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Introduction
Alcohol comorbidity in Bipolar Disorder (BD) attracted much 

attention during the last years [1] because of its relevant impact on 
prognosis. Co-occurrence of alcohol misuse during BD is common 
[2,3] and patients with both types of disorder are typically more 
difficult to treat than patients who have either problem alone [4]. BD 
shows a 1% prevalence worldwide, which rises up to 6.4% when sub-
threshold cases are, included [5]. Its costs were estimated to be $45.2 
billion in 1991 (in the U.S.) [6]. Alcohol use disorders concern 25% of 
adults in the U.S. [7] overall economic cost was estimated to be $148 
billion for 1992, $166.6 billion in 1995 and $184.6 billion in 1998 [8]. 
Moreover, alcohol use is the third leading preventable cause of death 
[9]. Thus, the costs of the combination of BD and alcohol use disorders 
are extremely high [10] and projected to increase. In this prospective 
alcohol dependence is one of the biggest problems related to alcohol 
[11] and its impact is particularly high in BD patients. Studies showed 
that 27.6% of any BD and especially 31.5% of BD type I patients 
suffered of alcohol dependence [12]. This comorbidity resulted in an 
increased risk for suicide attempt, greater severity of symptoms and 
impaired functioning. Compared with the lower rate of patients that 
suffer comorbidity of alcohol dependence with unipolar depression 
(11.6%) or with any mood disorder (4.9%), BD and alcohol dependence 
reveals a even stronger relationship [12]. As a consequence, the proper 
treatment of BD patients and the identification of subjects at risk is a 
priority. Consistently, a brain degeneration during BD is reported to 
be a late-phase characteristic that depends on the number of episodes 
of illness [13] and alcohol dependence could play a role in worsening 
this relapses number. Moreover, a proper treatment following the 
identification of BD patients at risk for alcohol dependence could 

Abstract
Background: A relationship between alcohol use disorder and Bipolar Disorder (BD) has far been detected. A record 

of alcohol dependence may worsen the course of BD. Nevertheless, the genetic underpinnings of this comorbidity have 
not been completely elucidated. Authors investigated the impact of a set of genetic variations as possible risk factors for 
the pathological mood swings in bipolar patients with a record of alcohol dependence. 

Methods: A list of candidate genes identified as risk loci by GWAS studies in last 10 years were tested in a sample 
of 802 bipolar patients from the public available STEP-BD study. Variations harbored by these genes were checked for 
quality, imputed and pruned. A set of 260 genes embedded in 160 different pathways were analyzed as predictors of the 
frequency of severe (YMRS>11) manic events and depressive phases (MADRS>19) during the period of observation 
(1139 days for manic records and 1856 for depressive records). Their effect was tested in combination with alcohol 
comorbidity. Clinical and sociodemographic variables entered the study as covariates when significantly associated with 
the phenotypes. 

Results: We found an impact of alcohol dependence positive record with a higher frequency of severe manic 
(p=0.02) and depressive (p=0.0006) records. A positive association between a pathway related to the Sulfur amino 
acid metabolic process (GO:0000096) and an increased frequency of severe depressive records was detected for BD 
subjects with a record of alcohol dependence. 

Discussion: We found an association between GO: 0000096 (Sulfur amino acid metabolic process pathway) and 
severe depressive episodes in BD patients with a record of alcohol dependence in their clinical story.

successfully decrease the number of bipolar relapses through life and 
their severity. As genetics reveals, both BD and alcohol dependence are 
heritable [14,15]. Interestingly, in BD, there are lines of evidence that 
71% of the genetic variance for mania was not shared with depression 
[15]. Several attempts tried to elucidate the genetic background leading 
alcohol dependence but results are not conclusive so far. Aldehyde 
dehydrogenase 2 (ALDH2), alcohol dehydrogenase 1B (ADH1B), 
gamma-aminobutyric acid (GABA) A receptor, and the GABA alpha 
2 (GABRA2) receptors pathway were recently reported to be central to 
alcohol misbehavior [16]. Nevertheless, there is sufficient evidence to 
say that the genetic liability to BD and alcohol dependence is derived 
from the orchestrated activity of a set of genes and not by a single one. 
Starting from this perspective, we 1) collected all the genes identified 
as possible risk loci for alcohol dependence in the last 10 years of 
GWAS studies in the field and 2) described the biological pathways 
they are relate to 3) analyzed the influence of the variations on the 
genes that code for the proteins that are embedded in these pathways 
on the frequency of both severe (Young Mania Rating Scale (YMRS) 
overall score>11) manic events and depressive phases (Montgomery-
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Asberg Depression Scale (MADRS) overall score >19) in BD patients. 
Considering the enormous difference in GWAS results, we also enriched 
our initial subset of genes with Cytoscape [17] in order to considering 
the major number of associated genes and pathways in the analysis. As a 
clear clinical conclusion, the definition of the genetic impact on alcohol 
dependence and BD comorbidity could be instrumental to the early 
diagnosis and even to primary prevention of BD in patients who also 
present with alcohol dependence.

Methods
Sample under investigation

The sample under investigation was retrieved from the public 
available STEP-BD protocol [18]. During the study, bipolar patients of 
every subtype with age ≥ 15 years are accessioned into a study registry. 
All patients receive a systematic assessment battery at entry and are 
treated by a psychiatrist (trained to deliver care and measure outcomes 
in patients with BD) using a series of model practice procedures 
consistent with expert recommendations. At every follow-up visit, the 
treating psychiatrist completes a standardized assessment and assigns 
an operationalized clinical status based on DSM-IV criteria. Patients 
have independent evaluations at regular intervals throughout the study 
and remain under the care of the same treating psychiatrist while 
making transitions between randomized care studies and the standard 
care treatment pathways. We were able to identify 802 patients assessed 
with the MADRS and YMRS scales. Characteristics of the samples 
under analysis is reported in Table 1.

Definition of phenotype
The phenotype under analysis was the number of severe manic 

phases (manic relapses with an overall YMRS [19] point>11) and 
severe depressive episodes (depressive episodes with MADRS [20] 
total score >19) corrected for the number of observations during the 
STEP-BD period of observation. We took these thresholds (YMRS>11 
and MADRS>19) accordingly to the standard YMRS and MADRS 
interpretation to defining manic phases [19] and depressive ones 
[21] severity in order to avoid stratification factors due to different 
interpretation of these assessment scales. This particular phenotype was 
chosen to limit the impact of missing values in order to increase the 
power of the study. Care was taken to control for a possible clinical bias: 
more severe patients might have been seen more often compared to less 
severe ones. In order to do so, the correlations between the phenotype 

of choice and a set of other phenotypes calculated at standard time 
points (number of manic/depressive phases from 30-90- 120 and so 
forth days from the beginning of the study) - a more classical approach 
to this kind of studies - were calculated. We had confirmation that the 
phenotype under analyses significantly correlated with almost all the 
phenotypes at different timepoints, with the advantage of having 0% 
of missing values. Results are reported in Table 2 (mania) and Table 
3 (depression). The only timepoint at which the correlation was not 
significant was after 30 days from the beginning of the study for the 
manic relapses. Nevertheless, the number of missing information 
for this timepoint (43.89%) may be held accountable for the lack of 
association. Subjects were labeled as alcohol dependent when there 
was a record of alcohol dependence in the past. This variable was used 
instead of alcohol dependence during the manic/depressive phase to 
distinguish the hedonistic use of alcohol during manic/depressive 
phases vs. a record of alcohol dependence which was deemed to be 
more related to a chronic habit. The alcohol dependence record in 
STEP-BD was assessed using the Mini Mental State Evaluation as the 
presence of clearly symptoms of alcohol dependence (not only alcohol 
abuse) during the last 12 months [19].

 Study of stratification factors
The sociodemographic and clinical variables were investigated as 

possible stratification factors. Age and gender were included in the 
analysis as covariates. Gender of patients resulted to be significantly 
associated with the phenotype (p=0.001). Ethnicity was not included as 
covariate because all patients resulted to be Caucasian. Table 1 reports 
the characteristics of the sample and the strength of association between 
the sociodemographic variables and the record of alcohol dependence 
in the past in bipolar subjects. 

Power of the study and correction for multiple testing
We had sufficient power (0.80) to detect a medium effect size of 

0.09 with a significance level of 0.05 between two alleles represented 
in a sample of 401 subjects each. Both a Bonferroni correction 
(p<0.05/160=0.0003) and a False Discovery Rate correction were 
applied to avoid false positive findings after checking 160 different 
molecular pathways.

Selection of genes

We selected 260 genes that showed a possible association as risk 
loci for alcohol dependence in literature available GWAS studies 

Variable mean ± SD all mean ± SD alcohol-abuse mean ± SD all non-alcohol-
abuse statistics

Age 41.18 ± 12.37 41.00 ± 11.02 41.26 ± 12.96
T = 0.3007 

df = 582.468 
p-value = 0.7637

Sample size 802(100%) 257(32%) 545(68%) /

Gender
Female=446(55.6%)

Male=354(44.2%)
Transgender=2(0.2%)

Female=120(46.7%)
Male=137(53.3%)

Transgender=0(0.0%)

Female=326(59.8%)
Male=217(39.8%)

Transgender=2(0.2%)

X-squared = 13.5534 df = 2 
p-value = 0.00114

YMRS > 11 manic episode 
frequency / times observed 0.16 ± 0.24 0.19 ± 0.26 0.14 ± 0.23

T = -2.3327
df = 445.442

p-value = 0.02011

MADRS > 19 episode 
frequency / times observed 0.31 ± 0.33 0.37 ± 0.34 0.28 ± 0.32

T = -3.4181
df = 474.914

p-value = 0.0006848
Ethnicity WhiteorCaucasian=802(100.0%) WhiteorCaucasian=257(100.0%) WhiteorCaucasian=545(100.0%) /

The table is a resumen of the clinical characteristics of the patients taken into account for the study.
YMRS=Young Mania Rating Scale
MADRS=Montgomery Asberg Depression Rating Scale
SD=Standard Deviation

Table 1: Sample under analysis.
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days from baseline manic relapses per time missing (%)* mean manic relapses per visit unit p t conf 1 conf 2
0 0.18 43.89 0.16 ± 0.24 0.18 -1.35 -0.09 0.02

30 0.18 8.98 0.16 ± 0.24 0.02 -2.27 -0.09 -0.01
60 0.18 2.87 0.16 ± 0.24 0.02 -2.33 -0.09 -0.01
90 0.18 2.49 0.16 ± 0.24 0.02 -2.33 -0.09 -0.01
120 0.18 1.62 0.16 ± 0.24 0.02 -2.41 -0.09 -0.01
150 0.17 1.37 0.16 ± 0.24 0.02 -2.39 -0.09 -0.01
180 0.17 1.37 0.16 ± 0.24 0.02 -2.39 -0.09 -0.01
210 0.17 0.75 0.16 ± 0.24 0.02 -2.34 -0.08 -0.01
240 0.17 0.5 0.16 ± 0.24 0.02 -2.27 -0.08 -0.01
270 0.17 0.37 0.16 ± 0.24 0.02 -2.29 -0.08 -0.01
300 0.17 0.12 0.16 ± 0.24 0.02 -2.32 -0.08 -0.01
330 0.17 0.12 0.16 ± 0.24 0.02 -2.32 -0.08 -0.01
360 0.18 0.12 0.16 ± 0.24 0.02 -2.32 -0.08 -0.01
390 0.18 0.12 0.16 ± 0.24 0.02 -2.32 -0.08 -0.01
420 0.18 0.12 0.16 ± 0.24 0.02 -2.32 -0.08 -0.01
450 0.18 0.12 0.16 ± 0.24 0.02 -2.32 -0.08 -0.01
480 0.18 0.12 0.16 ± 0.24 0.02 -2.32 -0.08 -0.01
510 0.18 0.12 0.16 ± 0.24 0.02 -2.32 -0.08 -0.01
540 0.18 0.12 0.16 ± 0.24 0.02 -2.32 -0.08 -0.01
570 0.18 0.12 0.16 ± 0.24 0.02 -2.32 -0.08 -0.01
600 0.18 0.12 0.16 ± 0.24 0.02 -2.32 -0.08 -0.01
630 0.18 0.12 0.16 ± 0.24 0.02 -2.32 -0.08 -0.01
660 0.18 0.12 0.16 ± 0.24 0.02 -2.32 -0.08 -0.01
690 0.18 0.12 0.16 ± 0.24 0.02 -2.32 -0.08 -0.01
720 0.18 0.12 0.16 ± 0.24 0.02 -2.32 -0.08 -0.01
750 0.17 0.12 0.16 ± 0.24 0.02 -2.32 -0.08 -0.01
780 0.17 0.12 0.16 ± 0.24 0.02 -2.32 -0.08 -0.01
810 0.17 0.12 0.16 ± 0.24 0.02 -2.32 -0.08 -0.01
840 0.17 0.12 0.16 ± 0.24 0.02 -2.32 -0.08 -0.01
870 0.17 0.12 0.16 ± 0.24 0.02 -2.32 -0.08 -0.01
900 0.17 0.12 0.16 ± 0.24 0.02 -2.32 -0.08 -0.01
930 0.17 0 0.16 ± 0.24 0.02 -2.33 -0.08 -0.01
960 0.17 0 0.16 ± 0.24 0.02 -2.33 -0.08 -0.01
990 0.17 0 0.16 ± 0.24 0.02 -2.33 -0.08 -0.01

1020 0.17 0 0.16 ± 0.24 0.02 -2.33 -0.08 -0.01
1050 0.17 0 0.16 ± 0.24 0.02 -2.33 -0.08 -0.01
1080 0.17 0 0.16 ± 0.24 0.02 -2.33 -0.08 -0.01
1110 0.17 0 0.16 ± 0.24 0.02 -2.33 -0.08 -0.01

The table shows the statistics of association between the analyzed phenotype of the patients (total number of severe manic relapses corrected for the total number of 
observation for each patient) and the number of manic relapses at specific timepoints (every 30 days from the beginning of the study) that is a more classical approach for 
these kind of studies but is related to a bigger number of missings (totally avoided with our phenotype) and clinical bias (e.g. more severe patients might have been seen 
more often compared to less severe ones.).

Table 2: Study of the correlation between the phenotype under analysis and the number of manic relapses at specific timepoints.

days from 
baseline

depressive phases per 
time missing (%)* mean depressive 

phases per visit unit p t conf 1 conf 2

0 0.54 43.64 0.31 ± 0.33 0.02 -2.35 -0.15 -0.01
30 0.58 8.48 0.31 ± 0.33 0.002 -3.03 -0.13 -0.03
60 0.58 2.74 0.31 ± 0.33 0.001 -3.13 -0.13 -0.03
90 0.58 2.37 0.31 ± 0.33 0.001 -3.22 -0.13 -0.03
120 0.59 1.5 0.31 ± 0.33 0.001 -3.17 -0.13 -0.03
150 0.59 1.25 0.31 ± 0.33 0.001 -3.28 -0.14 -0.03
180 0.59 1.12 0.31 ± 0.33 0.001 -3.26 -0.14 -0.03
210 0.58 0.75 0.31 ± 0.33 <0.001 -3.36 -0.14 -0.04
240 0.58 0.62 0.31 ± 0.33 <0.001 -3.34 -0.14 -0.04
270 0.58 0.5 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
300 0.58 0.25 0.31 ± 0.33 <0.001 -3.43 -0.14 -0.04
330 0.58 0.25 0.31 ± 0.33 <0.001 -3.43 -0.14 -0.04
360 0.58 0.25 0.31 ± 0.33 <0.001 -3.43 -0.14 -0.04
390 0.57 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
420 0.57 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
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of the last 10 years (from 1993 to January 2014). Table 4 reports the 
studies analyzed. Genes and their characteristics are reported in Table 
1, supplementary materials. We then enriched the gene subset and 
analyzed the pathway in which these genes play role using Cytoskape, 
Table 2, supplementary materials, reports the pathways characteristics 
and figure 1 shows the entire molecular network of our genes.

Imputation

Imputation was run for the genes under analysis. The CEU HapMap 

1000 genomes served for the analysis. From the original (not pruned) 
set of 3473 SNPs from the pathways under analysis we obtained 2208 
SNPs that passed the imputation quality control (info>0.9) and the 
pruning (r2>0.2). Pruning was undertaken after imputation. 

Statistical methods

Covariated linear regression was the statistical model for the 
analysis. Plink served for the analysis [22]. We analyzed the results 
organized as pathways comparing the distribution of the p values<0.05 

450 0.57 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
480 0.57 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
510 0.57 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
540 0.58 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
570 0.57 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
600 0.57 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
630 0.57 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
660 0.57 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
690 0.57 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
720 0.57 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
750 0.56 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
780 0.56 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
810 0.56 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
840 0.56 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
870 0.56 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
900 0.56 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
930 0.56 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
960 0.56 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
990 0.56 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
1020 0.56 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
1050 0.56 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
1080 0.56 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
1110 0.56 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
1140 0.55 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
1170 0.55 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
1200 0.55 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
1230 0.55 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
1260 0.55 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
1290 0.55 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
1320 0.55 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
1350 0.55 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
1380 0.55 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
1410 0.55 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
1440 0.55 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
1470 0.55 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
1500 0.55 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
1530 0.55 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
1560 0.55 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
1590 0.55 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
1620 0.55 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
1650 0.55 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
1680 0.55 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
1710 0.55 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
1740 0.55 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
1770 0.55 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
1800 0.55 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04
1830 0.55 0.12 0.31 ± 0.33 <0.001 -3.42 -0.14 -0.04

The table shows the statistics of association between the analyzed phenotype of the patients (total number of severe depressive phases corrected for the total number of 
observation for each patient) and the number of depressive phases at specific timepoints (every 30 days from the beginning of the study) that is a more classical approach 
for these kind of studies but is related to a bigger number of missings (totally avoided with our phenotype) and clinical bias (e.g. more severe patients might have been 
seen more often compared to less severe ones.).

Table 3: Study of the correlation between the phenotype under analysis and the number of depressive phases at specific time points.
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TITLE Kind of study Main result REFERENCE

1 The genetics of alcohol dependence. Review
Genes involved in GABAergic, endogenous opioid, dopaminergic, 

cholinergic, and serotonergic transmission are selected as best 
candidates for AD related genes

[35]

2
Genome-wide association study of alcohol 

dependence:significant findings in African- and 
European-Americans including novel risk loci.

GWAS
16,087 AD  subjects; ADH1B, ADH1C, ADH gene cluster, PDLIM5, 

METAP, rs1437396, between MTIF2 and CCDC88A may be associated 
with AD

[36]

3 Family-Based Association Analysis of Alcohol 
Dependence Criteria and Severity. GWAS 118 extended European American families (n = 2,322 individuals); 

NALCN, OR51L1 may be associated with AD [37]

4 Introduction to Deep Sequencing and Its Application to 
Drug Addiction Research with a Focus on Rare Variants. Review ALDH2 may be associated with AD [38]

5 A genome-wide association study of behavioral 
disinhibition. GWAS 7,188 Caucasian individuals clustered in 2,300 nuclear families; 

rs1868152 (intronic) associated with the use of illicit drugs [39]

6
Association, interaction, and replication analysis of genes 

encoding serotonin transporter and 5-HT3 receptor 
subunits A and B in alcohol dependence.

Candidate gene 500 AD and 280 healthy control individuals of European descent; 
SLC6A4-HTR3A-HTR3B interact in affecting AD [40]

7 Dosage transmission disequilibrium test (dTDT) for 
linkage and association detection. TDT Rs4903712 may affect AD behavior [41]

8
A meta-analysis of two genome-wide association studies 

to identify novel loci for maximum number of alcoholic 
drinks.

Meta-analysis 
of GWAS

two GWAS using maxdrinks as an excessive alcohol consumption 
phenotype: one in 118 extended families (N = 2,322) selected from 

COGA,, and the other in a case-control sample (N = 2,593) derived from 
SAGE.  Rs9523562 and  rs67666182 were associated with AD. LMO1, 
AUTS2, INADL, HIP1 and PLCL1 were associated with alcohol related 

phenotypes.

[42]

9
Common biological networks underlie genetic risk 
for alcoholism in African- and European-American 

populations.

GWAS re-
analysis

Chloride transporters and glycine metabolism genes are associated with 
AD [43]

10
Replication of genome wide association studies of 
alcohol dependence: support for association with 

variation in ADH1C.
GWAS 808 alcohol-dependent cases and 1,248 controls; ADH1C may be 

associated with AD [44]

11 Extended genetic effects of ADH cluster genes on the 
risk of alcohol dependence: from GWAS to replication. GWAS ADH1B may be associated with AD [45]

12
Multi-species data integration and gene ranking enrich 

significant results in an alcoholism genome-wide 
association study.

Mixed animal 
and GWAS 
in humans 
approach

COGA and SAGE samples; brain responses to ethanol and neural 
adaptations genes are involved in AD [46]

13
Using genetic information from candidate gene and 

genome-wide association studies in risk prediction for 
alcohol dependence.

GWAS COGA and SAGE samples [47]

14 Genome-wide association study identifies a potent locus 
associated with human opioid sensitivity. GWAS Family history was a better predictor of AD than genes [48]

15
A genome-wide association study of alcohol-dependence 

symptom counts in extended pedigrees identifies 
C15orf53.

GWAS Collaborative Study on the Genetics of Alcoholism  sample; C15orf53 
may be associated with AD [49]

16 TACR1 genotypes predict fMRI response to alcohol cues 
and level of alcohol dependence. Imaging study

326 individuals with alcohol use disorders; rs3771863, rs3755459, and 
rs1106855 (TACR1) predicted BOLD activation in response to alcohol 

cues
[50]

17 ANKRD7 and CYTL1 are novel risk genes for alcohol 
drinking behavior. GWAS

1972 Caucasians in 593 nuclear families, 761 unrelated Caucasian 
subjects, and 2955 unrelated Chinese Hans; ANKRD7, CYTL1 may be 

associated with AD
[51]

18 Genetic influences on craving for alcohol.
Candidate gene 

analysis and 
GWAS

a sample of unrelated adults ascertained for alcohol dependence 
(N=3976); DRD3, ITGADmay be associated with AD (craving) [52]

19
A novel, functional and replicable risk gene region 
for alcohol dependence identified by genome-wide 

association study.
GWAS

a discovery sample of 681 African-American (AA) cases with alcohol 
dependence and 508 AA controls were retested in a primary replication 
sample of 1,409 European-American (EA) cases and 1,518 EA controls; 

PHF3-PTP4A1 locus may be associated with AD

[53]

20 A haplotype analysis is consistent with the role of 
functional HTR1B variants in alcohol dependence. Candidate study 136 Brazilian alcoholics of European descendent and 237 controls; 

rs11568817 (HTR1B) may be associated with AD [54]

21 Genome-wide significant association between alcohol 
dependence and a variant in the ADH gene cluster. GWAS

1333 male in-patients with severe AD according to the Diagnostic and 
Statistical Manual of Mental Disorders, 4th edition, and 2168 controls; 

ADH1B, ADH1C may be associated with AD
[55]

22 Genome-wide association study of alcohol dependence 
implicates KIAA0040 on chromosome 1q. GWAS

4116 subjects (1409 European-American (EA) cases with AD, 1518 EA 
controls, 681 African-American (AA) cases, and 508 AA controls); TNN-

KIAA0040 may be associated with AD
[56]

23
A quantitative-trait genome-wide association study 
of alcoholism risk in the community: findings and 

implications.
GWAS 3393 Australians with genome-wide SNP data; ANKS1A and TMEM108 

may be associated with AD [57]

24
Genome-wide association study of theta band event-
related oscillations identifies serotonin receptor gene 

HTR7 influencing risk of alcohol dependence.
GWAS 1,064 unrelated individuals, ARID5A, HTR7 may be associated with 

event-related brain oscillations [59]
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25 Genome-wide association study of alcohol dependence 
implicates a region on chromosome 11. GWAS

Collaborative Study on the Genetics of Alcoholismsample; SLC22A18, 
PHLDA2, NAP1L4, SNORA54, CARS, and OSBPL5 may be associated 

with AD
[60]

26 A genomewide association study of nicotine and alcohol 
dependence in Australian and Dutch populations. GWAS

1224 cases and 1162 controls plus comorbid AD and ND, 599 cases and 
488 controls; ARHGAP10, MARK1, DDX6, KIAA1409 may be associated 

with AD or ND
[61]

27 Genome-wide association study of alcohol dependence GWAS

487 male inpatients with alcohol dependence, 1358 population-based 
control individuals; follow-up study included 1024 male inpatients and 
996 age-matched male controls. CDH13 and  ADH1C may be involved 

in AD

[62]

The table is a resumen of the studies analyzed to extract the initial subset of genes that showed a possible association with alcohol dependence phenotypes in last 10 years. 
AD: Alcohol-dependence; ND: Nicotine-dependence
COGA: Collaborative Study on the Genetics of Alcoholism (http://www.niaaa.nih.gov/research/major-initiatives/collaborative-studies-genetics-alcoholism-coga-study)
SAGE: Study of Addiction: Genes and Environment (http://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000092.v1.p1) 
Table 4: Studies analyzed. The GWAS studies were used to obtain the list of genes for prioritizing the molecular cascades to be analyzed. The other articles provided 
material for the background and discussion.

Entire molecular network of the 260 identified genes

Figure 1: Entire molecular network of the initial 260 genes identified as shown by Cytoscape. The figure graphically represents the molecular interactions amongst all 
the 260 genes identified as Cytoscape outputted them.

(of association with the phenotype under analysis) between each 
pathway subset of SNPs and an equal number of SNPs association p 
values randomly chosen from the genome. Fisher exact test was the 
statistical method for the analysis. We then permuted these p values 
randomly re-assigning the SNPs in the two groups 100000 times for 
each pathway. The resulting permuted p for each pathway is a strong 
association p calculated on the frequency that one of these random 
groups (with the same number of SNPs of the pathway) could reach 
a significance level equal or stronger than the pathway. Table 2 
supplementary materials reports the statistics of all the SNPs of all the 
pathways.

Results
Table 1 reports the characteristics of the sample under analysis. 

Briefly, as sociodemographic variables, gender but not age resulted 
to be correlated with alcohol dependence record (p = 0.001). We 
also found an impact of alcohol dependence on an higher frequency 
of severe manic (T=-2.3, p=0.02) and depressive (T=-3.4, p=0.0006) 
phases (Table 1). The molecular pathways associated with the number 
of manic and depressive records corrected for the times patients were 
assessed during the period of observation are reported in Table 5 and 

6. None of these pathways survived neither the Bonferroni nor the 
False Discovery Rate correction for multitesting. The sulfur amino 
acid metabolic process (GO:0000096) almost reached the threshold for 
significance (p<0.0003). Figure 2 reports the pathway representation. 

Discussion
Bipolar Disorder is a severe psychiatric disease that further 

worsens when it is associated with alcohol comorbidity [4]. Costs for 
society, patients and their relatives are impressive and chronic [10]. 
Pharmacological treatments are only partially effective also because 
the biological causes of both disorders and their connections are only 
partially known. In the present paper we investigated the genetic 
liability to depressive and manic records of BD patients with alcohol 
dependence in a sample of 802 bipolar patients. The STEP-BD was an 
open labeled study and patients were assessed according to the clinical 
choices. We then corrected the number of manic and depressive records 
for the times patients were assessed during the period of observation in 
order to correct the possible bias more severe patients being assessed 
more frequently compared to less severe patients. Sociodemographic 
variables entered the study as usual in this kind of investigation. 
Other Authors investigated this issue before [23] but with a smaller 
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Molecular 
pathway

Permutated 
p value

False discovery 
rate q value Activity

GO:0022838 0.001 0.18 Substrate-specific channel 
activity

GO:0005216 0.018 1 Ion channel activity

GO:0015837 0.029 1 Amine transport

GO:0007210 0.034 1 Serotonin receptor signaling 
pathway

GO:0015267 0.040 1 Channel activity

The table shows the results of the association between the pathways under 
analysis and the manic phenotype of our patients.

Table 5: Pathways associated with manic phases.

Molecular 
pathway

Permutated 
p value

False discovery 
rate q value Activity

GO:0000096 0.0007 0.10 Sulfur aminoacid metabolic 
process

GO:0019932 0.0053 0.40 Second-messenger-mediated 
signaling activity

GO:0016054 0.0085 0.43 Organic acid catabolic process

GO:0009069 0.0120 0.45 Serine family aminoacid 
process

GO:0045121 0.0153 0.46 glycolipid-enriched membrane 
domain

GO:0022834 0.0196 0.49 Ligand-gated channel activity

The table shows the results of the association between the pathways under 
analysis and the depressive phenotype of our patients.

Table 6: Pathways associated with depressive phases.

Sulfur aminoacid metabolic process pathway

Shared protein
domains

Shared protein
domains

Co-localization

Co-localization
Predicte

BHMT MTHFR

MTR

MUT
CBS

CTH

Figure 2: Sulfur aminoacid metabolic process pathway.
The figure graphically shows the genes involved in the Sulfur aminoacid 
metabolic process pathway that resulted to be the best associated with the 
depressive phenotype of our patients. The gray points represent the genes 
and the links between them are also shown, as Cytoscape represented them.

sample (n=278) and with a strict candidate gene approach. The limit 
of such approach is that it adds or detracts evidence from the theory 
it starts from, but it lacks in providing clues to new theories. This 
approach was reversed some years ago when the first platforms for the 
interrogation of the whole genome became available [24,25]. In the 
present paper we took advantage of the evidence gathered from this 
latter approach. Genes were selected starting from an atheoretical point 
of view (previous GWAS studies in literature) in order to maximize the 
chances to identify all the variations possibly associated with BD and 
alcohol dependence yet associated in literature. Moreover, the possible 
candidate genes associated with these disorders were further enriched 

taking advantage from the known metabolic cascades in which the first 
identified genes are embedded. This strategy is not without limits: 

1.	 Pathway analyses are based on the current knowledge on the 
genes, their products and their interaction. This knowledge is 
incomplete at its best. Known genes could code for unknown 
proteins. Unknown genes could be yet discovered. Thus, the 
findings reported in the present paper are to be considered 
preliminary.

2.	 Longer genes are more likely to harbour more variations 
associated with the phenotype under analysis compared with 
shorter genes. We tried to balance this possible caveat by 
selecting random pathways of the same exact length of the 
index pathway under analysis.

3.	 Genes contain regulatory, exonic and intronic variations. 
Variations may be in LD with each other. Moreover, epistatic 
control is also possible. This genetic scenario is difficult to be 
taken into account in a statistical algorithm. This is a true limit 
of our analysis.

4.	 A high number of statistical tests are needed to compare the 
high number of genes that are embedded in a molecular cascade. 
As a consequence, false positive findings are a true concern. 
We tried to overcome this possible caveat by permutation. 
Nevertheless, independent research is needed to confirm our 
results.

Another limit of this study is the absence of comparison between 
BD patients and healthy controls because authors investigated the STEP-
BD database that only includes bipolar patients. Moreover in STEP-BD 
database a record of alcohol dependence was available only referred to 
last 12 months and not life trough. Finally, our study does not take into 
account the epigentic mechanisms of control of genome including for 
example the methylation rates and the activity of iRNA. These molecular 
mechanisms may deeply impact on the genetic makeup, covering the 
effects of the genetic variations or stressing their role towards the final 
phenotype and metabolomic studies could help to clarify changes in 
the metabolic pathways related to the SNPs variations effect. Despite 
these are true concerns of our analysis, we had an interesting finding 
for a pathway related to the Sulfur aminoacid metabolic process 
(GO:0000096) that includes methionine, cysteine, homocysteine, and 
taurine. Variations in this pathway genes resulted to be associated with 
a higher number of severe depressive records during the period of 
observation for patients that showed a record of alcohol dependence 
in past. Methionine is among the most hydrophobic of the amino acids 
and it has antioxidant properties, a proposed mechanism for depression 
[26]. Moreover, its related compound the S-Adenosylmethionine is 
the methyl donor for the methylation process that also includes the 
DNA and RNA silencing process. Thus its role in controlling the cell 
life is pivotal. Vitamins are required for methionine metabolism, and 
methionine metabolism plays a crucial role in the cellular assimilation 
of folate. Intriguingly, a vitamine and folate deficiency is a typical finding 
during alcohol dependence, suggesting that the combination of alcohol 
misbehavior and the oxidative stress or the DNA deregulation that is 
caused by the alteration of the sulfur aminoacid balance may precipitate 
depression in bipolar patients. Cysteine is semi-essential amino 
acid has known has antioxidant properties, a proposed mechanism 
for depression [26], and it has been proposed as a preventative or 
antidote for some of the negative effects of alcohol, including liver 
damage and hangover [27]. This is of particular relevance and it is of 
particular consistency when investigating depressive phenotypes in 
BD patients with alcohol dependence. Consistently, it was shown in 
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animal models that blocking the cystein system results in a liability to 
exogenous stress [28], and epidemiological studies in humans would 
suggest that alcohol dependence is more frequent in subjects exposed 
to higher levels of stress, especially during childhood [29,30]. Thus, our 
result would suggest that a genetic liability in the Sulfur aminoacidic 
metabolic process would expose bipolar subjects to a higher sensitivity 
to stress and to a higher likelihood to treat it with alcohol dependence 
during the early stages. Of note this would result in a worse response 
to treatment in an open label environment. Taurine may play a role 
as well. It acts as an antioxidant and as an intracellular osmolyte, a 
membrane stabilizer, and a neurotransmitter [31]. In particular, it 
has been proposed that taurine may be involved in the mechanisms 
of action of valproic acid, a stronghold in the treatment of bipolar 
disorder [32]. Moreover, serine which is found in the same pathway 
as cysteine, is a potent agonist at the glycine site of the NMDA-type 
glutamate receptor, where glycine plays an inhibitory role. Glutamate is 
the main excitatory mediator of the central nervous system. It is then 
tempting to assume that an number of genetic variations located in this 
pathway able to disrupt its balance may interfere with the activation 
of some relevant neuronal networks. This may play a role in the 
pathological mood swings that characterize BD and may be triggered 
or worsened by the alcohol dependence. Finally, as shown in Table 5, we 
had some suggestive evidence that the control of mood in BD patients 
with alcohol dependence was driven by molecular pathways related 
to the permeability of membranes (GO:0022838 (substrate-specific 
channel activity), GO:0005216 (ion channel activity) and GO:0015267 
(channel activity )) and to the aminergic tone (GO:0015837 (amine 
transport) and GO:0007210 (serotonin receptor signaling pathway)). 
Intriguingly, this is also related to the pharmacodynamics of mood 
stabilizers and to the second-generation antipsychotics, which are 
commonly prescribed [33] to treat manic phases and associated with 
several adverse effects related with pathways in which these activities 
can play role [34]. In conclusion, despite the limitations of our study, 
we had a marginal finding that point at a molecular cascade worthy of 
further investigation by independent groups. The main finding of our 
study is that the inconsistency that is found in literature when a single 
phenotype is investigated by different groups of research that look for 
single genes or single variations can be better understood if complete 
molecular pathways are taken into consideration [63].
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