. High fat or ethinyl-oestradiol (EE2) exposure 
in utero increases DNMT1 expression in PND 50 rat mammary glands [ 102 ]. Global 
methylation analysis of PND 50 mammary glands from EE2 exposed rats reveals 
375 differentially methylated promoter regions, of which 21 are hypermethylated 
and 161 are hypomethylated [ 102 ]. In utero exposure to DES or bisphenol-A (BPA) 
also induces epigenetic alterations in the adult mammary gland [ 128 ]. DES expo-
sure between gestational days 9 and 26 increases expression of the histone methyl-
transferase EZH2 in mammary glands of 6-week-old female mice. BPA or DES 
exposure also lead to increased histone H3K27 trimethylation, an EZH2 target, in 
the mammary gland indicating that EZH2 methyltransferase activity increases. 
Overexpression of EZH2 has been documented in breast cancer and is associated 
with aggressive forms of the disease [ 128 ]. In summary, in utero exposures can 
cause epigenetic modifi cations specifi cally in the mammary gland and these epigen-
etic alterations can potentially affect the offspring’s risk of mammary cancer. 

 The E2 signaling axis can also be epigenetically affected by in utero exposure. 
Treatment of mice with BPA during gestational days 9–16 leads to decreased DNA 
methylation in the homeobox gene  Hoxa10  in the uteri of 2 week old mice, subse-
quently resulting in increased  Hoxa10  mRNA and protein expression [ 129 ]. The 
decrease in  Hoxa10  DNA methylation leads to increased binding of ER-α to the EREs 
located on the  Hoxa10  promoter. Furthermore, transfection of MCF-7 breast cancer 
cells with the unmethylated  Hoxa10  promoter increases luciferase activity in response 
to E2 compared to MCF-7 cells transfected with the methylated promoter, indicating 
that the unmethylated  Hoxa10  promoter is more estrogen responsive, leading to an 
increase in ERE-driven gene expression [ 129 ]. It is possible that this epigenetic effect on 
the E2 signaling axis is not specifi c to BPA or endocrine disruptors in general, but may 
be an effect that can be initiated by a variety of in utero exposures such as alcohol. 

 The studies outlined above indicate that prenatal alcohol exposure induces 
 epigenetic modifi cations. Therefore, it is plausible that alcohol exposure in utero 
could affect epigenetic regulation of the E2/IGF system. Recent evidence has indi-
cated that steroidogenic enzymes, nuclear receptors, and transcription factors 
involved in steroid hormone synthesis and action can be epigenetically regulated 
[ 130 ]. It is therefore possible that alcohol exposure in utero can disrupt the normal 
epigenetic regulation of these key molecules involved in hormone signaling. 
Changes in the steroid signaling pathway induced by epigenetic modifi cation could 
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then interface with the IGF system as described above. Further studies will determine 
if fetal alcohol exposure induces epigenetic modifi cations in genes that can regulate 
hormone action at key phases of mammary development, ultimately  leading to 
changes in susceptibility to carcinogens.     
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