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Abstract

Alcohol Use Disorder (AUD) is a highly prevalent condition worldwide that produces a wide range of pathophysiological 
consequences, with a critical impact on health and social issues. Alcohol influences gene expression through epigenetic 
changes mainly through DNA methylation. In this sense, levels of 5-methylcytosine (5-mC), namely Global DNA 
methylation (GMe), which can be influenced by environmental and hormonal effects, represent a putative biological 
mechanism underlying alcohol effects. Our aim was to investigate the influence of AUD diagnosis and alcohol patterns 
(i.e., years of addiction, use in the last 30 days, and alcohol severity) on GMe levels. The sample consisted of 256 
men diagnosed with AUD and 361 men without AUD. DNA samples from peripheral blood were used to assess GMe 
levels, measured through the levels of 5-mC using high-performance liquid chromatography. Results from multiple 
linear regression analysis indicated that the presence of AUD was associated with lower GMe levels (beta=-0.155, 
p=0.011). Other alcohol-related outcomes were not associated with DNA methylation. Our findings are consistent with 
the hypothesis that the impact of chronic and heavy alcohol use in GMe could be a potential mechanism mediating 
the multiple organ damages related to AUD.
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Introduction
Alcohol Use Disorder (AUD) is characterized by physical 

and behavioral symptoms that involve craving, relapse, and 
alcohol tolerance (American Psychiatric Association, 2013), 
besides several impairments in social and health areas. The 
worldwide prevalence of current alcohol use, defined as 
alcohol consumption in the past 12 months, is 43% (more 
than two billion people) (World Health Organization, 2018), 
with similar estimates observed in Brazil (Bastos et al., 2017). 
Additionally, about 13% to 18% of Brazilian individuals have 
heavy alcohol drinking (Garcia and Freitas, 2015; Bastos 
et al., 2017; World Health Organization, 2018). In Brazil, a 
nationwide study also showed a prevalence of AUD ranging 
between 2 and 0.7%, being lower in the southern region, and 

higher among men (Bastos et al., 2017). In 2016, the harmful 
use of alcohol resulted in more than three million deaths per 
year, almost 5.3% of all deaths in the world (World Health 
Organization, 2018). Therefore, a substantial global burden of 
diseases is attributed to frequent or heavy alcohol consumption.

The chronic use of alcohol has a broad range of 
pathophysiological consequences in the organism that cause 
an extremely high impact on the healthcare systems (World 
Health Organization, 2018). There is growing evidence that 
alcohol can alter the epigenome, mainly through methylation 
processes (Resendiz et al., 2014; Zhang and Gelernter, 2017). 
This dynamic process is reinforced by the evidence that 
alcohol withdrawal and recovery are also related to changes 
in DNA methylation (Witt et al., 2020). Although differential 
methylation at specific sites is a commonly used approach, 
Global DNA methylation (GMe) has emerged as a tool to 
assess the overall impact of extensive biological pathways 
that interact with the genome and exposome. GMe has been 
associated with neuropsychiatric disorders (Jiang et al., 2017; 
Müller et al., 2021, 2022), where even minor variations in 
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GMe could be part of pathophysiological processes (Breton 
et  al., 2017). The gold standard method to estimate GMe 
levels is the evaluation of the overall 5-methylcytosine (5-
mC) levels relative to total cytosines in the genome using the 
high-performance liquid chromatography (HPLC) technique 
(Chen et al., 2013). In this sense, a slight disparity of 0.1% in 
GMe levels between two groups – cases and controls – could 
represent a significant difference of over 28,000 cytosines 
that are methylated distinctly throughout the human genome 
(which contains more than 28 million CpG sites) (Luo et al., 
2014). However, up to now, only AUD studies using GMe 
proxy-based approaches were performed, observing both 
hypermethylation (Bönsch et  al., 2004; Kim et  al., 2016) 
or hypomethylation in individuals with AUD compared to 
controls (Soundararajan et al., 2021).

Considering the growing evidence that GMe is involved 
in the pathophysiology of psychiatric disorders and may 
suffer effects from environmental hazards (Barbosa et  al., 
2019; Müller et al., 2022), this biological marker is a logical 
candidate for AUD studies, once chronic alcohol use involves 
at the same time an environmental stressor (alcohol effect in 
cells and organs) and a mental disorder (AUD). Therefore, 
we aimed to assess the association between AUD and GMe 
levels through HPLC. We also evaluated the influence of 
alcohol use patterns (i.e., years of addiction, use in the last 
30 days, and alcohol severity) on DNA methylation levels.

Subjects and Methods

Sample

This cross-sectional study included 256 men with 
AUD according to the Diagnostic and Statistical Manual of 
Mental Disorders, fifth edition (DSM-5) criteria (American 
Psychiatric Association, 2013), and 361 men without AUD, 
from the metropolitan region of Porto Alegre, Southern Brazil. 
Individuals with AUD consisted of 209 inpatients under 
a specialized clinic for detoxification treatment in a male 
addiction unit at the Hospital de Clínicas de Porto Alegre 
(HCPA) and 47 men from the Attention-Deficit Hyperactivity 

Disorder (ADHD) Outpatient Clinic at HCPA. Cases must 
fulfill the following inclusion criteria: aged 18 years or older, 
have a diagnosis of AUD according to DSM-5, and be men. 
Non-AUD individuals were selected from the Blood Blank 
(n=199) and the ADHD Outpatient Clinic at HCPA (n=162). 
All individuals considered non-AUD had either a negative 
screening for AUD and other substance use disorders through 
self-report or lack of diagnosis through clinical psychiatric 
assessment. Non-AUD individuals also had to be men, aged 
18 years or older. Individuals with neurodegenerative diseases 
and/or severe neurological conditions that may affect the 
cognitive process were excluded from the study. Sample 
characteristics are presented in Table 1. 

This study is in accordance with the Declaration of 
Helsinki guidelines and was approved by the HCPA Ethics 
Committee (2014-0249, 2016-0600). All individuals signed 
an informed consent form.

Sociodemographic data were obtained through detailed 
questionnaires by trained and supervised interviewers. 
Psychiatric comorbidities were assessed using the Structured 
Clinical Interview for DSM Disorders (First et al., 2002). 
Each individual in our sample underwent evaluation by 
psychiatrists and met diagnostic criteria for the described 
psychiatric disorders according to the DSM-5. The Addiction 
Severity Index version 6 (Kessler et al., 2012) was applied to 
inpatients and provided data regarding alcohol use patterns. The 
highest score obtained from the Clinical Institute Withdrawal 
Assessment for alcohol revised (CIWA-Ar) was used to 
estimate the severity of withdrawal symptoms (Laranjeira 
et al., 2000), and the number of standard drinks per day was 
calculated as previously defined (i.e., one standard drink is 
equal to 340 mL for beer, and 40 mL for distilled spirits)
(Carneiro et al., 2016).

Individuals with AUD, admitted to the HCPA for 
detoxification treatment, had blood drawn for analysis of 
liver function. Blood collection was carried out in the morning 
while fasting within the first 24 hours of hospitalization. 
Hepatic function parameters, including gamma-glutamyl 
transferase (GGT), alanine aminotransferase (ALT), and 

Table 1 – Sample characteristics.

AUD
(n=256)

non-AUD
(n=361) Statistics p-value

Median [IQR]

Age (years) 49.0 [40-56] 29.0 [23-37] U=14.89 <0.001

Schooling (years) 9.0 [6-12] 12.5 [11-15] U=-11.81 <0.001

Mean (SD)

GMe levels (%) 3.42 (0.48) 3.53 (0.41) t=2.775 0.006

n (%)

Skin color (white) 174 (68.0) 360 (99.7) X2=127.01 <0.001

Marital status (married) 86 (34.0) 125 (34.6) X2= 0.01 0.939

Nicotine usea 200 (78.7) 94 (26.0) X2=163.86 <0.001

Major depressive disordera 48 (24.9) 90 (24.9) X2=0.01 0.999

Generalized anxiety disordera 10 (7.0) 19 (9.5) X2=0.73 0.392

Bipolar disordera 23 (11.9) 21 (5.8) X2=5.50 0.019
aLifetime use or a lifetime disorder. AUD: alcohol use disorder, IQR: interquartile interval, SD: standard deviation. Data were expressed as median 
[IQR], mean (SD) or n (%).
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aspartate aminotransferase (AST), were measured in the 
Biochemistry Department at the Clinical Analysis laboratory 
of the HCPA, following standard procedures.

Quantification of global 5-mC levels (GMe)

DNA samples were obtained from peripheral blood 
(5 mL) using the salting-out technique (Lahiri and Nurnberger 
1991). The DNA was quantified, and quality parameters were 
checked using the NanoDrop™ spectrophotometer equipment. 
DNA with 2 μg (volume 200 μL) was used to measure GMe, 
following the protocol from Barbosa et al. (2019). Sample 
treatment was based on Ramsahoye (2002) and all laboratory 
procedures for calibration and reproducibility assessment were 
applied (FDA, 2022). Briefly, the procedure consisted of the 
enzymatic removal of RNA, followed by DNA hydrolysis. The 
treated samples were injected into the HPLC-DAD equipment, 
and the nucleoside separation was conducted in a C-8 column 
(150X4.6 mm, 5 µm), monitored at 280 nm. The methylated 
cytosines (5-mC) were expressed as a percentage, considering 
the total deoxycytidine (dC) amount. The following equation 
was applied: GMe = [5mdC/(dC + 5mdC)] * 100.

Statistical analyses

A multiple linear regression model was performed to 
assess the effect of AUD on GMe levels. Potential confounders 
were selected based on previous evidence of influences in 
methylation and/or showed significant differences between 
the groups evaluated. Therefore, the multiple linear regression 
model included the following variables: age, sample origin 
(blood bank, addiction unit at HCPA, or clinical sample of 

ADHD), schooling, skin color, nicotine use, and bipolar 
disorder. In individuals with AUD, the relationship between 
DNA methylation levels and alcohol-related outcomes (e.g., 
age of first use, years of use, severity, and use in the last 30 
days) was analyzed through Spearman correlations.

Chi-square, t-test, or Mann-Whitney was used to 
compare sociodemographic data, nicotine use, and psychiatric 
comorbidities between subjects with and without AUD. All 
analyses were performed using SPSS software version v.18 
(Chicago, IL, USA).

Results
Sample characteristics are presented in Table 1. Individuals 

with AUD were older, non-white, with less education, and 
presented a higher prevalence of nicotine use and bipolar 
disorder. Among these individuals, GMe levels were not 
correlated to alcohol-related outcomes, including age of first use 
(r=0.053, p=0.524), use in the last 30 days (r=0.084, p=0.314), 
years of use (r=-0.004, p=0.961), and addiction severity (ASI-6 
score, r=0.110, p=0.181, Table 2). The median number of daily 
standard drinks was 25, which was not correlated to GMe levels 
(Table 2). Liver function parameters were also not correlated 
to GMe levels (p>0.05, Table 2).

Multiple linear regression analysis showed an association 
between AUD and GMe levels (beta=-0.155, p=0.011, Table 3). 
Individuals with AUD presented lower GMe levels than non-
AUD individuals (Figure 1, Table 1). Skin color was also 
associated with GMe levels (beta=0.115, p=0.021). However, 
age, schooling, nicotine use, and the presence of bipolar 
disorder presented no effect on GMe levels in our sample.

Table 3 – Multiple linear regression model assessing the effect of AUD on GMe levels.

Beta t-Statistics p-value

Alcohol Use Disorder -0.155 -2.554 0.011

Sample origina 0.014 0.274 0.784

Age 0.007 0.136 0.892

Schooling -0.034 -0.652 0.514

Skin-color 0.115 2.309 0.021

Nicotine use -0.028 -0.563 0.573

Bipolar disorder 0.063 1.454 0.147

All variables were included in a single multiple linear regression model. aBlood bank, addiction unit at HCPA or clinical sample of ADHD.

Table 2 – Alcohol-related outcomes and GMe levels.

GMe levels

Median [IQR] r Spearman p-value

Age of first use (years) 15.0 [13-18] 0.053 0.524

Use in the last 30 days 29.5 [20-30] 0.084 0.314

Years of use 25.0 [14-33] -0.004 0.961

Alcohol severity (ASI-06) 65 [60.5-70.5] 0.110 0.181

CIWA-Ar score 4.00 [1-6] 0.039 0.595

Standard drinks (daily) 25 [16.7-50] 0.021 0.765

Aspartate transaminase 37.0 [24.0-77.0] 0.021 0.768

Alanine transaminase 32.0 [20.0-56.7] 0.001 0.991

Gamma-glutamyl transferase 83.0 [39.7-160] 0.014 0.848
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Discussion
In our study, we observed lower levels of GMe in 

individuals with AUD compared to subjects without AUD 
(p=0.011). This hypomethylation state was previously 
correlated to higher alcohol consumption and associated with 
AUD through epigenome-wide association studies (EWAS) 
and methylation proxy-based approaches (Zhang et al., 2013; 
Friedel et  al., 2020; Dugué et  al., 2021; Soundararajan 
et  al., 2021). Considering that alcohol consumption can 
alter methylation patterns that might affect gene expression, 
epigenetics could represent a biological mechanism by which 
alcohol impacts physiological functioning in the organism.

The fact that alcohol is a methyl donor inhibitor and 
reduces DNA methyltransferase (DNMT) (Chen et al., 2013) 
and S-Adenosyl methionine (SAM) levels (Mato and Lu, 
2007; Hamid et  al., 2009), thus modifying and reducing 
methylation processes, provides a biochemical basis to support 
our findings. In addition, alcohol also induces oxidative stress 
processes, which inactivate methionine adenosyl-transferase 
and other DNMTs, leading to a reduction in methylation 
reactions (Carretero et al., 2001). Individuals with AUD also 
have deficits in important nutrients, such as folate and other 
B-complex vitamins, that act as cofactors to methyl transfer 
reactions. In this sense, preclinical studies showed that deficient 
diets increased ethanol consumption (Williams et al., 1949) 
and alcohol exposure induced changes in folate homeostasis 
(Chen et al., 2013), in a bidirectional process. Alcohol use 
can also generate DNA damage, which repair could lead to 
demethylation of 5-mC (Chen et  al., 2011). Furthermore, 
chronic alcohol use has an impact on several organs, and it is 
an important risk factor for the development of alcoholic liver 
disease, which is characterized by steatosis and inflammation 
in the liver. This condition has also been associated with 
alterations in several epigenetic mechanisms, including global 
DNA hypomethylation (Mandrekar, 2011). Notably, most 
of the cytokines throughout the genome are methylated, 
especially in heterochromatin regions (Li and Zhang, 2014). 
This explains why hypomethylation can be so critical since 
it “releases” the genome, generating genomic instability. 
Furthermore, hypomethylation was previously associated with 

cancer (Nishiyama and Nakanishi, 2021) and other psychiatric 
disorders, such as schizophrenia (Shimabukuro et al., 2007) 
and ADHD in adults (Müller et  al., 2022). Therefore, the 
overall literature is consistent with our findings pointing to 
hypomethylation in AUD.

In addition to this evidence, an EWAS pointed out 
the involvement of the glucocorticoid signaling pathway 
in AUD, highlighting the importance of the hypothalamic-
pituitary-adrenal (HPA) axis in this disorder (Lohoff et al., 
2021). Alcohol stimulates the HPA axis and glucocorticoid 
receptors, increasing cortisol release. This scenario could 
be related to the development and severity of AUD (Blaine 
and Sinha, 2017). Hence, the inverse relationship between 
cortisol and GMe (Müller et al., 2021) could also support the 
association of AUD and hypomethylation found in our study. 
On the other hand, other studies suggested hypermethylation 
levels in individuals with AUD (Bönsch et al., 2004; Kim 
et al., 2016), mainly using GMe proxy-based approaches. 
For instance, Kim et  al. (2016) assessed the methylation 
of Alu elements, which comprise a third of all methylation 
sites (Deininger and Batzer, 1999). Small variations in GMe 
levels may represent a large number of cytosines differentially 
methylated (Breton et al., 2017). Despite the overall evidence 
indicating a hypomethylation state, the chronic use of alcohol 
could also lead to a combination of epigenetic and regulatory 
processes, promoting hypermethylation at specific loci, and 
contributing to these mixed findings. 

We also investigated the influence of the pattern of 
alcohol use on DNA methylation levels, and no association 
was detected. Most of our sample consisted of individuals with 
heavy alcohol use, and the majority had a daily consumption. 
Therefore, the uniformly high severity of alcohol consumption 
within the sample may have precluded the observation of 
nuances in the methylation pattern. Longitudinal studies 
showed that the methylation pattern did not change in a short 
period during detoxification treatment (Soundararajan et al., 
2021). It is possible that the different correlates of GMe 
status (psychiatric background, HPA axis effects, withdrawal 
status, and as a direct environmental hazard) could be related 
to the mixed findings in the relationship between AUD and 
methylation status. Also, population cohorts may be better 
suited to assess the impact that the variation in the magnitude 
of alcohol use, from sporadic to excessive and chronic use, 
has on GMe levels.

This study had some limitations. First, GMe methylation 
was assessed from peripheral blood samples, which is considered 
a limitation in studies evaluating a brain disorder. Although the 
correlation of blood-brain genome-wide methylation is high 
(r=0.86) (Braun et al., 2019), the evaluation of methylation 
levels directly from the brain remains the desirable choice 
in psychiatric disorders. On the other hand, alcoholism 
impacts many organ systems and studies with blood or other 
tissue samples (e.g., liver) are warranted. Furthermore, DNA 
methylation can be influenced by several environmental 
aspects, and unfortunately, not all of them were evaluated 
in this study, such as stress, diet, and nutritional aspects. 
Therefore, we cannot rule out the involvement of these factors 
in GMe levels. Finally, there are some issues regarding our 

Figure 1 – GMe levels in non-AUD and AUD individuals.
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sample that demand a cautious interpretation and the need 
for independent replications. Our sample included only men, 
most of them with severe clinical conditions at the beginning 
of their detoxification treatment. Considering the differences 
previously reported for sex and AUD prevalence, treatment, 
and comorbidities patterns (Agabio et al., 2017; Goh et al., 
2022), the homogeneity of our sample can be viewed as a 
strength. However, we reinforce the need to evaluate women 
and less severe users in the context of epigenetics and AUD. 
Individuals with and without AUD differ regarding age and 
skin color, variables potentially relevant in GMe. However, 
the association between GMe levels and AUD remained with 
a significant effect even with adjustment for these variables, 
reinforcing the need for further studies exploring how these 
complex variables may interact.

In the present study, a significant effect of AUD was 
observed in GMe levels. This global hypomethylation observed 
in individuals with AUD can be considered a biological record 
of the impact of chronic alcohol use. Identifying connections 
between epigenetic factors and AUD traits and characteristics 
is of utmost relevance to unraveling the biological aspects of 
this disorder. Our findings also represent a possible pathway 
linking the environmental hazard represented by alcohol 
use and the multiple organ damages that follow AUD. The 
complexity of the methylation changes associated with AUD 
indicates the need for further studies with different clinical 
profiles, including longitudinal approaches.

Acknowledgements
This work received financial support from Conselho Nacion-

al de Desenvolvimento Científico e Tecnológico (431472/2018-1, 
424041/2016-2, 466722/2014-1, 476529/2012-3, and 
484403/2007-9), Coordenação de Aperfeiçoamento de Pes-
soal de Nível Superior (CAPES AUX-PE-PROEX-1234/2011 
and 376/2009 and financial code 001), Fundação de Amparo 
à Pesquisa do Estado do Rio Grande do Sul (FAPERGS 
– Pesquisador Gaúcho (PqG) 19/2551-0001731-6 and 
19/2551-0001668-9), and Hospital de Clínicas de Porto 
Alegre (FIPE-HCPA 140249, 100358, 08543 and 05451). 
Funding sources had no involvement in study design; in the 
collection, analysis, and interpretation of data; in the writing 
of the report; and in the decision to submit the article for 
publication.

Conflict of Interest
Dr. Grevet was on the speaker’s bureau for Novartis 

and Shire for 3 years. All other authors report no potential 
conflicts of interest.

Author Contributions
JBS, CEB, and CHDB conceived the study, JLSJ, DM, 

BSS and MFC conducted the experiments, JBS and CEB 
analyzed the data, JBS and CHDB wrote the manuscript, EHG, 
FHPK, LD, DLR and CHDB provided funding and supervised 
the study, all authors read and approved the final version.

References
Agabio R, Pisanu C, Gessa GL and Franconi F (2017) Sex differences 

in alcohol use disorder. Curr Med Chem 24:2661-2670.

American Psychiatric Association (2013) Diagnostic and statistical 
manual of mental disorders: DSM-5TM. 5th edition. American 
Psychiatric Association, Washington. 

Barbosa E, dos Santos ALA, Peteffi GP, Schneider A, Müller D, 
Rovaris D, Bau CHD, Linden R, Antunes MV and Charão 
MF (2019) Increase of global DNA methylation patterns in 
beauty salon workers exposed to low levels of formaldehyde. 
Environ Sci Pollut Res Int 26:1304-1314.

Bastos FIPM, Vasconcellos MTL de, De Boni RB, Reis NB dos and 
Coutinho CFS (2017) III Levantamento nacional sobre o uso 
de drogas pela população brasileira. Fiocruz, Rio de Janeiro.

Blaine SK and Sinha R (2017) Alcohol, stress, and glucocorticoids: 
From risk to dependence and relapse in alcohol use disorders. 
Neuropharmacology 122:136-147.

Bönsch D, Lenz B, Reulbach U, Kornhuber J and Bleich S (2004) 
Homocysteine associated genomic DNA hypermethylation in 
patients with chronic alcoholism. J Neural Transm 111:1611-
1616.

Braun PR, Han S, Hing B, Nagahama Y, Gaul LN, Heinzman JT, 
Grossbach AJ, Close L, Dlouhy BJ, Howard MA et al. (2019) 
Genome-wide DNA methylation comparison between live 
human brain and peripheral tissues within individuals. Transl 
Psychiatry 9:47.

Breton CV, Marsit CJ, Faustman E, Nadeau K, Goodrich JM, Dolinoy 
DC, Herbstman J, Holland N, LaSalle JM, Schmidt R et al. 
(2017) Small-magnitude effect sizes in epigenetic end points 
are important in children’s environmental health studies: 
The children’s environmental health and disease prevention 
research center’s epigenetics working group. Environ Health 
Perspect 125:511-526.

Carneiro APL, Ronzani TM, Avallone DM and Formigoni MLOS 
(2016) AUDIT & AUDIT-C – eixo instrumentos. Ministério da 
Justiça e Segurança Pública, Secretaria Nacional de Políticas 
sobre Drogas, Brasília.

Carretero MV, Latasa MU, Garcia-Trevijano ER, Corrales FJ, Wagner 
C, Mato JM and Avila MA (2001) Inhibition of liver methionine 
adenosyltransferase gene expression by 3-methylcolanthrene: 
Protective effect of S-adenosylmethionine. Biochem Pharmacol 
61:1119-1128.

Chen Y, Ozturk NC and Zhou FC (2013) DNA methylation program 
in developing hippocampus and its alteration by alcohol. 
PLoS One 8:e60503.

Chen CH, Pan CH, Chen CC and Huang MC (2011) Increased 
oxidative DNA damage in patients with alcohol dependence 
and its correlation with alcohol withdrawal severity. Alcohol 
Clin Exp Res 35:338-344.

Deininger PL and Batzer MA (1999) Alu repeats and human disease. 
Mol Genet Metab 67:183-193.

Dugué P, Wilson R, Lehne B, Jayasekara H, Wang X, Jung C, Joo 
JE, Makalic E, Schmidt DF, Baglietto L et al. (2021) Alcohol 
consumption is associated with widespread changes in blood 
DNA methylation: Analysis of cross‐sectional and longitudinal 
data. Addict Biol 26:e12855.

First MB, Spitzer RL, Gibbon M and Williams JBW (2002) Structured 
clinical interview for DSM-IV-TR axis I disorders, research 
version, patient edition (SCID-I/P). New York State Psychiatric 
Institute, New York.

Friedel E, Walter H, Veer IM, Zimmermann US, Heinz A, Frieling H 
and Zindler T (2020) Impact of long‐term alcohol consumption 
and relapse on genome‐wide DNA methylation changes in 
alcohol‐dependent subjects: A longitudinal study. Alcohol 
Clin Exp Res 44:1356-1365.

Garcia LP and Freitas LRS (2015) Consumo abusivo de álcool no 
Brasil: Resultados da Pesquisa Nacional de Saúde 2013. 
Epidemiol Serv Saúde 24:227-237.



Schuch et al.6

﻿

Goh CMJ, Asharani PV, Abdin E, Shahwan S, Zhang Y, Sambasivam 
R, Vaingankar JA, Ma S, Chong SA and Subramaniam M 
(2022) Gender differences in alcohol use: A nationwide study 
in a multiethnic population. Int J Ment Health Addict. DOI: 
10.1007/s11469-022-00921-y.

Hamid A, Wani NA and Kaur J (2009) New perspectives on folate 
transport in relation to alcoholism-induced folate malabsorption 
– association with epigenome stability and cancer development. 
FEBS J 276:2175-2191.

Jiang T, Zong L, Zhou L, Hou Y, Zhang L, Zheng X, Han H, Li 
S, Zhang W, Zhang J et al. (2017) Variation in global DNA 
hydroxymethylation with age associated with schizophrenia. 
Psychiatry Res 257:497-500.

Kessler F, Cacciola J, Alterman A, Faller S, Souza-Formigoni ML, 
Cruz MS, Brasiliano S and Pechansky F (2012) Psychometric 
properties of the sixth version of the Addiction Severity Index 
(ASI-6) in Brazil. Braz J Psychiatry 34:24-33.

Kim D-S, Kim YH, Lee WK, Na YK and Hong HS (2016) Effect 
of alcohol consumption on peripheral blood Alu methylation 
in Korean men. Biomarkers 21:243-248.

Lahiri DK and Nurnberger JI (1991) A rapid no-enzymatic method 
for the preparation of HMW DNA from blood for RFLP 
analysis. Nucleic Acids Res 19:5444.

Laranjeira R, Nicastri S, Jerônimo C and Marques AC (2000) 
Consenso sobre a Síndrome de Abstinência do Álcool (SAA) 
e o seu tratamento. Braz J Psychiatry 22:62-71.

Li E and Zhang Y (2014) DNA Methylation in mammals. Cold 
Spring Harb Perspect Biol 6:a019133.

Lohoff FW, Roy A, Jung J, Longley M, Rosoff DB, Luo A, 
O’Connell E, Sorcher JL, Sun H, Schwandt M et al. (2021) 
Epigenome-wide association study and multi-tissue replication 
of individuals with alcohol use disorder: Evidence for abnormal 
glucocorticoid signaling pathway gene regulation. Mol 
Psychiatry 26:2224-2237.

Luo Y, Lu X and Xie H (2014) Dynamic Alu methylation during 
normal development, aging, and tumorigenesis. Biomed Res 
Int 2014:784706.

Mandrekar P (2011) Epigenetic regulation in alcoholic liver disease. 
World J Gastroenterol 17:2456-2464.

Mato JM and Lu SC (2007) Role of S-adenosyl-L-methionine in 
liver health and injury. Hepatology 45:1306-1312.

Müller D, Grevet EH, da Silva BS, Charão MF, Rovaris DL and Bau 
CHD (2021) The neuroendocrine modulation of global DNA 
methylation in neuropsychiatric disorders. Mol Psychiatry 
26:66-69.

Müller D, Grevet EH, Figueira da Silva NA, Bandeira CE, Barbosa 
E, Vitola ES, Charão MF, Linden R, Rohde LA, Ramos JKN 
et al. (2022) Global DNA methylation changes in adults with 
attention deficit-hyperactivity disorder and its comorbidity 

with bipolar disorder: Links with polygenic scores. Mol 
Psychiatry 27:2485-2491.

Nishiyama A and Nakanishi M (2021) Navigating the DNA 
methylation landscape of cancer. Trends Genet 37:1012-1027.

Ramsahoye BH (2002) Measurement of genome wide DNA 
methylation by reversed-phase high-performance liquid 
chromatography. Methods 27:156-161.

Resendiz M, Mason S, Lo C-L and Zhou FC (2014) Epigenetic 
regulation of the neural transcriptome and alcohol interference 
during development. Front Genet 5:285.

Shimabukuro M, Sasaki T, Imamura A, Tsujita T, Fuke C, Umekage 
T, Tochigi M, Hiramatsu K, Miyazaki T, Oda T et al. (2007) 
Global hypomethylation of peripheral leukocyte DNA in 
male patients with schizophrenia: A potential link between 
epigenetics and schizophrenia. J Psychiatr Res 41:1042-1046.

Soundararajan S, Agrawal A, Purushottam M, Anand SD, Shankarappa 
B, Sharma P, Jain S and Murthy P (2021) Changes in DNA 
methylation persist over time in males with severe alcohol use 
disorder—A longitudinal follow‐up study. Am J Med Genet 
B Neuropsychiatr Genet 186:183-192.

Williams RJ, Berry LJ and Beerstecher E (1949) Individual metabolic 
patterns, alcoholism, genetotrophic diseases. Proc Natl Acad 
Sci U S A 35:265-271.

Witt SH, Frank J, Frischknecht U, Treutlein J, Streit F, Foo JC, 
Sirignano L, Dukal H, Degenhardt F, Koopmann A et  al. 
(2020) Acute alcohol withdrawal and recovery in men lead to 
profound changes in DNA methylation profiles: A longitudinal 
clinical study. Addiction 115:2034-2044.

World Health Organization (2018) Global status report on alcohol 
and health 2018. World Health Organization, Geneve.

Zhang H and Gelernter J (2017) Review: DNA methylation and 
alcohol use disorders: Progress and challenges. Am J Addict 
26:502-515.

Zhang R, Miao Q, Wang C, Zhao R, Li W, Haile CN, Hao W and 
Zhang XY (2013) Genome-wide DNA methylation analysis 
in alcohol dependence. Addict Biol 18:392-403.

Internet Resources
FDA (2022) M10 Bioanalytical Method Validation and Study Sample 

Analysis, FDA, https://www.fda.gov/regulatory-information/
search-fda-guidance-documents/m10-bioanalytical-method-
validation-and-study-sample-analysis (accessed 17 July 2022).

Associate Editor: Lavínia Schüler-Faccini

License information: This is an open-access article distributed under the terms of the 
Creative Commons Attribution License (type CC-BY), which permits unrestricted use, 
distribution and reproduction in any medium, provided the original article is properly cited.

https://www.fda.gov/regulatory-information/search-fda-guidance-documents/m10-bioanalytical-method-validation-and-study-sample-analysis
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/m10-bioanalytical-method-validation-and-study-sample-analysis
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/m10-bioanalytical-method-validation-and-study-sample-analysis

