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Background: Genetic factors play an important role in the development and maintenance of alcohol
use disorder (AUD). Significant and widespread differences in methylation levels of multiple regions
within the genome have been reported between AUD patients and healthy controls in large epigenome-
wide association studies (EWASs). Also, within patient populations, methylation changes over time
(both during and after withdrawal) have been identified as sensitive indicators for disease activity. The
detection of changes in methylation levels is a powerful tool to further explore and understand the bio-
logical correlates and underpinnings of AUD. Although there is strong and convincing evidence for dif-
ferences in methylation of various sites between AUD patients and controls, only few studies assessed
changes within patients over longer periods of time while taking into account alcohol consumption,
relapse, and abstinence. So far, the longest period assessed as a within-subject design using EWASs was
4 weeks.

Methods: Here, we investigated changes in whole-genome methylation levels within a sample of 69
detoxified AUD patients over a period as long as 12 months for the first time, comparing patients that
relapsed within the follow-up period to those that remained abstinent.

Results: Whole-genome methylation patterns of individual CpG sites over time did not differ
between abstinent and relapsing patients. However, there was a negative association between global
mean methylation at the 12-month follow-up and alcohol consumption within our sample.

Conclusion: Although the present study represents the largest study of methylation levels in a
sample of AUD patients with a follow-up period of 1 year and accounting for alcohol consumption
and relapse to date, the sample size might still not be large enough to detect genome-wide signifi-
cant effects. Therefore, large-scale, long-term studies with AUD subjects are needed to determine
the utility of DNA methylation for the assessment and monitoring of persons with alcohol use
disorders.

Key Words: DNAMethylation, Alcohol Use Disorder, Longitudinal Design, Relapse, Epigenetics,
Alcohol Consumption.

CHRONIC EXPOSURE TO alcohol has been associ-
ated with far-reaching consequences, including loss of

quality of life years, negative effects on mental and physical
health (Charlet and Heinz, 2017), and increased mortality
(Lozano et al., 2012). Despite the considerable heritability of
alcohol use disorder (AUD) proven by adoption and twin
studies, there is still a limited number of genetic variants that
have been identified in traditional genome-wide association
studies (GWASs) as risk factors for AUD, with an estimated
40–60% of genetic factors contributing to the variance in
susceptibility to AUD (Deak et al., 2019). In addition to
genetic mechanisms, epigenetic regulation—a possible bridge
between genetic and environmental factors—has been pro-
posed as one mechanism of interest in neuroadaptation that
contributes to the development and maintenance of AUD
(Berkel and Pandey, 2017; Hagerty et al., 2016; Hamilton
and Nestler, 2019). Epigenetics refer to molecular processes
that alter gene expression without altering the deoxyribonu-
cleic acid (DNA) sequence itself (Nestler, 2014). The most
commonly accepted mechanisms coded as epigenetic
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mechanisms are DNA methylation, histone modifications,
and noncoding RNAs. These mechanisms interact with chro-
matin, the protein complex that organizes DNA and thus
can alter the extent to which genes are accessible to transcrip-
tion factors. Here, we refer to epigenetic mechanisms after
assessing DNA methylation as the most commonly studied
epigenetic mechanism in addiction providing a possible
bridge between genetic and environmental factors. However,
when evaluating the current literature on AUD and methyla-
tion changes, we encounter a high inconsistency of published
results and an extremely limited number of replications. This
might be partly due to varying study designs, heterogeneous
cohorts, and unstandardized methodology within this highly
dynamic and developing research field (Harlaar and Hutchi-
son, 2013; Zhang and Gelernter, 2017). Furthermore, differ-
ences in tissue types used to assess methylation levels might
add up to the heterogeneity of results. Although there has
been a recent effort in providing cross-tissue and cross-phe-
notypic approaches using postmortem brain cells, peripheral
blood and buccal cells in AUD patients (Hagerty et al., 2016;
Lohoff et al., 2018) the majority of studies stems from
peripheral blood (Bruckmann et al., 2016; Koller et al., 2019;
Liu et al., 2018; Philibert et al., 2018; Philibert et al., 2014a;
Philibert et al., 2012) and saliva (Xu et al., 2019), which does
not entirely reflect methylation changes in the brain (Rollins
et al., 2010). Nevertheless, previous reports stress the value
of analyzing peripheral tissue to explore molecular mecha-
nisms and detect new genes, pathways and biomarkers for
psychiatric diseases (Pajer et al., 2012; Pedroso et al., 2012).
A considerable number of studies have reported the cross-

sectional difference in whole-genome methylation patterns
between subjects consuming alcohol (heavy drinkers and
AUD patients) and healthy controls (e.g., Bruckmann et al.,
2016; Harlaar et al., 2014; Liu et al., 2018; Philibert et al.,
2014a; Philibert et al., 2012; Xu et al., 2019; Zhao et al.,
2013), with sample sizes ranging from 10/10 (patients/con-
trols) (Zhao et al., 2013) up to n = 13,317 (2018)). The major-
ity of studies revealed differential methylation in a number of
genes that are involved in alcohol metabolism, stress immune
response, and signal transduction with respect to alcohol
consumption. However, replication of specific sites is scarce.
One finding recently replicated is for CpG sites in the pro-
moter region of GDAP (Bruckmann et al., 2016). Liu and
colleagues (2018) assessed DNA methylation as a possible
biomarker of alcohol consumption in 13 population-based
cohorts (ntotal = 13,317), identifying 144 CpGs associated
with current heavy alcohol consumption. However, the latest
study on whole-genome methylation patterns and alcohol
consumption (Xu et al., 2019) reported only small effects of
alcohol consumption on individual CpG sites, including 64
new CpG sites. Only 6 of the CpG sites previously reported
to be associated with AUD, liver function, body mass index,
and lipid metabolism could be replicated (n = 1,135).
Longitudinal studies of whole-genome methylation pat-

terns with respect to alcohol consumption are extremely rare:
So far, only one study of AUD patients (Bruckmann et al.,

2016), 2 studies of healthy drinkers (Philibert et al., 2014a;
Philibert et al., 2012), and one of healthy subjects developing
AUD after 10 years (Weng et al., 2015) have been published
with longitudinal data. Time between baseline and follow-up
ranged from 21 days (Bruckmann et al., 2016) to 10 years
(Weng et al., 2015), respectively. Philibert and colleagues
(2012) assessed changes in methylation patterns in 165 healthy
female subjects over a period of 6 months with respect to
alcohol consumption. They reported severity-dependent
changes in the degree of genome-wide methylation, with 2
regions reaching genome-wide significance. In 2 other studies
from the same group (Philibert et al., 2018; Philibert et al.,
2014a), changes in whole-genome methylation levels were
reported for 66 subjects (33 cases with heavy alcohol con-
sumption, 33 controls) that entered and exited a 30-day inpa-
tient treatment program. At baseline, the case–control
comparison revealed a total of 56 CpG sites reaching genome-
wide significance. With respect to alcohol-dependent changes
over time (max of 25 days), no single CpG site crossed the
threshold of genome-wide significance. Interestingly, there
was no significant overlap between the CpG sites reported for
alcohol consumption and the CpG sites previously reported
for smoking (Dogan et al., 2014; Philibert et al., 2014a) or for
CpG sites associated with alcohol in healthy women (Philibert
et al., 2012). The longest follow-up period was reported for a
subgroup of 10 subjects (compared to 10 healthy controls)
who developed AUD after 12 years (starting off as healthy
participants) (Weng et al., 2015). The authors reported an
association between changes in methylation levels of 6 genes
and alcohol consumption for this group. However, taking
into account that the authors did not correct for multiple test-
ing, this finding should be interpreted with extreme caution
until replicated. The most recent longitudinal design assessing
whole-genome methylation changes at baseline and 3 weeks
after completion of an inpatient alcohol treatment program
was reported by Bruckmann and colleagues (2016). The
authors performed an EWAS in 49 AUD patients and 47
healthy controls. They report significant differences between
GDAP1 DNA methylation levels in patients before and after
alcohol treatment and there was a trend toward a negative
association between the mean DNA methylation levels of 3
associated CpG sites and the years of alcohol dependency.
GDAP1 was previously reported as a significant finding in an
EWAS of heavy drinkers by Philibert et al. (2014a).
With respect to AUD and alcohol consumption–associ-

ated cross-sectional global DNA methylation changes,
Zhang and Gelernter (2017) provide an overview of 6 studies
published until April 2016, again revealing the inconsistency
of published results. Two studies reported an overall increase
of methylation with alcohol consumption (Bonsch et al.,
2004; Kim et al., 2016), one study an inverse relationship
(Zhu et al., 2012), and 3 studies no association at all (Ono
et al., 2012; Zhang et al., 2011). Since then, 5 more studies
have been published (Bruckmann et al., 2016; Hagerty et al.,
2016; Koller et al., 2019; Liu et al., 2018; Xu et al., 2019).
Only one of these 4 studies (Koller et al., 2019) reported
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changes in global methylation status between cases and con-
trols (with an increase of methylation for AUD patients after
withdrawal). The other studies (Bruckmann et al., 2016;
Hagerty et al., 2016; Liu et al., 2018; Xu et al., 2019) refer to
methylation in specific CpG sites without accounting for glo-
bal methylation status.

Evaluating the current literature on epigenetic mechanisms
in AUD, the urgent need for more longitudinal within-sub-
ject designs comparing the effect of alcohol consumption,
relapse and abstinence becomes evident. Long-term follow-
ups allow investigators to address changes in methylation
beyond effects that can be attributed to the epigenetic prop-
erty of alcohol itself (Zakhari, 2013) and changes that are
detectable only during the short period of detoxification and
withdrawal (Bruckmann et al., 2016). When comparing
DNA methylation differences between AUD cases and con-
trols, it is unclear whether epigenetic differences are already
present before alcohol exposure (and should be considered
as risk factors for AUD) or whether they are the conse-
quence of chronic alcohol use.

We therefore investigated whole-genome methylation pat-
terns as well as mean methylation levels in 69 well-character-
ized detoxified alcohol-dependent patients over a period of
1 year and assessed the influence of alcohol consumption,
relapse, and abstinence on intraindividual changes in methy-
lation patterns.

MATERIAL ANDMETHODS

Sample

We assessed 69 subjects suffering from AUD at baseline and after
a 1-year follow-up, including blood analysis and detailed informa-
tion on alcohol consumption. Data were collected as part of the
LeAD study (Learning and Alcohol Dependence). The protocol has
previously been reported in detail elsewhere (Garbusow et al., 2016;
Nebe et al., 2018; Sebold et al., 2019). All patients fulfilled diagnos-
tic criteria for AUD according to ICD-10 and DSM-IV-TR ("Diag-
nostic and Statistical Manual of Mental Disorders," 2000) for a
minimum of 3 years. Patients with history of current or past sub-
stance use disorder (except alcohol and nicotine dependence), other
major psychiatric disorder (as assessed with the computer-based
Composite International Diagnostic Interview, CIDI (Wittchen,
1997)), or neurological disease were excluded. All subjects were free
of psychotropic medication known to interact with the central ner-
vous system for at least 4 half-lives (including illegal drugs and
detoxification treatment tested by a drug urine). Study participation
of the patients took place shortly after detoxification (3–21 days).
The Alcohol Dependence Scale (Skinner, 1984), Obsessive Compul-
sive Drinking Scale (German version; Mann, 2000), and estimated
lifetime alcohol consumption (in kg) were assessed for severity of
alcohol use (Sobell, 1992). There was no difference between abstain-
ing and relapsing patients in alcohol use severity at inclusion. How-
ever, relapsing patients entered the study with a higher number of
inpatient detoxification treatments before inclusion (p < 0.05) (for a
detailed sample description, see Table 1). Smoking status was
assessed with the Fagerstr€om Test for Cigarette Dependence
(FTCD) (Fagerstr€om, 2012). Within the 12-month period, one
abstaining patient and 2 relapsing patients changed smoking status
(from smoker to nonsmoker). There was no significant difference in
percentage of smoking patients at either baseline or at the 12-month
follow-up between abstaining and relapsing patients (Table 2).

Alcohol consumption

After study participation, AUD patients were regularly contacted
over a period of 12 months (every 2 weeks during the first 3 months,
every 6 weeks frommonth 3 onward, and every 12 weeks frommonth
6 onward) to assess alcohol consumption using the alcohol timeline
follow-back method (Sobell, 1992). Patients were contacted either via
the telephone (on weeks 6, 10, 18, and 36 after baseline) or in a per-
sonal assessment (which took place at baseline and on weeks 4, 8, 12,
24, and 48 after baseline). Relapse was defined as consumption of 60
or 40 grams of alcohol on any occasion for males and females, respec-
tively. This definition was used according the WHO (WHO, 2000) cri-
teria of current high-risk versus current low-risk consumption.
Personal assessment included alcohol breath tests to validate self-re-
ports. Breathalyzers were used by trained instructors only, who guided
patients through the procedure and documented the respective results.

During the follow-up period, 16 patients discontinued participa-
tion in the study (15%). In 2 cases, we only had relapse reports from
close relatives, which we accepted for classification. Altogether, 38
patients relapsed during the follow-up period, whereas 31 remained
abstinent. Within the group of patients classified as abstainers
according to WHO criteria, 27 patients reported zero alcohol con-
sumption over the period of 12 months. Four subjects consumed an
average of 34.88 (80.55) g on 0.66 (1.56) occasions (see Table 1).
Demographic and clinical characteristics of this sample are shown
in Tables 1 and 2. As a reliable biological marker for alcohol con-
sumption, gamma-glutamyltransferase (U/l) showed a significant
decrease in abstaining patients only.

Analysis

DNA methylation quantification and quality control. Genomic
DNA was extracted from peripheral whole-blood samples at base-
line and after 12 months from the same subjects. Bisulfite-converted
DNA samples were used in the array-based DNAm assay, the Illu-
mina Infinium Human MethylationEPIC BeadChip (Illumina, San
Diego, CA) which interrogates DNAm at roughly 850K CpG sites.
DNAm profiling was conducted at Hannover Medical Center. For
sample distribution on plates and chips with respect to relapse and
time point, see Fig. S1.

Raw Illumina EPIC methylation data were preprocessed and
converted into beta values using the ChAMP pipeline at baseline
and the 12-month follow-up. Subsequent quality control of the sam-
ple data included removal of probes with a detection p-value above
0.01. Additionally, probes with a bead count less than 3 and probes
with SNPs were removed (Zhou et al., 2017).

Only probes present in both datasets after quality control were
included in further analyses, resulting in datasets for the baseline
and 12-month follow-up with probes of 740,391 CpG sites of 69
samples. Quality control for batch effects performing singular value
decomposition method (SVD) revealed a significant batch effect
between the plates, chips, and sample well (see Fig. S2). Batch cor-
rection was performed using ComBat as implemented in the sva
package (Leek et al., 2012) without the use of a moderating variable
after applying probe type normalization with the BMIQ method. A
new surrogate variable analysis (SVA) plot showed a considerable
reduction of the batch effects after ComBat (see Fig. S2). All subse-
quent analyses were validated with the untransformed and uncor-
rected raw beta values to reduce the possibility of introducing false
positive results with ComBat and a simulation of the given factor
structure regarding the effects of ComBat was carried out in order
to rule out a considerable distortion of the test statistics1.

1To further ensure the validity of our sample, we were able to replicate the

frequently reported effect of smoking on cg05575921 of the AHRR gene

within our sample (see Supplementary Material A).
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Statistical analysis. The statistical analyses were conducted
within the R (v3.6.1) environment and the Bioconductor (v3.9)
framework. We performed exploratory genome-wide methylation
analysis to identify relevant changes in methylation within our
patients over a period of 12 months with respect to drinking behav-
ior and relapse.

First, we checked for differences in overall methylation with a
repeated-measures ANOVA from baseline to the 12-month follow-
up for relapse versus nonrelapse (at the 12-month follow-up).

Additionally, the Spearman rank correlation between alcohol con-
sumption in grams (g) per past year and the mean methylation at
the 12-month follow-up was conducted.

Second, we performed a series of t-tests for the differences in
methylation with respect to relapse/nonrelapse at the 12-month fol-
low-up for every probe (DMP) with a false discovery rate (FDR)
of < 5%. In addition to the DMP comparison, an analysis for the
identification of differentially methylated regions (DMRs) was car-
ried out with the Bumphunter algorithm implemented in the

Table 1. Sample Characteristics

Abstainer (N = 31; 6 female) Relapser (N = 38; 4 female)

Baseline (BL) Follow-up (FU12)a Baseline (BL) Follow-up (FU12)a

n M (SD) n M (SD) n M (SD) n M (SD)

Smoking (in %) 31 77% (n = 24) 31 81% (n = 25) 38 79% (n = 30) 38 74% (n = 28)
Age (in years) 31 48.51 (11.55) 31 49.46 (11.78) 38 47.24 (9.57) 34 48.21 (9.73)
ADSb score 31 13.45 (6.76) 26 10.27 (7.16) 38 14.71 (6.30) 37 11.06 (7.29)
Drinking per occasion past year (in g) 31 173.61 (97.05) 29 34.88 (80.55) 38 212.45 (94.29) 34 163.40 (123.83)
Drinking frequency past year 31 4.29 (1.30) 29 0.66 (1.56) 38 4.66 (0.75) 34 3.79 (1.63)
Drinking per day past year (in g) 31 135.24 (96.09) 29 15.77 (50.15) 38 186.45 (111.53) 34 113.44 (116.55)
Lifetime alcohol intake in kg (pure alcohol) 31 2,081.64 (1416.79) 38 1,973.02 (981.66)
c-GTc U/l 26 181.92 (273.22) 28 42.09 (33.61) 31 77.05 (68.23) 30 84.54 (115.26)
GOTd U/l 26 42.08 (20.13) 28 25.42 (7.66) 31 35.65 (29.94) 30 41.36 (39.91)
GPTe U/L 26 59.23 (44.53) 28 27.23 (18.30) 31 34.50 (22.65) 30 42.14 (45.23)
OCDSf 31 10.28 (8.60) 31 2.75 (3.31) 36 10.61 (7.21) 38 8.66 (6.76)
Outpatient detoxification 31 26% (n = 8) 38 26% (n = 10)
Inpatient detoxification 31 87% (n = 27) 38 95% (n = 36)
Time to relapse (in days) 31 38 111.76 (82.33)

aAfter 12 months.
bAlcohol Dependence Scale.
cGamma-glutamyltransferase.
dGlutamate-oxaloacetate transaminase.
eGlutamate-pyruvate transaminase.
fObsessive Compulsive Drinking Scale.

Table 2. Descriptive Statistics for Group Comparisons at Baseline (BL–BL), at Follow-Up (FU12–FU12), and for Changes Over TimeWithin Each Group
Separately (BL–FU12)

BL–BL (Abstainer–
Relapser)

FU12–FU12 (Abstainer–
Relapser) BL–FU12 (Abstainer)

BL–FU12
(Relapser)

t (df) p t (df) p t (df) p t (df)
p

Smoking (in %) 1a 1a 1a 1a

Age (in years) 0.49 (58.20) 0.63 0.45 (54.40) 0.65
ADSb score �0.79 (62.24) 0.43 �0.42 (54.44) 0.68 1.71 (52.10) 0.09 2.26 (65.69) 0.03
Drinking per occasion past year (in g) �1.67 (63.47) 0.10 �4.95 (57.26) <0.0001 6.04 (57.21) <0.0001 1.87 (61.39) 0.07
Drinking frequency past year �1.40 (45.68) 0.17 �7.79 (60.11) <0.0001 9.76 (54.52) <0.s 2.84 (45.11)
0.007 Drinking per

day past
year (in g)

�2.05
(66.78)

0.05 �4.43
(46.31)

<0.0001

6.09 (45.85) <0.0001 2.71 (68.32) 0.009
Lifetime alcohol intake in kg (pure alcohol) 0.36 (51.67) 0.72
c-GTc U/l 1.91 (27.62) 0.07 �1.93 (34.22) 0.06 2.59 (25.70) 0.02 �0.31 (46.80) 0.76
GOTd U/l 0.96 (52.69) 0.34 �2.15 (31.28) 0.04 3.96 (31.64) <0.001 �0.63 (53.77) 0.53
GPTe U/l 2.57 (35.63) 0.01 �1.67 (38.79) 0.10 3.41 (32.72) 0.002 �0.83 (42.37) 0.41
OCDSf �0.17 (58.86) 0.87 �4.74 (56.00) <0.0001 4.55 (38.71) <0.0001 1.20 (70.99) 0.23
Outpatient detoxification 0.64 (11.30) 0.53
Inpatient detoxification �2.15 (53.03) 0.04

aFisher’s exact test.
bAlcohol Dependence Scale.
cGamma-glutamyltransferase.
dGlutamate-oxaloacetate transaminase.
eGlutamate-pyruvate transaminase.
fObsessive Compulsive Drinking Scale.
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ChAMP package (Tian et al., 2017) on the beta value differences in
the 12-month follow-up period. An ingenuity pathway analysis was
planned for genes with sites significant after considering the FDR.
To rule out the effect of alcohol consumption within the sample of
abstaining patients (4 patients continued the consumption of alco-
hol on a low level with an average of 34.88 (80.55) g on 0.66 (1.56)
occasions; see Table 1), all t-tests were reanalyzed using a criterion
of zero alcohol consumption (for a detailed description, see Supple-
mentary material B).

In an additional approach, we tried to identify relevant CpGs
and their corresponding genes in 2 steps: In the first step, we per-
formed a partial correlation of lifetime kg alcohol consumption, age
and whole-genome methylation at baseline. The top 1,000 CpG sites
correlated with lifetime alcohol intake were then advanced to the
second step of the analysis. In this second step, we calculated the dif-
ference in methylation between baseline and 1-year follow-up of the
previously identified top 1,000 CpG sites and correlated this differ-
ence score with g alcohol intake for the 12-month time period
between the methylation measurements. FDR correction for the
second step was applied to 1,000 calculations to reduce the probabil-
ity of false negative results. Third, we calculated a series of Spear-
man’s rank correlation coefficients for all probes with the average
daily total drinking volume and change in liver enzymes (GPT/
GOT) over the observation period. Correlations with a false discov-
ery rate (FDR) of < 5% were defined as significant.

RESULTS

The repeated-measures ANOVA did not show any signifi-
cant effects on mean methylation level: Neither the effect of
time, F(1, 134) = 2.36, p = 0.13, nor the group effect between
the relapse and nonrelapse groups, F(1, 134) = 0.01,
p = 0.94 was significant. There was a nonsignificant but
trendwise interaction between time and group, F(1,
134) = 3.24, p = 0.07), pointing toward a decrease in mean
methylation difference for relapsers compared to abstainers.

The Spearman rank correlation between mean methyla-
tion at the 12-month follow-up and alcohol consumption
(over a period of 12 months) revealed a significant, moder-
ate, and negative (rs = �0.30, p = 0.01) association. This
again provided evidence for decreasing methylation with
increasing alcohol consumption.

A Wilcoxon signed-rank test indicated no difference
in kg lifetime alcohol intake at baseline in relation
between abstinent (median = 1,806.555) and relapsing
(median = 2,017.337), W = 586, p = 0.98 patients. Correla-
tion of the top 1,000 CpGs (with highest correlation between
lifetime alcohol consumption and baseline methylation
(T0)) between difference in methylation (T0–T1) and g alco-
hol intake (for the 12-month follow-up period) revealed no
significant results. The highest negative Pearson product–
moment correlation between the methylation-difference
score T0–T1 and alcohol consumption during 12-month fol-
low-up was not FDR significant and small, r
(67.00) = �0.21, 95% CI [�0.43, 0.02], p = 0.08, FDR
p = 1.00) for cg22544563 (SLC35F1). The highest positive
Pearson product–moment correlation between the methyla-
tion-difference score T0–T1 and alcohol consumption dur-
ing 12-month follow-up was not significant and small, r
(67.00) = 0.28, 95% CI [0.05, 0.48], p < 0.05, FDR

p = 1.00) for cg03452160 (RBFOX3). For all correlations of
the 1,000 CpGs, see Table S1. The conducted series of t-tests
to identify differentially methylated probes revealed that
none of the 740,391 tested CpG probes exceeded the signifi-
cance level of FDR < 5% (Fig. 1). The analysis for identifi-
cation of DMRs also showed no significant result. The
range of methylation changes within our cohort was rela-
tively small (M = �0.008997147, median = �0.009088333,
SD = 0.0389543; for a detailed description, see Table S2).
Since no significant CpG probes could be identified, the
planned pathway analysis was subsequently not carried out.
Reanalyses of t-tests for the differences in methylation with
respect to relapse/nonrelapse at the 12-month follow-up
with a 0/ >0 criterion of alcohol consumption did not lead to
more significant results, but the p-values tend to increase
(for a detailed description, see Supplementary material B
and Table S3).

There were no correlations exceeding the significance level
of FDR < 5% between the difference in methylation rate for
every probe between T1 and T0 and the average daily alcohol
consumption during the follow-up period and change in liver
enzymes. Subsequent analyses with the untransformed and
uncorrected raw beta values yielded validation of the
reported results.

DISCUSSION

This is the first study to date investigating the long-term
effects of abstinence and alcohol consumption on patients
diagnosed with AUD according to DSM-IV-TR. We did not
find an association of methylation patterns when comparing
individuals with long-term alcohol consumption to those of
abstinent individuals suffering fromAUD. A trendwise inter-
action between relapse and time for mean whole-genome
methylation and a negative correlation of mean whole-gen-
ome methylation with alcohol consumption at the 1-year fol-
low-up could be detected.

To date, only 2 studies with a maximum follow-up period
of 30 days systematically investigated the effects of an alco-
hol treatment program on the epigenome (Bruckmann et al.,
2016; Philibert et al., 2014a). In the first study (Philibert
et al., 2014a) comparing the methylation levels of heavy drin-
kers at the beginning of the alcohol treatment and after
4 weeks of treatment, no genes reached epigenome-wide sig-
nificance. However, 56 CpGs reached epigenome-wide signif-
icance when comparing AUD patients to controls at
inclusion. The second study (Bruckmann et al., 2016) was
able to validate one of the findings (GDAP1) as an indicator
for disease severity and treatment outcome after a 21-day
alcohol treatment program. The authors report 48 differen-
tially methylated CpG sites at p < 0.1 and with a DNA
methylation difference of> 5%. Findings in GDAP1 were
validated by pyrosequencing. Interestingly, the exclusion of 8
patients who had been abstinent for more than 3 days before
hospital admission enhanced the observed effect of differen-
tial GDAP1 methylation between control individuals and
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patients at baseline. Time to last drink and time to relapse
until methylation analysis might have been too long to detect
the previously described short-term effect of alcohol con-
sumption in AUD patients in our sample. Relevant epige-
netic mechanisms have been identified during the period of
withdrawal (Biermann et al., 2009; Bruckmann et al., 2016;
Hillemacher et al., 2009); however, within our sample,
important changes might have already occurred before inclu-
sion. All patients had been abstinent from alcohol for at least
30 days until first relapse (Tables 1 and 2), and all patients
had a minimum of 3 years of AUD according to DSM-IV
criteria before inclusion. Homogeneity in sense of disease
severity within this sample might explain the overall rela-
tively small range of methylation changes comparing
abstaining and relapsing patients after the 1-year follow-up.
More extreme group comparisons with respect to duration
of abstinence versus duration and amount of alcohol con-
sumed might be necessary to detect differences using within-
sample designs.
We did find a trendwise increase of mean global methyla-

tion levels in abstinent compared to relapsing patients, which
is in line with the most recently published results (Koller
et al., 2019) but inconsistent with previously reported
increase of methylation levels in AUD cases compared to
controls (Bonsch et al., 2004; Kim et al., 2016). There was a
negative correlation between mean methylation at the 1-year
follow-up and alcohol consumption, accordingly. However,
a stepwise correlation taking into account age and lifetime
alcohol consumption between the methylation-difference

score of both time points and 12-month alcohol intake did
not yield significant results.
DNA methylation studies of AUD, especially those on

whole-genome methylation patterns, are still at an early stage
(Zhang and Gelernter, 2017). Most studies have been pub-
lished in the past 5 years, with the vast majority reporting
differences between healthy control individuals and AUD
patients (Hagerty et al., 2016; Liu et al., 2018; Xu et al.,
2019). There has been great enthusiasm with recent findings
in large case–control cohorts (Hagerty et al., 2016; Liu et al.,
2018; Xu et al., 2019); however, we need to develop a more
detailed picture of the biological processes involved in the
detected changes of methylation patterns. Most of what we
currently know about epigenetic processes and addiction
stems from animal studies, which enable the experimental
manipulation of important factors such as the type, extent,
and timing of substance exposure (Bekdash et al., 2013; Fine-
gersh and Homanics, 2014a; Finegersh and Homanics,
2014b; Wieting et al., 2019). Besides the epigenetic impact of
alcohol itself, (dys)functional learning processes (Garbusow
et al., 2014; Sebold et al., 2017), social status, early (stressful)
life experience (Sebold et al., 2019b), tolerance toward alco-
hol exposure, and the high comorbidity with other substance
use disorders make this research in human subjects far more
challenging. As in many other studies exploring AUD, nico-
tine dependence has not been excluded (Beck et al., 2012;
Garbusow et al., 2016; Garbusow et al., 2018; Schad et al.,
2019; Sebold et al., 2019a; Sebold et al., 2017; Sekutowicz
et al., 2019; Weinberger et al., 2016). And even though

Fig. 1. Volcano plot for the group differences regarding relapse and abstain with -log10 p-value on the y-axis and the difference in beta value change
between the 2 time points (t0 = baseline; t1 = 12-month follow-up) on the x-axis. The volcano plot enables visual identification of CpG sites with large
changes between t0 and t1 that are also statistically significant. More specifically, it enables quick visual identification of sites with large beta value change
and their respective significance. This subsequently can help to identify the most biologically significant sites. Here, no significant changes in beta value occur.
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nicotine dependence is among the most common comorbidi-
ties in AUD (Weinberger et al., 2016) results are hence lim-
ited in their generalizability to nonsmoking AUD patients.
Another limitation of generalizability and replicability might
be caused by the usage of a nonzero alcohol consumption as
relapse criterion, which here was defined according to the
WHO criterion of low- versus high-risk consumption
(WHO, 2000). With respect to abstinence rate, in our sample
this was relatively high with 45%. Using zero alcohol con-
sumption as abstinence criterion, abstinence rates decrease
to 39%. However, results of supplementary analysis using
the zero criterion did not substantially differ from our results
and a significant decrease in liver enzymes in abstaining
patients only might serve as one indicator of the validity of
the above reported relapse criterion. This is in line with previ-
ously reported designs on AUD using the same criterion
(e.g., Beck et al., 2012; Charlet et al., 2014; Garbusow et al.,
2016; Garbusow et al., 2018; Schad et al., 2019; Sebold et al.,
2017; Sekutowicz et al., 2019; Witkiewitz et al., 2017; Witkie-
witz et al., 2020).

When using cross-sectional designs, it remains unclear
whether differences between AUD cases and controls were
already present before alcohol exposure (and should be con-
sidered as risk factors for AUD) or whether they are the con-
sequence of chronic alcohol use. Another well-known
limitation of studies assessing epigenetic changes in humans
is the tissue analyzed. Tissues commonly accessible and thus
of potential benefit for daily clinical use in AUD patients are
blood and saliva (as opposed to, e.g., tumor tissue in cancer
research), whereas brain tissue (of various regions within the
brain) would be the tissue clearly stronger associated with
addictive behavior (Hagerty et al., 2016; Lohoff et al., 2018).
Some studies have shown that brain cellular heterogeneity
may bias DNA methylation patterns (Guintivano et al.,
2013). We hence understand peripheral mechanisms of alco-
hol consumption rather than exploring its neural mecha-
nisms, except to the extent that peripheral measures reflect
central activity.

Methodological differences between studies make it extre-
mely difficult to replicate findings and to disentangle false
positives from valid differences between groups. Out of 3
studies that assessed methylome-wide changes using within-
subject designs (Bruckmann et al., 2016; Philibert et al.,
2014a; Weng et al., 2015), one study reported a correlation
of methylation changes with alcohol consumption but with-
out accounting for the effect of multiple comparisons (for
approximately 28,000 CpG site comparisons in 20 subjects
(Weng et al., 2015)). Therefore, validation of results with an
alternative method and replication in larger samples is
urgently needed. Also, the publication of negative findings
must also be encouraged to get a better idea of the average
effect sizes. Unfortunately, due to publication bias, small and
nonsignificant effects are either often not submitted for pub-
lication or have a higher probability of being denied for pub-
lication by reviewers or editors (Bakker et al., 2012; John

et al., 2012; Schafer and Schwarz, 2019), making it even more
difficult to replicate findings.

Although the present study represents the largest study of
methylation levels in a sample of AUD patients with a fol-
low-up period of 1 year and accounting for alcohol con-
sumption and relapse to date, the sample size might still not
be large enough to detect genome-wide significant effects.
Therefore, large-scale, long-term studies on AUD subjects
are needed to determine the utility of DNA methylation for
the assessment and monitoring of persons with AUDs. These
future results might help to identify reliable biomarkers that
remit as a function of abstinence and allow to explore the
biological correlates and underpinnings of AUD.
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