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Abstract

Background: Epigenetic modifications of a gene have been shown to play a role in maintaining
a long-lasting change in gene expression. We hypothesize that alcohol’s modulating effect on
DNA methylation on certain genes in blood is evident in binge and heavy alcohol drinkers and is
associated with alcohol motivation.

Methods: Methylation specific polymerase chain reaction assays were used to measure changes
in gene methylation of period 2 (PER2) and proopiomelanocortin (POMC) genes in peripheral
blood samples collected from nonsmoking moderate, non-binging, binge and heavy social drinkers
who participated in a 3-day behavioral alcohol motivation experiment of imagery exposure to
either stress, neutral or alcohol related cues, one per day, presented on consecutive days in
counterbalanced order. Following imagery exposure on each day, subjects were exposed to discrete
alcoholic beer cues followed by an alcohol taste test (ATT) to assess behavioral motivation.
Quantitative real-time polymerase chain reaction was used to measure gene expression of PER2
and POMC genes levels in blood samples across samples.

Results: In the sample of moderate, binge and heavy drinkers, we found increased methylation of
the PER2 and POMC DNA, reduced expression of these genes in the blood samples of the binge
and heavy drinkers relative to the moderate, non-binge drinkers. Increased PER2 and POMC DNA
methylation was also significantly predictive of both increased levels of subjective alcohol craving
immediately following imagery (p<.0001), and with presentation of the alcohol (2 beers) (p<.
0001) prior to the ATT, as well as with alcohol amount consumed during the ATT (p<.003).

Conclusions: These data establish significant association between binge or heavy levels of
alcohol drinking and elevated levels of methylation and reduced levels of expression of POMC and
PER?2 genes. Furthermore, elevated methylation of POMC and PER2 genes is associated with
greater subjective and behavioral motivation for alcohol.
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Introduction:

Alcohol use disorders affect more than 75 million people worldwide (WHO, 2014). Alcohol
abuse is one of the leading causes of death in the United States, contributing to over 3.5% of
deaths annually (Mokdad et al., 2004). It is important to identify the genetic and
environmental factors that contribute to alcohol use in order to target at-risk populations.
The circadian system and the stress-response system are both fundamental mechanisms for
adaptation to environmental change (Moore-Ede, 1986). Excessive alcohol use can lead to
long-lasting circadian desynchronization with altered expression of various clock genes in
laboratory animals and humans (Spanagel et al., 2005a; Spanagel et al., 2005b). It is also
associated with changes in the diurnal rhythm of the hypothalamic pituitary adrenal (HPA)
axis hormone (corticosteroid and adrenocorticotropic hormone (ACTH) secretion in animals
and humans (Chen et al., 2004; Gianoulakis et al., 2005; Fox et al., 2007; Laudenslager et
al., 2009; Sinha et al., 2009). Such changes of the HPA axis are associated with increased
relapse risk in alcoholic patients (Junghanns et al., 2003; Brady et al., 2006; Sinha et al.,
2011) and higher alcohol motivation and intake in binge heavy drinkers (Blaine et al., 2018).

Interestingly a mutation in the clock gene period 2 (Per 2) increases alcohol consumption,
while challenges to normal circadian entrainment increase alcohol preference and
consumption in rodent models (Spanagel et al., 2005b). Furthermore, a significant
association of the PER2 single nucleotide polymorphism (SNP) 10870 with increased
alcohol consumption was observed in adolescent boys (Comasco et al., 2010). Per2gene
mutation also alters circadian rhythms of circulating glucocorticoids (Yang et al., 2009) and
hypothalamic proopiomelanocortin (POMC) mRNA levels (Agapita et al., 2010), two key
regulators of the stress axis. On the other hand, glucocorticoid receptors appear to be
necessary for the rhythmic expression of PER2 protein in the mesocorticolimbic region of
the brain (Segall and Amir, 2010) where corticotropin releasing hormone (CRH) and
POMC-derived peptide p-endorphin are known to interact to regulate dopamine release and
control stress-induced alcohol-drinking behavior (Nikulina et al., 2008; Segall et al., 2009).
However, no previous study has assessed whether binge and heavy alcohol use alters PER2
and POMC gene methylation levels to regulate the stress-response system and whether such
alterations influence alcohol motivation in humans. Epigenetic modifications of a gene have
been shown to play a role in maintaining a long-lasting change in gene expression (Govorko
etal., 2012; Finegersh et al., 2015). DNA methylation occurring at CpG dinucleotides is the
most common epigenetic modification that constitutes an important regulatory element in
human genome. Epigenetic alterations believed to occur early in disease state, thus
providing the possibility of early diagnosis. We found in our animal model of prenatal
alcohol exposure Pomc expression was reduced and Pomc promoter methylation was
increased in the hypothalamus (Govorko et al., 2012). It has also been shown that Pomcand
Per2 gene expression levels are reduced and the corticosterone response to a stress challenge
is increased in both alcohol dependent animals and in PAE animals (Chen et al., 2004;
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Agapito et al., 2010). Thus, here we hypothesized that there will be gene methylation and
expression differences in PER2 and POMC gene in non-smoking, binge and heavy non-
dependent drinkers relative to moderate, non-binging social drinkers and that group
differences PER2 gene and/or POMC gene methylation related to drinking history will
predict experimentally provoked increases in subjective and behavioral alcohol motivation in
a 3-day experiment.

Materials and Methods:

We conducted a controlled laboratory experiment described in detail in Blaine et al., (2018)
in well characterized groups of moderate (MD), binge (MB) and heavy (HD) alcohol users.
Briefly, subjects were exposed to stress, neutral and alcohol cue context, using personalized
guided imagery procedures as shown in previous research (Fox et al., 2007; Sinha et al.,
2009; Fox et al., 2012), after which they presented with discrete alcohol cues in the form of
two 12 oz beers in chilled beer mugs for an ‘alcohol taste test’, a widely used test of
behavioral motivation for alcohol in the laboratory (Higgins and Marlatt, 1975; Marlatt et
al., 1975; Conney et al., 1997; de Wit et al., 2003; Colby et al., 2004). Subjective craving
was assessed at baseline prior to imagery, after imagery, and pre- and post- presentation of
discrete alcohol cues. Subjects then participated in the alcohol taste test to assess behavioral
motivation for alcohol.

Subjects: Subjects were non-smoking social drinkers who reported “liking beer”, between
the ages of 21 to 50 years, and were recruited from the community through local
advertisements. The sample was a subgroup of a larger study of nonsmoking social drinkers
who participated in the 3-day experiment (Blaine et al., 2018), but also provided blood
samples for DNA methylation for inclusion in the current study. Subjects were admitted for
a 3-day hospital stay to the Yale Hospital Research Unit at Yale-New Haven Hospital for
participation in the study. During this period, they were required to stay on the unit, within a
controlled environment. All subjects reported no lifetime or current history of any drug
dependence (including DSM-IVTR alcohol dependence), did not meet criteria for any Axis |
DSM-1V psychiatric diagnoses, and provided negative urine toxicology screens during initial
appointments and at inpatient admission for laboratory sessions. The subjects were divided
into 3 subgroups: heavy, binge and moderate, utilizing criteria outlined by NIAAA for binge
drinking episode as well as for at-risk or hazardous drinking (NIAAA Rethinking Drinking,
2010). The moderate group included subjects who reported regular alcohol use over past
year not to exceed 7 standard drinks/wk for women and 14 standard drinks/wk for men, with
no occasions of binge drinking (women: 4 or more drinks/occasion; men: 5 or more drinks/
occasion). The binge group included subjects who regularly used alcohol at the level of the
moderate group but also reported at least one occasion of binge drinking in the past month
(women: 4 or more drinks/occasion; men: 5 or more drinks/occasion). The heavy group
included individuals meeting hazardous drinking levels with regular alcohol use over the
past year of at least 8 standard drinks/wk for women and at least 15 standard drinks/wk for
men (binge drinking allowed). Subjects provided detailed information on current drinking
levels using the Cahalan Quantity Frequency Variability Index (QFVI, Cahalan, 1967) as
well as the Alcohol Use Disorders Identification Test (AUDIT) (Young and Mayson, 2010).
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Exclusion criteria included current nicotine users/smokers, current dependence on another
psychoactive substance, current use of opiates or past history of opiate abuse/dependence;
current use of any psycho- active drugs, including anxiolytics, antidepressants, naltrexone,
or any psychotic disorder or current psychiatric symptoms requiring specific attention,
including need for psychiatric medications for current major depression and anxiety
disorders; any significant current medical condition such as neurological, cardiovascular,
endocrine, renal, liver, and thyroid pathology; subjects on medications for any medical
condition; women on oral contraceptives, peri- and postmenopausal women, and those with
hysterectomies; and pregnant and lactating women.

All procedures involving human subjects were approved by the Yale Human Investigation
Committee and are in accordance with the Helsinki declaration of 1975. All subjects
provided written informed consent at the time of enrollment in the study.

Imagery script development procedures: Before the laboratory sessions, guided
imagery scripts for stress, alcohol cue and neutral relaxing states were developed. The stress
imagery script was based on subjects’ description of a recent personal stressful event that
was experienced as ‘most stressful’. Most stressful was determined by having the subjects
rate their individual level of distress on a 10-point Likert scale where ‘1 = not at all stressful’
and ‘10 = the most stress they felt recently in their life’. Only situations rated as eight or
above were accepted as appropriate for script development. Trauma-related situations and
those with explicit alcohol cues were not allowed. The alcohol-related cue script was based
on individual situations that included alcohol-related stimuli and resulted in subsequent
alcohol use (e.g. buying alcohol and being at a bar). Alcohol-related situations that occurred
in the context of negative affect or psychological distress were not allowed. A neutral script
was developed from the participants’ individual experiences of commonly experienced
neutral- relaxing situations, such as a fall day reading at the park.. Scripts were developed
using a standardized format, based on specific stimulus and response details of each
situation and then audiotaped for presentation in the laboratory sessions, as described in
previous work (Sinha et al., 2009; 2011) and detailed in a standardized procedures manual
(Sinha, 2009; Sinha & Tuit, 2012). Order of imagery condition and script type was randomly
assigned across the 3 experimental days and counterbalanced across subjects.

Habituation and imagery training session: One day before the laboratory sessions
subjects were brought into the testing room where they were acclimatized to specific aspects
of the study procedures, such as the subjective rating forms and then trained in relaxation
and imagery procedures (Sinha et al., 1999).

Laboratory sessions: On each of the three testing days, subjects had a standard healthy
lunch at noon, and were brought into the testing room at 1400 hours by the research nurse. A
blood pressure cuff was placed on the subject’s preferred arm to monitor blood pressure and
a pulse sensor was placed on the subject’s forefinger to obtain a measure of pulse. This was
followed by a 1-h adaptation period. At 1500 hours, subjects were provided headphones and
the audiotape presented the instructions for the imagery procedure and the script for guided
imagery for a period of 5min. After imagery, subjects remained in the testing room for an
additional 75min to examine recovery from the imagery exposure and for repeated
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assessments of mood and alcohol craving. In addition, immediately following imagery and
assessments, subjects were also presented with the “alcohol taste test” on each day, a widely
used and validated procedure to experimentally assess motivation for alcohol consumption
and amount of alcohol consumed following a variety of challenges (Higgins et al., 1975;
Marlatt et al., 1975; Lang et al., 1980; Young and Mayson, 2010).

Alcohol Taste Test (ATT) :

After the imagery period and ratings of anxiety and craving, subjects were presented with a
tray of two 12-Oz beer mugs with chilled beer and one mug marked A and the other marked
B, along with a glass of water and ice. Subjective alcohol craving was assessed upon
presentation of the beers. Subjects then participated in a 10 minute ATT in which they were
asked to taste the beer in each of the A and B mugs to identify whether the brand and type of
beer was the same or different in each mug. They were told that they could drink as much as
they wished to make this determination and that they would receive $10 for each day for
correct identification of whether the beers were same or different. The total amount of
amount of beer consumed (A+B) on each experimental day was recorded as a measure of
implicit behavioral motivation for alcohol (as described previously in Milivojevic et al.,
2017 and Blaine et al., 2018).

Alcohol Craving Visual Analog Scale (VAS):

Participants were requested to rate the intensity of their desire to use alcohol at that moment
using a 10-point visual analog scale (VAS) in which 0 = “not at all” and 10 = “extremely
high.” Subjective measures of alcohol craving were collected repeatedly at baseline (B) prior
to the experimental imagery manipulation on each condition day, immediately following
stress, cue or neutral imagery exposure (I, Imagery timepoint) and 10 minutes later after the
presentation of the beer glasses (discrete alcohol cue) but prior to the onset of the alcohol
taste test (R1b, recovery timepoint), as well as immediately following the ATT (R2, recovery
2 timepoint) and every 15 minutes after that for 3 more assessments period over 45 minutes
(R3, R4 and RX).

DNA and RNA extraction—DNA was extracted from blood samples using DNeasy blood
and tissue extraction kit (Qiagen, Valencia, CA). 2ml of non-coagulated blood samples was
centrifuged at 3000 rpm for 15 min, pelleted, resuspended in 100 ul of 1X PBS, and then
mixed with 50ul of proteinase K. The volume was adjusted to 220ul with 1X PBS. The rest
of the protocol was followed as it was described in DNeasey blood and tissue extraction kit
(Qiagen, Valencia, CA). RNA was extracted from blood samples collected in PAX gene
tubes using preserved Blood RNA purification kit 11 (Norgen Biotek, Ontario, Canada) as
per instructions from manufacturer.

Quantitative Reverse transcription polymerase chain reaction (QRT-PCR)—
Gene expression levels of POMC and PER2 of blood samples were measured by quantitative
real time PCR SYBR green assay. Total RNA of samples about 1ug were converted to first
strand complementary DNA (cDNA) using high capacity cDNA reverse transcription kit
(Life technologies, Carlsbad, CA). The primer sequences for POMC, Per2 and GAPDH are
listed in Table 1. RT PCR was performed at 95°C for 5 min followed by 40 cycles of 95°C
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for 15 sec, 60°C for 30 sec, 72°C for 40 sec in Applied Biosystems 7500 Real time PCR
system (ABI Carlsbad, CA). The quantity of target gene expression was measured using a
standard curve. The values are presented as the ratio of target gene and housekeeping gene
Gapdh.

Methylation specific PCR—POMC, and PER2 gene methylation analyses were
performed by SYBR green gRT-PCR method of methylation specific PCR (MSP) as it was
described previously (Govorko et al., 2012; Gangisetty et al., 2014), DNA extracted from
blood, samples of about 2ug were bisulfite converted using EZ DNA methylation kit (Zymo
Research, Orange, CA). Promoter sequences were analyzed for CpG island determination
and MSP primers were designed using methyl primer sequence v1.0 program. Primer
sequences specific for methylated and unmethylated DNA were listed in supplement Table
2. Human highly methylated and low methylated control DNA (Epigen DX, Worcester MA)
were subjected to bisulfite conversion and were used for preparing the standard curve. qRT-
PCR was performed using SYBR green master mix with specific primers and bisulfite
converted DNA as template. gRT-PCR was performed using a program at 95°C for 5 min
followed by 50 cycles of 95°C for 30sec, 60°C for 1min, 72°C for 1 min. Relative quantities
of methylated and unmethylated DNA were measured using a standard curve and the ratio of
methylated versus unmethylated DNA was determined. Relative DNA methylation level was
calculated by normalizing binge and heavy alcohol group values with moderate group
average values and presented in the figures and text.

DNA methylation by Pyrosequencing—DNA methylation at specific CpG site was
confirmed by pyrosequencing assay. Briefly 1ug of genomic DNA was subjected to bisulfite
conversion using EZ DNA methylation kit (Zymo Research, Orange, CA). Region of interest
was amplified using bisulfite specific PCR (BSP) primers. Pyromark PCR kit (Qiagen,
Valencia, CA) was used with forward and biotin labelled reverse primer as per the
instructions from the manufacturer. Biotinylated PCR product was mixed with streptavidin
beads and annealed with sequencing primer. Streptavidin bound biotinylated PCR product
was captured using a vacuum filtration sample transfer device (Qiagen, Valencia, CA).
Sequencing was performed using Pyromark Gold Q96 CDT reagents (Qiagen, Valencia, CA)
on a PSQ HS96A model pyrosequencing machine (Qiagen, Valencia, CA) as per the
instructions from the manufacturer. In the pyrosequencing study, we analyzed one control C
in non CpG background for efficient C—T conversion. The percent C remaining as C in the
target CpG was considered % methylation. POMC methylation was confirmed by
pyrosequencing using DNA samples of all three groups. We were not able to perform
pyrosequencing assay in all the samples employed in this study because many of the samples
did not have enough quantity of DNA to do both MSP and pyrosequencing assays.

Data Analysis: All data were analyzed using SAS. Group differences in demographic and
drinking historywere assessed using one-way analyses of variance (ANOVA), frequency
differences using chi square and t-tests for group differences. ANOVAs were used for
assessing changes between PER2 and POMC gene expression and methylation and linear
mixed effects models were used to assess the effects of drinking group and imagery
condition on PER2 and POMC gene expression and methylation, subjective craving and
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alcohol intake amount, with simple effect contrasts presented in the LME models to assess
source of the significant main effects and interactions. Pearson product moment correlation
analysis was used to assess the association between PER2 and POMC gene expression and
DNA methylation effects on alcohol craving and intake responses.

Demographic information and alcohol taste test:

Demographic information on the three groups of subjects is summarized in Table 1.
Moderate (MD), binge (BD) and heavy drinking (HD) subjects did not differ significantly by
sex, race and age. As expected, the AUDIT score and Calahan total score was the highest in
the heavy alcohol users and the scores in heavy and binge drinkers were significantly higher
than those in moderate drinkers. Average drinks per occasion, frequency of drinks per week,
maximum number of drinks in a drinking occasion, and the maximum number of drinks per
week were significantly higher in binge and heavy alcohol users than those in moderate
alcohol users. In the laboratory sessions, the binge and heavy alcohol subjects drank more
than the moderate alcohol subjects during taste test in each of the test conditions, with a
significant main effect of drinking group [F(2, 45) = 18.8, p=.0001], such that across all
three imagery conditions, the binge (BD) and heavy (HD) drinkers consumed significantly
more beer (A+B amount) during the ATT compared with the moderate (MD) social drinkers
with MD<BD<HD< (p’s<.05). (Fig. 1A). No significant main effect of condition or drinking
group X condition was obtained for A+B amount consumed in the ATT.

Alcohol Craving:

Across all three imagery context sessions (stress, alcohol cue and neutral relaxing cue),
alcohol craving ratings were significantly higher for the binge and heavy compared to the
moderate social drinking groups, immediately following imagery (I) context manipulation
[drinking group main effect: F(2, 45) = 9.01, p=.004; MD<BD, p<.05; MD<HD, p<.01; Fig.
1B), and following presentation of discrete beer cues (R1b) [drinking group main effect: F(2,
45) = 11.38, p=.002; MD<BD, p<.01; MD<HD, p<.01; Fig. 1C). A main effect of imagery
context for alcohol craving was also observed [F(2,45)=18.08, p<.0001], with significantly
higher subjective alcohol craving reported in the stress (S), alcohol cue (AC) relative to
neutral (N) condition and in the alcohol cue relative to stress condition immediately
following imagery (S>N, p<.0009; AC>N, p<.0001; AC>S, p<.009), and following
presentation of discrete alcohol beers and prior to the ATT (AC>N, p<.0001; AC>S, p<.
0007, S=N, p=ns).

Per2 and POMC gene expression and DNA methylation differences by drinking group:

Data of PER2 and POMC mRNA expression and differences by drinking groups are shown
in Fig. 2A, B. In both the binge and heavy drinking groups, decreased gene expression
changes were observed relative to the moderate drinking group [PER2, Fig. 2A, drinking
group main effect: F(2, 44) = 7.293, p=.001; MD<BD, p<.05; MD<HD, p<.01; POMC, Fig.
2B. drinking group main effect: F(2, 36) = 4.517, p=.01; MD<BD, p<.05; MD<HD, p<.05).
As shown in Fig. 2C and D increased DNA methylation levels of PER2 [PER2, Fig. 2C,
drinking group main effect: F(2, 45) = 35.17, p=.001; MD<BD, p<.001; MD<HD, p<.001]
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and POMC genes [ POMC, Fig. 2D, drinking group main effect: F(2, 43) = 36.45, p=.001,;
MD<BD, p<.001; MD<HD, p<.001] were observed in the binge and heavy drinking groups
which were significantly higher than those in the moderate drinking group. The quantity of
POMC DNA methylation was additionally verified by pyrosequencing of the methylated
DNA within the promoter area of the gene (Fig. 2E), which shows that POMC DNA
methylation of the binge and heavy drinking groups had significantly higher levels at both
CpGs than those in the moderate drinking group [CpG1, drinking group main effect: F(2,
20) = 10.22, p=.001; MD<BD, p<.05; MD<HD, p<.001; CpG2, F(2, 20) = 8.13, p=.01;
MD<BD, p<.01; MD<HD, p<.01]. Pyrosequencing assay for PER2 was not successful
possibly because of high density of CpG residue.

Association between Per2 and POMC gene expression and DNA methylation and alcohol
craving and intake:

Finally, we tested whether PER2 and POMC gene methylation and expression levels were
associated with higher subjective craving and alcohol intake in the ATT after exposure to
stress and alcohol cue provocation in the laboratory experiment. Findings indicate that
higher the level of hPER2 and hPOMC DNA methylation levels, greater the A+B alcohol
amount consumed across conditions (PER2: r=0.42, p<.009; POMC: r=0.41, p<.005) (Fig.
3A-3B) and greater subjective alcohol craving immediately following imagery provocation
(r=0.595, p<.0001) and after presentation of beer cues (r=0.588, p<.0001) across all drinking
groups (Fig. 3C-3D).

DISCUSSION

In this study we determined the gene methylation and expression levels from whole blood in
PER2 and POMC gene, two key genes of stress regulation, to identify genes that were
differentially expressed in peripheral blood of non-smoking moderate/non-binge, heavy and
binge socially drinking subjects. We also assessed their subjective craving and behavioral
alcohol motivation (A+B alcohol amount consumed) after provocation of stress, alcohol cue
and neutral relaxing contexts and presentation of discrete alcoholic beer cues prior to an
alcohol taste test in a well-controlled experiment. The binge and heavy drinkers consumed
significantly more beer during the ATT relative to the moderate drinkers. Overall, alcohol
craving ratings were also higher for the binge and heavy compared to the moderate social
drinking groups. It is important to note that the current sample came from a larger sample of
social drinkers who completed the controlled experiment and thus, as expected, the craving
and beer intake data are similar to our previously reported findings from the larger cohort
(Blaine et al., 2018). We also found that both the binge and heavy drinking groups showed
decreased expression changes of PER2 and POMC genes and increased DNA methylation of
these genes relative to the moderate drinking group in peripheral blood, suggesting that
heavy to binge alcohol drinking may suppress PER2 and POMC gene expression as well as
increase methylation of these genes. Furthermore, increased PER2 and POMC DNA
methylation was significantly associated with increased levels of subjective alcohol craving
and intake in the ATT.
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Circadian clock genes and their protein products form a transcriptional-translational
feedback loop with a period of approximately 24 h. This molecular oscillation takes place in
nearly every cell in the body and exerts control on processes ranging from metabolism to
behavior. Clock genes have also been shown to affect the response to alcohol. One clock
gene, PER2 has been demonstrated to alter alcohol’s reinforcing effects (Perreau-Lenz et al.,
2009) and hypothalamic POMC neuronal response to ethanol (Agapito et al., 2010).
Mutation of PerZ2is associated with increased alcohol consumption (Spanagel et al., 2005a).
Single nucleotide polymorphisms in human PER2 have been associated with variation in
self-reported alcohol consumption (Spanagel et al., 2005b). These data are in agreement
with the Increased PER2 DNA methylation in association with the increased levels of
subjective alcohol craving and alcohol intake that we observed following stress and alcohol
cue exposure in heavy and binge alcohol drinkers.

Greater alcohol intake among binge and heavy group was associated with increased POMC
gene methylation. POMC is a precursor gene known to produce various peptide hormones
including B-endorphin, a-melanocyte-stimulating hormone and adrenocorticotropic
hormone. The POMC neuronal system plays key roles in stress regulation and reward
motivation. In the CNS, POMC product p-endorphin impacts the functioning of the stress
axis by inhibiting the release of corticotropin releasing factor (CRF) in the hypothalamus
(Plotsky,1986; Boyadjieva et al., 2006). CRF and POMC neuronal systems play key roles in
stress regulation and the reward mechanism (Heilig and Koob, 2007; Roth-Deri et al., 2008;
Wynne and Sarkar, 2013). In the CNS, POMC-derived peptide B-endorphin has long been
suspected of making a major contribution to the positive reinforcement and motivational
properties of several addictive substances. It was demonstrated that microinjection of this
peptide to several supraspinal regions of the mesolimbic reward system such as the nucleus
accumbens (NAc) produced place preferences (Bals-Kubik et al., 1993). Several studies have
shown that repeated administration of alcohol, cocaine, or heroin significantly attenuated -
endorphin expression in various limbic areas (Rasmussen et al., 2002; Jarjour and
Gianoulakis, 2009; Sweep et al., 1988). These studies support the notion that B-endorphin
may contribute significantly in the development of alcohol abuse and dependence. The CRF
and it’s receptor CRF1 systems are also known to increase dopaminergic transmission in the
nucleus accumbens, amygdala, and medial prefrontal cortex (Thierry et al., 1975; Rouge-
Pont et al., 1993; Inglis and Moghaddam, 1993; Lovenberg et al., 1995). Furthermore,
elevation of plasma corticosterone has been associated with increases in alcohol self-
administration (Dunn, 1988; Fahlke et al., 1995).

A well characterized experimental approach that utilized individualized imagery to provoke
stress, alcohol cues and neutral relaxing contexts along with assessing the effects of discrete
alcohol cues (i.e., two beers presented prior to consumption in the ATT) on alcohol craving
and intake was implemented as described in previous work (Sinha et al., 2009; 2011; Beech
et al., 2014; Milivojevic et al., 2017; Blaine et al., 2018). Consistent with this previous work,
binge and heavy alcohol users reported greater alcohol craving and ATT intake relative to
moderate drinkers across all three conditions consistent with the notion of higher incentive
sensitization among those with greater drinking history (Robinson & Berridge, 2000; Sinha,
2013). However, no significant group X condition effect was observed in the current study,
perhaps because although different stress, alcohol cue or neutral contexts were presented on
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each day of the experiment, the same discrete alcoholic beer tray was presented following
imagery on each day and each day included the alcohol taste test as a measure of behavioral
motivation. Furthermore, the current sample is limited by including a larger group of
moderate non-binging alcohol users and smaller numbers of binge and heavy alcohol users,
which may have limited our ability to detect greater craving and alcohol motivation in stress
and cue contexts among the binge and heavy users as shown previously (Blaine et al., 2018).
Due to the small numbers of women were included in the sample, we were unable to
evaluate sex differences in the findings and this needs further assessment in future studies.
Also, while the current experimental paradigm assess behavioral motivation for alcohol
using the ATT in a controlled setting, whether the hypermethylation of PER2 and POMC in
binge and heavy users is predictive of real world drinking levels remains unknown. Another
limitation of this study is the use of whole blood as the source of total DNA and RNA. It is
possible that changes in DNA methylation and RNA expression involving specific cell-types
or blood compartments may have occurred, but were not detected in the current experiments
due to dilution by DNA and RNA from other blood compartments. Also, DNA methylation
changes associate with alcohol drinking might be cell type — specific and methylation
patterns in blood and brain may be different.

Therefore, while DNA methylation and gene expression in blood can be used as biomarkers
of alcohol use disorder (AUD) development and progression, these molecular changes do
not necessarily reflect changes in brain. Nonetheless, the current findings provide an initial
positive signal of altered DNA methylation changes related to binge and heavy alcohol use
that may be further developed as a predictive biomarker of alcoholism risk.
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Fig. 1. Changesin alcohol consumption and craving rating in the moder ate binge and heavy
social drinkersduring the laboratory sessions.

Across all three imagery provocation conditions and after presentation of the discrete
alcoholic beer cue on each day, the binge and heavy social drinkers consumed significantly
more beer during the alcohol taste test compared with the moderate social drinkers [F(2, 45)
= 18.8, p=.0001], with moderate<binge<heavy< (p’s<.05). (Fig. A). Across all three
imagery context sessions (stress, alcohol cue and neutral relaxing cue), alcohol craving
ratings were significantly higher for the binge and heavy compared to the moderate social
drinking groups, immediately following imagery (1) context manipulation [F(2, 45) = 9.01,
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p=.004; moderate <binge, p<.05, moderate <heavy, p<.01,; Fig. B), and following
presentation of discrete beer cues (R1b) [F(2, 45) = 11.38, p=.002; moderate <binge, p<.01,
moderate <heavy, p<.01, Fig. C).
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Fig. 2. Changesin period 2 and proopiomelanocortin gene expression and DNA methylation in
the moder ate, binge and heavy social drinkers.
PER2 (A) and POMC gene expression (B) and PER2 (C) and POMC gene methylation (D,

E) levels in each of the three drinking groups are shown. Gene expression levels were
measured using quantitative reverse transcription polymerase chain reaction (QRT-PCR).
Gene methylation levels were measured by methylation specific PCR (MSP) and was
represented as relative DNA methylation (C & D). POMC DNA methylation was
additionally verified by pyrosequencing of the methylated DNA within the promoter area of
the gene (Fig. E), Pyrosequencing assay for PER2 was not successful possibly because of
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high density of CpG residue. Data are represented as Mean + SEM. Number of samples in
each group is shown between brackets under the group heading on the X axis or within the
figures. Statistically significant differences between groups are shown by lines with p values
on the top of bar graphs.
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Fig. 3. Correlations between the hPER2 and POM C methylation with the A+B amount of
alcoholic beer intake and the level of alcohol craving in the laboratory experiment across

drinking groups.

Significant positive correlation of PER2 DNA methylation (met/unmet) (A) and POMC
DNA methylation with A+B alcoholic beer intake across subjects (p’s<0.01) (B). Significant
positive correlation of PER2 DNA methylation (C) and POMC DNA methylation (D) with
provoked alcohol craving across | and R1B timepoints prior to alcohol taste test across all

subjects (p’s<0.0001).
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Table 1:

Demographic and Recent Alcohol Drinking in the Study Sample (N=47)

Total Sample
Demographic/Drinking Variable (N=47)
AGE (mean[SD]) 27.49 (6.22)
Gender (N/% Male) 28 (57%)
Race N/% Caucasian 37 (76%)
Race N/% African American 9 (18%)
Race (N/% Other) 3 (6%)
Years of Education (Mean[SD]) 15.94 (1.94)
Shipley 1Q (Mean[SD]) 116.02 (6.29)
AUDIT Total Score (Mean[SD]) * 4.98 (3.53)
Cahalan Total Score ™ 8.52 (4.23)
Avg. Drinks/Occasion (mean N[SD]) * 2.63 (1.95)

Drinking Days/Week (Mean Days[SD]) * 154 (1.15)

Max. Drinks/Occasion (Mean Days[SD]) * 578 (3.42)

Days of Max Drinks/week (Mean[SD]) * 0.18 (0.33)

Avg. Total Drinks Weekly (Mean[SD]) * 5.04 (5.47)

Moderate(MD: Binge (BD:

N=33) N=6)

28 (6.56) 26.43 (4.28)
21 (62%) 4 (57%)

27 (79%) 5 (71%)

6 (18%) 1 (14%)

1 (3%) 1 (14%)
15.82(2.05) 15.86 (1.34)
115.67 (7.1) 117.71 (1.89)

315130 % 8a(L6)

664329 %  124(219)

18107 % 38217

11209 % 26134

448208 % 84 (s16)
abc

0.11 (0.19) 0.12 (0.08)

226 (193) ®° 838 (317)

Heavy (HD:

N=8)

26.25 (6.48)
3 (38%)

5 (63%)

2 (25%)

1 (13%)
16.5 (2.0)
116.0 (5.29)

10.38 (3.54)
13.88 (1.64)
5.25 (2.66)
2.63 (0.74)
9.5 (4.11)
0.50 (0.62)

14.42 (4.98)

Note: Demographic variables were not different between groups;

*
Significant main effect of drinking group for recent alcohol drinking levels using One-way ANOVAs (p’s<.0001);

MD < BD (p<.05);
b
MD < HD (p<.05);

“BD<HD (p<.05).
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