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1 Summary 

 

Mani Haschemi Nassab 

 

Role of ALDH2 in alcohol dependence – a comprehesive study in genetics, 

epigenetics and protein expression 

 

Many severe medical problems of alcohol dependence are addressed to carcinogen 

actions of acetaldehyde (AcH), main metabolite of ethanol oxidation. 

On a genetic level, rs886205, a functional aldehyde dehydrogenase 2 (ALDH2) 

promoter single nucleotide polymorphism (SNP), has been associated with an 

increased risk for cancer, particularly in combination with alcohol consumption. 

Molecular studies reported lower basal ALDH2 promoter activity and ALDH2 mRNA 

levels both in vitro and in vivo caused by the atypical G-allele of rs886205. 

Yet, no precise molecular mechanism has been described linking genetic disposition 

by the atypical G-allele to altered regulation of ALDH2 gene expression. 

We observed ethanol-induced hypermethylation of a repressive ALDH2 promoter 

fragment in blood samples from alcohol dependent patients on day 1 of a 2-week 

inpatient detoxification treatment, compared to healthy controls. 

Moreover, delayed normalization of ALDH2 promoter methylation towards control 

levels was evident in patients with at least one atypical G-allele, compared to patients 

without the atypical allele. 

Furthermore, we detected lower ALDH2 protein level in alcohol dependent patients 

with at least one atypical G-allele of rs886205, compared to patients without the G-

allele. Proving allele-dependent epigenetic regulation of ALDH2 gene expression on 
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protein level, we could correlate methylation changes of the repressive ALDH2 

promoter fragment from day 1 to 7 of withdrawal with ALDH2 protein in levels on day 

7 of withdrawal only in patients homozygous for the typical A-allele. 

Our new insights of allele-dependent regulation of ALDH2 protein expression via 

specific DNA-methylation of a repressive ALDH2 promoter fragment confirm the 

crucial role of rs886205 as a genetic risk marker for cancer due to its impact on the 

increase of toxic AcH in alcohol dependent individuals. 

Based on our new findings about the epigenetic impact of rs886205 on impairment of 

ALDH2 gene expression, assessment of genotype and epigenetic status in easily 

accessible blood cells might enable early prevention of physiologic and psychological 

damage and more effective detoxification treatments regarding alcohol dependence 

in the future. 
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2 Zusammenfassung 

 

Mani Haschemi Nassab 

 

Die Rolle der ALDH2 in Alkoholabhängigkeit – eine umfassende Studie in 

Genetik, Epigenetik und Proteinexpression 

 

Viele schwerwiegende Folgeerkrankungen der Alkoholabhängigkeit werden 

Acetaldehyd, dem kanzerogenen Hauptmetaboliten der Ethanoloxidation, 

zugeschrieben. 

Auf genetischer Ebene wurde bereits rs886205, ein funktioneller Einzelnukleotid-

Polymorphismus (SNP) im Promotor des Gens der Aldehyddehydrogenase 2 

(ALDH2), mit einem erhöhten Krebsrisiko assoziiert, vor allem in Verbindung mit 

Alkoholkonsum. 

Molekulare Studien haben von verringerter basaler ALDH2 Promoteraktivität und 

ALDH2 mRNA Leveln berichtet, die durch das atypische G-Allel von rs886205 

verursacht werden.  

Dennoch wurde bisher kein präziser molekularer Mechanismus beschrieben, der die 

genetische Disposition durch das atypische G-Allel mit veränderter Regulation der 

ALDH2 Genexpression verbinden konnte. 

Wir haben in der vorliegenden Arbeit die Hypermethylierung eines 

transkriptionshemmenden ALDH2- Promotorfragments durch Ethanol in Blutproben 

von alkoholabhängigen Patienten an Tag 1 einer 2-wöchigen stationären Entgiftung 

im Vergleich zu gesunden Kontrollen nachgewiesen. 
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Darüber hinaus war eine verzögerte Normalisierung der Methylierung des ALDH2 

Promotorfragments in Patienten mit mindestens einem atyischen G-Allel evident. 

Zusätzlich detektierten wir niedrigere ALDH2 Proteinlevel an Tag 1 des Entzugs in 

Patienten mit mindestens einem G-Allel von rs886205. Wir konnten Veränderungen 

der Methylierung des repressiven ALDH2-Promotorfragments von Tag 1 bis 7 des 

Entzugs mit ALDH2-Proteinleveln an Tag 7 des Entzugs korrelieren und somit eine 

allel-abhängige epigenetische Regulation der ALDH2-Genexpression auf 

Proteinebene belegen. 

Demzufolge bestätigen unsere neuen Erkenntnisse einer allel-abhängigen 

Regulation der ALDH2-Proteinexpression mitttels spezifischer DNA-Methylierung 

eines repressiven ALDH2 Promotorfragments die entscheidende Rolle von rs886205 

als genetischer Risikomarker für Krebs durch seinen Einfluss auf die Eliminierung 

von toxischem Azetaldehyd in alkoholabhängigen Menschen. 

Basierend auf unseren neuen Befunden über den epigenetischen Einfluss von 

rs886205 auf die Verminderung der ALDH2 Genexpression kann die Erfassung von 

Genotyp und epigenetischem Status in leicht zugänglichen Blutzellen frühe 

Prävention von physiologischem und psychologischem Schaden sowie effektivere 

Entgiftungsbehandlungen bezüglich Alkoholabhängigkeit ermöglichen. 
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3 Introduction 

3.1 General pathology of alcohol dependence 
 

Alcohol dependence is one of the major reasons for premature death, leading to 

great social and economic costs especially in western societies. Alcohol consumption 

in general is known to be a crucial contributor to global burden of disease worldwide 

and its impact is increasing particularly in developing countries. While positive effects 

of low alcohol consumption suggested to be protective against cardiovascular 

diseases are still controversially discussed, detrimental outcomes of chronic alcohol 

consumption considering medical and social problems for the individual and society 

are evident 1. However, conclusive political consequences on production, sale and 

availability of alcohol in western, but particularly developing countries, are mostly 

deemed to fail due to economic interests preventing restriction of availability and 

production of this toxic substance 2. 

Toxicity of alcohol consumption is caused by direct effects of ethanol itself via 

disturbance of cell membrane integrity, enzyme functions and numerous metabolic 

pathways 3. Moreover, the formation of even more metabolites like reactive oxygen 

species 4 and especially acetaldehyde (AcH) has been associated with severe 

negative long-term effects of drinking, including a higher risk for development of 

cancer, cardiomyopathy or alcoholic liver disease 5,6,7. 

Alcohol dependence is strongly connected with comorbid mental disorders, as the 

general 12-month prevalence of mental disorders in alcohol dependent individuals 

has been assessed up to 45% and an odds-ratio for suffering from a mental disorder 

up to 6.7, compared to individuals not alcohol dependent. 
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In spite of a high association between alcohol dependence and other mental 

disorders, it remains elusive to assign cause and consequence in that relation, even 

though self medication of primary mental disorders by use of alcohol and other drugs 

have been proposed. However, there is a lack of conclusive evidence that alcohol 

dependence can be directly addressed to specific mental disorders, as individual 

culture, costs and availability certainly determine choice of drug 8. 

 

3.1.1 Esophagitis and gastritis 
 
Ethanol is known to directly impair esophagus motility leading to increased 

gastroesophageal reflux of gastric acid and to induce gastric acid production. As a 

consequence, gastric and esophageal tissue are exposed to enhanced damage and 

impaired protection against harms provoking inflammation of the respective tissues, 

e.g. esophagitis and Helicobacter pylori infections 9. 

 

3.1.2 Hepatic damage 
 
Alcoholic liver disease (ALD) is diagnosed by documentation of alcohol excess and 

evident liver disease of histological stadium reaching from fatty liver to alcoholic 

hepatitis to chronic hepatitis with hepatic fibrosis or cirrhosis 10. 

AcH has been described to play an important role in the development of ALD as 

demonstrated by significantly higher prevalence of ALD in East-Asian alcohol 

dependent patients displaying atypical ALDH2*2 allele coding for a protein without 

enzymatic function, compared to patients with active ALDH2 protein. Particularly 

acetaldehyde interacts with different metabolic pathways that contribute to 
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progression of ALD including generation of adducts that impair synthesis of DNA and 

immune response, leading to tissue damage and cancer 11.  

 

Therefore, abstinence from alcohol is supposed to be most important and effective 

therapeutic intervention that hinders progression of disease and improves 

physiological conditions at any stage of ALD in chronically drinking individuals 12. 

 

3.1.3 Cancer 
 
It should be emphasized that ethanol itself is not carcinogenic, but rather reactive 

metabolites generated during oxidation of ethanol. e.g. AcH, induce the risk for oral, 

pharyngeal, laryngeal, esophageal and hepatic cancer in chronically drinking 

individuals and that there is no threshold for the risk of cancer 13. 

Smoking is not only an additive, but multiplicative risk factor resulting in a 13-fold 

increase of cancer risk, while only a 2-4-fold increase of cancer risk was reported for 

smoking or drinking of spirits alone 14. Apart from that, smoking and alcohol 

consumption has a high association showing prevalence of more than 75 % in 

alcohol dependent patients 15. 

However, alcohol consumption has been identified as an independent and strong risk 

factor for cancer in case-control and cohort studies, as a relative risk (RR) of up to 

15.44 for esophageal and up to 13.68 for oral and laryngeal carcinoma has been 

addressed to alcohol consumption 16. 
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3.1.4 Brain damage 
 

Alcohol dependence is a serious addictive disorder, particularly characterized by 

adaptation of cellular energy metabolism along utilization of acetate, end product of 

ethanol metabolism, as acetyl coenzyme A in the citric acid cycle. 

Aberrant cellular energy metabolism in combination with malnutrition, particularly 

thiamine deficiency, can cause enhanced concentration of glutamate and increased 

expression of NMDA-receptors due to chronic inhibition by ethanol. As a 

consequence, excitotoxic effects may provoke death of different neurons and lead to 

loss of memory functions as in case of both Wernicke encephalopathy and Korsakow 

syndrome 17. 

Apart from excitotoxic effects of ethanol, direct agonistic and antagonistic features of 

ethanol in GABAergic and glutamatergic circuits will both provoke reinforcing effects 

of intoxication and prevent chronically drinking individuals from withdrawal due to 

severe physiologic response leading to seizures 18. 

The metabolism of ethanol consists of two subsequent oxidation steps: 

Upon cellular digestion, ethanol is converted to highly reactive AcH, which is then 

further oxidized to acetic acid in a second reaction. Oxidation variants for ethanol are 

diverse, as it is substrate to different enzymes like alcohol dehydrogenase (ADH), 

catalase (CAT) and cytochrome p450 2E1 (CYP2E1) that are differentially expressed 

in a tissue-dependent manner. In a second step, elimination of toxic AcH is 

accredited to the family of aldehyde dehydrogenases (ALDH). In mitochondria, 

acetaldehyde is then further oxidized to acetic acid mainly by the aldehyde 

dehydrogenase 2 (ALDH2). This second step is accompanied by the turnover of 
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water (H2O) and oxidized nicotinamide adenine dinucleotide (NAD+) into protons (H+) 

and the reduced form of nicotinamide adenine dinucleotide (NADH) (figure 1). 

 

Figure 1: The 2-step oxidative elimination of ethanol 

 

 

 

Legend figure 1: 

Alcohol dehydrogenase (ADH), catalase (CAT)and cytochrome p450 2E1 (CYP2E1) 

are enzymes involved in the oxidation of ethanol to acetaldehyde. The CYP2E1-

mediated pathway takes place in the cellular microsomes and requires reduced 

nicotinamide adenine dinucleotide phosphate (NADPH), protons (H+) and oxygen 

(O2), which are turned into oxidized nicotinamide adenine dinucleotide phosphate 

(NADP+), water (H2O) and reactive oxygen species (ROS). 

Particularly concerning the latter reaction step, mitochondrial aldehyde 

dehydrogenase 2 (ALDH2) displays the highest enzymatic activity accomplishing fast 

turnover of toxic AcH to nontoxic acetic acid in human tissues, e.g. liver and brain 19. 

Specifically in the brain, AcH levels correlate with the damage caused by ethanol in 

this largely non-regenerating tissue. At the same time, wanted effects of chronic 

alcohol consumption have also been supposed to interact with products of AcH with 

particularly dopamine, i.e. salsolinol, interfering with the reward system in the brain, 

thereby contributing to drinking reinforcement 20,21,22. 
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3.2 Genetic and epigenetic implications 

3.2.1 Polymorphisms of the ALDH2 gene 
 
Downregulation or complete loss of ALDH2 activity will result in accumulation of AcH 

after consumption of even small amounts of ethanol, even though not only rate of 

elimination by ALDH2, but also rate of AcH-formation by ADH, catalase and CYP2E1 

determine levels of AcH after alcohol consumption. While gene expression of 

CYP2E1 has been found to be strongly inducible by high amounts of ethanol, 

expression of ADH and catalase remain unchanged in chronically drinking persons 

23. Moreover, a variety of chemicals is also substrate and inductor of CYP2E1 and 

supposed to account for the inter-individual variance of ethanol elimination capacity. 

Additionally, women were reported to display lower basal activity of gastric ADH, 

resulting in a higher susceptibility to alcoholic liver disease 24. 

 

However, functional genetic polymorphisms have been reported to have the 

strongest impact on tolerance and susceptibility to harms provoked by ethanol 

exposition. 

A common functional polymorphism among East-Asian populations is rs671, a single 

G -> A nucleotide polymorphism (SNP) in exon 12 of the ALDH2 gene that encodes 

for an enzyme without any catalytic activity. The atypical ALDH2*2 allele has been 

shown to cause significantly increased blood levels of AcH after alcohol consumption 

in homo- and heterozygous (A/G, A/A) individuals, compared to typical ALDH2*1 

allele (G/G) carriers. After alcohol consumption, this SNP is known to cause different 

adverse effects in individuals with one or two atypical alleles like flush, nausea and 

headache. Additionally, several association studies demonstrated that rs671 is an 
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independent and strong risk factor for cardiovascular diseases and cancer due to 

enhanced damage of cellular components including proteins and DNA 25,26. 

Interestingly, functional polymorphisms of other ethanol-oxidizing genes, e.g. ADH, 

were shown not to have an impact on acetaldehyde levels after alcohol ingestion in 

people with or without the ALDH2 polymorphism rs671, thus highlighting the crucial 

role of ALDH2 for effective elimination of AcH 27. 

 

Recently, rs886205 (A -> G), another regulative SNP of the ALDH2 gene has been 

reported to alter basal promoter activity of the ALDH2 gene both in hepatoma cells 

lines and in peripheral blood cells from healthy individuals being heterozygous for 

this polymorphism 28. 

In contrast to rs671, rs886205 has recently been identified as a new genetic risk 

marker with high prevalence in different ethnical populations, including Caucasian 

and African individuals 29. 

Relevance of rs886205 as a genetic risk marker has also been proven for western 

societies in different, independent and mixed genome-wide association studies that 

revealed an increased risk for development of esophageal carcinoma in individuals 

with at least one atypical G-allele of rs886205 and a potentiated risk in combination 

with moderate to heavy alcohol consumption (≥ 3 times per week). Relevance for the 

western culture was also highlighted by reporting a higher frequency of the A–allele 

in Caucasian populations compared to East-Asian populations 7. 

Molecular studies reported genetic effects by the atypical G-allele of rs886205 via 

interaction with the previously described regulative ALDH2 promoter fragment in vivo 

and in vitro leading reduced basal promoter activity 28. So far, no precise molecular 
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mechanism highlighting allele-dependent regulation of basal promoter activity could 

be proposed. 

Direct interactions between the respective regulative promoter fragment and putative 

transcription factors known to bind the region around the polymorphic site do not 

show different binding affinities to the typical A- or atypical G-allele 30.  

In general, elimination of AcH has been shown to be impaired in alcohol dependent 

patients’ blood and liver tissue leading to accumulation of toxic acetaldehyde 31,32. 

 

3.2.2 Regulation of ALDH2 gene expression via DNA-methylation 
 

Yet, the question how downregulation in these patients is accomplished on a 

molecular level remains unanswered, as reduced ALDH2 activity has also been 

reported in chronically drinking individuals without any hepatic disease that might 

lead to loss of mitochondrial function due to a general deterioration of hepatic 

functions 33,34. Furthermore, the regulatory role of a specific ALDH2 promoter 

fragment was reported to be essential for basal ethanol and acetaldehyde-induced 

changes of promoter activity and gene transcription both in vitro and in vivo 28. 

Moreover, ethanol-exposition experiments reduced ALDH2 gene transcription in the 

brain 35. Still, the precise mechanism for this regulative interaction remains elusive. 

Methylation of cytosine-phosphatidyl-guanine (CpG)-rich promoter regions in genes 

in most cases results in a downregulation of gene expression via different molecular 

mechanisms, e.g. interference with transcription factor binding to positive regulatory 

promoter elements 36. Exposition to ethanol is known to have an epigenetic impact 

both in vitro and in vivo via modulation of CpG-methylation 37,38,39. 
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Interestingly, recent investigations indicate that regulation of ALDH gene expression 

in alcohol dependent patients’ blood cells could depend in part on epigenetic 

regulation 40. 

In an in vivo study, we could detect hypermethylation of a repressive ALDH2 

promoter fragment in alcohol dependent patients, compared to healthy controls and 

could prove the alcohol-induced epigenetic changes of ALDH2 methylation by 

revealing inverse tendencies of methylation kinetics healthy controls after acute 

intoxication. 

Furthermore, we found that patients with at least one atypical G-allele of rs886205 

displayed delayed normalization of mean methylation levels towards control levels 

during 2-week withdrawal. 

In order to confirm that allele-dependent changes of CpG-methylation in the 

regulative ALDH2 promoter fragment will ultimately affect ALDH2 protein expression 

in these alcohol dependent patients via the previously reported specific epigenetic 

mechanism, we then performed an allele-dependent analysis of ALDH2 protein levels 

in blood samples from the respective patients and healthy controls. 

 

Thereby, we could show first proof that rs886205 negatively affects expression and 

regulation of detoxifying ALDH2 blood protein via CpG-methylation of a regulative 

promoter fragment, underlining the importance of rs886205 as genetic risk marker in 

chronically drinking individuals in western societies due to impaired elimination of 

toxic AcH. 
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3.2.3 In vitro model for analysis of ethanol-induced epigenetic effects 

 

While epigenetic results gained from in vivo investigations can give direct and 

valuable insights into the epigenetic mechanisms underlying pathogenesis of alcohol 

dependence, different factors associated with chronic alcohol consumption, like 

smoking, age and sex are known to influence epigenetic regulation, too 41,42. 

Even though our previous in vivo study could reveal evident differences in allele-

dependent epigenetic gene regulation in alcohol dependent patients, compared to 

age- and sex-matched healthy controls, we wanted to translate these insights into an 

in vitro model using human SH-SY5Y neuroblastoma cells. 

Insights into the epigenetic effect of ethanol in highly sensitive neuronal tissues that 

might induce toxic and reinforcing effects in the brain are rare, but changes of CpG-

methylation by ethanol and its metabolite AcH have already been described for 

genes related to cell cycle regulation and neurotransmission in different neuronal 

cells including human SH-SY5Y 43,37. 

Human SH-SY5Y neuroblastoma cells have been described as an appropriate in 

vitro model to investigate molecular mechanisms underlying neurological and 

psychiatric disease 44 45. In spite of their immortal properties, retinoic acid–induced 

differentiation of SH-SY5Y cells is characterized by growth and increased length of 

neurites, enhanced synthesis of neuro-specific enzymes and transmitters, like 

acetylcholinesterase, tyrosine hydroxylase and dopamine 46,47. 

Reproducibility of epigenetic data gained from several independent in vitro 

experiments with the same cell line is still limited to factors like cell and passage 

number that have also been shown to be associated with regulation of gene 

expression via DNA-methylation 48. 
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Concerning these biasing factors for epigenetic in vitro analyses, we wanted to check 

if ethanol-exposition induces epigenetic changes of the previously reported regulative 

ALDH2 promoter fragment in human SH-SY5Y neuroblastoma cells in accordance to 

alterations of CpG-methylation found in alcohol dependent patients’ peripheral blood 

cells found in our previous in vivo study. 

We therefore compared SH-SY5Y cells exposed to ethanol with control cells of using 

same cell counts and early passages from 9 to 11. 

Thereby, we were able to compare epigenetic regulation of ALDH2 by ethanol in 

central nervous cells and easily accessible peripheral blood cells contributing to 

ALDH2 gene expression on an early level of gene expression. 

The most commonly used ethanol incubation system is a vapor ethanol system of 

plastic chambers containing a pan of aqueous ethanolic solution and metal platforms 

on which cell dishes filled with ethanol-free medium are placed 49. 

To validate this kind of incubation system for precise percentage of EtOH in the 

medium, accurate measurement methods for ethanol in cell culture media are 

required. While there are different detection methods for ethanol available, most of 

them are not suitable to be applied for measurements in cell culture media due to 

interference caused by medium constituents such as amino acids or pH indicators. 

Thus, in a prior study, we established a novel gas chromatography – mass 

spectrometry (GC-MS) method for the accurate and precise analysis of ethanol in cell 

culture media and microdialysates, as previously reported 50. 

We thereby were able to sensitively confirm the validity of the ethanol vapor system 

in terms of applicability that was used for the consecutive in vitro study that revealed 

the epigenetic impact of controlled ethanol-exposition on CpG-methylation of a 

regulative ALDH2 promoter fragment. 
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4.1 Abstract 
 

Acetaldehyde, the main metabolite of ethanol oxidation, is one of the main 

contributors to adverse side effects related to alcohol dependence, leading to severe 

organic and socioeconomic hazards. The central enzyme of elimination, aldehyde 

dehydrogenase 2 (ALDH2), converts acetaldehyde into the non-toxic acetic acid. 

Previous studies showed that ALDH2 expression is epigenetically reduced in heavy 

drinkers, thereby increasing the stress on the addict metabolism. 

In a longitudinal study with patients undergoing detoxification treatment, we 

investigated the role of a common polymorphism (rs886205) of the ALDH2 promoter 

for the kinetics of gene regulation in the course of alcohol deprivation. The functional 

role of rs886205 for ALDH2 gene expression has already been highlighted in vitro 

and in vivo and also been associated with an increased risk for different carcinoma, 

particularly in people drinking moderate to heavy amounts of alcohol (≥ 3 times per 

week). We find that there is an relation between genotype and kinetics of ALDH2 

regulation via methylation: Patients bearing the homozygous A-allele show a 

considerably faster adaptation in methylation of a regulative ALDH2 promoter 

fragment to control levels compared to both hetero- and homozygous G-allele 

bearers. Our data reveal a yet unknown specific genetic-epigenetic interaction that 

contributes to a more individualized, genotype-dependent assessment of alcohol-

induced epigenetic effects on ALDH2 regulation in alcohol dependent patients. 
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4.2 Introduction 
 

Alcohol-dependence is known to increase mortality and morbidity in individuals, but 

also to lead to great social and economic problems in western societies (1). On a 

cellular level, cyto- and specifically neurotoxic features are in the center of both the 

wanted and the unwanted effects, thereby causing both addiction as well as severe 

physiological consequences.  

Ethanol, due to its biophysical properties, is easily overcoming the cellular 

boundaries, thereby altering major molecular processes up to the point of partly 

switching energy metabolism to ethanol degradation. A plethora of studies 

investigated the mechanisms of recovery both in vivo as in vitro, providing a body of 

knowledge that describes the molecular and biochemical adaptations preventing cell 

death upon ethanol exposure (2). Most importantly, the immediate metabolite, 

acetaldehyde, being the primary product of ethanol metabolization by alcohol 

dehydrogenase, presents a serious threat to cell integrity due to its toxicity and 

aggregation within the cell. 

One of the key enzymes mediating the conversion of acetaldehyde to the nontoxic 

acetic acid is the aldehyde dehydrogenase family of proteins (ALDH) (3). Specifically 

active in the brain, ALDH2 isoform levels correlate with the damage caused by 

ethanol in this largely non-regenerating tissue (4). In contrast to other genes involved 

in ethanol metabolism (e.g. alcohol dehydrogenase), recent investigations indicate 

that ALDH regulation could depend in part on epigenetic regulation (5). 

On the level of transcriptional regulation, a promoter polymorphism, rs886205, is 

known to alter ALDH2 transcription levels and promoter activity in vivo and in vitro by 

specific interactions with an adjacent, regulative promoter fragment. Another study 
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revealed frequency of moderate to heavy alcohol consumption (≥ 3 times per week) 

as an additional risk factor for carcinoma when carrying at least one atypical G-allele. 

Relevance for the western culture was also highlighted by reporting a higher 

frequency of the A-allele in Caucasian populations compared to East-asian 

populations (6). Lately, the atypical G-allele has been also revealed to be a risk 

marker for esophageal carcinoma in a mixed cohort. Direct interactions between the 

respective regulative fragment and putative transcription factors known to bind the 

region around the polymorphic site do not show different binding affinities to the 

typical A or atypical G-allele (7). 

In the study presented here, we investigated the interactions between epigenetic 

regulation and the functional ALDH2 polymorphism. In a longitudinal approach we 

compared the kinetics of ALDH2 promoter methylation changes among A-allele to 

A/G or G/G carriers during detoxification treatment, thereby demonstrating a strong 

interaction between genetic predisposition and epigenetic methylation, proposing a 

putative mechanism of ALDH2 transcriptional regulation. 
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4.3 Results 
 

Analysis of genotype and alleletype frequencies 

Frequencies of the A-allele and G-allele of the ALDH2 promoter (rs886205) were in 

agreement with the Hardy-Weinberg equilibrium in the group of alcohol dependent 

patients, controls and drinking trial participants. 

No differences in rs886205 allele frequencies between controls and alcohol 

dependent patients (p=0.129) or controls and drinking trial participants (p=0.396), 

respectively, could be observed. 

However, frequency of carriers homozygous for the typical A-allele (A/A, n=50) was 

about 10% higher in alcohol dependent patients than in healthy controls. In contrast 

to that, frequency of carriers homozygous for the atypical G-allele (G/G, n=5) was 

about twice as high as in healthy controls, compared to the group of alcohol 

dependent patients (see supplementary table S2). 

 

Alcohol dependent patients and healthy controls 

Significant differences regarding single ALDH2 CpG-methylation in alcohol 

dependent patients on day 1 of withdrawal and healthy controls were found for all 

examined CpG-sites in the ALDH2 promoter, except for CpG-939 and CpG-821 

(Student’s T-test: df=124; CpG-948: T= 2.281, p= 0.024; CpG-939: T= 1.275, p= 

0.205; CpG-918: T= 3.387, p= 0.002; CpG-898: T=4.651, p< 0.0001; CpG-887: 

T=4.493, p< 0.0001; CpG-858: T= 2.192, p= 0.034; CpG-854: T= -2.587, p=0.011; 

CpG-842: T= -2.808, p= 0.006; CpG-821: T= -0.078, p= 0.938; CpG-815: T=4.326, 

p< 0.0001; CpG-790: p< 0.0001; T=4.114, see figure 1). 
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Analysis of mean methylation rates of the 11 CpG-sites within the regulative ALDH2 

promoter fragment with no respect to allele- or genotype showed that mean 

methylation was significantly higher in patients than in controls on day 1, but 

decreased significantly from day 1 to 14 of withdrawal (F=19.37; p < 0.0001) to 

normal levels (see supplementary figure S2). 

A regulatory function of this fragment regarding gene expression had been 

demonstrated before (8). 

Additionally, we compared mean ALDH2 methylation rates between medicated and 

non-medicated alcohol dependent patients during withdrawal and could not detect 

any difference between the two groups (Day 1, p=0.263; day 7, p=0.543 and day 14, 

p=0.069). 
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Figure 1: 

Single methylation rates of all 11 examined cytosine-phosphatidyl-guanine (CpG)-

sites (relative to ATG codon) in the aldehyde dehydrogenase 2 (ALDH2) promoter in 

blood samples of 82 male patients on day 1 of withdrawal from alcohol and 34 male 

controls 
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Legend figure 1: 

Significant differences regarding methylation rates of single aldehyde dehydrogenase 

2 (ALDH2) cytosine-phosphatidyl-guanine (CpG)-sites (relative to ATG codon) in 82 

male alcohol dependent patients on day 1 of withdrawal and 34 male healthy controls 

were found for all examined CpG-sites in the ALDH2 promoter, except for CpG-939 

and CpG-821. 

Data are presented as mean ± 95%-CI. (*): p < 0.05; (**): p < 0.01; (***): p < 0.0001 
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ALDH2 promoter methylation in alcohol dependent patients with and without the 

atypical G-allele 

While mean methylation rates did not differ significantly between homozygous A-

allele and G-allele carriers (A/A: 0.929; A/G and G/G: 0.923; p=0.138) on day 1, 

mean methylation rates were lower in homozygous A-allele carriers on day 7, yet 

reaching only mild significance (A/A: 0.9113; A/G and G/G: 0.9200; df= 81, T=-1.962, 

p=0.053, see figure 2a). 

In spite of differences of mean ALDH2 methylation on day 1, both patients homo- or 

heterozygous G-allele and homozygous A-allele patients displayed a significantly 

higher mean methylation rate than healthy controls did (A/A patients on day 1 versus 

controls: df=81, T=3.480, p=0.001; A/G and G/G patients on day 1 versus controls: 

df=59, T=2.041, p=0.046). During the second week of withdrawal, no difference 

between mean methylation rates in patients and healthy controls could be observed 

(A/A patients on day 7 versus controls: p=0.836; A/G + G/G patients on day 7 versus 

controls: p=0.524; A/A patients on day 14 versus controls: p=0.800; A/G+G/G 

patients on day 14 versus controls: p=0.061). Yet, mean methylation rate was lower 

in G-allele carrying patients on day 14, compared to homozygous A-allele carriers, 

though not being significantly different (A/A=0.911; A/G and G/G=0.901; p=0.076). 

In accordance with the altered mean methylation rate in patients with or without the 

G-allele, the decrease in mean ALDH2 promoter methylation from day 1 to 7 of 

withdrawal was significantly reduced in patients with one or two atypical G-alleles, 

compared to those patients with two typical A-alleles (df=81, T= 2.962; p=0.004). In 

contrast to methylation changes during the first week, patients with at least one 

atypical G-allele (A/G and G/G) showed a significantly greater decrease of mean 
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methylation from day 7 to 14 during the second week of withdrawal, compared to 

homozygous A-allele carriers (df=81, T= -2.862; p= 0.005, see figure 2b). 

 

Figure 2a: 

Mean methylation rates of all 11 examined CpG-sites of the ALDH2 promoter in 

alcohol dependent patients with and without the atypical G-allele on day 1, 7 and 14 

of withdrawal 
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Legend figure 2a: 

Mean methylation rate of all examined CpG-sites did not differ significantly between 

homozygous A-allele and patients with at least one G-allele on day 1, but on day 7, 

yet being only mildly significant. Mean methylation rate in G-allele carrying patients 

was lower on day 14, compared to homozygous A-allele carriers, though not 

reaching statistical significance. Despite slight differences of mean methylation rate 

in patients with at least one G-allele and homozygous A-allele patients, both groups 

displayed a significantly higher mean ALDH2 methylation rate on day 1 than the 

group of healthy controls did. Data are presented as mean ± 95%-CI. 
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Figure 2b: 

Changes of methylation rate of all 11 CpG-sites of the ALDH2 promoter in alcohol 

dependent patients with and without the atypical G-allele on day 1, 7 and 14 of 

withdrawal promoter  
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Legend figure 2b: 

The decrease in mean methylation of all examined CpG-sites in the ALDH2 promoter 

from day 1 to 7 of withdrawal was significantly reduced in patients with one or two 

atypical G-alleles (A/G, n=27 + G/G, n=5), compared to those patients with two 

typical A-alleles (A/A, n=50). Patients with at least one atypical G-allele showed a 

significantly greater decrease of mean methylation from day 7 to 14 of withdrawal, 

compared to homozygous A-allele carriers. 

Data are presented as mean ± 95%-CI. P-values are derived from Bonferroni’s post 

hoc test. (**): p < 0.01. 
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ALDH2 promoter methylation in healthy controls with and without the atypical G-allele 

Mean ALDH2 promoter methylation rates in healthy controls differed between 

homozygous A-allele carriers (A/A, n=17) and those carrying at least one atypical G-

allele (A/G, n=13 + G/G, n=4). While G-allele carriers displayed mean ALDH2 

methylation rates of 0.916, mean methylation rates in homozygous A-allele carriers 

were 0.910. Yet, differences did not reach significance level (p= 0.417). 

 

Drinking Trial 

 

ALDH2 promoter methylation changes in healthy drinking trial participants with and 

without the atypical G-allele 

Mean ALDH2 methylation was 0.04% higher after acute alcohol ingestion than 

before, however, Wilcoxon test showed that no significant changes of ALDH2 

promoter methylation occurred before and after the drinking phase (p=0.645). 

The increase in mean ALDH2 promoter methylation during the drinking phase of 4.5 

hours was about 2-times greater in participants with two typical A-alleles, compared 

to those participants with at least one atypical G-allele, even though differences were 

not significant (A/A= +0.0056, n=9; A/G (n=5) and G/G (n=1)= +0.0027; p=0.886). 

Additionally, mean methylation rate was on a lower level in participants homozygous 

for the typical A-allele, compared to those carrying at least one atypical G-allele both 

before and after intoxication (before intoxication: A/A= 0.8927; A/G and G/G= 0.9050; 

p=0.573 after intoxication: A/A= 0.8983; and A/G=0.9077; p=0.645, see 

supplementary figure S3). 
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4.4 Discussion 
 

Global methylation kinetics 

Toxicity of alcohol-consumption has been addressed particularly to highly reactive 

acetaldehyde attacking cell membrane constituents, DNA and different important 

enzymes in any tissue metabolizing ethanol (9). 

We report first preliminary evidence that alcohol dependent patients display 

hypermethylation of a regulative aldehyde dehydrogenase 2 (ALDH2) promoter 

region and that the kinetics of methylation level readjustment during detoxification is 

delayed in patients carrying at least one atypical ALDH2 promoter allele for 

rs886205, demonstrating an interplay between genetic and epigenetic mechanisms 

defining recovery from alcohol intoxication. 

Increased methylation of the proximal promoter region correlates with a 

downregulation of gene expression in most cases (10). So far, no specific molecular 

mechanism for the modulation of ALDH2 expression has been proposed. Recently 

though, the ALDH2 gene has been suggested to be differentially methylated in 

alcohol dependent patients, compared to controls (5). 

In accordance, methylation rates of all 11 examined CpG-sites within a regulative 

ALDH2 promoter were significantly increased in alcohol dependent patients’ blood on 

day 1 of an inpatient 2-week detoxification treatment (see supplementary figure S2). 

In agreement with this finding we suggest that hypermethylation of the 11 CpG-sites 

located in the regulative promoter fragment 675 to 421 upstream the start codon 

might serve as an important epigenetic marker contributing to the downregulation of 

ALDH2 activity observed in blood and liver tissue from chronically drinking patients 

(11). 
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Due to the high comorbidity of smoking and alcohol abuse in the cohort analyzed 

(100%) we are not able to disseminate possible coeffects of nicotine on acetaldehyde 

aggregation and detoxification recovery. This of course is also a limitation for the 

comparison with the drinking trial cohort (40% smokers) and the controls (26.4% 

smokers). 

 

Predictive measures of recovery kinetics by promoter polymorphism rs886205 

The hypothesis that rs886205, a polymorphism located in the ALDH2 promoter, is 

associated with a higher risk for severe comorbid diseases such as cancer was 

examined in different representative association studies. Two case-control studies 

independently revealed a significant association for the risk of esophageal carcinoma 

and the atypical G-allele in different ethnic populations (12) (6). Supporting the 

hypothesis, the latter identified moderate and heavy alcohol consumption in G-allele 

carriers as an additional crucial risk factor underlining the importance of gene-

environment interactions especially in the context of rs886205. Moreover, the atypical 

G-allele was reported to significantly reduce basal ALDH2 transcription and promoter 

activity both in vitro and in vivo (8). 

By performing genotyping analysis of this polymorphism in our cohort, we could 

reveal that the decrease of mean ALDH2 promoter methylation during the 2-week 

detoxification was significantly different between patients with and without the 

atypical G-allele of rs886205: In terms of epigenetic adaptation to normal 

physiological conditions after withdrawal from alcohol, we observed that the decrease 

of mean ALDH2 methylation rate in G-allele carriers took one week longer to reach 

control levels compared to homozygous A-allele carriers (see figure 2b). Homo- or 

heterozygous G-allele carriers therefore are exposed to higher levels of toxic 
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acetaldehyde due to hypermethylation of CpG-sites in a regulative ALDH2 promoter 

region showing delayed demethylation. 

 

Proof of concept: a pilot study in healthy social drinkers 

If methylation indeed is strongly influenced by alcohol, it would also be possible to 

induce hypermethylation in social drinkers. As proof of concept, we could detect 

slight changes of ALDH2 promoter methylation in blood samples taken from healthy 

individuals before and after approximately 4.5 hours of alcohol exposure that display 

the reciprocal tendency compared to the significant hypermethylation of the ALDH2 

promoter found in alcohol dependent patients after chronic alcohol consumption. 

ALDH2 methylation therefore is tightly linked to alcohol exposure. As would be 

expected from the short time between blood sampling of individuals, no significant 

differences between methylation rates in drinking trial participants and controls could 

be detected. In spite of a small number of 15 male participants in the drinking trial, 

our data suggest that ethanol might be able to display its epigenetic effects on the 

ALDH2 gene already after a single drinking phase of approximately 4.5 hours (see 

supplementary figure S3). 

Therefore, having conclusively demonstrated that the change in promoter 

methylation is not a general phenomenon of the detoxification treatment, we consider 

that the ALDH2 gene might enable sensitive monitoring of the physiological level of 

residual metabolic alterations caused by prolonged intoxication with alcohol. 

During this prospective approach, we also found that mean initial ALDH2 methylation 

rates in drinking trial participants were considerably lower compared to controls. This 

phenomenon should be related to significant difference in age of drinking trial 
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participants, as age-dependent changes of gene-expression have been described 

previously for different genes in genome-wide association studies (13). 

Of course, the conclusions from this small prospective approach need to be viewed 

within its limited scope. Further studies could investigate on sex-specific epigenetic 

effects of ethanol on target genes. Also, a more detailed analysis of methylation 

kinetics in drinking trial participants before, meanwhile and after acute and moderate 

alcohol consumption could contribute to a more explicit outcome of this investigation, 

thereby estimating the extent and quality of an epigenetic impact of short-term 

alcohol exposure. 

 

In conclusion, our data of altered ALDH2 promoter methylation in alcohol dependent 

patients’ blood are in accordance with previous findings about changed gene 

expression in blood and liver tissue, but also neuronal cells exposed to high amounts 

of ethanol (14). 

Further studies should focus on the impact of ethanol exposure on different 

regulatory stages of gene and protein expression, as the nature of this polymorphism 

in relation to successful remission remains unanswered (15). 

Consequences of acetaldehyde accumulation in regard to alcohol addiction are 

diverse, as acetaldehyde is known to cause aversive effects like flush, nausea and 

headache, but can also reinforce excessive alcohol consumption due to formation of 

active condensation products with dopamine, e.g. salsolinol, that interfere with the 

reward system (16). 

In the future, further studies could potentially reveal possibilities of individualized 

determination of base level methylation as well as providing further insights into the 
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impact of altered ALDH2 methylation on cellular metabolism that will help understand 

the role of ALDH2 in alcoholism. 

Our data provide first insight into the epigenetic consequences of genetic 

predispositions exposed to an external stimulus, with the exact mechanics of this 

process still remaining elusive. 
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4.5 Materials & Methods 

 

Study Design 

 

Alcohol dependent patients and control group 

This investigation is part of a large prospective research project on neurobiological 

mechanisms in alcohol dependence (NENA: Studies in Neuroendocrinology and 

Neurogenetics in Alcoholism) approved by the local Ethics Committee of the 

University of Erlangen-Nuremberg (17). All participants included in the study gave 

written informed consent. Each patient suffered from alcohol dependence, as defined 

by the International Classification of Diseases-10 (ICD-10) and Diagnostic and 

Statistical Manual of Mental Disorders-IV (DSM-IV) and was admitted for 

detoxification treatment to the Hospital for Psychiatry, Psychotherapy and 

Psychosomatics, Obermain, Germany. Exclusion criteria were concomitant 

psychiatric illnesses, substance abuse apart from alcohol or nicotine, cerebral 

ischemia, cerebral hemorrhage, epilepsy, cardiovascular and renal diseases. All 

patients underwent a detailed physical examination, routine laboratory testing and 

urine drug screening. 

 

Alcohol craving was measured using the Obsessive Compulsive Drinking Scale 

(OCDS) (18), the severity of alcohol withdrawal was assessed with the Clinical 

Institute Withdrawal Assessment for Alcohol scale (CIWA-A) (19). Additional 

information about the previous daily intake of ethanol and years of drinking were 

collected using a structured interview as previously described (20) and are 

summarized in supplementary table S1. 
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Sociodemographic data of healthy controls and drinking trial participants 

All persons gave written informed consent and sociodemographic data like age, BMI, 

smoking and medication were collected. Exclusion criteria for all participants were 

severe somatic or psychiatric diseases. 

The group of controls consisted of 34 male participants, mean age of 44.56 years 

(SD=11.61), mean Body-Mass-Index of 25.10 (SD=2.77), with 26.4 % smokers and 

5.8% receiving medication when blood samples were drawn. 

Drinking trial participants were 15 male participants, mean age of 27.46 years 

(SD=2.58), mean Body-Mass-Index of 24.43 (SD=1.28), with 40.0% smokers and no 

one receiving medication. 

In the drinking trial, the 15 social drinking trial participants were offered alcoholic 

beverages including beer (5% alcohol), red (12.5 % alcohol) and white wine (12.0 % 

alcohol) ad libitum for a period of 4.5 hours (5:00 pm to 9:30 pm). After the drinking 

period, participants displayed a mean blood alcohol concentration of 1.47 ‰ 

(SD=0.43‰). 

Two blood samples from each participant were collected immediately before and 

after the drinking period. 

After confirming normal distribution of sociodemographic data, we compared age of 

alcohol dependent patients, controls and drinking trial participants by analysis of 

variance (ANOVA). Drinking trial participants were significantly younger than alcohol 

dependent patients and controls (F= 20.47, p<0.0001). Differences in age remained 

significant after we applied Bonferroni post-hoc test for p-value correction (p<0.0001) 



38 

 

 

Molecular Analysis 

 

Analysis of DNA methylation 

Fasting blood samples were drawn from alcohol dependent patients on the day of 

admission between 8:00 am and 10:00 am, blood samples from the drinking trial 

participants were drawn at approximately 5:00 pm and 9:30 pm. 

Ethylenediaminetetraacetic acid (EDTA)-blood samples were aliquoted and stored at 

-80°C promptly after collection. 

The following preparation steps for the analysis of Cytosin-phosphatidyl-Guanin 

(CpG)-methylation were the same for all blood samples. 

Extraction from blood and cleanup of genomic deoxyribonucleic acid (DNA) was 

performed using the NucleoMag ®Blood 200µL DNA Kit (Macherey-Nagel, Düren, 

Germany). 

 

Bisulfite – conversion of genomic DNA and subsequent amplification of ALDH2 target 

region 

DNA samples were then bisulfite-converted using the EpiTect® 96 Bisulfite Kit 

(QIAGEN AG, Hilden, Germany) according to the manufacturer’s protocol (see 

Supplements). 

 

The amplified ALDH2 product of the second PCR covered a fragment of 254 bp 

(- 1020 to - 766 before the ATG codon of the first exon of ALDH2) containing 11 CpG 

loci within the promoter region of the ALDH2 gene. The 11 CpG loci were located 

948, 939, 918, 898, 887, 858, 854, 842, 821, 815 and 790 bp before the ATG codon. 
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Genotyping of rs886205 

Genomic DNA was gained from blood samples as described above. 

Amplification of rs886205 promoter fragment was done through touchdown PCR. 

Sequences of oligonucleotides used as primers for PCR as well as reaction 

components and protocols can be found in Supplements. 

 

Allele-specific digestion of the ALDH2 promoter target sequence containing the 

rs886205 polymorphism 

Restriction enzyme digestion of the amplified ALDH2 promoter fragment was 

performed according to the modified manufacturer’s protocol using HpyAV restriction 

enzyme (New England BioLabs, Ipswich, Massachusetts, USA), for further 

information see Supplements. 

For the purpose of validation of specific restriction enzyme digestion by HpyAV, we 

also confirmed rs886205 genotyping results of random samples by additional 

sequence analysis including sequencing PCR and purification of PCR products as 

described above for CpG-methylation analysis of bisulfite-converted DNA. 

Primer ALDH2-rs886205-RC was used for reverse sequencing of the respective 

fragment. 

 

The following ENSEMBL accession number refers to the primary nucleotide 

sequences of the ALDH2 gene: ENSG00000111275. 
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Statistical Analysis 

  

Deviance from normal distribution was checked according to Kolmogorov-Smirnov. In 

case of normally distributed variables parametric methods were applied, for all other 

cases non-parametric methods were used. 

We analyzed single ALDH2 CpG-methylation between alcohol dependent patients on 

day 1 of withdrawal and healthy controls by Student’s T-test. To compare mean 

methylation of all 11 CpG-sites in patients on day 1, 7 and 14 healthy with controls, 

one-way-analysis of variance (ANOVA) was applied. 

Student’s T test was used to find possible differences between single and mean 

CpG-methylation rates of medicated and non-medicated alcohol dependent patients 

during detoxification treatment. 

We investigated alterations of mean CpG-methylation before and after acute ethanol 

ingestion in participants of the drinking trial by Wilcoxon test. 

In order to search the respective promoter fragments for possible transcription factor 

binding sites (TFBs), we used MatInspector® (Genomatix Software GmbH, Munich, 

Germany). All statistical analyses were performed using the Statistical Package for 

the Social Sciences (SPSSTM) for Windows 20.0.0 (SPSS Inc., Chicago, IL). We used 

Graph Pad Prism for Windows 5.03 for data illustration (Graph Pad Inc., San Diego, 

CA). 

Deviance of allele-frequencies in alcohol dependent patients, controls and drinking 

trial participants from Hardy-Weinberg Equilibrium as well as differences of allele 

frequencies between the groups were tested using the online tool from the Institute 

for Human Genetics (Helmholtz Center Munich, Germany) available at 

http://ihg.gsf.de/ihg/snps.html. 
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Accessed on 1st of March 2013. 

We performed ANOVA to compare mean CpG-methylation and changes of mean 

CpG-methylation in patients during withdrawal between different rs886205 

genotypes. Student’s T-test was used to check for differences of CpG-methylation 

rates between rs886205 A-allele homozygous individuals and those carrying at least 

one atypical G-allele. 

Bivariate correlations tests were performed to find possible associations between 

rs886205 genotype, CpG-methylation rates and clinical-parameters using Pearson’s 

correlation coefficient. 

Bonferroni post-hoc test was used to correct p-values for multiple testing. 
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4.10 Abbreviations 
 

- ALDH2 - Aldehyde dehydrogenase 2 

- ANOVA - Analysis of Variance between groups 

- BMI - Body Mass Index 

- 95%-CI – 95 % Confidence Interval 

- CIWA – Clinical Institute Withdrawal Assessment for Alcohol scale 

- CpG - Cytosin-phosphatidyl-Guanin, methylation site known to often bear 

regulative function 

- DSM-IV - Diagnostic and Statistical Manual of Mental Disorders-IV 

- DNA - deoxyribonucleic acid 

- EDTA - Ethylenediaminetetraacetic acid 

- ELAN - Erlanger Leistungsbezogene Anschubfinanzierung und 

Leistungsfinanzierung 

- ICD-10 - International Classification of Diseases-10 

- NENA - Studies in Neuroendocrinology and Neurogenetics in Alcoholism 

- OCDS - Obsessive Compulsive Drinking Scale 

- PCR - Polymerase Chain Reaction 

- SD -  Standard deviation 

- SPSSTM - Statistical Package for the Social Sciences 

- TFB - Transcription Factor Binding sites, distinct stretches of DNA sequence 

providing motifs for proteins supporting transcription 
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4.11 Supplementary Material 
 
Supplementary table S1: 

Sociodemographic and disease-related data for alcohol dependent patients 

 

 

 

 

 

 

 

 

 

 

 

 

Legend supplementary table S1: 

SD: Standard deviation; BMI: Body Mass Index; Total OCDS score: Total score for 

alcohol craving that was assessed at admission to detoxification treatment with the 

Obsessive Compulsive Drinking Scale (OCDS); Total CIWA-A score: Total score for 

the degree of withdrawal symptoms that was assessed at admission to detoxification 

treatment with the Clinical Institute Withdrawal Assessment for Alcohol scale (CIWA-

A). 

  Mean (SD) 

n 82 

Age (years) 42.24 (7.97) 

BMI 24.58 (3.62) 

Smokers 82 (-) 

Years of drinking 9.56 (7.72) 

Daily intake of ethanol (g/day) 189.39 (76.22) 

Total OCDS score  19.69 (6.79) 

Total CIWA-A score 15.65 (4.29) 
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Bisulfite – conversion of genomic DNA and subsequent amplification of ALDH2 target 

region 

Amplification products of the second PCR were purified using the Agencourt® 

AMPure® XP magnetic beads (Beckman Coulter, Krefeld, Germany). Sequencing of 

the target fragment was performed by using a BigDye® Terminator v3.1 Cycle 

Sequencing Kit (Applied Biosystems, Foster City, CA, USA) and an Applied 

Biosystems/HITACHI 3500xl Genetic Analyzer (Applied Biosystems) according to the 

manufacturer’s instructions. 

The bisulfite-primer ALDH2-Bis-F1 was used for forward sequencing of the ALDH2 

gene. Products of the sequencing PCR were purified using the Agencourt® 

CleanSeq® XP magnetic beads (Beckman Coulter, Krefeld, Germany) and then used 

for sequencing. Electropherograms and sequences respectively, detected by the 

Genetic Analyzer, were analyzed using the specialized Epigenetic Sequencing 

Methylation analysis Software(Lewin et al., 2004) to determine methylation rates for 

every CpG-site. All polymerase chain reactions were performed in a C1000TM 

Thermal Cycler (BIO-RAD, Hercules, CA, USA) using touch-down PCR as previously 

described (Korbie and Mattick, 2008). A Biomek® NXP (Beckman Coulter, Krefeld, 

Germany) was used for pipetting, transferring steps and purification of DNA and 

amplified oligonucleotides. 
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Bisulfite-reaction components 

Genomic DNA: 20µL (500 ng) 

Bisulfite Mix: 85µL 

DNA Protect Buffer: 35µL 

Σ 140µL Total volume 

 

PCR protocols for bisulfite-conversion 

PCR protocol 

1. Denaturation: 5 min at 95°C 

2. Incubation: 25 min at 60°C 

3. Denaturation: 5 min at 95°C 

4. Incubation: 1h 25 min at 60°C 

5. Denaturation: 5 min at 95°C 

6. Incubation: 2h 55 min at 60°C 

7. Hold: 20°C 

  

Amplification of ALDH2 target sequences of the purified bisulfite-converted DNA was 

done through (semi-) nested touch-down polymerase chain reaction (PCR). 

Sequences of oligonucleotides used as bisulfite-primers can be found in 

supplementary Table S3. 
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Supplementary table S3:  

Sequences of bisulfite-primers used for ALDH2 target amplification (Metabion, 

Martinsried) 

 Sequence 5'-3' Temperature

ALDH2-Bis-F2: GAGGTATGGTTGTGTGATTG 56°C 

ALDH2-Bis-RC1 ACTCACTACAAACTCTACCTCC 60°C 

ALDH2-Bis-F1 TTTGGTGTTGAAATTAGAGTT 52°C 

 

Legend supplementary table S3: 

In the first PCR of ALDH2 gene amplification, ALDH2-Bis-F2 and ALDH2-Bis-RC1 

were used. ALDH2-Bis-F1 and ALDH2-Bis-RC1 were used as primers in the second 

PCR. 



52 

 

 

(Semi-) nested reaction components 

0.4 µL (20 µmol) of the regarding forward primer (F1/F2) 

0.4 µL (20 µmol) of the regarding forward primer (RC1/RC2) 

1 µL DNA 

3.2 µL H2O 

5 µL HotStarTaq® Master Mix Kit (QIAGEN, Hilden, Germany) 

Σ 10µL Total volume 

 

PCR protocol 

1. Taq activation: 15 min at 95°C 

2. Denaturation: 30 sec at 95°C 

3. Primer annealing: 45 sec at Tm + 10°C, 

4. Elongation: 1 min at 68°C 

Steps 2–4 are repeated 15 times. 

The annealing temperature was decreased by 1°C per cycle, until -5° below the Tm of 

the primers. 

5. Denaturation: 30 sec at 95°C  

6. Primer annealing: 45 sec at Tm - 5°C 

7. Elongation: 1 min at 68°C 

Steps 5–7 are repeated 20 times. 

8. Elongation: 5 min at 65°C 

9. Hold: 12°C 

 

The Tm of the bisulfite-primers was set 50°C for the amplification of the ALDH2 target 

in the first and second round of the semi-nested polymerase chain reaction. 
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Genotyping of rs886205 

Amplification of rs886205 target region by touch-down PCR 

The rs886205 target fragment of the ALDH2 promoter covered 224 bp (-508 to -284 

before the ATG codon) and was amplified by touchdown PCR using sequences of 

oligonucleotides used as primers listed in supplementary table S4. 

The PCR product (224 bp) was then subjected to restriction enzyme digestion using 

HpyAV (New England BioLabs, Ipswich, Massachusetts, USA) that specifically 

recognizes the motif CCTTC/GGAAG and cuts the respective strands at 5’ 

CCTTC(N)6 3’ and 3’ GGAAG(N)5 5’ respectively. 

This CCTTC motif is located -423 bp and -356 bp before the ATG codon. 

The latter is the polymorphic motif, having either an “A” or a “G” -360 before the start 

codon. 

 

Reaction components 

0.4 µL (20 µmol) of the regarding forward primer (F1/F2) 

0.4 µL (20 µmol) of the regarding forward primer (RC1/RC2) 

1 µL DNA 

3.2 µL H2O 

5 µL HotStarTaq® Master Mix Kit (QIAGEN, Hilden, Germany) 

Σ 10µL Total volume 
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PCR protocol 

1. Taq activation: 15 min at 95°C 

2. Denaturation: 30 sec at 95°C 

3. Primer annealing: 45 sec at Tm + 10°C, 

4. Elongation: 1 min at 68°C 

Steps 2–4 are repeated 15 times. 

 

The annealing temperature was decreased by 1°C per cycle, until -5° below the Tm of 

the primers. 

  

5. Denaturation: 30 sec at 95°C  

6. Primer annealing: 45 sec at Tm - 5°C 

7. Elongation: 1 min at 65°C 

Steps 5–7 are repeated 25 times. 

8. Elongation: 5 min at 65°C 

9. Hold: 12°C 

 

The Tm of the primers was set 60°C for the amplification of the rs886205 target. 
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Supplementary table S4: 

Sequences of primers used for rs886205 target amplification 

 Sequence 5'-3' Temperature

ALDH2-rs886205-F CAGGTCTCACTTGTCATTTCC 59°C 

ALDH2-rs886205-RC CTCGCCTTGGTTGAGCCCC 64°C 

 

Legend supplementary table S4: 

For amplification of the rs886205 promoter fragment, ALDH2-rs886205-F and 

ALDH2-rs886205-RC were used as primers. 

The primer ALDH2-rs886205-RC was used for reverse sequencing of the respective 

fragment. 
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Allele-specific digestion of the ALDH2 promoter target sequence containing the 

rs886205 polymorphism 

Subsequently, 1µL of 6x loading dye were added to 5µL of digested PCR product 

and separated by 2% agarose gel electrophoresis that was stained with ethidium 

bromide, then visualized and photographed using GelDoc™ XR+ (Bio-Rad 

Laboratories GmbH, München, Germany, see supplementary figure S1). 

 

Digestion of the amplified ALDH2 promoter fragments by HpyAV yields 91, 52, 83 bp 

fragments for A/A genotypes, 91, 52, 83 and 134 bp fragments for A/G, 91 and 134 

bp fragments for G/G genotypes. 

Thus, the yield of 134 bp fragments after HpyAV digestion of promoter fragments 

distinguishes G-allele carriers from homozygous A-allele carriers. 

In order to distinguish between homo- and heterozygous G-allele carriers, 

subsequent DNA sequence analysis was performed for all fragments yielding 134 bp 

bands. 

 

Digestion Mix 

0.1 µL BSA (100x) 

0.5 µL HpyAV (2 Units) 

0.9 µL NEB-4 buffer (10x) 

3 µL DNA 

5.5 µL H2O 

Σ 10µL Total volume 
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Digestion of PCR products was accomplished by incubation of reaction samples for 1 

hour at 37°C.1µL of amplified product of the first PCR was used as template for the 

second PCR. 

 

Supplementary figure S1:  

Detection of ALDH2 promoter allele-type by digestion with HpyAV restriction enzyme 
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Legend supplementary figure S1: 

After restriction enzyme digestion by HpyAV digested PCR products were separated 

and visualized by 2% agarose gel electrophoresis that was stained with ethidium 

bromide (M: 100-bp ladder, Lane 1: Undigested PCR product (224 bp), Lane 2 – 5, 7 

and 8: ALDH2 A/A promoter genotype (homozygous carriers of typical allele), Lane 

6: ALDH2 A/G promoter genotype (heterozygous carrier of typical and atypical 

allele), Lane 9: ALDH2 G/G promoter genotype (homozygous carriers of atypical 

allele). 
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Supplementary table S2: 

Allele- and genotype frequencies of rs886205 in alcohol dependent patients, drinking 

trial participants and healthy controls 

 

rs886205 
Alcohol dependent 

 patients (n=82) 

Drinking trial 

 participants (n=15) 

Controls 

(n=34) 

Allele frequency         

A-allele 0.77 0.77 0.69 

G-allele 0.23 0.23 0.31 

Genotype frequency         

A/A 0.61 0.60 0.50 

A/G 0.33 0.33 0.38 

G/G 0.06 0.07 0.12 
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Supplementary figure S2: 

Mean CpG-methylation in ALDH2 promoter in alcohol dependent patients on day 1, 7 

and 14 of withdrawal 

 

 

 

Legend supplementary figure S2: 

Mean ALDH2 methylation rate of all 11 CpG-sites was significantly higher on day 1, 

but not 7 and 14 of withdrawal in alcohol dependent patients, compared to controls 

(One-way analysis of variance: F=19.37; df=3; p<0.0001). Data are presented as 

mean ± 95%-CI. P-values are derived from Bonferroni’s post hoc test.
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ALDH2 promoter methylation in alcohol dependent patients with different genotypes 

Comparison of mean ALDH2 promoter methylation changes from day 1 to 7 of 

withdrawal by ANOVA revealed significant differences between the three rs886205 

genotypes A/A (n=50), A/G (n=27) and G/G (n=5) (F=4.594; p= 0.013). Differences in 

mean methylation changes from day 1 to 7 remained significant after Bonferroni’s p-

value correction between patients homozygous for the typical A-allele and those 

carrying one atypical G-allele (p=0.035). While A/A-carriers displayed the largest 

decrease in mean ALDH2 promoter methylation from day 1 to 7 of withdrawal, the 

decrease in mean promoter methylation was smaller in A/G carriers (A/A= -0.01770; 

A/G= -0.0053). Moreover, no decrease of mean ALDH2 methylation between day 1 

and 7 could be observed in patients homozygous for the atypical G-allele (G/G= + 

0.0019). 

Analysis of mean ALDH2 methylation changes in patients from day 7 to 14 of 

withdrawal by ANOVA detected significant differences between rs886205 genotypes 

(F=4.317; p=0.017), remaining significant after Bonferroni’s p-value correction 

between patients homozygous for the typical A-allele and those carrying one atypical 

G-allele (p=0.047). 

In contrast to methylation changes from day 1 to 7 of withdrawal, G/G-allele carriers 

displayed the largest decrease in mean ALDH2 promoter methylation during the 

second week of withdrawal from day 7 to 14 (G/G= -0.0263; A/G= -0.0166). Apart 

from that, no further decrease of mean ALDH2 methylation could be detected in 

patients homozygous for the typical A-allele during the second week of withdrawal 

(A/A= +0.0003). 
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Figure S3: 

Changes of single CpG-methylation in ALDH2 promoter after acute intoxication in 

social drinking persons with and without the atypical G-allele  
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Legend figure S3: 

No significant changes of single and mean ALDH2 methylation of the 11 examined 

cytosine-phosphatidyl-guanine (CpG)-sites in the aldehyde dehydrogenase 2 

(ALDH2) promoter could be detected in social drinking male participants after the 

drinking phase of 4.5 hours. Yet, there was a slight increase of 0.04% of mean 

methylation during acute intoxication.  

Besides, the increase was about 2-times greater in participants with two typical A-

alleles, compared to those participants with at least one atypical G-allele (A/A, n=9: 

+0.0056; A/G, n=5 + G/G, n=1: +0.0027; p=0.886). 

Homozygous carriers of the typical A-allele displayed a lower mean CpG-methylation 

rate than those carrying at least one atypical G-allele both before and after 

intoxication (Before intoxication: A/A= 0.8927; A/G and G/G= 0.9050; p=0.573 after 

intoxication: A/A= 0.8983; and A/G=0.9077; p=0.645). 

Data are presented as mean ± 95%-CI. 
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5.1 Abstract 

 

Accumulation of toxic acetaldehyde (AcH) in chronically drinking individuals is 

connected to induction of enzymes of the Microsomal ethanol-oxidizing system 

(MEOS). On a genetic level, rs886205, an aldehyde dehydrogenase 2 (ALDH2) 

promoter single nucleotide polymorphism (SNP), has been related to increased 

cancer probability in connection with increased chronic alcohol consumption. The 

atypical G-allele has been revealed to cause lower basal ALDH2 promoter activity 

and ALDH2 mRNA levels both in vitro and in healthy individuals’ blood samples, 

compared to the typical A-allele. 

We previously connected rs886205 to delayed regulation of ALDH2 promoter 

methylation of a regulative fragment in alcohol dependent patients’ blood during 

withdrawal from alcohol. Here, we report allelic predisposition and methylation 

changes in a repressive element of the ALDH2 promoter to conclusively translate into 

respective protein levels, as measured by western blotting. 
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5.2 Introduction 

 

Chronic alcohol consumption is known to cause a variety of negative short- and long-

term effects in individuals, particularly due to formation of toxic acetaldehyde (AcH). 

As elimination of AcH in any human tissue can only be adequately accomplished by 

the mitochondrial aldehyde dehydrogenase 2 (ALDH2), accumulation of AcH, as 

observed in alcohol dependent patients, will result in high risk for development of 

different severe diseases (1-2). 

The specific molecular mechanism resulting in downregulation ALDH2 remains 

unclear, as loss of mitochondrial functionality following prolonged exposition to high 

levels of AcH has lead to different results in the past (3-4). 

So far, rs671, an exon 12 SNP of the ALDH2 gene, has been revealed as a strong 

genetic risk factor for hypertension, cardiomyopathy and particularly cancer due to 

complete loss of enzymatic activity of the encoded protein. However, rs671 has a 

negligible relevance for western societies due to very low prevalence in individuals of 

Caucasian descent, compared to East-Asian individuals (5). 

Recently, rs886205, a regulative SNP in the promoter region of the ALDH2 gene has 

been identified in different populations including African and Caucasian people (6). 

In contrast to rs671, the crucial role of rs886205 as a genetic marker for western 

societies has been revealed in several independent association studies, showing an 

increased risk for development of particularly esophageal cancer in individuals with at 

least one atypical G-allele and potentiated risk in combination with moderate to 

heavy alcohol consumption (≥ 3 times per week) (7). 

Supposing allele-dependent reduction of ALDH2 gene transcription, previous studies 

demonstrated that the G-allele decreases basal levels of ALDH2 promoter activity  
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and gene transcription both in vitro and in peripheral blood cells from healthy 

individuals. In addition, a specific interaction of the polymorphic ALDH2 promoter site 

and an adjacent promoter fragment essential for this genetic impact on ALDH2 

transcription was reported (8). 

Yet, the precise molecular mechanism of this interaction between rs886205 and the 

regulative promoter fragment remained elusive, as transcription factors known to bind 

around the polymorphic site did not show binding preferences to either one of the two 

promoter alleles (9). 

Previously, we could show that rs886205 affects changes of CpG-methylation of the 

previously described regulative ALDH2 promoter fragment in alcohol dependent 

patients during withdrawal. On day 1 of withdrawal, CpG-methylation of the promoter 

fragment was increased in alcohol dependent patients with and without the atypical 

G-allele, compared to healthy controls. 

Interestingly the decrease of mean methylation rates from day 1 to 14 of withdrawal 

was significantly smaller in patients with at least one G-allele, while it was greater 

from day 7 to 14 of withdrawal, compared to homozygous A-allele patients. 

We hypothesized that allele-dependent changes of CpG-methylation in the 

respective regulative fragment ultimately will affect ALDH2 protein expression in 

these alcohol dependent patients during withdrawal via the specific epigenetic 

mechanism described previously (submitted data). 

Here we show first proof of a change in blood ALDH2 protein levels being in 

accordance with genetic and epigenetic predispositions in this cohort as well as 

conclusions from ALDH2 promoter studies by others. 
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5.3 Materials and methods 

 

Study design 

 

Alcohol dependent patients and control group 

The investigation is part of a large prospective research project on neurobiological 

mechanisms in alcohol dependence (NENA: Studies in Neuroendocrinology and 

Neurogenetics in Alcoholism) approved by the local Ethics Committee of the 

University of Erlangen-Nuremberg (10). All participants included in the study gave 

written informed consent. Each patient suffered from alcohol dependence, as defined 

by the International Classification of Diseases-10 (ICD-10) and Diagnostic and 

Statistical Manual of Mental Disorders-IV (DSM-IV) and was admitted for 

detoxification treatment to the Hospital for Psychiatry, Psychotherapy and 

Psychosomatics, Obermain, Germany. Exclusion criteria were concomitant 

psychiatric illnesses, substance abuse apart from alcohol or nicotine, cerebral 

ischemia, cerebral hemorrhage, epilepsy, cardiovascular, hepatic and renal diseases. 

All patients underwent a detailed physical examination, routine laboratory testing and 

urine drug screening. 

 

Alcohol craving was measured using the Obsessive Compulsive Drinking Scale 

(OCDS) (11), the severity of alcohol withdrawal was assessed with the Clinical 

Institute Withdrawal Assessment for Alcohol scale (CIWA-A) (12). Additional 

information about the previous daily intake of ethanol and years of drinking were 

collected using a structured interview as previously described (13) and are 

summarized in supplementary table 1. 
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Sociodemographic data of healthy controls 

All persons gave written informed consent and sociodemographic data like age, BMI, 

smoking and medication were collected. Exclusion criteria for all participants were 

severe somatic or psychiatric diseases. 

The group of controls consisted of 34 male participants, mean age of 44.56 years 

(SD=11.61), mean Body-Mass-Index of 25.10 (SD=2.77), with 26.4 % smokers and 

5.8% receiving medication when blood samples were drawn. 

 

We subjected blood samples from 16 alcohol dependent patients, 8 patients without 

(A/A) and 8 patients with rs886205 (A/G+G/G) and 16 healthy, age- and genotype-

matched controls to ALDH2 protein expression analysis. 

None of the patients and controls suffered from any hepatic, cerebral or metabolic 

disease and received any additional medication before detoxification. 

All patients and controls were free from drugs as assessed by laboratory analysis. 

Alcohol dependent patients’ and healthy, matched controls’ sociodemographic data 

are listed below in table 1: 
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Table 1: 

Alcohol dependent patients’ and healthy controls’ sociodemographic data 

Alcohol dependent patients Healthy controls 

rs886205 
genotype 

Code Age BMI Smoking rs886205 
genotype 

Code Age BMI Smoking

A/A 84 46 32,32 yes A/A MK040 49 25,35 no 

A/A 50 45 20,57 yes A/A MK051 40 30,60 yes 

A/A 12 47 21,37 yes A/A MK040 49 30,68 no 

A/A 59 48 25,88 yes A/A MK040 49 30,68 no 

A/A 2 43 27,14 yes A/A MK051 40 30,60 yes 

A/A 76 41 25,59 yes A/A MK051 40 30,60 yes 

A/A 94 39 27,41 yes A/A MK051 40 30,60 yes 

A/A 53 52 24,22 yes A/A MK065 53 27,33 no 

A/G 27 55 20,15 yes A/G MK070 51 23,88 no 

G/G 56 32 20,78 yes A/G MK025 33 23,72 yes 

A/G 1 45 28,4 yes A/G MK061 45 27,04 yes 

A/G 17 46 24,82 yes A/G MK061 45 27,04 yes 

G/G 11 34 34,6 yes A/G MK050 33 21,00 yes 

A/G 93 40 22,53 yes A/G MK059 40 24,57 no 

A/G 40 47 25,1 yes A/G MK061 45 27,04 yes 

A/G 52 49 24,97 yes A/G MK061 45 27,04 yes 

 
 

Legend S1: 

We matched each of the 16 alcohol dependent patients from the NENA study, 

described above in Study Design, individually by age and rs886205 genotype with 

healthy controls (rs886206: polymorphism referring to the atypical G-allele of the 

ALDH2 promoter, BMI: Body-Mass-Index (kg/m2), A/A: Individual with two typical A-

alleles, A/G: Individual with one atypical G-allele, G/G: Individual with two atypical G-

alleles . 
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Molecular analysis 

 

Genotyping of rs886205 

Genomic deoxyribonucleic acid (DNA) was gained from blood samples as described 

above. Fasting blood samples were drawn from alcohol dependent patients on the 

day of admission between 8:00 am and 10:00 am. 

Ethylenediaminetetraacetic acid (EDTA)-blood samples were aliquoted and stored at 

-80°C promptly after collection. 

Extraction from blood and cleanup of DNA was performed using the NucleoMag 

®Blood 200 µL DNA Kit (Macherey-Nagel, Düren, Germany). 

 

Amplification of rs886205 promoter fragment was done through touchdown 

Polymerase Chain Reaction (PCR). Sequences of oligonucleotides used as primers 

for PCR as well as reaction components and protocols can be found in 

supplementary table 2 and supplementary Information. 
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Western blot analysis of relative ALDH2 protein quantification in blood samples from 

alcohol dependent patients during withdrawal and healthy controls 

In order to determine the relative amount of ALDH2 protein in frozen whole blood 

samples from alcohol dependent patients and healthy controls, we generated protein 

lysates as described in supplemental information. 

For quantification of blood ALDH2 protein, we subjected generated lysates to sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and consecutive 

western blot analysis using a primary polyclonal rabbit anti human ALDH2 antibody.  

Protein quantification of ALDH2 and Vinculin was performed by densitometric 

assessment of antibody-detected protein bands at 55 kD (ALDH2) and 113 kD 

(Vinculin) using a Versa Doc™ Imaging System in combination with a Quantity One 

® 1-D Analysis and Image Labs Software (Bio-Rad, Munich, Germany). 

We used HeLa Whole Cell Lysate as positive control lysate and detection of the 

abundantly expressed housekeeping gene Vinculin as loading control, as described 

before (14-16). 

To determine the relative amount of ALDH2 protein, the ALDH2/Vinculin ratio of each 

band was calculated. The ALDH2/Vinculin ratio was then divided by the 

ALDH2/Vinculin ratio of the respective matched healthy control to calculate the 

relative ALDH2 expression in each patient’s blood during withdrawal. 

Additionally, we validated detection of human ALDH2 protein at 55 kD by primary anti 

human ALDH2 antibody via liquid chromatography coupled with tandem mass 

spectrometry (LC-MS/MS, see supplementary figure S2). 
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Detailed information regarding generation of protein lysates from frozen whole blood 

samples, relative ALDH2 protein quantification in blood lysates and validation of 

precise detection of ALDH2 by LC-MS/MS, can be found in the Supplementary 

Information.  

 

Statistical analysis 

 

Deviance from normal distribution was checked according to Kolmogorov-Smirnov. In 

case of normally distributed variables parametric methods were applied, for all other 

cases non-parametric methods were used. 

To assess relative ALDH2 protein expression in patients, protein levels of ALDH2 

(compared to levels of house-keeping protein Vinculin) in each patient was matched 

to a healthy, age- and genotype-matched control. 

We compared relative ALDH2 protein expression on day 1 and altered relative 

ALDH2 protein expression in blood samples from alcohol dependent patients with 

and without rs886205 by Student’s T-test. 

Bivariate correlation tests were performed to find possible associations between 

rs886205 allele, clinical-parameters and CpG-methylation of the regulative ALDH2 

promoter fragment using Pearson’s correlation coefficient. 

All statistical analyses were performed using the Statistical Package for the Social 

Sciences (SPSSTM) for Windows 20.0.0 (SPSS Inc., Chicago, IL). We used Graph 

Pad Prism for Windows 5.03 for data illustration (Graph Pad Inc., San Diego, CA). 
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5.4 Results 
 

Analysis of genotype and alleletype frequencies  

Frequencies of the A-allele and G-allele of the ALDH2 promoter (rs886205) regarding 

all 82 patients and 34 controls enrolled for the NENA study were in agreement with 

the Hardy-Weinberg equilibrium in the group of alcohol dependent patients 

(p=0.601), controls (p=0.542) and drinking trial participants (p=0.791), as previously 

reported in our in vivo study on ALDH2 methylation kinetics (submitted data). 

No differences in rs886205 allele frequencies between controls and alcohol 

dependent patients (p=0.129) or controls and drinking trial participants (p=0.396), 

respectively, could be observed. 

However, frequency of carriers homozygous for the typical A-allele (A/A, n=50) was 

about 10% higher in alcohol dependent patients than in healthy controls. In contrast 

to that, frequency of carriers homozygous for the atypical G-allele (G/G, n=5) was 

about twice as high in healthy controls, compared to the group of alcohol dependent 

patients (see supplementary table S2). 

 

Comparison of the mean relative ALDH2 protein expression in blood samples from 

alcohol dependent patients during withdrawal revealed significantly lower relative 

ALDH2 expression in patients with at least one atypical G-allele (A/G+G/G, n=8), 

compared to patients homozygous for the typical A-allele (A/A, n=8) on day 1, but not 

day 7 and 14 of withdrawal (Student’s T-test; Day 1:T= 2.195, p= 0.050, day 7: p= 

0.772 and day 14: p= 0.873, see figure 1a and 1b). 

Analysis of the mean decrease of relative ALDH2 protein levels in blood samples 

from alcohol dependent patients during withdrawal showed that patients with at least  
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one atypical G-allele displayed  significantly smaller decrease levels from day 1 to 7 

and day 1 to 14 of withdrawal, compared to patients homozygous for the typical A-

allele (Student’s T-test; Day 1 to 7 of withdrawal: T= 3.332, p= 0.005 and day 1 to 14 

of withdrawal: T= 2.592, p= 0.021, see figure 1c). 

Quantification of western blotting data across different blots was performed by age-

matching respective controls to 16 patients from the NENA detoxification study. 

Densitometric volume analysis of normalized ALDH2 expression was put in relation 

to ALDH2 expression in matched controls (1d). 

Apart from that, we could reveal a significant positive correlation of the changes of 

mean CpG-methylation of the regulative ALDH2 promoter fragment from day 1 to 7 of 

withdrawal and relative ALDH2 protein levels on day 7 of withdrawal only in alcohol 

dependent patients without the atypical G-allele of rs886205 (R2= 0.728, p= 0.041), 

while patients with at least one G-allele did not show any correlation (A/A: Pearson’s 

correlation coefficient: R2= 0.728, p= 0.041, A/G+G/G: Pearson’s correlation 

coefficient: R2= -0.067, p= 0.875). 

 



77 

 

 

Figure 1a-d: 

Relative ALDH2 protein levels in alcohol dependent patients with and without the 

atypical G-allele on day 1, 7 and 14 of withdrawal 
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Legend figure 1a-d: 

Representative selection of relative ALDH2 protein quantification in alcohol 

dependent patients’ and healthy, matched controls’ blood samples 

The relative ALDH2 protein levels in blood samples was significantly lower in patients 

with at least one atypical G-allele (A/G+G/G, n=8), compared to patients without the 

atypical G-allele (A/A. n=8) on day 1, but not day 7 and 14  of withdrawal (Student’s 

T-test; Day 1:T= 2.195, p= 0.050, day 7: p= 0.772 and day 14: p= 0.873, see figure 

1a and 1b). 

Furthermore, the decrease of relative ALDH2 protein levels in blood samples from 

alcohol dependent patients with at least one atypical G-allele was significantly 

smaller from day 1 to 7,of withdrawal, compared to patients homozygous for the 

typical A-allele (Student’s T-test; Day 1 to 7 of withdrawal: T= 3.332, p= 0.005, see 

figure 1c). 

Quantification of relative ALDH2 protein levels in blood samples from the NENA 

detoxification study was assessed by densitometric volume analysis of normalized 

ALDH2 expression in relation to ALDH2 expression in matched controls (1d). 
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5.5 Discussion 
 
We show for the first time that typical rs886205 allele is associated with higher 

expression of ALDH2 protein before a 2-week detoxification treatment in alcohol 

dependent patients’ blood. 

This is concluded from the observation that we detected lower relative ALDH2 protein 

levels in alcohol dependent patients with at least one atypical G-allele than in 

patients without that G-allele on day 1 of withdrawal in relation to ALDH2 protein 

levels in matched, healthy controls. Furthermore, the decrease of relative ALDH2 

protein levels from day 1 to 7 of withdrawal was only present in patients homozygous 

for rs886205 A-allele. 

In contrast to rs671, the ALDH2 promoter SNP rs886205 has recently been found in 

Caucasian and other non-Asian populations showing an association with increased 

risk for development of particularly esophageal carcinoma in combination with 

alcohol consumption, as reported in several independent genome-wide association 

studies (6-7). 

Also, molecular studies demonstrated a reduction of basal ALDH2 promoter activity 

and gene transcription both in vitro and in healthy subjects carrying the atypical G-

allele via interaction with an adjacent promoter fragment. In order to investigate the 

mechanism underlying allele-dependent ALDH2 gene transcription, examination of 

transcription factors known to bind around the polymorphic promoter site did not 

display altered binding affinities to either of the promoter alleles (8-9). 

Apart from allele-dependent ALDH2 protein expression, we could correlate changes 

of mean CpG-methylation of the regulative ALDH2 promoter fragment, as found in 

our previous epigenetic analysis revealing allele-dependent methylation kinetics in 

the same group of alcohol dependent patients (submitted data), with ALDH2 protein
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levels on day 7 only in patients with the typical A-allele from day 1 to 7 of withdrawal. 

Thereby, we underline the meaning of methylation changes of the repressive ALDH2 

promoter fragment for regulation of ALDH2 protein expression.  

Thus, we propose that chronic alcohol consumption causes changes of ALDH2 gene 

expression via a specific epigenetic mechanism in peripheral blood cells from alcohol 

dependent patients. 

As hypomethylation of CpG-rich islands in promoter regions generally causes 

induction of gene expression (17), we expected increasing CpG-methylation rates of 

the ALDH2 promoter from decreasing ALDH2 protein expression observed in alcohol 

dependent patients blood during withdrawal. To our surprise, we observed an 

unexpected reciprocal correlation between changes of ALDH2 protein and mean 

methylation of 11 CpG-sites located in the ALDH2 promoter from day 1 to 7 of 

withdrawal in patients homozygous for the A-allele. 

Using a reporter plasmid assay, it was previously demonstrated that the ALDH2 

promoter contains negative regulatory elements particularly between -981 to -744 bp 

upstream the ATG codon of the first exon, as induction of basal ALDH2 promoter 

activity could be demonstrated in promoter constructs lacking the respective 

fragment (8). 

Interestingly, 10 of 11 CpG-sites we subjected to methylation analysis in our previous 

study are located in this repressive promoter region. 

In conclusion, we therefore suppose that hypermethylation of the respective CpG-

sites leads to increased ALDH2 gene expression due to hindered binding of negative 

elements within the repressive ALDH2 promoter fragment. Decreasing blood levels of 

ALDH2 protein in alcohol dependent patients from day 1 to 14 of withdrawal might  
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hence be caused via epigenetic repression of negative elements binding to targets 

located -981 to -744bp upstream the ATG start codon of the ALDH2 gene. 

 

While analysis of CpG-methylation was performed using blood samples from 82 

patients and 34 healthy controls, we used blood samples from 16 patients on day 1, 

7 and 14 of withdrawal and 16 matched controls for western blot analysis and could 

reveal allele-dependent differences of relative ALDH2 protein expression in patients. 

Due to a relative small number of control samples, we were not able to compare 

allele-dependent protein expression of ALDH2 in healthy controls. We limited protein 

level comparison to male patients and controls to rule out sex-related differences of 

protein expression that might bias effects of chronic alcohol consumption on ALDH2 

protein levels.  

Another facet yet unclear is why alteration of protein expression in the cohort bearing 

the atypical G-allele seemed to be missing in spite of respective regulative 

methylation effects. Protein levels remained consistently low across the whole study 

(see Figure 1a), a phenomenon either caused by the respectively low amount of 

specimen included or by a yet elusive regulatory mechanism not considered by the 

approaches applied.  

Following studies might overcome theses limitations by protein expression analysis 

of a greater number of healthy, male and female individuals in order to assess the 

genetic disposition by rs886205 for basal ALDH2 protein expression before 

exposition to ethanol.  

In spite of these limitations, we are the first to describe alterations of relative ALDH2 

protein expression in alcohol dependent patients with and without rs886205 during 

withdrawal, compared to matched controls. By that, we might be able to link previous 
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findings about genetic disposition, reduced gene transcription found in vivo and in 

vitro and environmental factors like chronic alcohol consumption with an impaired 

expression and regulation of ALDH2 protein. 

Furthermore, by correlating kinetics of relative ALDH2 protein expression and CpG-

methylation of a specific repressive ALDH2 promoter fragment during withdrawal, we 

were able to reveal a specific, allele-dependent epigenetic mechanism leading a 

rather insensitive regulation of ALDH2 gene expression in alcohol dependent patients 

with the atypical G-allele of rs886205. 
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5.8 Supplementary Information 
 
Supplementary table S1:  

Sociodemographic and disease-related data for alcohol dependent patients 

 

 

 

 

 

 

 

 

 

 

 

 

Legend supplementary table S1: 

SD: Standard deviation; BMI: Body Mass Index; Total OCDS score: Total score for 

alcohol craving that was assessed at admission to detoxification treatment with the 

Obsessive Compulsive Drinking Scale (OCDS); Total CIWA-A score: Total score for 

the degree of withdrawal symptoms that was assessed at admission to detoxification 

treatment with the Clinical Institute Withdrawal Assessment for Alcohol scale 

(CIWA-A). 

 

 Mean (SD) 

n 16 

Age (years) 44.35 (5.85) 

BMI 26.23 (5.30) 

Smokers 15 (-) 

Years of drinking 11.00 (9.05) 

Daily intake of ethanol (g/day) 182.2 (77.81) 

Total OCDS score 20.56 (5.34) 

Total CIWA-A score 14.75 (3.06) 
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Genotyping of rs886205 

Amplification of rs886205 target region by touch-down PCR 

The rs886205 target fragment of the ALDH2 promoter covered 224 bp (-508 to -284 

before the ATG codon) and was amplified by touchdown PCR using sequences of 

oligonucleotides used as primers listed in supplementary table S4. 

The PCR product (224 bp) was then subjected to restriction enzyme digestion using 

HpyAV (restriction endonuclease from Helicobacter pylori, New England BioLabs, 

Ipswich, Massachusetts, USA) that specifically recognizes the motif CCTTC/GGAAG 

and cuts the respective strands at 5’ CCTTC(N)6 3’ and 3’ GGAAG(N)5 5’ 

respectively. 

This CCTTC motif is located -423 bp and -356 bp before the ATG codon. 

The latter is the polymorphic motif, having either an “A” or a “G” -360 before the start 

codon. 

 

Reaction components 

0.4 µL (20 µmol) of the regarding forward primer (F1/F2) 

0.4 µL (20 µmol) of the regarding forward primer (RC1/RC2) 

1 µL DNA 

3.2 µL H2O 

5 µL HotStarTaq® Master Mix Kit (QIAGEN, Hilden, Germany) 

Σ 10µL Total volume 

 



88 

 

 

PCR protocol 

1. Taq activation: 15 min at 95°C 

2. Denaturation: 30 sec at 95°C 

3. Primer annealing: 45 sec at Tm + 10°C, 

4. Elongation: 1 min at 68°C 

Steps 2–4 are repeated 15 times. 

 

The annealing temperature was decreased by 1°C per cycle, until -5° below the Tm of 

the primers. 

  

5. Denaturation: 30 sec at 95°C  

6. Primer annealing: 45 sec at Tm - 5°C 

7. Elongation: 1 min at 65°C 

Steps 5–7 are repeated 25 times. 

8. Elongation: 5 min at 65°C 

9. Hold: 12°C 

 

The Tm of the primers was set 60°C for the amplification of the rs886205 target. 
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Supplementary table S4: 

Sequences of primers used for rs886205 target amplification 

 Sequence 5'-3' Temperature

ALDH2-rs886205-F CAGGTCTCACTTGTCATTTCC 59°C 

ALDH2-rs886205-RC CTCGCCTTGGTTGAGCCCC 64°C 

 

Legend supplementary table S4: 

For amplification of the rs886205 promoter fragment, ALDH2-rs886205-F and 

ALDH2-rs886205-RC were used as primers. 

The primer ALDH2-rs886205-RC was used for reverse sequencing of the respective 

fragment. 
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Allele-specific digestion of the ALDH2 promoter target sequence containing the 

rs886205 polymorphism 

 

Subsequently, 1µL of 6x loading dye were added to 5µL of digested PCR product 

and separated by 2% agarose gel electrophoresis that was stained with ethidium 

bromide, then visualized and photographed using GelDoc™ XR+ (BioRad, USA, see 

supplementary figure S1). 

 

Digestion of the amplified ALDH2 promoter fragments by HpyAV yields 91, 52, 83 bp 

fragments for A/A genotypes, 91, 52, 83 and 134 bp fragments for A/G, 91 and 134 

bp fragments for G/G genotypes. 

Thus, the yield of 134 bp fragments after HpyAV digestion of promoter fragments 

distinguishes G-allele carriers from homozygous A-allele carriers. 

In order to distinguish between homo- and heterozygous G-allele carriers, 

subsequent DNA sequence analysis was performed for all fragments yielding 134 bp 

bands. 

 

Digestion Mix 

0.1 µL BSA (100x) 

0.5 µL HpyAV (2 Units) 

0.9 µL NEB-4 buffer (10x) 

3 µL DNA 

5.5 µL H2O 

Σ 10µL Total volume 
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Digestion of PCR products was accomplished by incubation of reaction samples for 1 

hour at 37°C.1µL of amplified product of the first PCR was used as template for the 

second PCR. 

 

Supplementary figure S1:  

Detection of ALDH2 promoter allele-type by digestion with HpyAV restriction enzyme 

 

 

Legend supplementary figure S1: 

After restriction enzyme digestion by HpyAV digested PCR products were separated 

and visualized by 2% agarose gel electrophoresis that was stained with ethidium 

bromide (M: 100-bp ladder, Lane 1: Undigested PCR product (224 bp), Lane 2 – 5, 7 

and 8: ALDH2 A/A promoter genotype (homozygous carriers of typical allele), Lane 

6: ALDH2 A/G promoter genotype (heterozygous carrier of typical and atypical 

allele), Lane 9: ALDH2 G/G promoter genotype (homozygous carriers of atypical 

allele) 
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Supplementary table S2: 

Allele- and genotype frequencies of rs886205 in alcohol dependent patients and 

healthy controls 

 

rs886205 
Alcohol dependent 

patients (n=82) 

Controls 

(n=34) 

Allele frequency       

A-allele 0.77 0.69 

G-allele 0.23 0.31 

Genotype frequency       

A/A 0.61 0.50 

A/G 0.33 0.38 

G/G 0.06 0.12 
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Analysis of ALDH2 protein expression in blood from alcohol dependent patients and 

healthy controls with and without rs886205 

Analysis of ALDH2 protein expression in blood from alcohol dependent patients on 

day 1, 7 and 14 and healthy controls with and without rs886205 was performed by 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 

subsequent detection of human ALDH2 by western blot analysis. 

Proteine lysates of frozen blood samples were generated according to the modified 

Aqua Preserve™ Blood Protein Extraction Protocol (Multi Target Pharmaceuticals, 

USA): 

1. Lysis of blood cells: 

100µL of frozen blood were incubated with 100µL of Aqua Preserve and vortexed for 

1 min. 

 

2. Pelleting of proteins: 

1.2 ml of acetone were added to lysed blood cells, vortexed for 1 min, and 

subsequently centrifuged at 3.500 g at room temperature to pellet proteins. 

 

3. Solubilization of proteins: 

After removing supernatant from protein pellet, 0.5 ml of ProMelt solution was added, 

vortexed for 1 min and incubated at room temperature for 3x 5 min rolling was 

completely removed. 

 

4. Protein lysates were divided into 2x 200µL aliquots and 1x 20µL for following 

determination of protein concentration by the Bradford protein assay. 
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To determine protein concentrations of generated blood lysates, Bradford protein 

assay was applied: 

1. Dilution of generated blood protein lysates: 

Protein lysates were diluted 1/ 500 in ProMelt solution previously used to solubilize 

blood proteins. Subsequently BIO-RAD Protein Assay Dye Reagent Concentrate 

(BioRad, USA) was diluted 1 / 2 in H2O and 1ml added to protein lysates. 

 

2. Optical density (OD) of protein lysates and a standard curve of protein solutions 

containing bovine serum albumin (BSA) from 0 to 12 mg/ml were then measured at 

595 nm using a Jenway 6320D Spectrophotometer (Jenway, Staffordshire). 

We calculated protein concentrations of blood lysates in relation to measured ODs of 

the respective standard curve. 

 

Western blotting of blood lysates 

100 µg of total protein were then loaded on a 10 % SDS-polyacrylamide gel, 25 µg of 

HeLa Whole Cell Lysate (Santa Cruz Biotechnology, USA) were loaded as a positive 

control for both ALDH2 and Vinculin detection by consecutive western blotting 

technique. After sample loading, samples were separated for 2.5 h at constant 100 V 

using running buffer containing following constituents: 

3.0 g Tris base (tris(hydroxymethyl)aminomethane) 

14.4 g Glycine 

20 % SDS (g/ml) 
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Then, gels were blotted on nitrocellulose membranes (GE Healthcare, England) for 

1.5 h at 400 mA constant using blotting buffer containing following constituents:  

1400 ml H2O 

200 ml 10x Running Buffer 

400 ml Methanol 

 

Blotted membranes were then blocked with 5 % non fat dry milk (NFDM) in Tris-

buffered saline (TBS) supplemented with 0.1 % Tween-20 for 1 h at 4 °C. 

After blocking, membranes were incubated at 4°C overnight with a primary polyclonal 

rabbit anti human ALDH2 antibody (Proteintech, England) in a concentration of 

1/1000 in 2.5%-NFDM/TBST or a primary polyclonal goat anti human Vinculin 

antibody (Santa Cruz Biotechnology, USA), respectively in a concentration of 1/500 

in 2.5%-NFDM/TBST. Subsequently, membranes were washed 3 times with 2.5 

NFDM/TBST for 5 minutes at 4°C and incubated with a goat anti rabbit IgG 

Horseradish peroxidase (HRP)-linked antibody (Cell Signaling Technology, USA) for 

detection of bound primary ALDH2 antibody and a mouse anti goat IgG HRP-linked 

antibody (Santa Cruz Biotechnology, USA) for detection of bound primary Vinculin 

antibody, respectively. Both goat anti rabbit and mouse anti goat secondary 

antibodies were incubated at a concentration of 1/20.000 in 2.5% NFDM/TBS-T for 1 

h at room temperature with the respective membranes.  

Membranes were washed 3 times with 0.1 % TBS-T and 3 times TBS for 5 min at 4 

°C before detection was performed using a Versa Doc™ Imaging System (BioRad, 

USA). 
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Validation of specific detection of human ALDH2 protein by polyclonal rabbit anti 

human ALDH2 antibody  

Before detecting ALDH2 in blood protein lysates with the referring polyclonal rabbit 

anti human ALDH2 antibody, we performed western blot analysis also on protein 

lysates of peripheral blood monocytes, neuronal cells and erythrocytes that led to 

detection of different bands detected by ALDH2 depending on the respective cell 

type. In order to confirm the validity of ALDH2 protein (55 kd) detection in protein 

lysates generated from frozen whole blood samples as described above, liquid 

chromatography coupled with tandem mass spectrometry (LC-MS/MS) of proteins 

immunoprecipated (IP) by the utilized polyclonal rabbit anti human ALDH2 was 

performed. 

For that, we incubated 20 µL of Protein A/G Plus-Agarose Immunoprecipitation 

Reagent (Santa Cruz Biotechnology, USA) with 10 µL of polyclonal rabbit anti human 

ALDH2 antibody (Proteintech, England) rolling for 2 h at 4°C. After incubation with 

antibody, A/G Plus-Agarose Immunoprecipitation Reagent was washed 5 times with 

NP40 lysis buffer containing constituents listed below: 

 

366 ml H2O 

6 ml Igepal 

60 ml Glycerol 

60 ml Na4P2O7 

60 ml NaF  

18 ml NaCl 

30 ml HEPES ((4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) pH 7.6 
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After washing steps, 20 µL of A/G Plus-Agarose IP Reagent were then added 800 µL 

blood protein lysate and incubated rolling over night at 4°C. A/G Plus-Agarose IP 

beads were then centrifuged, supernatant was removed and beads were 

resuspended in 15 µL of Laemmli loading buffer containing: 

 

9.6 ml 1 M Tris HCl pH 6.8  

12 ml 20 % SDS 

12 ml Glycerol 100% 

6.4 ml Beta-Mercaptoethanol 

0.024 g Bromophenol blue 

 

Resuspended beads with bound protein were heated up to 105 °C for 5 min, added 2 

µL acrylamide, centrifuged again and subjected to SDS-PAGE. 

We also loaded purified ALDH2 protein (Santa Cruz Biotechnology, USA) and IP of 

this positive control by polyclonal rabbit anti human ALDH2 antibody unto the gel. 

After SDS-PAGE of IPs and positive controls, lanes containing IPs of blood lysates 

were Coomassie Brilliant blue stained, whereas those lanes containing positive 

controls were cut from the rest and subjected to western blot analysis as described 

before. 

Detection of ALDH2 protein was done using a monoclonal mouse anti human ALDH2 

antibody (Santa Cruz Biotechnology, USA). We then cut out protein bands of the 

stained gel that corresponded to the ALDH2 bands detected by western blot analysis 

in positive controls at 55 kD and subjected these to LC-MS/MS analysis. 
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LC-MS/MS analysis of the 55 kD IP-gel band revealed at least 5 unique peptide 

sequences of human aldehyde dehydrogenase 2 with a score of 264.55 and a 

coverage of 12.38 when searching online protein databases for matching peptide 

sequences. 

Thus, we could confirm specific detection of human ALDH2 from blood protein 

lysates after SDS-PAGE and western bloting analysis 55 kD, gained as described 

before by LC-MS/MS analysis. 

All chemicals used for western blot analysis and validation of human ALDH2 protein 

detection by polyclonal anti human ALDH2 antibody were purchased from Sigma-

Aldrich (USA). 
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Figure S2:  

SDS-PAGE for LC-MS/MS validation of human ALDH2 protein in IPs of blood 

samples and purified ALDH2 protein employed as positive control 

 

 

 

Legend figure S2: 

SDS-PAGE of immunoprecipitated blood protein lysates (lane 5 and 7) stained with 

Coomassie Brillant Blue and detection of immunoprecipitated and untreated purified 

ALDH2 protein (lanes 2 and 3) by western blot analysis using a monoclonal mouse 

anti human ALDH2 antibody (C: purified human ALDH2 protein, C-IP: IP of control 

lysate, HB-IP and Patient-IP: IPs of blood protein lysates generated from frozen 

whole blood samples of healthy control and a patient, PBMC-IP: IP of protein lysates 

generated from a unspecified peripheral blood monocytes fraction). 
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Figure S3-S5: 

Relative ALDH2 protein quantification in blood lysates from patients without rs886205 

(A/A) and age/genotype-matched, healthy controls 

 

Figure S3: 
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Figure S4: 

 

 



102 

 

 

Figure S5: 
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Figure S6-S7:  

Relative ALDH2 protein quantification in blood lysates from patients without rs886205 

(A/G+G/G)  and age/genotype-matched, healthy controls 

 

Figure S6: 



104 

 

 

Figure S7:  
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Legend figure S3-S7: 

Detection of ALDH2 protein from blood protein lysates generated from frozen whole 

blood samples blood was performed as described above. 

Quantification of ALDH2 and Vinculin band intensities were assessed via 

densitometry using a Versa Doc™ Imaging System in combination with a Quantity 

One ® 1-D Analysis Software (BioRad, USA). 

We normalized ALDH2 band intensity against intensity of loading control protein 

Vinculin. The ALDH2/Vinculin ratio was then divided by the ALDH2/Vinculin ratio of 

the respective matched healthy control to calculate the relative ALDH2 expression. 
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6 Manuscript III: 

Stable-isotope GC-MS method for ethanol in vapour ethanol and microdialysis 

systems based on carbonate-catalyzed extractive pentafluorobenzoylation 

(published in ANALYST, 2012) 
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7.1 Abstract 

 

Toxicity of ethanol and acetaldehyde (AcH) in neuronal cell lines, such as the human 

neuroblastoma-derived SH-SY5Y, has already been examined on the epigenetic 

level, reporting altered DNA-methylation of cell cycle genes after exposing cells to 

ethanol or acetaldehyde. 

To our knowledge, no study investigated the epigenetic impact of ethanol exposition 

on aldehyde dehydrogenase 2 (ALDH2) promoter methylation in SH-SY5Y cells. 

Against this background, we examined the effect of ethanol on DNA-methylation 

within a previously reported repressive ALDH2 promoter fragment in SH-SY5Y cells. 

We found that medium concentrations of 108.5 mM ethanol effectively, yet not 

significantly, induced ALDH2 promoter hypermethylation after only 72 h of exposition. 

Thus, acute exposition of high ethanol concentrations could induce changes of 

ALDH2 expression via DNA-methylation leading to altered acetaldehyde degradation 

in human SH-SY5Y neuroblastoma cells. 
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7.2 Introduction 

 

Alcoholism is one of the major reasons for premature death, leading to great social 

and economic costs especially in western societies (1).  

Toxicity of alcohol consumption is brought about by effects of ethanol itself like 

disturbance of cell membrane integrity, enzyme functions and numerous metabolic 

pathways (2). Moreover, the formation of even more harmful metabolites like reactive 

oxygen species (3) and especially acetaldehyde has been associated with severe 

negative long-term effects of drinking, including a higher risk for development of 

cancer, cardiomyopathy or alcoholic liver disease (4-6). 

The metabolism of ethanol consists of two subsequent oxidation steps. First, ethanol 

is converted to highly reactive acetaldehyde, which is then further oxidized to acetic 

acid in a second reaction. Oxidation of ethanol is diverse, as it is substrate to 

different enzymes like alcohol dehydrogenase (ADH), catalase (CAT) and 

cytochrome p450 2E1 (CYP2E1) that are differentially expressed in a tissue-

dependent manner. In contrast to that, elimination of toxic acetaldehyde is accredited 

exclusively to aldehyde dehydrogenase 2 (ALDH2) in human tissues, e.g. liver and 

brain (7). Thus, downregulation or complete loss of ALDH2 activity, as caused by 

genetic polymorphisms like rs671, will result in accumulation of acetaldehyde after 

consumption of even small amounts of ethanol and thereby significantly increase the 

risk for different diseases (8) (9). 

Reinforcing effects of drinking are also accomplished by an acetaldehyde reaction 

product with dopamine, i.e. salsolinol, that interferes with the reward-system in the 

brain and is crucially dependent on neuronal ALDH2 activity (10) (11). 
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Interestingly, functional polymorphisms of other ethanol-oxidizing genes, e.g. ADH, 

were shown not to have an impact on acetaldehyde levels after alcohol ingestion in 

people with or without the ALDH2 polymorphism rs671, thus highlighting the crucial 

role of ALDH2 for effective elimination of AcH (12). 

 

Human SH-SY5Y neuroblastoma cells have been described as an appropriate in 

vitro model to investigate molecular mechanisms underlying neurological and 

psychiatric disease(13,14). In spite of their immortal properties, SH-SY5Y cells that 

were differentiated by retinoic acid (RA), possess a wide range of similarities to 

primary neuronal brain cells concerning morphology and neurotransmission (15). In 

addition, SH-SY5Y cells are also well-suited to analyze toxic effects of ethanol 

especially on neuronal cells, as even differentiation and long-term cultivation are 

possible without addition of cytokines or growth factors. As no study has reported 

protein expression of ALDH2 in differentiated SH-SY5Y cells, so far, we performed 

western blot analysis to prove physiological relevance of this protein in differentiated 

SH-SY5Y cell that were also subjected to epigenetic analysis. 

Insights into toxic actions of ethanol on an epigenetic level are rare, but changes of 

cytosine-phosphatidyl-guanine(CpG)-methylation by ethanol and its metabolite 

acetaldehyde have already been described for genes related to cell cycle regulation 

and neurotransmission in different neuronal cells including human SH-SY5Y (16). 

Recently, the regulatory role of a specific ALDH2 promoter fragment was reported to 

be essential for basal ethanol and acetaldehyde-induced changes of promoter 

activity and gene transcription both in vitro and in vivo (17). 

Against this background, we hypothesized that exposition of SH-SY5Y 

neuroblastoma cells to ethanol in cell culture medium affects methylation of  
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CpG-sites within the described regulative ALDH2 promoter region, resulting in altered 

neuronal protection against toxic levels of AcH. 

Different approaches have been made to establish appropriate cell culture systems 

to expose cells to highly volatile ethanol in cell culture medium. Incubating cells in 

sealed flasks or using Parafilm® wrapped cell dishes cells will not sufficiently enable 

normal cell growth due to pH decrease, lack of CO2 and O2 supply. Addition of buffer 

may disturb cell integrity and lead to altered cell metabolism. 

The most frequently used ethanol incubation system is a vapor ethanol system of 

plastic chambers containing a pan of aqueous ethanolic solution and metal platforms 

on which cell dishes filled with ethanol-free medium are placed (18). 

In order to validate the used vapor ethanol system, accurate methods for the 

measurement of ethanol in cell culture media are required. While there are different 

detection methods for ethanol available, most of them are not suitable to apply for 

measurements in cell culture media due to interference caused by medium 

constituents such as amino acids or pH indicators. 

Thus, we established a novel gas chromatography – mass spectrometry (GC-MS) 

method for the accurate and precise analysis of ethanol in cell cultures and 

microdialysates as previously reported (19). In short, this method involves an 

extractive derivatization of ethanol and a stable isotope-labelled analogue used as 

the internal standard which allows not only a robust and precise, but also cost-

effective detection of ethanol in cell culture in a short time.  

We thereby were able to sensitively confirm the validity of the ethanol vapor system 

in terms of applicability, resulting in stable ethanol medium concentrations for several 

consecutive days at 37°C. 
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In a previous study, we could reveal hypermethylation of a repressive ALDH2 

promoter fragment in peripheral blood cells from alcohol dependent patients falling 

towards control levels during detoxification. Proving the alcohol-induced epigenetic 

downregulation, we also detected a slight increase of methylation of the same 

promoter fragment in peripheral blood cells after acute intoxication of approximately 

4.5 hours in healthy controls. 

In this study, we wanted to investigate the epigenetic effects of acute ethanol-

exposition in human SH-SY5Y neuroblastoma cells on the ALDH2 promoter. 

Results from our study should reveal central effects of acute ethanol-exposition in 

SH-SY5Y cells using the validated in vitro model and also answer the question if 

acute exposition to ethanol leads to analogous epigenetic effects in neuronal cells 

and blood cells, i.e. altered degradation of toxic acetaldehyde via hypermethylation of 

the ALDH2 gene. 
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7.3 Materials and methods 
 
Examination of morphology and viability of proliferating SH-SY5Y cells prior to 

ethanol-exposition 

Before examination of ALDH2 methylation in ethanol-exposed SH-SY5Y cells, we 

wanted to determine most suitable medium ethanol concentrations that were 

comparable to high physiologic concentrations in man, but did not significantly affect 

morphologyand proliferation of SH-SY5Y cells during incubation. A maximal 

concentration of 108.5 mM ethanol in cell culture medium was revealed as most 

adequate concentration to be applied in our later experiments (see Supplements, 

S1). 

Additionally, we checked if incubation of SH-SY5Y cells inside of the chamber 

system might affect morphology, proliferation or pH value of cell culture medium 

during incubation due to lack of constant atmospheric CO2 pressure inside of tightly 

capped chambers (Supplements, S2). 

To rule out interference of ethanol with medium constituents that might influence 

morphology and proliferation of SH-SY5Y cells, cell culture medium was pre-treated 

with ethanol at a high concentration of 217.0 mM that exceeded concentrations of 

ethanol applied for later exposition experiments by far (Supplements, S3). 

SH-SY5Y neuroblastoma cells (ATCC, Wesel) were cultivated in multiwell plates (12 

well) from Greiner bio-one (Frickenhausen, Germany) at 37°C and humidified 

atmosphere containing 5% CO2. 3*104cells/ml of early passage (passage 9-11) were 

seeded in well that contained 1 mL of Dulbecco’s modified Eagle’s medium (DMEM), 

supplemented with 10 % fetal calf serum, 100 µg/mL penicillin/streptomycin. Seeding  
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densities were optimized at the beginning of the experiments in order to assess best 

conditions to enable cultivation of SH-SY5Y for up to 96 h (data not shown). 

In summary, no relevant effects of the chamber system or ethanol in cell culture 

medium regarding cell morphology and proliferation, expressed as mean number of 

living cells/ml could be detected after incubation up to 96 h in these. 

We assessed morphology of SH-SY5Y cells by the use of a CKX41 phase-contrast 

microscope (Olympus, Hamburg) and trypan blue exclusion method to count living 

cells. Measurement of pH values of cell culture medium was performed with a 3510 

pH Meter (Jenway, Staffordshire). 

 

Exposition of differentiated SH-SY5Y cells in chamber system to ethanol under 

controlled conditions 

To analyze the impact of acute ethanol-exposition on CpG-methylation of a regulative 

ALDH2 promoter fragment in differentiated SH-SY5Y cells, we seeded 3*104SH-

SY5Ycells of passage 9-11 in multiwall plates (12 well) containing culture medium as 

described above for prior experiments with proliferating SH-SY5Y cells, added 

retinoic acid (RA) at a final concentration of 50 µM. Compared to 50 µM RA medium 

concentration, lower concentrations of RA, e.g. 10 µM, did not show same efficacy to 

induce differentiation of SH-SY5Y into cells with morphologic characteristic of mature 

neurons (data not shown). 

Subsequently, multiwell plates were placed on metal platforms inside of tightly 

capped polyvinyl chloride chambers that were filled with a pan of 200 ml aqueous 

solution containing 1.12 g ethanol. 
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A steady state concentration of ethanol in cell culture medium and surrounding pan 

was reached after approximately 24 h and maintained for several days at 37 °C, 

yielding an equilibrium concentration of 0.5 g ethanol /100 ml (108.5 mM) in cell 

culture medium. 

Thus, during 72 h of total incubation, cells were effectively exposed to an ethanol 

concentration of 108.5 mM ethanol in cell-culture medium for 48 h. After 96 h of total 

incubation, cells were effectively exposed to ethanol for 72 h. 

Analysis of ALDH2 protein expression in SH-SY5Y cells after 72 h of incubation was 

performed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) and subsequent detection of human ALDH2 by western blot analysis. 

After 72 h of incubation, SH-SY5Y cells were pooled from each well of the plate by 

trypsinization and lysed by NP40 lysis buffer containing constituents listed below: 

 

366 ml H2O 

6 ml Igepal 

60 ml Glycerol 

60 ml Na4P2O7 

60 ml NaF  

18 ml NaCl 

30 ml HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) pH 7.6 
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50 µg of total protein were then loaded a 10 % SDS-polyacrylamide gel and 

sepereated for 2.5 h at constant 100 V. After separation, gels were blotted on 

nitrocellulose membranes (GE Healthcare, England) for 1.5 h at 400 mA constant 

using blotting buffer containing following constituents:  

1400 ml H2O 

200 ml 10x Running Buffer 

400 ml Methanol 

 

Blotted membranes were then blocked with 5 % non fat dry milk (NFDM) in Tris-

buffered saline (TBS) supplemented with 0.1 % Tween-20 for 1 h at 4 °C. 

After blocking, membranes were incubated at 4°C overnight with the primary 

polyclonal rabbit anti human ALDH2 antibody (Proteintech, England) used in a 

concentration of 1/1000 in 2.5 NFDM/TBST. Subsequently, membranes were 

washed 3 times with 2.5 NFDM/TBST for 5 minutes at 4°C and subsequently 

incubated with a secondary goat anti rabbit IgG HRP-linked antibody (Cell Signaling 

Technology, USA) at a concentration of 1/20.000 in 2.5% NFDM/TBS-T for 1 h at 

room temperature. 

Membranes were washed 3 times with 0.1 % TBS-T and 3 times TBS for 5 min at 4 

°C before detection was performed using a Versa Doc™ Imaging System (BioRad, 

USA). 

All chemicals used for western blot analysis were purchased from Sigma-Aldrich 

(USA). 
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Analysis of DNA methylation 

After ethanol-exposition of differentiated SH-SY5Y, cells were pooled from each well 

of the plate by trypsinization and counted by trypan blue exclusion method. 

Immediately after that, cells were pelleted and stored at -80°C for following 

methylation analysis. 

 

Isolation and cleanup of genomic deoxyribonucleic acid (DNA) was accomplished by 

QuiagenAllPrep Kit for DNA isolation. DNA samples were then bisulfite-converted 

using the EpiTect® 96 Bisulfite Kit (QIAGEN AG, Hilden, Germany) according to the 

manufacturer’s protocol. 

Amplification of target sequences of the purified bisulfite-converted DNA was done 

through (semi-) nested touch-down polymerase chain reaction (PCR). Sequences of 

oligonucleotides used as primers can be found in table 1.  

 Sequence 5'-3' Temperature
ALDH2-Bis-F2 GAGGTATGGTTGTGTGATTG 56°C 
ALDH2-Bis-RC1 ACTCACTACAAACTCTACCTCC 60°C 
ALDH2-Bis-F1 TTTGGTGTTGAAATTAGAGTT 52°C 
 

The amplified ALDH2 product of the second PCR covered a fragment of 254 bp (- 

675 to - 421 before the ATG codon of the first exon of ALDH2) containing 11 CpG-

sites within the promoter region of the ALDH2 gene. The 11 CpG-sites were located 

948, 939, 918, 898, 887, 858, 854, 842, 821, 815 and 790 bp before the ATG codon. 

Amplification products of the second PCR were purified using the Agencourt® 

AMPure® XP magnetic beads (Beckman Coulter, Krefeld, Germany).Sequencing of 

the target fragment was performed by using a BigDye® Terminator v3.1 Cycle 

Sequencing Kit (Applied Biosystems, Foster City, CA, USA) and an Applied  



120 

 

 

Biosystems/HITACHI 3500xl Genetic Analyzer (Applied Biosystems) according to the 

manufacturer’s instructions. 

The bisulfite-primer ALDH2-Bis-F1 was used for forward sequencing of the ALDH2 

gene. Products of the sequencing PCR were purified using the Agencourt® 

CleanSeq® XP magnetic beads (Beckman Coulter, Krefeld, Germany) and then used 

for sequencing. Electropherograms and sequences respectively, detected by the 

Genetic Analyzer, were analyzed using the specialized Epigenetic Sequencing 

Methylation analysis Software(20) to determine methylation rates for everyCpG-

site.All polymerase chain reactions were performed in a C1000TM Thermal Cycler 

(BIO-RAD, Hercules, CA, USA) using the regarding protocols as described above.A 

Biomek® NXP (Beckman Coulter, Krefeld, Germany) was used for pipetting, 

transferring steps and purification of DNA and amplified oligonucleotides.  

 

The following accession number refers to the primary nucleotide sequence of the 

respective gene: ALDH2:ENSG00000111275. 
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Statistical Analysis 

 
Deviance from normal distribution was checked according to Kolmogorov-Smirnov. In 

case of normally distributed variables parametric methods were applied, for all other 

cases non-parametric methods were used. 

We performed Student’s T-test and used Cohen’s d effect size to compare single and 

mean ALDH2 CpG-methylation of ethanol-exposed SH-SY5Y cells with control cells 

after incubation. General linear mixed-modeling (GLM) was used to analyze ALDH2 

methylation in ethanol-exposed and control cells. Methylation was set as the 

dependent variable, single CpG-sites, time of incubation were set as fixed factors. 

Toxic effects of varying ethanol medium concentrations on mean number of living 

cells/ml were examined by 1-way analysis of variance (ANOVA), followed by 

Bonferroni’s post hoc test for multiple testing. To analyze the effects of the incubation 

system on number of living cells/ml after different incubation times, we applied 2-way 

analysis of variance (ANOVA), followed by Bonferroni’s post hoc test for multiple 

testing.Student’s T-test was used to compare mean number of living cells/ml of SH-

SY5Y incubated in pre-treated and untreated cell culture medium. 

All statistical analyses were performed using the Statistical Package for the Social 

Sciences (SPSSTM) for Windows 20.0.0 (SPSS Inc., Chicago, IL). We used 

GraphPad Prism for Windows 5.03 for data illustration (Graph Pad Inc., San Diego, 

CA). 
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7.4 Results 

 

Effects of 72 h and 96 h ethanol-exposition on morphology of differentiated SH-SY5Y 

and proof of ALDH2 protein expression indifferentiated SH-SY5Y cells 

After 72 h of incubation at 37°C inside of chamber system, differentiation of SH-SY5Y 

cells by 50 µM RA into neuronal cells characeterized by neurite extension and growth 

cones was apparent for both control (figure 1a) and ethanol-exposed (figure 1b) cells 

after 72 h of incubation.Beside that, no remarkable differences of cell viability, 

expressed as number of living cells/ml, could be observed between control and 

ethanol-exposed cells after 72 h incubation. 

In contrast to that, after 96 h incubation, we could detect a loss of neuronal cell 

morphology and beginning manifestation of fibroblastoid characteristic particularly in 

SH-SY5Y control cells, lacking typical axonal and dendritical connections of mature 

neurons (figure 1c). Apart from morphological changes after 96 h incubation, a great 

decrease of cell viability could be detected in ethanol-exposed cells, indicating a 

time-dependence of ethanol-induced toxicity in ethanol-exposed SH-SY5Y after 

differentiation (figure 1d). Thus, we chose 72 h incubation for the following ethanol-

exposition experiments with differentiated SH-SY5Y cells. 

Apart from that, SDS-PAGE and following western blot analysis could prove ALDH2 

protein expression in differentiated ethanol-exposed and control SH-SY5Y cells after 

72 h of incubation (figure 1e). 
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Figure 1: 

Phase-contrast microscopic images of differentiated SH-SY5Y cells after 72 h and 96 

h of incubation in chamber system filled with ethanolic solution and proof of ALDH2 

protein expression after 72 h of incubation 
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Legend figure 1: 

SH-SY5Y cells were seeded at an initial concentration of 3*104 / ml in multiwell plates 

(12 well) containing cell culture medium as described in Materials and Methods. Cells 

were incubated inside of chamber system filled with 108.5 mM ethanolic solution for 

72 h and 96 h. Differentiation of SH-SY5Y cells was induced cells by 50µM RA and 

led to a noticeable neurite extension in control (a) and ethanol-exposed (b) cells after 

72 h of incubation. Loss of neuronal cell morphology was obvious in control (c) and 

ethanol-exposed cells (d) after 96 h, but not 72 h of incubation, as assessed by 

phase-microscopic imaging. Proof of ALDH2 protein (55 kD) expression in 

differentiated ethanol-exposed and control cells was performed by SDS-PAGE gel 

electrophoresis and consecutive western blot analysis. Rat-lung tissue was employed 

as positive control for ALDH2 protein expression (e). 
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Analysis of ALDH2 promoter methylation in differentiated SH-SY5Y cells after 

ethanol-exposition 

Comparison of single methylation rates of all 11 CpG-sites within the regulative 

ALDH2 promoter fragment after 72 h of exposition of differentiated human SH-SY5Y 

neuroblastoma cells to 108.5 mM ethanol revealed that 10 of 11 CpG-sites were 

hypermethylated and only CpG-497 displayed a lower methylation rate, compared to 

control cells. Analysis of single methylation rates between ethanol-exposed and 

control cells by Student’s T-test could show significant hypermethylation for CpG-

513, compared to control cells (Student’s T-test: T = 3.051; p = 0. 038) (figure 

2a).Analysis of mean methylation rate of all 11 CpG-sites within the regulative 

ALDH2 promoter fragment by Student’s T-test could indeed not prove a significant 

increase of methylation rates in ethanol-exposed SH-SY5Y, compared to controls 

(Student’s T-test: T=1.494; p = 0.140). Yet, ethanol-exposition could be shown to 

have a remarkable Cohen’s d effect size on mean methylation rates of the 11 CpG-

sites, compared to controls (Cohen’s d effect size of 2.6) (figure 2b). 

Beside that, exposition to 108.5 mM ethanol for 96 h, induced a significant 

hypomethylation of mean methylation rate of the 11 CpG-sites within the regulative 

fragment (Student’s T-test: T = -2.270; p = 0. 028). As mentioned above, incubation 

times longer than 72 h were shown to induce morphological changes that were 

accompanied with a loss of neuronal characteristic of differentiated SH-SY5Y cells 

(Figure 1). Thus, we performed methylation data analysis only on DNA gained from 

experiments exposing cells to ethanol for maximal 72 h. 

While ethanol-exposition of differentiated SH-SY5Y cells affected relevant changes of 

single and mean CpG-methylation within the examined ALDH2 promoter fragment  
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in ethanol-exposed cells, neither 72 h nor 96 h of ethanol-exposition of 

undifferentiated SH-SY5Y had a consistent effect on methylation rates of the 11 

CpG-sites (data not shown). Consequently, we only used undifferentiated SH-SY5Y 

cells to investigate possible effects of different ethanol concentrations, pre-treatment 

of cell culture medium with ethanol and the use of chamber system made of tightly 

capped plastic boxes on cell proliferation and morphology (see Materials and 

Methods). 

Analysis of CpG-methylation rates by general linear mixed-modeling (GLM) did not 

reveal significant effects of incubation time, differentiation or passage of ethanol-

exposed SH-SY5Y cells used for incubation experiments (data not shown). 
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Figure 2: 

Single and mean CpG-methylation rates of the ALDH2 promoter in differentiated SH-

SY5Y exposed to 108.5 mM ethanol for 72 h 
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Legend figure 2: 

 
Methylation rates of all 11 examined cytosine-phosphatidyl-guanine(CpG)-sites in the 

aldehyde dehydrogenase 2 (ALDH2) promoter in differentiated human SHSY5Y 

neuroblastoma cells after 72 h of exposition to 108.5 mM ethanol.Single methylation 

rates of all 11 examined CpG sites were higher in ethanol-exposed cells than in 

control cells, except for CpG-842, reaching statistical significance at CpG-858 

(Student’s T-test: T = 3.051; p = 0. 038) (a). Mean methylation rates of CpG-948 to 

CpG-790 were increased effectively after ethanol-exposition, yet not being 

significantly higher than controls (Cohen’s d effect size of 2.6; Student’s T-test: 

T=1.494; p = 0.140)(b). 

Changes of single and mean CpG-methylation in the respective ALDH2 promoter 

fragment were analyzed using general linear mixed-modeling and Student’s T-test. 

Data are presented as mean ± SD from 3 independent experiments (ethanol-

exposed cells: black bars; control cells: white bars; methylation rate of CpG-948 was 

1.00 in each of the 3 experiments).* p<0.05, further statistical details are described in 

the “Statistical analysis” section in “Materials and methods”. 
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7.5 Discussion 

 

We report for the first time that a regulative ALDH2 promoter fragment in human SH-

SY5Y neuroblastoma cells is hypermethylated after acute ethanol-exposition that is 

in accordance with hypermethylation of the respective ALDH2 fragment in peripheral 

blood cells from chronically and acutely intoxicated people analyzed in our previous 

in vivo study. 

Consumption of ethanol results in formation of highly reactive and toxic acetaldehyde 

that can only be effectively eliminated via oxidation by the aldehyde dehydrogenase 

2 (ALDH2). Downregulation or lack of enzymatic activity will therefore result in 

accumulation of acetaldehyde in the respective tissue and cause an increased risk 

for cardiovascular diseases, cancer and alcoholic liver disease. Even though the 

precise molecular mechanism underlying regulation of ALDH2 gene expression has 

yet not been highlighted, it has been reported that chronic alcohol consumption leads 

to specific downregulation of ALDH2 activity in blood and liver tissue (21). 

Another study has also shown ALDH2 downregulation in primary neuronal cells on 

the level of ALDH2 gene transcription after exposition to high ethanol doses (22). 

So far, no specific molecular mechanism for ALDH2 regulation in neuronal cells like 

SH-SY5Y has been proposed. 

Methylation of the proximal promoter region correlates with downregulation of gene 

expression most cases (23). 

Mean methylation rates of 11 CpG-sites within a regulative ALDH2 promoter 

fragment were higher in ethanol-exposed SH-SY5Y cells after 72h of constant 

ethanol-exposition than in controls in a cell culture ethanol vapor system, indicated 
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by high Cohen’s d effect size of 2.6, even though hypermethylation was statistically 

significant only for CpG-513 (Student’s T-test: T = 3.051; p = 0.038). 

Interestingly, 10 of the 11 CpG-sites are part of a 237bp repressive promoter 

fragment that has been reported to play a functional role on basal transcription and 

promoter activity of the ALDH2 gene both in vitro and in vivo, especially in connection 

with ethanol exposition (17).  

In another study, we could detect hypermethylation of the same repressive ALDH2 

promoter fragment in alcohol dependent patients’ blood cells, compared to healthy 

controls and could find the reciprocal effect on CpG-methylation after acute alcohol 

intoxication of approximately 4.5 hours in healthy controls underlining the specific 

induction of CpG-hypermethylation of ALDH2 by even acute ethanol-exposition in 

peripheral blood cells (submitted data). 

In accordance with hypermethylation of the ALDH2 promoter fragment in peripheral 

blood cells after acute intoxication in healthy controls, we here report 

hypermethylation of the same CpG-sites in human SH-SY5Y neuroblastoma cells 

after 72 h of exposition to 108.5 mM ethanol. Thus, the trend of ALDH2 

hypermethylation in neuronal cells confirms an analogous epigenetic regulation of 

ALDH2 both in peripheral and central tissues. 

From the results of our previous in vivo study, we can also conclude now that 

probably repeated intake of alcohol, as apparent in alcohol dependent patients, might 

analogously affect toxic and reinforcing effects of acetaldehyde and the reaction 

product salsolinol in neuronal cells due to altered ALDH2 activity via ALDH2 

hypermethylation. 
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Further studies are needed that also consider the impact of ethanol exposure on 

different regulatory stages of gene expression, including post-transcriptional and 

translational effects, as well as changes of protein stability (24). 

Ethanol-induced changes of CpG-methylation in different genes are diverse and not 

likely to be caused via interaction of ethanol with DNA strands, but indirectly via 

interference with secondary elements. 

Apart from that, following cell culture experiments might also clarify the question how 

exactly ethanol or acetaldehyde accomplish changes of CpG-methylation. So far, the 

precise molecular mechanisms caused by ethanol-exposure leading to hyper- and 

hypomethylation of genes in primary and immortal cells remain unclear. Changes of 

CpG-methylation due to ethanol-exposure seem to be effected rather indirectly, as 

both specific induction and repression of CpG-methylation have been connected to 

ethanol-exposure leading to different methylation patterns depending on cell type and 

tissue (25). Chronic alcohol consumption has been revealed to affect gene 

transcription of DNA methyltransferase 3b alcohol dependent patients’ blood, for 

example, an enzyme necessary for de-novo methylation of CpG-sites (26). Following 

in vitro studies under controlled conditions might further highlight the exact molecular 

mechanism and signaling cascade that links ethanol-exposure to altered methylation 

patterns of CpG-sites. 

Consecutive cell culture experiments of larger sample size should be also 

considering effects of even shorter ethanol-exposition on ALDH2 promoter 

methylation. Possibly different effects on promoter methylation should then be 

correlated to expression and activity of ALDH2 in differentiated SH-SY5Y cells, as we 

already could prove ALDH2 protein expression in these cells (figure 1). 
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In spite of these limitations, we are the first to demonstrate hypermethylation of an 

regulative ALDH2 promoter fragment in human SH-SY5Y neuroblastoma cells after 

acute ethanol-exposition that are concordant with hypermethylation of the respective 

ALDH2 fragment in peripheral blood cells from chronically and acutely intoxicated 

people analysed in our previous in vivo. These data might offer insight into toxic 

actions of ethanol in this novel in vitro model, helping to further elucidate options for 

treatment of acute intoxication and perhaps addiction to alcohol. 
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7.8 Supplementary Information 
 
Supplementary figure S1: 

Phase-contrast microscopic images of undifferentiated SH-SY5Y cells after 24 h, 

48 h, 72 h and 96 h of incubation to maximal 217.0 mM ethanol. 
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Legend supplementary figure S1: 

SH-SY5Y cells were seeded at a concentration of 3*104 / ml in multiwell plates (12 

well) containing cell culture medium as described in Materials and Methods. Cells 

were then incubated at 37°C inside of chamber system filled with 0 mM, 108.5 mM 

and 217.0 mM ethanolic solutions for 24 h, 48 h, 72 h and 96 h, reaching constant 

levels of ethanol in cell culture medium for 0 h, 24 h, 48 h and 72 h, respectively. 

No remarkable alterations of cell morphology between SH-SY5Y cells incubated in 

cell culture medium containing 0 mM (a) and 108. 5 mM (b) and 217.0 mM (c). After 

96 h of maximal incubation, cell viablity, expressed as mean number of living cells , 

was revealed not to be significantly different between SH-SY5Y cells exposed to 

different concentration of ethanol, as assessed by the trypan blue exclusion method 

(d) (1-way analysis of variance (ANOVA), followed by Bonferroni’s post hoc test for 

multiple testing: F = 3.648; p = 0.069).Data are presented as mean ± SD from 4 

independent experiments. Further statistical details are described in the “Statistical 

analysis” section in “Materials and methods”. 
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Supplementary figure S2: 

Phase-contrast microscopic images of undifferentiated SH-SY5Y cells after 24 h, 

48 h, 72 h and 96 h of incubation outside and inside of chamber system used for 

ethanol-exposition of cells. 
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Legend supplementary figure S2: 

SH-SY5Y cells were seeded at a concentration of 3*104 / ml in multiwell plates (12 

well) containing cell culture medium as described in Materials and Methods. After 

that, cells were incubated at 37°C either outside with 5% atmospheric CO2 or inside 

of chamber system for 24 h, 48 h, 72 h and 96 h. 

No alterations of cell morphology between SH-SY5Y cells incubated outside (a) or 

inside (b) of chamber system were assessed by phase-contrast microscopy. 

Incubation of SH-SY5Y cells inside of chamber systems did not effect significantly 

mean number of living cells up to 96 h,compared to cells incubated outside of 

chamber system, as determined by the trypan blue exclusion method (d) (2-way 

analysis of variance (ANOVA), followed by Bonferroni’s post hoc test for multiple 

testing; Inside vs. outside chamber system: F = 5.645, p = 0.055; Time: F = 281. 4, p 

< 0.0001; Inside vs. outside chamber system * Time: F = 4.024,p = 0.0123)(c). pH 

values of cell culture medium used for incubation of SH-SY5Y cell inside and outside 

chamber system did not vary noticeably (d). Data are presented as mean ± SD from 

4 independent (outside of chamber system: white symbols; inside of chamber 

system: black symbols). Further statistical details are described in the “Statistical 

analysis” section in “Materials and methods”. 
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Supplementary figure S3: 

Phase-contrast microscopic images of undifferentiated SH-SY5Y cells after 24 h, 

48 h, 72 h and 96 h of incubation in cell culture medium untreated and pre-treated 

with ethanol. 
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Legend supplementary figure S3: 

Cell culture medium, as described in Materials and Methods, was added ethanol at a 

final concentration of 217.0 mM and incubated for 96 h at 8°C. Ethanol was then 

removed from medium by evaporation for further 24 h at 37°C. Subsequently, SH-

SY5Y cells were seeded at a concentration of 3*104 / ml in multiwell plates (12 

well)containing either untreated or pre-treated medium and thereafter incubated at 

37°C inside of chamber system for 24 h, 48 h, 72 h and 96 h. 

No alterations of cell morphology between SH-SY5Y cells incubated in cell culture 

medium untreated (a) or pre-treated (b) with ethanol at 217.0 mM for 96 h were 

assessed by phase-contrast microscopy. Medium pre-treatment with ethanol did not 

alter significantly mean number of living cells/ml after 96 h of incubation, compared to 

untreated medium, as determined by the trypan blue exclusion method (c) (Student’s 

T-test: T = 1.904, p = 0.105).Data are presented as mean ± SD from 4 independent 

experiments.Further statistical details are described in the “Statistical analysis” 

section in “Materials and methods”. 
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8 Discussion 

 

Most severe medical complications like alcoholic liver disease (ALD) and esophageal 

carcinoma in chronically drinking individuals have been addressed to acetaldehyde 

(AcH), main metabolite of ethanol metabolism in human tissues. Even though ethanol 

itself has toxic features and interferes with different cellular targets and pathways, it 

is not believed to be carcinogen such as AcH 13. 

Consequently, susceptibility to acetaldehyde-induced cellular damages and 

carcinogen effects crucially depends on adequate elimination specifically by 

mitochondrial aldehyde dehydrogenase 2 (ALDH2), as ALDH2 activity is believed to 

be a rate limiting step for the ethanol metabolism 33. 

Being relevant to western societies, rs886205, a polymorphism of the ALDH2 

promoter, is associated with an increased risk for development of esophageal 

cancer. Previous molecular studies revealed a negative influence of the atypical G-

allele on basal promoter activity and gene transcription in vitro and in vivo. Even 

though interactions between the polymorphic promoter site and an adjacent negative 

regulatory promoter fragment could be demonstrated, no precise molecular 

mechanism has been postulated highlighting allele-dependent regulation of ALDH2 

gene expression 28. Transcription factors know to bind around the respective 

regulative promoter region did not display altered binding affinities to the polymorphic 

promoter site 30. 
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Ethanol is known to alter gene expression in vitro and in vivo via epigenetic 

mechanisms, including methylation of cytosine-phosphatidyl-guanine (CpG)-rich 

islands in promoter regions of genes, leading to altered gene expression. 

Hypermethylation of CpG-rich promoter sites is associated with gene silencing, while 

hypomethylation leads to induction of gene expression in most cases 36. 

We postulated an epigenetic impact of ethanol on regulation of ALDH2 gene 

expression within the previously reported repressive ALDH2 promoter fragment that 

might be affected by rs886205 and lead to allele-dependent differences epigenetic 

regulation of ALDH2 expression. 

In a first in vivo study, we could detect hypermethylation of the repressive ALDH2 

promoter fragment in alcohol dependent patients’ peripheral blood cells on day 1 of 

withdrawal, compared to healthy controls and show an inverse trend of increased 

methylation rates in healthy controls after acute intoxication of approximately 4.5 

hours. Moreover, we detected a delayed decrease of mean methylation rates 

towards control levels in alcohol dependent patients with at least one atypical G-

allele of rs886205. 

Thus, we propose allele-dependent CpG-methylation changes of the reported 

repressive ALDH2 promoter fragment as an epigenetic means contributing to altered 

regulation of ALDH2 gene expression in alcohol dependent patients. 

Indeed, we could link genetic disposition with altered regulation of ALDH2 promoter 

methylation in allele-dependent manner, yet no study had confirmed the impact of 

rs886205 on ALDH2 protein expression in alcohol dependent patients’ blood during 

withdrawal. 
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Therefore, in a consecutive study, we analyzed levels and regulation of ALDH2 blood 

protein in alcohol dependent patients during withdrawal and healthy controls from our 

previous study. 

Interestingly, we found lower levels of ALDH2 protein in alcohol dependent patients 

with the atypical G-allele on day 1 of withdrawal, compared to patients without 

rs886205. Furthermore, the decrease of ALDH2 protein from day 1 to 7 of withdrawal 

was reduced in patients with the ALDH2 promoter polymorphism, indicating a rather 

insensitive regulation of ALDH2 protein expression in G-allele carriers. 

Proving that allele-dependent methylation changes of the repressive ALDH2 

promoter fragment are highly relevant for ALDH2 protein expression, we found a 

positive correlation of ALDH2 protein levels on day 7 and changes of methylation of 

the repressive ALDH2 promoter fragment from day 1 to 7 of withdrawal only in 

patients homozygous for the typical A-allele. 

Taken together, the in vivo data collected in this comprehensive study underline the 

crucial role of rs886205 as a genetic risk marker that causes reduced adaptation on 

an epigenetic level via specific interaction with a repressive ALDH2 promoter 

fragment leading to insensitivity of adequate adaptation on a the level of protein 

expression in alcohol dependent patients. 

Only recently reported, demethylation of 5-methyl cytosine (5mC) to cytosine can be 

accomplished via oxidation of 5mC to 5-hydroxymethyl cytosine (5hmC), 5-formyl 

cytosine (5fC) and 5-carboxylmethyl cytosine (5caC) by ten eleven translocation 

(TET) proteins in the course of genetic reprogramming 51. 

As we could demonstrate allele-dependent decrease of 5mC levels in alcohol 

dependent patients’ blood during withdrawal, analysis of TET activity as well as 

5hmC, 5fC and 5caC levels in the respective blood samples might give even more 
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detailed insights into the epigenetic regulation of allele-dependent demethylation of 

the repressive ALDH2 promoter. 

To further highlight the precise molecular mechanisms underlying allele-dependent 

methylation changes of the repressive ALDH2 promoter fragment further in vitro 

experiments should be performed that focus not only on allele-dependent, but time- 

and dose-dependent effects of ethanol on ALDH2 gene expression. 

Additionally, identification of transcription factors or negative binding elements 

responsible for differential methylation kinetics in A- or G-allele ALDH2 promoters 

might be achieved by in vitro experiments performing chromatin immunoprecipitation 

of the respective polymorphic promoter site followed by mass-spectrometry analysis 

of bound elements in either promoter allele. 

Despite limitations of gene expression analysis in immortal cells, human 

differentiated SH-SY5Y cells are reported to be well suited as a model for epigenetic 

and metabolic investigations of ethanol-directed effects in mature, human neurons 37. 

Based on previous in vivo findings in animals showing altered ALDH2 mRNA levels 

due to ethanol-exposition in brain tissue 35 and our in vivo data of ethanol-induced 

hypermethylation in peripheral blood cells from alcohol dependent patients, we 

hypothesized ubiquitous effects of ethanol on ALDH2 methylation in human cells and 

could indeed detect increased methylation rates of the referring ALDH2 promoter 

fragment in differentiated SH-SY5Y after 72 h of exposition to 108.5 mM ethanol in 

cell culture medium. 

As also performed in vivo, further experiments will check possible genetic and 

epigenetic consequences of controlled ethanol-exposition on the level of ALDH2 

protein expression in different cells, including neuronal SH-SY5Y, but also peripheral 
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blood monocytes that will rule out biases possibly evoked from the immortal 

character of SH-SY5Y neuroblastoma cells. 

In order to guarantee controlled ethanol-exposition, we used a previously described  

ethanol incubation system of plastic chambers containing a pan of aqueous ethanolic 

solution and metal platforms on which cell dishes filled with ethanol-free medium are 

placed 49. For validation purposes of the used vapor ethanol system, we established 

a novel gas chromatography – mass spectrometry (GC-MS) method for the accurate 

and precise analysis of ethanol in cell cultures and microdialysates prior to our 

investigations on ALDH2 methylation in ethanol-exposed SH-SY5Y cells including 

extractive derivatization of ethanol and a stable isotope-labeled analogue used as the 

internal standard which allows not only a robust and precise, but also cost-effective 

detection of ethanol in cell culture media in a short time 50. 
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