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Biology, Genetics,  
and Environment

Underlying Factors Influencing  
Alcohol Metabolism

C u r r e n t  R e v i e w sALCOHOL RESEARCH:

Gene variants encoding several of the alcohol-metabolizing enzymes, alcohol  
dehydrogenase (ADH) and aldehyde dehydrogenase (ALDH), are among the largest 
genetic associations with risk for alcohol dependence. Certain genetic variants (i.e., 
alleles)—particularly the ADH1B*2, ADH1B*3, ADH1C*1, and ALDH2*2 alleles—have 
been associated with lower rates of alcohol dependence. These alleles may lead to 
an accumulation of acetaldehyde during alcohol metabolism, which can result in 
heightened subjective and objective effects. The prevalence of these alleles differs 
among ethnic groups; ADH1B*2 is found frequently in northeast Asians and occa-
sionally Caucasians, ADH1B*3 is found predominantly in people of African ancestry, 
ADH1C*1 varies substantially across populations, and ALDH2*2 is found almost 
exclusively in northeast Asians. Differences in the prevalence of these alleles may 
account at least in part for ethnic differences in alcohol consumption and alcohol 
use disorder (AUD). However, these alleles do not act in isolation to influence the risk 
of AUD. For example, the gene effects of ALDH2*2 and ADH1B*2 seem to interact. 
Moreover, other factors have been found to influence the extent to which these alleles 
affect a person’s alcohol involvement, including developmental stage, individual char-
acteristics (e.g., ethnicity, antisocial behavior, and behavioral undercontrol), and envi-
ronmental factors (e.g., culture, religion, family environment, and childhood adversity). 

Key words: Alcohol dependence; alcohol use disorder (AUD); alcohol metabolism; 
alcohol-metabolizing enzymes; genetic factors; environmental factors; biological 
factors; gene variants; alcohol dehydrogenase (ADH); aldehyde dehydrogenase 
(ALDH); alleles; acetaldehyde; Asians; Caucasians; Africans; Asian-American; 
African-American
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Epidemiological studies have demon-
strated that drinking patterns and the 
prevalence of alcohol-related adverse 
consequences, including alcohol use 
disorder (AUD), differ substantially 
among racial/ethnic groups in the 
United States. For example, analyses 
comparing drinking patterns and  
their consequences among Whites, 
Blacks, Asians, and Hispanics found 
the following: Whites have the highest  
risk and Asians have the lowest risk  
of AUD among these ethnic groups; 
Hispanics have higher rates and Asians 
have lower rates of heavy drinking 

than do Whites; and Hispanics and 
Blacks are more likely to have health 
and social problems from drinking 
than are Whites and Asians (Chartier 
and Caetano 2010). Other studies 
have found subgroup differences within 
racial/ethnic groups for alcohol-related 
problems; for example, individuals of 
Korean ancestry have higher rates of 
AUD than those of Chinese ancestry 
(Helzer et al. 1990; Luczak et al. 2004).

These differences among racial/
ethnic/ancestry groups result from a 
variety of biological, genetic, and envi-
ronmental influences, some of which 

relate to the metabolism of alcohol  
and are explored in this article. Genes 
encoding several variants of alcohol- 
metabolizing enzymes are among the 
largest genetic associations with the 
risk for alcohol dependence (Li 2000). 
This article briefly reviews how alcohol 
is metabolized in the body and describes 
ethnic differences in some of the genes 
encoding the enzymes involved in 
alcohol metabolism, as well as the 
mechanism by which these genes are 
thought to give rise to differences in 
rates of alcohol dependence. The article 
also summarizes what is known about 
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potential individual and environmen-
tal influences that may moderate the 
effects of these gene variants. 

Alcohol Metabolism

The key enzymes involved in alcohol 
metabolism in the liver are alcohol 
dehydrogenase (ADH) and aldehyde 
dehydrogenase (ALDH). ADH medi-
ates (i.e., catalyzes) the oxidation of 
beverage alcohol (ethanol) into acetal-
dehyde. Acetaldehyde then is further 
metabolized by ALDH into acetate. 
These two reactions need to be properly 
coordinated in the body because accu-
mulation of acetaldehyde can lead  
to heightened responses as well as 
unpleasant reactions, such as flushing, 
nausea, vomiting, hypotension, and/or 
rapid heartbeat (i.e., tachycardia). 
Variant forms of several ADH and 
ALDH enzymes exist and are encoded 
by an individual’s genes. These vari-
ants (i.e., alleles) produce enzymes 
with different properties, resulting in 
potential differences in the rates with 

which alcohol or acetaldehyde are 
metabolized. As a result, these variants 
also may influence a person’s response 
to alcohol, drinking behavior, and 
consequent risk of developing an 
AUD. People possessing certain ADH 
or ALDH alleles have significantly 
lower rates of alcohol dependence. 
The following sections review four  
of the best-studied ADH and ALDH 
variants—ADH1B*2 (rs1229984), 
ADH1B*3 (rs2066702), ADH1C*1 
(rs698), and ALDH2*2 (rs671)—and 
their associations with a variety of 
alcohol-related factors or phenotypes. 
The table reports the allele frequencies 
of these genes in different populations.

ADH Variants
To date, seven different ADH genes—
ADH1A, ADH1B, ADH1C, ADH4, 
ADH5, ADH6, and ADH7—have 
been identified clustered together  
on the long arm of chromosome  
4 (Edenberg 2007). Of these, the 
ADH1A, ADH1B, and ADH1C genes 
encode the majority of the ADH 

enzymes that metabolize alcohol in 
the liver. Several genome-wide associa-
tion studies of alcohol dependence 
have found significant results in the 
region of chromosome 4q that 
includes the ADH gene cluster in a 
variety of ethnically diverse samples 
(e.g., Gelernter et al. 2014). The ADH 
gene with the largest effect size with 
alcohol dependence is ADH1B. 
Significant associations have been 
found for the ADH1B*2 allele and 
alcohol dependence in Asian popula-
tions (Li et al. 2012a; Luczak et  
al. 2006a), as well as in European  
and African-American populations 
(Bierut et al. 2012; Whitfield 1997, 
2002). Whitfield (2002) found that 
Europeans with one ADH1B*2 allele 
were about half as likely (odds ratio 
[OR] = 0.47) to be alcohol dependent 
as individuals without this genetic 
variant (ADH1B*1/*1 genotype). In a 
large meta-analysis of Asian, European, 
African, Hispanic, and Native- 
American samples, individuals with  
an ADH1B*2 allele overall were about 
half as likely to be alcohol dependent 

Table  Gene Frequencies of Specific Alleles of the Genes Encoding Alcohol Dehydrogenase (ADH) and Aldehyde Dehydrogenase (ALDH) in Different 
Ethnic Populations 

 Allele  rs Number   Frequency in Different Populations

ADH1B*2 rs1229984  A allele G allele
European 0.000–0.008 0.992–1.000
Asian 0.739–0.771 0.229–0.261
Sub-Saharan African 0.000 1.000
African American 0.000 1.000

ADH1B*3 rs2066702  C allele T allele
European 1.000 0.000
Asian 1.000 0.000
Sub-Saharan African 0.500–0.783 0.217–0.500
African American 0.733 0.267

ADH1C*1 rs698  C allele T allele
European 0.523–0.527 0.473–0.477
Asian  0.927–0.975 0.025–0.073
Sub-Saharan African 0.938–0.958 0.042–0.062
African American   0.800 0.200

ALDH2*2 rs671  C allele T allele
European 0.000 1.000
Asian  0.110–0.282 0.718–0.890
Sub-Saharan African  0.000 1.000
African American 0.000 1.000

SOURCE: dbSNP Database (www.ncbi.nlm.nih.gov/snp).
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as those without this genetic variant 
(OR = 0.49) (Li et al. 2012a). The 
protective association is also greater 
for individuals with two ADH1B*2 
alleles (Li et al. 2012a; Luczak et al. 
2006a). When subgroup analyses were 
conducted, the associations were larger 
in Asian populations (Li et al. 2012a). 
This is likely a result of the combined 
effects of the ADH1B*2 and 
ALDH2*2 alleles, as expanded upon 
below (Luczak et al. 2006a).

A second ADH1B gene variant, the 
ADH1B*3 allele, has been related to 
lower rates of alcohol dependence in 
many but not all association studies 
(Edenberg 2007; Edenberg et al. 
2006, 2010; Ehlers et al. 2001, 2007; 
Gizer et al. 2011; Luo et al. 2006; 
Wall et al. 1997a). Significant associa-
tions for the ADH1B*3 allele and 
alcohol dependence primarily have 
been found in individuals of African 
ancestry where this genetic variant is 
most prevalent (Edenberg et al. 2006; 
Luo et al. 2006). 

A variant of the ADH1C gene, the 
ADH1C*1 allele, also has been well 
studied with respect to alcohol depen-
dence, but the results have been 
inconsistent because of limited sample 
sizes, ethnic variation, and the close 
proximity of the ADH1B and ADH1C 
genes. Some studies showed that 
ADH1C*1 and ADH1B*2 are in link-
age disequilibrium, suggesting that 
associations of ADH1C*1 with alcohol 
dependence may be attributed to 
correlation with ADH1B*2 (Borras et 
al. 2000; Chen et al. 1999a; Osier et 
al. 1999). A large meta-analysis of 
Asian, European, African, and Native- 
American samples found that individ-
uals with an ADH1C*1 allele overall 
were about one-third as likely to be 
alcohol dependent as those without 
this genetic variant (OR = 0.66)  
and also demonstrated a larger effect 
(OR = 0.48) in Asian populations  
(Li et al. 2012b). Furthermore, linkage 
disequilibrium analyses located the 
ADH1C gene in a different haplotype 
block than the ADH1B gene, suggest-
ing the associations may be indepen-

dent of one another, even though the 
two genes are close together.

The proposed mechanism by which 
these ADH alleles lead to lower rates 
of alcohol dependence relate to differ-
ences in the characteristics of the 
enzymes that they ultimately encode. 
The ADH1B*2 and ADH1B*3 alleles 
are thought to encode enzymes that 
oxidize ethanol at an increased rate 
compared with enzymes encoded by 
the more common ADH1B*1 allele, 
resulting in faster acetaldehyde produc-
tion. Because this increased produc-
tion may lead to the accumulation of 
acetaldehyde and potentially more 
intense and/or unpleasant alcohol 
reactions (e.g., a flushing response), 
people carrying these alleles may be 
less likely to drink alcohol, particularly 
at high levels, and accordingly they 
also may be less likely to develop an 
AUD (Wall 2005; Wall et al. 2013). 
Similarly, the ADH1C*1 allele is 
thought to encode an enzyme that 
accelerates the conversion rate of  
alcohol into acetaldehyde relative to 
the ADH1C*2 allele and thus may 
lead to acetaldehyde buildup after 
alcohol consumption, thereby promot-
ing reduced alcohol consumption and 
ultimately protection against AUD  
(Li et al. 2012b). 

The findings assessing this proposed 
mechanism of action—that ADH1B 
and ADH1C variations reduce alcohol 
dependence risk through elevated 
acetaldehyde levels, heightened 
responses to alcohol, and reduced 
drinking—have been inconsistent. 
ADH1B*2, ADH1B*3, and ADH1C*1 
have not been associated with eleva-
tions in acetaldehyde, although acetal-
dehyde is difficult to measure in the 
low concentrations expected from 
these alleles. Many but not all studies 
have found that ADH1B*2 is associ-
ated with increased sensitivity to  
alcohol (i.e., increased flushing and 
associated symptoms; see Wall et al. 
2013 for review). The ADH1B*3 allele 
has been associated with a faster rate 
of alcohol elimination and a more 
intense response to alcohol in individ-

uals of African ancestry (McCarthy  
et al. 2010; Thomasson et al. 1995). 

ALDH Variants
The acetaldehyde generated by the 
ADH-mediated oxidation of ethanol 
is further oxidized by two main 
ALDH enzymes—ALDH1 and 
ALDH2—encoded by different genes. 
With regard to ALDH, the ALDH2*2 
allele has shown the largest association 
with alcohol dependence. A meta- 
analysis of studies of Asian samples 
(Luczak et al. 2006a) indicated that 
having one ALDH2*2 allele was asso-
ciated with a four- to fivefold reduc-
tion in alcohol dependence (OR = 
0.22), and having two ALDH2*2 
alleles was associated with an eight- to 
ninefold reduction in alcohol depen-
dence (OR = 0.12). This meta-analysis 
also examined the effect of ALDH2*2 
and ADH1B*2 alleles in combination 
on the risk for alcohol dependence 
(Luczak et al. 2006a). In ALDH2*1/*1 
individuals (i.e., ALDH2*1 homozy-
gotes), one ADH1B*2 allele was asso-
ciated with about one-fourth (OR = 
0.26) and two ADH1B*2 alleles were 
associated with about one-fifth (OR = 
0.20) the risk of alcohol dependence 
compared with individuals with no 
ADH1B*2 alleles. In ALDH2*1/*2 
individuals (people who carry one 
ALDH2*2 allele and one ALDH2*1 
allele; i.e., who are heterozygous), one 
ADH1B*2 allele was associated with 
about one-sixth (OR = 0.17) and two 
ADH1B*2 alleles were associated with 
about one-eleventh (OR = 0.09) the 
risk of alcohol dependence compared 
with individuals with no ADH1B*2 
alleles. These results suggest both 
ALDH2 and ADH1B each contribute 
unique protective effects on alcohol 
dependence, and the level of protec-
tion may be even stronger in conjunc-
tion than alone (i.e., a gene × gene 
interaction exists).

A similar mechanism of action has 
been proposed for how ALDH2*2 
results in lower rates of alcohol depen-
dence (Wall 2005; Wall et al. 2013). 
According to this model, ALDH2*2 
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encodes a deficient protein subunit 
that has low or no activity. As a result, 
acetaldehyde generated by the actions 
of ADH cannot be readily metabo-
lized and accumulates in the body. 
Consistent with this assumption, in 
vitro and in vivo studies have demon-
strated that compared with the 
enzyme activity generated in cells or 
organisms homozygous for ALDH2*1 
(i.e., ALDH2*1/*1 genotype), those 
who are heterozygous show only 12 to 
20 percent of the enzyme activity and 
elevated acetaldehyde levels, and those 
who are homozygous for ALDH2*2 
show no enzyme activity and even 
higher acetaldehyde levels (Bosron  
and Li 1986; Wall et al. 1997b). 
Consequently, people who are homo-
zygous for ALDH2*2 experience acet-
aldehyde buildup even after consuming 
only small amounts of alcohol. As a 
result, these individuals rarely consume 
large amounts of alcohol, and there 
are very few documented cases of 
people with this genotype having  
alcohol dependence (Chen et al. 
1999b; Luczak et al. 2004).

Because of the accumulation of 
acetaldehyde, people carrying the 
ALDH2*2 allele are thought to experi-
ence heightened responses to alcohol. 
This has been confirmed in self-report 
and alcohol-challenge studies. Thus, in 
self-report studies ALDH2*2 has been 
related to indicators of alcohol sensi-
tivity, such as alcohol-induced flushing 
and other symptoms (e.g., nausea, 
headaches, and palpitations). Similarly, 
numerous alcohol-challenge studies 
found that people who are heterozy-
gous for ALDH2*2 experience flushing 
as well as changes in pulse rate, hormone 
levels, psychomotor performance, and 
neurophysiological reactivity compared 
with people homozygous for ALDH2*1 
who had the same blood alcohol 
concentrations. People who are homo-
zygous for ALDH2*2 experience even 
more intense subjective and objective 
reactions to alcohol (see Wall et al. 
2013).

As a result of this heightened sensi-
tivity to alcohol, people with the 
ALDH2*2 allele may have lower posi-

tive and higher negative expectancies 
about alcohol’s effects. Alcohol expec-
tancies are thought to be mediators 
between the biological factors that 
determine the physiological conse-
quences of alcohol consumption and a 
person’s actual alcohol use. Thus, people 
who are highly sensitive to alcohol’s 
unpleasant effects because they carry 
the ALDH2*2 allele may be less likely 
to drink because they do not expect 
alcohol to have pleasant, reinforcing 
effects and instead may expect it to 
have unpleasant, aversive ones. Several 
studies examining the association 
between ALDH2*2 and alcohol expec-
tancies support this hypothesis. Two 
studies (McCarthy et al. 2000, 2001) 
found that ALDH2*2 was associated 
with reduced positive expectancies but 
was unrelated to negative expectancies. 
In another analysis (Hendershot et al. 
2009b), people with ALDH2*2 alleles 
reported greater negative expectancies 
and thought that alcohol had greater 
physiological effects than did people 
without the allele.

The greater sensitivity to alcohol 
and the resulting altered alcohol 
expectancies then are likely to lead to 
lower rates of drinking and of heavy 
drinking. Thus, several studies have 
found that people with one ALDH2*2 
allele showed lower quantity and 
frequency of alcohol use and engaged 
in less binge drinking than did people 
without this allele; the presence of two 
ALDH2*2 alleles exacerbated these 
effects (see Wall et al. 2013). Reduced 
consumption, in turn, leads to fewer 
alcohol-related adverse consequences, 
as indicated by lower scores on ques-
tionnaires measuring hazardous alcohol 
use and alcohol-related problems 
(Hendershot et al. 2009a, 2011). 
Similarly, hangovers and blackouts as 
consequences of heavy drinking also 
are inversely associated with ALDH2*2 
(Luczak et al. 2006b; Wall et al. 
2000). A longitudinal study found 
that ALDH2*2 changes the association 
between alcohol consumption and 
problems over time, with ALDH2*2 
group differences in alcohol-related 
problems fully accounted for by differ-

ences in frequency of binge drinking 
(Luczak et al. 2014). 

Similar to the results from meta- 
analyses showing that the ALDH2 and 
ADH1B genes may have an interactive 
effect on alcohol dependence (Luczak 
et al. 2006a), some self-report and 
alcohol-challenge data in Asians suggest 
that the effects of ADH1B*2 may  
be stronger in individuals with 
ALDH2*1/*2 genotype (e.g., Chen  
et al. 1999b; Cook et al. 2005; Luczak 
et al. 2006b; Takeshita et al. 1996, 
2001). For example, in one study of 
Asians who carried the ADH1B*2 
allele, a heightened sensitivity to alcohol 
was reported only if they also carried 
the ALDH2*2 allele, whereas no 
increase in sensitivity was reported by 
people carrying ADH1B*2 in combi-
nation with only ALDH2*1 alleles 
(Luczak et al. 2011). Similarly, an 
alcohol-challenge study only found an 
increased response to alcohol in people 
with ADH1B*2 who also were hetero-
zygous for ALDH2*2 (Cook et al. 
2005). These results suggest that the 
effects of ADH1B*2 may be felt more 
strongly in Asians who already have 
some heightened sensitivity to alcohol 
from possessing one ALDH2*2 allele, 
but additional research is needed to 
confirm these findings.

Ethnic Differences in 
Prevalence of ADH1B,  
ADH1C, and ALDH2 Alleles

Prevalence of ADH1B  
and ADH1C Alleles
The ADH1B*2 allele is found in 80 
percent or more of northeast Asians 
(i.e., Chinese, Japanese, and Koreans) 
and about 50 percent of Russians and 
Jews, but only in 10 percent or less of 
Caucasians of European ancestry 
(Goedde et al. 1992; Osier et al. 2002). 
However, within the large Asian 
ethnic group, variations in the preva-
lence of the ADH1B*2 allele exist 
among subpopulations (Eng et al. 2007).
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The ADH1B*3 allele is found 
predominantly in people of African 
ancestry (about 30 percent) and in 
much lower prevalence in certain 
Native Americans (i.e., Mission Indians), 
likely because of admixture (Bosron et 
al. 1983; Edenberg et al. 2006; Wall 
et al. 1997a, 2003). This allele rarely 
has been found in Asians and Whites.

The ADH1C*1 allele varies substan-
tially across different populations. It is 
highly prevalent in Asian and African 
groups (80 percent or more) and 
lower in Caucasians of European 
ancestry (about 50 percent) (Eng et  
al. 2007; Li et al. 2012b). 

Prevalence of ALDH2 Alleles
ALDH2*2 is found almost exclusively 
in northeastern Asian populations, 
albeit with varying prevalences among 
different Asian ethnicities (see Eng et 
al. 2007). For example, among Han 
Chinese, overall approximately 
one-third of individuals possess at least 
one ALDH2*2 allele, with different 
studies determining prevalence ranging 
from 20 to 47 percent of participants. 
In contrast, ALDH2*2 was much less 
commonly found among Chinese and 
Taiwanese natives. Studies of Japanese 
identified prevalence rates of 41 to  
52 percent for the ALDH2*2 allele, 
whereas analyses of Koreans found 
ALDH2*2 prevalence of 29 to 37 
percent. In other Asian ethnicities 
(e.g., Thais), the ALDH2*2 allele is 
much less common and is found only 
in 10 percent or less of individuals. In 
all cases, only a small proportion of 
the individuals were homozygous for 
this allele (about 5 percent); most were 
heterozygous (Eng et al. 2007). 

Moderators of the Effects  
of ADH1B*2 and ALDH2*2
Although the studies described above 
demonstrate that ADH1B and 
ALDH2 variants influence the risk of 
AUD, it also is clear these genes and 
their alleles do not act in isolation. 
The effects of the ADH1B*2 allele on 

a person’s risk of AUD also depend  
on the person’s ALDH2 genotype. 
Thus, Asians who carry the ALDH2*2 
allele show a greater protective effect 
(i.e., a lower risk of alcohol depen-
dence) from the ADH1B*2 allele than 
do people who only carry the func-
tional ALDH2*1 allele (Luczak et al. 
2006a). However, numerous addi-
tional factors may influence the extent 
to which ALDH2*2 and ADH1B*2 
affect a person’s risk of alcohol 
involvement and AUD. Even the 
design of the studies assessing the asso-
ciations between genotypes and AUD 
risk may influence the results. Thus, 
results from a meta-analysis study 
found that both the diagnostic system 
used in a study and the recruitment 
strategy used to identify study partici-
pants moderated the effects of 
ALDH2*2 on risk of alcohol depen-
dence (Luczak et al. 2006a). For 
example, studies that used the more 
stringent criteria of the International 
Code of Diseases, 10th Edition (ICD–
10) to establish an AUD diagnosis 
rather than the less stringent criteria  
of the Diagnostic and Statistical Manual 
of Mental Disorders, 3rd Edition, 
Revised (DSM–III–R) revealed a 
greater protective effect of ALDH2*2. 
Similarly, studies in which partici-
pants were recruited from treatment 
settings showed greater protective 
effects of ALDH2*2 than did studies 
involving recruitment of community 
samples, Thus, these findings demon-
strate the importance of methodologi-
cal issues that must be considered 
when examining the influence of 
moderators of gene effects. Only by 
accounting for these potential moder-
ators will researchers be able to further 
understand the influences of these 
alleles and their interactions with 
other variables on alcohol-related 
behaviors and the risk of AUD.
Other possible moderators of these 
gene effects include the following:
• Developmental stage; 
• Individual characteristics, such as 

ethnicity, antisocial behavior, and 
behavioral undercontrol; and

• Environmental factors, such as 
culture, religion, family environ-
ment, and childhood adversity.

These factors are discussed in the 
following sections. Because ALDH2*2 
has the largest effect on alcohol depen-
dence and because it is found almost 
exclusively in Asian populations, most 
of this discussion will focus on this 
gene and these ethnic groups.

Developmental Stage
The magnitude of ALDH2*2 effects 
on alcohol use phenotypes has been 
shown to change over the course of 
development. In particular, associa-
tions of ALDH2*2 with alcohol- 
related measures become stronger over 
the course of adolescence and young 
adulthood as alcohol use increases 
(Doran et al. 2007; Irons et al. 2007, 
2012; Luczak et al. 2014). These find-
ings are consistent with twin studies 
and studies of other candidate genes 
where genetic influences on alcohol 
phenotypes increase with age (Dick  
et al. 2006; Rose and Dick 2005). 

Furthermore, although ALDH2*2 
protects against the development of 
alcohol dependence, the protection 
is not complete. In the presence of 
alcohol dependence or at lower lev-
els of alcohol use, individuals with 
ALDH2*2 alleles are more vulnerable 
to alcohol-related pathologies—par-
ticularly head and neck cancers, but 
also liver disease, pancreatitis, and 
Alzheimer’s disease—consistent with  
a role of acetaldehyde in the pathogen-
esis of organ damage (Brennan et al. 
2004; Brooks et al. 2009; Hao et al. 
2011; Lewis and Smith 2005; Yang et 
al. 2010; Zhang et al. 2010; Zintzaras 
et al. 2006). Thus, the influence of 
ALDH2*2 seems to change over the 
course of drinking; that is, ALDH2*2 
is protective at one stage of alcohol use 
(i.e., progression to heavy drinking) 
but becomes a risk factor at another 
stage (i.e., progression to alcohol- 
related medical problems). Prospective 
studies are needed to determine how 
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gene effects may change over the  
lifespan.

Individual Characteristics

Ethnicity
A study comparing Korean Americans 
and Chinese Americans examined 
whether differences in the prevalence 
of the ALDH2*2 allele mediated 
ethnic differences in AUD and whether 
the effect of ALDH2*2 was moderated 
by ethnicity (Luczak et al. 2004). 
These analyses found that ALDH2*2 
was a significant mediator of protection 
against alcohol dependence across 
different ethnic groups. However, no 
significant interaction existed between 
ALDH2*2 and ethnicity. Another 
study, in contrast, found an interaction 
between ALDH2*2, ethnicity (i.e. 
Korean vs. Chinese), and alcohol 
dependence (Luczak et al. 2001). 
Chinese with an ALDH2*2 allele  
were about one-quarter as likely to be 
alcohol dependent as those without 
the allele, whereas among the Koreans 
those with ALDH2*2 were half as 
likely to be alcohol dependent. This 
finding suggests that ALDH2*2 may 
have a stronger protective effect in 
Chinese than in Koreans. However, 
additional studies are needed to further 
explore this issue to conclusively deter-
mine the interplay between ALDH2*2 
and ethnicity, as well as other factors 
that might underlie ethnic differences.

Antisocial Behavior
Antisocial behavior and conduct disor-
der (CD) consistently have been iden-
tified as risk factors for alcohol use  
and AUD (see Krueger et al. 2002; 
Waldman and Slutske 2000). In  
both genders, symptoms of antisocial 
behavior and CD precede alcohol- 
related problems (Disney et al. 1999; 
Slutske et al. 1998). The prevalence  
of antisocial behavior as indicated by  
a diagnosis of antisocial personality 
disorder (ASPD) and CD differs 
among men and women and also 

shows racial/ethnic differences. In all 
populations studied, the prevalence 
for these conditions is significantly 
higher among men than among women 
(e.g., Lee et al. 1990; Luczak et al. 
2004). Ethnic differences have been 
demonstrated particularly among 
Asian populations. For example,  
the rates of ASPD were substantially 
higher among South Koreans (1.6 
percent) (Lee et al. 1990) than among 
Taiwanese (0.1 to 0.2 percent) (Hwu 
et al. 1989). Similarly, the prevalence 
of CD was higher among Korean- 
American college students (29 percent 
of men and 2 percent of women)  
than among Chinese-American college 
students (9 percent of men and 2 
percent of women) (Luczak et al. 2004). 

Several studies have analyzed 
whether differences in prevalence of 
protective alleles of alcohol-metabolizing 
enzymes and ASPD/CD could account 
for differences in the prevalence of 
AUD in different populations. A  
study assessing the relationship between 
ALDH2*2, CD, and alcohol depen-
dence in Korean Americans and Chinese 
Americans found that although CD 
was a significant mediator of alcohol 
dependence, no significant interaction 
existed between CD and ALDH2*2. 
In other words, both ALDH2*2 and 
CD influenced the risk of alcohol 
dependence, but these effects were 
independent of each other (Luczak  
et al. 2004). Other studies, however, 
have suggested that ASPD might 
interact with ALDH2*2 to influence 
alcohol dependence. A study compar-
ing ALDH2 and ADH1B allele status 
in Taiwanese with and without ASPD 
and/or alcohol dependence found that 
ALDH2*2 showed reduced association 
with alcohol dependence in people 
with ASPD compared with people 
without ASPD. ADH1B*2 also no 
longer showed any association with 
alcohol dependence in antisocial  
alcoholics (Lu et al. 2005). Another 
study found that the prevalence of 
ASPD was higher in alcoholics with 
the ALDH2*2 allele than in alcoholics 
without this allele (Iwahashi 1995). 
These findings suggest that the protec-

tive effects of ALDH2*2 may be less 
strong in people with more antisocial 
behavior.

Behavioral Undercontrol
One of the personality traits known to 
predict alcohol and other drug use and 
abuse is behavioral undercontrol, a 
personality trait characterized by 
impulsivity, sensation seeking, and 
disinhibition (Sher et al. 2000). It also 
can explain, at least in part, the associa-
tion between CD and AUD discussed 
above—that is, people with behavioral 
undercontrol also are more likely to be 
diagnosed with CD (Slutske et al. 2002). 
Researchers have investigated whether 
the increase in AUD risk conferred by 
behavioral undercontrol interacts with 
the reduction in risk conferred by 
ALDH2*2. One study (Doran et al. 
2007) examined whether ALDH2 
status and the levels of behavioral 
undercontrol influenced the risk of 
binge drinking over a 2-week period 
in 18- to 29-year-old college students. 
The study found that, as expected, 
ALDH2*2 reduced the risk of binge 
drinking, whereas behavioral under-
control increased binge-drinking 
frequency. However, behavioral 
undercontrol did not seem to moderate 
the effects of ALDH2*2; instead, the 
effects of both factors were additive. 
This finding may be explained by the 
fact that behavioral undercontrol 
seems to act primarily at the level of 
alcohol use initiation (i.e., people with 
high levels of impulsivity and sensation 
seeking may be particularly likely to 
try alcohol and other drugs). In contrast, 
ALDH2*2 influences not alcohol  
use initiation but continued use (i.e., 
people with ALDH2*2 are less likely 
to continue using alcohol because they 
experience more intense effects). 

Environmental Factors

Culture
Cultural influences, such as societal 
beliefs regarding alcohol use, which 
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are shaped by traditions, religious 
beliefs, and other philosophies widely 
acknowledged within a society, also 
shape drinking behaviors. For exam-
ple, both Chinese and Korean cultures 
are influenced by Confucian philoso-
phy, which emphasizes drinking in 
moderation (Bond and Hwang 1986; 
Cheng 1980). In addition, however, 
in Korean culture it also is important, 
especially for men, to socialize and 
drink heavily, which may result in 
greater acceptance of heavy drinking 
and alcohol problems (Cho and 
Faulkner 1993; Higuchi et al. 1996; 
Park et al. 1998a,b). Such cultural  
differences may contribute to the 
observed higher prevalence of AUD  
in people of South Korean heritage 
compared with those of Chinese or 
Taiwanese heritage (Helzer et al. 1990; 
Luczak et al. 2004). However, as 
mentioned previously, differences  
in the prevalence of ALDH2*2 and 
ADH1B*2 between different Asian 
ethnic groups also may account for  
at least part of the difference in AUD 
prevalence.

Further support for the relationship 
between culture and drinking behavior 
comes from observations that changes 
in cultural influences over time also 
may be followed by changes in drinking 
behaviors. Such developments, which 
have been observed in several Asian 
countries, also may moderate the 
influence of biological protective 
factors such as ALDH2*2. For example, 
a Japanese study found that between 
1979 and 1992, when alcohol 
consumption became more culturally 
accepted and social pressure to drink 
increased, the proportion of Japanese 
patients who received treatment for 
alcohol dependence and carried the 
ALDH2*2 allele increased from 2.5 
percent to 13 percent, indicating that 
the protective effects of ALDH2*2 had 
declined (Higuchi et al. 1994). Along 
the same lines, increasing accultura-
tion of Asian Americans to American 
culture led to more heavy drinking 
and binge drinking (Hendershot et al. 
2005). However, the extent of this 
effect was influenced by ethnicity. 

Thus, greater levels of acculturation in 
the United States may increase binge- 
drinking risk among people of 
Chinese origin but not among those 
of Korean origin. 

Religion
Higher levels of religious behavior 
(e.g., commitment, affiliation, and 
service attendance, primarily with 
Christian religions) have been associ-
ated with lower alcohol use and 
related problems in the United States 
(e.g., Cochran et al. 1988; Midanik 
and Clark 1994; Wechsler et al. 
1998). Similar analyses have been 
conducted with Asian and Asian-
American populations, with different 
results depending on the population 
studied. Thus, whereas religious affilia-
tion and involvement, particularly 
with Protestant denominations, was 
related to lower rates of alcohol 
involvement among Korean Americans 
(Lubben et al. 1989), the findings 
were inconsistent for Chinese 
Americans (Chi et al. 1988, 1989). In 
another study, religious affiliation as 
measured by service attendance was 
related to lower rates of binge drinking 
in Koreans regardless of their religion; 
among Chinese, however, such a rela-
tionship was found only among those 
affiliated with Western religions 
(Luczak et al. 2003).

Because twin studies have identified 
gene–environment interactions of reli-
giosity with alcohol use behavior 
(Heath et al. 1999; Koopmans et al. 
1999), researchers also have investigated 
potential interactions with ALDH2*2 
status. These analyses found that reli-
giosity moderated the association  
of ALDH2*2 with binge drinking 
(Luczak et al. 2003). Specifically,  
religious service attendance was related 
to binge drinking only in people 
homozygous for ALDH2*1, but not  
in those with at least one ALDH2*2 
allele, suggesting that the protective 
effect of ALDH2*2 may be less strong 
in people with higher levels of religiosity.

Family Environment

Adoption studies can be especially 
informative for disentangling genetic 
influences from those of social envi-
ronment. In particular, studies of 
adoptees can help determine if effects 
may be due to genetic factors or 
modeling behavior in the adoptive 
family environment. A study of 
adopted adolescents and young adults 
of Asian descent found that the effect 
of ALDH2*2 was moderated by envi-
ronmental influences of parental  
alcohol use and misuse as well as 
sibling alcohol use. Specifically,  
high parental alcohol use and misuse 
reduced the protective effect of 
ALDH2*2 on alcohol phenotypes, 
whereas low parental alcohol use and 
misuse enhanced the effect of the allele 
(Irons et al. 2012). In a similar fash-
ion, sibling alcohol use also appeared 
to moderate the effect of ALDH2*2 
on an adoptee’s drinking behavior 
(Irons et al. 2007).

Childhood Adversity
Many but not all studies have shown 
that exposure to adverse events in 
childhood, such as sexual, emotional, 
and physical abuse, is a risk factor for 
developing an AUD in adulthood 
(Keyes et al. 2011). In a sample of 
Israeli adults with a relatively high 
prevalence of the ADH1B*2 allele (47 
percent either heterozygous or homo-
zygous), a history of childhood adversity 
moderated the influence of ADH1B*2 
on alcohol-related phenotypes (Meyers 
et al. 2015). There was a stronger 
effect of ADH1B*2 on AUD severity 
and the maximum number of drinks 
consumed in a day in individuals who 
had a history of childhood adversity 
compared with those who did not. 
Thus, ADH1B*2 seems to exert a 
stronger effect in individuals whose 
risk for drinking is increased by their 
childhood adversity, although longitu-
dinal studies are needed to confirm 
this finding.
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Conclusions

Variations in the alcohol-metabolizing 
enzymes ADH and ALDH and the 
genes encoding them are associated 
with alcohol-related behaviors and  
the risk of AUD. In particular, the 
ADH1B*2, ADH1B*3, ADH1C*1, 
and ALDH2*2 alleles have shown 
protective associations with alcohol 
dependence. The ADH1B*2, 
ADH1C*1, and ALDH2*2 alleles  
have high prevalence in Asian popula-
tions and the ADH1B*3 and 
ADH1C*1 alleles in African popula-
tions, which may contribute to the 
differences in AUD prevalence 
observed among larger racial groups 
(i.e., Whites, Blacks, and Asians). 
Moreover, the prevalence of these 
alleles varies among different Asian 
subpopulations and may account at 
least in part for the different rates of 
AUD among those populations. 

However, it also is clear that these 
alleles alone cannot explain all the 
differences in AUD prevalence between 
racial and ethnic groups; individual 
and environmental factors also play a 
role. In studies of Asian populations, 
some of these factors demonstrate 
additive effects to those imparted by 
ADH1B*2 and ALDH2*2. In other 
cases, however, these additional factors 
interact with and moderate the effects 
of these alleles. In addition, a gene–
gene moderating effect appears to exist 
between ADH1B*2 and ALDH2*2, 
such that among people of Asian descent 
the effects of ADH1B*2 may be larger 
in those who also carry ALDH2*2. 
Further exploration of the interactions 
between various genetic, individual, 
and environmental factors influencing 
drinking behavior and thus risk of 
AUD is necessary to fully understand 
how drinking behavior is shaped 
across developmental stages, which 
individual characteristics place people 
at risk for alcohol-related problems  
or AUD, when and where individuals 
are at most or least risk, and how 
preventive measures and interventions 
can reduce risk.
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Recent advances in brain imaging have allowed researchers to 
further study the networks connecting brain regions. Specifically, 
research examining the functioning of these networks in 
groups with a genetic predisposition for alcoholism has found 
atypical circuitry in the brains of such individuals. Further 
research with larger sample sizes and multimodal method  
integration are necessary to confirm these intriguing findings. 
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Advances in human neuroimaging have expanded our ability 
to understand the functioning of the brain, with particular 
recent advances fostering our analytic capacity to examine 
networks between the brain’s nerve cells (i.e., neurons) and 
neuroconnectivity (i.e., neural networks). Relevant to the 
field of alcoholism, several researchers recently have applied 
these strategies to groups at genetic risk for alcoholism, in 
hopes of identifying neurobiological, and specifically neuro-
connectivity, phenotypes underlying this risk. This article 
provides an overview of the methods used to study connectiv-
ity and highlights research detailing the application of these 
methods to studying populations at risk for alcoholism. 

Neuroconnectivity Methods

Task-Based Connectivity
With the aim of understanding network functioning in the 
brain, one analytic strategy has been to examine the correlations 

between activation in regionally disparate brain regions 
during functional magnetic resonance imaging (fMRI).1 To 
do this, investigators typically have correlated average signal 
change in two or more regions of interest (ROIs) during a 
task, with the assumption that higher correlations reflect 
greater connectivity between regions (i.e., they are simulta-
neously showing significant changes in neural activation). 
Although this approach is confounded by variations in the 
underlying baseline intrinsic connectivity of the brain, it has 
nonetheless been used to demonstrate evidence of altered 
neuroconnectivity patterns in specific populations, as 
detailed below.

Psychophysiological interactions (PPI) analysis is another 
functional connectivity method used to analyze the cou-
pling of neuronal activity between distinct brain regions 
while an individual is engaged in a task. This is different 
than other functional connectivity methods (e.g., resting- 
state functional connectivity) in that it allows one to assess 
the impact of task condition (or context) on the functional 
connectivity of two distinct brain regions. Friston and col-
leagues (1997) first described PPI as the statistical process-
ing (i.e., regression) of neuronal activity in one brain region 
(the target region) onto the neuronal activity in a second 
(seed) region, with the slope of this regression being indica-
tive of the relationship between the activity in these two 
regions. Comparing the slope of this regression during two 
distinct task conditions is the crux of PPI analysis. With 
PPI, seed regions can either be defined by functional subsets 
of data (i.e., masks) created in group-level analysis by selecting 
the volume elements (i.e., voxels)—three-dimensional ele-
ments that make up an image—that are most active during 
the task condition, or by a priori selection of a particular 
anatomical brain ROI (O’Reilly et al. 2012). The neural 
activity over time from this seed region is then multiplied 
by the regressor representing task-related activity and entered 
into the individual subject model to identify brain regions 
or voxels whose activity is synchronous with activity in the 
seed region. Recently, a more generalized form of PPI anal-
ysis allowed for the use of more than two task conditions in 
the same PPI model (McLaren et al. 2012). This is especially 
pertinent when analyzing tasks that have two or more dis-
tinct experimental conditions, as well as a control (baseline) 
condition in which no stimulus is occurring, typical of many 
fMRI tasks currently employed. This generalized form of 
PPI allows for better within-subject model fit and prevents 
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1 fMRI measures brain activity by detecting changes in blood oxygenation and flow in different areas 
of the brain.
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having to collapse data across multiple conditions. Further-
more, PPI also can be used to compare functional connec-
tivity between groups using group status, instead of context, 
as the regressor (O’Reilly et al. 2012) and could be useful 
for comparing groups with and without family history of 
alcoholism.

Connectivity Without Task Engagement
The functional connectivity of the brain also has been mea-
sured using resting-state functional connectivity (RSFC) 
during fMRI. With this technique, functional connectivity 
is measured by correlating blood-oxygen-level–dependent 
(BOLD) signal, an indirect measure of neuronal activity, 
across the brain in an individual who is resting. Regions of 
the brain are thought to be functionally connected if they 
share a temporally correlated neurophysiologic response. 
Spontaneous brain fluctuations persist across a variety of 
states, such as sleep or anesthesia, as well as in animal species 
(Kannurpatti et al. 2008; Kojima et al. 2009), suggesting 
that spontaneous BOLD correlations are an intrinsic prop-
erty of brain activity (Fox and Raichle 2007). RSFC has  
led to the identification of numerous sets of functionally 
connected brain regions, termed networks, including the 
default mode, fronto-parietal, dorsal attention, and ventral 
attention networks (Fox and Raichle 2007). These networks 
have been identified with a myriad of techniques, the most 
common of which, seed-based correlation analysis (SCA) 
and independent components analysis (ICA), are described 
below. Furthermore, analysis of complex networks using 
mathematical approaches (e.g., graph theory) provides insight 
into local and global properties of specific and whole-brain 
network organization (Rubinov and Sporns 2010). Such 
analysis can be useful for identifying differences between 
populations, such as those at risk for alcoholism and healthy 
control subjects.

SCA and ICA
SCA requires a priori selection of a voxel, cluster, or anatomical 
region, usually based on previous fMRI literature delineating 
relevant regions of activation or through anatomical delin-
eation. From this a priori selection, time series data are 
extracted and used as regressors in a linear correlation (or 
general linear model) analysis from which whole-brain,  
voxel-wise functional connectivity maps are derived that 
co-vary with the seed region (for more details see Cole et  
al. 2010). This approach shows networks of regions that  
are most strongly functionally connected with the seed 
voxel or ROI. Conversely, ICA is a data-driven method  
of analysis that uses whole-brain data to obtain spatially 
independent and additive components, while assuming  
statistical independence of non-Gaussian source signals. 
Networks identified with ICA are compatible with net-
works found using seed-based methods and typically 
include less artifactual effects from noise. Additionally,  

this method can be effective because it eliminates some 
inherent bias in selecting seed regions (Cole et al. 2010). 

Complex network analysis elucidates properties of neural 
networks beyond simple local correlations established 
through SCA and ICA. Complex network analysis origi-
nated from graph theory but is distinct because it deals with 
biological networks that are large and complex, like the 
brain. Nodes and links make up a complex network, which 
is neither random nor ordered. Nodes typically represent 
brain regions, whereas links can be represented by anatomical 
or functional connections. Nodes typically span the entirety 
of the cortex and do not overlap, whereas links can be 
unidirectional or bidirectional, or binary, or weighted and 
represent size, density, or coherence and magnitudes of 
correlations, or causal interactions in anatomical and functional 
networks, respectively. The relationships between nodes  
and edges, in turn, define the network’s topology, which is 
amenable to descriptive analyses that explore local and 
global aspects of a network’s organization (Sporns 2014). 
Node degree, clustering, and modularity are commonly 
applied measures.

Structural Connectivity
Neuroanatomic connectivity often is characterized with  
diffusion tensor imaging (DTI), which provides an indirect 
measure of white matter2 integrity, including myelination 
and axonal coherence3 (Hagmann et al. 2006). DTI assesses 
diffusion of water molecules in brain tissue. In white matter, 
water diffusion is restricted and preferentially diffuses along 
axonal bundles that make up white matter tracts. This 
restricted diffusion is called anisotropic. Conversely, diffusion 
of water molecules is isotropic, or less directionally restricted, 
in other tissues, such as gray matter, indicating more 
random diffusion. By measuring fractional anisotropy (FA) 
in the brain, which reflects the degree to which water diffu-
sion is constrained, researchers can draw inferences regard-
ing the underlying white matter microstructure. Because of 
limitations of DTI in accurately characterizing diffusion in 
regions with crossing fibers (e.g., regions of prefrontal white 
matter), researchers must cautiously interpret findings. 

Applications of Neuroconnectivity Analyses  
to Studies of Risk for Alcoholism

Family History of Alcoholism and Connectivity
One major risk factor for developing an alcohol use disorder 
(AUD) is having a family history of alcoholism (Lieb et  
al. 2002; Schuckit 1985). Neuroimaging research has iden-
tified various structural and functional brain differences 

2 White matter consists of axons surrounded by a protective fatty substance (i.e., myelin) that carry 
information between brain cells, or neurons, which make up the brain’s gray matter.

3 Axons are the nerve fibers that carry information between neurons. 

90| Vol. 37, No. 1 Alcohol Research: C u r r e n t  R e v i e w s



SPECIAL SECTION: Technologies for Translational Research

between youth with familial alcoholism and their peers 
using volumetric analyses, DTI, and task-based fMRI, 
which may suggest that there are neural markers of risk, 
even in the absence of heavy alcohol use (Cservenka and 
Nagel 2012; Cservenka et al. 2012; Herting et al. 2010; 
Mackiewicz Seghete et al. 2013; Schweinsburg et al. 2004; 
Silveri et al. 2011; Spadoni et al. 2013) and in samples with 
minimal abuse and dependence diagnoses (Hill et al. 2001, 
2007, 2011). The available neuroconnectivity tools have 
been critical for identifying atypical functional connections 
in at-risk youth, as described below. This avenue of MRI 
research holds promise for characterizing brain network 
coherence in studies of familial and genetic risk for alcohol-
ism and is valuable for the examination of connectivity 
characteristics that could predict future alcohol abuse. 
Assessing neuroconnectivity in those at risk for alcoholism 
who have not yet consumed alcohol heavily allows for the 
distinction between phenotypes related to risk for develop-
ing alcoholism and those that could be present as a result of 
alcohol-induced alterations in brain networks. This advan-
tage may allow future prevention strategies to target their 
efforts toward risk phenotypes that increase vulnerability for 
alcoholism, prior to initiation of heavy use.

Task-Based Connectivity
Task-based functional connectivity has been used in two 
studies of youth with family history of alcoholism to examine 
connectivity during working-memory tasks. In a substance- 
naïve sample of 12- to 14-year-olds, Wetherill and colleagues 
(2012) examined functional connectivity in working-memory– 
relevant brain regions, including the bilateral dorsolateral 
prefrontal cortex (DLPFC) and the posterior parietal cortex 
(PPC). The BOLD time series were correlated among these 
seed regions during participant performance of a 6-dot ver-
sion of the visual working-memory (VWM) task, in which 
youth had to identify whether dots were the same or differ-
ent colors after a delay. All fronto-parietal connections 
examined exhibited weaker synchrony in youth with a family 
history of alcoholism (FHP) compared with their peers, 
despite comparable task performance between the groups. 
Additionally, within the FHP group, there was a significant 
correlation between number of missed responses and func-
tional connectivity between the PPC and DLPFC. These 
findings suggest that even in the absence of alcohol or sub-
stance use, youth with familial alcoholism already exhibit 
similar deficits in functional connections in important  
executive functioning pathways as those seen in alcoholics 
(Schulte et al. 2012). 

Some hypotheses regarding familial risk for alcoholism 
propose that youth with a family history of AUD may be  
at greater risk for alcohol abuse as a result of a developmental 
delay (Corral et al. 2003; Hill et al. 2001). This hypothesis 
was tested in a functional connectivity study that examined 
spatial working-memory task connectivity between pre-
defined ROIs in FHP subjects and family history–negative 
(FHN) youth and compared these functional connectivity 

patterns to those of an older group of adolescents (Spadoni 
et al. 2013). Using structural equation modeling, the results 
showed that the FHP groups differed in connectivity in the 
right superior parietal lobule to left middle frontal gyrus 
pathway and that removal of this pathway from the model 
resulted in a much poorer fit for the FHP group than the 
FHN youth. These findings suggested that FHP youth  
differed from their peers in working-memory–related con-
nectivity and that the overall fit of the model for the func-
tional connections among working-memory–related brain 
regions more closely resembled older adolescents in the 
FHN sample. These two studies indicate that neural mark-
ers for alcoholism may be present during early adolescence 
when alcohol or substance use has not been initiated and 
that these patterns may represent a developmental delay in 
brain network maturity. It will be interesting for future studies 
to conduct graph theory analyses to examine specific metrics 
that may differentiate FHP and FHN adolescents in fronto- 
parietal executive functioning systems.

Alcoholics exhibit abnormalities in reward-related struc-
tures and atypical reward processing (Makris et al. 2008; 
Wrase et al. 2007), suggesting that incentive motivational 
systems may, in part, relate to the risk for alcohol abuse.  
A study of young adults used the monetary incentive delay 
(MID) task2 to examine functional connectivity of the ven-
tral striatum during incentive versus neutral trials in the 
MID task (Weiland et al. 2013). FHP young adults showed 
opposite patterns of connectivity from their peers, such that 
they exhibited positive functional connectivity between the 
ventral striatum and sensorimotor cortex, as well as default 
mode network regions, whereas FHN youth displayed  
negative functional connectivity between these regions. 
Additionally, positive functional connectivity between the 
ventral striatum and supplementary sensorimotor area 
(SSMA) in FHP youth was positively related to self-reported 
sensation seeking. A mediation analyses showed that the 
connectivity between the nucleus accumbens (NAcc) and 
SSMA mediated the significant association between sensation 
seeking and alcohol use in the FHP group. It is possible that 
increased connectivity between reward-related regions and 
regions involved in motor control could be maladaptive in 
at-risk youth. The authors proposed that this increased con-
nectivity may represent enhanced and atypical connections 
between regions involved in reward salience and those 
important for motor preparation and action. This, in turn, 
could potentiate actions that involve reward-related behav-
iors, such as alcohol use.

Fronto-cerebellar abnormalities, including atypical con-
nectivity between the frontal lobes and cerebellum, consis-
tently have been reported in alcoholics (Chanraud et al. 
2010; Desmond et al. 2003; Rogers et al. 2012; Sullivan  
et al. 2003). Because these studies often do not account for 
preexisting risk factors in adults with AUD, such as family 
history risk, Herting and colleagues (2011) examined 

4  In the monetary incentive delay task, participants respond within a time window and are potentially 
rewarded for the response depending on their reaction time.
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fronto-cerebellar integrity in FHP youth who had no expe-
rience with alcohol to examine whether preexisting atypical 
connectivity of these regions may be a premorbid neural 
risk feature. Seed-based connectivity of these regions was 
examined during a variety of fMRI tasks performed by par-
ticipants in the scanner, that were later averaged. The results 
from this study suggested weaker fronto-cerebellar connec-
tivity in FHP youth compared with their peers, indicating 
that previous findings reported in alcoholics may in part be 
attributed to preexisting risk for alcohol abuse. Additional 
work is necessary to examine how the integrity of these  
systems relates to behavioral correlates. This will further 
increase understanding of the specific deficits that may be 
associated with weaker integrity of these functional connec-
tions, which are likely associated with executive function-
ing, as such functions have been reported to be mediated  
by fronto-cerebellar systems (Diamond 2000). Importantly, 
some of the networks that show FHP-associated alterations 
in functional connectivity include brain regions where volu-
metric differences have been identified in FHP individuals, 
such as the cerebellum (Hill et al. 2007, 2011). This suggests 
that the underlying basis for altered BOLD synchrony 
between these regions may be related to premorbid anatomical 
differences in these structures. Additional work using multi-
modal integration of structure and functional connectivity 
methods is needed to better understand these relationships. 

Resting-State Functional Connectivity
Although more research on familial risk for alcoholism and 
brain connectivity has focused on functional connections 
present across task-related BOLD response, recent investi-
gations have examined the intrinsic functional connectivity 
of brain regions in FHP youth (see figure), specifically using 
seed-based resting-state connectivity methods. Brain regions 
and networks that play important roles in reward and emo-
tional processing (e.g., the NAcc and amygdala) often have 
been the focus of alcoholism research, as task-based neuro-
imaging studies suggest aberrant brain activity in these areas 
(Marinkovic et al. 2009; Wrase et al. 2007). Using anatom-
ically defined ROIs of the NAcc on a subject-specific basis, 
Cservenka and colleagues (2014a) found significant differ-
ences in the synchrony of both left and right NAcc with 
other regions of the brain in FHP youth compared with 
their peers. Specifically, differences were most pronounced 
in connectivity of the ventral striatum with regions of the 
frontal lobe. FHP youth had less negative connectivity (or 
less segregation) between the NAcc and cognitive control 
regions of the frontal cortex, including bilateral inferior 
frontal gyri, than their peers. The authors suggested that 
because reward and executive functioning networks are not 
as distinctly segregated in FHP youth, this may lead to mis-
communication between these regions. Furthermore, this 
study found that FHP youth had disrupted integration 
between the NAcc and orbitofrontal cortex (OFC), whereas 
these regions showed positive connectivity in FHN youth. 
The authors suggested that reward-related brain areas may 

be more weakly integrated in FHP youth, which may result 
in a dissociation between reward response in the brain (medi-
ated by NAcc) and determining the value of rewards (medi-
ated by OFC). Again, it is important to note that alterations 
in resting state synchrony between the NAcc and OFC may 
be related to underlying volumetric differences in these regions 
in FHP individuals. Disruptions in OFC laterality have been 
previously reported in at-risk youth/young adults (Hill et al. 
2009). Associations between functional connectivity and rela-
tionships with brain structure require further study.

Recently, another study used RSFC to examine intrinsic 
connectivity of the amygdala in FHP adolescents and found 
relationships between behavior in an emotion-cognition 
task and functional connectivity between the left amygdala 
and left superior frontal gyrus (SFG) (Cservenka et al. 
2014b). Weaker connectivity between amygdala and left 
SFG was associated with poorer impulse control in the con-
text of emotional stimuli in the FHP group. The authors 
believe that segregation of cognitive and emotional circuitry 
in at-risk youth may be a marker of weaker cognitive con-
trol in FHP adolescents when they are in emotionally laden 
situations. Because FHN youth displayed mostly positive 
synchrony between these regions, which was unrelated to 
task performance, these findings could indicate that once 
connectivity is established in these regions, it may no longer 
aberrantly affect behavior. Given discrepancies between 
children and adults reported in the typical patterns of posi-
tive and negative functional connectivity between the 
amygdala and the frontal lobe (Qin et al. 2012; Roy et al. 
2009), more work is needed to determine how the integrity 
of fronto-limbic circuitry is related to risk for alcoholism. 

Figure     FHP youth have significant differences in right amygdalar 
resting state functional connectivity patterns compared with 
FHN youth in frontal and cerebellar regions. This indicates 
atypical connectivity with executive functioning brain regions 
in at-risk adolescents compared with controls. RMFG = right 
middle frontal gyrus; RCER = right cerebellum.  

SOURCE: Cservenka et al. 2014b.
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Another finding from this study was an opposite pattern of 
functional connectivity between the amygdala and cerebel-
lum in FHP youth compared with the pattern observed in 
their FHN peers (both greater and reduced connectivity, 
depending on the side of the brain). These results are inter-
esting given previously reported weaker fronto-cerebellar 
connectivity in FHP youth (Herting et al. 2011), when 
BOLD signal was averaged across a variety of fMRI tasks. 
Not only may fronto-cerebellar connectivity be altered in 
FHP youth prior to heavy alcohol use, but connectivity  
of these regions with affect-related areas at rest also may  
be atypical. Interestingly, both reduced contralateral fronto- 
cerebellar and amygdalar-cerebellar connectivity was found 
across both studies (Cservenka et al. 2014b;  Herting et al. 
2011), which supports weaker interhemispheric connectivity 
between frontal and limbic brain regions with the cerebel-
lum in FHP youth compared with their peers. These find-
ings suggest that both top-down and bottom-up connections 
with the cerebellum show reduced synchrony across hemi-
spheres in at-risk individuals, a phenotype that merits fur-
ther exploration, especially given other reports of smaller 
amygdalar volumes in FHP youth (Hill et al. 2001, 2013b).

DTI
A number of DTI studies have identified white-matter 
pathways that are altered in high-risk youth and adults 
(Acheson et al. 2014; Herting et al. 2010; Hill et al. 2013a), 
suggesting that differences in functional connectivity may 
be related to atypical structural integrity of white matter  
in FHP individuals. The first study to do so examined 
white-matter integrity in alcohol-naïve FHP adolescents 
compared with age- and gender-matched FHN youth and 
found reduced FA in the superior and inferior longitudinal 
fasciculi, as well as the anterior superior corona radiata in 
FHP youth (Herting et al. 2010). Further, reduced FA 
mediated the relationship between familial alcoholism and 
reaction times on a delay-discounting task. Because many  
of these pathways are implicated in connections between  
brain regions involved in higher-order executive function-
ing (Seghete et al. 2013; Treit et al. 2013), the findings  
may reflect either a developmental delay in maturation  
of white matter, or more lasting deficits in white matter 
integrity in FHP individuals. Because executive functioning 
deficits have been observed in both alcoholics (Noel et al. 
2007; Verdejo-Garcia et al. 2006) and offspring of alcohol-
ics (Gierski et al. 2013; Harden and Pihl 1995; Nigg et al. 
2004), it is plausible that premorbid weaknesses in top-down 
cognitive functioning and associated neurocircuitry could 
increase risk for maladaptive decisions regarding alcohol use.

Another DTI study found risk by alcohol exposure effects 
related to reduced FA in some of the same white-matter 
pathways previously reported to be altered in FHP youth, 
including superior and inferior longitudinal fasciculi (Hill 
et al. 2013a). Because this study was conducted in adults,  
it is possible that developmental timing is a key factor in 
determining whether risk effects alone are observed and 

how alcohol exposure may further compromise these  
vulnerable pathways.

Additional support for lower FA in a variety of white- 
matter tracts in frontal and parietal regions was recently 
reported in a large sample of 80 FHP youth, who also had 
lower FA, compared with their peers in anterior, superior, 
and posterior corona radiata (Acheson et al. 2014), with  
the first two pathways exhibiting similar reductions in FA 
to previously reported findings (Herting et al. 2010). In 
some cases, studies that have found reduced fronto-parietal 
functional connectivity in FHP youth have not found 
reductions in white matter integrity in fronto-parietal  
pathways (Wetherill et al. 2012). The dissociation between 
functional and structural connectivity was interpreted as 
delays in synaptic transmission, rather than compromised 
myelination of white-matter pathways (Wetherill et al. 
2012). However, as a result of the small sample sizes,  
results need to be replicated.

Conclusions and Future Directions

As shown, several studies have used neuroconnectivity 
methods to identify atypical circuitry in the brains of those 
at familial risk for alcoholism, albeit generally with small 
sample sizes, which is a limitation of the available research. 
Overall, these studies have demonstrated abnormalities in 
connectivity between frontal regions with parietal, ventral 
striatal, cerebellar, and limbic regions of the brain in these 
populations, suggesting that these methods may be particu-
larly useful in uncovering neurobiological risk phenotypes. 
Larger sample sizes and multi-modal method integration 
are critical to confirm these intriguing findings. Although 
studies of family history risk for alcoholism have reported 
atypical functional connectivity using seed-based resting- 
state and task-based connectivity approaches, none have 
used graph theory to examine network characteristics of 
alcoholism-related risk, an analytic strategy which may 
prove particularly useful for increasing our understanding 
of the interactions between these networks. Given recent 
work documenting the amenability of brain functioning  
to change in response to treatment (Feldstein Ewing et al. 
2011), identification of neuroconnectivity treatment targets 
may substantially increase our capacity to intervene with 
at-risk populations in a neurobiologically targeted manner. 
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Epigenetics Glossary 

Adipogenesis: Process of cell differentiation by which fat
cells (i.e., adipocytes) are generated from precursor cells.

AMP/ATP ratio: Ratio of adenosine monophosphate
(AMP) to adenosine triphosphate (ATP) in the cell;
ATP supplies the energy needed for many biochemical
reactions; therefore, the AMP/ATP ratio reflects the
cell’s energy level.

Apoptosis: Series of biochemical reactions occurring 
in a cell whereby cells that are damaged or no longer
needed undergo a process of self-destruction; also
known as programmed cell death or cell suicide.

Astrocytes: Characteristic star-shaped glial cells in the
brain and spinal cord that support the endothelial cells
which form the blood–brain barrier, provide nutrients
to the nervous tissue, and play a principal role in the
repair and scarring process of the brain and spinal cord
following traumatic injuries.

Caloric restriction: A dietary regimen characterized 
by a low calorie intake while maintaining adequate
nutrition (i.e., sufficient levels of proteins, vitamins,
and minerals).

Cerebellum: Region of the brain that controls motor
function and plays a role in sensory perception.

Centromere: The central part of a chromosome where
the two “arms” of the chromosome are attached to 
each other.

Competitive inhibitor: Any molecule that can bind to 
a receptor or an enzyme and prevent binding of the
molecule that normally interacts with the receptor 
or enzyme, thereby inhibiting normal receptor or
enzyme function.

Electron transport chain: An electron transport system
located in the mitochondria, in which electrons released
by NADH are passed on to a series of other molecules
that first accept the electrons and then pass them on to
the next molecule in the chain. The electrons ultimately
are transferred to oxygen to generate water. These
successive reactions provide enough energy to drive 
the synthesis of ATP molecules.

Endoparasitic sequences: DNA sequences that are
repeated multiple times in the genome; a type of
transposable element. 

Endoplasmic reticulum: A system of folded membranes
in the cell that loop back and forth, spreading
throughout the cytoplasm and providing a large 
surface area for cell reactions.

Epigenome: Entirety of all epigenetic changes in a cell,
tissue, or organism.

Folate: Vitamin B9; is needed by the body to
synthesize, repair, and methylate DNA; alcohol
consumption can lead to folate deficiency.

Folate cycle: A series of biochemical reactions in which
one-carbon units (e.g., methyl groups) are transferred
from folate or, more specifically, its derivative
tetrahydrofolate, to other molecules.

Genotype: The complete genetic makeup of an individual
organism that is determined by the specific variants
(i.e., alleles) of each gene carried by the individual.
Differences in alleles among individuals account for the
differences in phenotype observed among those individuals. 

Glial cells: Cells that provide support and protection
for neurons.

Glutathione (GSh): An antioxidant molecule found
naturally in the body, composed of three amino acids
(i.e., glutamate, cysteine, and glycine).

heterozygous: Carrying two different variants (i.e.,
alleles) of a given gene.

hippocampus: Brain region shaped like a curved ridge
found within the cerebral hemisphere that functions in
consolidation of new memories; also thought to play a
role in alcohol withdrawal seizures.

homeostasis: The maintenance of a stable internal state
or condition (e.g., body temperature or blood pressure)
in a living organism. 

homozygous: Carrying two copies of the same variant
(i.e., allele) of a given gene.

hypoglycemia: Lower-than-normal blood sugar levels.
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Epigenetics Glossary continued

hypomethylation: Lower-than-normal levels of
epigenetic methylation of the DNA.

imprinting: A genetic phenomenon by which certain
genes are marked by biochemical modifications after
conception so that only the gene copy inherited from
one of the parents is expressed whereas the imprinted
gene copy is silenced; for example, for certain genes
only the copy inherited from the father will be
expressed.

Microglia: Type of glial cell that acts as the first and
main form of active immune defense in the central
nervous system.

Microsatellite: Highly variable DNA regions found
every few thousand nucleotides in the DNA that can
be used to determine from which parent or ancestor 
a specific DNA sequence has been inherited. Micro- 
satellites typically consist of short sequences of 1 to 6
nucleotides that can be repeated 10 to 100 times. Each
person or animal has a specific pattern of micro- 
satellites that can be used to determine inheritance
patterns.

Mitochondria: Structures within cells that generate 
most of the cells’ energy through the production of
adenosine triphosphate (ATP), a molecule that
provides the energy needed for many key metabolic
reactions.

Messenger RNA (mRNA): Key intermediary molecule
generated when a gene is expressed (i.e., when the
infor mation encoded in the gene is converted into a
protein product by the cell); mRNA levels for a gene
are used as an indicator of how “active” the gene is (i.e.,
how much of the protein is produced). 

Myelin: A white fatty material composed chiefly of
alternating layers of lipids and lipoproteins that
encloses the long extensions (i.e., axons) of myelinated
nerve fibers.

Nicotinamide adenine dinucleotide (NAD): NAD is a
molecule that binds with hydrogen atoms and becomes
reduced NAD (NADH), during alcohol metabolism
and other chemical reactions in the cell. NAD and
NADH move hydrogen atoms back and forth with
other molecules in the cell, thus helping to maintain
balance between oxidation and reduction in the cell.

NADh/NAD+ ratio: The ratio of reduced NAD to oxidized
NAD; changes in this ratio can promote or interfere
with certain biochemical reactions that require either
NAD+ or NADH as cofactors.

Neoplastic transformation: Process by which normal cells
are transformed into malignant tumor cells.

Non-coding RNA (ncRNA): RNA molecules that are not
used as a template to produce proteins.

oncogene: A gene that has the potential to cause cancer,
especially if it becomes mutated or expressed at high
levels.

one-carbon metabolism: Network of biochemical
reactions in which a chemical unit containing one
carbon atom (e.g., a methyl group) is transferred
through several steps from a donor to another
compound, such as DNA.

orthologue: Genes in different species that evolved from
a common ancestral gene by speciation. Normally,
orthologue genes retain the same function throughout
the course of evolution. 

oxidative stress: An imbalance between oxidants (e.g.,
reactive oxygen species [ROS]) and antioxidants (e.g.,
glutathione [GSH]) that can lead to excessive oxidation
and cell damage.

Phenotype: The observable structural or functional
characteristics of an individual organism that result
from the interaction of its genetic makeup (i.e.,
genotype) with environmental factors.

Polymorphism: The presence of two or more variants
(i.e., alleles) of a gene or other DNA sequence in a
population.
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Epigenetics Glossary continued

Promoter: A DNA segment located at the start of a
gene’s coding sequence that provides a binding site for
the enzymes that initiate the first step in the process of
gene expression (i.e., transcription).

quantitative trait locus (qTL): A DNA region that is
associated with a quantitative trait—a phenotype that
varies in the degree to which it is present (e.g., sensitivity
to alcohol or height) and which typically is determined
by more than one gene—and which may contain one
of the genes contributing to that trait.

Reactive oxygen species (RoS): Highly reactive oxygen–
containing free radicals that are generated during
oxidative metabolism. ROS can react with and damage
lipids, proteins, and DNA in cells, causing oxidative
stress. Common ROS include hydrogen peroxide,
superoxide radicals, and hydroxyl radicals.

Recombinant inbred strains: Sets of animal strains that
all are derived from the same two parental inbred
strains and which each carry a specific combination 
of the parental genes; within each RI strain all animals
are genetically identical.

Redox/Redox state: Shorthand for reduction/oxidation
reactions. The term redox state is often used to describe
the balance of NAD and NADH in a biological system
such as a cell or organ. An abnormal redox state can
develop in a variety of deleterious situations.

Retrotransposon: DNA segment that can duplicate itself
and thus multiply in the genome; during this process,
the original DNA sequence first copies itself into RNA
and then back into DNA, which is then incorporated
back into the genome; retrotransposons make up a
substantial portion of the genome.

RNA splicing: The removal of noncoding sequences 
(i.e., introns) from the sequence of an mRNA following
transcription to form an uninterrupted coding sequence.

S-adenosylmethionine (SAM): Compound that serves as
the principal donor of methyl groups for methylation
reactions.

Somatic mutation: Alterations of the DNA that occur
after conception in any of the cells of the body except
the germ cells and which therefore cannot be passed 
on to offspring.

Substrate: A molecule that is acted upon by an enzyme. 

Teratogenesis: The development of malformations or
defects in a developing embryo or fetus.

Transcription: Biochemical process in which an
intermediary molecule called messenger RNA is
generated based on the genetic information of the DNA.

Transcription factor: Protein regulating the transcription
of a gene; consists of at least two functional domains: 
a DNA-binding domain and an activating domain.

Transposable elements: A DNA segment that can
change its position within the genome; retrotransposons
are a type of transposable element.

Tricarboxylic acid (TCA) cycle: A series of biochemical
reactions that serve to generate energy from the
metabolism of acetyl-CoA, which in turn is derived
from the metabolism of sugars, fats, and proteins; also
called citric acid cycle.



Extensive clinical and experimental
data suggest that alcohol consump-
tion has dose-dependent modula-

tory effects on the immune system that
influence the two arms of the immune
response (i.e., innate and adaptive
immune responses). In many other
organ systems, such as the brain and
liver, alcohol consumption has been
shown to alter factors that can modify
gene expression without changing the
DNA code (i.e., epigenetic modula-
tors) and which play critical roles in
mediating alcohol’s effects. However,
very few studies have focused on the
effects of alcohol-mediated epigenetic
alterations on immunity. Because chronic

alcohol consumption is correlated with
an exacerbated state of chronic inflam-
mation (which is part of the innate
immune response), researchers can
apply knowledge of how epigenetic 
factors are dysregulated in inflamma-
tory and autoimmune disorders to
identify potential epigenetic targets
that can be used to develop therapies
for treating alcohol-abusing patients.
This review summarizes how inflam-
matory mediators and both innate and
adaptive immune responses are modu-
lated by moderate, binge, and chronic
alcohol consumption. The discussion
further identifies and highlights exciting

potential avenues to explore epigenetic
regulation of these immune responses.

Epigenetics: An overview

All cells within an organism carry iden-
tical genetic information in the form 
of DNA, yet a multitude of individual
cell types arises during the course of
development. These individualized 
cellular morphologies, characteristics,
and functions result from the unique
gene expression profiles of the different
cell types. Regulation of gene expres-
sion profiles is critical not only during
development, but also for cellular 

alcohol consumption alters factors that modify gene expression without changing the
dna code (i.e., epigenetic modulators) in many organ systems, including the immune
system. alcohol enhances the risk for developing several serious medical conditions
related to immune system dysfunction, including acute respiratory distress syndrome
(ards), liver cancer, and alcoholic liver disease (ald). Binge and chronic drinking also
render patients more susceptible to many infectious pathogens and advance the
progression of hiV infection by weakening both innate and adaptive immunity.
epigenetic mechanisms play a pivotal role in these processes. For example, alcohol-
induced epigenetic variations alter the developmental pathways of several types of
immune cells (e.g., granulocytes, macrophages, and T-lymphocytes) and through
these and other mechanisms promote exaggerated inflammatory responses. in
addition, epigenetic mechanisms may underlie alcohol’s ability to interfere with the
barrier functions of the gut and respiratory systems, which also contribute to the
heightened risk of infections. Better understanding of alcohol’s effects on these
epigenetic processes may help researchers identify new targets for the development of
novel medications to prevent or ameliorate alcohol’s detrimental effects on the
immune system. KEy WoRDS: Alcohol consumption; alcohol exposure; alcoholism;
chronic drinking; binge drinking; epigenetics; epigenetic mechanisms; epigenetic
targets; DNA code; immune system; immune cells; innate immunity; adaptive
immunity; infections; inflammation; gut; respiratory system; acute respiratory
syndrome (ARDS); liver cancer; alcoholic liver disease (ALD)
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proliferation, differentiation, environ-
mental adaptation, stress, and immune
responses throughout the individual’s
lifetime and is largely dependent on
epigenetic mechanisms. An epigenetic
trait is a stably heritable observable
characteristic (i.e., phenotype) that results
from changes in a chromosome with-
out alterations in the DNA sequence
(Berger et al. 2009). Epigenetic regula-
tion can involve a variety of chemical
modifications of the DNA (e.g., methy-
lation) and the histone proteins around
which the DNA is wrapped (e.g.,
methylation, acetylation, phosphorylation,
ubiquitinylation, ADP-ribosylation,
and sumoylation), as well as the actions
of small molecules called noncoding
microRNAs (miRNAs). Of these
mechanisms, higher-than-normal DNA
methylation (i.e., hypermethylation)
and miRNAs generally are correlated
with decreased protein production
through gene-silencing mechanisms
and posttranscriptional regulation
(Carthew and Sontheimer 2009). Age,
environment, and exposure to drugs
and other toxins (e.g., alcohol) can
directly influence the epigenetic profile
of the organism (Feil and Fraga 2012). 

It is well documented that alcohol
exposure prior to an injury or infection
dampens the immune system, resulting
in a range of adverse outcomes, such as
delaying infection clearance, extending
hospital stays, and increasing morbidity
and mortality compared with nonin-
toxicated patients (for a review, see
Messingham et al. 2002). This has led
to the development of the “two-hit
hypothesis,” where the first hit (i.e.,
alcohol exposure) exaggerates the
organism’s physiological responses to
the second hit (i.e., injury or infection).
Epigenetic memory may be a contribut-
ing factor in this process.

So how does the epigenetic memory
work? Throughout evolution, eukary-
otic cells have adapted so that a vast
amount of genetic material has become
organized and compacted into the nucleus
by forming a higher-order structure
known as chromatin. The basic building
block of chromatin is the nucleosome,
which comprises 147 base pairs of

DNA wrapped around a core of eight
small histone proteins. Nucleosomes
undergo dynamic relaxation and con-
densation in the nucleus, a process requir-
ing the activities of two sets of molecules:

• ATP-dependent chromatin remod-
eling complexes that physically
tighten or loosen histone–DNA
contacts; and

• Epigenetic modifying enzymes that
add or remove posttranslational
covalent modifications from the
tails of the histone proteins, thus
either allowing or preventing access
of nuclear factors to the DNA that
are needed for gene transcription. 

Also known as the histone code, 
the intricate combination of covalent
modifications on the histones directly
influences DNA–histone binding by
altering electrical charge and providing
a specific docking signal for recruitment
of chromatin-modifying complexes
and transcriptional machinery to either
block or promote active gene transcrip-
tion (Jenuwein and Allis 2001; Strahl
and Allis 2000). Some covalent modi-
fications are typically associated with
the same effect on transcription; for
example, histone acetylation generally is
associated with active gene transcription
(Turner 2000). The effects of histone
methylation are much more complex.
Thus, the degree of methylation (i.e.,
mono-, di-, or trimethylation); the 
particular histone protein, and, more
specifically, lysine residue(s) being
modified (e.g., H3K4,1 H3K9, H3K27,
H3K36, H3K79, or H4K20); and the
degree of chromatin condensation (i.e.,
condensed heterochromatin versus
relaxed euchromatin) all play a role.
Likewise, the part of the gene where
the DNA or histone modification
occurs (i.e., the genomic location)—
that is, whether it occurs in a pro-
moter, enhancer, or the gene body—
influences whether a gene will be

actively transcribed after lysine methy-
lation (Bannister and Kouzarides 2005;
Heintzman et al. 2007; Martin and
Zhang 2005).

Specific enzymes are responsible for
adding or removing acetyl or methyl
moieties from histone tails. Histone
acetyl transferases (HATs) and histone
deacetylases (HDACs) add and remove
acetyl groups, respectively. Similarly,
methylation is tightly regulated by
enzymes that add methyl groups to
(i.e., methyltransferases) or remove
methyl groups from (i.e., demethylases)
specific lysine residues (Shilatifard
2006). So far, 18 HDACs have been
identified and subdivided into four
classes. Classes I, II, and IV require
Zn2+ for enzymatic activity, whereas
class III HDACs, also known as sirtuins,
utilize a mechanism that requires the
cofactor nicotinamide adenine dinu-
cleotide (NAD+) (Shakespear et al. 2011).

Several approaches may potentially
be used to prevent or correct the epige-
netic effects of alcohol consumption,
such as alcohol-mediated immune
defects. For example, inhibition of
HDACs by molecular HDAC inhibitors
(HDACis), alteration of DNA methy-
lation on cytosine residues, or miRNA
modulation all represent branches of
possible therapeutic targets for restor-
ing immune defects caused by alcohol
exposure. These approaches will be 
discussed later in this review.

Epigenetics and Alcohol

Beverage alcohol (i.e., ethanol) is 
predominantly metabolized by the
enzymes alcohol dehydrogenase
(ADH), cytochrome p450 (CYP 450),
and aldehyde dehydrogenase (ALDH)
in the liver (Dey and Cederbaum
2006). This process produces oxidative
metabolites such as acetaldehyde,
acetate, acetyl-CoA, and reactive oxygen
species (ROS), as well as nonoxidative
products, such as phosphatidylethanol
(PEth) and fatty acid ethyl ester (FAEE)
(Best and Laposata 2003; Shukla and
Aroor 2006; Shukla et al. 2001). Many
of these products or metabolites can
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1 The standard nomenclature for histone modifications is to indicate
both the histone protein (e.g., histone 3) and the specific amino
acid affected. For example, in h3k4, the fourth lysine (abbreviated
as k) of histone 3 is affected by epigenetic modification. 
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induce tissue-specific epigenetic changes
(Choudhury and Shukla 2008; Shukla
and Aroor 2006). Ethanol exposure
leads to epigenetic alterations through
several mechanisms, including enhanc-
ing the enzymatic activity of HATs;
altering substrate availability for histone
acetylation, DNA, and histone methy-
lation; or by influencing miRNA pro-
duction. For example, studies found
the following:

• Ethanol exposure enhances the
activity of a HAT called p300 in 
the liver of rats fed a chronic ethanol
diet, which leads to heightened his-
tone acetylation (Bardag-Gorce et
al. 2007). 

• Elevated ROS levels resulting from
ethanol metabolism increase histone
H3 acetylation in liver cells (i.e.,
hepatocytes) (Choudhury et al. 2010).

• Chronic alcohol exposure can medi-
ate a shift in the ratio of reduced
NAD+ (NADH) to NAD+, and
this reduced redox state suppresses
the activity of the redox-sensitive
HDAC, SIRT1, thus augmenting
histone acetylation in rats (Bardag-
Gorce and French 2007; You et al.
2008). 

• Ethanol metabolism dramatically
increases production of acetyl-CoA,
which is used in histone acetylation
by HATs; consequently, ethanol
exposure and metabolism amplifies
the amount of substrate available
for histone acetylation (Yamashita
et al. 2001). 

• Ethanol exposure causes dysregu-
lated methionine metabolism,
resulting in diminished production
of a molecule called S-adenosylme-
thionine (SAMe), which serves as a
methyl-group donor for both DNA
and histone methylation (Lu and
Mato 2005; Mason and Choi 2005;
Shukla and Aroor 2006).

• Chronic ethanol exposure decreases
the levels of the antioxidant glu-

tathione, which serves as the pre-
dominant scavenger of ROS in the
liver (Choudhury and Park 2010;
Lu et al. 2000); this glutathione
reduction leads to both regionally
and globally reduced DNA methy-
lation (i.e., hypomethylation) (Lee
et al. 2004; Lertratanangkoon et al.
1997). 

• Chronic ethanol exposure in rats
leads to inhibition of a set of reactions
called the ubiquitin–proteasome
pathway, which helps eliminate
molecules that are defective or no
longer needed from the cell. This
inhibition of the ubiquitin–protea-
some pathway likely alters protein
turnover of transcription factors
and histone-modifying enzymes
and is associated with epigenetic
alteration at a specific lysine residue
(K9) of histone H3 (i.e. increased
H3K9-ac  and reduced H3K9-me2)
as well as DNA hypomethylation
(Oliva et al. 2009). 

• Acetylation of H3K9 also is associated
with increased ADH1 expression 
in cultured rat hepatocytes treated
with 100 mM ethanol for 24 hours,
suggesting that ethanol (and its
metabolites) may amplify ethanol
metabolism (Park et al. 2005).

Through the various mechanisms
discussed above, alcohol consumption can
lead to multifactorial, dose-dependent,
and tissue-specific epigenetic effects.
For example, cultured primary rat hep-
atocytes demonstrated a dose- and
time-dependent histone-acetylation
response to ethanol exposure. Thus,
cells treated with 5–100 mM ethanol
for 24 hours exhibited a maximal,
eightfold increase in H3K9-ac levels at
24 hours following treatment with the
highest ethanol concentration (Park et
al. 2003). Furthermore, histone acety-
lation seemed to be selective for the
H3K9 residue, because acetylation of
other H3 lysines (i.e., K14, K18, and
K23) was unaffected by ethanol expo-
sure (Park and Lim 2005; Park and
Miller 2003). Similar findings were

obtained in hepatic stellate cells (Kim
and Shukla 2005). Finally, another
study (Pal-Bhadra et al. 2007) found
that hepatocytes treated for 24 hours
with 50 mM and 100 mM ethanol
also exhibited altered histone methyla-
tion status, resulting in increased H3K4
dimethylation (H3K4-me2) and
decreased H3K9 dimethylation
(H3K9-me2). However, unlike histone
lysine acetylation, which was restored
to baseline levels 24 hours after ethanol
withdrawal in cultured hepatocytes,
changes in histone lysine methylation
status were not reversed and may pro-
vide a long-term epigenetic memory
(Pal-Bhadra et al. 2007). 

Ethanol metabolites, including
acetaldehyde and acetate, also could
cause H3K9-specific acetylation in rat
hepatocytes. Interestingly, the signaling
pathways activated by acetate and
ethanol seemed to modulate H3K9-
ac via different mechanisms. Thus, 
certain molecules (i.e., inhibitors of
enzymes known as mitogen-activated
protein kinases) prevented acetylation
by ethanol but had no effect on the
acetate-dependent formation of
H3K9-ac (Park and Lim 2005). In
addition to acetylation, ethanol and
acetaldehyde exposure also promotes
phosphorylation of histone H3 at serines
10 and 28 (Lee and Shukla 2007).
Whereas ethanol exposure lead to 
similar phosphorylation levels at both
serine 10 and serine 28, acetaldehyde
generated greater phosphorylation at
serine 28 than at serine 10 (Lee and
Shukla 2007). These studies indicate
that the complexity of ethanol-induced
epigenetic changes increases even further
when taking into account that ethanol
metabolites also trigger epigenetic
effects that may differ from those 
produced by ethanol exposure.

Rat models of acute/binge and
chronic alcohol exposure have been
utilized to examine the relationship
between epigenetic gene regulation
and alcohol exposure in vivo. In one 
of those models, a single dose of
ethanol diluted in sterile water result-
ing in a concentration of 6 grams
ethanol per kilogram bodyweight



(g/kg) was injected directly into the
stomachs of 8-week-old male Sprague-
Dawley rats. This high-dose binge-
alcohol exposure model was used to
compare H3K9 modification status
across 11 different tissues at 1, 3, and
12 hours following ethanol exposure
(Kim and Shukla 2006). The investi-
gators found that in the testes, this
alcohol exposure caused robust global
increases in H3K9-ac at 1 hour but
not at later time points. In contrast, in
the lung and spleen robust increases in
H3K9-ac were apparent at all three
time points. In the liver, no marked
elevation in H3K9-ac was observed at
early (i.e., 1- or 3-hour) time points,
but a profound elevation occurred at
12 hours. In addition, in the blood ves-
sels, pancreas, colorectum, stomach,
heart, brain, and kidney, no change in
H3K9-ac was observed at any time-
point tested. Finally, methylation of
H3K9 was not altered in any tissue
(Kim and Shukla 2006).

Other investigators evaluated changes
in gene expression levels after chronic
ethanol treatment using in vivo models.
One of these models is the Tsukamoto-
French rat model of alcoholic liver dis-
ease (Tsukamoto et al. 1985), in which
male Wistar rats were fed a liquid diet
containing a constant amount of alcohol
(13 g/kg/day) for 30 days using an
intragastric feeding tube. This treat-
ment, which resulted in a 6- to 10-day
cyclic pattern of urinary alcohol level
(UAL) peaks (about 500 mg%) and
troughs (about 100 mg%) (Bardag-
Gorce and French 2002), allowed the
investigators to compare gene expres-
sion profiles at high and low blood
alcohol levels (BALs) by microarray
analyses. These analyses identified dra-
matic changes in gene expression levels
in the livers of the alcohol-treated rats.
Overall, approximately 1,300 genes
were dysregulated between BAL cycles
(French et al. 2005), prompting addi-
tional studies aimed at elucidating the
epigenetic contribution of alcohol-
mediated transcriptional dysregulation
in the liver and other tissues (Bardag-
Gorce and French 2007; Kim and
Shukla 2006; Park and Lim 2005).

Furthermore, UAL peaks were associ-
ated with increased levels of the HAT,
p300, which specifically transfers acetyl
groups to H3K9 residues. This finding
at least partially explains the selective
H3K9 acetylation observed both in
vitro and in vivo in correlation with
ethanol exposure (Bardag-Gorce and
French 2007). Finally, studies assessing
the effects of changes in epigenetic
mechanisms resulting from inhibition
of the ubiquitin–proteasome pathway
(using a drug called PS-341) or from
chronic ethanol exposure in rats using
the Tsukamoto-French model found
increases in H3K9-ac levels, decreases
in H3K9-me2 levels, and increased p300
levels in liver nuclear extracts (Oliva
and Dedes 2009). These findings suggest

that chronic ethanol exposure alters
transcriptional regulation of a plethora
of genes through many mechanisms
that affect epigenetic modulators.

In summary, both acute/binge and
chronic alcohol exposure can result in
tissue- and cell-specific patterns of epi-
genetic responses. Future studies to
determine the precise role of alcohol-
mediated chromatin modifications
hopefully will identify new epigenetic
targets and pathophysiological mecha-
nisms for regulating gene expression 
in diseases associated with alcohol con-
sumption. The factors contributing to
altered epigenetic modifications arising
from acute versus chronic alcohol
exposure may differ, because chronic
alcohol exposure has been strongly cor-
related with nutrient deficiencies and 
a shift in the redox state. This implies
that potential therapeutic interventions
targeting epigenetic modifiers may

need to differ depending on the degree
of alcohol consumption. Furthermore,
understanding the role of nutrients in
regulating epigenetic modifications will
provide insight into potential dietary
supplementation in chronic alcohol-
abusing patients.

Alcohol and the immune System

A recent report from the Centers for
Disease Control and Prevention (CDC)
stated that alcohol abuse in the form of
binge drinking (defined by the CDC
as four or more drinks for women and
five or more drinks for men in a short
period of time) is the third-leading pre-
ventable cause of death in the United
States, resulting in more than 80,000
deaths each year and enormous eco-
nomic costs (i.e., more than $220
billion in 2006) (CDC 2012). A sig-
nificant, positive correlation exists
between the duration and amount 
of alcohol consumed and the risk for
developing several serious medical 
conditions, including acute respiratory
distress syndrome (ARDS) (Boe et al.
2009; Moss et al. 1999); liver cancer
(i.e., hepatocellular carcinoma) (McKillop
and Schrum 2009; Yamauchi et al.
1993); and alcoholic liver disease (ALD),
which encompasses cirrhosis, hepatitis,
and fibrosis (Gramenzi et al. 2006;
Mann et al. 2003). Binge and chronic
consumption (defined as more than
eight drinks per day) renders patients
more susceptible to various types of
infection, such as hepatitis C virus
infection in the liver and opportunistic
infections in the respiratory system
(e.g., ARDS and pneumonia), and
advances the progression of HIV infec-
tion, largely through dysregulated
immune responses (Baliunas et al. 2010;
Bhatty et al. 2011; Prakash et al. 2002;
Romeo et al. 2007b; Zhang et al.
2008) (figure 1).

The mammalian immune system is
an elaborate network of molecules and
cells that identify, combat, and elimi-
nate harmful agents; it can be divided
into two branches: innate and adaptive
immunity. The innate immunity is
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present from birth, whereas the adaptive
immunity develops over the organism’s
life course with the continuous expo-
sure to pathogens and other potentially
harmful compounds. 

The Innate Immune Response
Following pathogen or toxin exposure,
the ancient innate immune response is
responsible for immediate recognition,
rapid attack, and destruction of foreign
intruders and involves inflammatory

reactions. Innate immune cells carry
special molecules called Toll-like receptors
(TLRs) on their surface that recognize
and bind highly conserved structures
on bacterial, fungal, or viral surfaces,
including peptidoglycan, flagellin,
zymosan, and lipopolysaccharide (LPS,
also known as endotoxin) (Janeway
and Medzhitov 2002). The innate- 
immune cells also activate the adaptive
immune response by digesting the 
foreign intruders and then presenting
certain molecules derived from these

pathogens (i.e., antigens) on their sur-
face for recognition by adaptive immune
cells. This antigen presentation, which
initiates the adaptive immune response
and provides a “memory” of the initial
recognition of the antigen, allows for a
rapid immune response if the same
infection occurs again in the future.

An important subset of innate immune
cells are macrophages; they eliminate
pathogens by a process called phagocytosis2

and then present pathogen-derived
molecules on their surface to activate

Figure 1 Chronic alcohol exposure causes immune dysfunction through effects on multiple organs. In the lungs, excessive inflammation causes 
tissue damage, increasing barrier permeability, and dampening many cellular immune responses, such as recognizing bacteria (through
toll-like receptors [TLRs]), attacking pathogens (through phagocytosis), decreasing production of granulocytes (i.e., granulocytopenia) 
as well as their migration (i.e., chemotaxis), and altering important signaling and recruiting molecules (e.g., GM-CSF and chemokines). 
In the spleen, alcohol consumption affects immunity by decreasing T- and B-lymphocyte production. In the stomach, alcohol decreases
gastric acid levels, allowing live bacteria to pass into the small intestine. Combined with decreased gastrointestinal motility, a byproduct
of alcohol metabolism (i.e., acetaldehyde) increases intestinal barrier permeability by weakening cell–cell junctions, and allows bacterial
toxins (i.e., lipopolysaccharide [LPS]) to pass into the bloodstream. LPS damages the liver, leading to excessive release of pro-inflamma-
tory cytokines, leukotrienes, and ROS into the circulation. In addition, alcohol in the liver can alter macrophage (Kupffer cell) polarization
and decrease phagocytosis.

Chronic Alcohol Decreases Host Immune Defense by Affecting Many Organs



adaptive immune cells. Macrophages
can have alternate names based on
their anatomical location; for example,
macrophages residing in the liver are
called Kupffer cells. Furthermore, macro -
phages can be subdivided into two groups
based on their functional phenotype
(Martinez et al. 2008) (see table 1):

• Classically activated (M1)
macrophages, whose activation
results in a proinflammatory
response.

• Alternatively activated (M2)
macrophages, whose activation results
in an anti-inflammatory response.

After challenge to the immune system
occurs (e.g., an infection), macrophages
are generated by the maturation of 
precursor cells called monocytes. During
this process, the macrophages can
become either M1 or M2 macrophages;
this is called macrophage polarization.
The ratio of M1 to M2 macrophages
changes depending on the presence 
of a variety of factors; this variability is

known as macrophage plasticity and
allows the organism to modulate the
immune response. Accordingly, con-
trolling macrophage plasticity is critical
to first battle pathogens and then resolve
the resulting inflammation to prevent
tissue damage. Alcohol exposure skews
macrophage polarization towards M1
(i.e., towards inflammation) in the
liver (Louvet et al. 2011; Mandal et al.
2011), resulting in deleterious conse-
quences (figure 2).

Dendritic cells (DCs) are an additional
component of the innate immune
response. They have an important role
in linking the innate and adaptive
branches of the immune system. To
this end, the DCs exhibit proteins called
major histocompatibility complex
(MHCs) on their surface. With the MHC
proteins, DCs present antigens to other
cells that are part of the adaptive immune
system—that is, B and T lymphocytes
(also known as B and T-cells). DCs
mature following stimulation by whole
bacteria or LPS or after exposure to vari-
ous signaling molecules, such as inter-
leukin 1β (IL-1β), granulocyte macrophage

colony–stimulating factor (GM-CSF),
and tumor necrosis factor-α (TNFα)
(Winzler et al. 1997). The mature DCs
migrate to lymphoid organs to prime
and activate naïve T-cells (Lee and Iwasaki
2007). Activated T-cells then complete
the immune response by producing and
releasing specific signaling molecules
(i.e., cytokines) that will stimulate other
innate immune cells or interact with 
B-cells, leading to the development of
immune molecules (i.e., antibodies).
Mature DCs also secrete high levels of
IL-12 (Reis e Sousa et al. 1997), enhanc-
ing both innate and adaptive immune
responses (summarized in table 2).

Alcohol consumption has a variety
of effects on innate immune cells. For
example, alcohol decreases the phago-
cytic activity of monocytes, macrophages,
Kupffer cells, microglia, and DCs and
diminishes their capacity to present
antigens and produce the molecules
necessary for microbe killing. In addi-
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Table 1 Macrophages, alcohol, and Potential epigenetic Targets

Subtype Factors Contributing 
to Activation1

Major Roles 
Following Activation1

Defects Caused by 
Chronic Alcohol 2

Potential Epigenetic 
Targets

Macrophages M1 (Classical) iFnγ Microbes engulf necrotic cells, toxic 
substances, and pathogens
↑ pro-inflammatory cytokines 
and reactive oxygen species 
(ros) for direct pathogen 
killing and recruitment of other 
immune cells

leads to predominant M1
polarization3

kupffer cells sensitized to
endotoxin stimulation3,4

↑ Pro-inflammatory cytokines
↓ Phagocytic activity5

↓ Capacity to present 
antigen6

mir-155 promotes M2
polarization7

histone lysine
demethylase, Jmjd3,
promotes transcription
of M2-specific genes8,9

M2 (alternative) Parasites
Cytokines 
released by Th2,
nk, basophils

↑anti-inflammatory
cytokines
Promote angiogenesis
Promote wound healing

Macrophage polarization 
skewed towards M1
phenotype3

2 during phagocytosis, the macrophage engulfs the foreign
pathogen, thus ingesting it into the cell, where it is degraded 
and eliminated.

1 2 3 4 5 6 7sourCes: gordon and Taylor, 2005 , goral et al., 2008 , Thakur et al., 2007, Mandrekar and szabo, 2009, karavitis and kovacs, 2011, szabo et al., 1993, ruggiero et al., 2009, 
8 9de santa et al., 2007, satoh et al., 2010.
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tion, alcohol alters expression of other
proteins (i.e., pathogen pattern recog-
nition receptors) on their cell surface
that are required for cell–cell interac-
tions among immune cells (for reviews,
see (Goral et al. 2008; Karavitis and
Kovacs 2011; Romeo and Warnberg
2007b). Furthermore, the levels of a
type of immune cell called granulocytes
often are very low in alcoholics with
severe bacterial infections, which has
been strongly correlated with increased
mortality (Perlino and Rimland 1985).
Finally, rodent models have demon-
strated that following infection, alcohol
significantly decreased both phagocytic
activity and production of the signaling
molecule granulocyte colony-stimulating
factor (G-CSF) in a TNFα-dependent
manner (Bagby et al. 1998) as well as

blocked differentiation or maturation
of granulocytes (i.e., granulopoiesis)
(Zhang et al. 2009).

The Adaptive Immune Response
B-cells, T-cells, and antigen-presenting
cells (APCs) are key players of the
adaptive immune response. Like DCs,
APCs present antigen to B and T-cells
that have not yet been activated (i.e.,
naïve B and T-cells), contributing to
their maturation and differentiation.
Naïve T-cells are classified based on
expression of specific proteins on their
surface called cluster of differentiation
(CD) proteins. Two of those proteins
important in distinguishing different 
T-cell populations are CD4 and CD8.
T-cells carrying the CD8 protein (i.e.,

CD8+ cells) ultimately gain the ability
to recognize and kill pathogens (i.e.,
become cytolytic T-cells). Conversely,
CD4+ T-cells give rise to several T
helper (Th) cell subsets, including
Th1, Th2, and Th17 cells, that will
produce mutually exclusive groups of
cytokines which help mount specific
immune responses by stimulating other
immune cells (Zygmunt and Veldhoen
2011) (table 3). Alcohol exposure can
promote the development of Th2 cells
over the other helper-cell populations.
This shift in T helper differentiation
towards Th2 is correlated strongly with
defective immune responses as well as
increased rates of infection, morbidity,
and mortality (Cook et al. 2004;
Romeo and Warnberg 2007b).

Figure 2 Chronic alcohol consumption skews macrophage polarization toward an M1 (i.e., pro-inflammatory) phenotype, leading to excessive or
prolonged inflammation. Two approaches using epigenetic modulators—microRNA 155 (miR-155) and histone deacetylase inhibitors—
can potentionally reverse protein translation or gene transcription of M1 pro-inflammatory cytokines. Another type of enzyme—histone
lysine (H3K27) demethylases—increase transcription of M2 anti-inflammatory cytokines. Factors that increase protein levels or enhance
activity of H3K27 demethylases therefore may potentially be utilized to promote M2 polarization.

Epigenetic Modulation May Reverse M1 Polarization Caused by Chronic Alcohol Consumption



The Effects of Alcohol Exposure
on innate immune Cells and
the Potential Role of Epigenetics

epigenetics Play a Crucial 
Role in innate immune-Cell
differentiation and Maturation
During the early stages of blood cell
formation (i.e., hematopoiesis), the
developing cells fall into one of two
developmental paths: the myeloid lin-
eage, which includes granulocytes and
monocytes (which then further differ-
entiate into macrophages or DCs), and
the lymphoid lineage, which includes
B- and T-lymphocytes. This myeloid
versus lymphoid lineage commitment
corresponds with global and reduced
DNA methylation, respectively (Ji et
al. 2010). During infection, alcohol
suppresses the development and matu-
ration of granulocytes (i.e., granu-
lopoiesis) (Zhang et al. 2009). Factors
that increase DNA methylation, 
and therefore promote myeloid cell
commitment, may serve as potential
therapeutic targets for increasing gran-
ulocyte populations. Similarly, epige-
netic factors play a crucial role in 
regulating monocyte terminal differen-
tiation into DCs. Proper functioning
of monocyte cells requires the expres-
sion of CD14, because it recognizes
and binds LPS. DCs, however, do not
utilize CD14, but instead require CD209
(DC-SIGN). Therefore, when mono-
cytes differentiate into DCs, they lose
expression of CD14, which is correlated
with loss of epigenetic modifications
associated with active transcription,
including H3K9-Ac and H3K4me3.
Concurrently, epigenetic changes occur
within the CD209 locus, leading to
increased CD209 transcription. The
increase in CD209 transcription is
associated with loss of epigenetic mod-
ifications typically associated with tran-
scriptional silencing, including DNA
methylation and formation of H3K9me3
and H3K20me3 (Bullwinkel et al.
2011). In the future, therapeutics that
specifically target epigenetic modifica-
tions within the CD14 or CD209 loci

may be designed to direct monocyte
terminal differentiation towards one
particular cellular fate (Bullwinkel et
al. 2011).

epigenetic Regulation of
Macrophage Polarization
Alcohol alters macrophage polarization
in the liver—that is, it alters the normal
ratio of M1 to M2 macrophages.
Chronic alcohol exposure sensitizes
Kupffer cells to LPS stimulation, lead-
ing to prolonged and predominant 
M1 polarization and the exacerbated
release of pro-inflammatory cytokines
(Mandrekar and Szabo 2009; Thakur
et al. 2007). This shift in macrophage
polarization is reversible, because
recent studies demonstrated that a 
hormone produced by adipose cells
(i.e., adiponectin), can shift Kupffer
cells isolated from chronic alcohol-
exposed rat livers towards M2 polariza-
tion (Mandal and Pratt 2011). 

Another potential strategy for shifting
Kupffer cell polarization is the use of
therapeutic reagents that target epige-
netic modifiers because epigenetic 
processes play central roles in the regu-
lation of immune-system functions.
For example, one critical mechanism
to restore the internal balance (i.e.,
homeostasis) of the immune system in
response to infection involves miRNA-
dependent post-transcriptional regula-
tion. Researchers found that expression
of one specific miRNA called miR-155
was dramatically increased when macro -
phages derived from the bone marrow
were stimulated by LPS. This enhanced
miRNA expression served to fine-tune
the expression of pro-inflammatory
mediators and promote M2 polarization
(Ruggiero et al. 2009). Similarly, ethanol
exposure also can affect miR-155
expression. When a specific macrophage
cell line (i.e., the RAW 264.7 macro -
phage cell line) was treated with 50
mM ethanol (corresponding to a BAL
of 0.2 g/dl, which commonly is observed
in chronic alcoholics), miR-155
expression was significantly enhanced
(Bala et al. 2011). Ethanol treatment
prior to stimulation with LPS further

augmented miR-155 production, and
a linear, significant correlation existed
with increased TNFα production,
likely because miR-155 increased TNFα
mRNA stability (Bala and Marcos
2011). Finally, a murine model of
ALD confirmed increased miR-155
and TNFα levels in Kupffer cells isolated
from ethanol-treated animals com-
pared with control animals, suggesting
that miR-155 is an important regulator
of TNFα in vivo and likely contributes
to the elevated TNFα levels often
observed in chronic alcoholics (Bala
and Marcos 2011). 

Besides ethanol-induced production
of miR-155, histone modifications also
can regulate macrophage polarization.
As mentioned earlier, macrophages and
other innate immune cells carry TLRs
on their surface that can interact with
LPS and other molecules, leading to
the activation of the TLRs. Studies
have demonstrated that when TLR4
was stimulated by LPS, histone acety-
lation and H3K4 tri-methylation
(both of which are associated with
active gene transcription) occurred 
in DNA regions encoding several 
pro-inflammatory cytokines (Foster 
et al. 2007; Takeuch and Akira 2011).
Macrophage stimulation using the
cytokine IL-4 and LPS also induced
expression of an H3K27 histone lysine
demethylase enzyme called Jumonji
Domain Containing-3 (JmjD3/Kdm6b),
causing transcription of specific M2-
associated genes (De Santa et al. 2007;
Satoh et al. 2010). The role of this
demethylase is further supported by
studies using cultured cells or mice in
which specific genes were inactivated
(i.e., knockout mice) that demon-
strated that JmjD3/Kdm6b activity was
not required for mounting antibacte-
rial M1 responses, but was essential 
for M2 responses following exposure
to a molecule (i.e., chitin) found in
fungi and other parasites (Bowman
and Free 2006; Satoh and Takeuchi
2010). Taken together, these findings
suggest that epigenetic regulation of
factors that specifically alter macrophage
polarization may be able to shift
and/or restore the normal M1/M2
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physiological balance in alcohol-exposed
patients (also see table 1 and figure 2).

The Effects of Alcohol Exposure
on Adaptive immunity and the
Potential Role of Epigenetics

the Potential Role of epigenetics
in Reversing th2 Polarization
Alcohol exposure impairs IL-12 pro-
duction by DCs and IL-23 production
by macrophages, thereby skewing T
helper cell commitment towards a Th2
lineage (Happel et al. 2006; Mandrekar
et al. 2004). Lysine methylation at his-
tone H3K27 plays an important role
in regulating transcription of the IL-12
gene and thereby regulating DC acti-
vation (Wen et al. 2008). Accordingly,
the development and use of drugs that
target H3K27-specific histone methyl-
transferases or demethylases to treat
diseases associated with alcoholism are a
promising, future endeavor (see table 2). 

T-cell production also is modulated
by alcohol consumption, but at least
some of the effects may be both gen-
der- and dose-dependent. For example,
moderate daily consumption of one
beer by women or two beers by men
for 30 days caused significantly higher
abundance of CD3+ T-cells in women,
but not in men (Romeo et al. 2007a).
Conversely, in male mice, chronic 
alcohol exposure was correlated with

decreased CD4+ and CD8+ T-cells in
the spleen and thymus (Saad and
Jerrells 1991) and increased free (i.e.,
soluble) CD8 in the blood. This solu-
ble CD8 can bind T-cell receptors,
block activation by APCs, and thus
impede viral clearance (Jerrells et al.
2002), indicating a way through which
chronic alcoholism can impair the
immune response. These findings 
indicate that drugs that can enhance
cytokine production by the limited,
inefficient T-cells found in alcoholics
may restore the immune response.
HDACis may be one such approach
because histone deacetylation inhibits
transcription of the gene encoding 
IL-4 (i.e., Il4) and inhibition of
deacetylation accordingly could pro-
mote IL-4 production (Valapour et al.
2002). Drugs targeting DNA methyla-
tion also may be beneficial because
DNA methylation plays an important
role in regulating the transition of
naïve T-cells to either Th1 or Th2 cell
fates. Specifically, when naïve T-cells
transition into Th2 cells, certain
regions of the Il4 loci (specifically the
5' region) become hypomethylated.
Conversely, when transitioning to 
Th1 cells, the 3' region of Il4 becomes
hypermethylated, demonstrating that 
a highly complex system of methyla-
tion/demethylation mediates T helper
cell differentiation (Lee et al. 2002;
Mullen et al. 2002). Treatment of T-cell
lines with an agent called 5-azacytidine,
which inhibits DNA methylation, leads

to the production of cytokines not
normally produced by these cells,
including IL-2 and IFNγ (Ballas 1984;
Young et al. 1994). This effect may help
to restore the defective Th1 response in
patients abusing alcohol (also see table
3 and figure 3).

The Effects of Chronic Alcohol
and inflammation and the
Potential Role for Epigenetics

Chronic alcoholism is correlated with
excessive or prolonged inflammation,
caused in part through an overactive
innate immune response and elevated
oxidative stress (Khoruts et al. 1991).
Studies have demonstrated that circu-
lating levels of the pro-inflammatory
cytokines TNFα, IL-1β, and IL-6
were much higher in alcoholics than 
in healthy nondrinkers (Khoruts and
Stahnke 1991). The higher circulating
levels of these cytokines resulted from
increased production of pro-inflamma-
tory cytokines by circulating mono-
cytes and resident tissue macrophages,
including Kupffer cells (for a review,
see Cook 1998). These cells were also
more sensitive to stimulation by LPS,
which further exacerbated TNFα
secretion and contributed to cytotoxicity
(Schafer et al. 1995). The increased
sensitivity to LPS stimulation partially
was caused by decreased production of
the anti-inflammatory cytokine, IL-10,
which negatively regulates TNFα

Table 2 dendritic Cells, alcohol, and Potential epigenetic Targets

Factors Contributing  
to Activation1

Major Roles
Following Activation2

Defects Caused by
Chronic Alcohol

Potential Epigenetic
Targets

Whole bacteria
lPs il-1β

gM-CsF, TnFα

Migrate to lymphoid
organs and present
antigens to naïve T
and B lymphocytes
↑il-12 to enhance innate 
and adaptive immunity5

↓ il-12 production3 histone lysine 
methylation (h3k27) 
controls transcription of
the il-12 gene4

1 2 3 4 5sourCes: Winzler et al., 1997 , lee and iwasaki, 2007, reis e sousa et al, 1997, Mandrekar et al., 2004, Wen et al., 2008.



secretion by monocytes (Le Moine et
al. 1995). Thus, chronic alcohol exposure
disrupts the delicate and precise regula-
tion of inflammatory regulators.

To assess alcohol’s effects on the
inflammatory responses of macrophages,
researchers have used a human monoblas-
tic cell line, MonoMac6, which has
many features of mature macrophages
and has been used to model Kupffer
cell responses (Zhang et al. 2001).
Preliminary studies demonstrated that
prolonged (i.e., 7 day) exposure of
these cells to high-dose (86 mM) ethanol
dramatically enhanced pro-inflamma-
tory cytokine responses following LPS
stimulation and was correlated with
increased histone H3 and H4 global
acetylation, as well as elevated acetyla-
tion of specific cytokine gene promoters,
including those encoding IL-6 and
TNF� (Kendrick et al. 2010). This
increased acetylation was dependent

upon conversion of ethanol to its
metabolites, acetate and acetyl-coA, by
two enzymes called acetyl-coenzyme A
synthetase short-chain family members
1 and 2 (ACSS1 and ACSS2) and also
was associated with a significant decrease
in HDAC activity (Kendrick and O’Boyle
2010). Interestingly, unlike with rat
hepatocytes and hepatic stellate cells,
no global modulation of histone acety-
lation was observed with acute ethanol
treatment (Kendrick and O’Boyle 2010).

ACSS1 and ACSS2 only are activated
for acetate and acetyl-CoA formation
during ethanol metabolism but not
during normal sugar metabolism that
also results in acetyl-CoA generation.
Therefore, they represent an exciting
potential therapeutic target for reducing
the exacerbated inflammatory response
observed with chronic alcohol expo-
sure because their depletion should not
alter normal cellular metabolism and

energy generation. Another potential
approach to restoring cytokine home-
ostasis may be to reduce proinflammatory
cytokine transcription by administer-
ing drugs that increase HDAC recruit-
ment to actively transcribed chromatin
(e.g., theophylline), thereby counter-
acting the decreased HDAC activity
induced by chronic ethanol exposure
(Kendrick and O’Boyle 2010).

Although drugs that modulate epi-
genetic targets have not yet been used
specifically to treat alcohol-induced
inflammation, research of other
inflammatory and autoimmune diseases
suggest that epigenetic modulation
plays a critical role in regulating the
inflammatory cytokine network (Ballestar
2011; Halili et al. 2009; Rodriguez-
Cortez et al. 2011). Accordingly,
agents that normalize this epigenetic
modulation (e.g., HDACis) are a
promising therapy for the treatment 
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Figure 3 Alcohol-induced T helper cell polarization towards a Th2 phenotype suppresses immune responses. Alcohol decreases IL-12 production
by antigen presenting cells, resulting in fewer naïve T-cell differentiating into Th1 cells, and blocks the release of IL-23 from macrophages,
thereby preventing Th17 differentiation. Methylation of DNA or histones (H3K27) may reverse Th2 polarization.

Epigenetic Modulation May Reverse Th2 Polarization by Chronic Alcohol Consumption
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of inflammatory and autoimmune 
diseases, including the exacerbated
inflammation observed with chronic
alcohol exposure. HDACis are effica-
cious in animal models of inflammatory
bowel disease, septic shock, graft-versus-
host disease, and rheumatoid arthritis
(Bodar et al. 2011; Halili and Andrews
2009; Joosten et al. 2011; Reddy et al.
2004, 2008). Furthermore, the HDACi
vorinostat has been used in clinical trials
for reducing the severity of graft-versus-
host disease in patients with bone mar-
row transplants (Choi and Reddy
2011), and the HDACi givinostat has
been studied for the treatment of sev-
eral other inflammatory conditions.
These HDACis originally were devel-
oped to increase transcription of genes
that induce cell death (i.e., apoptosis)
of malignant cells. The doses of HDACi
required to diminish inflammatory
processes, however, are dramatically
lower than the doses required for can-
cer treatment, and minimal side effects
have been reported (Dinarello 2010;
Vojinovic and Damjanov 2011). The
importance of lysine acetylation as a
regulatory mechanism has been sup-
ported by a study characterizing the

entirety of all proteins that are acety-
lated in the human body (i.e., the
human lysine acetylome). This study
identified 1,750 proteins that could be
acetylated on lysine side chains, includ-
ing proteins involved in diverse biolog-
ical processes, such as the processing 
of mRNAs (i.e., splicing), cell-cycle
regulation, chromatin remodeling, and
nuclear transport (Choudhary et al.
2009). In fact, protein acetylation may
be as important as phosphorylation in
governing cellular processes (Choudhary
and Kumar 2009; Kouzarides 2000).
For example, acetylation of proteins in
the fluid filling the cell (i.e., the cytosol)
can either activate or block essential
signaling cascades and may partially
explain how low-dose HDACi treat-
ment decreases the production of pro-
inflammatory cytokines (Dinarello et
al. 2011).

It is important to note that the
development of selective HDACis may
be complicated by the fact that most
HDACs are components of multi-
protein complexes, which often include
other HDACs (Downes et al. 2000;
Fischle et al. 2001). Therefore, it is
possible that inhibition of one HDAC

inadvertently may alter the activity of
other HDACs present in the complex.
It also is likely that some functional
redundancy exists among HDACs as
well as within the biological inflamma-
tory pathways they regulate. Moreover,
the role of individual HDACs is tissue
and cell-type specific; accordingly,
development of specific HDACi
molecules for treatment of each partic-
ular inflammatory disease will require
cell- or tissue-targeting components.

Alcohol Abuse and Leaky
Barriers

Another important component of the
innate immune system are the epithe-
lial cells that line the outer surfaces 
of exposed tissues, such as the skin, 
respiratory, gastrointestinal (GI), and
urogenital tracts. These cells provide a
physical barrier that impedes pathogen
invasion by forming strong intercellular
associations (Tam et al. 2011; Turner
2009). Another critical function of
epithelial cells in the innate immune
system is their production of cytokines
and chemokines in response to pathogen

Table 3 T-Cells, alcohol, and Potential epigenetic Targets

Major Roles 
Following Activation by Specific 

Antigen-Presenting–Cell interaction
Defects Caused by

Chronic Alcohol
Potential Epigenetic

TargetsT-Cells Subtype

Cd8+Cytolytic T-cells direct pathogen killing ↓ Cd8+ production in spleen and thymus1

↑ soluble Cd8→ blocks aPC activation2

Cd4+T helper 1 (Th1) ↑ iFnγ → activates macrophages  
and cytolytic T-cells

↓ Cd4+ production in spleen and thymus1

↓il-12 production by dC→
↓Th1 lineage specification3

↓ dna methylation
→↑transcription of the
gene coding for iFnγ (Ifng)4

Cd4+T helper 2 (Th2) ↑ il-4, il-5, il-13 → activates 
eosinophils 
↑antibody production by plasma cells
important for humoral immunity and 
allergic response

↓ Cd4+ production in spleen and thymus1

↓Th1+ and ↓Th17→ Th2 predominates
↑ dna methylation →
↓ transcription of gene
coding for il-4 (il4)5

↑ histone acetylation →
↓ il4 transcription6

Cd4+T helper 17 (Th17) ↑ il-17, il-17F, il-21, il-22, 
il-23, il-26→
↑antimicrobial peptides
important for mucosal barrier 
maintenance and immunity

↓ Cd4+ production in spleen and thymus1

↓il-23 production by macrophages→
↓Th17 lineage specification7

1 2 3 4 5 6 7sourCes: saad and Jerrells, 1991, Jerrells et al., 2002, Mandrekar et al., 2004, Young et al., 1994, lee et al., 2002, Valapouret al., 2002, happel et al., 2006.



detection. (Elias 2007; Izcue et al.
2009; Parker and Prince 2011; Quayle
2002; Schleimer et al. 2007; Tracey
2002). Alcohol abuse is strongly corre-
lated with defective, leaky barriers, par-
ticularly in the GI and respiratory tracts
(Bhatty and Pruett 2011; Purohit et al.
2008).

the effect of Alcohol on the 
Gut and the Potential Role 
of epigenetics
Chronic alcohol consumption increases
microbial colonization and LPS accu-
mulation in the small intestine by
decreasing gastric acid secretion in the
stomach and delaying GI motility
(Bienia et al. 2002; Bode and Bode
1997; Bode et al. 1984). The intestinal
epithelial barrier must allow water and
nutrients to pass freely, yet prevent trans-
fer of larger macromolecules. Whereas
the epithelial cells themselves are
impermeable to substances dissolved in
water (i.e., hydrophilic solutes), the
space between the cells (i.e., paracellular
space) must be sealed to maintain this
barrier function. A leaky intestinal 
barrier is deleterious because it allows
transfer of potentially harmful macro-
molecules and bacterial products (e.g.,
LPS) into the blood and lymph (Rao
2009). If it reaches the liver, LPS can
target multiple cell types there, includ-
ing Kupffer cells, neutrophils, hepato-
cytes, sinusoidal endothelial cells, and
stellate cells (Brun et al. 2005; Duryee
et al. 2004; Hoek and Pastorino 2002;
Paik et al. 2003). Activation of these
cells results in the release of pro-
inflammatory mediators, such as ROS,
leukotrienes, chemokines, and cytokines
(e.g., TNFα and IL-1β), thereby
directly contributing to liver damage
and prolonged inflammation in chronic
alcohol-abusing patients (Albano
2008; Brun and Castagliuolo 2005;
Khoruts and Stahnke 1991; McClain
et al. 2004).

The multifactorial contributions of
chronic alcohol consumption to the
development of ALD largely have been
deciphered using rodent models. For
example, investigators demonstrated a

direct translocation of LPS across the
gut mucosa in rats continuously
administered alcohol directly into the
stomach for 9 weeks (Mathurin et al.
2000). Other studies using mice in
which the TNF-receptor 1 (TNF-R1)
was removed (i.e., TNF-R1 knockout
mice) and that were treated continu-
ously with alcohol for 4 weeks deter-
mined that the alcohol-induced presence
of LPS in the blood (i.e., endotoxemia)
led to the release of TNFα from
Kupffer cells, that in turn played a
direct role in ALD (Yin et al. 1999).
TNFα production is negatively regu-
lated by H3K9 methylation (Gazzar 
et al. 2007), indicating that histone
methylation can play a role in regulating
inflammatory processes. This observation
suggests that the prolonged inflamma-
tory state associated with chronic 
alcohol exposure partially may be 
controlled by drugs targeting H3K9-
specific demethylase enzymes.

Although alcohol itself does not alter
intestinal permeability, one of the
products of alcohol metabolism (i.e.,
acetaldehyde) increases barrier perme-
ability in a dose-dependent manner
(Basuroy et al. 2005) by disrupting
intercellular connections, including
both tight and adherens junctions
(Atkinson and Rao 2001). One of the
critical proteins ensuring the function-
ality of tight junctions is called zonula
occludens 1 (ZO-1), and disrupted
ZO-1 complexes are strongly corre-
lated with increased intestinal barrier
permeability (Walker and Porvaznik
1978). Interestingly, studies using a
human intestinal cell line called Caco-
2 found that ZO-1 production is regu-
lated by microRNA-212 (miR-212).
When these cells were cultured in the
presence of 1 percent alcohol for 3
hours, they contained 71 percent less
ZO-1 compared with cells not treated
with alcohol. Moreover, the expression
of miR-212 increased with alcohol
treatment in a concentration-dependent
manner; thus, cells treated with 1 
percent alcohol for 3 hours had 2-fold
higher expression of miR-212. These
changes corresponded with defective
tight junction morphology. Importantly,

studies of colon samples taken from
patients with ALD found significantly
increased miR-212 expression compared
with healthy control subject, and this
increase paralleled a decrease in ZO-1.
These findings demonstrate that miR-
212 may play an important role in
leaky intestinal barriers in ALD
patients (Tang et al. 2008).

the effect of Alcohol on the
Respiratory System and the
Potential Role of epigenetics
Mucosal organ leakiness also contributes
to respiratory infections, partially by
altering tight junctions between epithe-
lial cells lining the air sacs in lungs
where gas exchange occurs (i.e., the
alveoli) (Simet et al. 2012). This leaky
barrier provides the ideal opportunity
for bacteria normally found in the
body (i.e., commensal bacteria), such as
Streptococcus pneumoniae, to invade the
tissues and become pathogenic (Bhatty
and Pruett 2011). In fact, alcohol con-
sumption is correlated with increased
incidence of community-acquired
pneumonia, with approximately 50
percent of adult pneumonia patients
reporting a history of alcohol abuse
(Goss et al. 2003). Furthermore, alcohol
abuse worsens complications from
pneumonia (Saitz et al. 1997) and
increases mortality (Harboe et al. 
2009) in a dose-dependent manner
(Samokhvalov et al. 2010). Alcohol also
shifts the cytokine balance in the lung,
contributing to the development of
ARDS (Boe and Vandivier 2009; Crews
et al. 2006; Moss and Steinberg 1999).

When an infection occurs, neutrophils
and monocytes are recruited to the
lungs (Goto et al. 2004). Upon activa-
tion, monocytes differentiate into alve-
olar macrophages, which play a crucial
role in the clearance of S. pneumoniae
(Goto and Hogg 2004). Rodent models
have demonstrated that chronic alcohol
exposure contributed to increased
infection susceptibility by causing
mucosal organ leakiness, as well as
defective leukocyte recruitment and
decreased neutrophil maturation, adhe-
sion, chemotaxis, and phagocytosis.
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These changes partly resulted from
faulty production of important signaling
molecules, including G-CSF, GM-CSF,
IL-8, IL-6, macrophage inflammatory
protein (MIP-2), and CXC chemokine
cytokine-induced neutrophil chemoat-
tractant (CINC) (Boe et al. 2001).
Alcohol also affected anti-inflammatory
mediators by increasing the production
of IL-10 and TGF-β (Boe and Vandivier
2009). Furthermore, chronic alcohol
exposure inhibited the responses of
CD8+ T-cells , which increased the
morbidity and mortality associated
with influenza virus infection (Meyerholz
et al. 2008), and decreased IFNγ pro-
duction following infection with
Klebsiella pneumoniae (Zisman et al.
1998) in murine models.

Several strategies targeting epigenetic
regulatory mechanisms may be effective
in the treatment of alcohol-induced
lung infections. For example, therapies
that restore neutrophil recruitment to
infected lungs through regulation of
cytokine production would be benefi-
cial. In support of this notion, it was
demonstrated that pretreatment with
G-CSF prior to alcohol exposure and
K. pneumoniae infection was protective
in mouse models (Nelson et al. 1991).
Targeting miRNAs for treatment of
inflammatory lung diseases, such 
as ARDS, offers an additional, novel
therapeutic approach because the pro-
duction of several miRNAs, including
miR-9, miR-146a, miR-147, miR-
148, and miR-152, was induced by
LPS stimulation in mouse lungs
(Bazzoni et al. 2009; Liu et al. 2009,
2010; Nahid et al. 2009; Taganov et al.
2006; Tili et al. 2007; Zhou et al. 2011).
Several of these upregulated miRNAs
created a negative feedback loop to
prevent excessive production of pro-
inflammatory cytokines, therefore 
contributing to immune regulation
and homeostasis (Bazzoni et al. 2009;
Liu et al. 2009, 2010). Although most
research focused on understanding the
role of miRNAs in inflammatory lung
disease has been performed using animal
models, future studies using human
cell lines, tissues, and eventually
patient samples clearly are warranted.

Summary

The relationship between alcohol
exposure and altered immune responses
is complex. Chronic alcohol abuse is
correlated with increased susceptibility
to infection and causes tissue damage
from an overactive innate immune
response, excessive oxidative stress, and
exacerbated or prolonged inflamma-
tion. Alcohol exposure has tissue- and
immune cell-type–specific effects, such
as influencing cell recruitment to infected
or inflamed tissue, altering cytokine
and chemokine production and secre-
tion, skewing differentiation towards 
a particular cell fate or preventing cell
replication, impairing antigen presen-
tation, interfering with phagocytosis
and granulopoiesis, or inducing apop-
tosis. Although the specific role of 
epigenetic modulation in this alcohol-
induced immune dysregulation has not
yet been determined, research in related
fields strongly suggests that experimen-
tal and clinical studies are warranted. ■
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Circadian rhythms are a prominent and critical feature of cells, tissues, organs, and
behavior that help an organism function most efficiently and anticipate things such as
food availability. Therefore, it is not surprising that disrupted circadian rhythmicity, a
prominent feature of modern-day society, promotes the development and/or
progression of a wide variety of diseases, including inflammatory, metabolic, and
alcohol-associated disorders. This article will discuss the influence of interplay
between alcohol consumption and circadian rhythmicity and how circadian rhythm
disruption affects immune function and metabolism as well as potential epigenetic
mechanisms that may be contributing to this phenomenon. KEy WoRDS: Alcohol
consumption; alcohol-related disorders; disease factors; risk factors; circadian
disruption; circadian rhythm; circadian clock; immune function; metabolism;
inflammatory diseases; metabolic diseases; epigenetic mechanisms

Circadian Disruption and
Society

The circadian clock is a sophisticated
mechanism that functions to synchro-
nize (i.e., entrain) endogenous systems
with the 24-hour day in a wide variety
of organisms, from simple organisms
such as fungi up to the complex mam-
malian systems. Circadian rhythms
control a variety of biological processes,
including sleep/wake cycles, body tem-
perature, hormone secretion, intestinal
function, metabolic glucose homeostasis,
and immune function. Functional 
consequences of modern-day society,
such as late-night activity, work schedules
that include long-term night shifts and
those in which employees change or
rotate shifts (i.e., shift work), and jet
lag are substantial environmental dis-
ruptors of normal circadian rhythms.
Fifteen percent of American workers
perform shift work (Bureau of Labor

Statistics 2005), indicating the perva-
siveness of circadian disruption as a
normal part of modern-day society.
This change from the diurnal lifestyle
of our ancestors to one that is more
prominently nocturnal results in mis-
alignment between natural rhythms
based on the 24-hour day and behav-
ioral activity patterns (i.e, circadian
misalignment). Circadian misalignment
has a significant detrimental effect on
cell, tissue, and whole-organism func-
tion. These alterations can manifest in
humans as chronic health conditions,
such as metabolic syndrome,1 diabetes,
cardiovascular disease, cancer, and
intestinal disorders (Karlsson et al.
2001; Morikawa et al. 2005; Schernhammer
et al. 2003; Penev et al. 1998; Caruso
et al. 2004). The increased prevalence
of diseases associated with circadian

disruption underscores the need to bet-
ter understand how circadian disrup-
tion can wreak havoc in so many dif-
ferent ways throughout the body. 

Central and Peripheral
Circadian Rhythms

The master or central circadian clock
(i.e., “pacemaker”) is located in the
suprachiasmatic nucleus (SCN) in the
anterior hypothalamus in the brain
(Turek 1981) (see figure 1). The SCN
is regulated by light stimulating retinal
ganglion cells in the eye (Berson et al.
2002), and it is by this mechanism that
light directs central circadian rhythms.
Circadian rhythms are found in nearly
every cell in the body, including the
periphery, encompassing the immune
system, heart, adipose tissue, pancreas,
and liver (Allaman-Pillet et al. 2004;
Boivin et al. 2003; Storch et al. 2002;

1 Metabolic syndrom is a combination of disorders that can lead to
diabetes and cardiovascular disease, characterized by abnormal
levels of fat and/or cholesterol in the blood and insulin resistance.



Yoo et al. 2004; Zvonic et al. 2006).
The SCN synchronizes circadian
rhythms found in the periphery (figure
2A) via several mechanisms, including
communication with nerve cells that
influence visceral functions such as
digestion, heart rate, etc., via direct
release of the hormones oxytocin and
vasopression into the general vascula-
ture or indirectly via release of local sig-
nals that affect the release of hormones
from the anterior pituitary gland (i.e.,
neuroendocrine and autonomic neu-
rons) (Buijs et al. 2003). In addition,
peripheral circadian rhythms can be
regulated by external factors other than
central light-entrained rhythms. For
instance, abnormal feeding patterns
can cause peripheral circadian rhythms
(i.e., in the intestine and liver) to become
misaligned with central rhythms if
feeding is out of synch with the nor-
mal 24-hour pattern, a phenomenon
that can be observed in both animals
and humans (see figure 2B). Peripheral
tissues express self-sustained rhythms
that are able to function independent
of the central clock in the SCN. For
example, following SCN lesion that
terminates central circadian rhythmic-
ity, peripheral circadian clocks continue
to demonstrate rhythmicity; however,
peripheral rhythms become desynchro-
nized from each other over time (Yoo
et al. 2004) (see figure 2C). This inter-
nal misalignment is particularly detri-
mental because peripheral circadian
clocks directly regulate up to 5 to 20
percent of the genome (i.e., so-called
clock-controlled genes) (Bozek et al.
2009). Furthermore, reports indicate
that 3 to 20 percent of the entire
genome demonstrates 24-hour oscilla-
tions in gene expression, including
genes critical for metabolic processes.
This observation suggests that although
not directly controlled by the circadian
clock, genes are influenced as a conse-
quence of rhythmic changes in tran-
scription factors and transcriptional
(i.e., the process of creating a comple-
mentary RNA copy of a sequence of
DNA) and translational (i.e., when
RNA is used to produce a specific 
protein) modifiers (i.e., proteins con-

trolling the levels and activity of various
processes including lipid metabolism
and glucose synthesis) (Panda et al. 2002).

At the cellular level, circadian rhythms
originate from self-sustained, autoregu-
lated, cyclic expressions of clock genes,
which constitute the molecular clock.
The molecular circadian clock consists
of transcriptional activators and repres-
sors—that is, proteins that stimulate
and repress the production of proteins,
respectively, in a cyclic process that is
approximately 24-hours in duration
(Reppert and Weaver 2002). The molec-
ular circadian cycle is initiated when
the transcriptional activators Clock
and Bmal1 (Bunger et al. 2000) com-
bine (i.e., heterodimerize) to stimulate
the transcription of target circadian
genes including period (Per) and cryp-
tochrome (Cry) (i.e., Per1 to Per3 and
Cry1 and Cry2) as well as a host of
other clock-controlled genes. When
PER and CRY proteins accumulate in
the cytosol, they heterodimerize and

translocate to the nucleus where they
act as transcriptional repressors to 
terminate CLOCK-BMAL1–mediated
transcription, thus ending the molecular
circadian cycle (van der Horst et al.
1999) (see figure 3). The cycle is fur-
ther regulated by additional proteins,
including the enzyme sirtuin 1 (SIRT1),
a histone deacetylase that modifies cir-
cadian proteins or DNA by removing
acetyl groups to alter gene expression.
SIRT1 is sensitive to levels of the 
coenzyme nicotinomide adenine 
dinucleotide (NAD+), making NAD
availability a potential regulator of the
molecular circadian clock (Grimaldi et
al. 2009). The details of this oscillating
cycle are found elsewhere (Reppert and
Weaver 2002).

Demonstrating the importance of
the molecular circadian clock, mutations
of the core circadian clock components
can have a devastating effect on the
function of the circadian clock. This 
is true for both Bmal1 (Bunger et al.
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Figure 1  The suprachiasmatic nucleus (SCN) is the central circadian pacemaker. The SCN is
located in the hypothalamus and is regulated by light signals from the eye. The SCN
then affects a wide variety of physiological and behavioral outcomes. 
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2000) and Clock (Oishi et al. 2006).
Likewise, molecular perturbation of
the circadian clock (i.e., altering the
Clock, Bmal1, Per1, Per2, Cry1, or
Cry2 expression via genetic manipula-
tions including deleting or mutating
the gene of interest to affect the levels
of functional protein produced) dis-
rupts normal circadian behavioral
rhythms (Antoch et al. 1997; Bunger
et al. 2000; van der Horst et al. 1999;
Zheng et al. 2001). This article will
discuss the influence of alcohol on 
circadian rhythms and how circadian-
rhythm disruption affects immune
function and metabolism, significant

factors for alcohol-associated poor
health outcomes. It also will discuss
potential epigenetic mechanisms by
which circadian disruption and alcohol
may establish long-term changes in
gene expression, resulting in adverse
health outcomes.

Alcohol and Circadian
Rhythmicity

Circadian organization and stable cir-
cadian rhythms are vital for optimal
health as numerous diseases are associ-
ated with circadian-rhythm disruption.

Environmental factors such as shift
work or jet lag are obvious disrupters
of circadian rhythmicity. However,
other environmental factors, such as
alcohol consumption and the timing
of food intake, can profoundly disrupt
and disorganize circadian rhythmicity,
which can be observed on behavioral,
cellular, and molecular levels.  

Alcohol Disrupts Behavioral and
Biological Circadian Rhythms
Alcohol has a dramatic effect on circa-
dian rhythms. These circadian abnor-
malities include disrupted sleep/wake

(A) Normal Central/Peripheral Rhythms

Central Circadian Clock
Suprachiasmaticnucleus (SCN)

(B) Disorganized Central/Peripheral Rhythms
(e.g., wrong-time eating

Desynchrony between central and 
peripheral rhythms

Peripheral Circadan Clocks

Central Circadian Clock
Suprachiasmaticnucleus (SCN)

Peripheral Circadan Clocks

Central Circadian Clock
Suprachiasmaticnucleus (SCN)

Peripheral Circadan Clocks

Figure 2   Central and peripheral circadian rhythms. (A) Under normal conditions, the central circadian clock in the suprachiasmatic nucleus which
is entrained by light, then regulates peripheral circadian clocks. (B) Wrong-time eating can cause misalignment between the central circa-
dian clock (entrained by light) and the peripheral circadian clocks entrained by food (illustrated here are intestine and liver). (C) When the
central circadian clock is disrupted (e.g., due to lesion) peripheral circadian clocks will continue to cycle but will gradually become more
misaligned with each other. 



cycles in humans (Brower 2001;
Imatoh et al. 1986) as well as disrupted
circadian responses to light and abnor-
mal activity patterns in rodents (Brager
et al. 2010; Rosenwasser et al. 2005).
The changes observed in behavioral
patterns and responses to light may be
the consequence of alcohol-induced
disruption of normal tissue/organ
function and neuroendocrine function.
For example, normal cyclic patterns
associated with body temperature (i.e.,
thermoregulation) (Crawshaw et al.
1998), blood pressure (Kawano et al.
2002), and characteristics of biochemical
circadian rhythms including glucose
and cholesterol rhythms (Rajakrishnan
et al. 1999) are significantly affected 
by alcohol consumption. In addition,
the circadian-driven production of hor-
mones including melatonin (i.e., an
endocrine hormone that is important
in circadian entrainment) in rats (Peres
et al. 2011) and humans (Conroy et 
al. 2012), corticosterone (i.e., a steroid
hormone produced by the adrenal gland
that responds to stress and regulates
metabolism) (Kakihana and Moore
1976), and pro-opiomelanocortin (i.e.,
a polypeptide hormone that is a pre-
cursor to several hormones) (Chen et
al. 2004) are disrupted by alcohol con-
sumption. Alcohol-induced changes
such as these have a profound impact
on the functioning of a wide variety 

of peripheral organs and biological
processes, which are dependent upon
central circadian synchronization for
proper function.

Alcohol Disrupts the Molecular
Circadian Clock
Not surprisingly, the changes observed
in the behavioral and biological systems
also are observed on the molecular
level as a disrupted molecular circadian
clock, an effect that is evident both in
vitro and in vivo. Exposure of intestinal
epithelial cells (i.e., Caco-2 cells, a widely
used model of the human intestinal
barrier) to alcohol increases the levels
of circadian clock proteins CLOCK
and PER2 (Swanson et al. 2011).
Likewise, alcohol-fed mice have dis-
rupted expression of Per1–Per3 in the
hypothalamus (Chen et al. 2004),
human alcoholics demonstrate markedly
lower expression of Clock, BMAL1,
Per1, Per2, Cry1, and Cry2 in peripheral
blood mononuclear cells (i.e., immune
cells) compared with nonalcoholics
(Huang et al. 2010), and in humans
alcohol consumption is inversely corre-
lated to BMAL1 expression in periph-
eral blood cells (Ando et al. 2010).
The alcohol-induced changes seem to
have long-lasting effects on the circadian
clock, particularly when the exposure
occurs early in life, which may be the

consequence of epigenetic modifica-
tions (discussed below). For example,
neonatal alcohol exposure in rats 
disrupts normal circadian-clock expres-
sion levels and expression patterns over
a 24-hour period (i.e., rhythmicity)
(Chen et al. 2006; Farnell et al. 2008).
These examples illustrate the ability 
of alcohol to have profound and long-
lasting effects on clock-gene expression
in multiple organs and tissues.

Feed-Forward Cycle: Alcohol
Promotes Circadian Disruption
and Circadian Disruption
Promotes Alcohol Consumption
Interestingly, circadian-clock disruption
can promote alcohol consumption,
which can further exacerbate this cycle.
For example, Per2 mutant mice exhibit
increased alcohol consumption compared
with wild-type counterparts (Spanagel
et al. 2005), an effect attributed to
altered reinforcement systems leading
to enhanced motivation to consume
alcohol. This may explain why humans
with circadian disruption are more prone
to substance abuse disorders (Trinkoff
and Storr 1998). This phenomenon also
sets up a potentially devastating cycle
in which circadian disruption drives
alcohol consumption, which further
exacerbates circadian disruption.  

90 Alcohol Research: C u r r e n t  R e v i e w s

Figure 3   The molecular circadian clock. Transcription of the clock-controlled genes, including Per and Cry is initiated by the heterodimerization and
binding of BMAL1 and CLOCK (the positive limb of the molecular circadian clock). Once sufficient amounts of PER and CRY have been pro-
duced, they dimerize and inhibit further BMAL1/CLOCK-mediated transcription (the negative limb of the molecular circadian clock). 
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intestinal-derived 
LPS may be one 
mechanism by 
which alcohol 

disrupts circadian 
rhythmicity. 

Mechanisms of Alcohol-induced
Circadian Disruption

The mechanisms by which alcohol 
disrupts circadian rhythmicity are
likely a consequence of alcohol
metabolism and alcohol-induced
changes in intestinal barrier integrity.

Consequences of Alcohol
Metabolism 
Alcohol is metabolized via several
mechanisms, including the enzymes
catalase, alcohol dehydrogenase (ADH),
and cytochrome P450 (CYP2E1) (Lu
and Cederbaum 2008). Although 
alcohol metabolism most prominently
occurs in the liver, other tissues such as
the stomach, intestine, and brain also
play a role in this process. One conse-
quence of alcohol metabolism that is
particularly relevant for alcohol-
induced disruption of circadian rhyth-
micity is a shift in the cellular NAD+/
NADH ratio. SIRT1, which regulates
the molecular circadian clock, is highly
sensitive to the cellular NAD+/NADH
ratio. Therefore, a perturbation in the
availability of NAD+ (e.g., as a conse-
quence of alcohol metabolism by 
ADH or as a consequence of aldehyde
metabolism by acetaldehyde) would 
be one mechanism by which alcohol
could disrupt the molecular circadian
clock and resulting circadian rhythms.  

Alcohol, the intestine, and
inflammation
Another mechanism by which alcohol
can exert a negative influence on circa-
dian rhythmicity is by promoting
intestinal hyperpermeability. Alcohol
disrupts intestinal barrier integrity in
vitro (Swanson et al. 2011), in rodents
(Keshavarzian et al. 2009), and humans
(Keshavarzian et al. 1994, 1999).
Intestinal hyperpermeability allows
luminal bacterial contents such as
endotoxin (e.g., lipopolysaccharide
(LPS) to translocate through the
intestinal epithelium into the systemic
circulation. Endotoxin can disrupt cir-
cadian rhythms. LPS administered to

rodents impairs the expression of Per in
the heart, liver, SCN, and hypothala-
mus (Okada et al. 2008; Yamamura et
al. 2010) and suppresses clock gene
expression in human peripheral blood
leukocytes (Haimovich et al. 2010).
Thus, intestinal-derived LPS may be
one mechanism by which alcohol dis-
rupts circadian rhythmicity. In addi-
tion, LPS elicits a robust immune
response in the periphery (Andreasen
et al. 2008), and systemic inflammation
disrupts normal circadian rhythmicity
(Coogan and Wyse 2008). For example,

tumor necrosis factor α (TNFα), a
cytokine produced in response to
endotoxins, disrupts normal locomotor
behavior and sleep/wake cycles and
alters expression of the molecular circa-
dian clock in the liver (Cavadini et al.
2007). Thus, there are several plausible
mechanisms by which alcohol-induced
effects on the intestine may disrupt
central and peripheral circadian rhythms.

It is clear that alcohol-induced effects
on the intestine are highly detrimental
to circadian rhythmicity. Interestingly,
the reverse also is true in that the
molecular circadian clock in the intes-
tine influences alcohol-induced effects.
Intestinal circadian rhythms are largely
driven by feeding patterns (Hoogerwerf
et al. 2007; Scheving 2000) and even
the apical junctional complex (AJC)
proteins, which regulate tight junctions
(and thus intestinal permeability), are
clock controlled in the kidney (Yamato
et al. 2010). Alcohol exposure increases
intestinal circadian gene expression, and
knocking out Clock or Per2 in intestinal
epithelial cells (i.e., Caco-2 cells) prevents

alcohol-induced intestinal hyperper-
meability (Swanson et al. 2011). Taken
together, alcohol—via metabolism
products or intestine effects including
endotoxemia and systemic inflamma-
tion—disrupts intestinal circadian
rhythms, an effect that can further
exacerbate internal misalignment.          

Circadian Rhythms and
immune Function

The immune system demonstrates
robust circadian rhythmicity with 
daily variations in immune parameters,
including lymphocyte proliferation,
antigen presentation, and cytokine
gene expression (Fortier et al. 2011;
Levi et al. 1991). These rhythms seem
to be sensitive to perturbations in cir-
cadian homeostasis, with differential
effects depending on the cell type,
model system, and outcome measure.
For example, inhibition of Per2 in 
natural killer (NK) cells (part of the
innate immune system) decreases the
expression of the immune effectors
granzyme-B and porforin (i.e., critical
cytotoxic components) (Arjona and
Sarkar 2006a). Despite these changes,
selective reduction of Per2 in NK cells
does not effect NK rhythmic produc-
tion of the cytokine interferon-γ
(IFNγ), which is important for the 
formation and release of reactive oxy-
gen species. In contrast, whole-animal
Per2-deficient mice have drastically
disrupted IFNγ rhythms (Arjona and
Sarkar 2006b). The IFNγ rhythmic
disruption in Per2-deficient mice but
not after selective reduction of Per2 in
isolated NK cells would be expected if
IFNγ is dependent upon other circa-
dian parameters, such as circadian fluc-
tuations in hormones or temperature.
Indeed, rhythmic hormones such as
glucocorticoids and melatonin, which
are significantly affected by circadian
disruption, modulate immune func-
tion (Dimitrov et al. 2004; Srinivasan
et al. 2005). Per2-deficient mice also
demonstrate blunted LPS-induced 
septic shock compared with wild-type
mice (Liu et al. 2006), indicating a
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Feeding at the 
incorrect time 

(e.g., late-night 
eating for humans) 

can result in internal 
circadian misalignment.

functional change that has important
biological implications. These studies
demonstrate the significant disturbances
that can occur as a consequence of a
disrupted molecular circadian clock.

In addition to genetically manipulating
circadian homeostasis, environmentally
disrupting circadian rhythms also neg-
atively affects immune function. For
example, loss of regular sleep/wake cycles
alters the normal circadian rhythmicity
observed in immune cells (Bryant et 
al. 2004; Vgontzas et al. 2004) and
increases the susceptibility to infections
(Everson 1993; Mohren et al. 2002).
Indeed, chronically shifting light/dark
cycles in mice augments LPS-induced
immune response, resulting in greater
mortality compared with non–circadian-
disrupted mice (Castanon-Cervantes et
al. 2010).  

Taken together, these studies provide
evidence that circadian disruption can
significantly, and typically negatively,
influence immune function. Therefore,
alcohol-induced circadian disruption
may be a susceptibility factor for immune
dysregulation, which may promote
alcohol-associated inflammatory pro-
cesses. Furthermore, the altered
response to LPS has particular relevance
in light of the alcohol-induced effects
on intestinal permeability.   

Circadian Rhythms and
Metabolic Syndrome

Although only a few metabolic genes
are direct targets of circadian genes
(Noshiro et al. 2007; Panda et al. 2002),
the direct targets do include many
transcription factors and other modu-
lators of transcription and translation.
These clock-controlled genes include
factors regulating lipid and cholesterol
biosynthesis, carbohydrate metabolism,
oxidative phosphorylation, and glucose
levels (Oishi et al. 2003; Panda et al.
2002). 

Eating is an environmental factor
that selectively affects peripheral circa-
dian rhythmicity in the intestine and
liver. Feeding at the incorrect time
(e.g., late-night eating for humans) 

can result in internal circadian mis-
alignment. For example, restricted
feeding paradigms in which animals
only have access to food during inap-
propriate times (i.e., during the light
cycle for nocturnal rodents) results in
misalignment between central light-
entrained circadian rhythms (i.e., in the
SCN) and peripheral food-entrained

circadian rhythms, including those in
the liver (Damiola et al. 2000). Recent
studies suggest that this internal mis-
alignment scenario is linked to weight
gain, obesity, and metabolic syndrome.
Indeed, mice fed during the inappropri-
ate time gain more weight (Arble et al.
2009; Salgado-Delgado et al. 2010)
than mice fed during appropriate time,
despite similar activity levels and caloric
intake (Arble et al. 2009). This phe-
nomenon also is observed in humans;
people who skip breakfast and have
eating patterns shifted toward late-night
eating tend to be more overweight
than those who consume food during
more appropriate time periods (Berkey
et al. 2003; Ma et al. 2003).  

Genetic abnormalities in the molec-
ular circadian clock also are associated
with metabolic disorders, including
obesity, metabolic syndrome, and dia-
betes (Scott et al. 2008; Woon et al.
2007). For example, Clock mutant
mice, which have disrupted circadian
rhythms (Vitaterna et al. 1994), are
obese and demonstrate characteristics
of metabolic syndrome such as high
cholesterol levels and high blood glucose
(Turek et al. 2005). Bmal1 mutant
mice also have disrupted circadian
rhythmicity (Bunger et al. 2000), dis-

rupted adipogenesis (Shimba et al.
2005), and demonstrate markers of
metabolic syndrome (e.g., higher levels
of triglycerides and glucose) (Marcheva
et al. 2010; Rudic et al. 2004). Similarly,
mutations in Cry genes disrupt hor-
monal rhythms (Fu et al. 2005; Yang
et al. 2009) and Cry mutants show
markers of metabolic syndrome (Okano
et al. 2009). It should be noted that
although some of these mutant mice
demonstrate disrupted locomotion and
feeding behaviors (i.e., wrong-time
feeding), the abnormalities seem to be
attributable to mutations in the circa-
dian clock machinery rather than to
appropriate feeding times because mice
(e.g., Bmal1 mutant mice) that do
exhibit normal activity/feeding patterns
still exhibit markers of metabolic syn-
drome (Lamia et al. 2008; Marcheva et
al. 2010).

In addition to these effects of circadian
rhythms on indices of metabolism, it 
is also important to consider the effect
of circadian disruption on the immune
system because chronic inflammation
is a prominent feature associated with
metabolic syndrome. Thus, the immune
dysfunction that occurs upon circadian
rhythm disruption may be a predispos-
ing or exacerbating factor for metabolic
syndrome.  

Epigenetic Alterations:
Circadian Rhythm Disruption
and Alcohol

Epigenetics is the study of stable
changes in gene expression that do not
involve DNA sequence modifications
but rather are the consequence of 
processes such as DNA methylation,
histone modification (i.e., acetylation,
methylation, phosphorylation, ubiqui-
tinylation, ADP-ribosylation, and
sumoylation), and noncoding micro- 
RNAs (miRNAs). These changes in
gene expression are critical to optimize
cellular function and for cellular devel-
opment and differentiation. However,
epigenetic changes also occur in
response to environmental changes,
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including circadian rhythm disruption
and alcohol use.    

Shift work (i.e., chronic circadian
disruption) is associated with an
increased incidence of cancer. Potential
mechanisms for this relationship
include changes in melatonin levels
and levels of circadian clock genes
(Straif et al. 2007). However, epigenetics
also may influence circadian rhythm
disruption and thereby affect cellular
function. Indeed, long-term shift work
affects promoter methylation of the
circadian genes Clock and Cry2 (Zhu et
al. 2011) with increased methylation
of Clock (Hoffman et al. 2010a) and
decreased methylation of Cry (Hoffman
et al. 2010b) observed in cancer
patients. Epigenetic changes also occur
as a consequence of chronic circadian
disruption in the promoter regions of
genes encoding glucocorticoid receptors
(important for hypothalamic–pituitary–
adrenal axis function), TNFα (a cytokine
critical for cell functioning and inflam-
mation), and IFNγ (Bollati et al.
2010). Changes such as these may play
a critical role in how chronic circadian
disruption promotes cancer, inflamma-
tion, and metabolic disorders.

In addition to circadian-disruption–
induced epigenetic changes, alcohol
consumption is also associated with
epigenetic modifications. Alcohol-
induced DNA acetylation is observed
in vitro in rat hepatocytes (Park et al.
2003), in vivo in rat hepatic stellate
cells (Kim and Shukla 2005, 2006),
lung, spleen, and testes (Kim and
Shukla 2006). Similar to the increased
cancer risk associated with chronic 
circadian disruption, alcohol-induced
epigenetic changes are associated with
the development of cancer. Indeed, 
colorectal cancer in high-alcohol– con-
suming humans is associated with high
levels of promoter hypermethylation of
several relevant genes when compared
with low- or no-alcohol– consuming
counterparts with colorectal cancer
(van Engeland et al. 2003; Giovannucci
et al. 1995). Similarly, alcohol-consuming
individuals with head and neck cancer
have hypermethylated gene promoters
for specific genes of interest compared

with non-alcohol–drinking individuals
(Puri et al. 2005) and alcohol-depen-
dent humans have hypermethylation
of liver and peripheral blood cell DNA.
Thus, it seems that both circadian dis-
ruption and alcohol consumption can
affect long-term changes in gene expres-
sion via epigenetic modifications that
may impact a wide variety of health
outcomes.  

Summary and Future Directions

Circadian rhythms are a prominent
and critical feature of cells, tissues,
organs, and behavior that help an
organism function most efficiently and
anticipate things such as food availability.
Therefore, it is not surprising that 
disrupted circadian rhythms or mis-
alignment between central and peripheral
circadian rhythms predispose and/or
exacerbate a wide variety of diseases,
including alcohol-associated disorders.
One environmental factor that has
been shown to have a disruptive effect
on circadian rhythms is alcohol con-
sumption. This disruption occurs at
the molecular levels (i.e., changes in
the expression levels of the circadian
clock genes), also affects tissues and
organs (e.g., changes in the cyclic pattern
of hormones), and leads to overt behav-
ioral changes. Thus, in the context of 
alcoholism, disrupted circadian rhythms
may create a positive feedback loop
that markedly exaggerates alcohol-induced
immune/inflammatory-mediated diseases
by (1) negatively influencing immune
function and (2) promoting alcohol
consumption that leads to further 
circadian-rhythm disruption. These
changes are highly relevant because 
circadian-rhythm disruption has a sub-
stantial impact on immune function,
which in turn has important implica-
tions for a wide variety of pathological
conditions, including metabolic syn-
drome. A better understanding of how
circadian rhythms influence such a wide
variety of systems and bodily functions
and how environmental factors such as
alcohol use influence these processes is

vital to our ever more circadian-disrupted
society. 

A better understanding of the mech-
anisms by which circadian disruption
affects health outcomes such as cancer,
inflammation, metabolic disease, and
alcohol-induced pathology is critical.
This information may lead to the
development of chronotherapeutic
approaches to prevent and/or treat a
wide variety of conditions that are pro-
moted or exacerbated by circadian-
rhythm disruption and may lead to
better risk stratification for individuals
who are at risk for developing chronic
conditions. Going forward, character-
izing the epigenetic modifications that
occur during chronic circadian disrup-
tion may be critical for understanding
not only how disruption affects an
individual but also how these modifi-
cations are passed on to offspring,
which may influence the health of
future generations. Thus, the issue of
circadian disruption is vitally impor-
tant for the health and well-being of
current and future generations.  ■
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exposure to alcohol significantly alters the developmental trajectory of progenitor cells
and fundamentally compromises tissue formation (i.e., histogenesis). emerging
research suggests that ethanol can impair mammalian development by interfering
with the execution of molecular programs governing differentiation. For example,
ethanol exposure disrupts cellular migration, changes cell–cell interactions, and alters
growth factor signaling pathways. additionally, ethanol can alter epigenetic
mechanisms controlling gene expression. normally, lineage-specific regulatory factors
(i.e., transcription factors) establish the transcriptional networks of each new cell type;
the cell’s identity then is maintained through epigenetic alterations in the way in which
the dna encoding each gene becomes packaged within the chromatin. ethanol
exposure can induce epigenetic changes that do not induce genetic mutations but
nonetheless alter the course of fetal development and result in a large array of
patterning defects. Two crucial enzyme complexes—the Polycomb and Trithorax
proteins—are central to the epigenetic programs controlling the intricate balance
between self-renewal and the execution of cellular differentiation, with diametrically
opposed functions. Prenatal ethanol exposure may disrupt the functions of these two
enzyme complexes, altering a crucial aspect of mammalian differentiation.
Characterizing the involvement of Polycomb and Trithorax group complexes in the
etiology of fetal alcohol spectrum disorders will undoubtedly enhance understanding
of the role that epigenetic programming plays in this complex disorder. KEy WoRDS:
Alcohol exposure; ethanol exposure; prenatal alcohol exposure; prenatal alcohol
exposure; fetal alcohol spectrum disorders; fetal alcohol syndrome (FAS); FAS
phenotypes; fetal development;   epigenetics; epigenetic mechanisms; epigenetic
changes; gene expression; developmental programming; transcription; cellular
differentiation; Polycomb group proteins; Trithorax group proteins 

Exposure of the developing embryo
and fetus to alcohol can have pro-
found adverse effects on physical,

behavioral, and cognitive development.
The resulting deficits collectively have
been termed fetal alcohol spectrum 
disorders (FASD). They range in sever-
ity from mild cognitive deficits to a
well-defined syndrome (i.e., fetal 
alcohol syndrome [FAS]), which is
broadly characterized by low birth
weight, distinctive craniofacial malfor-

mations, smaller-than-normal head size
(i.e., microcephaly), and central ner-
vous system dysfunction (Riley et al.
2011). The mechanisms underlying
ethanol’s harmful effects on development
are not yet fully understood. Studies in
recent years have indicated that epige-
netic mechanisms may play a role in
the etiology of FASD. This article
describes the proposed roles of epigenetic
mechanisms in FASD and cell differen-
tiation in general and introduces two

protein complexes that are hypothesized
to play central roles in these events.

Role of Epigenetics 
in Developmental 
Programming and FASD

Mammalian development consists of a
series of carefully orchestrated changes
in gene expression that occur as stem
or progenitor cells differentiate to form



the tissues and organs making up the
growing fetus.1 Once the identity of
each new cell type has been established
by lineage-specific transcription factors,
this identity is maintained through
unique alterations in the way in which
the DNA encoding each gene becomes
packaged around certain proteins (i.e.,
the histones) within the chromatin
structure of the nucleus (Hemberger 
et al. 2009). Much like a closed book
cannot be read whereas an open book
can, the DNA can either be tightly
wound up into a structure that silences
the encoded genes, or the DNA can be
in a relaxed, open, and active state. As
development proceeds, the DNA of
each cell becomes packaged in a way
that is unique to that cell type and thus
is programmed to express only a specific
set of genes that confer the cell’s individ-
ual identity and physiological function
(Barrero et al. 2010). Three enzymatic
mechanisms control the assembly and
regulation of chromatin structure:
DNA methylation, modification of the
histone proteins (i.e., posttranslational
histone modification), and ATP-depen-
dent chromatin remodeling (Barrero et
al. 2010). These fundamental modifi-
cations, which control gene packaging,
are passed on to the daughter cells
when a cell divides. They are referred
to as epigenetic changes because they
impart a level of regulation that is above
(“epi”) the direct genetic modifications
of the DNA (Hemberger et al. 2009).

Studies using a diverse range of
model organisms have led to the con-
clusion that epigenetic modifications
to the chromatin structure provide a
plausible link between exposure to
environmental substances that can harm
the developing fetus (i.e., teratogens)
and lasting alterations in gene expres-
sion leading to disease phenotypes.
Numerous studies have demonstrated
that exposure to ethanol is associated

with both genome-wide and gene-specific
changes in DNA methylation (Bielawski
et al. 2002; Downing et al. 2011; Garro
et al. 1991; Haycock and Ramsey 2009;
Hicks et al. 2010; Liu et al. 2009;
Ouko et al. 2009; Zhou et al. 2011),
alterations in posttranslational histone
modifications (Kim and Shukla 2005;
Pal-Bhadra et al. 2007; Park et al. 2005),
and a profound shift in epigenetically
sensitive phenotypes (Kaminen-Ahola
et al. 2010). Collectively, all of these
observations indicate that ethanol can
act as a powerful epigenetic disruptor
and alter chromatin structure.

Although the mechanisms by which
alcohol impacts chromatin structure
are not completely understood, recent
work suggests that some epigenetic
changes result from altered cellular
metabolism. For example, Choudhury
and colleagues (2010) observed an
increase in reactive oxygen species (ROS)
within primary rat liver cells (i.e., hep-
atocytes) treated with ethanol. This
increase in ROS was correlated with an
increase in a specific modification of
histone 3 (i.e., acetylation of histone 3
at lysine 9); moreover, when the cells
were treated with cellular antioxidants
to eliminate the ROS, these alcohol-
induced chromatin modifications were
abated (Choudhury et al. 2010). In
addition, ethanol exposure has well-
documented effects on one-carbon
metabolism and the bioavailability of
the crucial methyl donor, s-adenosyl-
methionine (SAMe). Impaired levels 
of SAMe disrupt the cells’ ability to
methylate DNA and histones, resulting
in compromised epigenetic program-
ming (Zeisel 2011). Interestingly, many
of the birth defects observed in FASD
also have been noted in studies examining
deficiencies in one-carbon metabolism
(summarized in Zeisel 2011).

Although alcohol induces several
global changes in chromatin structure,
many of the associated developmental
defects seem to be rooted in gene-specific
alterations. A study by Hashimoto-
Torii and colleagues (2011) examining
global changes in gene transcription
within ethanol-exposed samples of brain
tissue (i.e., cerebral cortex) reported

that of 39,000 candidate messenger
RNAs (mRNAs) assessed, only 636
transcripts were differentially expressed.
Other researchers have identified alcohol-
induced alterations in the expression 
of only a small number of key develop-
mental regulators, including several
transcription factors known as HOX
factors, which play crucial roles in
directing organ patterning and mor-
phogenesis (Godin et al. 2011; Mo et
al. 2012; Rifas et al. 1997; Vangipuram
and Lyman 2012). In rodent models,
these alterations have been associated
with neural patterning defects and the
development of abnormalities in struc-
tures of the head and face (i.e., cranio-
facial dysmorphogenesis), reminiscent
of those observed in clinical studies of
FASD (Parnell et al. 2009; Rifas et al.
1997). However, these alcohol-induced
alterations in gene expression often are
limited to a specific tissue type and
arise only when ethanol exposure occurs
during select developmental windows
(Godin et al. 2011; Kim et al. 2010;
Mo et al. 2012; Parnell et al. 2009).
These observations suggest that the
molecular machinery involved in 
epigenetic programming also may be
disrupted by ethanol exposure and, 
as a consequence, key epigenetic cues 
regulating development are not prop-
erly established.

Epigenetic Control and
Developmental Programming 
of Differentiation

Of the three classes of epigenetic modi-
fications, posttranslational modification
of histone proteins undoubtedly is 
the most complex. Posttranslational
enzymatic modifications, such as acety-
lation, methylation, phosphorylation,
and ubiquitination (which have been
studied most extensively), work together
to produce a combinatorial “histone
code” that serves to regulate cell-lineage–
specific patterns of chromatin structure
throughout development (Fisher 
and Fisher 2011). Within the unique
transcriptional environment of embry-
onic stem cells, several developmentally
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1 stem cells still have the ability to differentiate into any type of
specialized cell (e.g., nerve, blood, or muscle cells); therefore,
they are called pluripotent. Progenitor cells already are more spe-
cialized and therefore committed to a certain type of tissue; for
example, neural progenitor cells can develop into different types
of nerve cells or supporting brain cells (i.e., glial cells) but can no
longer differentiate into muscle or blood cells. Thus, these progen-
itor cells are multipotent but not pluripotent.
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crucial genes are marked in a coordi-
nated fashion with both activating and
repressive histone modifications (Bernstein
et al. 2006; Jiang et al. 2011; Lim et al.
2009). Specifically, histone 3 (around
which DNA sequences are wrapped) 
is modified by the addition of three
methyl groups to the fourth lysine
residue (i.e., histone 3 lysine 4
trimethylation), which typically is asso-
ciated with gene activation, as well as
by trimethylation of lysine 27, which
has repressive effects (see figure 1A).
The DNA sequences wrapped around
these uniquely marked histones are
termed bivalent domains and generally
encode transcription factors directing
tissue-specific programs of differentia-
tion (Fisher and Fischer 2011). This
same distinctive signature is found, albeit
less frequently, in placental, neuronal,
and other tissue-specific progenitor cell
types (Lim et al. 2009; Rugg-Gunn 

et al. 2010). These bivalently marked
genes generally are not expressed but
are thought to be “primed” for either
rapid activation or silencing during 
differentiation. Once a progenitor cell’s
fate has been established by lineage-
specific transcription factor networks,
the cell’s transcriptional memory is
maintained by removing one of the
coexisting modifications and leaving
only the modification indicative of the
active or silent state in place. Importantly,
many bivalently marked genes are dis-
rupted in prenatal models of alcohol
exposure, which potentially may explain
the constellation of effects observed in
FASD. For example, in a neural stem
cell model ethanol exposure alters both
histone 3 lysine 4 and lysine 27 trimethy-
lation (Veazey et al. 2013). Understanding
the mechanistic basis of these epige-
netic defects is crucial to deciphering
the developmental origins of FASD.

Seminal studies using the fruit fly
Drosophila melanogaster in the late
1970s to early 1980s revealed the exis-
tence of two large multiprotein com-
plexes with diametrically opposite roles
in the regulation of gene expression:
the Polycomb group (PcG) and Trithorax
group (TrxG) (Lewis 1978; Poux et al.
2002; Schuettengruber et al. 2007).
These two developmentally crucial
enzyme complexes function at the hub
of mammalian development; by binding
to the regulatory regions of bivalent
genes, they regulate the intricate bal-
ance between self-renewal of stem and
progenitor cells and the execution of
cellular differentiation. As differentiation
progresses, these regulatory regions
“commit” to one of these two protein
complexes and become occupied exclu-
sively by either the PcG or TrxG pro-
teins. This commitment occurs in a
cell-lineage–dependent manner, and 

Figure 1A Bivalent state of the DNA in mammalian cells and its resolution during differentiation. In stem or progenitor cells, numerous developmentally
relevant genes encoding factors that drive lineage-specific patterning are simultaneously marked with both activating and repressive 
histone modifications. This bivalent chromatin signature is thought to silence lineage-specifying genes through histone 3 lysine 27
trimethylation (H3K27me3) while at the same time poising them for activation during differentiation through the presence of histone 
3 lysine 4 trimethylation (H3K4me3). As differentiation progresses, these domains can either adopt a silent conformation (top), become
transcriptionally active (bottom), or persist into the next progenitor cell type (middle). 



as a result the chromatin structure of
these bivalent genes becomes fixed in
either an active or a silent state. Any
defects in this delicate balancing act,
particularly during the differentiation
towards a neural lineage, results in
developmental defects and causes disease.
Despite their fundamental importance
to the processes of epigenetic program-
ming and mammalian development,
however, the roles of PcG and TrxG
proteins in the etiology of FASD to
date have not been examined. 

PcG Proteins

The PcG proteins and the genes
encoding them originally were discov-

ered over 30 years ago as key regulators
of the processes that specify which 
end of the embryo forms the head and
which the rear during the development
of Drosophila (Lewis 1978). Since
then, researchers have found that these
gene families encode essential regula-
tors governing mammalian processes 
of cellular determination and lineage-
specific patterns of differentiation. In
mammals, two major PcG complexes
have been characterized that modify
chromatin structure; these are called
Polycomb Repressive Complexes 1 and
2 (PRC1 and PRC2). Each complex 
is composed of several proteins with
different biochemical functions, many
of which are not well understood (see
figure 2). PRC1 acts by mediating the

ubiquitination of the 119th lysine residue
of histone H2A; this is achieved by
two of the PRC1 proteins called ring
finger protein 1A and 1B (RING1A
and RING1B) (Wang et al. 2004).
This posttranslational modification pushes
the local chromatin structure towards a
transcriptionally repressive state and its
proper establishment is essential to the
coordinated silencing of genes through -
out mammalian development (Boyer et
al. 2006; Wang et al. 2004). In embry-
onic stem cells, histone ubiquitination sta-
bilizes the presence of an enzyme called
RNA polymerase II (which is required
for gene expression) at bivalent chro-
matin domains and is crucial for main-
taining the pluripotent state of undif-
ferentiated cells (Ku et al. 2008). 
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Preimplantation Neurogenesis Postnatal Neurogenesis

Figure 1B  During development of the nervous system, many genes controlling neural patterning are held in a poised or bivalent conformation during
early embryogenesis, resolve towards the active conformation during neural patterning, and are silenced during postnatal life. Repression
(i.e., trimethylation of histone 3 lysine 27 [H3K27me3]) is imposed by the polycomb group proteins (PcG) (small red circles), whereas 
activation H3K4me3 is imparted by the mammalian homologues of the trithorax group proteins (TrxG) (green triangles). Correct biochemical
function of these proteins and the coordination of the marks they impart are essential to mammalian neurogenesis.
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PRC2 has similar repressive proper-
ties to PRC1 and also is an essential
regulator of cellular differentiation. 
It facilitates the silencing of develop-
mentally crucial genes through mono-,
di-, and trimethylation of the histone 3
lysine 27 and trimethylation of histone
3 lysine 9 (Cao et al. 2002; Czermin et
al. 2002), both of which repress gene
expression. Together, the methylation
of these two lysine residues promotes the
generation of facultative heterochro-
matin2 and mediates a transcriptionally
silent state.

Adding an additional layer of com-
plexity, PRC2 associates with the
mammalian enzymes responsible for
DNA methylation (i.e., DNA methyl-
transferase complexes); this association
aids in the ability of PRC2 complexes
to repress their target loci (Viré et al.

2006). This physical interaction sug-
gests that the PcG complexes and the
DNA methyltransferases act together
to maintain the epigenetic memory of
chromatin states throughout differenti-
ation. Proper functioning of this gene
family and their interacting proteins is
essential for the execution of cell-specific
differentiation programs and proper
lineage specification (Pasini et al. 2007).

TrxG Proteins

In fruit flies, maternal transcription
factors that were included in the egg
cells and which are distributed unevenly
throughout the developing embryo
shape gene expression in the early
embryo. The levels of these transcription
factors diminish over time, and once
they disappear from the developing
embryo, the memory of which genes
were active in a given cell is propagated
through the action of the TrxG pro-
teins (Lewis 1978; Poux et al. 2002).
These proteins also have been identi-
fied in mammals, where they have
been implicated in fundamental epige-
netic and cellular processes, including
X-chromosome inactivation, genomic
imprinting, stress response, programmed
cell death (i.e., apoptosis), development

Figure 2A  Transcriptional regulation by the Polycomb and Trithorax complexes. Polycomb repressive complex 1 (PRC1) consists of four core proteins
including: polyhomeotic homolog (PHC), ring finger protein 1A or 1B (RING1A or RING1B), B-lymphoma Mo-MLV insertion region 1
homolog (BMI1), and chromobox homolog (CBX). The RING1A/RING1B subunits are the catalytic engine of the PRC1 complex and carry
out ubiquitination of histone 2A at lysine 119 (H2AK119ub). PRC2 consists of four core proteins including: embryonic ectoderm development
(EED), enhancer of zeste 2 (EZH2), suppressor of zeste 12 (SUZ12), and polycomb like (PCL). EZH2 serves as the catalytic subunit of
PRC2 and trimethylates lysine 27 on histone 3 (H3K27me3). Current models suggest that H3K27me3 generated by PRC2 facilitates 
compaction of chromatin leading to the repression of gene expression. Subsequently, the CBX subunit of the PRC1 complex recognizes
H3K27me3, and the RING1A/RING1B subunits of PRC1 ubiquitinate H2AK119 to facilitate the maintenance of the repressed state.

2 The term “facultative heterochromatin” refers to gene-rich
regions of the genome that are silent, but which can dynamically
cycle into periods of transcriptional activity. For example, a chro-
mosome region containing a gene that is active only during late
development will be silent during early development, become
transcriptionally active during late development, and then return
to a silent state for the adult stage of life. Conversely, other
genomic regions are held perpetually in a tightly compact, silent
state; these regions are known as constitutive heterochromatin.



of tumors (i.e., tumorigenesis), cell
proliferation, and embryonic stem cell
renewal. However, compared with the
PRC1 and PRC2 complexes, very little
information exists on individual TrxG
proteins or their biochemical functions
(Schuettengruber et al. 2007). It is
known that TrxG proteins function as
multiprotein complexes that mediate
the trimethylation of histone 3 lysine 
4 (H3K4me3) and which have been
conserved across different species (Jiang
et al. 2011). In mammalian cells the
TrxG complex is formed by a core group
of structural proteins that combine
with at least one of six interchangeable
histone methyltransferases. 

The main core of TrxG complexes is
composed of four proteins called WD40
repeat domain 5 (WDR5), retinoblas-
toma binding protein 5 (RbBP5),
dosage compensation–related protein

30 (Dpy30), and absent, small, or
homeotic-like protein (Ash2L) (see 
figure 3). WDR5 recognizes histone 3
molecules that are methylated at lysine
4 and allows the methyltransferase in
the TrxG complex to bind to this
region and add another methyl group;
thus, WDR5 is an essential regulator of
global H3K4 trimethylation (Wysocka
et al. 2005). RbB5 is necessary for
proper differentiation of embryonic
stem cells into neural progenitor cells
and, together with Dpy30, also is
essential for regulating global levels of
H3K4 trimethylation (Jiang et al. 2011).

The TrxG core interacts with a group
of interchangeable H3K4 methyltrans-
ferases, including some called mixed
lineage leukemia (MLL) proteins (i.e.,
MLL1, MLL2, MLL3, and MLL4)
and proteins called SET1A and SET1B
(Jiang et al. 2011; Steward et al. 2006).

MLL1 initially was discovered in cells
of patients with different types of
leukemia (i.e., acute lymphoid and
acute myeloid leukemia). It is thought
to promote cell-specific patterns of
gene expression by regulating global
and gene-specific H3K4 methylation
during early embryonic development
(Yu et al. 1995), because mice in which
the corresponding mouse gene (MLL1)
has been eliminated, or knocked out,
show alterations in H3K4 methylation.
In contrast, knockout of the MLL2 gene
in mouse embryonic stem cells leads to
skewed differentiation but no concrete
alterations to H3K4 methylation
(Lubitz et al. 2007). For the remaining
methyltransferases (i.e., MLL3, MLL4,
and SET1A/1B), little is known except
that they are involved in H3K4 methy-
lation. Deletion of any one of these
other methyltransferases seems to have
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Figure 3   Trithorax (TrxG) proteins function as a conserved multi-component complex that regulates the trimethylation of histone 3 lysine 4
(H3K4me3). The four core structural components of the TrxG complex are: WD40 repeat domain 5 (WDR5), retinoblastoma binding 
protein 5 (RbBP5), dosage compensation-related protein 30 (Dpy30), and absent, small, or homeotic-like (Ash2L).  These proteins serve
as a scaffold to regulate the biological activity of the H3K4 methyltransferase family of enzymes, which include mixed-lineage leukemia
(MLL) proteins MLL1, MLL2, MLL3, and MLL4, as well as SET1A and SET1B. 
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only minimal effects on global levels of
H3K4 methylation, likely because the
remaining MLL family members can
substitute for the deleted ones (Jiang et
al. 2011). Thus, although researchers
have made progress in clarifying the
roles of TrxG proteins, much remains
unknown regarding the temporal and
tissue-specific regulatory events these
proteins promote.  

Role of PcG and TrxG in the
Etiology of FASD

Postmortem studies of children that
succumbed to FAS revealed groups of
poorly differentiated neuronal and glial
cells at abnormal sites within the brain,
suggesting large-scale problems with
cellular proliferation and differentiation
resulting from prenatal alcohol exposure
(Swayze et al. 1997). Furthermore,
studies using animal models have
demonstrated reduced brain size and
abnormal migration of neural cells in
mice exposed to ethanol in utero (Godin
et al. 2010; Parnell et al. 2009).
Collectively, these observations indicate
that alcohol impairs the cellular pro-
cesses of neuronal differentiation and
migration during fetal development. In
support of this conclusion, studies using
human and rodent neurosphere cul-
tures have demonstrated that treat-
ment with ethanol increases neuro-
sphere size, skews the developmental
potential of neural progenitor cells,
and fundamentally alters the neuronal
differentiation program (Roitbak et 
al. 2011; Vangipuram and Lyman 2012).
However, the specific molecular mech-
anisms by which ethanol disrupts the
cellular processes governing differentia-
tion remain poorly defined. Recent
studies examining the consequences 
of ethanol exposure during embryonic
stem cell differentiation demonstrate a
delay in the ability of exposed cells to
silence regulatory factors promoting
pluripotency, including the transcrip-
tion factors OCT4, NANOG, and
SOX2 (Arzumnayan et al. 2009). These
studies strongly suggest that ethanol
interferes with the ability of differenti-

ating cells to recruit epigenetic modifiers
to genes playing key roles in development
and to execute the molecular programs
governing cellular differentiation. 

During early mammalian develop-
ment, approximately 2,000 genes are
bivalently marked as described earlier,
and these marks progressively resolve
towards the lineage-specific patterns of
chromatin organization characterizing
each unique cell type (Rugg-Gunn et
al. 2010). As development proceeds,
many precursor cell types maintain a
subset of developmentally critical genes
in this conformation as well push new
groups of cellular factors into a biva-
lent state. For example, in pluripotent
embryonic stem cells (which can dif-
ferentiate into any cell type) the neural
precursor genes Dlx2, Hand1, Msx2,
Nestin, Nkx2.1, Nkx2.2, Olig2, Pax6,
and Sox1 all are bivalently marked,
whereas in multipotent, neural precursor
cells (which only can develop further
into different types of neurons) only
Dlx2 and Pax6 maintain this confor-
mation. Interestingly, two genes encoding
marker proteins that are found only in
a type of glial cell called astrocyte (i.e.,
myelin basic protein [MBP] and glial
fibrillary acidic protein [GFAP]) estab-
lish novel bivalent domains so that
these genes can be kept in an active or
inactive state, depending on whether
they will become nerve cells or astro-
cytes (Golebiewska et al. 2009). Proper
functioning of the TrxG complexes is
indispensable to converting these biva-
lent loci into the actively transcribed
state required for the induction of nerve
cell formation (i.e., neurogenesis)
(Huang et al. 2007; Jiang et al. 2011;
Lim et al. 2009). Similarly, PcG com-
plexes are necessary to silence the myr-
iad of developmental regulators that
would be required if the cells would
differentiate into other cell types; thus,
these complexes also help ensure that
lineage-specific patterns of gene expres-
sion arise (Pereira et al. 2010). By
propagating the transcriptional mem-
ory established by lineage-specific tran-
scription factor networks, the TrxG
and PcG complexes cooperatively reg-

ulate the balance between stem cell
renewal and lineage differentiation. 

Importantly, the expression of many
of these factors that are bivalently marked
and regulated by PcG and TrxG is dis-
rupted in various models of prenatal
alcohol exposure; moreover, this dis-
ruption is associated with profound
errors in neuronal patterning. For exam-
ple, alcohol suppresses the activation 
of two neural precursor genes—Msx2
and Pax6—leading to craniofacial
abnormalities and excessive differentia-
tion of glutamatergic neurons, respec-
tively (Kim et al. 2010; Mo et al. 2012;
Rifas et al. 1997). Similarly, both the
expression and localization of Nkx2.1
and Olig2 are diminished by alcohol,
potentially disrupting the balance
between excitation and inhibition in
the cerebral cortex after birth (Godin
et al. 2011). Finally, recent studies by
Taléns-Visconti and colleagues (2011)
have demonstrated that ethanol affects
the proliferation of neural progenitor
cells and markedly reduces their poten-
tial to differentiate into mature neurons,
astrocytes, and another type of glial cell
called oligodendrocytes. Given this
broad-spectrum impediment to nearly
every neuronal developmental fate, it 
is possible that the observed impact of
ethanol on the overall architecture and
size of the brain in FAS children stems
from effects on some aspect of PcG/
TrxG regulation of neural precursor
differentiation. Using a neurosphere
model of differentiation, Mo and col-
leagues (2012) recently demonstrated
that expression of the Pax6 gene at a
site other than where it usually is
expressed could ameliorate the impact
of ethanol on cell proliferation and
neurogenesis. These results suggest that
within a limited scope it may be possible
to reverse alcohol’s effects on develop-
mental programs. 

Conclusions

One of the most difficult aspects in 
the study of FASDs has been trying to
explain the wide range of severity and
enormous variation in FASD-associated



birth defects. The process of organ 
formation is initiated during the early
stages of embryonic development, and
different rudimentary organ systems
are formed and grow during unique
developmental windows (Zorn and
Wells 2009). Each organ system cycles
between periods of intense growth and
steady-state maintenance. The periods
of growth are characterized by carefully
orchestrated changes in DNA methyla-
tion and chromatin structure as differ-
entiating cells are programmed with
their epigenetic identity (Zhou et al.
2011). Studies using animal models
analyzing the correlation of ethanol
exposure at varying developmental time
points with major periods of tissue
growth strongly indicate that different
tissues primarily are susceptible to
ethanol-induced teratogenesis during
specific developmental windows (Becker
et al. 1996). Given the demonstrated
ability of alcohol to alter DNA methy-
lation and chromatin structure, it is
likely that in organ systems which
enter or are in a period of active epige-
netic programming, ethanol exposure
induces lasting epigenetic lesions that
persist throughout organogenesis, whereas
non-developing systems remain largely
refractory to alcohol’s effects. Thus, the
epigenetic errors resulting from alcohol
exposure can vary greatly depending
on the specific timing and dose of
alcohol exposure, which can explain
the wide diversity in severity and range
of birth defects that characterize FASD
(Becker et al. 1996). 

Since their discovery, the PcG and
TrxG protein complexes have been
identified in numerous disease con-
texts, including cellular transformation
of normal cells into tumor cells as well
as structural defects and mental illness
(Huang et al. 2007; Varambally et al.
2002; Yu et al. 1995). These studies
have demonstrated that a molecular
event or teratogen (e.g., ethanol) that
alters PcG/ TrxG programming within
even a few neural progenitor stem cells
during fetal growth can disproportion-
ately influence subsequent brain devel-
opment and potentially impart severe
neurological birth defects (Boyer et al.

2006, Hirabayashi and Gotch. 2010).
A complete characterization of the
involvement of PcG and TrxG com-
plexes in the etiology of FASD will
undoubtedly aid in understanding the
role of epigenetic programming in this
complex disorder.  ■
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Chronic alcohol exposure causes widespread changes in brain gene expression in
humans and animal models. Many of these contribute to cellular adaptations that
ultimately lead to behavioral tolerance and alcohol dependence. There is an emerging
appreciation for the role of epigenetic processes in alcohol-induced changes in brain
gene expression and behavior. For example, chronic alcohol exposure produces
changes in dna and histone methylation, histone acetylation, and microrna
expression that affect expression of multiple genes in various types of brain cells (i.e.,
neurons and glia) and contribute to brain pathology and brain plasticity associated
with alcohol abuse and dependence. drugs targeting the epigenetic “master
regulators” are emerging as potential therapeutics for neurodegenerative disorders
and drug addiction. KEy WoRDS: Alcohol consumption; alcoholism; chronic alcohol
exposure; alcohol use, abuse and dependence; epigenetics; epigenetic
therapeutics; gene expression; brain; brain cells; brain pathology; behavior; DNA
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Whether a specific gene is tran-
scribed or repressed is deter-
mined by the specific status

(i.e., conformational state) of the 
complex of chromosomal DNA and
proteins (i.e., the chromatin) and by
the recruitment of specific proteins
(i.e., transcription factors) to regulatory
sites on the DNA (Copeland et al.
2010). Chromatin states can change as
a result of enzyme-mediated covalent
modifications of the DNA and struc-
tural chromatin proteins (i.e., histones)
(Borrelli et al. 2008; Copeland et al.
2010). These changes in chromatin,
which are often termed epigenetic marks,
include such modifications as DNA
methylation and histone methylation
and acetylation. In addition, incorpora-
tion of histone variants, adenosine
triphosphate (ATP)-dependent chromatin
remodeling, and regulation of gene
expression by noncoding RNAs also
are considered epigenetic phenomena
and play important roles in regulation
of gene expression. It is becoming
increasingly clear that epigenetic mech-

anisms play a key role in cellular differ-
entiation and regulation of cell type–
specific transcriptional programs, 
producing a remarkable heterogeneity
of cellular transcriptomes1 that reflect
the physiological properties and func-
tional state of individual cells.

The brain arguably is one of the most
complex biological tissues and enables
the organism to sense, remember, and
respond to its environment. It constantly
adapts to environmental stimuli through
regulated changes in gene expression.
Chronic alcohol exposure causes wide -
spread changes in brain gene expression
in humans and animal models (Mulligan
et al. 2006; Ponomarev et al. 2012),
and there is evidence that many of
these changes mediate the processes of
cellular adaptation leading to addiction

(Mayfield et al. 2008). Until recently,
the role of epigenetic processes in alcohol’s
effects on the central nervous system
(CNS) has been largely understudied.
However, in the past 5 years the num-
ber of studies that suggested a role for
epigenetics in alcohol-related molecular
and behavioral changes has grown 
considerably. This review summarizes
evidence for the role of epigenetic
modifications in alcohol’s effects on
brain gene expression and behavior.

DNA Methylation

DNA methylation generally is associ-
ated with transcriptional repression. It
mainly occurs at sites where a cytosine
and a guanosine nucleotide are located
next to each other (i.e., CpG dinu-
cleotides). If these CpG dinucleotides
are located within regulatory sequences,
such as promoter regions, their methy-
lation can block the binding of tran-
scription factors and/or establish a
repressive chromatin state (Renthal 

1 The first step of gene expression (i.e., transcription) involves 
the synthesis of intermediary molecules called messenger rnas
(mrnas) that are copies of the gene(s) to be expressed and which
serve as templates for the synthesis of the encoded protein(s) 
during the second step of gene expression (i.e., translation). a
transcriptome is the entirety of all mrnas found in a certain cell,
organ, or organism.



and Nestler 2009b). One of the first
indications that DNA methylation
may play a role in alcoholism can be
traced back to 1940s and 1950s, to 
the work of Dr. Roger J. Williams, a
biochemistry professor at the University
of Texas at Austin. He showed for the
first time that dietary changes could
affect beverage alcohol (i.e., ethanol)
consumption in rodents. Specifically,
diets deficient in B vitamins (e.g., folic
acid and choline) increased consump-
tion of solutions containing 10 percent
ethanol in some rats, whereas vitamin-
enriched diets decreased it (Williams 
et al. 1949). It now is well established
that folates and several other B vitamins
are critical for one-carbon metabolism
and the synthesis of a compound called
S-adenosyl-methionine (SAM), which
serves as the primary methyl group
donor in most transmethylation reac-
tions, including DNA methylation
(Hamid et al. 2009). Therefore, it is
possible that dietary changes in this
early study affected alcohol consump-
tion via changes in DNA methylation
and methylation-regulated gene
expression.

Chronic alcohol consumption causes
well-documented vitamin B and folate
deficiencies that negatively affect the
biochemical reactions in which a chem-
ical unit containing one carbon atom
(e.g., a methyl group) is transferred
through several steps from a donor to
another compound, such as DNA (i.e.,
one-carbon metabolism). These effects
on one-carbon metabolism can result
in excess levels of the SAM precursor
homocysteine in the blood (i.e., homo-
cysteinemia) and decreased SAM 
production (Blasco et al. 2005; Hamid
et al. 2009). In addition, alcohol can
affect DNA methylation through 
several other mechanisms, including
the following:

• The alcohol metabolite, acetalde-
hyde, may induce inhibition of an
enzyme called DNA methyltrans-
ferase 1 (DNMT1) that mediates
most DNA methylation reactions
needed to maintain the cell’s normal
functioning (Garro et al. 1991).

• Alcohol-induced DNA damage and
the resulting repair reactions can
lead to demethylation of 5-methyl-
cytosine nucleotides (Chen et al. 2011).

Both of these mechanisms can cause
reduced levels of methylation through-
out the DNA (i.e., global DNA
hypomethylation), a chromatin state
associated with many pathological 
conditions, including cancer (Pogribny
and Rusyn 2012). Alcohol-induced
global DNA hypomethylation has
been reported in several peripheral 
tissues of alcohol-related models and
may play a role in alcoholic liver dis-
ease, fetal alcohol syndrome, and colon
cancer (Choi et al. 1999; Garro et al.
1991; Hamid et al. 2009; Lu et al.
2000; Shukla et al. 2008). However,
the effect of chronic alcohol on global
DNA methylation seems to be tissue
specific because one study reported
enhanced DNA methylation (i.e.,
global DNA hypermethylation) in a
certain type of blood cells (i.e., periph-
eral mononuclear cells) in alcoholic
patients undergoing early alcohol 
withdrawal (Bonsch et al. 2004).

Two recent studies (Manzardo et al.
2012; Ponomarev et al. 2012) have
examined alcohol’s effects on global
DNA methylation in the brain. Both
studies measured DNA methylation in
the frontal cortex of chronic alcoholics
and matched control cases, but using
two different methods. Ponomarev 
and colleagues (2012) studied genomic
regions that included DNA sequences
called long terminal repeat (LTR)-
containing retrotransposons, also known
as endogenous retroviruses (ERVs),
most of which are nonfunctional rem-
nants of ancient retroviral infections
(Antony et al. 2004). The investigators
showed that these repeats, which usually
are heavily methylated, were less
methylated in alcoholic brains, which
was associated with their increased
expression. Because ERVs constitute 
a significant part of the human genome,
the study concluded that alcohol abuse
causes global DNA hypomethylation
in the brain, which is consistent with
the majority of previous studies on

alcohol-induced changes in DNA
methylation. Manzardo and colleagues
(2012) used immunological methods
(i.e., immunoprecipitation) to isolate
methylated DNA from alcoholics and
control subjects and then applied this
DNA to microarrays containing
genomic promoter regions to identify
promoters for which the methylation
patterns differed between the two
groups. The analyses found no differ-
ences between the groups in total
methylation at the whole-genome
level; however, about 20 percent of all
promoters were differentially methy-
lated between the groups, with less
than half of these promoters showing
greater methylation in alcoholics.

These complementary findings sug-
gest that chronic alcohol causes a gen-
eral decrease in the overall number of
methylated cytosines but also could lead
to the de novo methylation of previously
unmethylated nucleotides at the promoters
of some genes. Such a combination of
these processes already has been widely
reported in studies of cancer, showing,
for example, that methyl-deficient diets
induce development of liver tumors
(i.e., hepatocarcinogenesis) associated
with global DNA hypomethylation
and promoter hypermethylation at
specific genes (Ehrlich 2005; Pogribny
and Rusyn 2012). Hypomethylated
states associated with cancer and other
pathological conditions often are
accompanied by a downregulation of
the gene encoding DNMT1 (Hervouet
et al. 2010), which also has been
observed in the brains of chronic 
alcoholics (Ponomarev et al. 2012).
These striking similarities point to
some common mechanisms of methyl
deficiency across tissues.

Studies assessing epigenetic regula-
tion of individual genes in the brain
have shown that alcohol’s effects on
DNA methylation depend on a variety
of factors, including the specific gene
targets, developmental stage of exposure,
and type of neuronal tissue affected.
Much of this work has focused on 
the central effects of prenatal alcohol
exposure and on gene regulation in 
cell cultures. Prenatal exposure of rats
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to alcohol resulted in DNA hyperme-
thylation and a reduced expression of a
protein called brain-derived neurotrophic
factor (BDNF) in olfactory bulbs of rat
pups, which was associated with loss 
of neurons in this brain region (Maier
et al. 1999). Similar molecular results
were obtained in a separate study where
prenatal alcohol treatment of rats led
to DNA hypermethylation and a
decreased expression of a protein char-
acteristically found in brain cells called
astrocytes (i.e., glial fibrillary acidic
protein [GFAP]) in the brains of the
pups (Valles et al. 1997). In neural cell
cultures, alcohol-induced downregula-
tion of cell-cycle genes was paralleled
by an increased DNMT activity and
hypermethylation of the promoters 
of those genes (Hicks et al. 2010).
Conversely, upregulation of the gene
encoding a receptor subunit for the
neurotransmitter glutamate (i.e., the
NMDA NR2B receptor subunit) was
associated with demethylation of CpG
dinucleotides in the gene’s promoter
after chronic alcohol (Marutha Ravindran
and Ticku 2004). 

However, some reports suggest that
the relationship between DNA methy-
lation and the expression of neighbor-
ing genes may be even more complex
than previously thought (Ehrlich 2005).
For example, a recent study demon-
strated an increased expression of a 
signaling molecule called prodynor-
phin (PDYN) that was associated with
methylation of a CpG dinucleotide
located in a DNA region behind the
actual protein-coding region of the
gene (i.e., in the 3′-untranslated region
of the gene) in the brains of alcohol-
dependent people (Taqi et al. 2011),
although no causal link was established.

Specific DNA methylation patterns
differ among tissues and cell types, and
these differences contribute to estab-
lishing the cells’ epigenetic landscape
and transcriptional programs and
defining cellular identity (Bernstein et
al. 2007). Also, although alcohol’s gen-
eral effects on DNA methylation may
be similar across various tissues, the
specific genes affected by this regula-
tion may differ depending on cell type.

The epigenetic regulation of such pro-
teins as GFAP, which is a marker of
astrocytes, and the NR2B subunit,
which generally is expressed in neurons,
suggests that alcohol-induced epigenetic
changes will affect molecular markers
of individual cell types to a greater
degree than other proteins. Many studies
of alcohol’s epigenetic modification of
the chromatin have been conducted in
blood cells obtained from alcoholics
(Biermann et al. 2009; Bonsch et al.
2005; Hillemacher et al. 2009). Because
of the concern regarding the tissue
specificity of alcohol’s epigenetic effects,
however, the results of these important
studies cannot be readily generalized to
mechanisms in brain. Therefore, paral-
lel measurements of the entirety of all
alcohol-induced epigenetic changes
(i.e., the epigenomic changes) in the
blood and brain should be obtained
and vigorously compared in animal
models to detect common patterns,
based on which generalization of
results in humans can be made.         

histone Modifications

Histone proteins are the second major
target of epigenetic changes. These
proteins can be modified by a relatively
large number of specific enzymes that
mediate covalent attachment and removal
of four classes of chemical groups:
methyl, acetyl, phosphate, and ubiqui-
tin (Bernstein et al. 2007; Borrelli et 
al. 2008). Studies of alcohol-induced
modifications mainly have focused on
two histone modifications: a trimethy-
lation of histone 3 at the lysine 4 residue
(H3K4me3), which is a promoter-
enriched chromatin mark of actively
transcribed genes, and acetylation of
various residues of histones 3 and 4
(H3 and H4). Histone acetylation 
generally is associated with a more
open, accessible structure of the chro-
matin and, consequently, increased
transcription, whereas deacetylated 
histones can cause transcriptional
repression (Bernstein et al. 2007).

Chronic alcohol abuse in humans
can result in global and gene-specific

increases in H3K4me3 in the brain
cortex (Ponomarev et al. 2012) and in
either increases or decreases of this
modification in promoters of specific
genes in the hippocampus (Zhou et al.
2011). The latter study used a combi-
nation of two techniques (i.e., chro-
matin immunoprecipitation followed
by DNA sequencing [ChIP-Seq]) to
detect individual genes with differences
between alcoholics and control subjects
in H3K4 promoter trimethylation and
in parallel measured the levels of tran-
scription of the same genes. Interestingly,
differences in promoter methylation
did not correlate with differences in
gene expression, suggesting that
H3K4me3 status alone is not a reliable
predictor of genome-wide steady-state
mRNA levels at a given time point. A
possible explanation of these results is
that the H3K4me3 mark in the pro-
moter regions only indicates that the
chromatin is in an open conformation
that is accessible to regulatory or tran-
scription factors but does not mean
that transcription actually is initiated
and the transcription machinery is pre-
sent (Bernstein et al. 2007). A recent
study (D’Addario et al. 2011) supports
this hypothesis as well as previous find-
ings showing mechanistically linked
but temporally complex relationships
between chromatin marks at gene pro-
moters and mRNA abundance. The
investigators explored the effects of
ethanol and its metabolite acetalde-
hyde on various chromatin marks and
the transcription of the PDYN gene 
in a human cell line derived from a
tumor arising from nerve tissue cells
(i.e., a neuroblastoma). The analyses
suggested that the ethanol-induced
increase in H3K4me3 that was observed
after 72 hours of ethanol exposure did
not result in initiation of PDYN tran-
scription but kept the gene in a poised
state for later reactivation. This is con-
sistent with other findings regarding
PDYN activation in human alcoholics
(Taqi et al. 2011).

Most evidence to date on the role of
central epigenetic processes in alcoholism
has been collected from studies focus-
ing on histone acetylation, often by



modifying the activities of the enzymes
that add acetyl groups (i.e., histone
acetyl transferases [HATs]) or remove
acetyl groups (i.e., histone deacetylases
[HDACs]). Particularly, small molecules
that inhibit HDAC function (HDACis)
and thus result in increased histone
acetylation have been investigated
intensely in recent years. These molecules
are attractive because they can enter
the brain via the blood (i.e., cross the
blood–brain barrier) and exert a broad
range of effects in the CNS, including
enhanced memory formation as well as
anti-inflammatory and neuroprotective
effects (Kazantsev and Thompson 2008;
Sweatt 2009). Several studies using
HDACis demonstrated effects of
altered histone acetylation on different
alcohol-related behaviors, including
withdrawal-related anxiety (Pandey et
al. 2008), locomotor sensitization
(Sanchis-Segura et al. 2009), alcohol
consumption (Wostenholme et al.
2011), conditioned place aversion
(Pascual et al. 2012), and rapid toler-
ance (Sakharkar et al. 2012). For
example, Pandey and colleagues (2008)
showed that acute ethanol increased
H3K9 and H4K8 acetylation in rats,
whereas anxiety-like behaviors during
withdrawal after chronic alcohol expo-
sure were associated with decreases in
these acetylation marks, decreased
expression of several proteins (e.g.,
CREB-binding protein [CBP] and
neuropeptide Y [NPY]), and increased
HDAC activity. However, treatment
with the HDACi, trichostatin A (TSA),
to block HDAC activation prevented
the deficits in gene expression and the
development of withdrawal-related
anxiety. Sanchis-Segura and colleagues
(2009) demonstrated that treatment of
mice with another HDACi (i.e., sodium
butyrate) altered some alcohol-related
behaviors (e.g., enhanced ethanol-
induced locomotor sensitization) but
had no effect on others (e.g., ethanol
tolerance or withdrawal). Finally, daily
injections of TSA in mice that had
continuous access to both water and an
alcohol solution increased the animals’
alcohol consumption (Wolstenholme
et al. 2011).

Similar to DNA methylation, alcohol’s
effects on histone acetylation are tissue,
brain region–, and cell type–specific.
For example, a single dose of ethanol2
into the stomach increased the levels of
H3 acetylation in the liver, lungs, and
testes but had no effects in other tissues,
including whole brain, of rats (Kim
and Shukla 2006). In the brain, ethanol-
induced changes in H3/H4 acetylation
were observed in the central and medial
but not the basolateral nuclei of the
amygdala (Pandey et al. 2008; Sakharkar
et al. 2012); moreover, the increased
histone acetylation appeared to be spe-
cific for neurons (Sakharkar et al. 2012). 

Other factors that can affect alcohol-
induced changes in histone acetylation
include species, the organism’s specific
genetic makeup (i.e., genotype), age,
the dose and route of ethanol adminis-
tration, and duration of exposure. For
example, ddY mice treated with chronic
ethanol vapor showed increases of both
global and gene-specific histone acety-
lation in the ventral midbrain during
withdrawal that peaked around 10
hours post ethanol (Shibasaki et al.
2011). Also, intermittent alcohol expo-
sure produced different effects on his-
tone acetylation in adolescent and
adult rats, with juvenile animals gener-
ally showing more changes (Pascual et
al. 2009, 2012). Consistent with these
studies was the finding that ethanol
exposure during the early postnatal
period in rats resulted in a marked
reduction of CBP levels and histone
acetylation in the developing cerebel-
lum (Guo et al. 2011). In addition,
possible interactions among various
factors may result in different time
courses for alcohol-induced changes,
because histone acetylation measured
24 hours after the last of repeated alcohol
injections was increased in some brain
areas (e.g., frontal cortex and nucleus
accumbens), decreased in others (e.g.,
striatum), and unchanged in still others
(e.g., hippocampus) (Pascual et al. 2009).

Histone acetylation generally is asso-
ciated with transcriptional activation,
but similar to the H3K4me3 mark, the

relationships between levels of histone
acetylation and steady-state mRNA are
complex, because activation of differ-
ent genes is associated with acetylation
of different residues of H3 and H4 at
different time points (Renthal and
Nestler 2009a). And although alcohol’s
effects on histone acetylation now are
well established, the exact mechanisms
underlying this influence on gene
expression are not well understood.
Alcohol-induced changes in histone
acetylation are paralleled by regulation
of several genes, including CBP, NPY
(Pandey et al. 2008), FosB (Pascual et
al. 2012), and NR2B (Qiang et al. 2011).
One proposed mechanism involves the
transcription factor CREB, to which
CBP can bind (Moonat et al. 2010).
CBP has intrinsic HAT activity and,
when recruited by CREB, can pro-
mote transcriptional activation by
acetylating histones. This mechanism
has been shown to play a role in cocaine-
induced regulation of FosB (Levine et
al. 2005). A similar mechanism also
was proposed to regulate H4 acetyla-
tion, transcription of the gene encod-
ing the BK-type potassium channel,
and tolerance to benzyl alcohol in the
fruit fly, Drosophila (Wang et al. 2007).

Gene expression experiments have
provided additional support for the
role of histone acetylation in alcohol
addiction. Several studies focusing on
brain changes in human alcoholics
have shown general downregulation of
genes involved in histone acetylation
and upregulation of genes promoting
histone deacetylation. The latter group
of genes includes those encoding pro-
teins forming so-called transcription
corepressor complexes (TCCs), which
help suppress transcription by coupling
HDAC activity with DNA methyla-
tion, thereby establishing a repressive
chromatin state (McDonel et al. 2009).
For example, transcripts of the genes
encoding CREB and CBP were down-
regulated in alcoholics (Ponomarev et
al. 2012). Conversely, transcripts of the
gene MBD3, which encodes a key
player in TCCs called methyl-CpG–
binding protein, as well as many other
TCC genes, such as SIN3A, SIN3B,
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player in TCCs called methyl-CpG–
binding protein, as well as many other
TCC genes, such as SIN3A, SIN3B,
MTA1, MTA2, RBBP4, GATAD2A,
GATAD2B, and CHD4 were upregu-
lated in alcoholics (Liu et al. 2006;
Ponomarev et al. 2012; Zhou et al.
2011). Together, these observations
validate previous findings that histone
acetylation is decreased during alcohol
withdrawal (Pandey et al. 2008) and
suggest that TCCs are activated and
play a role in the downregulation of
some genes in the alcoholic brain.

MicroRNAs

MicroRNAs (miRNAs) comprise a
specific class of noncoding RNAs that
bind to complementary sequences on
target mRNAs to repress translation
and silence gene expression (Robison
and Nestler 2011). Expression of
miRNAs can alter the transcriptional

potential of a gene in the absence of
any change to the DNA sequence and
therefore can be considered an epige-
netic phenomenon. The most convinc-
ing evidence for the involvement of
miRNAs in alcohol-related gene
expression was presented by Pietrzykowski
and colleagues (2008), who showed
that alcohol upregulates expression 
of microRNA 9 (miR-9) in rat brain,
which results in miR-9–dependent
downregulation of BK channel variants
with high sensitivity to alcohol. This
mechanism is proposed to mediate the
development of cellular tolerance and
generally may contribute to neuronal
adaptation to alcohol.

Additional evidence for the role of
miRNAs in alcohol-induced regulation
of gene expression and behavior comes
from genomic studies measuring levels
of multiple miRNAs after exposure to
alcohol. Using neural cultures and a
model of alcohol-induced teratogenesis,
Sathyan and colleagues (2007) identi-

fied the first alcohol-sensitive miRNAs.
Subsequent studies using miRNA
microarrays detected multiple alcohol-
regulated miRNAs in neural cultures
(Yadav et al. 2011), fetal mouse brains
(Wang et al. 2009), and brains of
human alcoholics (Lewohl et al. 2011).

Summary and Future Directions

The findings reviewed in this article
point to a central role of various epige-
netic processes in controlling alcohol-
induced changes in brain gene expression
and behavior, which may play an
important part in the development of
alcohol addiction (see the figure). For
example, chronic alcohol exposure can
result in global DNA hypomethylation
via several mechanisms, including vita-
min B and folate deficiencies that can
lead to an impairment of one-carbon
metabolism and a decrease in SAM
levels. However, these global effects 
of alcohol do not imply unidirectional
changes across the whole genome,
because many genes show the opposite
epigenetic changes in their promoters. 

Many of the observed chromatin
modifications are mechanistically
linked, resulting in a limited number
of chromatin states (Jaenisch and Bird
2003). For example, trimethylation of
H3K4 is mechanistically coupled with
unmethylated DNA (Hashimoto et al.
2010), suggesting that the reduced
DNA methylation observed in alcoholic
brains can promote a general increase
in the H3K4me3 levels. Histone
actetylation patterns also are commonly
altered by alcohol in a process that may
be linked to DNA methylation. Thus,
acute alcohol exposure promotes his-
tone acetylation, whereas withdrawal
from chronic alcohol often increases
deacetylation of histones. Deacetylation
via HDAC activity is coupled to DNA
methylation through the actions of
methyl-binding proteins and other
TCC components. Chronic alcohol
exposure leads to upregulation of TCC
genes, which may serve to compensate
for the reduced number of methylated
CpGs. These cumulative changes in

Figure     A hypothetical diagram for the role of epigenetic modifications in alcohol addiction.
Yellow color indicates general increase, up-regulation, or activation, whereas blue
color indicates general decrease, down-regulation, or degeneration. White back-
ground implies bidirectional changes. Potential interactions between different compo-
nents of the diagram are discussed in the text.



ferent cell types and lead to activation
of microglia, neuronal degeneration,
and compensatory neuroadaptations in
alcoholic brain. In summary, alcohol-
induced epigenetically mediated changes
in gene expression may underlie the
brain pathology and adaptations in
brain functioning (i.e., brain plasticity)
associated with alcohol abuse and 
alcohol dependence and may con-
tribute to alcohol relapse and craving.

To advance the current state of epi-
genetic research in alcoholism, future
studies that look at both simplified
models and entire regulatory systems
(i.e., that use both reductionist and
systems approaches) are needed. One
focus of this research should be on
understanding the exact mechanistic
links between chronic alcohol expo-
sure, epigenetic changes, and gene
expression. Exploratory studies likely
will first use discovery-driven approaches
to investigate the mechanistic relation-
ships between the epigenome and the
transcriptome in animal models and
formulate hypotheses at the single-
gene, gene-network, and systems levels.
Follow-up studies using both animal
models and human postmortem mate-
rial then can help test these hypotheses
and validate functional predictions of
the genome-wide experiments. Because
of the complex temporal relationships
between chromatin marks and tran-
scriptional changes, time-course studies
also will be required. The recently
available epigenetic maps from the
ENCODE (ENCyclopedia Of DNA
Elements) Project (Dunham et al.
2012) should help accelerate these
research efforts.

To address the causal relationships
between epigenetic modifications and
alcohol traits, it will be essential to use
tools of both forward and reverse
genetics. Forward-genetics approaches
seek to determine the genetic basis of
an observed trait (i.e., phenotype).
Such approaches include mapping
DNA regions that may contain disease-
related genes (i.e., quantitative trait loci
[QTLs]), using chromatin modifications
as phenotypes. This can be achieved
using genetic reference panels, such as

recombinant inbred strains of mice
and rats (Rosen et al. 2007). Many 
reference populations have been tested
extensively for both expression of 
specific genes and alcohol-related
behaviors and therefore can serve as
powerful tools for integrating data
across biological modalities and inves-
tigating mechanistic links between the
genome and the entirety of all analyzed
phenotypes (i.e., the phenome) through
genetic mapping of the epigenome and
the transcriptome. Conversely, reverse-
genetics approaches study the phenotypes
that arise as the result of alterations 
of particular genes. An example of a
reverse-genetics approach is to assess
alcohol-related behaviors in mice with
genetic mutations of chromatin-binding
proteins. 

Another important research direction
is to investigate the cellular specificity
of alcohol-induced epigenetic changes.
For example, future research should
determine cell type–specific chromatin
states that drive the unique molecular
responses to alcohol in different neu-
rons and glial cells and show how epi-
genetic modifications help establish
functional states consistent with the
pathophysiological changes observed 
in alcoholism. One example of this
approach is the analysis of the role of
epigenetically controlled ERVs in alco-
hol addiction (Ponomarev et al. 2012).
Previous studies found that an ERV-
encoded glycoprotein called syncytin
can directly activate different types of
glial cells (i.e., microglia and astrocytes)
and induce neuroinflammation (Antony
et al. 2004). Microglial activation, in
turn, can result in neuronal degeneration
(Crews et al. 2011), and syncytin-
activated astrocytes can secrete com-
pounds that are toxic to other glial cells
(i.e., oligodendrocytes) and thus lead
to myelin degeneration (Antony et al.
2004). Both of these effects are consistent
with pathologies observed in alcoholics
(Harper et al. 2003; Pfefferbaum et 
al. 2009; Zahr et al. 2011). Alcohol-
induced neuroimmune responses have
been suggested to be a critical factor in
alcohol addiction (Crews et al. 2011),
and Ponomarev and colleagues (2012)

proposed a novel mechanism including
the potential role for ERVs in neuroin-
flammation and brain pathophysiology
of human alcoholism. Another approach
to assessing the cell specificity of epige-
netic processes is to compare alcohol-
induced epigenetic changes across 
tissues and cell types. Human research
often is limited to peripheral tissues
(e.g., blood). To be able to draw paral-
lels between peripheral and central
mechanisms in humans, researchers
first need to study the relationships
between responses to alcohol in the
brain and those in other tissues using
animal models.

Other research efforts should focus
on the potential exploitation of epigenetic
mechanisms for alcoholism treatment.
Epigenetic therapeutics, such as HDACis,
offer unique advantages in treating 
diseases through chromatin-dependent
changes in gene expression. These
“master regulators” can affect expres-
sion of multiple genes. Therefore, 
in order to understand the effects of
these agents on alcohol behaviors, it is
important to study their mechanisms
of action and identify the range of
genes and molecular pathways affected.
Large-scale genomic studies should
focus on the global relationships
between chromatin marks and gene
expression in the context of chronic
alcohol exposure and epigenetic thera-
peutics. Finally, multiple studies in
humans and animal models have high-
lighted the importance of the genetic
component in alcohol addiction (Crabbe
2008; Mayfield et al. 2008; Spanagel
2009). To better understand the inter-
play between genetic, epigenetic, and
environmental factors in controlling
gene expression in alcoholism, integrative
approaches across studies are war-
ranted. Many epigenetic therapeutics
have been developed for other diseases,
and understanding the functional rela-
tionships between epigenetic processes
and the transcriptome in the alcoholic
brain may lead to new molecular targets
for medication development for
human alcoholism.  ■
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epigenetic mechanisms play an extensive role in the development of liver cancer (i.e.,
hepatocellular carcinoma [hCC]) associated with alcoholic liver disease (ald) as well
as in liver disease associated with other conditions. For example, epigenetic
mechanisms, such as changes in the methylation and/or acetylation pattern of certain
dna regions or of the histone proteins around which the dna is wrapped, contribute to
the reversion of normal liver cells into progenitor and stem cells that can develop into
hCC. Chronic exposure to beverage alcohol (i.e., ethanol) can induce all of these
epigenetic changes. Thus, ethanol metabolism results in the formation of compounds
that can cause changes in dna methylation and interfere with other components of
the normal processes regulating dna methylation. alcohol exposure also can alter
histone acetylation/deacetylation and methylation patterns through a variety of
mechanisms and signaling pathways. alcohol also acts indirectly on another molecule
called toll-like receptor 4 (Tlr4) that is a key component in a crucial regulatory
pathway in the cells and whose dysregulation is involved in the development of hCC.
Finally, alcohol use regulates an epigenetic mechanism involving small molecules
called mirnas that control transcriptional events and the expression of genes
important to ald. KEy WoRDS: Alcohol consumption; alcohol abuse; chronic alcohol
use; alcoholic liver disease; ethanol metabolism; alcoholic liver disease; liver
cancer; hepatocellular carcinoma; epigenetics; epigenetic mechanisms; DNA
methylation; histone methylation; stem cells; micro RNAs 

The molecular pathogenesis of liver
cancer (i.e., hepatocellular carcinoma
[HCC]) is a multistep process that

involves both genetic changes, such as
chromosomal abnormalities and muta-
tions of the DNA sequence (i.e., somatic
mutations), and epigenetic mechanisms,
such as chemical modifications of the
DNA and the histone proteins around
which the DNA is wrapped to form
the chromosomes, microRNA post-
transcriptional regulators, and changes
in various signaling pathways (Wong et
al. 2010). This review will focus on the
epigenetic phenomena that contribute
to the pathogenesis of HCC resulting
from alcoholic liver disease (ALD). 

Does ALD Lead to hCC
Formation? 

According to some studies, ALD is the
most common cause of HCC, account-
ing for approximately one-third of 
all HCC cases (Morgan et al. 2004).
Chronic alcohol use of greater than 
80 g/day (or approximately three stan-
dard drinks or more per day) for more
than 10 years increases the risk for HCC
approximately fivefold. In patients with
decompensated alcoholic cirrhosis, in
whom the liver damage is so extensive
that the functional portions of the organ
can no longer compensate for the dam-
aged ones, the risk of developing HCC
approaches 1 percent per year, and this

risk does not decrease with abstinence
(Morgan et al. 2004). However, HCC
also can occur in patients with noncir-
rhotic ALD. Finally, HCC is more
likely to develop 1 to 10 years after the
cessation of drinking by ALD patients.
Therefore, HCC in these patients is
not directly caused by alcohol con-
sumption (Donato et al. 2002). 

Alcohol abuse also has synergistic
effects with other risk factors for the
development of HCC, such as infection
with hepatitis B virus (HBV) or hepatitis
C virus (HCV), diabetes, and obesity
(Hassan et al. 2002; Loomb et al.
2010; Morgan et al. 2004). For exam-
ple, studies in Italy (Tagger et al. 1999)
and the United States (Hassan et al.



2002) found that in patients with
HCV infection, alcohol consumption
over 80 g/day increased the odds ratio
of developing HCC by 7.3 and 4.5,
respectively. Likewise, a study con-
ducted in Africa (Mohamed et al.
1992) determined a synergism between
HBV and alcohol consumption over
80 g/day in the development of HCC
(odds ratio of 4.4).  

What Do ALD, hCv, and hBv
have in Common? 

The livers of patients who develop
HCCs commonly are cirrhotic.
Moreover, they often contain molecules
(i.e., markers) indicating that the cells
undergo changes in their structure and
function to a less specialized (i.e., less
differentiated) state. These progenitor/
stem cell markers mainly are found in
the cirrhotic portion of the liver and in
the regions where the HCC develops.
These changes and markers have been
observed in the livers of patients devel-
oping HCC associated with ALD,
HBV, and HCV (Oliva et al. 2010).
The reversion of normal liver cells (i.e.,
hepatocytes) into progenitor and stem
cells is caused by epigenetic mecha-
nisms. For example, during the devel-
opment of the progenitor and stem
cells, changes occur in the expression
of several genes that result from the
addition of too many or fewer-than-
normal methyl groups to the DNA
(i.e., DNA hyper- and hypomethylation,
respectively). This alteration of methy-
lation patterns results in an epigenetic
reprogramming of the cells (Alison et
al. 2009; Collas 2009; Iacobuzio-
Donohue 2009; Ohm and Baylin
2009; Richly et al. 2010; Sasaki 2006;
Sawan et al. 2008). In addition, modi-
fication (i.e., methylation and the
addition of acetyl groups [acetylation])
of the histone proteins play roles in the
epigenetic modification of progenitor
and stem cells that underlies the trans-
formation into cancer cells (i.e., a car-
cinoma) (Iacobuzio-Donohue 2009).
Alcohol excess can induce all of these
epigenetic changes that contribute to

the transformation of hepatocytes into
progenitor or stem cells.

how Does Alcohol Generate
Epigenetic Changes?

dnA Methylation
One step in the metabolism of bever-
age alcohol (i.e., ethanol) in the liver is
the oxidation of ethanol by a molecule
called cytochrome P450 2E1 (CYP2E1).
During this reaction, highly reactive,
oxygen-containing molecules (i.e.,
reactive oxygen species [ROS]) are 
generated (Bardag-Gorce et al. 2006).
ROS are among the most potent agents
and conditions that can alter methyla-
tion patterns in the liver, including
DNA methylation. Thus, oxidative
DNA damage caused by ROS, such 
as the formation of an abnormal vari-
ant of the DNA building block (i.e.,
nucleotide) deoxyguanine called 8-
oxyguanine (8-OHdG), can result in 
a decrease in methylated DNA during
DNA repair (Weitzman et al. 1994).
8-OHdG can be incorporated into DNA
regions rich in the nucleotides cytosine
and guanosine (i.e., CpG islands) in
which the cytosine residues frequently
are methylated. Incorporation of 8-
OHdG into such CpG islands inhibits
the methylation of adjacent cytosine
residues by enzymes called methyl
transferases, resulting in hypomethyla-
tion. Also, 8-OHdG formation can
interfere with the normal function of
DNA methyl transferases and prevent
DNA re-methylation (Sagaki 2006).
The relationship between alcohol,
ROS formation, and DNA damage
was demonstrated by studies in cul-
tured liver cells (i.e., HepG2 cells) that
were genetically modified to produce
excessive levels of CYP2E1. When
these cells were incubated with ethanol,
ROS-induced DNA damage occurred
as indicated by the formation of 8-
OHdG (Bardag-Gorce 2006). 

Ethanol also interferes with the
metabolism of the amino acid methio-
nine into a compound called S-adeno-

syl-methionine (SAMe) by several 
different methyl transferase reactions.
SAMe, in turn, is needed as the
methyl-group donor for many methy-
lation reactions and is converted into
S-adenosyl-homocysteine (SAH).
Ethanol inhibits methionine adenosyl
transferase, which converts methionine
into SAMe, as well as enzymes that
help regenerate methionine (i.e., betaine
homocysteine methyltransferase and
methionine synthase) (Seitz and Sticke
2007). This was shown in rodent mod-
els of ALD, where ethanol feeding
decreased the SAMe/SAH ratio in the
liver (Esfandari et al. 2010). The net
effect of all these alcohol-induced
reductions in methyl transferase activ-
ity is to reduce the synthesis of SAMe,
which in turn leads to a decrease in
DNA methylation. 

The significance of reduced SAMe
production in the development of
HCC is supported by findings that
SAMe feeding can inhibit tumor for-
mation (Hitchler and Domann 2009).
Furthermore, studies found that the
SAMe content and the SAMe/SAH
ratio were decreased in tissue regions
that showed some damage but had 
not yet turned into cancer cells (i.e., in
preneoplastic lesions). SAMe feeding
blocked the transformation of these
preneoplastic lesions into HCCs because
it promoted global DNA methylation.
Moreover, SAMe administration inhib-
ited the expression of certain cancer-
inducing genes (i.e., proto-oncogenes)
called c-myc, c-Ha-ras, and c-K-ras,
because the SAMe supplementation
allowed for the methylation (and thus
blockage) of the regulatory regions
(i.e., promoters) for those genes. The
potential role of SAMe in preventing
tumor formation and survival also was
supported by an in vitro study demon-
strating that SAMe decreased the sur-
vival of a type of liver cell tumor Hepa
1-6 in a dose-dependent manner
(Oliva et al. 2012). Finally, SAMe
treatment prevented cultured liver
tumor cells (i.e., H411e cells) from
forming a tumor in a model of labora-
tory rats (Lu et al. 2009). 
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Histone Modifications 
Histones, which exist in numerous
variants, regulate gene expression, with
the level of gene expression depending
on the modifications that the histones
undergo. These modifications may
include methylation, acetylation, the
addition of phosphate groups (i.e.,
phosphorylation), or the addition of 
a molecule called ubiquitin (i.e., ubiqui -
tination). These modifications also 
can have an impact on tumor develop-
ment. For example, the removal of
acetyl groups (i.e., deacetylation) as
well as hypermethylation is linked to
the inactivation (i.e., silencing) of
genes that can help repress tumor for-
mation (i.e., tumor suppression genes)
and as a result may promote tumor
development (i.e., carcinogenesis).
Thus, some cancers exhibit CpG island
hypermethylation in combination with
multiple histone modifications, such 
as deacetylation of histones H3 and
H4, methylation of histone H3K9,
trimethylation of histone H3K27, 
and a loss of trimethylation of histone
H3K4 (Hamilton 2010). 

Histone Acetylation. Alcohol
exposure can alter histone acetylation

and methylation patterns. Researchers
have investigated these effects in rats
that chronically were fed alcohol
through a tube into the stomach 
(i.e., intragastric tube feeding). These
studies identified several alterations 
in histone methylation and acetylation
that correlated with the changes seen
in HCCs. Thus, alcohol-treated
animals showed increased acetylation
of histone H3K18 (Bardag-Gorce et
al. 2009) and histone H3K9 (Bardag-
Gorce et al. 2007). Furthermore, the
levels of several proteins (i.e., phospho
c-Jun, phospho AKT threonine 308,
p38, pERK, and phospho-SAPK/
JNK) in the nucleus of HCC cells
were reduced whereas the nuclear
levels of a molecule called β-catenin
were increased. (For a list of the genes
and proteins and their main functions,
see table 1.) An increase in β-catenin
in the nucleus of hepatocytes indicates
activation of a signaling pathway,
known as the canonical WNT/β-
catenin pathway,1 that can be
involved in tumor formation. This
often is seen in HCCs related to ALD
and HBV and HCV infection and
leads to abnormal cell proliferation
and survival (Hamilton 2010). The
chronically alcohol-fed rats also had

increased levels of an enzyme called
histone acetyltransferase (HAT)
p300, which is responsible for histone
acetylation (Bardag-Gorce et al. 2007).
This increase could explain the
increased histone H3K4 and H3K9
acetylation, which, in turn, globally
activates gene expression (Bardag-
Gorce 2009). Simultaneously, the
levels of a deacetylase (i.e., SIRT1)
also were increased in the alcohol-fed
animals (Bardag-Gorce et al. 2007;
2009). This change was accompanied
by alterations in the levels of several
other molecules, including increases
in RARb and peroxisome proliferator–
activated receptor (PPAR) C coactivator
1α (PGC1α) expression and a decrease
in PPARγ expression.

The increase in HAT p300 levels
observed in chronically alcohol-fed rats
also could lead to an increase in a sig-
naling molecule called p21WAF1/C,
p1 (p21) through several direct and
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Figure 1 histone deacetylase 1 (hdaC1) is upregulated in the nuclei of liver cells (i.e., hepatocytes) that form Mallory-denk bodies (MdBs), which
are indicative of liver damage. The image shown is from a liver biopsy from a patient with alcoholic hepatitis. The liver section was ihC
double stained for hdaC1 (green nuclei arrows) (A), ubiquitin to identify cells with MdBs (red, arrows) (B), and tricolor (C).
Magnification: ×350. 

1 among other functions, the WnT/β-catenin pathway is involved
in the fate of stem cells and regulates whether stem cells prolifer-
ate or self-renew. accordingly, there is a strong correlation between
WnT/β-catenin signaling and the onset of cancer. normally, 
β-catenin cannot travel to the nucleus and is degraded. under
certain conditions, however, the degradation of β- catenin is 
prevented and it enters the nucleus. This can lead to excessive
stem cell renewal and proliferation, predisposing the cells to the
formation of tumors. 



indirect mechanisms2 (Fang et al.
2007). p21 and a related protein called
p27 are enzyme complexes that can
mediate the phosphorylation of certain
other proteins (i.e, protein kinase com-
plexes) and which cause delays in the
cycle progression at various stages of
the cell cycle, thereby preventing the
cells from dividing and multiplying
normally. This leads to cell-cycle arrest,
genetic instability, programmed cell
death (i.e., apoptosis), and oncogenic
effects (Abbas and Dutta 2011; Serres
et al. 2011, 2012). p21 expression is
regulated by histone acetylation, with
greater acetylation promoting p21
expression. This process is regulated 
by a protein complex that is associated
with the p21 promoter and which
includes an enzyme called histone
deacetylase-1 (HDAC1) that reduces
acetylation (Dokmanovic et al. 2007)
and, thus, p21 expression. Agents that
promote acetylation by inhibiting
deacetylation (i.e., HDAC inhibitors)
accordingly also induce p21 expression,
causing cell-cycle arrest (Dokmanovic
et al. 2007; Gui et al. 2004). For this
reason, HDAC inhibitors are used to
treat cancers (Drummond et al. 2005).
Liver cells that show signs of ALD—
that is, which form Mallory-Denk
bodies (MDBs)3—show increased
HDAC1 levels in their nuclei compared
with adjacent normal hepatocytes (see
figure 1) (French et al. 2010). The
HDAC inhibitor trichstatin A inhib-
ited formation of MDBs in cell cul-
tures from the livers of drug-primed
mice (Oliva et al. 2008), indicating
that these agents also may be able to
prevent the development of liver disease.

The induction of p21 by alcohol
abuse may explain why HCC more
often only occurs after the patient has
stopped drinking. As mentioned above,
alcohol consumption induces p21
expression, causing the cell-cycle arrest.
After prolonged abstinence, this induc-
tion no longer persists in the liver,
eliminating the cell cycle arrest and
promoting cell multiplication and,
thus, tumor formation. 

The role of p21 and p27 in HCC
also is supported by studies showing

that both proteins are overexpressed in
alcoholic hepatitis and in rats chroni-
cally fed ethanol (Crary and Albrecht
1998; French et al. 2012; Koteish et al.
2007) For example, immunohisto-
chemical studies of liver samples from
patients with alcoholic hepatitis found
that many of the cells were positive for
p27 (see figure 2), and additional analyses
indicated that cell-cycle progression
was blocked in these cells as indicated
by low numbers of nuclei showing
expression of (i.e., positive for) a pro-
tein called ki-67 (French et al. 2012).
Another study demonstrated that both
p21 and p27 overexpression inhibit the
regeneration of the liver in rats whose
liver had been partially removed
(Koteish et al. 2007). 

Histone Methylation. The levels of
methylated histone H3K4 (H3K4me2),
as well as histone H3K27 (H3K27me3),
are increased in the nuclei of liver cells
from rats fed ethanol intragastrically
for 1 month (Bardag-Gorce et al.
2009), as demonstrated by intense
nuclear staining in immunohisto -
chemical analyses of liver samples.
H3K4me2 is associated with active
transcription, which seems to have
beneficial effects. In particular, the
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Table 1 abbreviations of the Protein names Mentioned in This article, Their Full names, 
and Their Main Functions

Acronym Full Name Function

dnaCd133 Prominin 1 Cancer stem cell marker
Cd49f integrin α 6 Cell adhesion 

Cell signaling
erk extracellular signal-regulated kinase signaling pathway for

growth of cells
ezh2 enhancer of zeste homology 2 Methylates dna
Myd88 Myeloid differentiation response gene activates nFκB
nanog named after Tir nanog legend stem cell renewal
oct 4 octamer-binding transcription factor 4 self-renewal of embryonal 

cells
p21 Waf1/C.p1 Type of p21 Cip/kip family regulates the cell cycle
p27 Type of p27 member Cip/kip regulates the cell cycle
perk Phosphorylated erk activated erk
Phospho akT akT-mouse forming thymomas regulates cell survival
Threonine 308
Phospho cJun early response transcription factor activates cJun

stimulates cell growth
Phospho-saPk/Jnk stress-activated protein kinase activates fetal liver formation

Jun-amino kinase
PParPgC1α PPar γ coactivator 1 α regulates energy metabolism
PParγ Peroxisome proliferator-activated regulates fatty acid storage

receptor γ
rarβ retinoic acid receptor β regulates cellular growth
sox 2 srY (sex determination region Y) box 2 induces pluripotential cells
Tlr4 Toll-like receptor 4 innate immunity
β catenin Cadherin associated protein Wnt signaling pathway

2 direct mechanisms would include haT p300-induced histone acety-
lation as seen in human hCC cells, whereas indirect mechanisms
could include the induction of a molecule called integrin β17
through regulatory elements called sp1 sites (Fang et al. 2007).

3 MdBs are inclusions found in the cytoplasm of liver cells and 
are indicative of liver damage; they are most commonly found in
patients with ald. 
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combination of H3K4me2 with
acetylated histone H3K18, which is
seen in the alcohol-fed rats, would
correlate with an improved prognosis
in cancers. A loss of H3K4me2
impairs the body’s ability to control
DNA damage in cancer because it
increases the risk of mutations and,
consequently, cancer development
(Lennartsson and Ekwall 2009). 

Whereas histone acetylation is a
highly dynamic process, modification
of histones by methylation of one or
more lysine amino acids (i.e., mono-,
di-, and trimethylation) is thought to
be a more lasting change that forms a
“cellular memory.” Methylation is per-
formed by enzymes known as methyl
transferases, and the activity of these
enzymes may be specific to certain his-
tones. The enzymes that generate per-
sistent methylation patterns and other
histone modifications are known as
histone code writers.4 One such enzyme
called EZH2 has intrinsic histone
H3K27 methyl transferase activity; it
assembles into a multiprotein complex
called polycomb repressive complex 2
(PRC2) that, together with another
protein complex (i.e., PRC1), maintains

a state of transcriptional repression and
plays an important role in gene silenc-
ing (Muntean and Hess 2009). One
role of EZH2/H3K27me3 is to target
PRCs to sites of transcriptional regula-
tion and DNA replication. The latter
provides the means of perpetuating the
characteristics (i.e., phenotypes) of the
dividing cell to the daughter cells. 

The gene-silencing pathway medi-
ated by H3K27 methylation is linked
to the second major silencing pathway
(i.e., DNA methylation) via a deacety-
lase called SIRT 1 that is recruited by
the PRC2 complex and contributes 
to gene silencing (Muntean and Hess
2009). SIRT 1 levels are increased in
the alcohol intragastric tube-feeding rat
model cited above. In contrast, when
SIRT 1 activity is decreased, EZH2
levels increase, which enhances the
EZH2-mediated repression of target
genes (Lu et al. 2011). Upregulation 
of EZH2 expression in tumors appears
to correlate with disease progression 
by maintaining a stem cell-like pheno-
type. Overexpression of EZH2 can
lead to cancer progression mediated by
deregulation of epigenetic mechanisms
(Muntean and Hess 2009). However,

EZH2 levels do not seem to be affected
by alcohol and other factors that can
induce liver damage. For example,
EZH2 levels were not changed in mice
that exhibited a precursor stage to
HCC (as characterized by the presence
of balloon cells and MDBs) after drug
treatment, in liver biopsies of patients
with alcoholic hepatitis, or in MDB-
forming HCCs (French et al. 2012)
(see figure 3). However, in all three
cases there were increases in a modified
form of EZH2 (i.e., phosphorylated
EZH2 [pEZH2]), which is degraded
more rapidly in the cells than unmodi-
fied EZH2 and is located in the MDBs
as demonstrated by immunohisto-
chemistry. This degradation of pEZH2
occurs at cell components called pro-
teasomes. However, proteasomes are
inhibited by ethanol excess; as a result,
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Figure 2  The signaling molecule p27 is upregulated in the nuclei of liver cells (i.e., hepatocytes) in a liver biopsy from two patients with alcoholic
hepatitis. The livers were stained with an immunoperoxidase-labeled antibody that recognizes p27. The hepatocyte nuclei positive for p27
appear brown; those that are negative for p27 appear blue. (A and B) Most of the nuclei stained positive. (B) The Mallory-denk bodies
(MdBs) also stained brown (arrows), indicating that p27 also is sequestered in the MdBs. Magnification ×520. 

4 The term histone code refers to the hypothesis that modifica-
tions of different histones have different effects on gene expres-
sion—that is, whereas methylation of some histones activates
gene expression, methylation of other histones may inhibit it. it is
thought that the histone modifications serve to recruit other regu-
latory proteins that specifically recognize the modified histones.
These recruited proteins then act to alter chromatin structure
actively or to promote transcription. enzymes that generate the
histone modifications that make up this histone code are referred
to as code writers. 



pEZH2 levels are increased in MDBs.
Moreover, in all three cases, the levels
of H3K27me3 were reduced in the
nuclei of the damaged liver cells (i.e.,
cells that were ballooned or formed
MDBs) compared with neighboring
normal liver cells as shown by different
experimental approaches (Bardag-
Gorce et al. 2010; French et al. 2012).
Paradoxically, when tumors form, they
overexpress EZH2. High expression 
of EZH2 in tumors is associated with
poor survival (Gieni and Hendzel
2009). Thus, EZH2 overexpression
represses expression of the product of 
a tumor suppressor gene called E cad-
herin that causes cells to stick to each
other. Accordingly, loss of E cadherin
expression by tumor cells may cause
loss of cell cohesion, which would 
promote metastasis and thus a more
unfavorable prognosis. 

how Are Stem Cells Converted
to Cancer Stem Cells in ALD?

In individuals with HCC associated
with ALD, focal progenitor cell/stem
cell formation occurs both in portions
of the liver that show cirrhosis and in
the HCC cells as indicated by the
expression of certain proteins (i.e., Nanog,

Yapi-1, Igf2bp, and Sox2) (see figure 
4 A, B, C,). This raises the question
whether the liver cells that are trans-
formed into progenitor cells/stem cells
in the cirrhotic liver subsequently are
transformed in a second step into can-
cer stem cells in HCC. One of the reg-
ulatory molecules involved in this pro-
cess is called Nanog. It is a transcrip-
tion factor that is thought to play a
crucial role in the self-renewal of
embryonic stem cells and helps them
maintain their ability to subsequently
differentiate into numerous other cell
types. Cancer stem cells can express
both EZH2/H3k27me3 and Nanog,
and the epigenetic balance between
these factors determines the further
fate of the cells. When the levels of
Nanog are high and those of EZH2/
H3K27me3 are low, the cells exhibit
self-renewal activity—that is, they
multiply and a tumor can develop.
Paradoxically, when the reverse is 
true, the cancer stem cells differentiate
into cells that no longer proliferate
(Villasante et al. 2011). Also, EZH2-
mediated epigenetic silencing of tumor
suppressor genes leads to the activation
of the WNT/β-catenin signaling path-
way mentioned earlier, which culmi-
nates in the proliferation of HCC cells
(Cheng et al. 2011). EZH2 overexpres-

sion occurs in many different cancers,
where it acts as a classical oncogene
that can promote tumor formation by
silencing several tumor suppressor genes,
such as E cadherin. These suppressor
genes play a role for both tumor cells
and cancer stem cells (Crea 2011). 

What Role do epigenetic 
Changes in tLR4 Play in Stem 
Cell transformation? 
Another molecule that is involved in
the epigenetic mechanisms contribut-
ing to ALD-related HCC and which
helps regulate the activity of Nanog is
called toll-like receptor 4 (TLR4).
Studies in a certain line of genetically
modified mice (i.e., HCV core trans-
genic mice) that were chronically fed
alcohol found that TLR4 activation
leads to up regulation of Nanog in
stem cells (Machida et al. 2009). This
TLR4–Nanog pathway promotes the
development of liver tumors induced
by a variety of factors, including alcohol,
diabetes, and HCV (Machida et al.
2012). The activation of TLR4 is regu-
lated both at the transcriptional level
(i.e., via molecules called lipopoly -
saccharides [LPS]) and at the epigenetic
level (i.e., via acetylation of histones
and methylation of DNA). For instance,
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Figure 3  These images show a double-immunostained liver biopsy from a patient with alcoholic hepatitis where most of the hepatocytes had formed
Mallory-denk bodies (MdBs). The MdBs stained positive for (A) pezhz (green), (B) ubiquitin (red), and (C) merged (yellow), indicating that
the pezh2 colocalized in the MdBs. Magnification ×350.  
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Figure 4  analysis of different marker proteins in stem cell/progenitor cells located in the livers of patients with alcoholic liver disease with cirrhosis
and associated hepatocellular carcinoma (hCC). (A) liver cirrhosis and hCC samples stained for both YaP-1 (green) and igF2bp3 (red). 
a) Cirrhosis; b) hCC (magnification ×350); c) hCC; d) hCC; e) Tricolor image merged from c and d (magnification ×525). (B), a and b) 
liver cirrhosis sample double stained for nanog (green) and sox2 (red). note the Mallory-denk bodies (MdBs) (arrow) stain positive for
sox 2. c and d) liver cells stained for Yap 1 (green) and sox 2 (red). The liver cells/progenitor cells stain positive for sox2 (arrows).
Magnification ×780. (C) liver sample from a patient with alcoholic hepatitis double stained for the nanog protein (green) and ubiquitin
(red). The stem cell stains positive for nanog (pink arrow) and an MdB stained positive for ubiquitin (white arrow). Magnification ×780.



increased methylation of regulatory
DNA regions in front of the gene
encoding TLR4 was found in embry-
onic stem cells. Moreover, increased
methylation suppressed TLR promoter
activity in reporter gene assays
(Zampetaki et al. 2006). In addition,
other assays (i.e., CHiP assays) in
embryonic stem cells demonstrated
that histones H3 and H4 had lower-
than-normal acetylation levels (i.e.,
were hypoacetylated) in the TLR pro-
moter region. Treatment with inhibitors
of DNA methylation or deacetylase
partially relieved repression of the
TLR4 gene and increased its respon-
siveness to LPS (Zampetaki et al. 2006).
The combined inhibition of DNA
methylation and histone deacetylase
activity leads to a robust induction of
TLR4 with return of LPS responsiveness.

Rats fed ethanol intragastrically for 1
month had increased levels of TLR4
and another molecule called MyD88
in their livers. This effect could be pre-
vented by feeding the animals SAMe
together with the alcohol, which, as
mentioned earlier, is required for
methylation. These findings indicate
that methylation can prevent the alcohol-
induced changes in TLR4 and MyD88
levels (Oliva et al. 2012). Similar changes
in TLR4 expression and protein levels
were found in mice that developed
liver tumors after being fed a compound
called diethyl 1,4-dihydro-2,4,6-
trimethyl-3,5pyridinedicarboxylate
(DDC). Again, the changes could be
prevented by also feeding the animals
SAMe (Bardag-Gorce et al. 2010).
More detailed analyses determined
reductions in the levels of H3k27me3
that also could be prevented by SAMe
feeding. These findings indicate that
DDC feeding causes histone demethy-
lation, which in turn results in increased
TLR4 expression (Bardag-Gorce et 
al. 2010). In fact, the mice exhibited
numerous epigenetic changes of histone
methylation and acetylation (Bardag-
Gorce et al. 2008), as well as DNA
methylation of the gene encoding inter-
leukin 12A (Oliva and French 2012). 

Researchers also have studied the
TLR4-Nanog pathway in another line

of genetically modified mice (i.e., HCV
Ns5a transgenic mice) that were fed
alcohol; under these conditions, liver
tumors form in the animals that contain
cancer stem cells (Machida et al. 2012).
During this process, cells that normally
differentiate into hepatocytes (i.e., hep-
atic stem cells) are transformed into
tumor-initiating stem-like cells (TISCs),
which then may develop further into
cancer cells and cause tumor formation
in other tissues. For example, TISC
cells isolated from alcoholic patients
induced tumor formation in cultured
tissues (i.e., in vitro) and after trans-
plantation into laboratory animals (i.e.,
in a xenograft model). The role of
TLR4 and Nanog in this process was
demonstrated by findings that when
TLR4 or Nanog were silenced, the tumor-
initiating properties of the TISCs were
attenuated. Further studies found that
Nanog upregulated the expression of
two genes encoding molecules called
Yap 1 and activator Igf2bp3, which in
turn inhibited transforming growth
factor-β signaling in the TISCs.
Transforming growth factor-β signal-
ing inhibits the growth of liver cells;
accordingly, its inhibition would favor
the proliferation of TISCs to form liver
tumors. These observations suggest
that TLR4 may be a universal proto-
oncogene that is responsible for the
development of TLR/Nanog-dependent
TISCs. By staining tissue samples 
with specific markers researchers
demonstrated that TISCs can be found
in patients with cirrhosis and HCCs
caused by alcoholism as well as by
nonalcoholic hepatitis and HBV or
HCV infection (Bardag-Gorce et al.
2008; French et al. 2011; Oliva et al.
2010) (figures 4A–C). 

Machida and colleagues (2012) also
found that TISCs isolated from the livers
of alcohol-fed HCV Ns5a transgenic
mice and from alcoholic patients car-
ried molecules called CD133 and
CD49f (i.e., were CD133+/CD49f+

cells). CD49f enhances the cell’s ability
to differentiate into different cell types
(i.e., multipotency) and maintains the
cells’ stem-cell–like characteristics by
directly controlling the regulatory

molecules OCT4 and SOX2 (Yu et al.
2012). In addition, CD49f activates a
signaling pathway called the phos-
phatidylinositol 3-kinase (P13K) AKT
pathway and suppresses the levels of 
a protein called p53, which regulates
the cell cycle and acts to prevent tumor
formation (i.e., is a tumor suppressor
gene). Immunohistochemical analyses
of liver biopsies from patients with
alcoholic hepatitis that contained
numerous MDBs found that these
cells expressed high levels of CD49f in
the cytoplasm and the nuclei (see fig-
ure 5). This finding supports the con-
cept that MDB-forming hepatocytes
have progenitor and pluripotential
properties and eventually may trans-
form into TISC cells. Furthermore, 
in mice that were fed DCC and subse-
quently developed MDBs and, ulti-
mately, HCC, CD49f, in combination
with other molecules, induced MDB
formation. This process could be
blocked by inhibiting the phosphoryla-
tion of ERK and thus the activation of
this protein as well as MDB formation
(Wu et al. 2005). 

What About MicroRNAs? 

MicroRNAs (miRNAs) are a class of
small noncoding RNAs that, in general,
negatively regulate gene expression at
the posttranscriptional level. Each
miRNA controls a specific set of target
genes. miRNAs have been identified in
various tumor types, including HCCs.
miRNAs also are encoded by specific
genes in the DNA. miRNA genes 
that harbor CpG islands can undergo
methylation-mediated silencing, similar
to many tumor suppressor genes. As 
a result, the miRNAs are not produced
and therefore cannot inhibit the
expression of their target genes. In one
study examining the expression of 11
miRNA genes in HCCs, three of those
genes were silenced (i.e., those encod-
ing miRNAs miR-124, miR-203, and
miR-375) (Furuta et al. 2010). For
miR-124 and miR-203, the methyla-
tion frequently was tumor specific and
was not found in nontumor tissue.
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Thus, these miRNAs were suppressive
miRNAs for HCC that could be silenced
epigenetically. This silencing resulted
in the activation of multiple target
genes (i.e., those encoding CDK6,
vimentin, SET, and MYNO domain)
(Furuta et al. 2010). Conversely, for other
miRNAs the levels were increased in
HCC, including miR-21, miR-34a,
miR-221/222, miR-224, miR-106a,
miR-92, miR-17-5 p, miR-20, and
miR-18 (Bracconi and Patel 2008;
Murakami et al. 2006). Finally, one
miRNA (i.e., miR-126) was specific 
to HCC and alcohol use (Ladeiro et 
al. 2008). 

Studies have shown that alcohol use
regulates miRNAs that control tran-
scriptional events and the expression 
of genes important to ALD (Mandrekar
2011). Mice fed alcohol as part of a
liquid diet showed decreases in the levels
of 1 percent of the total known miRNAs
and increases in the levels of 3 percent
of the miRNAs (Dolaniuc et al. 2009).
For example, the levels of miR-182,
miR-183, and miR-199a-3P were
decreased, whereas those of miR-705
and miR-122 were increased. So far
the miRNAs associated with HCC do
not overlap with those associated with
experimental ALD. However, there is
overlap of changes in miRNA expression

observed in mice fed a methyl-deficient
diet for 12 weeks and those identified
in HCCs (i.e., in both models the levels
of miR-34a and miR-122 are changed)
(Pogribny et al. 2009). In the methyl-
deficient mice these miRNAs were
associated with more extensive liver
damage. These data mechanistically
link alterations in microRNA expression
to the pathogenesis of HCC and strongly
suggest that differences in the suscepti-
bility to liver carcinogenesis may be
determined by differences in the miRNA
expression response to factors such as
methyl deficiency.

Summary

ALD is a major cause of HCC, which
usually develops long after alcohol
abuse has ceased and when cirrhosis
has developed. This clinical pattern
suggests that changes in epigenetic liver
cellular memory occur that affect dif-
ferentiation and cellular renewal, as
well as the transformation to HCC.
Progenitor hepatocytes develop during
the cirrhotic process from normal cells
through epigenetic mechanisms, such
as changes in DNA hyper- or hypo -
methylation, histone acetylation and
methylation, and epigenetic repro-

gramming. For example, oxidative
DNA damage from ethanol-induced
ROSs leads to loss of methylated
DNA. Chronic ethanol feeding leads
to altered methionine metabolism and
reduced DNA methylation because the
levels of the major methyl donor SAMe
are lowered. This process can be prevented
by feeding SAMe or another compound
called betaine together with ethanol. 

Likewise, chronic ethanol feeding
alters the methylation and acetylation
of histones in the liver. Histone acety-
lation leads to upregulation of p21,
causing cell cycle arrest and DNA
damage. This, in turn, results in loss of
DNA methylation, as demonstrated in
experimental rat models as well as in
human alcoholic hepatitis and HCCs.
Histone H3K27me3, together with
EZH2, regulates stem cell renewal and
differentiation of progenitor stem cells
in the liver. The balloon cells, which
form MDBs in alcoholic hepatitis and
HCCs, show a decrease in nuclear
H3K27me3 and an increase in pEZH2
in the MDBs. This supports the role of
MDB-forming cells as progenitor cells
that give rise to HCC transformation.
This concept is supported by findings
that the MDB-forming cells also
express proteins that are markers of
embryonal stem cells (i.e., SOX2 and

A B

Figure 5   immunohistochemical analysis of a liver biopsy obtained from a patient with alcoholic hepatitis with Mallory-denk body (MdB) formation.
The samples were stained for the presence of Cd49f (integrin subunit α6) (green) and ubiquitin (red). note that the MdBs stain both red
for ubiquitin and green for Cd49f. The arrows point to the nuclei that stain green except for the nucleolus. The yellow fringe on the MdB
indicates colocalization of both proteins at the interface of the MdBs. The round black holes are macrovesicular fat globules in the hepato-
cytes. A) (magnification ×700) shows a cluster of MdB-forming cells. B) (magnification ×1,050) shows a single cell forming an MdB. 



CD49f). The transformation of these
progenitor cells to HCC is driven by
the TLR4 signaling pathway, which is
upregulated by increases in LPS levels
in the liver that result from alcohol
abuse. This upregulation of the TLR4
pathway, which has been demonstrated
in rats chronically fed ethanol, can be
prevented by SAMe supplementation.
These and other findings support the
concept that TLR4 may be a proto-
oncogene responsible for the transfor-
mation of progenitor cells into HCC
in ALD as well as HCV infection.  ■
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The widening web of epigenetic regulatory mechanisms also encompasses ethanol-
induced changes in the gastrointestinal (gi)–hepatic system. in the past few years,
increasing evidence has firmly established that alcohol modifies several epigenetic
parameters in the gi tract and liver. The major pathways affected include dna
methylation, different site-specific modifications in histone proteins, and micrornas.
ethanol metabolism, cell-signaling cascades, and oxidative stress have been
implicated in these responses. Furthermore, ethanol-induced fatty liver (i.e.,
steatohepatitis) and progression of liver cancer (i.e., hepatic carcinoma) may be
consequences of the altered epigenetics. Modification of gene and/or protein
expression via epigenetic changes also may contribute to the cross-talk among the gi
tract and the liver as well as to systemic changes involving other organs. Thus,
epigenetic effects of ethanol may have a central role in the various pathophysiological
responses induced by ethanol in multiple organs and mediated via the liver–gi axis.
KEy WoRDS: Ethanol; ethanol metabolism; alcohol consumption; epigenetics;
epigenetic effects; epigenetic mechanisms; alcohol-induced epigenetic alterations;
liver; gastrointestinal system; immune system;   DNA methylation; histone
acetylation; microRNAs (miRNAs); cell-signaling; oxidative stress; alcoholic liver
disease; steatohepatitis; liver cancer; hepatic carcinoma

Epigenetic modifications are emerging
as important dynamic mechanisms
contributing to both transient and

sustained changes in gene expression.
In some cases, epigenetic changes even
can be inherited, although the mecha-
nism for this remains elusive. Several
types of epigenetic modifications have
been studied in recent years. For exam-
ple, several laboratories have actively
examined modifications, of one end (i.e.,
the N-terminus) of the histone proteins
around which the DNA is wrapped in
the cell nucleus to form the chromatin.
After their initial synthesis (i.e., after
translation), histones can undergo 
a variety of modifications, such as
acetylation, methylation, or phospho-
rylation, at different sites and under
different conditions with diverse conse-
quences. Another frequently studied
type of epigenetic modification is the
methylations of DNA at regions rich 
in cytosine and guanosine nucleotides

(i.e., CpG islands), which has been
found to affect, for example, cancer
genes. Small RNA molecules called
micro-RNAs (miRNAs) that cause
inhibition of the first step of gene
expression (i.e., transcription) or degra-
dation of RNA also are considered to
be master regulators involved in the
modification of gene expression in
abnormal conditions or disease states.
Furthermore, all of these epigenetic
mechanisms are influenced by foreign
substances to which the body is exposed
(i.e., xenobiotics) and environmental
conditions. 

The accumulation of all these findings
has led to a dramatic shift from a genetic
to an epigenetic basis in the conceptual
thinking about the causes of disease.
This also applies to the causes underly-
ing ethanol-induced conditions, and
new developments particularly have
highlighted the importance of epige-
netic mechanisms in mediating ethanol’s

actions in the liver and gastrointestinal
(GI) tract (see figure 1). These develop-
ments are the focus of this review.

Alcohol-induced Epigenetic
Alterations in the Liver and 
Gi Tract

Histone Acetylation, Methylation,
and Phosphorylation
Evidence for the ethanol-induced 
epigenetic modifications of histone 
H3 first was obtained by Park and 
colleagues (2003) who demonstrated
H3 acetylation in primary cultures of
rat liver cells (i.e., hepatocytes). Other
researchers subsequently determined
that ethanol altered methylation of 
histone H3 at two lysine residues 
(i.e., lys-4 and lys-9) (Pal-Bhadra et al.
2007) and that phosphorylation of 
histone H3 at two serine residues (i.e.,



ser-10 and ser-28) was increased in
ethanol-exposed hepatocytes (Lee and
Shukla 2007). Additional studies have
established that these changes occur
not only in cultured hepatocytes but
also in vivo in the liver and other organs
(see Kim and Shukla 2006; Shukla and
Aroor 2006) as well as in other liver
cell types (e.g., hepatic stellate cells)
(Kim and Shukla 2005). Alcohols other
than ethanol that can be found as con-
taminants in adulterated alcoholic drinks
also can modify histones (Choudhury
et al. 2008). Finally, by interfering with
single-carbon metabolism, ethanol
may potentiate the epigenetic effects
of toxins released by certain bacteria 
in the GI tract (i.e., lipopolysaccharide
or endotoxin). These toxins promote
methylation of histone H3 at lys-4 (Ara
et al. 2008), which could in turn con-
tribute to the progression of alcoholic
liver disease (ALD). 

The histone proteins form larger
complexes called nucleosomes around
which the DNA is wound in the cell

nucleus. Modifications at different sites
in histone H3 (e.g., lys-4, lys-9, ser-10,
ser-28, etc.) may occur on nucleosomes
located in the same or different domains
of the chromatin (James et al. 2012).
These site-specific modifications, in
turn, will be associated with changes in
the expression of different genes with
diverse effects. Thus, ethanol can influ-
ence an intricate network of epigenetic
modifications.

It should be noted that although the
observed global ethanol-induced changes
in histone modifications suggest that
they would result in large-scale, perhaps
genome-wide, alterations in gene
expression, epigenetic changes also 
can be limited to selected subsets of
genes, depending to some degree on
the method and mode of ethanol
administration. Indeed, a gene-specific
increase in H3K9 acetylation has been
observed in rat liver in response to
chronic ethanol feeding even in the
absence of obvious global changes in
histone acetylation (Park et al. 2012).

Ethanol-induced histone modification
is associated with altered expression of
several genes, including those encoding
the ethanol-metabolizing enzyme alcohol
dehydrogenase (ADH), the cancer-
promoting gene (i.e., oncogene) c-jun,
and the gene encoding a protein called
plasminogen activator inhibitor 1
(PAI-1), which is involved in the disso-
lution of blood clots and in various
diseases (e.g., fibrosis and certain types
of cancer) (see table 1).

Changes in miRNAs
miRNAs are RNA molecules that do
not serve as templates for protein pro-
duction but have regulatory functions
(for more information on miRNAs, 
see the article by Balamaran et al., pp.
18–24). To date, hundreds of miRNAs
have been identified (Miranda et al.
2010) whose expression may be altered
by various stimuli and as a result of
changes in internal or environmental
conditions. For example, chronic
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Figure 1  Ethanol and its metabolites modify epigenetic pathways in the liver.
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ethanol feeding results in up- or down-
regulation of 1 percent or more of
known miRNAs in the liver of mice
(Dolganiuc et al. 2009) and rats
(Dippold et al. 2013). Among those
that were upregulated in rat liver by
ethanol exposure were miR-34a, miR-
103, miR-107, and miR-122 (Dippold
et al. 2013), which have been implicated
in the regulation of lipid metabolism
(Esau et al. 2006; Lee et al. 2010), iron
(Castoldi et al. 2011), and mainte-
nance of glucose levels (i.e., glucose
homeostasis) (Trajkovski et al. 2011).
Conversely, the levels of miR-200b
and miR-19b were downregulated
under the same experimental condi-
tions (Dippold et al. 2013). Similar
results were observed in mice, where
chronic ethanol feeding with a liquid
Lieber-DeCarli diet led to upregula-
tion of miR-705 and miR-1224 and

downregulation of miR-182, miR-183,
and miR-199a-3p in the liver. However,
the biological targets of these miRNAs
in the context of alcohol consumption
still need to be determined (Dolganiuc
et al. 2009; see table 1). 

Ethanol exposure also influences
miRNA expression in response to
other changes in the organism. For
example, the levels of a miRNA called
miR-21 normally increase after a part
of the animal’s liver is removed (i.e.,
after partial hepatectomy), which had
been thought to contribute to the
regeneration of the liver. Ethanol
enhances this increase in miR-21 but
paradoxically interferes with the regen-
erative process (Dippold et al. 2012).
The significance of the miR-21 increase
therefore remains to be elucidated. 

Chronic ethanol feeding of mice 
and exposure of mouse hepatocytes to

ethanol in vitro also induces miR-217
(Yin et al. 2012), which has been pro-
posed to be linked to excess fat accu-
mulation in the liver. Interestingly, this
effect on fat metabolism seems to be
correlated with reduced expression of
an enzyme involved in histone modifi-
cation (i.e., the class IV histone deacety-
lase [HDAC], SIRT-1). SIRT-1 is a
molecular target not only of miR-217
but also of miR-34a (Lee et al. 2010)
which, as indicated above, also is
upregulated by ethanol (Dippold et al.
2013). Likewise, expression of another
miRNA, miR-101, can downregulate
the level of another enzyme involved 
in histone modification called histone
methyltransferase Ezh2 (Cao et al.
2010). Although it is not known if
miR-101 expression is affected by
ethanol, these studies point to the
intriguing possibility that change, in
miRNA levels also could indirectly
affect other epigenetic changes such 
as histone acetylation and methylation. 

Changes in miRNA levels in response
to ethanol are not limited to the hepa-
tocytes but also affect other types of
cells found in the liver and GI tract.
For example, ethanol feeding leads to
up-regulation of miR-20 and miR-203
as well as down-regulation of miR-135
and miR-199 in liver sinusoidal
endothelial cells (Yeligar et al. 2009),
and increases the levels of miR-132
and miR-155 in Kupffer cells (Bala et
al. 2011). In addition, elevated levels
of miR-212 have been detected in
intestinal epithelial cells of patients
with ALD (Tang et al. 2008). These
changes in miRNA levels are correlated
with altered expression of certain pro-
teins in these cells, including increased
expression of endothelin-1 (ET-1) and
ET-1 receptor (ET-BR) in endothelial
cells (Yeligar et al. 2009), increased
expression of the proinflammatory
cytokine tumor necrosis factor-α
(TNF α) in Kupffer cells (Bala et al
2011), and reduced expression of a
protein called zonula occludens 1
(ZO1), which helps ensure the tight
connection between intestinal epithe-
lial cells (Tang et al. 2008). As will be
discussed later in this article, these

Table 1 epigenetic Parameters altered by ethanol in the liver and gastrointestinal system

Component Molecular Alterations/ Entity Possible Effect on

DNA dna methylation via dna methyl alcohol dehydrogenase
transferase (dnMT) enzymes dnMT1, (adh), genes for
dnMT3a, and dnMT3b folate metabolism

histone Type of modification
acetylation adh, lsd 
Methylation lsd
Phosphorylation C-jun, plasminogen 

activatory inhibitor 1 (Pai-1)

Modifying enzymes
histone acetyl transferases (haTs)

gCn5
p300
Moz

histone deacetylases (hdaCs)
hdaC 1,3,5,6,7,9,10,11
sirT-1

micro-RNA Upregulation
mir 03,20,21,29a,34a,101,103
mir107, 122, 132,148, 152, 155
mir 212, 217, 349, 705, 1224  lipogenesis
mir 1256

Downregulation immune response
mir 19b, 135, 182, 183, 200b
mir 199a-3P



changes in turn may contribute to the
cross-talk between the liver and the GI
and immune systems that ultimately
may be responsible for the develop-
ment of ALD.  

Although changes in miRNA levels
can affect expression of enzymes
involved in other epigenetic modifica-
tions, it is equally clear that expression
of miRNAs themselves can be subject
to regulation by histone modifications
and/or DNA methylation at the DNA
regions that regulate miRNA expres-
sion (i.e., at their promoters). For
example, the ethanol-induced expres-
sion of miR-155 seems to be regulated
by the recruitment of a regulatory pro-
tein called nuclear factor κB (NFκB)
to the miR-155 promoter (Bala et al.
2011), presumably accompanied by
epigenetic changes associated with gene
activation. In other studies, removal of
methyl groups from (i.e., demethyla-
tion of) cytosine nucleotides at the
promoters of miR-29a and miR-1256
correlated with upregulation of these
miRNAs in prostate cancer cells (Li et
al. 2012). Although it is not yet known
whether miRNAs regulated by ethanol
also may be regulated by DNA methy-
lation, these studies clearly point to the
intriguing possibility of cross-talk
among molecular components involved
in different types of epigenetic modifi-
cations (see figure 1). 

Changes in dnA Methylation
Patterns
Ethanol also can alter the methylation
patterns of DNA in liver, thereby
influencing gene expression. For exam-
ple, genes encoding enzymes involved
in ethanol metabolism (e.g., ADH) 
are regulated by DNA methylation
(Dannenberg et al. 2006). It therefore
is likely that reduced levels of DNA
methylation (i.e., hypomethylation) in
response to ethanol will modulate the
transcription of these genes. This effect
is particularly relevant in patients with
late-stage ALD, where ethanol is involved
in the promotion of hepatic carcinoma.
Like changes in miRNA expression,
alcohol-induced changes in DNA
methylation also have been observed 

in organs other than the liver. For exam-
ple, chronic ethanol feeding in rats
affects methylation of genes regulating
absorption of the vitamin folate in the
intestine (Wani et al. 2012). Folate is
an important cofactor in single-carbon
metabolism; therefore, its deficiency 
in turn could affect methylation reac-
tions in various other organs, including
the liver. 

Kutay and colleagues (2012) found
that ethanol affects methylation patterns
by reducing the levels and activity of
key DNA methylation enzymes, DNA
methyl transferase (DNMT) 1 and 3b,
without altering their mRNA levels.
However, chronic ethanol feeding did
not reveal any detectable methylation
at the CpG islands in the promoters 
of several genes examined in liver (e.g.,
genes called Agpat 9, Lepr, and Pparα),
suggesting that promoter methylation
may not be involved in regulating the
expression of these genes. Instead, tran-
scriptional activation or chromatin
modification may be the predominant
mechanism involved in ethanol-induced
gene expression. This possibility has
yet to be confirmed in additional stud-
ies, including studies in human liver.

Several observations suggest that
changes in DNA methylation induced
by diet, folate deficiency, or alcohol
exposure may represent important 
epigenetic mechanisms. For example,
chronic exposure to ethanol has been
shown to produce DNA hypomethyla-
tion throughout the genome in the
colonic mucosa in rats, and this
hypomethylation may constitute a
pathway by which carcinogenesis is
enhanced (Choi et al. 1999). Other
studies have focused on the role of a
compound known as S-adenosylme-
thionine (SAMe), which acts as a
methyl donor, in liver injury. Ethanol-
induced alterations in SAMe levels can
affect the methylation of histones or
DNA, which in turn can modify gene
expression, thereby contributing to
liver injury (Lu and Mato 2012). 

Role of Ethanol Metabolism and
oxidative Stress in Ethanol-
Related Epigenetic Mechanisms

The actions of ethanol in the liver are
complex because it is metabolized via
both oxidative and nonoxidative path-
ways that result in the generation of
several metabolites, such as acetalde-
hyde and acetate. Interestingly, both of
these metabolites, as well as ethanol
itself, increase histone H3 acetylation.
This observation is supported by stud-
ies investigating the effects of inhibitors
of ADH (i.e., 4-methyl pyrazole) and
of another alcohol-metabolizing
enzyme called aldehydyde dehydroge-
nase (i.e., methyl cynamide). These
inhibitors prevented acetaldehyde and
acetate formation and also reduced
ethanol-induced increases in histone
acetylation (Park et al. 2003), suggest-
ing that ethanol metabolism has a role
in this effect. Other findings suggest
that ethanol-derived acetate may
increase histone acetylation by increas-
ing the available levels of acetyl groups
for these reactions. Thus, studies in a
cultured macrophage cell line found
that downregulation of an enzyme that
converts acetate into acetyl CoA,
which then is used for histone acetyla-
tion, ameliorates the acetate effect on
histone modification (Kendrick et al.
2010). However, the significance of
this observation in vivo is unclear
because the changes in acetyl-CoA lev-
els following alcohol consumption are
rather modest and transient. 

Another important consequence of
ethanol metabolism in the liver is the
production of reactive oxygen species
(ROS), leading to oxidative stress.
ROS have been shown to play a role in
ethanol-induced histone acetylation.
Antioxidants that selectively interfere
with different steps of ROS production
affect this response. For example, gen-
eral antioxidants (e.g., resveratrol or
quercetin) inhibit histone acetylation.
Conversely, inhibitors of certain
enzyme complexes that are involved in
ROS productions, such as rotenone
(which inhibits mitochondrial complex
1) and antimycin (which inhibits
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histone modifications,
DNA methylation, 

and miRNA expression
may all play roles in

ethanol-related steatosis
and inflammatory

responses.

mitochondrial complex 3) increase 
histone acetylation (Choudhury et 
al. 2010). These observations are 
consistent with the view that ROS
contribute to the epigenetic effects 
of alcohol consumption. 

Role of Cell-Signaling Pathways
in Ethanol-Related Epigenetic
Mechanisms

The cellular actions of ethanol, includ-
ing its epigenetic effects, are mediated
via several signaling pathways
(Mandarekar and Szabo 2009). One 
of these involves several enzymes called
mitogen-activated protein (MAP)
kinases (MAPKs) and therefore is
known as the MAP kinase cascade.
There are several different MAP kinase
pathways that involve different
MAPKs and which differentially affect
ethanol-induced epigenetic modifica-
tions. For example, histone H3 phos-
phorylation is dependent on p38
MAPK (Lee and Shukla 2007),
whereas histone H3 acetylation is regu-
lated by a MAP kinase cascade involv-
ing MAPKs called ERK1/2 and JNK
(Park et al. 2005). Even more intrigu-
ing is the finding that acetate-induced
acetylation of histone H3 is MAPK
independent (Park et al. 2005; Aroor
et al. 2010). Thus, the involvement of
different signaling pathways likely adds
another level of regulatory control on
histone modifications by ethanol and
its metabolites (Shukla et al. 2013).
These remarkable differences in signal-
ing pathways utilized by ethanol and
acetate may underlie the different
modes of histone modifications 
and consequences of ethanol and 
its metabolites. This issue remains 
to be addressed in future studies. 

Role of Epigenetic Mechanisms
in Ethanol-induced Steatosis,
Steatohepatitis, and Carcinoma

Excessive alcohol consumption can
lead to a range of liver disorders, includ-
ing fatty liver (i.e., steatosis), steatosis

accompanied by inflammation of the
liver (i.e., steatohepatitis), and pro-
gressing in some cases to liver cancer
(i.e., carcinoma). Histone modifica-
tions, DNA methylation, and miRNA
expression may all play roles in ethanol-
related steatosis and inflammatory
responses. For example, ethanol affects
the activity of enzymes called histone
acetyl transferases (HATs) that mediate

histone acetylation. One of these ethanol-
regulated HATs is called GCN5
(Choudhury et al. 2011); it modulates
the expression of a protein called PGC1β,
which is involved in fat metabolism in
the liver (Kelly et al. 2009). Furthermore,
chronic intragastric ethanol feeding of
rats leads to an increase in the levels of
another HAT called p300 in the cell
nuclei at peak blood alcohol level, which
is correlated with increased acetylation
of H3-lys-9 (Bardag-Gorce et al. 2007).

Another type of histone-modifying
enzyme are the HDACs. Chronic feed-
ing of mice with an ethanol liquid diet
downregulates the activity of the HDAC
SIRT-1 and increases the expression of
lipin-1, an important regulator of lipid
synthesis in the liver (Yin et al. 2012)
In contrast, other studies indicated that
the transcription levels of SIRT-1 and
PGC1β—another regulatory protein
involved in lipid metabolism—are
increased by chronic intragastric ethanol
feeding in rats (Oliva et al. 2008).
Recent studies also have shown that
liver-specific knockout of the gene
encoding HDAC3 in mice leads to
severe hepatic steatosis and increased
expression of lipogenic genes, although

whether HDAC3 expression or func-
tion is altered by ethanol has yet to be
elucidated (Sun et al. 2011). Increasing
evidence thus suggest that both HATs
and HDACs are likely to play a role 
in ethanol-induced liver injury (see
Kirpich et al. 2012; Park et al. 2005;
Pochareddy et al. 2012; Shepard et 
al. 2008; Yin et al. 2012). In addition
to changes in lipid metabolism two
molecules involved in inflammatory
reactions (i.e., interleukin [IL] 8 and
PAI-1) also are influenced by ethanol-
induced histone modifications. Finally,
ethanol-induced DNA hypomethylation
has been implicated in the development
of steatosis (Kutay et al. 2012) as well
as hepatic carcinoma, an end conse-
quence of ALD (Lambert et al. 2011).

miRNAs also mediate some of
ethanol’s effects in causing liver disor-
ders. For example, the down regulation
of SIRT-1 in mice in response to ethanol
feeding described above appears to be
mediated by miR217 (Yin et al. 2012).
A high-content screening of 327 human
miRNAs identified 11 that when over-
expressed in human hepatocytes lead
to either increased or decreased intra-
cellular lipid droplets, with miR-181d
being the most efficacious inhibitor 
of lipid droplet formation (Whittaker
et al. 2010). As discussed above, the
immunological responses of liver
macrophages are thought to involve
miR-155 (Bala et al. 2012). Moreover,
several miRNAs have been postulated
to play a role in ethanol-induced
intestinal defects (Tang et al. 2008)
which could also indirectly exacerbate
liver injury (see further discussion below).

Time Dependence and
Persistence of Alcohol-induced
Epigenetic Changes

Interestingly, the various epigenetic
modifications observed in cultured
hepatocytes in response to ethanol 
follow different time courses. For
example, phosphorylation of H3 starts
before acetylation and methylation 
of this histone (see figure 2). Further- 
more, although the global changes 



more, although the global changes 
in histone modifications appear to be
transient, with the effect peaking at
about 24 hours following initial
ethanol exposure, it is likely that these
changes may trigger secondary changes
in gene expression (including those of
miRNA) or DNA modification that
are much longer lasting. To date, little
is known about the time course and
sustainability of these other epigenetic
modifications. It also is possible that
even when the overall global changes
in histone modification have subsided,
some of the secondary changes may
persist in nucleosomes associated with
specific genes and may continue to
influence expression of these genes. 

The responses to ethanol consump-
tion in vivo also have not yet been fully
elucidated. Chronic ethanol treatment
definitely results in abundant epige-
netic changes months after the ethanol
feeding began. How long these changes
remain after withdrawal of alcohol has
not been carefully evaluated with respect
to the GI tract and liver. Studies in
other organ systems, however, suggest
that some of these changes could indeed
persist for a long time. For example,
prenatal exposure of rat fetuses to
ethanol resulted in the development 
of hepatic insulin resistance in the off-
spring 3 months after birth, which was
correlated with an increase in HDAC
activity and decrease in HAT activity
in the liver (Yao and Nyomba 2008).
Furthermore, exposure of males to
ethanol was correlated with hypo -
methylation of normally hypermethy-
lated regions in the DNA of the sperm
corresponding to various paternally
imprinted genes (Ouko et al. 2009).
Epigenetic changes in these imprinted
genes could be transmitted to the
progeny following fertilization and thus
affect the development and perhaps
physiological functions of different
organs, including the liver. Epigenetic
effects of alcohol thus might even be
able to exert long-lasting transgenera-
tional effects in the offspring. 

Relationship to the 
Immune System

Evidence gathered in the past decade
has clearly shown that ethanol alters
several immunological parameters.
One important participant in ethanol’s
actions is a group of regulatory molecules
called macrophage toll-like receptors
(TLRs), particularly TLR 4. Ethanol’s
effects on TLRs likely are mediated via
miRNAs because, as mentioned earlier,
ethanol increases the levels of several of
these noncoding RNAs. Other studies
have shown that ethanol influences the
activities of different classes of TLR-
regulated genes through distinct epige-
netic histone modifications (Foster et
al. 2007). Specifically, several pro-
inflammatory genes are selectively
deacetylated during the development
of immune tolerance and are no longer
inducible in the tolerant macrophages.
It is tempting to speculate that by
affecting histone modifications, ethanol
could interfere with the development
of tolerance and thus promote a chronic
inflammatory state. Consistent with
this idea, exposure of cultured

macrophages to ethanol or ethanol
metabolites resulted in increased pro-
duction of TNF-� (Shen et al. 2009),
although whether this involves
increased histone modification at the
TNF-� promoter remains to be estab-
lished. In addition to the involvement
of Kupffer cells, it is likely that interac-
tions between activated hepatic stellate
cells and hepatocytes also contribute to
a pro-inflammatory environment by
increasing the production of cytokines.
This cross-talk between stellate cells
and hepatocytes appears to be inhib-
ited by deacetylase inhibitors, such as
trichostatin (Coulouarn et al. 2012).

It should be pointed out that ethanol’s
effects on the immune system likely
are rather complex. In contrast to the
enhanced inflammatory response seen
during steatohepatitis following chronic
ethanol administration, acute exposure
to ethanol in vivo suppresses various
inflammatory responses (e.g., leuko-
cyte recruitment and endothelial cell
activation) (Saeed et al. 2004). It is not
completely clear if this anti-inflammatory
effect is related to epigenetic changes;
however, other studies have shown that
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treatment with HDAC inhibitors 
likewise inhibits the migration of
macrophages in response to an inflam-
mation-inducing stimulus (i.e., expo-
sure to lipopolysaccharide) (Maa et al.
2010). Thus, it appears that ethanol
may exert potent effects on the immune
system, which likely are related to its
epigenetic action, and that chronic and
acute ethanol treatment could elicit
different outcomes (Shukla et al. 2013).

Cross-Organ Talk Between the
Liver and GI Tract

The nutrients and xenobiotics taken
up orally pass through the intestinal
system and then to the liver, the major
metabolic organ in the body. Ethanol
can alter the permeability of the intes-
tine, a condition known as leaky gut.
This alcohol-induced gut leakiness is
an important factor in ALD because 
it allows endotoxin to enter the 
circulation and initiate liver damage
(Keshavarzian et al. 2009). The alcohol-
induced gut leakiness may in part be
caused by epigenetic changes to genes
coding for proteins involved in joining
epithelial cells to each other (i.e.,

epithelial cell junction proteins) (Tang
et al. 2008). For example, alcohol
induced overexpression of miR-212
and downregulated expression of 
the ZO1 protein. A decrease in ZO1
disrupts intestinal permeability and
integrity, resulting in gut leakiness
(Tang et al. 2008). 

The response of the liver to ethanol
and endotoxin is a complex process
involving macrophage-like Kupffer
cells, hepatocytes, and stellate cells.
Alcohol’s effects on the activities of
these cells may lead to liver injury and
ultimately carcinoma. Ethanol causes
epigenetic alterations in these cells that
could result in changes in expression 
of genes associated with modified 
histones, including genes coding for
various cytokines. Increases in the
expression of these cytokines may occur
in the liver, resulting in increased
cytokine levels that then are circulated
through the blood to other organs (e.g.,
heart or kidney) and in turn affect the
functions of these organs. Thus, alco-
hol-induced epigenetic effects in the
liver eventually may influence the
cross-talk among these organs (see fig-
ure 3). This will be a fruitful topic for
future studies to fully comprehend the

role of ethanol-induced epigenetic
alterations in the GI–hepatic system and
its link to the responses of other organs.  

Conclusions and Future
Strategy

The consequences of ethanol-induced
epigenetic alterations can be positive 
or negative, depending on the type 
and duration of the epigenetic changes.
Furthermore, the epigenetic responses
to ethanol and its metabolites (e.g.,
acetate) also can differ with a variety 
of consequences. This diversity
remains to be examined thoroughly.
Additionally, modifications in DNA
and histones located in specific nucleo-
somes or chromatin domains may 
differ in their transcriptional effects on
various genes, consequently exhibiting
varying effects. Alterations in the
expression levels of a plethora of miRNAs
will add another level of regulatory
control over these responses. Finally, it
is fair to assume that the diverse epige-
netic pathways cross-influence each
other, leading to a highly complex reg-
ulatory network. The consequences of
these epigenetic alterations in the GI

Figure 3  Ethanol-induced epigenetic alterations and cross-organ talk through the gastrointestinal–liver axis.



tract and liver likely have a systemic
impact, influencing other organs and
their functions as well, although these
interactions are as yet relatively unex-
plored. Thus, many questions remain
that need to be addressed by future
research into this area.  ■
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Exposure to alcohol has serious consequences for the developing fetus, leading to a
range of conditions collectively known as fetal alcohol spectrum disorders (FASD).
Most importantly, alcohol exposure affects the development of the brain during critical
periods of differentiation and growth, leading to cognitive and behavioral deficits. The
molecular mechanisms and processes underlying the teratogenic effects of alcohol
exposure remain poorly understood and are complex, because the specific effects
depend on the timing, amount, and duration of exposure as well as genetic
susceptibility. Accumulating evidence from studies on DNA methylation and histone
modification that affect chromatin structure, as well as on the role of microRNAs in
regulating mRNA levels supports the contribution of epigenetic mechanisms to the
development of FASD. These epigenetic effects are difficult to study, however, because
they often are cell-type specific and transient in nature. Rodent models play an
important role in FASD research. Although recent studies using these models have
yielded some insight into epigenetic mechanisms affecting brain development, they
have generated more questions than they have provided definitive answers.
Researchers are just beginning to explore the intertwined roles of different epigenetic
mechanisms in neurogenesis and how this process is affected by exposure to alcohol,
causing FASD. KEY WORDS: Prenatal alcohol exposure; fetal alcohol spectrum
disorders; epigenetics; epigenetic mechanisms; epigenetic modifications; brain
development; cognitive deficits; behavioral deficits; DNA methylation; histone
modification; chromatin; microRNAs; rodent models

effects collectiv
A

lcohol exposure of the developing
embryo and fetus in utero can
have a wide range of detrimental

ely referred to as fetal
alcohol spectrum disorders (FASD).
Researchers are intensively investigating
the mechanisms that may contribute to
alcohol’s effects on the developing
organism and to the resulting conse-
quences, particularly with respect to
the cognitive and behavioral deficits
associated with FASD. These studies
have yielded increasing evidence that
epigenetic mechanisms play an impor-

tant role in these processes. This article
reviews the current knowledge regard-
ing the contributions of epigenetic
modifications to the manifestations 
of FASD, much of which has been
obtained using rodent models in which
the timing, frequency, duration, and
amount of alcohol exposure can be
tightly controlled. This discussion also
touches on the concepts of develop-
mental reprogramming, the role of 
preconception alcohol exposure, and
transgenerational transmission of the
effects of alcohol exposure.

FASD

FASD can be associated with a variety
of symptoms that differ widely in
severity depending on the specific 
conditions of alcohol exposure. The
most severe outcome is fetal alcohol
syndrome (FAS), which can manifest
variably with diverse combinations of
craniofacial, growth, central nervous
system (CNS), and neurobehavioral
abnormalities (Jones et al. 1973; Sampson
et al. 1997). Associated psychosocial
problems include learning difficulties,



attention deficit–hyperactivity disorder
(ADHD), and mental retardation
(Burd et al. 2003; O’Leary 2004).
Given that alcohol consumption is 
voluntary, FASD is said to be the 
most preventable cause of birth defects
and mental retardation. FASD is a
global health concern, and worldwide
approximately 1 to 3 per 1,000 births
is thought to be suffering from FAS. 
In the United States, FAS prevalence
ranges between 0.5 and 2.0 per 1,000
live births (Abel 1995; May and Gossage
2001). The highest rates of FAS have
been reported in mixed-ancestry com-
munities in the Western Cape of South
Africa, where between 68.0 and 89.2
per 1,000 school-age children display
FAS symptoms (May et al. 2007). 

Between 5 and 10 percent of 
offspring who have been exposed to
alcohol prenatally display alcohol-
related developmental anomalies (Abel
1995), with the severity of the out-
come determined by the dose, timing,
and duration of exposure (Padmanabhan
and Hameed 1988; Pierce and West
1986; Sulik 1984). However, the pro-
portion of affected offspring may be
considerably higher in unfavorable 
circumstances, including instances of
malnutrition of the mother and thus,
the fetus. The genetic makeup of both
mother and fetus, in conjunction with
other factors (e.g., gender, diet, and
social environment), also plays an impor-
tant role in the manifestation of FASD
(Chernoff 1980; Ogawa et al. 2005).  

The effects of prenatal alcohol expo-
sure are more similar in identical (i.e.,
monozygotic) twins than in fraternal
(i.e., dizygotic) twins, suggesting a her-
itable component (Abel 1988; Chasnoff
1985; Streissguth and Dehaene 1993).
Genetic studies have shown that differ-
ent variants of the genes encoding 
various alcohol-metabolizing enzymes—
such as alcohol dehydrogenases (ADHs),
aldehyde dehydrogenases (ALDHs),
and cytochrome P450 2E1 (CYP2E1)—
in the mother and their offspring can
affect alcohol metabolism and con-
tribute to subsequent alcohol-related
damage (Gemma et al. 2007; Warren
and Li 2005). For example, variants at

the ADH1B locus that result in an
altered amino acid sequence and function
of the encoded enzyme can influence
the severity of the adverse effects on
the developing fetus (i.e., teratogenesis)
in different ethnic populations (for a
review see Ramsay 2010). However, 
to date few studies have supported a
role for genetics in the development 
of FASD. 

Rodent models have provided a
valuable tool for investigating genetic
influences on the observable outcomes
(i.e., phenotypes) associated with FASD.
For example, the effects of in utero
alcohol exposure differ between inbred
and selectively bred mice. These find-
ings highlight the contribution of a
genetic predisposition to the suscepti-
bility to the detrimental effects of 
prenatal ethanol exposure and provide
additional support for the importance
of genetic factors in the development
of FASD (Boehm et al. 1997; Gilliam 
et al. 1989; Ogawa et al. 2005).

Although studies have investigated
the genetic susceptibility to FASD, the
underlying cause(s) of these disorders
still remains unclear. The wide range 
of clinical features observed in people
affected by in utero alcohol exposure
underlines the importance of investigat-
ing the mechanisms of alcohol-related
teratogenesis at a molecular level. Because
FASD is a developmental abnormality,
disruptions in normal cellular differen-
tiation driven by changes in gene
expression that in turn are regulated 
by epigenetic mechanisms are most
likely involved in FASD pathogenesis. 

Epigenetic Modifications

The term epigenetics, first defined by
Waddington in 1942 (as reprinted in
Waddington 2012), refers to the changes
in gene expression that occur without
changes in the DNA sequence itself.
Epigenetics plays a vital role in regulat-
ing key developmental events, allowing
for tissue-specific gene expression,
genomic imprinting,1 and stem-cell
maintenance. Tissue-specific gene
expression patterns are established and

maintained through two mechanisms;
structural chromatin modifications
(i.e., DNA methylation and histone
modifications) and RNA interactions
(i.e., the actions of non-coding RNAs
[ncRNAs]). In eukaryotes, the genome
is present in the cell nucleus in the
form of chromatin—a DNA–protein
complex that packages DNA into a
highly condensed form. The structural
building blocks of chromatin are the
nucleosomes, each of which consists 
of 147 base pairs of DNA wrapped
around a core of 8 histone proteins
(Ooi and Henikoff 2007). The octamer
core comprises two copies each of his-
tone proteins H2A, H2B, H3, and
H4. Moreover, the nucleosomes are
connected with each other by a linker
histone H1 that offers stability to the
packaged structure. Modifications of
the chromatin structure affect the first
step of gene expression (i.e., transcrip-
tion). ncRNAs, on the other hand, act
at the posttranscriptional level. 

Chromatin Remodeling 

dnA Modifications. Both DNA and
protein components of the nucleosome
are subject to a variety of modifications
that can influence chromatin
conformation and accessibility. The
best-characterized epigenetic mark,
DNA methylation, involves the
covalent addition of a methyl (CH3)
group to one of the four DNA
nucleotides (i.e., cytosine [C]) to
form 5-methylcytosine (5mC). In
eukaryotes, methylation usually affects
C that are followed by the nucleotide
guanine (G) (i.e., that are part of a
CpG dinucleotide) (Rodenhiser and
Mann, 2006). At these sites, enzymes
called DNA methyltransferases
(DNMTs) mediate the methylation
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1 genomic imprinting is a genetic phenomenon in which only a
gene copy inherited from one parent is expressed in the offspring.
each person inherits two copies of each gene, one inherited from
the mother and one inherited from the father. in general, both of
these gene copies can be active in the offspring. For some genes,
however, one gene copy is “shut off” by genomic imprinting, so
that only the non-imprinted copy remains active. For certain
genes, the nonimprinted, active copy is always the one inherited
from the mother, whereas for other genes the nonimprinted,
active copy is always the one inherited from the father. 
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of C residues, thereby acting as critical
modulators of fetal development (Li
et al. 1992). For these DNA methy- 
lation reactions, DNMTs use methyl
groups produced by a sequence of
reactions known as the folate pathway
(Friso et al. 2002). Generally, DNA
methylation is associated with a
condensed chromatin conformation,
which effectively silences gene
expression because the enzymes
needed for transcription cannot
access the DNA. 

More recent studies have found 
that 5mC can be further modified by
enzymes called ten-eleven translocation
(Tet) proteins, in a process referred 
to as iterative oxidation. This results 
in the formation of several reaction
products (i.e., derivatives), including 
5-hydroxymethylcytosine (5hmC), 
5-formylcytosine (5fC), and 5-car-
boxylcytosine (5caC) (Ito et al. 2011;
Tahiliani et al. 2009). Although the
role of these methylation derivatives
still remains unclear (Branco et al. 2012)
they seem to serve different functions
than 5mC. Thus, the conversion of
5mC to 5hmC has been implicated in
active DNA demethylation (Wu and
Zhang, 2010). Furthermore, whereas
5mC typically is found in regions reg-
ulating the expression of specific genes
(i.e., in promoters), 5hmC is associated
with the bodies of the affected genes or
with promoters of developmental regu-
latory genes (Wu et al. 2011). Finally,
5hmC appears to play an important
role in reprogramming the paternal
genome following fertilisation (Hackett
and Surani 2013). (Reprogramming
will be discussed in the following section.)

Histone Modifications. The histones
making up the core of the nucleosome
have unstructured N-terminal tails
that protrude from the nucleosome and
which are subject to modifications.
Histone modifications are varied and
include acetylation, methylation,
phosphorylation, ubiquitinylation,
ADP-ribosylation, and sumoylation
at specified residues (for a review, see
Kouzarides 2007). Importantly, these
modifications are dynamic—that is,

they can be removed again by specific
enzymes. 

These histone modifications,
together with DNA methylation, influ-
ence chromatin structure and have a
profound influence on gene regulation.
Both of these types of epigenetic modi-
fications work together to remodel the
chromatin and partition the genome
into two different functional domains—
transcriptionally active regions collectively
known as euchromatin and transcrip-
tionally inactive regions collectively
called heterochromatin. Euchromatic
regions are modified to allow an open
conformation, rendering the regions
accessible to cellular proteins favoring
transcription. In contrast, heterochro-
matic regions, such as the ends of
chromosomes (i.e., telomeres) and
regions around the center of the chro-
mosome (i.e., pericentric regions), 
generally exhibit a closed conformation
that limits interactions between the
DNA and cellular proteins, thereby
silencing gene activity (for a review, see
Schneider and Grosschedl 2007).
Additionally, chromatin structure, and
thus gene expression, is influenced by
the specific combination of histone
variants in a nucleosome, the spacing
between nucleosomes (i.e., nucleosome
occupancy), and the position of each
nucleosome within the nucleus (i.e.,
nuclear architecture) (Cairns 2009). 

Developmental Reprogramming 

Epigenetic reprogramming is a process
that involves the erasure and then 
re-establishment of chromatin modifica-
tions during mammalian development.
It serves to erase random changes in
epigenetic marks (i.e., epimutations)
that have occurred in the germ cells
(i.e., gametes) and to restore the ability
of the fertilized egg cell (i.e., zygote) to
develop into all the different cell types
and tissues (Reik et al. 2001). Epigenetic
modifications are modulated in a tem-
poral and spatial manner and act as
reversible switches of gene expression
that can lock genes into active or
repressed states. In addition, these

modifications allow the zygote to give
rise to the cellular lineages that will
form the embryo. Reprogramming
occurs in two phases during in utero
development, one shortly after fertil-
ization and the other in the developing
gametes of the fetus. The first phase
takes place after fertilization in the
preimplantation embryo (i.e., the blas-
tocyst). During this phase, embryonic
epigenetic patterns are re-established in
a lineage-specific manner in the inner
cell mass of the blastocyst (figure 1).
The second phase occurs in the
gametes, where rapid genome-wide
demethylation is initiated to erase 
existing parental methylation patterns,
followed by re-establishment of epige-
netic marks in a sex-specific manner
(Reik et al. 2001).

Researchers recently have begun 
to investigate epigenetic mechanisms 
as key contributors to the development
of FASD. This research was prompted
by the observation that periods of
increased vulnerability to in utero 
alcohol exposure coincide with those
of reprogramming events. In addition,
evidence suggests that environmental
factors, and specifically alcohol, are
able to alter epigenetic modifications.
This provides a link between the geno-
type, environment, and disease. 

Alcohol and Biological
Pathways

As mentioned previously, DNA
methylation reactions rely on the 
folate pathway to supply the necessary
methyl groups. Excessive alcohol expo-
sure is known to interfere with normal
folate metabolism and reduce its
bioavailability (Halsted and Medici
2012). Folate is required as a coenzyme
to supply methyl groups needed for
the formation of a compound called 
S-adenosylmethionine (SAMe), which
in turn participates in reactions in
which the methyl group is transferred
to another molecule (i.e., transmethy-
lation reactions). In the folate-dependent
pathway, the enzyme methionine 
synthase (MS), which requires vitamin



B12 to function properly, is responsible
for transferring the methyl group con-
tained within the 5-methyl-tetrahyrofolate
compound to homocysteine, which
ultimately generates methionine (Friso
et al. 2002). The methionine is converted
to SAMe by methionine adenosyltrans-
ferase (MAT), and the SAMe then is
used for the methylation of DNA. As
early as 1974, research on alcohol-fed
rats described reduced MS activity and
subsequent reduction of the levels of
both methionine and SAMe (Barak et
al. 1987; Finkelstein 1974; Trimble et

al. 1993). Additionally, ethanol appears
to enhance the loss of methyl groups,
which in turn disrupts subsequent
SAMe-dependent transmethylation
reactions (Schalinske and Nieman 2005).

Rodent Models of Prenatal
Ethanol Exposure 

The teratogenic effects of prenatal
alcohol exposure have been examined
in rodent models for several decades.
Studies have shown that in utero expo-

sure to alcohol in these animals results
in a wide range of anomalies, including
growth retardation, CNS malformations,
mental disability, and distinct craniofa-
cial dysmorphology (Anthony et al.
2010; Boehm et al. 1997; Boggan et
al. 1979; Bond and Di Giusto 1977;
Klein de Licona et al. 2009; McGivern
1989; Parnell et al. 2009).

The FASD-like phenotypes observed
in these rodent models have been asso-
ciated with alterations in global gene
expression, particularly in the developing
brain (Hard et al. 2005; Hashimoto-
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Figure 1 Reprogramming in mammalian development. Two waves of epigenetic reprogramming occur during embryo development. The first phase
of reprogramming occurs in the normal body cells (i.e., somatic cells) of the developing embryo. In mice, following fertilization, the embryo
undergoes genome-wide demethylation that is completed by embryonic day 5 (E5). The paternal genome (blue line) undergoes rapid,
active demethylation, whereas in the maternal genome (pink line), demethylation occurs via a passive process. Remethylation of the
embryonic genome begins at day E5 and is completed prior to birth. The second wave of epigenetic reprogramming occurs in the germ
cells of the developing embryo, which will ultimately give rise to gametes that contain sex-specific epigenetic signatures. The primordial
germ cells (PGCs) of the developing embryo contain the methylation signatures of the parental genomes. At approximately E7–8, the
PGCs undergo rapid demethylation that is complete by E15–16. Following this, sex-specific methylation is re-established. In the male
germline, reprogramming is complete at birth (blue line), whereas in females, reprogramming continues until puberty (pink line).

SOURCE: Adapted from Reik et al. 2001; Smallwood and Kelsey 2012. 
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Torii et al. 2011, 2011; Kleiber et al.
2012). This association, in conjunc-
tion with the vital role that epigenetic
mechanisms play in controlling gene
expression, suggests that normal epige-
netic regulation by DNA methylation,
histone modifications, and ncRNAs is
disrupted as a result of ethanol insult. 

Prenatal ethanol exposure and
dnA Methylation 
A direct link exists between ethanol
exposure and aberrations in DNA
methylation. For example, in a mouse
model evaluating the effects of in utero
ethanol exposure from days 9 to 11 of
gestation, this acute ethanol adminis-
tration resulted in lower-than-normal
methylation throughout the genome
(i.e., in global hypomethylation) of
fetal DNA (Garro 1991). Further- 
more, the ethanol-exposed fetuses 
displayed significantly reduced levels 
of DNA methylase activity. Ethanol-
induced reductions in DNA methyla-
tion affect not only the fetus but also
the placenta in pregnant mice exposed
to alcohol (Haycock and Ramsay 2009).
More recently, researchers evaluated
the effect of prenatal alcohol exposure
on DNA methylation of five imprinted
genes in male offspring; these analyses
detected a decrease in DNA methylation
at a single locus in the H19 imprinting
control region in the sperm of these
males (Stouder et al. 2011). Finally, in
utero ethanol exposure in mice hinders
the acquisition of DNA methylation in
a brain region called the dentate gyrus,
which is associated with developmental
retardation (Chen et al. 2013). 

Other analyses have looked at
methylation patterns of specific genes
rather than global DNA methylation.
For example, a gene called Agouti has
been used extensively as a model to
study the effects of environmental (i.e.,
dietary) exposures on DNA methylation.
The murine Agouti (A) locus regulates
the animals’ coat color; animals that
carry two copies of the common vari-
ant, referred to as the wild-type allele,
(i.e., a/a mice) display a pseudoagouti
(i.e., brown) coat. A gene variant called

Avy is a dominant mutation that is
caused by the insertion of a DNA
sequence known as an intracisternal 
A-particle (IAP) retrotransposon in
front of (i.e., upstream of) the Agouti
gene. Animals that carry one mutant
and one wild-type gene copy (i.e., het-
erozygous Avy/a mice) display a variety
of coat colors, ranging from yellow to
mottled and brown, even though they
are genetically identical. Avy expression
is strongly correlated to the DNA
methylation profile of the inserted 
IAP. If the IAP shows hypomethylation,
the Agouti gene is constantly expressed
(i.e., shows constitutive ectopic Agouti
expression) and the animals have a yellow
coat. Conversely, hypermethylation
correlates with promoter silencing and
a pseudoagouti coat (Dolinoy et al.
2010). Kaminen-Ahola and colleagues
(2010) investigated the effect of gesta-
tional ethanol exposure in Avy het-
erozygous mice, demonstrating that
ethanol exposure increased the propor-
tion of pseudoagouti-colored offspring.
This change in the proportion of coat
colors was linked to transcriptional
silencing of the mutant allele, which in
turn correlated with hypermethylation
of the Avy locus. This study highlights
the ability of prenatal alcohol exposure
to alter the fetal epigenotype (albeit
only at a specific locus) and, conse-
quently, the adult phenotype. 

In addition to the aberrant expres-
sion at the Agouti locus in the Avy het-
erozygous mice, Kaminen-Ahola and
colleagues (2010) noted altered gene
expression profiles in the livers of their
ethanol-exposed wild-type (a/a) siblings,
as well as growth restriction and certain
craniofacial dysmorphologies that are
reminiscent of human FAS symptoms.
Together, the findings that ethanol
exposure can alter DNA methylation
at the Agouti locus and elicit an associated
phenotype (i.e., altered coat color),
suggests that other epigenetic targets
and associated gene expression also
may be disrupted and may be responsi-
ble for the occurrence of a phenotype
that corresponds to FAS in humans. 

Similar studies have demonstrated
the association of ethanol exposure

with changes in DNA methylation and
concurrent alterations in the expression
of other genes. Downing and colleagues
(2010) found that in utero ethanol
exposure resulted in reduced methylation
in the embryo at the Igf2 locus, which
encodes insulin-like growth factor 2,
with a concomitant change in Igf2
gene expression. These changes in gene
expression were accompanied by skeletal
malformations similar to those observed
in FAS patients. In other studies, alcohol
exposure resulted in neural tube defects
in conjunction with genome-wide
bidirectional methylation changes (i.e.,
occurrence of both hypo- and hyper-
methylation) (Liu et al. 2009). These
altered methylation profiles were asso-
ciated with significant changes in the
expression of several genes associated
with multiple functions, including
chromatin remodeling, neuronal 
morphogenesis, synaptic plasticity, 
and neuronal development.

Together, these findings provide
compelling evidence for alcohol-
induced alterations of DNA methylation
patterns in exposed fetuses that elicit a
phenotype that is at least in part similar
to that observed in FASD. 

Prenatal ethanol exposure and
Histone Modifications
Rodent models of alcoholism and in
utero exposure to ethanol, as well as
studies using cultured cells (i.e., in
vitro experiments) have provided sig-
nificant insights into the effects of
alcohol on protein modifications, par-
ticularly to histones. Excess alcohol
intake can exert its effect on protein
modifications either directly or indirectly
by disrupting the epigenetic machinery.

As with DNA methylation, some 
of these mechanisms involve folate, which
as mentioned earlier serves as methyl
group donor for histone methylation.
Folate deficiency is a common clinical
sign of chronic alcohol abuse and has
been implicated in the development of
alcoholism-related complications, such
as alcoholic liver disease (Eichner et al.
1971). These deficiencies have been
associated with significant alterations
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Another epigenetic 
mechanism by which
alcohol could exert an

effect on the epigenome
is though the action of
microRNAs (miRNAs).

in histone modifications, particularly
at lysine residues (Esteller 2008; Kim
and Shukla 2005; Park et al. 2003; Shukla
et al. 2008). Altered histone modifica-
tion, in turn, is associated with altered
gene expression (Pal-Bhadra et al. 2007). 

In in vitro studies using cultured rat
liver cells (i.e., hepatocytes), ethanol
exposure has been associated with bidi-
rectional changes in histone methylation,
including increased methylation at
lysine 4 of histone H3 (i.e., increased
H3K4me2) and decreased methylation
at lysine 9 of histone H3 (i.e., decreased
H3K9me2) (Pal-Bhadra et al. 2007).
In addition, ethanol exposure led to
selective acetylation of H3K9 (Park 
et al. 2003). These findings have been
supported by in vivo models that have
demonstrated increased H3K9 acetyla-
tion in the liver, lung, and spleen of
adult rats acutely exposed to alcohol
(Kim and Shukla 2006). Chronic alcohol
exposure in adult rats also has been
associated with increases in histone 
H3 and H4 acetylation in the amyg-
dala of the brain that subsequently led
to changes in the expression of the
gene encoding a signaling molecule
known as neuropeptide Y (Pandey et
al. 2008). This increase in acetylation
may result either from a decrease in the
activity of the enzyme that removes
acetyl groups (i.e., histone deacetylase)
or an increase in the activity of the
enzyme that adds acetyl groups (i.e.,
histone acetylase). Finally, in utero mod-
els have revealed that embryos exposed
to acute levels of alcohol at mid-gestation
showed elevated H3K9/18 acetylation
as well as increased programmed cell
death, referred to as apoptosis, of the
fetal lung (Wang et al. 2010). 

Zhong and colleagues (2010) inves-
tigated the effects of high and low lev-
els of alcohol exposure on H3 acetyla-
tion and subsequent expression of
genes related to heart development
(i.e., GATA4, Mef2c, and Tbx5) in 
cardiac progenitor cells. Results indicated
that low levels of alcohol increased H3
acetylation but did not significantly
change the expression of the heart-
development–related genes. In con-
trast, high levels of alcohol induced

both H3 acetylation and significant
gene-expression changes. These findings
suggest that alterations to histone mod-
ifications are a potential mechanism for
alcohol-induced cardiac disease (Zhong
et al. 2010). An additional study by
Guo and colleagues (2011) assessed the
effects of alcohol on histone modifications
in the cerebellum. The investigators

found that perinatal alcohol exposure
decreased the expression and function
of one type of histone acetyl transferase
called CREB binding protein (CBP).
Altered CBP function resulted in decreased
lysine acetylation on histones H3 and
H4 within the cerebellum, which may
contribute to the motor-activity deficits
observed in FAS/FASD patients.

More recently, researchers investi-
gated the effects of alcohol exposure on
certain fetal neuronal stem cells (i.e.,
fetal cerebral cortical neuroepithelial
stem cells) and associated gene expression.
These analyses found that ethanol
exposure led to significant reductions
in the levels of H3K4me3 (which acti-
vates gene expression) and H3K27me3
(which represses gene expression) (Veazey
et al. 2013). Despite the reduction in
expression-activating H3K4me3 levels,
both increased and decreased transcription
was observed in the genes investigated.
Furthermore, loss of the repressive
methylation mark, H3K27me3, did
not result in altered transcription levels.

Altered protein modifications in
response to alcohol exposure also may
involve proteins other than histones
that contribute to other manifestations
of FAS, including proteins involved 

in insulin signaling. People with FAS
often exhibit an underdeveloped cere-
bellum (i.e., cerebellar hypoplasia) 
that is associated with impaired insulin-
stimulated survival signaling. This
impaired signaling is mediated by the
body’s inability to properly respond to
insulin (i.e., insulin resistance) (Soscia
et al. 2006). It has been posited that
chronic in utero ethanol exposure 
produces both insulin resistance in 
the CNS and oxidative stress, which 
is thought to play a major role in 
alcohol-related neurobehavioral terato-
genesis (de la Monte and Wands 2010).
In an in vivo model, adult rats prenatally
exposed to alcohol exhibited reduced
insulin signaling and increased expres-
sion of genes that regulate insulin (i.e.,
genes encoding proteins called TRB3
and PTEN) in the liver (Yao and
Nyomba 2008). The analyses further
suggested that the observed hepatic
insulin resistance induced by alcohol
exposure was associated with reduced
acetylation of the TRB3 and PTEN
proteins.

Taken together these findings 
suggest that alcohol-induced protein,
and particularly histone, alterations
continue to provide alternative or 
additional layers of complexity to 
an epigenetic etiology for FASD.  

Prenatal ethanol exposure and
ncRnA dysregulation
Another epigenetic mechanism by
which alcohol could exert an effect on
the epigenome is though the action of
microRNAs (miRNAs). These small
ncRNAs play a critical role in several
key biological processes, especially dur-
ing in utero development, including
cell-cycle regulation, differentiation,
and organ formation (i.e., organogene-
sis). Individual miRNAs can affect
many target genes, silencing their
expression either by preventing transla-
tion of the intermediate molecules
(i.e., messenger RNAs [mRNAs]) that
are generated during transcription or
by causing mRNA cleavage. Experimental
evidence indicates that the expression
of miRNAs is altered following exposure
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to alcohol during development, and
this may be one of the mechanisms
underlying alcohol-related teratogenesis
(Sathyan et al. 2007; Wang et al. 2009).

miRNAs have been implicated in
the development of brain damage in
response to prenatal alcohol exposure.
Miranda and colleagues (2010) have
hypothesized that ethanol causes brain
damage during development by pro-
moting the cell cycle of neural stem
cells. This would accelerate the matu-
ration of these progenitor cells and
result in their premature depletion.
This hypothesis is compatible with 
the observation that when clusters of
neural stem cells (i.e., neurospheres)
are grown in culture, differentiating
neuroblasts from these clusters show
increased migration and depletion of
stem cells when they are exposed to
ethanol compared with their unexposed
counterparts. This observed behavior
suggests the involvement of a large 
network of genes controlling complex
biological outcomes. In order to exam-
ine the trigger for this behavior,
researchers examined miRNA expression
levels in alcohol-exposed and nonex-
posed neural stem cells. A preliminary
screen of miRNAs in neural stem cells
identified four miRNAs (i.e., miR9,
miR21, miR135 and miR355) that
were suppressed in the presence of
ethanol exposure (Sathyan et al. 2007).
These miRNAs were found to act both
antagonistically and synergistically,
both reducing and promoting apoptosis.
Normally, these miRNAs favor normal
development by balancing cell survival
and cell proliferation. Following alcohol
exposure, however, the reduction in
their levels leads to an imbalance with
detrimental effects.

In another study (Wang et al. 2009),
pregnant mice were exposed to ethanol
from day 6 to day 15 of gestation, and
fetal brain tissue was examined for dif-
ferential miRNA expression. Under
these conditions, seven miRNAs were
upregulated and eight were downregu-
lated in response to ethanol exposure,
with miR10a and miR10b showing
the highest level of overexpression. It is
biologically plausible that overexpres-

sion of these two miRNAs can disrupt
developmental processes because they
are thought to regulate expression of a
group of genes called the Hoxb gene
family (Wang et al. 2009). This group
of genes is involved in the regulation
and establishment of body patterning
during embryonic development.
Interestingly, there was no overlap in
the miRNAs between this study and
those identified in the study by Sathyan
and colleagues (2007), suggesting that
different models for alcohol exposure
as well as the investigation of different
tissues and different developmental
time periods of exposure may have
varying impacts on diverse miRNA
targets. 

Taken together, the preliminary
studies suggest that miRNA plays a
crucial role in normal development
and that this process can be disrupted
by alcohol exposure during critical
periods, especially during neurogenesis. 

Role of Preconception Alcohol
Exposure in FASD

Although studies of FASD etiology
predominantly have focused on maternal
exposure during pregnancy, evidence
also exists in support of contributions
of paternal exposure. For example,
FAS-like effects have been observed 
in children of alcoholic fathers even 
in the absence of gestational alcohol
exposure, suggesting the possibility
that preconception alcohol exposure
may affect offspring development
(Abel and Tan 1988; Lemoine et al.
1968). Studies conducted in rodents
100 years ago have supported these
findings (Stockard 1913; Stockard and
Papanicolaou 1916), and more recent
analyses also reported that paternal
preconception alcohol exposure was
associated with neurobehavioral abnor-
malities, low birth weights, congenital
malformations, and growth retardation
in offspring (Friedler 1996; Jamerson
et al. 2004). Additional studies have
implicated a role for altered sperm DNA
methylation in paternally-mediated
effects of preconception ethanol exposure

on offspring development (Knezovich
and Ramsay 2012). 

Transgenerational Transmission
of the Effects of Alcohol Exposure

Altered epigenetic modifications (i.e.,
epimutations) may also be passed on
from one generation to the next. There
are two modes in which such a trans-
mission of epimutations can occur
(Skinner 2008):

• Multigenerational inheritance, in
which several generations are
affected because they all are exposed
to the same factor (e.g., alcohol)
and thus are prone to the same
modifications; and 

• Transgenerational inheritance,
which involves a reprogramming
event in the germline in response 
to a specific factor (e.g., alcohol
exposure), resulting in an altered
epigenome that would be inherited
by future generations even if they
are not themselves exposed to the
same factor.

It was previously believed that
transgenerational epigenetic inheritance
would be unlikely because, as mentioned
previously, epigenetic reprogramming
occurs in the germline. However,
increasing evidence indicates that
transgenerational epigenetic inheritance
does indeed happen (Anway et al.
2005; Crepin et al. 2012; Stouder and
Paoloni-Giacobino 2010). Most of the
work conducted thus far in this area
has focused on the effects of agents
that can interfere with the body’s normal
hormone systems (e.g., vinclozolin,
which affects sex hormone levels and
has been shown to have transgenera-
tional effects). The potential transgen-
erational effects of alcohol and their
role in the etiology and perpetuation 
of FAS/FASD symptoms in affected
individuals and their progeny, however,
still need to be determined.



Conclusions

Evidence is rapidly accumulating in
support of an epigenetic etiology in the
development of FASD (figure 2). All
three types of epigenetic modulators—
DNA methylation, histone modifications
and regulation by ncRNAs—are per-
turbed by ethanol exposure. These
ethanol-related changes can affect gene
expression of critical developmental
genes and pathways, impacting cell
proliferation and differentiation. 

The phenotypic consequences of in
utero ethanol exposure are significantly
correlated with the molecular conse-
quences of ethanol’s effects on epige-
netic regulatory mechanisms. A com-

plex picture of locus-specific and cell-
type–restricted effects is emerging. In
particular, many studies have focused
on ethanol’s effects on mechanisms
that regulate neurogenesis, leading to
the most devastating consequences of
alcohol exposure during development.
The range of effects appears to be sig-
nificantly influenced by the timing and
level of exposure, leading to a wide
range of outcomes and combinations
of phenotypic indicators. 

In mouse models, ethanol exposure
can be carefully controlled and other
environmental parameters, such as diet
and stress, can be kept constant. This
allows for careful investigation of the

effects of alcohol exposure on epige-
netic regulatory mechanism and their
association with FAS-like symptoms.
Drinking patterns in pregnant women,
in contrast, are seldom accurately doc-
umented and often occur throughout
gestation, which, not surprisingly, leads
to a vast array of phenotypes now rec-
ognized under the banner of FASD.
Thus, discerning the role of epigenetic
mechanisms in these processes will be
much more challenging.  ■
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Figure 2 Epigenetic contributions to FASD. Following conception, a complex orchestration of epigenetic mechanisms ensures normal cellular differ-
entiation and embryonic development (green horizontal arrow). These mechanisms include DNA methylation, histone modifications, and
non-coding RNAs (ncRNAs) to modulate gene expression in a specified temporal and spatial manner. Alcohol exposure in utero (red
downward arrow) has been shown to alter these epigenetic modulators, which may consequently dysregulate gene expression patterns as
indicated by the study findings listed and affect normal embryonic development and phenotype outcome. By these mechanisms, alcohol-
induced epigenetic aberrations may contribute to the etiology of fetal alcohol spectrum disorders (FASD).
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Cancer is one of the most significant diseases associated with chronic alcohol
consumption, and chronic drinking is a strong risk factor for cancer, particularly of the
upper aerodigestive tract, liver, colorectum, and breast. several factors contribute to
alcohol-induced cancer development (i.e., carcinogenesis), including the actions of
acetaldehyde, the first and primary metabolite of ethanol, and oxidative stress.
however, increasing evidence suggests that aberrant patterns of dna methylation, an
important epigenetic mechanism of transcriptional control, also could be part of the
pathogenetic mechanisms that lead to alcohol-induced cancer development. The
effects of alcohol on global and local dna methylation patterns likely are mediated by
its ability to interfere with the availability of the principal biological methyl donor, 
s-adenosylmethionine (saMe), as well as pathways related to it. several mechanisms
may mediate the effects of alcohol on dna methylation, including reduced folate
levels and inhibition of key enzymes in one-carbon metabolism that ultimately lead to
lower saMe levels, as well as inhibition of activity and expression of enzymes involved
in dna methylation (i.e., dna methyltransferases). Finally, variations (i.e.,
polymorphisms) of several genes involved in one-carbon metabolism also modulate
the risk of alcohol-associated carcinogenesis. KEy WoRDS: Alcohol consumption;
chronic alcohol use; alcohol use disorders; alcohol-induced cancer development;
risk factors; epigenetics; epigenetic mechanisms; cancer; upper aerodigestive tract
cancer; colorectum cancer; breast cancer; carcinogenesis; DNA methylation

According to the World Health
Organization (WHO) Global
Burden of Disease Project, alcohol

accounts for approximately 3.2 percent
of all deaths per year worldwide (corre-
sponding to 1.8 million people) and is
causally related to more than 60 differ-
ent medical conditions (Rehm et al.
2004). Cancer formation (i.e., carcino-
genesis) is one of the most significant
consequences attributed to alcohol
consumption, and approximately 3.6
percent of all cancer-related cases (5.2
percent in men and 1.7 percent in
women) worldwide, as well as 3.5 percent
of all cancer-related deaths are related
to chronic alcohol drinking (Boffetta et
al. 2006). Based on available epidemio-
logical data, an international group of
epidemiologists and alcohol researchers
concluded that alcohol induces car-
cinogenesis in numerous organs,

including the upper aerodigestive tract,
liver, colorectum, and female breast
(Baan et al. 2007). 

Several pathogenic mechanisms con-
tribute to alcohol-induced carcinogenesis
in each type of cancer. The most com-
monly cited mechanisms include the
effect of acetaldehyde—the first metabo-
lite of ethanol oxidation—and oxidative
stress (Seitz and Stickel 2007). Increasing
evidence shows that alcohol also can
induce epigenetic alterations, for example,
in pathological conditions such as fetal
alcohol spectrum disorders (Kobor and
Weinberg 2011). Epigenetic alterations
also are a hallmark of cancer development
in general (Esteller 2008). Therefore,
this article reviews the available evi-
dence that such changes also could 
be an important contributory factor 
to alcohol-induced carcinogenesis. In
particular, it discusses the role of DNA



methylation in carcinogenesis and how
alcohol may affect the pathways that
regulate the availability of S-adenosyl-
methionine (SAMe), the principal bio-
logical methyl donor for methylation
reactions. (For a list of abbreviations 
of the names for genes, proteins, and
other compounds as well as their func-
tions, see table). 

DNA Methylation and Cancer

DNA methylation plays a critical role
in the control of gene activity. This
methylation almost exclusively involves
the addition of a methyl group to car-
bon 5 of cytosine nucleotides, and
specifically those cytosines that precede
guanines (i.e., are part of CpG dinu-
cleotides). CpG dinucleotides tend to
cluster either in regions called CpG
islands, which are located in approxi-
mately 60 percent of human gene pro-
moters, or in regions that contain large
repetitive DNA sequences (e.g., cen-
tromeres and retrotransposons). In the
former case, the CpG dinucleotides
generally tend to remain unmethylated,
whereas in the latter case they mostly
are methylated to prevent chromosome
instability (Rodriguez-Paredes and
Esteller 2011) (figure 1). DNA methy-
lation also occurs in CpG island
shores—that is, regions of lower CpG
density that are located close to CpG
islands (i.e., within 2 kb). In these three
cases, DNA methylation typically is
associated with repression of gene
expression (i.e., transcription). In a few
cases, however, DNA methylation also
can enable gene transcription, namely
when the methylation occurs in the
body (i.e., coding sequences) of the
gene rather than the promoter (Portela
and Esteller 2010). 

DNA methylation is mediated (i.e.,
catalyzed) by three main enzymes called
DNA methyltransferases (DNMTs), all
of which transfer a methyl group from
SAMe to DNA: 

• DNMT1, which also is referred to
as the maintenance DNMT, com-
pletes the methylation of the par-

tially methylated (i.e., hemimethy-
lated) DNA that is present in the
cell after cell division and the
accompanying DNA replication.

• DNMT 3A and DNMT 3B are
referred to as de novo methyltrans-

ferases because they target
unmethylated CpGs.

Aberrant epigenetic regulation,
including altered DNA methylation,
characterizes a wide range of diseases,
including cancer (Portela and Esteller
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Table 1 abbreviations of gene names, Protein names, and other Molecules

Abbreviation Spelled-out Name

Genes
APC-1A adenomatous polyposis coli 
BRCA1 Breast cancer 1, early onset 
CHRNA3 Cholinergic receptor, nicotinic, alpha 3 
CDKN2A Cyclin-dependent kinase inhibitor 2a
p14ARF Cyclin-dependent kinase inhibitor 2a, isoform 4 
CDKN2B, p15INK4b Cyclin-dependent kinase 4 inhibitor B 
CDKN2A, p16Ink4A Cyclin-dependent kinase inhibitor 2a
ER-α estrogen receptor 
GATA2 gaTa binding protein 2 
GSTP1 glutathione s-transferase pi 1 
HOX2A homeobox B5 
MGMT o-6-Methylguanine-dna methyltransferase 
hMLH1 Mutl homolog 1 
RASSF1A ras association (ralgds/aF-6) domain family member 1
RB retinoblastoma 

Proteins
BhMT Betaine homocysteine methyltransferase 
dhFr dihydrofolate reductase 
dnMTs dna methyltransferases 
line family member l1, line-1 long interspersed nucleotide element-1 
MaT Methionine adenosyltransferase
MTr Methionine synthase
MThFr methylenetetrahydrofolate reductase 
MT Methyltransferase
sFrP1 secreted frizzled-related protein 1
Ts Thymidylate synthase

other Compunds
dhF dihydrofolate 
dTMP deoxythymidine monophosphate 
duMP deoxyuridine monophosphate 
hcy homocysteine 
Met Methionine 
5,10-MThF 5,10-Methylenetetrahydrofolate 
5-MThF 5-Methyltetrahydrofolate 
sah s-adenosylhomocysteine
saMe s-adenosylmethionine
ThF Tetrahydrofolate 
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2010). Compared with normal cells,
the epigenome of cancer cells shows
profound changes in DNA methylation
patterns as well as histone modifica-
tions patterns (Rodriguez-Paredes and
Esteller 2011), including the following:

• Genome-wide hypomethylation
(about 20 to 60 percent less overall
5-methyl-cytosine compared with
normal cells); global loss of DNA
methylation occurs at many genomic
regions, such as repetitive elements
and retrotranposons, resulting in
chromosomal instability, and activa-
tion of transposable elements and
endoparasitic sequences (e.g., LINE
family member L1) (figure 1). 

• Hypomethylation at specific pro-
moters, resulting in aberrant activa-

tion of cancer-inducing genes (i.e.,
oncogenes) (e.g., SERPINB5) and
inducing loss of imprinting at other
DNA sites (e.g., IGF2). 

• Hypermethylation of CpG island
promoters of genes involved in cen-
tral cellular pathways, such as DNA
repair (e.g., at genes called hMLH1,
MGMT, and BRCA1) and cell cycle
control (e.g., at genes called
p16INK4a, p15INK4b, and RB),
resulting in the silencing by is the
most recognized epigenetic disrup-
tion in human tumors. 

• Aberrant DNA methylation at
CpG island shores (e.g., in genes
called HOX2A and GATA2)
(Portela and Esteller 2010;
Rodriguez-Paredes and Esteller 2011). 

One-Carbon Metabolism

Persuasive evidence indicates that sev-
eral dietary factors, such as alcohol, can
modulate DNA methylation patterns
and increase susceptibility to disease,
including cancer, by altering one-carbon
metabolism (Choi and Friso 2010).
The term one-carbon metabolism
refers to a network of biochemical
reactions in which a chemical unit
containing one carbon atom (e.g., a
methyl group) is transferred through
several steps from a donor to another
compound, such as DNA (figure 2).
The first step in this chain of events is
the transfer of the one-carbon group 
to tetrahydrofolate (THF), resulting 
in the formation of 5,10-MTHF. This
molecule then can be used in the syn-
thesis of the nucleotide thymidine in a

Figure 1  DNA methylation patterns in normal and cancer cells. (a) Repetitive sequences generally are methylated at cytosine nucleotides in normal
cells. Global loss of methylation in cancer cells leads to chromosomal instability and activation of endoparasitic sequences. (b) CpG
islands in promoter sequences typically are unmethylated in normal cells whereas they can become hypermethylated in cancer cells, lead-
ing to transcriptional repression. Examples of genes affected are shown on the right. (c) Similar patterns are seen in CpG island shores,
located in front (i.e., upstream) of promoters. (d) CpGs located in gene bodies frequently are methylated in normal cells; this pattern is
reversed in cancer cells, leading to initiation of transcription at several incorrect sites. 



reaction catalyzed by the enzyme
thymidylate synthase (TS). In this
reaction, one carbon group of the 5,10-
MTHF is transferred to a molecule
called deoxyuridine monophosphate
(dUMP), resulting in the formation 
of deoxythymidine monophosphate
(dTMP) and dihydrofolate (DHF).
This reaction is considered to be a 
limiting step in DNA synthesis and,
more importantly, reduces dUMP lev-
els, which can lead to breaks in both
strands of the DNA molecules. Finally,
the enzyme dihydrofolate reductase
(DHFR) catalyzes the reduction of
DHF back into THF (Mato et al.
2008; Van der Put et al. 2001). 

In an alternative set of reactions,
5,10-MTHF also can be converted to
5-methyltetrahydrofolate (5-MTHF)
in a reaction catalyzed by the enzyme

methylenetetrahydrofolate reductase
(MTHFR). The 5-MTHF generated
then can be used in the remethylation
of homocysteine (Hcy) to methionine,
which is catalyzed by methionine syn-
thase (MTR). In the liver and kidney,
Hcy also can be remethylated into
methionine through a folate-independent
reaction, catalyzed by betaine homo-
cysteine methyltransferase (BHMT).
BHMT requires betaine, a break-down
product (i.e., metabolite) of choline 
for its activity.

Methionine, in turn, is an essential
amino acid that, together with ATP,
participates in the formation of SAMe,
in a reaction catalyzed by methionine
adenosyltransferase (MAT). SAMe is
the principal methyl donor for numer-
ous reactions, including protein, RNA,
DNA, and histone methylation. The

formation of SAMe is a limiting step
in DNA methylation. After transfer 
of its activated methyl group in the
methylation reactions, SAMe is con-
verted into S-adenosylhomocysteine
(SAH). This compound also can affect
DNA methylation because it is a potent
competitive inhibitor of methyltrans-
ferases, including DNMTs. Both an
increase in SAH levels and a decrease
in the SAMe-to-SAH ratio can inhibit
transmethylation reactions (Lu 2000).

Polymorphisms of One-Carbon
Metabolism Enzymes
Several studies have shown that varia-
tions (i.e., polymorphisms) in several
of the genes encoding enzymes
involved in one-carbon metabolism
and, consequently, in the resulting
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Figure 2  One-carbon metabolism with a schematic representation of the role of methionine in folate metabolism and transmethylation reactions
and steps that are inhibited by alcohol. BHMT: betaine homocysteine methyltransferase; DHF: dihydrofolate; DHFR: dihydrofolate reductase;
DNMT: DNA methyltransferase; dTMP: deoxythymidine monophosphate; dUMP: deoxyuridine monophosphate; Hcy: homocysteine; MAT:
methionine adenosyl transferase; Met: methionine; MT: methyltransferase; 5-MTHF: 5-methyltetrahydrofolate; 5,10-MTHF: 5,10-methylenete-
trahydrofolate; MTHFR: methylenetetrahydrofolate reductase; MTR: methionine synthase; SAH: S-adenosylhomocysteine; SAMe: S-adenosyl-
methionine; THF: tetrahydrofolate; TS: thymidylate synthase.
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enzymes can impact the levels of vari-
ous metabolites generated during these
reactions. For some of these metabo-
lites, altered levels in the body can be
associated with either increased or
decreased cancer susceptibility.

Polymorphisms in the Gene
encoding MtHFR. As mentioned
above, MTHFR plays a central role
in methionine formation by mediating
the synthesis of 5-MTHF, which
serves as a substrate for the remethy- 
lation of Hcy to methionine. Several
polymorphisms in the MTHFR gene
have been reported; two of these,
known as the C677T1 and A1298C
MTHFR variants, in particular have
been investigated in relation to cancer
susceptibility. The C677T variant
occurs in 8 to 15 percent of the
population and results in a reduction
of MTHFR activity. Thus, compared
with people carrying two copies 
of the normal MTHFR gene (i.e.,
homozygous for MTHFR C [CC]),
people carrying one normal gene
copy and one variant gene copy (i.e.,
heterozygous with one MTHFR C
and one MTHFR T [CT]) show  
a 45 percent reduction in MTHFR
activity, and those homozygous for
the MTHFR T variant (TT) show 
a 70 percent decrease of MTHFR
activity (Motulsky 1996; Van der 
Put et al. 1995). Persons with the TT
genotype have low levels of folate and
vitamin B12 in the blood, as well as
increased Hcy levels. Studies of the
plasma folate and Hcy levels in people
carrying one or two copies of the
A1298C MTHFR polymorphism,
however, have yielded inconsistent
results (Sharp and Little 2004).

Polymorphisms in the Gene
encoding tS. TS catalyzes the
conversion of dUMP into dTMP
using 5,10-MTHF. Because dUMP
can be misincorporated into new
DNA strands during DNA replication,

which can cause breaks in the double-
stranded DNA molecules, the actions
of TS can reduce the occurrence of
DNA double-strand breaks. Two
polymorphisms in the TS gene may be
associated with an increased cancer risk:

• The presence of a repeated sequence
of 28 nucleotides (i.e., a 28-bp tan-
dem repeat) at the beginning of the
TS gene (i.e., in the TS 5'-untrans-
lated enhanced region); this variant
is referred to as TSER;

• A 6-bp deletion/insertion at the end
of the TS gene (i.e., in the TS 3'-
untranslated region); this variant is
known as TS1494del6.

Polymorphisms in the Gene
encoding MtR. MTR catalyzes the
remethylation of Hcy to methionine;
its activity is essential to maintain
adequate folate pools. Most studies
suggest that plasma Hcy levels are lower
in carriers of a variant of the MTR
gene called A2756G. To function
properly, MTR must be maintained
in an active form; this is achieved by
another enzyme called MTR reductase
(MTRR), for which polymorphisms
also exist. For example, people homo- 
zygous for the A66G MTRR poly- 
morphism had elevated levels of Hcy,
indicating that the resulting MTRR
enzyme led to higher-than-normal
MTR activity (Van der Put et al. 2001).

Alcohol and DNA Methylation

As mentioned above, several pathogenetic
mechanisms for alcohol-induced car-
cinogenesis have been described,
including the effects of acetaldehyde
and oxidative stress (Seitz and Stickel
2007). More recently, increasing evidence
indicates that alcohol may induce epi-
genetic alterations, in particular aber-
rant DNA methylation patterns, which
also could be important contributory
factors to alcohol-induced carcinogene-
sis. For example, excessive alcohol use
is associated with increased risk of

colon cancer, which is characterized by
global DNA hypomethylation as well
as hypermethylation of certain genes
(see below). Several mechanisms have
been described to date that could con-
tribute to these DNA methylation
changes in cancer. These generally 
are associated with modulation of the
pathways that regulate the availability
of SAMe.

Alcohol and Lipotropes
The term lipotropes denotes compounds
that help catalyze the breakdown of fat
molecules in the body. Lipotropic
nutrients (e.g., methionine, choline,
folate, and betaine) are important
dietary methyl donors and cofactors
that play key roles in one-carbon
metabolism. Dietary lipotropes influ-
ence the availability of SAMe and,
consequently, may influence genomic
DNA methylation patterns and the
expression of multiple cancer-related
genes. For example, methyl-deficient
diets can induce the development of
liver tumors (i.e., hepatocarcinogenesis)
in rats by causing global and gene-specific
hypomethylation (for a review, see Ross
and Poirier 2002). Chronic alcoholics
frequently suffer from malnutrition
that results in depletion of lipotropes
(Seitz and Stickel 2007). The lack of
these nutrients in heavy drinkers could
possibly result in an altered SAMe 
production, leading to changes in
DNA methylation.

Similarly, malnutrition in alcoholics
leads to a severe deficiency of other
cofactors of one-carbon metabolism,
such as folate (see below), vitamin B6,
and vitamin B12. Long-term dietary
intake of vitamin B6 is inversely 
correlated with the risk of developing
colorectal cancer in women—that is,
inadequate vitamin B6 intake increases
the risk of this cancer. This effect is
aggravated by chronic consumption 
of alcohol (Larsson et al. 2005). 

Alcohol and Folate Status
Epidemiological studies have suggested
that reduced folate levels in the body

1The name of the variant indicates that the amino acid cysteine
(abbreviated as C), which normally is found at position 677 in the
MThFr molecule, is replaced by a threonine (abbreviated as T).
The names of other gene variants can be interpreted similarly.
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The major risk factors 
for developing 

hepatocellular carcinoma
are viral infection, chronic
alcoholism, and exposure

to toxic substances 
called aflatoxins.

increase the risk of several types of 
cancer, including those of the upper
aerodigestive tract, colon/rectum, and
breast (Kim 2005). For example, heavy
drinkers with low methionine and
folate levels have a significantly increased
relative risk (RR) for colorectal cancer
compared with occasional drinkers
with normal methionine and folate
intake (Giovannucci et al. 1995). In
chronic alcoholics, serum folate levels
are significantly reduced compared
with healthy subjects (Cravo et al. 1996),
likely because folate absorption is
reduced in these patients (Halsted et
al. 1971). Polymorphisms of the
MTHFR genes also lead to reduced
folate levels, but their contribution to
carcinogenesis is tissue-dependent and
often contradictory. This is discussed
in more detail below. 

Two main mechanisms have been
described that may explain the cancer-
promoting effects of limited folate 
levels: increased DNA instability and
aberrant DNA methylation patterns
(Hamid 2012). Folate deficiency alters
the balance of the pool of nucleotides
needed for the synthesis of new DNA
molecules, leading to dUMP accumu-
lation. As a result, dUMP is misincor-
porated into new DNA molecules; this
and the subsequent repair processes
can lead to double-strand breaks in 
the DNA and chromosomal damage,
ultimately resulting in cancer. The
aberrant DNA methylation patterns
associated with folate deficiency are 
the result of folate’s role in one-carbon
metabolism (see figure 2). As men-
tioned above, 5-MTHF can be used in
the remethylation of Hcy to methionine,
which in turn generates SAMe. Many
studies have shown that folate deficiency
reduces SAMe levels and the SAMe-to-
SAH ratio as well as increases SAH
concentrations (Kim 2005), all of which
might contribute to carcinogenesis.

Alcohol and MtR Activity 
Alcohol also can affect SAMe, SAH,
and Hcy levels by reducing MTR
activity, which in turn results in decreased
SAMe levels and enhanced generation

of Hcy and SAH (Barak et al. 1996)
(see figure 2). To compensate for this
decrease in MTR activity, the activity
of BHMT is induced after alcohol
ingestion. However, after extended
periods of alcohol exposure this alter-
nate pathway cannot be maintained.
This results in a decrease in the hepa-
tocyte level of SAMe, increases in 
SAH and Hcy levels, and a reduced
SAMe-to-SAH ratio. These effects 
may contribute to the reduced hepatic
SAMe levels observed in patients hos-
pitalized for alcoholic hepatitis (Lee et
al. 2004). 

Alcohol and MAt Activity
As mentioned earlier, alcohol also con-
tributes to the generation of oxidative
stress through various mechanisms (for
a review, see Seitz and Stickel 2007).
Increased oxidative stress, in turn, can,
at least in the liver, inactivate the MAT
I/III enzymes that convert methionine
to SAMe (see figure 2). This inactiva-
tion results from the covalent modifi-
cation of a critical cysteine residue 
at position 121 by nitric oxide and
hydroxyl radicals. MAT inhibition
causes decreased SAMe levels, leading 
to reduced methylation reactions. The
relevance of this pathway was demon-
strated by findings that patients with
alcoholic cirrhosis exhibit decreased
hepatic MAT activity and SAMe 
formation (Lu and Mato 2008). In
addition, patients with alcoholic hep-
atitis also show reduced expression of
the MAT1A gene that encodes the
MAT isoenzymes in normal liver,
thereby contributing to lower hepatic
SAMe levels (Lee et al. 2004).

Alcohol and dnMt Activity
Finally, both ethanol and its first
breakdown product (i.e., acetaldehyde)
can impact methylation patterns by
altering DNMT activity. Thus, studies
found that acetaldehyde can inhibit
DNMT activity in vitro (Garro et al.
1991) and that alcohol reduced DNMT
mRNA levels in rats treated with alco-
hol for 9 weeks (Bielawski et al. 2002).
Similarly, studies in humans found
that DNMT3a and DNMT3b mRNA
levels were significantly reduced in
patients with chronic alcoholism com-
pared with healthy control subjects
(Bonsch et al. 2006).

Alcohol, DNA Methylation, 
and Cancer

As described above, alcohol can interfere
with one-carbon metabolism in several
ways, thereby potentially generating
aberrant DNA methylation patterns.
The following sections review the cur-
rently available evidence indicating that
alcohol-mediated changes in DNA
methylation profiles contribute to the
four main alcohol-associated cancers. 

Liver Cancer
Liver cancer (i.e., hepatocellular carci-
noma [HCC]) is a major cause of 
cancer-related death worldwide. The
major risk factors for developing HCC
are viral infection (i.e., with the hepati-
tis B or C viruses), chronic alcoholism,
and exposure to toxic substances called
aflatoxins. Alcohol remains the major
cause of liver-related disease and deaths
in the United States (Moghe et al.
2011). Alcohol-induced aberrant
DNA methylation has been well char-
acterized as a pathogenetic mechanism 
contributing to liver disease. Significant
global DNA hypomethylation is asso-
ciated with HCC with several etiolo-
gies, including chronic alcoholism,
which may result in malignant trans-
formation through mechanisms such
as loss of imprinting and chromosomal
instability, as described above (Calvisi
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et al. 2007; Hernandez-Vargas et al.
2010). Similar to other types of cancer,
global DNA hypomethylation in HCC
is accompanied by greater-than-normal
methylation levels (i.e., hypermethyla-
tion) at certain CpG sites. For exam-
ple, a study analyzing 1,505 CpG 
sites in the promoter regions of 807
cancer-related genes in HCC tissues
with different underlying causes,
including chronic alcohol consumption,
demonstrated an altered methylation
pattern in 94 genes. Furthermore, for
specific subsets of genes significant
associations existed between methyla-
tion patterns and tumor progression
(i.e., stage of the tumor and grade of
differentiation) and background (i.e.,
cirrhotic versus non-cirrhotic sur-
rounding tissue) (Hernandez-Vargas et
al. 2010). Genes exhibiting hyperme-
thylation included RASSF1, APC, and
CDKN2A, all of which have important
functions in the liver (Tischoff and
Tannapfel 2008). A more recent study
(Lampert et al. 2011) also detected
aberrant hypermethylation of several
genes, including RASSF1, GSTP1,
MGMT, and CHRNA3, in alcohol-
associated HCC. Finally, mRNA
expression of RB1, an important cell
cycle regulator, is decreased as a result
of promoter methylation (Edamoto et
al. 2003). 

The link between alcohol and the
mechanisms leading to aberrant
methylation has been well elucidated
in HCC. Chronic alcoholic patients
have reduced hepatic MAT activity
resulting from both decreased expression
of the MAT1A gene and inactivation
of the MAT I/III proteins. Reduced
MAT activity, in turn, leads to decreased
SAMe biosynthesis (Tsukamoto and
Lu 2001), which may contribute to
the severe loss of global DNA methyla-
tion in HCC. Similarly, micropigs fed
ethanol show reduced hepatic MTR
activity and SAMe/SAH ratio (Halsted
et al. 1996) and rats fed ethanol
exhibit decreased SAMe levels and
global DNA hypomethylation. 

Patients heterozygous or homozy-
gous for the previously mentioned
C677T MTHFR polymorphism have

been shown to have a lower risk of
developing alcohol-related HCC, but
not of HCC with other etiologies
(Saffroy et al. 2004). Similarly, people
carrying variant alleles of both MTHFR
and TS genes had a statistically signifi-
cant reduced risk of developing HCC
(Yuan et al. 2007). However, these
findings sharply contradict another
study showing that male patients with
alcoholic cirrhosis who were homozy-
gous for the C677T MTHFR poly-
morphism had an increased risk of
developing HCC (Fabris et al. 2009).
How can these conflicting reports be
explained? In principle, the C677T
MTHFR polymorphism has both pro-
tective and cancer-promoting effects.
On the one hand, it can have a protec-
tive effect because it leads to an
increase in the supply of 5,10-MTHF,
which can serve as a substrate in the
conversion of dUMP to dTMP. This
would reduce misincorporation of
dUMP into DNA, preventing DNA
double-strand breaks and chromoso-
mal instability. On the other hand, the
reduced activity of the MTHFR enzyme
encoded by the C677T MTHFR
polymorphism would lead to lower
levels of 5-MTHF that is used for the
remethylation of Hcy to methionine,
which in turn generates SAMe. Thus,
the polymorphism would result in
lower SAMe levels and SAMe/SAH
ratio as well as increased SAH concen-
trations, which would then contribute
to carcinogenesis. 

The overall effects of the C677T
MTHFR polymorphism can be deter-
mined when folate levels are taken into
account. In situations of adequate
folate supply, the levels of 5,10-MTHF
increase, leading to a protective effect
as described above, possibly counter-
acting the effects of reduced SAMe. In
folate-deficiency situations, however,
the levels of both 5,10-MTHF and
SAMe would be reduced, leading to
chromosomal instability that would be
exacerbated by DNA hypomethylation
induced by reduced SAMe. This model
is consistent with a study in colon can-
cer showing that patients with the CC
genotype have significantly reduced

risk of cancer development in situations
of adequate folate supply, but that this
protection is absent in folate deficiency
(Ma et al. 1997). It also can reconcile
the contradictory findings of the two
studies mentioned above. In the study
by Saffron and colleagues (2004), folate
levels were similar between healthy and
alcoholic patients, thus favoring the
protective role of the polymorphism.
In the study by Fabris and colleagues
(2009), conversely, increased risk of
HCC in people with the polymor-
phisms was only found in males, and
not in females. Although the investiga-
tors did not measure folate levels, it is
plausible that these levels would be
lower in men, who tend to be heavier
and more regular drinkers compared
with women.

Colorectal Cancer
Colorectal cancer is the third most
common cancer and the second leading
cause of cancer deaths for both sexes
(Marin et al. 2012). Alcohol is a likely
etiologic factor for this cancer (Baan 
et al. 2007). Several studies have indi-
cated that epigenetic processes play a
role in alcohol-related colorectal car-
cinogenesis. For example, rats chroni-
cally fed alcohol show genomic DNA
hypomethylation but a normal pattern
of methylation of the gene TRP53,
which encodes a protein called p53, in
the colonic mucosa (Choi et al. 1999).
In a cohort of 609 patients, excessive
alcohol use was associated with increased
risk of colon cancer with global DNA
hypomethylation (Schernhammer et
al. 2010). In addition, people with low
folate intake/high alcohol intake show
a higher frequency of promoter methy-
lation of genes involved in colorectal
cancer carcinogenesis (e.g., APC-1A,
p14ARF, p16INK4a, hMLH1, O6-
MGMT, and RASSF1A) compared
with people with high folate intake/
low alcohol intake (Van Engeland et al.
2003). Many of these genes have fun-
damental roles in many cellular path-
ways, including DNA repair (e.g.,
hMLH1, O6-MGMT) and cell cycle
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control (e.g., p16INK4a) (Portela and
Esteller 2010). 

The association between MTHFR
polymorphisms and colon cancer has
been studied extensively, and several
factors have been found to influence
the relation between the MTHFR vari-
ants and cancer risk (for a review, see
Sharp and Little 2004). For example,
one study (Iacopetta et al. 2009) has
shown that colon cancer risk in
homozygous carriers was dependent 
on the location of the cancer in the
colon. The investigators observed that
the TT genotype was associated with
an increased risk for of cancer in colon
regions closer to the small intestine
(i.e., proximal colon cancer) (adjusted
odds ratio (AOR) = 1.29) but with a
decreased risk for cancer in colon
regions closer to the rectum (i.e., distal
cancers) (AOR = 0.87). More impor-
tantly, the increased risk for proximal
cancers was especially pronounced in
individuals with high alcohol con-
sumption (AOR = 1.90). Microsatellite
instability also has been related with
colon cancer risk in people with the
TT genotype (Shannon et al. 2002).
Finally, the dietary intake of folate and
alcohol also has been associated with
colon cancer risk in people carrying
the MTHFR C variant. Thus, Kim
and colleagues (2012) observed that
low folate intake together with high
alcohol intake increased the risk of
colon cancer in people with either the
CC or the CT genotype.

A subset of colorectal cancers exhibit
promoter methylation in multiple
genes; these tumors are referred to as
the CpG island methylator phenotype
(CIMP) (Toyota et al. 1999). The fre-
quency of these tumors depends on the
location of the cancer. Thus, 30 to 40
percent of sporadic proximal colon
cancers are CIMP+, compared with 3
to 12 percent of distal colon and rectal
cancers (Curtin et al. 2011). The pres-
ence of the A1298C MTHFR poly-
morphism, interacting with diet, may
be involved in the development of
highly CpG-methylated colon cancers.
Homozygous and heterozygous geno-
types in conjunction with a high-risk

dietary pattern (i.e., low folate and
methionine intake and high alcohol
use) were associated with CIMP+

phenotype (Curtin et al. 2007).

Breast Cancer
Breast cancer is the second leading
cause of cancer death among women
(DeSantis et al. 2011). Low doses of
alcohol consumption (i.e., ≤1 drink/
day) increase the risk of breast cancer
by about 4 percent (Hamajima et al.
2002), whereas heavy alcohol con-
sumption (i.e., ≥ 3 drink/day) is associ-
ated with an increase in risk of 40 to
50 percent (Pelucchi et al. 2011; Seitz

et al. 2012). In addition, high frequency
of alcohol consumption is associated
with increased breast cancer mortality
(Allemani et al. 2011). The role of 
epigenetic mechanisms in alcohol-
related breast cancer also has been
investigated. In a recent study of the
methylation profiles of 1,413 CpG
sites, Christensen and colleagues
(2010) showed a strong trend toward
decreased DNA methylation with
increasing alcohol intake, and a trend
toward increased methylation with
increasing dietary folate. Other studies
have shown altered methylation pat-
terns for several genes associated with
alcohol consumption, including hyper-
methylation of the ER-a (Zhu et al.
2003) and E-cadherin genes (Tao et al.
2011) and hypomethylation of p16
(Tao et al. 2011). 

As with other cancers, the person’s
genotype for the C677T MTHFR vari-
ant modulates the effect of alcohol

consumption on breast cancer risk.
Thus, women with the TT genotype
are at a higher risk of breast cancer
than those with other genotypes. In
postmenopausal women, the breast
cancer risk was increased in women
with the C677T MTHFR variant who
had high lifetime daily alcohol intake,
suggesting that folate metabolism has
an impact on cancer development
(Platek et al. 2009). As mentioned earlier,
chronic alcohol abuse can cause folate
deficiency, which is a well-documented
risk factor for breast cancer (Sellers et
al. 2001). Why this risk is only observed
in post-menopausal women is not
clear, but the levels of estrogen in the
woman’s body may play a role. Alcohol
can interfere with estrogen pathways
and increase the levels of estrogen in
the blood (Dumitrescu and Shields
2005). Higher estrogen exposure, in
turn, can induce aberrant DNA
methylation associated with breast car-
cinogenesis both in vivo and in vitro
(Fernandez and Russo 2010). These
observations suggest another possible
mechanism of alcohol-induced car-
cinogenesis, at least in breast cancer.2

Upper Aerodigestive Tract
Cancer

Tobacco and alcohol are the major risk
factors of upper aerodigestive tract can-
cers, or head and neck cancers, includ-
ing cancers of the oral cavity, pharynx,
larynx, and esophagus. Each year, about
125,000 new cases of upper aerodiges-
tive tract cancers are diagnosed across
Europe, and more than half of the
patients die from the disease (Anan- 
tharaman et al. 2011).

Several studies have shown an associ-
ation between alcohol and aberrant
DNA methylation in head and neck
cancers and that the degree of DNA

2 a woman’s risk of breast cancer depends at least in part on her
overall exposure to estrogen across her life span. Thus, women
who begin menstruating earlier and reach menopause later have
a higher cumulative estrogen exposure and, consequently, breast
cancer risk than women with a shorter “menstrual life.” similarly,
postmenopausal alcoholic women have higher estrogen levels
than women who are not alcoholic, increasing their overall estro-
gen exposure, which may in turn increase breast cancer risk.
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hypomethylation is associated with
alcohol use in these cancers. A study
examining the DNA methylation 
profiles of 1,413 CpG loci from 773
genes in head and neck squamous cell
carcinomas showed that significant
associations existed between methyla-
tion profiles and alcohol consumption
(Marsit et al. 2009). Other small-scale
studies also have shown alcohol-associ-
ated promoter hypermethylation for
several genes, including E-cadherin and
p16INKa (Hasegawa et al. 2002), p15
(Chang et al. 2004), MGMT (Puri et
al. 2005), p14ARF (Ishida et al. 2005),
SFRP1 (Marsit et al. 2006), and Fusel
18 and Septin 9 (Bennett et al. 2010).
The genotype at the C677T MTHFR
variant also plays a role in the risk of
alcohol-related upper aero digestive
tract cancers. Thus, heavy-drinking
individuals with the TT genotype have
an increased risk of oral cancer com-
pared with the CC genotype (Supic 
et al. 2011) but a decreased risk of
esophageal cancer (Yang et al. 2005).
Thus, the effect of the MTHFR poly-
morphism appears to differ substan-
tially depending on the type of cancer. 

Conclusions and outlook

Aberrant DNA methylation is a hall-
mark of cancer development, and
many studies have shown its contribution
to tumor initiation and progression. In
fact, methylation patterns nowadays
are used as markers for cancer detec-
tion, tumor prognosis, and prediction
of treatment responses. At the moment,
evidence suggests that alcohol use is
associated with aberrant DNA methy-
lation patterns in several types of can-
cer. However, most studies have relied
on looking at individual genes or a
limited number of CpG loci. Genome-
wide DNA methylation analyses may
yield comprehensive maps of DNA
methylation changes in alcohol-associated
carcinogenesis, which could be impor-
tant for use in pharmacoepigenetics,
serving as additional markers for can-
cer detection, prognosis, and treatment
response. Furthermore, despite all the

progress that has been made in eluci-
dating how alcohol consumption
might lead to altered DNA methylation
patterns, the molecular mechanisms
that lead to these alterations have to be
better characterized so that effective
therapies could be devised.  ■
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MicroRNAs (miRNAs) are members of a large class of non–protein-coding RNA
(ncRNA) molecules that represent a significant, but until recently unappreciated, layer
of cellular regulation. Assessment of the generation and function of miRNAs suggests
that these ncRNAs are vulnerable to interference from genetic, epigenetic, and
environmental factors. A small but rapidly expanding body of studies using a variety of
animal- and cell culture–based experimental models also has shown that miRNAs are
important targets of alcohol during fetal development and that their dysregulation likely
plays a significant role in the etiology of fetal alcohol spectrum disorders (FASD).
Accordingly, an analysis of the regulation and function of these miRNAs may yield
important clues to the management of FASD. KEY WORDS: fetal alcohol spectrum
disorders; fetal development; microRNAs; cellular regulation; genetic factors;
epigenetic factors; environmental factors; animal models; cell culture studies

M
icroRNAs (miRNAs) are mem-
bers of a vast, evolutionarily
ancient, but poorly understood

class of regulatory RNA molecules,
termed non–protein-coding RNAs
(ncRNAs). This means that in contrast
to RNA molecules generated during
gene expression (i.e., messenger RNA
[mRNA] molecules), they are not used
as templates for the synthesis of proteins.
ncRNAs are encoded within the genomes
of both eukaryotic and prokaryotic
organisms and represent a novel layer
of cell regulation and function that rivals
the diversity and function of protein-
coding mRNAs (for review, see Mattick
2007). 

In recent years, researchers have
investigated whether, and how, miRNAs
interact with beverage alcohol (i.e.,
ethanol) and/or mediate its effects.
Initial studies (Sathyan et al. 2007)
explored the ethanol–miRNA interac-
tions in fetal neural stem cells. Since

then, increasing evidence has indicated
that miRNAs play a role in the etiology
of alcoholism (Pietrzykowski et al. 2008)
and potentially alcohol withdrawal
(Guo et al. 2011), as well as in ethanol’s
effects on brain development (Guo et
al. 2011; Tal et al. 2012; Wang et al.
2009), brain damage associated with
adult alcoholism (Lewohl et al. 2011),
and liver damage (i.e., hepatotoxicity)
(Dolganiuc et al. 2009; Tang et al.
2008). Other drugs of abuse such as
nicotine are also known to influence
miRNA expression (Huang 2009); fur-
thermore, ethanol and nicotine collab-
orate to regulate the expression of
miRNAs in neural tissues (Balaraman
et al. 2012). These data collectively
suggest that miRNAs are an important,
but as yet poorly understood, compo-
nent of alcoholism and ethanol-associated
toxicology and damage to the develop-
ing fetus (i.e., teratology). This review
specifically focuses on the association

between miRNAs and the develop-
mental effects of ethanol exposure,
examining both the current data and
future potential for research in this
field of ncRNA biology to promote a
coherent understanding of teratology
associated with alcohol exposure.

Fetal Alcohol Spectrum
Disorders 

Maternal alcohol consumption during
pregnancy can lead to a constellation of
brain, face, cardiovascular, and skeletal
defects of varying severity that collec-
tively have been termed fetal alcohol
spectrum disorders (FASD). At the
extreme end of the spectrum of severity
is fetal alcohol syndrome (FAS) (Clarren
1986), which is characterized by 
craniofacial abnormalities (e.g., small
openings of the eyes, thin upper lip,
flattened area above the upper lip),
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motor dysfunction, impaired coordina-
tion of muscle movements (i.e., ataxia),
behavioral disturbances, and cognitive
deficits as well as growth retardation
(Jones et al. 1973). According to the
Centers for Disease Control and
Prevention, the incidence of FAS is 1
to 3 per 1,000 live births, and these
rates increase to 10 to 15 per 1,000 in
at-risk groups, such as the foster care
population (May and Gossage 2001).
More recent estimates suggest that the
prevalence of FASD in school-aged
children in the United States is between
2 and 5 percent (May et al. 2009).
FASD imposes significant socioeconomic
costs on families and society. The life-
time cost of caring for a child with
FASD was estimated at about $2 million,
and the total annual cost of FASD 
in the United States was estimated 
at $4 billion in 2004 (Lupton et al.
2004); these costs may be significantly
higher today. 

Although the facial characteristics
seen in patients with FASD are the
most obvious signs of fetal alcohol
exposure, the most devastating conse-
quences of prenatal alcohol exposure
are brain defects that result in 
cognitive, affective, and motor deficits
(Sampson et al. 2000). Therefore,
understanding the diverse effects of
alcohol on the developing brain during
pregnancy may provide researchers
with the key to developing therapies
for managing both fetal and adult
effects of alcohol exposure during 
pregnancy. This review focuses on an
emerging body of data from animal
and cell-culture studies that implicates
miRNA dysregulation in the etiology
of FASD.

Focus on miRNAs

miRNAs are a class of ncRNAs that
posttranscriptionally regulate the
expression of protein-coding genes.
When protein-coding genes are expressed
(i.e., the encoded protein is produced),
first an mRNA copy of the correspond-
ing DNA sequence is generated in a
process called transcription. This

mRNA molecule consists of three
parts: a noncoding start region (i.e.,
the 5'-end), the sequence actually 
containing the information for the
encoded protein (i.e., the open reading
frame), and a noncoding tail region
(i.e., the 3'-end). miRNAs mainly 
act by binding to the 3'-untranslated
region of their mRNA targets (Ambros
et al. 2003; Bartel 2004; Ghildiyal and
Zamore 2009), although that is not
the only function attributable to these
molecules. Many microRNAs are 
evolutionally conserved across species.
They initially were discovered in the
roundworm Caenorhabditis elegans
(Lee et al. 1993), but since then they
also have been found in plants, inverte-
brates, mammals, and humans (Bartel
2009). miRNAs play crucial roles in
development, stem-cell self-renewal,
programmed cell death (i.e., apopto-
sis), and cell-cycle regulation but also
feature prominently in human disease,
including cancers and neurodegenera-
tive and metabolic diseases (Ambros
2004; Bartel 2004). miRNAs are
abundant in the central nervous 
system (CNS) (Krichevsky et al. 2003;
Vreugdenhil 2010), and brain miRNAs
are crucial for regulating nerve cell 
generation (i.e., neurogenesis); neuronal
degeneration; and maintaining normal
neuronal functions associated with
memory formation, neuronal differen-
tiation, and synaptic plasticity (Li
2010; Schratt 2009; Smalheiser 2009).

miRnA Biogenesis
miRNAs are encoded within the genome
either as independent genes or in gene
clusters; however, they also can be
encoded within introns1 of protein-coding
genes, or even within introns and
exons of another type of ncRNA called
long intergenic non-(protein)-coding
RNAs (lincRNAs). The generation 
of mature miRNAs from these coding
sequences is a multistep process, as 
follows (see figure 1A):

• A normal transcription process,
which is mediated by an enzyme
called RNA-polymerase II, gener-

ates a longer primary transcript
termed pri-miRNA. Like mRNA,
the pri-miRNA transcripts can have
certain modifications at their ends
(i.e., a “cap” at the 5'-end and mul-
tiple adenosine units [i.e., a poly-A
tail] at the 3'-end) and can be
spliced (Cai et al. 2004). Further -
more, the pri-miRNAs typically are
folded into a double-stranded, hair-
pin–loop structure several hundred
base pairs in length. 

• Most pri-miRNA transcripts are
processed within the nucleus by a
protein complex called the DiGeorge
syndrome critical region-8 (Drosha/
DGCR8) “microprocessor” complex
to generate stem-loop structures
termed pre-miRNAs that are approx-
imately 70 nucleotides in length
(Han et al. 2006; Lee et al. 2003). 

• The pre-miRNAs are moved from
the nucleus to the cytoplasm by a
chaperone protein called exportin-5
(Bohnsack et al. 2004). 

• Within the cytoplasm, a protein
complex known as Dicer enzyme
further processes pre-miRNAs into
mature double-stranded miRNA
molecules (Hutvagner et al. 2001;
Zhang et al. 2002). This process,
and thus miRNA formation in 
general, is crucial for embryonic
development because mutations 
in the Dicer proteins, which are
exclusively part of the miRNA pro-
cessing machinery, cause death of
the embryo (Bernstein et al. 2003). 

• Once the Dicer complex is cut 
off to release the mature miRNA,
one strand of the double-stranded
molecule, termed the guide strand
miRNA, preferentially attaches to
another protein complex called

1 genes encoding specific proteins typically comprise not only 
the dna sequences that contain the building instructions for the
resulting protein, but also noncoding sequences (i.e., introns).
These introns are interspersed with the coding sequences (i.e.,
exons). during transcription, first an rna copy of the entire gene,
including introns and exons, is generated. This transcript is then
processed by cutting out the intron sequences, to generate the
final mrna molecule. This process is known as splicing.
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RNA-induced silencing complex
(RISC). This results in a microri-
bonucleoprotein (miRNP) complex
that can either destabilize mRNA
transcripts or repress the next step
of gene expression in protein-coding
genes (i.e., translation) (Mourelatos
et al. 2002; Williams 2008). The
second, complementary strand,
known as passenger strand or
miRNA* (see figure 2) has been
thought to be quickly degraded
(Matranga et al. 2005). However, as
discussed later in this article, recent
studies indicate that passenger-
strand miRNAs can be retained by
cells and exhibit independent bio-
logical functions. 

• Finally, the mature miRNA can be
degraded by an enzyme called 5'-3'
exoribonuclease (XRN2) (Bail et al.
2010). 

Role of miRnAs in ethanol’s
teratologic effects
In 2007, Sathyan and colleagues
(2007) showed for the first time that
miRNAs could mediate the effects of
ethanol or indeed other teratogens.
Using isolated tissue from the nervous
system (i.e., neuroepithelium) of sec-
ond-trimester fetuses, the investigators
demonstrated that ethanol suppressed
the expression of four miRNAs—
miR-9, miR-21, miR-153, and miR-
335—in fetal neural stem cells (NSCs)
and neural progenitor cells (NPCs).
The simultaneous suppression of miR-
21 and miR-335 accounted for earlier
observations (Prock and Miranda 2007;
Santillano et al. 2005) that ethanol-
exposed NSCs/NPCs are resistant to
apoptosis, whereas the suppression 
of miR-335 explained the increase 
in NSC/NPC proliferation. Three of
the four suppressed miRNAs target the
mRNAs for two proteins called Jagged-
1 and ELAVL2/HuB;2 accordingly, 
by suppressing the miRNAs, ethanol
induced the expression of both target

mRNAs. ELAVL2/HuB overexpres-
sion promotes neuronal differentiation
(Akamatsu et al. 1999), and Jagged-1–
induced proliferation establishes neuronal
identity (Salero and Hatten 2007).
These data collectively suggest that by
interfering with miRNA function,
ethanol may deplete the fetal pool of
NSCs/NPCs and promote premature
neuronal differentiation. More recently,
Tal and colleagues (2012), using a
zebrafish model, also showed that ethanol
exposure during embryonic develop-
ment suppressed the expression of
miR-9 and miR-153. Importantly,
these investigators demonstrated both
behavioral and anatomical consequences
of miRNA depletion. In particular,
miR-153 depletion resulted in signifi-
cantly increased locomotor activity 
in juvenile zebrafish, reminiscent of
increased hyperactivity observed in
children with FASD. 

Other developmental ethanol expo-
sure models also have indicated that
ethanol alters the expression of several
miRNAs. For example, Wang and col-
leagues (2009) showed that ethanol
exposure during a period bracketing
the end of the first trimester to the
middle of the second trimester resulted
in altered miRNA expression in brain
tissue sampled near the end of the sec-
ond trimester. In that study, ethanol
induced a significant increase in the
expression of two miRNAs (i.e., miR-
10a and miR-10b), resulting in down-
regulated expression of a protein called
Hoxa1 in fetal brains. Other analyses
had indicated that loss of Hoxa1 function
(e.g., from familial Hoxa1 mutations)
is associated with a variety of cranial
defects and mental retardation (Bosley
et al. 2007). This suggests that by sup-
pressing translation of Hoxa1 and related
genes, ethanol-mediated induction of
miR10a/b may lead to similar defects. 

Although the miRNAs identified by
Wang and colleagues (2009) do not
overlap with those identified by Sathyan
and colleagues (2007) in NSCs/NPCs,
miR-10a/b upregulation may have
similar consequences for premature NSC
differentiation. For example, miR-10a/b
promotes the differentiation of cells

from a type of nerve cell tumor (i.e.,
neuroblastoma cells) by suppressing
translation of a protein called nuclear
receptor corepressor-2 (NCOR2)
(Foley et al. 2011). This effect is simi-
lar to the induction of Elavl2/HuB 
and Jagged-1.  

Finally, Guo and colleagues (2011)
assessed the effects of chronic intermit-
tent ethanol exposure on cultured 
neuronal cells obtained from mouse
cerebral cortex at gestational day 15,
which is equivalent to the middle of
the second trimester. The investigators
found that ethanol induced several
miRNAs in these cells. Interestingly, 
a prolonged period of withdrawal fol-
lowing the ethanol exposure resulted 
in a more than fourfold increase in 
the number of significantly regulated
miRNAs, suggesting that withdrawal
itself also may have a significant dam-
aging effect on neuronal maturation 
in the developing fetal brain. Although
these data were obtained from a cell-
culture model, the implications of
maternal binge drinking–withdrawal
cycles on fetal miRNAs and their con-
trol over neural differentiation need
further investigation.

effects of Coexposure to ethanol
and other drugs on miRnA Levels
Pregnant women who abuse ethanol
also are likely to coabuse other drugs,
such as nicotine (Substance Abuse and
Mental Health Administration 2009).
These other drugs also can affect
miRNA levels. For example, Huang
and colleagues (2009) demonstrated
that nicotine induced expression of
miR140* in a developmental model
using the rat PC12 cell line. These
effects may enhance or oppose those 
of ethanol. Thus, a recent study
showed that ethanol and nicotine
behaved as functional antagonists—
that is, miRNAs that were suppressed
by ethanol in fetal NSCs/NPCs were
induced by nicotine exposure
(Balaraman et al. 2012). Moreover,
nicotine prevented the ethanol-medi-
ated decrease in these miRNAs; this
effect was pharmacologically mediated

2 Jagged-1 binds to (i.e., is a ligand of) notch receptor and
elaVl2/huB is a neuron-specific rna-binding protein.
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1A
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Figure 1  Models for standard (i.e., canonical) and disturbed (i.e., noncanonical) modes of
miRNA biogenesis and function. (A) miRNAs often are generated (i.e., transcribed)
from miRNA genes, as long mRNA-like transcripts, with a “cap” at the start (i.e., 5’-
end) and several adenosine units at the end (i.e., 3’- polyA tail). The initial primary
miRNA transcripts (pri-miRNAs) are processed to shorter, hairpin-shaped premature
miRNAs (pre-miRNAs) by a protein complex called the DiGeorge syndrome critical
region-8 (Drosha/DGCR8) complex. The pre-miRNAs then are transported to the cyto-
plasm for final processing into mature miRNAs by the Dicer complex. Mature miRNAs
attain their function by being integrated into RNA-induced silencing complexes (RISC)
that can degrade target mRNAs or silence translation. Processed miRNAs also can
relocate to the nucleus to influence chromatin remodeling. (B) Disturbances in
Drosha/DGCR8 processing (e.g., because of a mutation in the genes encoding these
enzymes) may reveal alternate, mRNA-like functions of unprocessed pri-miRNAs and
result in disrupted stem cell maturation. 

by a certain type of nicotine receptor
(i.e., the nicotinic acetylcholine recep-
tor). There is little generalized evidence
as yet that drugs of abuse interact at
the level of miRNAs to regulate cell
function. Nevertheless these findings
suggest that such an interaction is a
real possibility, and the consequences
for the teratologic effects of the drugs
are likely to be significant.

Teratogenic Implications of
Altered miRNA Biogenesis,
Cellular Localization, and
Function

The data cited above show that ethanol
alters the expression of several miRNAs
at different developmental stages and
that these alterations have consequences
for fetal neural development and
behavior. miRNA dysregulation is
likely to influence teratogenesis by
destabilizing the mRNAs of individual
genes or gene networks. However,
emerging evidence indicates that
miRNA function also can be altered at
several stages in the miRNA biogenesis
pathway. Although to date such alter-
ations are poorly understood, they may
have important implications for tera-
tology. The following represent four
intriguing possibilities.

First, the presence of a 5' cap and a
3'-polyA tail indicates that primary
miRNA transcripts may have charac-
teristics and function like regular
mRNAs, and indeed evidence has been
found for such a role (Cai et al. 2004).
Although the conditions that permit
the appearance of mRNA-like func-
tionality are unclear, it is likely that
interference with Dicer/DGCR8,
which is essential for miRNA processing,
can lead to the emergence of alternate
functionality associated with pri-miRNA
transcripts (see figure 1B). In this 
context, it is interesting to note that
disruption of the DGCR8 locus is
associated with mental retardation and
that DGCR8 deletion interferes with
the maturation of embryonic stem
cells, causing them to aberrantly retain
their ability to differentiate into differ-
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ent cell types (i.e., their pluripotency)
while initiating differentiation (Wang
et al. 2007). In this instance, the biology
of stem cells seems to be intimately
linked with the development of normal
brain function.

Second, until recently, the comple-
mentary miRNA* strands (Hutvagner
et al. 2001) were thought to be quickly
degraded following Dicer cleavage 
of the double-stranded pre-miRNA
molecule (Matranga et al. 2005).
However, recent evidence (Ghildiyal 
et al. 2010; Okamura et al. 2009; Tyler
et al. 2008) shows that these passenger
strands also can be functional, acting
on their own binding sites and regulating
expression of their own sets of targets
(figure 2). Thus, both strands of a pre-
miRNA can be functional, each with 
a specific set of targets. The ratio of
functional guide versus passenger strand
miRNAs is regulated by an as-yet-
unknown biology. Guo and colleagues
(2011) identified several ethanol-sensitive
miRNA* species that mainly were
induced following ethanol exposure.
Furthermore, other drugs of abuse,
such as nicotine, also have been shown
to induce the expression of a miRNA*
(i.e., miR140*) (Huang and Li 2009).
Alterations in the miRNA-to-miRNA*s
ratio are likely to yield alternate biolog-
ical outcomes that are particularly 
relevant to teratogenesis, as has been
demonstrated in an analysis of the
established ethanol-sensitive miRNA,
miR-9. Tal and colleagues (2012)
showed in their developmental zebrafish
model that in addition to decreasing
miR-9 (which now is also called miR-
9-5p [www.mirbase.org, miRBAse
Release 19]), ethanol produced a more
modest decrease in the expression of
miR-9* (now called miR-9-3p). The
ratio of miR-9 to miR-9* is important
for development and teratogenesis
because these two miRNAs work
together to regulate two molecules
controlling neuronal differentiation.
Thus, miR-9 levels influence the levels
of a neuronal differentiation inhibitor
called RE1 silencing transcription fac-
tor/neuron-restrictive silencer factor
(REST), whereas miR-9* regulates its

cofactor, coREST (Packer et al. 2008).
Therefore, the simultaneous suppres-
sion of miR-9 and miR-9* may be
expected to result in derepression of
the REST/coREST complex and, con-
sequently, inhibition of neuronal dif-
ferentiation. On the other hand, pref-
erential suppression of either miR-9 or
miR-9* would be predicted to alter the
ratio of REST to coREST, which has
important and complex consequences
for neural stem-cell renewal and altered
lineage specification (Abrajano et al.
2009, 2010). Clearly, the involvement
of passenger-strand miRNA biology in
teratogenesis needs further investigation.

Third, in humans, about 6 percent
of mature miRNAs undergo editing 
by the enzyme adenosine deaminase
(Blow et al. 2006), resulting in alter-
ations in either miRNA processing or
miRNA efficiency (Kawahara et al.

2007; Yang et al. 2005). Furthermore,
evidence suggests that edited miRNAs
may exhibit different target specificity
compared with their nonedited coun-
terparts (Ekdahl et al. 2012). miRNA
editing increases during brain develop-
ment and may permit the emergence
of new biological functions (e.g., a
novel translational control of the devel-
opment of nerve cell extensions [i.e.,
dendritogenesis]) (Ekdahl et al. 2012).
These data collectively suggest that the
role of miRNA editing in ethanol tera-
tology warrants further exploration.

Finally, emerging evidence indicates
that some mature miRNAs are trans-
ported back to the nucleus, where they
mediate the formation of heterochro-
matin3 (Gonzalez et al. 2008). This
observation suggests that miRNAs can
directly influence the epigenetic land-
scape (figure 1A). Ethanol also alters

Figure 2  Model for the activity of the two strands of the processed pre-miRNA molecules (i.e.,
the guide strand [miRNA] and passenger strand [miRNA*]). Dicer processing of pre-
miRNAs typically results in the formation of a guide stand miRNA that binds to the
RNA-induced silencing complex (RISC). This guide strand can be derived from either
the 3’- (termed –3p) or 5’- (termed –5p) end of the pre-miRNA. The complementary
passenger strand typically is degraded. However, under various conditions, including
ethanol exposure, miRNA* strands may be retained or otherwise differentially regulat-
ed, resulting the emergence of alternate biological end points.

SOURCE: Guo et al. 2012, Acer 2012, Tal et al. 2012.
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the epigenetic landscape in differentiat-
ing fetal NSCs (Zhou et al. 2011), 
and the contributory role of nuclear
miRNAs to this process is unknown.
All of these modifications to miRNA
biology represent novel and uninvesti-
gated layers of regulatory processes that
may have important consequences for
cell and tissue differentiation and, con-
sequently, teratogenesis.

implications for the
Management of FASD

Despite strong evidence that maternal
alcohol consumption during preg-
nancy leads to harmful effects on the
fetus, a significant number of women
continue to report drinking even into
the third trimester of pregnancy.
Therefore, early detection and manage-
ment of fetal alcohol exposure remains
an urgent public health concern, as
does the development of approaches 
to ameliorate or prevent ethanol’s
detrimental effects. The identification
of miRNAs as ethanol targets presents
one hope for the development of novel
therapeutic programs. miRNAs have
coevolved with their mRNA targets to
orchestrate development. It is possible
that miRNA-like drugs may be used 
to mitigate the effects of fetal ethanol
exposure on the development of spe-
cific organs. The challenge will be to
identify tissue-specific miRNAs that
can be used to reprogram develop-
ment. In this context, miRNAs such 
as miR-9 make intriguing therapeutic
targets because they are fairly specific
to neuronal cells (Leucht et al. 2008;
Shibata et al. 2011; Smirnova et al.
2005). Evidence that ethanol-sensitive
miRNAs also are sensitive to nicotine
(Balaraman et al. 2012) suggests a
promising and alternative, pharmaco-
logical approach to reprogramming
fetal development following maternal
ethanol exposure. Recent evidence sug-

gests that pharmacologic approaches
can indeed be used successfully in
human populations, for example, to
normalize cellular miRNA levels in
neurological diseases such as multiple
sclerosis (Waschbisch et al. 2011). Such
an approach therefore may be similarly
efficacious with FASD. Finally, Guo
and colleagues (2011) have implicated
DNA methylation as a mechanism 
for miRNA regulation, and Wang and
colleagues (2009) demonstrated that
folic acid administration could reverse
ethanol’s effects on miRNAs. These
data suggest that nutritional supple-
mentation programs also may be an
effective means towards ameliorating
the effects of miRNA dysregulation.
Research into miRNA involvement in
fetal alcohol teratology is in its infancy.
However, this research has significant
potential for both uncovering princi-
ples underlying alcohol’s detrimental
consequences and for developing novel
strategies for the management of fetal
alcohol effects.  ■
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Metabolites, including those generated during ethanol metabolism, can impact
disease states by binding to transcription factors and/or modifying chromatin structure,
thereby altering gene expression patterns. For example, the activities of enzymes
involved in epigenetic modifications such as dna and histone methylation and histone
acetylation, are influenced by the levels of metabolites such as nicotinamide adenine
dinucleotide (nad), adenosine triphosphate (aTP), and s-adenosylmethionine (saM).
Chronic alcohol consumption leads to significant reductions in saM levels, thereby
contributing to dna hypomethylation. similarly, ethanol metabolism alters the ratio of
nad+ to reduced nad (nadh) and promotes the formation of reactive oxygen species
and acetate, all of which impact epigenetic regulatory mechanisms. in addition to
altered carbohydrate metabolism, induction of cell death, and changes in
mitochondrial permeability transition, these metabolism-related changes can lead to
modulation of epigenetic regulation of gene expression. understanding the nature of
these epigenetic changes will help researchers design novel medications to treat or at
least ameliorate alcohol-induced organ damage. KEy WoRDS: Alcohol consumption;
alcohol metabolism; ethanol metabolism; alcohol-induced organ damage; disease;
epigenetics; epigenetic mechanisms; epigenetic modifications; gene expression;
DNA; DNA methylation; histone modification; histone acetylation 

The concept that only DNA and
proteins can impact disease states
is an oversimplification. It does not

take into account different metabolic
pathways in which key metabolites
bind to transcription factors and alter
gene expression patterns that contribute
to the observable characteristics (the
phenotype) of a given disease. Simple
metabolites dictate the actions of spe-
cific transcription factors that sense the
minute-to-minute cellular environment
to determine which parts of, and the
extent to which, the genetic code will
be transcribed. 

An important mechanism in the 
regulation of gene expression, particu-
larly its first step (transcription), is
chromatin remodeling. The human
genome is packaged into a dynamic
complex of DNA, histone proteins, and
non-histone proteins (i.e., chromatin).
This chromatin can be packaged more
or less densely, and the degree of com-

pactness, which is influenced by histone
modifications, determines the DNA’s
accessibility to the transcription machin-
ery. In general, condensed chromatin
(heterochromatin), which is associated
with the removal of acetyl groups (i.e.,
deacetylation) from histones, mediates
transcriptional repression. Conversely,
transcriptionally active genes are found
in open chromatin areas (i.e., euchro-
matin). 

An example of how simple metabolites
affect gene transcription is demonstrated
in caloric restriction (CR) studies.
Research in yeast and rodents has shown
that limiting their caloric intake increases
their life span (Anderson and Weindruch
2012). This effect is achieved through
internal “sensors” that recognize food
scarcity and regulate energy expenditure.
One such sensor, the protein encoded
by the silent information regulator2
(SIR2) gene in yeast (and its mammalian
orthologue SIRT1), mediates transcrip-

tional silencing through its nicoti-
namide adenine dinucleotide (NAD)-
dependent histone deacetylase
(HDAC) activity. Entire sets of genes
may be silenced by NAD-dependent
HDACs, thus influencing obesity 
and longevity following CR. In fact,
NAD+, reduced NAD (NADH), and
the ratio between both compounds
(i.e., the NADH/NAD+ ratio) all 
serve important regulatory functions,
promoting or preventing numerous
biochemical reactions, including gene
transcription. Ethanol metabolism can
drastically change the NADH/NAD+

ratio, providing an example of a
metabolic factor that controls gene
transcription and thus may influence
gene silencing or activation, leading 
to diseased phenotype.

Many studies suggest that gene
expression is not solely determined 
by the DNA code itself. Rather, gene
expression also depends on a host of
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epigenetic phenomena—that is, gene-
regulating activity that does not involve
changes to the DNA code. Although
the genetic code is the same in all cells,
each cell in the body has a unique
epigenome that can change over time
and which regulates gene expression,
thereby determining cellular identity in
health. Complex human diseases, which
involve feedback between many genes
and cells, likely are driven by epigenetic
changes and responses as well as by
allelic variations. Also, progression of
disease often may be better explained
by epigenetic alterations than by muta-
tions. Perturbation of cellular epigenetic
status (Slomko et al. 2012), for example
by alcohol metabolism, can result in
the loss of tissue identity or activation
of anomalous signaling pathways that
lead to developmental defects (e.g.,
fetal alcohol spectrum disorders [FASD])
or disease states such as liver cirrhosis
and cancer. Unlike genetic defects, 
epigenetic alterations can be reversed
by epigenetic therapy. 

The best known epigenetic signal is
DNA methylation, which tags cytosine,
one of the four chemical bases that
make up the genetic code, with a methyl
group. Cytosine methylation is a major
contributor to the generation of disease-
causing germline mutations and somatic
mutations that cause cancer. Also,
abnormal methylation of the promoters
of regulatory genes causes their silenc-
ing or overexpression—an important
pathway to tissue pathology, including
cancer. The ability of alcohol to perturb
normal patterns of DNA methylation
is of considerable interest with regard
to its cancer-promoting effects. 
Global hypomethylation of DNA 
is a consistent feature of neoplastic
transformation.

In addition to DNA methylation,
gene expression is influenced by post-
translational modifications of histone
proteins, such as acetylation, methylation,
phosphorylation, ubiquitination, and
crotonylation. These modifications
determine the genome’s accessibility 
to transcription factors (Tan et al. 2011).
Furthermore, non-coding RNAs
(ncRNAs)—including microRNAs

(miRNAs), small interfering RNAs
(siRNAs), long non-coding RNAs
(lncRNAs), promoter-associated RNAs
(PARs), and enhancer RNAs (eRNAs)—
have emerged as critical factors that
control gene expression, cell-cycle 
regulation, energy metabolism, chro-
matin architecture, transcription, and
RNA splicing (Collins et al. 2010).
Dysregulation of ncRNAs, therefore,
contributes to various pathological
conditions. These epigenetic alterations
may substantially change the transcrip-
tional potential of a cell, thereby 
altering gene expression with outcomes
relevant to particular disease phenotypes.

The role of epigenetics in alcohol’s
actions has been reviewed by Shukla
and colleagues (2008); their publication
comprises an extensive background to
this article and is highly recommended
to the reader. More recently, Mandrekar
(2011) discussed the role of epigenetic
regulation in alcoholic liver disease.
This article focuses on the perturbation
of the folate/methionine cycles that
influence DNA and histone methylation,
as well as on epigenetic processes that
are intertwined with alcohol metabolism,
namely the increase in NADH/NAD+

ratio and the formation of reactive oxy-
gen species (ROS) and acetate, which
affects histone acetylation. Alcohol’s
epigenetic effect via a host of ncRNAs
is beyond the scope of this article.
Understanding how alcohol affects these
epigenetic processes and how that leads
to tissue damage, including FASD and
carcinogenesis, is of paramount impor-
tance in drug design for the treatment
of alcohol-induced disorders.

Metabolism and Epigenetics

Metabolism produces the energy nec-
essary for various cellular processes. An
imbalance between energy intake and
expenditure results in the accumulation
of nutrients and metabolites, ultimately
leading to metabolic diseases. To avoid
this, cells constantly are adjusting their
metabolic state based on nutrient avail-
ability, using extracellular signaling
driven by growth factors, hormones, 

or cytokines. An important feature of
metabolic control is the transcriptional
regulation of rate-limiting metabolic
enzymes, which usually involves epige-
netic mechanisms. The ad hoc levels 
of metabolites, such as NAD+, adenine
triphosphate (ATP), acetyl-CoA, and
S-adenosylmethionine (SAM), and 
of metabolic hormones such as insulin
and leptin, contribute to the temporal
control of gene expression. The activities
of enzymes involved in epigenetic
modifications, such as DNA methyl-
transferases (DNMTs), histone acetyl-
transferases (HATs), HDACs, histone
methyltransferases (HMTs), and histone
demethylases (HDMs), are regulated,
in part, by the concentrations of their
required substrates and cofactors (Lee
and Workman 2007). Thus, the cell’s
metabolic state is tightly integrated in the
epigenome and transcriptional regulation.

An example of the close integration
of metabolism and epigenetics is CR,
in which food intake is reduced by 30
to 50 percent. CR decreases NADH/
NAD+ ratio and increases the AMP/
ATP ratio. These changes are sensed 
by SIRT1 (which has HDAC activity)
and AMP-activated protein kinase
(AMPK), respectively. One of SIRT1’s
functions is to deacetylate and activate
two proteins called forkhead box pro-
tein O1 (FOXO1) and peroxisome
proliferator-activated receptor-γ coacti-
vator 1α (PGC-1α), a key regulator 
of energy metabolism. Both of these
result in gene expression favoring the
synthesis of glucose in the body (i.e.,
gluconeogenesis) (Vaquero and Reinberg
2009). AMPK directly phosphorylates
PGC-1α, which enables SIRT1 to
deacetylate and activate PGC-1α
(Cantó and Auwerx 2011). 

Recent research suggests that chro-
matin structure is determined, to a
great extent, by metabolic signals, and
cells’ decision to proliferate, differentiate,
migrate, or be quiescent is determined
by their micro-environment (Lu and
Thompson 2012). Studies in cancer
development have revealed a tight link
between metabolism and epigenetics.
The molecular connections between
metabolism and epigenetic modifica-



tions of chromatin (Lu and Thompson
2012) and the role of histones as
metabolic sensors that convert changes
in metabolism into stable patterns of
gene expression (Katada et al. 2012)
have been described. The relationship
between epigenetic modifications and
metabolism is complex and bidirec-
tional. On the one hand, epigenetic
changes can influence metabolism by
regulating the expression of metabolic
enzymes (Wolf et al. 2011). On the
other hand, metabolism can disturb
epigenetic status, resulting in changes
in gene expression or chromatin struc-
ture (Wellen and Thompson 2012). 
In fact, all epigenetic enzymes depend
on various substrates or cofactors that
are intermediates of cell metabolism
(Locasale and Cantley 2011).

The molecular machinery that senses
changes in the micro-environment of
cells and translates them into epigenome
modulations of DNA or histone tails,
thereby influencing gene expression, 
is comprised of various kinases, acetyl-
transferases, and methyltransferases.

These enzymes need appropriate levels
of phosphate, acetyl, and methyl groups,
respectively, to elicit these modifica-
tions (Lee and Workman 2007). As a
result, chromatin-remodeling enzymes
consume key metabolites such as SAM
for methylation, ATP for phosphoryla-
tion, and acetyl-CoA, NAD+, NADH,
and acetyl-ADP-ribose for acetylation.
These enzymes differ significantly in
their affinities for their cofactors, which
together with fluctuations in the cofac-
tors’ concentrations and their subcellular
distribution (e.g., as a result of circadian
rhythmicity, oxygen tension, or nutri-
tional status) influence enzymes’ ability
to perform their functions (Albaugh 
et al. 2011). At least two groups of
chromatin regulators—the sirtuins 
that act as class III histone deacetylases
and the poly-ADP ribose polymerases
(PARPs)—depend on NAD+ levels,
which are regulated in a circadian
manner linked to energy metabolism
(Nakahata et al. 2009). Many signaling
pathways, such as Notch and TGFβ,
in conjunction with downstream tran-

scription factors, can express or recruit
enzymes that modify chromatin
(Mohammad and Baylin 2010).

dnA Methylation
The cytosine moiety of cytosine–guanine
(CpG) dinucleotides in mammalian
DNA can be methylated at carbon 5
to form 5’ methyl-cytosine (figure 1).
The methyl group for this chemical
modification of the DNA is donated
by SAM. This reaction is catalyzed 
by a family of DNMTs. Of these,
DNMT3A and 3B primarily perform
de novo methyl transfer, whereas
DNMT1 mainly acts as maintenance
DNMT with greater affinity for partially
methylated (i.e., hemi-methylated) DNA.
Methylation of cytosine in CpG-rich
regions (i.e., CpG islands) located in 
or near gene promoters results in gene
silencing (Ulrey et al. 2005). 

SAM, a methyl donor for reactions
catalyzed by DNMT, is generated by
adding ATP to methionine by the
enzyme methionine adenosyl trans-
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Figure 1 schematic representation of dna methylation, which converts cytosine to 5’methyl-cytosine via the actions of dna methyltransferase
(dnMT). dna methylation typically occurs at cytosines that are followed by a guanine (i.e., Cpg motifs).

noTes: saM = s-adenosylmethionine; sah = s-adenosylhomocysteine.
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ferase (MAT) (figure 2). After the
methyl transfer reaction, SAM forms 
a byproduct, S-adenosyl homocysteine
(SAH), which acts as a potent inhibitor
of DNMT and HMTs. SAH then 
is broken down by SAH hydrolase
(SAHH) to form homocysteine, which
can either enter a set of reactions called 
the transsulfuration pathway to form
glutathione (GSH) or be remethylated
to form methionine (Grillo and
Colombatto 2008). For remethylation
of homocysteine, a methyl group can
be transferred either from N5-methyl
tetrahydrofolate (THF) by methionine
synthase, or from betaine by betaine
homocysteine methyl transferase
(BHMT). Excessive ROS formation,
which can occur during ethanol
metabolism, acutely can deplete GSH.
This could promote the transsulfuration
of homocysteine to generate new GSH

and thus divert the reactions from pro-
ducing methionine and SAM, thereby
decreasing DNA methylation.

Chronic alcohol consumption leads
to substantial DNA hypomethylation
as a result of significant reduction in
tissue SAM. Rats fed alcohol for nine
weeks showed a decrease in hepatic
concentrations of SAM, methionine,
and GSH as well as about 40-percent
reduction in methylation (Lu et al.
2000). In addition, the investigators
observed increased expression of a gene
called c-myc and increased accumulation
of breaks in the DNA strand, both of
which predispose to hepatocellular car-
cinoma (HCC). In fact, chronic hep-
atic SAM deficiency in a certain mouse
strain (i.e., Mat1a knockout mice)
resulted in spontaneous development
of HCC (Martinez-Chantar et al.
2002). Additionally, alcohol perturbs

the folate cycle that is involved in
methionine production and the gener-
ation of DNA building blocks (i.e.,
purines and pyrimidines) and which is
integral to supplying the methyl groups
necessary for DNA methylation. 

Altered methionine metabolism and
the subsequent hypomethylation is one
mechanism by which alcohol produces
alcoholic liver disease and HCC (Medici
and Halsted 2013). In addition, alcohol-
induced degradation of DNMTs and
hypomethylation supports a potential
epigenetic mechanism for FASD (Chen
et al. 2013; Mukhopadhyay et al. 2013).

Histone Modification
Histone modification plays an important
part in epigenetics, affecting transcription,
DNA repair, and DNA replication
(Esteller 2008). As mentioned above,

Figure 2 alcohol’s effects on homocysteine/methionine metabolism and dna methylation. Methionine, which is formed by methylation of homo-
cysteine (using either 5-methyl tetrahydrofolate [5-methyl ThF] or betaine as methyl donors), is essential for the production of s-adenosyl-
methionine (saM), which in turn is used to methylate dna. Chronic heavy drinking reduces folate levels and inhibits methionine synthase
(Ms), resulting in the reduction of methionine and saM and the concurrent increase in homocysteine and s-adenosylhomocysteine (sah).
sah further inhibits dna methyltransferases (dnMTs), ultimately resulting in global hypomethylation of dna. 

noTes: MThFr = methylene tetrahydrofolate reductase; MaT = methionine adenosyltransferase; hCC = hepatocellular carcinoma; BhMT = betaine homocysteine methyltransferases; 
gsh = glutathione; aTP = adenosine triphosphate; Pi = inorganic phosphate. 



10 Alcohol Research: C u r r e n t  R e v i e w s

histone acetylation is 
regulated mainly by 

the opposing activities 
of two families of

enzymes—the hATs 
that acetylate histones

and the hDACs.

histone modifications include a plethora
of post-translational modifications.
This review, however, focuses only on
histone acetylation and methylation.

Histone acetylation is regulated
mainly by the opposing activities of
two families of enzymes—the HATs
that acetylate histones and the HDACs
(Shahbazian and Grunstein 2007).
HATs, which transfer acetyl groups
from acetyl-CoA to lysine residues,
include three main subfamilies that are
functionally distinct—GCN5-related
N-acetyltransferase (GNAT), MYST
histone acetyltransferase, and p300/
CBP. HDACs, in contrast, remove
acetyl groups from histones; they com-
prise four groups (classes I–IV) (Zhang
and Dent 2005), some of which are
dependent on Zn2+ (Haberland et al.
2009). Class III HDACs, known as
sirtuins, however, require NAD+ as a
cofactor. In general, histone acetylation
results in transcriptional activation,
whereas deacetylation is associated with
gene silencing (Lane and Chabner 2009).

Histone methylation is achieved by
HMTs. They can be classified into
three groups: SET domain and non-
SET domain lysine methyltransferases,
and arginine methyltransferases. All 
of these use SAM as a coenzyme to
transfer methyl groups to lysine or
arginine residues of substrate proteins.
There are three distinct states of lysine
methylation (i.e., mono-, di-, and tri-
methylated) (Varier and Timmers
2011). Histone methylation can result
in transcriptional activation or repres-
sion, depending on the position of the
lysine that is modified (Berger 2007).
For example, methylation of H3K4,1
H3K36, and H3K791 is associated with
active transcription, whereas methyla-
tion of H3K9, H3K27, and H4K20
generally indicates silenced chromatin.
Histone demethylation is achieved by 
a group of enzymes collectively known
as HDMs. 

The effects of alcohol metabolism
on histone acetylation have been
demonstrated in animal experiments,
including studies of obese mice.2
Alcohol administration to these animals
was associated with exacerbation of

fatty liver, which resulted from an impair -
ment of the hepatic lipid metabolism
pathways, mainly those mediated by
SIRT1 and AMPK (Everitt et al. 2012).
The development of alcohol-induced
fatty liver could be prevented by admin-
istering rosiglitazone, an anti-diabetic
medication that binds to certain recep-
tors in fat cells and makes them more
sensitive to insulin. The protective
effect of rosiglitazone was attributed 

to its enhancement of the hepatic
adiponectin–SIRT1–AMPK signaling
pathway (Shen et al. 2010). Other
studies found that chronic alcohol con-
sumption can result in protein hyper-
acetylation within cell components
called mitochondria. Most proteins 
in the mitochondria normally are
deacety lated through SIRT3-depen-
dent mechanisms (Fritz et al. 2012).
Ethanol-induced suppression of SIRT3
and the concomitant increase of another
acetylation pathway (i.e., cyclophilin-
D acetylation) could be prevented by
AMPK activation (Shulga and Pasorino
2010). The role of alcohol metabolism
in histone acetylation is shown in 
figure 3.

Alcohol Metabolism and 
its Effects on Epigenetic
Mechanisms

To appreciate the effects of alcohol on
histone acetylation and changes in redox
state that result in epigenetic modifica-
tions of gene expression, a brief overview
of alcohol metabolism is warranted.

Alcohol is metabolized mainly by
two pathways—oxidative pathways
that take place mainly in the liver and
non-oxidative pathways that occur
mainly in extrahepatic tissues. The 
following discussion will focus only 
on oxidative pathways.

Oxidative ethanol metabolism mainly
occurs in the liver via a major pathway
in which the enzyme cytosolic alcohol
dehydrogenase (ADH) produces
acetaldehyde, a highly reactive and
toxic molecule. This oxidation is
accompanied by the reduction of NAD+

to NADH. Through this pathway,
ethanol oxidation generates a highly
reduced cytosolic environment, pre-
dominantly in liver cells (i.e., hepatocytes).

In addition to ADH, a group of
enzymes known as the cytochrome
P450 isozymes, including CYP2E1,
1A2, and 3A4, also contribute to ethanol
oxidation to acetaldehyde in the liver.
These enzymes, which are present pre-
dominantly in a cell component called
the endoplasmic reticulum (ER),
become involved particularly after
chronic ethanol intake. CYP2E1 is
induced by chronic ethanol consump-
tion and assumes an important role in
metabolizing ethanol to acetaldehyde
at elevated alcohol concentrations.3
Alcohol metabolism by CYP2E1 also
produces highly reactive ROS, includ-
ing hydroxyethyl, superoxide anions,
and hydroxyl radicals. Finally, another
enzyme called catalase, which is located
in cell components called peroxisomes,
also can oxidize ethanol (figure 4);
however, quantitatively this is considered
a minor pathway of ethanol oxidation.
All of these oxidative pathways gener-
ate acetaldehyde, which then is rapidly
metabolized further. This is done
mainly by mitochondrial aldehyde
dehydrogenase (ALDH2) to form
acetate and NADH. Mitochondrial

1 histone modifications are denoted by the number of the his-
tone protein affected (e.g., histone 3 is noted as h3) as well as
the lysine residue affected (e.g., the fourth lysine in the molecule
is denoted as k4). 

2 The animals had inherited two gene copies predisposing them
to obesity (i.e., had an ob/ob genotype).

3 in other words, CYP2e1 has a high km for ethanol of 8–10 mM,
compared with a km of 0.05–40 mM for hepatic adh.
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NADH is oxidized by the electron
transport chain.

Epigenetics-Relevant
Consequences of Oxidative
Alcohol Metabolism 

Oxidative alcohol metabolism can
exert epigenetic effects through several
mechanisms, including increase in the
NADH/NAD+ ratio and the forma-
tion of ROS and acetate.

Increases in NADH/NAD+ Ratio 
and Their Consequences
The ratio of NADH to NAD+ fluctuates
in response to changes in metabolism.
Alcohol metabolism produces a signifi-
cant increase in the hepatic NADH/
NAD+ ratio in the cytoplasm and
mitochondria of hepatocytes, as evi-
denced by changes in the levels of several

other molecules in those cell compart-
ments (i.e., an increase in the lactate/
pyruvate ratio in the cytoplasm and 
in the γ-hydroxybutyrate/acetoacetate
ratio in the mitochondria) (Cunningham
and Bailey 2001). The resulting shift
of the redox potential of the hepatocytes
causes a marked alteration in various
reversible metabolic pathways (Krebs
and Veech 1970). As a result, ethanol
oxidation vastly increases the availability
of oxidizable NADH to the electron
transport chain in the mitochondria.
NAD+ influences many important 
cellular reactions.

NAD+ and NADH mainly are used
by enzymes that catalyze substrate oxi-
dation involving energy metabolism,
histone deacetylation, and cell death.
Under normal physiological condi-
tions, the ratio of cytosolic free NAD+

to NADH is approximately 700:1,
whereas that of the mitochondria has
been reported to be 7–8 to 1 (Stubbs

et al. 1972; Veech et al. 1969). Increased
NADH/NAD+ ratios (e.g., because of
depletion of NAD+) in both the cytosol
and mitochondria of hepatocytes influ-
ence the direction of several reversible
reactions, leading to alterations in hepatic
lipid, carbohydrate, protein, lactate,
and uric acid metabolism. The increase
in the ratio of NADH/NAD+ also
results in derangement of carbohydrate
meta bolism, cell death, modulation of
the mitochondrial permeability transi-
tion (MPT) opening, and modulation
of gene expression.

Derangement of Carbohydrate
Metabolism. NAD+ mediates
cytosolic energy metabolism by
influencing the breakdown of glucose
molecules (i.e., glycolysis) and by
modulating the lactate–pyruvate
conversion by lactate dehydrogenase
(LDH). An increase in the NADH/
NAD+ ratio interferes with both of

Figure 3 Alcohol metabolism and histone acetylation. Acetyl-coenzyme A (acetyl-CoA) synthetase (AceCS), an enzyme that converts acetate to
acetyl-CoA, is activated by SIRT1. Acetyl-CoA is used by histone acetyltransferase (HAT) to acetylate the lysine residues in histone proteins.
This neutralizes the positive charge and allows the chromatin to assume an open conformation, thus resulting in gene activation. SIRT1
also deaceytlates acetylated histones, resulting in gene silencing. Thus, SIRT1 is a sensor that balances gene activation and silencing in
the cell based on the cell’s energy status. Alcohol metabolism results in acetate formation, which is used in extrahepatic tissues to pro-
duce acetyl-CoA. 

NOTES: AceCS1 = Acetyl-CoA synthase 1; ADH = alcohol dehydrogenase; ALDH = Aldehyde dehydrogenase.



these processes. NAD+ depletion also
causes inhibition of the later steps of
glucose metabolism (i.e., the tricar -
boxylic acid [TCA]) cycle. As NADH
accumulates, NAD+ becomes depleted.
As a result, oxidation of acetyl-CoA
by the TCA cycle is inhibited because
of a lack of oxidized coenzymes. In
addition, NADH accumulation inhibits
pyruvate dehydrogenase (PDH), thus
decreasing the conversion of pyruvate
to acetyl-CoA. Instead, NADH
accumulation in the cytosol favors
the conversion of pyruvate to lactate
by LDH. This lowers the concentration
of pyruvate, which in turn decreases
the pyruvate carboxylase reaction,
one of the rate limiting steps of
gluconeogenesis (Krebs et al. 1969).
Collectively, the increase in NADH
results in the inhibition of gluconeo -
genesis and, during starvation, can cause
clinically significant hypoglycemia.

Cell Death. Mitochondria play
important roles in the regulation of
cell death (i.e., apoptosis and necrosis).
They release pro-apoptotic factors
such as cytochrome c and apoptosis-
inducing factor (AIF), which activate
caspase-dependent and caspase-
independent cell death, respectively.
Another enzyme called poly(ADP-
ribose) polymerase 1 (PARP-1), a
mediator of programmed necrosis
activated by oxidative stress, is an
important activator of caspase-
independent cell death (Zhang et al.
1994). Overactivation of PARP-1 can
induce NAD+ depletion (Ying et al.
2003), leading to the inhibition of
SIRT1 as well as inhibition of glycolysis,
which in turn would reduce pyruvate
supply to the TCA cycle and cause
ATP depletion (Ying et al. 2002).
The NADH/NAD+ ratio also affects
MPT (Alano et al. 2004), which

results in the translocation of AIF
from mitochondria to the nucleus
(Churbanova and Sevrioukova 2008;
Yu et al. 2002), ultimately resulting
in apoptosis. Thus, an increased
NADH/NAD+ ratio caused by alcohol
metabolism can influence pro-death
and pro-survival signals in the PARP-
1–mediated cell-death program.

Modulation of the MPT Opening.
MPT is defined as an increase in the
ability of the membranes surrounding
the mitochondria to allow passage 
of molecules of a certain size (i.e.,
increase in membrane permeability).
This increase in permeability, which
results from the opening of specific
pores, typically occurs in response to
certain pathological conditions and
can lead to mitochondrial swelling
and cell death through apoptosis or
necrosis. Increases in NADH/NAD+
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Figure 4 Oxidative pathways of alcohol metabolism. Alcohol is metabolized mainly in the cytosol by alcohol dehydrogenase (ADH) to produce
acetaldehyde. At high levels of alcohol consumption, an enzyme in the endoplasmic reticulum, cytochrome P450 IIE1 (CYP2E1),
becomes involved in metabolizing alcohol to acetaldehyde; this enzyme also is induced by chronic drinking. A catalase-mediated reaction
in the peroxisomes is considered a minor metabolic pathway of alcohol metabolism. Acetaldehyde is further metabolized to acetate in the
mitochondria. Alcohol metabolism results in the formation of NADH and thus changes the redox state of hepatocytes (i.e., increases the
ratio of NADH/NAD+). Both alcohol metabolism by CYP2E1 and the re-oxidation of NADH via the electron transport chain in the mitochon-
dria results in the formation of reactive oxygen species (ROS). 
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human and animal 
studies have 

demonstrated that 
both acute and chronic

alcohol intake can 
affect many aspects 
of circadian rhythms.

ratio resulting from ethanol metabolism
lead to an increase in MPT opening,
which significantly influences mito- 
chondrial membrane potential (Zoratti
and Szabo 1995). In addition, NADH
can have other effects, such as increased
release of calcium ions (Ca++) release
from certain channels on the ER, 
as demonstrated in a cell line called
PC12 cells (Kaplin et al. 1996), and
inhibition of ryanodine receptors of
cardiac muscles (Zima et al. 2003).

Modulation of Gene expression. The
NADH/NAD+ ratio influences gene
expression through several pathways.
The following discussion focuses on
three NAD+-dependent enzymes:
carboxyl-terminal binding protein
(CtBP); silent information regulator
(Sir2); and the heterodimeric Clock/
NPAS2 transcriptional regulator,
whose activities may play a role in
ethanol-induced injury.

CtBP is a regulatory factor mediating
transcriptional repression that is
important for cell cycle regulation 
and development; it acts as a NAD+-
dependent D2-hydroxyacid dehydro-
genase (Kumar 2002). Studies on mice
carrying altered Ctbp genes suggest
that two mutant genes (Ctbp1 and
Ctbp2) play unique regulatory roles
during development (Chinnadurai
2003). Mice lacking a functional Ctbp1
gene (i.e., Ctbp1-null mice) are about
30 percent smaller than wild type
mice, whereas Ctbp2-null mice exhibit
defects in heart morphogenesis and
neural structures. NAD+ enhances the
interaction of CtBP with target tran-
scription factors (Zhang et al. 2002).
Furthermore, CtBP is a metabolic sensor
that has been implicated in regulating
adipogenesis (Jack et al. 2011). The
role of CtBP and changes in the redox
state caused by alcohol metabolism 
in ethanol-induced teratogenesis and
effects on adipose tissue remains to be
elucidated.

The Sir2 protein links cellular
metabolism and transcriptional silencing
through its NAD+-dependent HDAC
activity (Imai et al. 2000). This activity
is essential for Sir2 functions, including

gene silencing, regulation of the circa-
dian clock, and its role in obesity and
longevity (Rutter et al. 2001). The
extraordinary requirement of NAD+ in
the deacetylation reaction suggests that
Sir2 may function as a sensor for the
energy status of cells, linking the energy
level represented by available NAD+

to the silencing of gene expression. The
mammalian orthologue of Sir2, known

as SIRT1, also is a NAD+-dependent
deacetylase (Imai et al. 2000) whose
substrates include histones and the
transcription factor p53 (Vaziri et al.
2001). NAD+ activates Sir2 during
CR, which not only extends the life
span in a wide variety of organisms, but
also reduces the incidence of age-related
diseases such as diabetes, cancer, immune
deficiencies, and cardiovascular disor-
ders (Bordone and Guarente 2005). 

The Clock protein is part of the
transcriptional feedback system whose
activity fluctuates with the light–dark
cycle and which controls the circadian
rhythm in mammals. Generally,
humans work, eat, and exercise during
the day and rest at night. Synchronization
of these activities with metabolic reac-
tions is achieved by the circadian clock.
The circadian system comprises a cen-
tral clock, which is regulated by light
and located in a brain region called 
the suprachiasmatic nucleus (SCN) 
of the anterior hypothalamus, and
peripheral clocks present in metabolic
tissues that are entrained by the central
clock via feeding/fasting cycles. The
master regulators (transcriptional acti-
vators) of the central clock are two

proteins called circadian locomotor
output cycles kaput (CLOCK) and
brain and muscle ARNTL-like protein
1 (BMAL1). Both of these are tran-
scriptional factors that regulate the
expression of cryptochrome (CRY1
and CRY2) and period (PER1, PER2,
PER3) genes. PER and CRY proteins
bind to CLOCK/BMAL1 and inhibit
their transcriptional activity (Bass and
Takahashi 2010). Furthermore, using
the nuclear receptor REV-ERB as a
feedback loop, BMAL1 drives the tran-
scription of Rev-erbα, which in turn
inhibits Bmal1 transcription (Preitner
et al. 2002). In addition, the retinoid-
related orphan receptors (RORα, β, γ)
activate BMAL1 and REV-ERBα
(Jetten 2009). Misalignment of these
activities with the internal clock dis-
rupts energy homeostasis and could
result in metabolic diseases, such as
those observed in shift workers (Wang
et al. 2011). 

Conversely, metabolic reactions and
the resulting redox state of cells have
been shown to play an important 
role in the function of the circadian
rhythm. For example, the intracellular
NADH/NAD+ ratio, through the sen-
sor SIRT1, influences BMAL1 and
CLOCK in both central and periph-
eral clocks. In addition, AMP levels in
the cell regulate the circadian clock by
activating AMPK through inhibiting
AMPK dephosphorylation (Um et al.
2011). Thus, whereas the central clock
is regulated by an environmental cue
to the SCN (i.e., light sensed by the
retina), cellular metabolites influence
the peripheral clocks, which are also
entrained by the central clock.

Human and animal studies have
demonstrated that both acute and
chronic alcohol intake can affect many
aspects of circadian rhythms, including
physiological, endocrine, and behav-
ioral functions. Alcohol intake and
withdrawal have been shown to affect
the circadian rhythm of body tempera-
ture in rats and to alter circadian mela-
tonin secretion in both healthy and
alcoholic people (Danel and Touitou
2006; Danel et al. 2009). In addition,
alcohol alters the circadian expression



of Per2 and Per3 in the SCN, suggest-
ing that alcohol may directly affect the
central pacemaker and interfere with
its circadian functioning (Chen et al.
2004). In rats, Farnell and colleagues
(2008) have demonstrated that neona-
tal alcohol exposure during the brain
growth spurt can alter clock gene oscil-
lations in the liver, in addition to the
SCN.

Formation of ROS and Oxidative
Stress and Their Consequences
ROS, including superoxide (•O2–),
hydrogen peroxide (H2O2), hypochlo-
rite ion (OCl–), and hydroxyl (•OH)
radicals, are generated by many reactions
in multiple compartments in the cell,
including NADPH oxidases, lipid
metabolism within the peroxisomes;
and various cytosolic cyclooxygenases.
However, in most cells the vast majority
of ROS result from electron transport
by the mitochondria. The role of ROS

in inducing epigenetic alterations in
human carcinogenesis has been discussed
(Ziech et al. 2011).

Acetate Formation and 
Its Consequences

Most of the acetate resulting from
ethanol metabolism escapes the liver
into the blood. In cells with mitochon-
dria that contain enzymes capable of
transforming acetate to acetyl CoA,
such as heart, skeletal muscle, and
brain, the acetate is eventually metabo-
lized to CO2 in the TCA cycle. As
shown in figure 3, SIRT1 activates
mammalian acetyl-CoA synthase through
deacetylation, resulting in the forma-
tion of acetyl-CoA. The acetyl-CoA
then is used to acetylate histones,
resulting in gene activation. Subsequently,
SIRT1 deacetylates the histones, resulting
in gene silencing. Thus, SIRT1 can act
as a sensor to regulate gene transcription. 

Summary and Conclusions

Figure 5 summarizes the epigenetic
effects of alcohol metabolism, which
include the following:

• Global hypomethylation resulting
from a reduction in SAM levels.
SAM levels are reduced as a result
of alcohol-induced reduction in
folate and the inhibition of methio-
nine synthase. At the same time,
SAH levels increase, which inhibits
DNMT. 

• Histone modification that is associ-
ated with an increase in NADH
levels caused by alcohol metabolism.
The increase in NADH affects
SIRT1 activity, leading to gene
expression and/or silencing.

• Production of ROS, which affect
the expression of inflammatory
genes, and acetate, which is used 
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Figure 5 Interactions between alcohol metabolism and epigenetic mechanisms. Chronic alcohol consumption leads to lower-than-normal methyla-
tion (i.e., hypomethylation) by decreasing the levels of S-adenosylmethionine (SAM), which is used by DNA methyltransferases (DNMTs)
and histone methyl transferases (HMTs) to methylate DNA and histones, respectively. Furthermore, alcohol metabolism increases the ratio
of the reduced nicotinamide adenine dinucleotide (NADH) to the oxidized nicotinamide adenine dinucleotide (NAD+); this inhibits SIRT1,
thereby interfering with normal histone acetylation patterns. 

NOTES: ATP = Adenosine triphosphate; AMPK = AMP-activated protein kinase; HAT = histone acetyl transferase; TCA = tricarboxylic acid cycle.
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in extrahepatic tissues to produce
acetyl-CoA. The latter then is used
in histone acetylation by HATs.

These epigenetic changes resulting
from chronic alcohol consumption can
lead to organ pathology. Understanding
the exact nature of the epigenetic
changes will help design medication
for the treatment or alleviation of 
alcohol-induced organ damage.  ■
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The term “epigenetics” is rapidly becoming one of the more important
watchwords in the field of alcohol research. Put simply, epigenetics
is the study of changes in gene function that occur without a change

in the body’s genetic code, instead relying on epigenetic markers on,
among others, the DNA and certain nuclear proteins to turn genes “on”
and “off.” Epigenetic changes also are brought about by histone modifi-
cations, as well as by the role that noncoding RNA (ncRNA) plays. By
acting on these epigenetic markers, environmental factors such as diet,
stress, and prenatal nutrition can make an imprint on the genes that 
are active in different tissues and at various stages of life. Even more
importantly, these alterations may be passed along from one generation
to the next. The result is that the influences from harmful environmental
factors can be extended beyond the individual and passed to his or her
offspring. 

This issue of Alcohol Research: Current Reviews explores the concept 
of epigenetics and the role it plays—not only in shaping the key charac-
teristics that ensure normal functioning but also which may lead to 
disease. In particular, the issue looks at how epigenetics influences the
body’s response to alcohol and the development of alcohol use disorders
and various disease states. 

The concept of epigenetics is not new, originating in the 1940s
(Waddington 1942). The idea was put forth to explain alterations in 
an organism’s phenotype that could not be attributed to modifications
in its genotype. Or, in more modern terms, epigenetic modifications 
are the reason that identical DNA sequences can lead to different gene
expression profiles. The specific nature of these modifications, however,
has come to light only in recent years. These findings have painted a
fascinating and complex picture involving the coordinated interplay 
of numerous regulatory epigenetic mechanisms that help ensure the
organism’s normal development and function as well as adaptability to
changes in environmental conditions. Importantly, epigenetic modifications
of both DNA and histones are time- and tissue- or organ-specific; as a
result, disruptions of the epigenome can have vastly diverse consequences,
depending on the developmental stage and tissue or organ affected. 

One crucial epigenetic mechanism involves methylation of the DNA,
particularly in regulatory regions, which typically results in the silencing
of genes. Other modifications center on the histone proteins that help
package the DNA in the cell nucleus and which determine how accessible
the DNA is to the proteins required for gene expression. Finally, several
types of non–protein-coding RNA transcripts also can influence the
epigenetic status of the cell. If any of these finely tuned mechanisms
goes awry, changes in gene expression result that can increase susceptibility
to disease (Shukla and colleagues 2008). In fact, epigenetic mechanisms
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have been linked to numerous diseases, including cancer, autoimmune
disease, and age-related and neurological disorders (Moss and Wallrath
2007; Rodenhiser and Mann 2006). 

Environmental factors, including toxic agents and drugs, can exert
some of their harmful effects by altering normal epigenetic patterns,
leading to abnormal expression or silencing of essential genes and their
encoded proteins. Alcohol is fast emerging as one of the chief agents to
alter the epigenome of cells and tissues throughout the organism. 

The precise regulatory mechanisms through which ethanol alters
DNA methylation and histone modifications and, consequently, gene
expression are only beginning to be elucidated. This issue features some
of the latest discoveries in the field. The authors summarize what is 
currently known about epigenetic changes related to alcohol metabolism
and explore the relationship between alcohol-related epigenetic distur-
bances and in utero development and the pathophysiology of fetal 
alcohol spectrum disorders (FASD). Other reviews demonstrate how
far-reaching epigenetic influences can be, influencing all major body
systems, including the liver and gastrointestinal system, the brain, and
the immune system.  

Clearly, epigenetic changes, whether transient or permanent, play a
pivotal role in mediating alcohol’s actions in a variety of cells and organ
systems. Understanding the exact nature of alcohol’s interactions with
the epigenome will help scientists design better medications to treat or
alleviate a wide range of alcohol-related disorders, including FASD,
alcohol addiction, and organ damage. The articles in this journal issue
are testament to the progress researchers have made in recent years
toward this goal.
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Acute and chronic stressors have been associated with
alterations in mood and increased anxiety that may eventually
result in the development of stress-related psychiatric disorders.
Stress and associated disorders, including anxiety, are key
factors in the development of alcoholism because alcohol
consumption can temporarily reduce the drinker’s dysphoria.
One molecule that may help mediate the relationship between
stress and alcohol consumption is brain-derived neurotrophic
factor (BDNF), a protein that regulates the structure and
function of the sites where two nerve cells interact and
exchange nerve signals (i.e., synapses) and which is involved in
numerous physiological processes. Aberrant regulation of BDNF
signaling and alterations in synapse activity (i.e., synaptic
plasticity) have been associated with the pathophysiology of
stress-related disorders and alcoholism. Mechanisms that
contribute to the regulation of genetic information without
modification of the DNA sequence (i.e.,epigenetic mechanisms)
may play a role in the complex control of BDNF signaling and
synaptic plasticity—for example, by modifying the structure of
the DNA–protein complexes (i.e., chromatin) that make up the
chromosomes and thereby modulating the expression of certain
genes. Studies regarding the epigenetic control of BDNF
signaling and synaptic plasticity provide a promising direction to
understand the mechanisms mediating the interaction between
stress and alcoholism. KEY WORDS: Alcoholism; alcohol
consumption; genetic factors; epigenetics; acute stressors;
anxiety disorders; stress-related psychiatric disorders;
physiological response to stress; dysphoria; brain; brain-
derived neurotrophic factor (BDNF); synaptic plasticity

Alcoholism is a complex disorder characterized by com-
pulsive alcohol seeking and consumption that also is
impacted by related psychiatric states, such as anxiety

(Koob 2003; Pandey 2003). Both environmental and genetic
factors influence alcohol drinking patterns and may increase
susceptibility to the development of alcohol addiction
(Cloninger 1987; Crabbe 2002). The presence or develop-
ment of comorbid stress-related psychiatric disorders, which
typically are characterized by features such as altered mood
and anxiety, often has been associated with an increased
propensity for alcoholism (Bolton et al. 2009; Grant et al.
2004; Schuckit and Hesselbrock 1994). More specifically,

alcohol consumption is thought to reduce negative symp-
toms such as depressed mood and anxiety (i.e., dysphoria)
linked with stress-related disorders, which ultimately results
in self-medication (Bolton et al. 2009; Robinson et al. 2009).
Acute and chronic stressors also may be important factors
in regulating alcohol craving and may play a significant role
in the relapse to alcohol and drug dependence (Breese et al.
2011; Self and Nestler 1998; Sinha 2007; Uhart and Wand
2009). Various forms of stress, including early-life stress;
severe acute stress, such as that experienced in posttraumatic
stress disorder (PTSD); and chronic stress, likely can be asso-
ciated with an increased risk of alcohol and drug dependence
(Gordon 2002; Sinha 2008; Uhart and Wand 2009). At the
same time, early alcohol exposure and acute alcohol with-
drawal may increase vulnerability to stress that may result in
the development of negative affective states, such as anxiety
or depression (Guerri and Pascual 2010; Hellemans et al.
2010; Koob 2003; Pandey 2003). Taken together, these find-
ings delineate an intricate and complex relationship between
stress and alcohol exposure and have stimulated various lines
of research that attempt to identify the molecular mecha-
nisms involved in the development of dysphoric symptoms
related to the pathophysiology of alcoholism (Koob 2003;
Moonat et al. 2010; Pandey 2003). 
One focus of this research is the hypothalamus, a key
brain region involved in the body’s two main stress response
systems: (1) the hormonal system known as the hypothalamic–
pituitary–adrenal axis that culminates in the release of stress
hormones from the adrenal glands to elicit responses through-
out the body and (2) the brain’s central stress response system
that includes clusters of brain cells (i.e., nuclei) in the limbic
system and autonomic centers of the brain stem (Koob 2008;
Smith and Vale 2006). The neurocircuitry related to the cen-
tral stress response comprises connections between various
hypothalamic nuclei, the hippocampus, brain stem nuclei,
and a system of interconnected nuclei in the basal forebrain,
the extended amygdala (Koob 2008, 2009). These include
the central nucleus of amygdala (CeA), medial nucleus of
amygdala (MeA), bed nucleus of the stria terminalis, and the
shell of the nucleus accumbens (NAc) (Alheid 2003; Koob
2003). Some regions of the extended amygdala, such as the
CeA, also have been associated with the development of
alcoholism and stress-related disorders such as anxiety, 



suggesting that the extended amygdala is a neuroanatomical
substrate for the interaction between stress and alcoholism
(Koob and Volkow 2010; Pandey 2003, 2004).
One mechanism that may provide a link between stress-
related psychiatric disorders and alcoholism is modification
of synaptic plasticity via neuroadaptation (figure 1) (Moonat
et al. 2010; Pandey et al. 2008b; Pittenger and Duman 2008).
Studies found that ethanol exposure and related withdrawal
symptoms can result in structural and functional modifica-
tions at the sites where two nerve cells (i.e., neurons) interact
and transmit nerve signals (i.e., at the synapse). These modi-
fications at the synaptic level have been observed in various
brain regions as well as in neuronal cultures (Carpenter-Hyland
and Chandler 2006; Pandey et al. 2008b; Roberto et al. 2002;
Zhou et al. 2007). Chronic stress also is associated with changes
in structural and functional plasticity in various brain regions,
including the hippocampus, amygdala, and prefrontal cortex
(Goldwater et al. 2009; Pavlides et al. 2002; Roozendaal et
al. 2009). Neuroadaptation associated with ethanol exposure
or stress plays a role in the onset of dysphoric symptoms 
that may manifest as stress-related psychiatric disorders or
withdrawal-induced anxiety (Pandey et al. 2008b; Pittenger
and Duman 2008; Roozendaal et al. 2009). 
One molecule that has been implicated in synaptic plasticity
and long-term memory formation is a protein, cAMP-
responsive element binding (CREB) (Abel and Kandel 1998;
Alberini 2009; Waltereit and Weller 2003). It also has been
recognized as a critical modulator of neuroadaptation associated
with alcoholism (Misra et al. 2001; Pandey 2004; Pandey et
al. 2003, 2005) and the effects of stress (Barrot et al. 2002;
Bilang-Bleuel et al. 2002; Carlezon et al. 2005). CREB is a
transcription factor—that is, it helps regulate the first step 
in the conversion of the genetic information encoded in the
DNA into finished protein products (i.e., transcription) by
binding to specific DNA sequences in its tar-
get genes. To exert its effects, CREB must 
be activated by the addition of a phosphate
group to (i.e., phosphorylation of) the amino
acid serine at position 133 of the CREB protein.
This phosphorylation is performed by enzymes,
protein kinases, that are associated with vari-
ous signaling cascades, including the mitogen-
activated protein kinase (MAPK) pathway
(Impey et al. 1999; Shaywitz and Greenberg
1999; Waltereit and Weller 2003). One tar-
get gene of CREB encodes a molecule, brain-
derived neurotrophic factor (BDNF), which
plays an important role in the regulation of
synaptic plasticity and dendritic spine struc-
ture (Minichiello 2009; Poo 2001; Tao et al.
1998; Soule et al. 2006). (For more informa-
tion on dendritic spines, see the textbox
“Histone Acetylation and Dendritic Spines.”)
BDNF also may mediate changes in synaptic
plasticity that accompany both alcohol expo-
sure (Moonat et al. 2010, 2011; Pandey et al.
2008b) and stress (Briand and Blendy 2010;

Duman and Monteggia 2006). Accordingly, researchers have
begun to investigate how BDNF activity is controlled. These
studies have determined that mechanisms contributing to
the regulation of gene transcription that do not involve alter-
ations of the DNA sequence (i.e., epigenetic mechanisms)
seem to play a role in the regulation of BDNF activity as
well as in synaptic plasticity (Guan et al. 2009; Lubin et al.
2008; Tsankova et al. 2006). Accordingly, this topic has
become a focus of research in stress and alcoholism (Elliott et
al. 2010; Hunter et al. 2009; Moonat et al. 2010; Pandey et
al. 2008a; Qiang et al. 2010).
This article reviews research that attempts to describe the
role of epigenetic mechanisms in the regulation of BDNF
function in alcoholism and stress. After providing an overview
of epigenetic mechanisms and their role in the control of
gene transcription, the article will summarize research regarding
the regulation of BDNF signaling, focusing on epigenetic
mechanisms involved in the regulation of BDNF expression.
Finally, the article will outline the potential role of the epige-
netic control of BDNF signaling and synaptic plasticity in
alcoholism and stress.

Epigenetic Regulation of Gene Transcription

The term epigenetics refers to chemical modifications occurring
within a genome that may modulate gene expression without
changing the DNA sequence (Holliday 2006; Murrell et al.
2005; Waddington 1942). Common epigenetic alterations
include the chemical modification (e.g., addition or removal
of acetyl groups) of the proteins around which the DNA is
wrapped (i.e., histone proteins) to form the chromosomes
and the direct addition of methyl groups (i.e., methylation)
to DNA. These modifications are performed by enzymes,
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Figure 1   A psychiatric model for the relationship between stress, anxiety, and alcohol 
consumption and its modulation by brain-derived neurotrophic factor (BDNF) 
and synaptic plasticity. Exposure to stress is thought to result in the modulation 
of BDNF and synaptic plasticity in various brain regions. These changes may
result in increased vulnerability to the development of stress-related disorders
such as anxiety. Vulnerability to alcohol consumption also may be increased,
either directly due to stress exposure or in response to the development of anxiety. 
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such as histone deacetylases (HDACs) and DNA methyl-
transferases (DNMTs). Both of these mechanisms work in
concert to remodel the structure of the protein–DNA complex
(i.e., the chromatin), thereby regulating the access of the
transcriptional machinery to the DNA and, consequently,
gene expression in the cell (Borrelli et al. 2008; Jenuwein
and Allis 2001; Levenson and Sweatt 2005; for more infor-
mation, also see Starkman et al. 2012). 

Histone Acetylation
The basic unit of chromatin, a nucleosome, consists of four
histone protein subtypes that form an octamer around which
the DNA is wrapped (Jenuwein and Allis 2001; Smith
1991). Histone modification occurs at lysine amino acids
near one end of the histone proteins and, as mentioned earlier,

involves the addition and removal of acetyl groups. The level
of acetylation of the histones determines how tightly the
DNA is wound around the histones and how tightly the
nucleosomes are stacked together. In the presence of many
acetyl groups (i.e., hyperacetylation) at specific lysine residue
of histones H3 and H4, the chromatin is relaxed and accessi-
ble to the transcriptional proteins, resulting in increased gene
transcription; conversely, in the presence of only few acetyl
groups (i.e., hypoacetylation), the chromatin is condensed,
preventing access of transcriptional proteins and resulting in
gene silencing (Smith 1991; Strahl and Allis 2000).
HDACs are enzymes that can remove acetyl groups from
histone proteins; they seem to be key elements in the regula-
tion of chromatin structure and function (figure 2) (Jenuwein
and Allis 2001). Inhibition of HDAC enzymes by pharma-
cological intervention is effective in the treatment of some

cancers, and numerous HDAC inhibitors
have been approved or are in clinical trials 
for this purpose (Dokmanovic et al. 2007;
Lane and Chabner 2009). Recently, HDAC
inhibitors also have been explored as potential
therapeutic agents in the treatment of psychiatric
disorders, including stress-related disorders
and addiction, and have become an impor-
tant focus of research in the neuroscience
field (Covington et al. 2009; Kumar et al.
2005; Pandey et al. 2008a; Renthal and
Nestler 2008; Tsankova et al. 2007). Several
HDAC isoforms have been identified and
grouped into four classes based upon their
regulation and cellular localization (de Ruijter
et al. 2003; Dokmanovic et al. 2007). Specific
HDAC variants (i.e., isoforms) recently have
been identified as regulators of neuronal pro-
cesses such as synaptic plasticity (Guan et al.
2009; Renthal and Nestler 2008). This suggests
that use of isoform-specific HDAC inhibitors
may increase the specificity and efficacy of these
drugs in the treatment of psychiatric disorders.

DNA Methylation
The chromatin structure also can be modified
by adding methyl groups to certain DNA
building blocks (i.e., cytosine nucleotides) in
a particular gene, resulting in transcriptional
silencing (see figure 2). The level of DNA
methylation is controlled by three DNMT
subtypes that seem to be differentially regu-
lated and preferentially methylate at specific
DNA sequences (Antequera 2003; Bestor
2000; Okano et al. 1999). DNA methylation
can inhibit transcription either directly, by
blocking the binding of transcriptional
machinery to DNA, or indirectly, via methyl-
CpG binding domain proteins (MBDs) 
(Fan and Hutnick 2005; Wade 2001). 
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HDAC-Induced Histone Deacetylation 
and Dendritic Spines

Dendritic spines are protuberances that make up the sites where
incoming signals from other nerve cells are received (i.e., the post-
synaptic terminals) along dendritic processes. The overall number

of dendritic spines, their shape, and their distribution on the dendritic
processes can change rapidly. This compartmentalization of dendritic
spines may allow for the regulation of synaptic plasticity at an individual
synapse (Yuste 2011; Higley and Sabatini 2008). For example, various
intracellular signaling mechanisms, including brain-derived neurotrophic
factor (BDNF) signaling via activity-regulated cytoskeleton-associated
(Arc) protein, can regulate the structural and functional components of
dendritic spines associated with long-term potentiation (LTP) and synaptic
plasticity (Bramham et al. 2008; Minichiello 2009; Soule et al. 2006).
Epigenetic mechanisms also may play a role in the regulation of den-
dritic spines. Specifically, a recent study (Guan et al. 2009) noted that
one histone deacetylase (HDAC) subtype, HDAC2, is involved in the
regulation of dendritic spines. When studying mice that produced exces-
sive levels of HDAC2, the investigators found that increased HDAC2 levels
were associated with reduced memory formation in a fear-conditioning
paradigm and that this impairment was associated with a reduction in
dendritic spine density in the hippocampus. Treatment of HDAC2-
overexpressing mice with HDAC inhibitors reversed these deficits. On
the other hand, animals in which the gene encoding HDAC2 was inac-
tivated (i.e., HDAC2 knockout animals) showed improved learning 
and increased dendritic spine density (Guan et al. 2009). These findings
suggest that HDAC2 plays a role in the regulation of synaptic plasticity;
however, future studies may be necessary to identify the specific genes
that are regulated by HDAC2 in the control of neuronal function and
structure. Given the involvement of brain-derived neurotrophic factor
(BDNF) in synaptic plasticity, it may be useful to evaluate the potential
regulation of BDNF signaling by HDAC2 in learning at the neuronal
and behavioral levels.



These proteins, including MeCP2, seem to directly regulate
the condensation of chromatin structure and recruit HDACs
and DNMTs, which may further enzymatically modify chro-
matin components (see figure 2) (Fuks et al. 2000; Kimura
and Shiota 2003; Nan et al. 1998). Mutations in the MeCP2
gene and, consequently, the resulting protein that alter tran-
scription of the gene encoding BDNF and affect synaptic
plasticity are thought to underlie a neurodevelopmental dis-
order, Rett syndrome (Chahrour and Zoghbi 2007; Chang 
et al. 2006; Monteggia and Kavalali 2009; Zhou et al. 2006).
Thus, the coordinated actions of HDACs, DNMTs, and
MBDs form a complex regulatory network that modulates
neuronal function, and dysregulation of these proteins has
been implicated in a variety of psychiatric disorders.
Researchers are beginning to identify the role of epigenetic
mechanisms in the regulation of gene transcription related to
alcohol exposure and the development of alcoholism (Kim
and Shukla 2006; Moonat et al. 2010; Pandey et al. 2008a;
Qiang et al. 2010). Moreover, histone modifications and

DNA methylation are involved in the dysphoric states
induced by acute and chronic stress (Elliott et al. 2010;
Fuchikami et al. 2009; Hunter et al. 2009; Tsankova et al.
2006). Specifically, various studies have demonstrated that
epigenetic mechanisms are involved in the regulation of
BDNF gene transcription, which in turn plays a role in the
modulation of synaptic structure and function (He et al.
2010; Lubin et al. 2008; Tsankova et al. 2006). This will be
discussed in the following section.

The Regulation of BDNF Expression and Signaling

BDNF signaling seems to be an important factor in the
intracellular processes which occur following neuronal acti-
vation (i.e., activity-dependent processes) that play a role in
synaptic plasticity and the regulation of dendritic morphology
(Messaoudi et al. 2007; Poo 2001; Soule et al. 2006; Ying et
al. 2002). BDNF acts by binding to a receptor molecule,
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Figure 2   The coordinated actions of proteins involved in epigenetic modifications that regulate gene transcriptional processes. During the first step
in the conversion of genetic information encoded in the DNA into gene products (i.e., during gene transcription), the DNA to be transcribed
is associated with histone proteins (light blue) that are modified by the addition of acetyl groups (green). This modification results in a
relaxed chromatin configuration that allows the transcriptional machinery access to the DNA. Enzymes, DNA methyltransferases (DNMTs),
can add methyl groups (red) to the DNA at certain sequences of DNA building blocks (i.e., CpG islands). This methylation causes recruit-
ment of methyl binding domain (MBD) protein complexes that also include repressor proteins, such as histone deacetylases (HDAC). The
HDACs remove acetyl groups from histone proteins, resulting in a condensed chromatin that limits the binding of the transcriptional machinery,
thereby decreasing gene transcription. Thus, activation of both DNMT and HDAC causes a reduction in gene transcription. Treatment with
DNMT inhibitors and HDAC inhibitors may block these enzymatic processes and return the chromatin to a relaxed state, allowing gene
transcription.



tyrosine kinase B (TrkB), which can phosphorylate other
proteins as well as itself. The interaction of TrkB with
BDNF results in dimerization and autophosphorylation of
the receptor (Minichiello 2009; Reichardt 2006). When the
TrkB receptor becomes phosphorylated, it can bind to “adap-
tor molecules” that then can initiate three primary intracellu-
lar signaling cascades (Impey et al. 1999; Minichiello 2009;
Reichardt 2006):

• The MAPK pathway;

• The phospatidylinositol 3-kinase (PI3K) pathway; and 

• The phospholipase Cγ (PLCγ) pathway. 

The activation of these cascades, particularly the MAPK
pathway, ultimately results in the recruitment and phospho-
rylation of two transcription factors, CREB and Elk-1,
which in turn enhance the expression of a gene, activity-
regulated cytoskeleton-associated (Arc) immediate-early gene,1
(see figure 3) (Bramham et al. 2008; Pandey et al. 2008b;
Ramanan et al. 2005; Ying et al. 2002). Arc protein plays 
a role in the induction of a process, long-term potentiation,
and is believed to result in the proliferation of dendritic
spines (Huang et al. 2007; Messaoudi et al. 2007; Pandey et
al. 2008b; Ying et al. 2002). Thus, BDNF plays an impor-
tant role in the regulation of synaptic plasticity by activating
TrkB-coupled signaling and causing induction of Arc immediate-
early gene.
BDNF is a member of the neurotrophin family whose
activity is governed by complex regulatory mechanisms at
the transcriptional, translational, and posttranslational levels
of gene expression.2 The gene encoding BDNF has a complex
structure that allows for dynamic control over the expression
of the gene region that encodes the actual BDNF protein by
allowing for differential regulation of transcription via a wide
variety of signaling and epigenetic mechanisms (Aid et al.
2007; Tao et al. 1998; Tsankova et al. 2004). For example,
several regulatory elements (i.e., promoters) control BDNF
transcription, with certain promoters active only in certain
cells. As a result, several distinct BDNF transcripts (i.e., 
messenger RNAs [mRNAs]) can be generated that differ in
the tissues and cells where they are produced; for example,
certain BDNFmRNAs specifically are targeted to the neu-
ronal dendrites (Aid et al. 2007; An et al. 2008; Greenberg
et al. 2009; Timmusk et al. 1993). Specific BDNF transcripts
also seem to be differentially regulated by activity-dependent
processes. For example, some BDNF transcripts are regulated
by the CREB transcription factor, and transcription of the
same BDNFmRNAs is increased after consolidation of fear

learning (Lubin et al. 2008; Ou and Gean 2007; Tao et al.
1998). In this manner, BDNF expression is regulated by
CREB and, in turn, BDNF signaling also helps modulate
CREB activity (Pandey et al. 2008b; Pizzorusso et al. 2000;
Ying et al. 2002).

Role of Epigenetic Mechanisms
Epigenetic mechanisms, specifically histone modifications
and DNA methylation, regulate BDNF expression via 
specific promoter regions for the BDNF gene. Huang and
colleagues (2002) demonstrated that histone acetylation
resulted in enhanced BDNF expression. Specifically, the level
of histone acetylation associated with BDNF promoter II
was increased in the hippocampus, suggesting a role for
chromatin remodeling in the regulation of BDNF. Tsankova
and colleagues (2004) also showed that histone acetylation
influenced hippocampal BDNF expression in a model of
electroconvulsive shock therapy, demonstrating that time-
and promoter-dependent changes in histone acetylation levels
were associated with similar changes in BDNF expression.
Other investigators subsequently found that histone modifi-
cations were involved in the regulation of BDNF expression
in the striatum during chronic cocaine exposure and in the
hippocampus in a model of depression induced by chronic
social-defeat stress (Kumar et al. 2005; Tsankova et al. 2006).
Importantly, these studies determined that specific HDAC
isoforms participated in the complex process of chromatin
remodeling, suggesting a therapeutic role for isoform-specific
HDAC inhibitors in alcohol and drugs of abuse as well as in
depression (Kumar et al. 2005; Tsankova et al. 2006; Renthal
and Nestler 2008). (Another role for HDAC activity—
namely, in the regulation of dendritic spines—is discussed in
the textbox “Histone Deacetylation and Dendritic Spines.”) 
As mentioned earlier, DNA methylation can inhibit tran-
scription indirectly, via MBDs that seem to regulate the con-
densation of chromatin structure and recruit HDACs and
DNMTs. One of these MBDs is MeCP2, which represses
gene transcription via coordinated binding of methylated
DNA, HDACs, and DNMT1 (Ballestar and Wolffe 2001).
MeCP2 plays a role in the activity-dependent regulation of
BDNF expression in neurons. Specifically, enhanced expression
of one of the BDNF variants (i.e., BDNF exon IV) following
arrival of a nerve impulse in the neurons (i.e., following
depolarization) was associated with increased histone acetylation,
reduced DNA methylation, and reduced MeCP2 binding 
at the promoter for that BDNF variant. This suggests that
BDNF expression is regulated dynamically by chromatin
remodeling (Martinowich et al. 2003). MeCP2-dependent
regulation of this BDNF variant also is involved in regulating
the formation of dendritic spines (Zhou et al. 2006). 
The association between MeCP2 and BDNF exon IV 
levels is mediated at least in part by a protein, RACK1. This
protein associates with histones H3 and H4 at the BDNF
exon IV promoter and causes MeCP2 to dissociate from the
BDNF gene (He et al. 2010). RACK1-mediated dissociation
of MeCP2 from the BDNF gene leads to increased histone
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1 This gene also is known as activity-regulated gene 3.1 (Arg3.1).

2 Transcription is the first step of gene expression, in which the genetic information encoded in the
DNA is copied into an intermediate molecule, mRNA. In the second step of gene expression, transla-
tion, the mRNA then serves as a template for the synthesis of the proteins that are the gene products.
After translation (i.e., posttranslationally) these proteins can be modified further by the addition of
certain chemical groups.



acetylation at the BDNF exon IV promoter and, in turn,
increases BDNF expression (He et al. 2010). Other studies
found that reduction of DNA methylation levels 
in the BDNF exon IV promoter region increased BDNF
expression during a fear conditioning experiment (Lubin 
et al. 2008). Of interest, in that study BDNF exon IV
expression specifically was associated with the consolidation
of fear memory, whereas increases in other BDNF variants
(i.e., BDNF exons I and VI) occurred with the presentation
of context alone (Lubin et al. 2008). 
Taken together, these findings provide evidence for the over-
lap between histone modifications and DNA methylation in
the regulation of BDNF gene expression, which may be associ-
ated with activity-dependent changes in synaptic plasticity. 

BDNF and Epigenetic Mechanisms in Stress 
and Alcoholism

BDNF and Stress
Chronic stress has been linked with shrinkage of brain tissue
(i.e., neuronal atrophy) and modulation of dendritic struc-
ture in the hippocampus (McEwen 2008; Watanabe et al.
1992) and was associated with reduced BDNF levels in that
brain structure (Smith et al. 1995). In addition, both acute
and chronic stress may modulate BDNF levels and structural
plasticity in a variety of brain areas, including the hippocam-
pus, prefrontal cortex, and amygdala (Calabrese et al. 2009;
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Figure 3   A hypothetical model for the role of brain-derived neurotrophic factor (BDNF) signaling and chromatin remodeling in central amygdaloid
brain regions in the regulation of anxiety induced by acute ethanol and ethanol withdrawal. BDNF binding to tyrosine receptor kinase B
(TrkB) triggers several signaling cascades that culminate in the activation of transcription factors, Elk-1 and cAMP-responsive element binding
protein (CREB). Under normal conditions, histone deacetylase (HDAC) levels and histone acetylation are adequate to allow for normally
regulated chromatin structure and gene transcription. Acute ethanol exposure inhibits HDAC, resulting in increased histone acetylation 
and an open chromatin conformation. This may lead to increased transcription of BDNF as well as higher levels of a protein, activity-regulated
cytoskeleton associated protein (Arc), thereby increasing dendritic spine density. The modulation of these synaptic factors results in anxi-
ety-reducing (i.e., anxiolytic) behavioral effects. In contrast during withdrawal from chronic ethanol exposure HDAC activity increases, result-
ing in a reduction of histone acetylation that in turn closes the chromatin conformation and reduces gene transcription. The resulting low
BDNF levels decrease Arc and dendritic spine density, all of which are associated with anxiety-like behaviors. This model is further supported
by the fact that exogenous infusion of BDNF into the CeA reduces anxiety-like behaviors in ethanol withdrawn rats and is associated with
increased BDNF and Arc levels (Moonat et al. 2010; Pandey et al. 2008a, 2008b).



McEwen 2008; Pizarro et al. 2004). In the hippocampus,
acute stress caused by immobilization as well as swim stress
increased the levels of BDNFmRNA. This increase was asso-
ciated with increased MeCP2 phosphorylation, suggesting
that epigenetic mechanisms help mediate the effects of acute
stress (Marmigere et al. 2003; Molteni et al. 2009). Increased
BDNF expression may represent a protective mechanism in
response to stress; conversely, reduced BDNF levels after
exposure to repetitive and chronic stress appear to represent
a dysregulation of this mechanism (Calabrese et al. 2009;
McEwen 2008). This assumption is supported by findings
that the antidepressant effects of medications used in chronic-
stress models of depression are mediated by an increase in
BDNF levels in the hippocampus (Nibuya et al. 1995;
Shirayama et al. 2002; Tsankova et al. 2006). It also is inter-
esting to note that low BDNF levels in the CeA and MeA
mediate anxiety-like behaviors, and the anxiety-reducing
(i.e., anxiolytic) effects of alcohol may be associated with an
increase in BDNF signaling (Moonat et al. 2011; Pandey 
et al. 2006, 2008b). These observations clearly suggest that
aberrations of BDNF signaling contribute to the develop-
ment of stress-related dysphoric behaviors, and the BDNF
signaling pathway therefore may be a promising potential
therapeutic target for treatment of these disorders. 

Role of Chromatin Remodeling. Researchers recently
also have begun to investigate the role of chromatin

remodeling in BDNF signaling associated with stress-related
dysphoria. Using a model of depression induced by chronic
stress, Tsankova and colleagues (2006) found that the
levels of the BDNF exon IV and exon VI were reduced in
the hippocampus and that this effect could be blocked by
chronic antidepressant treatment (Tsankova et al. 2006).
Further analyses found that this effect likely was associated
with changes in histone methylation because chronic stress
increased the levels of methylated histone H3 protein near
the BDNF exons IV and VI promoters, which interferes
with BDNF transcription. Conversely, treatment with
antidepressants reduced the levels of histone methylation
and increased the levels of acetylated H3 associated with
these BDNF promoters, thereby increasing BDNF expression.
Simultaneously, antidepressant treatment reduced the
expression of HDAC5, but when the levels of HDAC5
were elevated through genetic engineering, the effects of
antidepressant treatment were reduced (Tsankova et al. 2006).
The levels of several HDACs in the NAc also may influence
the development of stress-related dysphoria. In contrast to
the hippocampus, HDAC2 and HDAC5 levels in the NAc
were reduced by chronic stress, suggesting opposing roles for
histone modifications in the hippocampus and NAc in
stress-related dysphoria (Renthal et al. 2007). Interestingly,
systemic treatment with HDAC inhibitors or infusion of
HDAC inhibitors into the NAc reduced stress-related dys-
phoria (Covington et al. 2009; Tsankova et al. 2006). Taken
together, all these results suggest that histone modifications

may be involved in the regulation of BDNF
in stress-related dysphoria and the therapeu-
tic effects of antidepressants. 

Role of DNA Methylation. DNA methylation
also plays a role in the development of
stress-related dysphoria as well as synaptic
plasticity in the NAc. Specifically, chronic
stress increased expression of one DNA
methyltransferase, DNMT3a, in the NAc,
which was associated with an increase in
depressive-like behavior (LaPlant et al. 2010).
Infusion of a DNMT inhibitor into the
NAc of chronically stressed animals reduced
these observed behaviors. Conversely,
overexpression of DNMT3a in the NAc
precipitated a depression-like phenotype in
animals that had not been exposed to stress.
DNMT3a overexpression also resulted in
the proliferation of dendritic spines (LaPlant
et al. 2010). These results indicate that
DNMT3a may contribute to stress-related
dysphoria and control of dendritic spine
structure. It would be interesting to expand
upon these results and determine if a link
exists between stress-associated changes in
DNMT3a and methylation of the BDNF
gene and alcoholism.
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Figure 4   A hypothetical model for the role of amygdaloid brain-derived neurotrophic factor
(BDNF) in the regulation of activity-regulated cytoskeleton-associated protein
(Arc) and dendritic spine density in the comorbidity between innate anxiety 
and alcohol preference. Genetic factors may lead to innately low levels of
amygdaloid BDNF that result in reduced Arc and dendritic spine density and
which are associated with a predisposition to innate anxiety-like behaviors.
Acute ethanol exposure increases BDNF signaling and associated synaptic factors,
Arc, and dendritic spine density and results in a reduction of innate anxiety.
Taken together, innate anxiety and a reduction of this anxiety by acute ethanol
may be responsible for the development of alcoholism (Moonat et al. 2011).
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BDNF, Stress, and Alcoholism
Various researchers have explored the association of BDNF
with ethanol preference, the effects of ethanol exposure, and
dysphoric states associated with withdrawal from chronic
ethanol exposure. BDNF deficits may lead to an increased
preference for ethanol, because transgenic animals with
reduced BDNF expression have a higher ethanol preference
and conditioned place preference for ethanol compared with
wild-type control animals (Hensler et al. 2003; McGough et
al. 2004). Furthermore, ethanol exposure results in increased
BDNF expression in the dorsal striatum. This increase involved
a regulatory mechanism mediated by RACK1 because exoge-
nous increases in RACK1 led to increased BDNF expres-
sion, resulting in reduced ethanol consumption (McGough
et al. 2004). These findings suggest that BDNF in the dorsal
striatum helps regulate neuronal homeostasis and prevent
alcohol addiction (McGough et al. 2004). In addition,
endogenous BDNF signaling in the dorsolateral striatum
participates in the regulation of ethanol intake (Jeanblanc et
al. 2009). Because, as mentioned earlier, MeCP2 is involved
in the RACK1-mediated regulation of BDNF (He et al.
2010), future studies should determine whether chromatin
remodeling affects BDNF expression in the dorsal striatum
and, ultimately, ethanol’s effects and ethanol preference. 
Various studies have examined how BDNF impacts the
interaction between alcohol preference and anxiety. For
example, Pandey and colleagues (2006) reduced BDNF levels
in the extended amygdala by introducing small molecules
that can inhibit BDNF expression (i.e., antisense oligodeoxynu -
cleotides) into the CeA or MeA. This caused increased vol-
untary ethanol intake and anxiety-like behaviors. The low
BDNF levels resulted in reduced BDNF signaling, as evi-
denced by decreased levels of the phosphorylated forms of
CREB and another regulatory molecule (Pandey et al. 2006).
Both the effects on behavior and protein phosphorylation
were reversed when BDNF was introduced together with the
antisense oligonucleotides (Pandey et al. 2006). Additional
studies identified a subsequent step in the signaling cascade
induced by BDNF involving the Arc protein mentioned 
earlier. The findings suggested that the effects of reduced
amygdaloid BDNF expression on ethanol preference and
anxiety-like behaviors may be mediated by the downstream
regulation of Arc (Pandey et al. 2008b). These behavioral
changes were accompanied by a reduction in dendritic spine
density in the CeA. 
In an extension of these findings, investigators used an
animal model of genetic predisposition to alcoholism and
anxiety (i.e., selectively-bred alcohol-preferring [P] and 
nonpreferring [NP] rats) to study the role of BDNF in the
extended amygdala. The studies found that compared with
NP rats, P rats expressed lower levels of BDNF and Arc and
had lower dendritic spine density in the CeA and MeA and
that these characteristics were associated with high innate
anxiety-like behaviors (Moonat et al. 2011; Prakash et al.
2008). Furthermore, acute ethanol exposure had anxiolytic
effects that were associated with increased BDNF and Arc

levels as well as increased dendritic spine density in the CeA
and MeA in P rats, but not in NP rats (Moonat et al. 2011).
These findings were consistent with earlier findings in Sprague-
Dawley rats, which showed that increases in BDNF–Arc 
signaling and dendritic spine density in the extended amyg-
dala were associated with the anxiolytic effects of acute ethanol
(Pandey et al. 2008b). Withdrawal from chronic ethanol
exposure provoked anxiety-like behaviors, which resulted 
in reduced BDNF signaling in the CeA and MeA, whereas
BDNF infusion into the CeA normalized Arc levels and pre-
vented anxiety-like behaviors (Pandey et al. 2008b). Taken
together, these studies suggest that reduced BDNF–Arc 
signaling and synaptic plasticity contribute to both dyspho-
ria associated with a genetic vulnerability for anxiety and to
anxiety induced by environmental stressors, such as alcohol
withdrawal (see figures 3 and 4). 
Recent findings further suggest that the anxiolytic effects
of acute ethanol exposure are associated with reduced HDAC
activity and increased histone acetylation in the CeA and
MeA (Pandey et al. 2008a). Conversely, withdrawal-induced
anxiety following chronic ethanol treatment was linked with
increased HDAC activity levels and reduced histone acetyla-
tion in these amygdaloid brain regions (see figure 3). Systemic
administration of an agent that inhibits HDAC activity (i.e.,
trichostatin A) reduced the effects of withdrawal on histone
acetylation and anxiety-like behaviors (Pandey et al. 2008a).
Thus, treatment with HDAC inhibitors appears to have
similar effects on withdrawal-induced anxiety as BDNF, and
acute ethanol exposure may have similar effects on histone
acetylation and BDNF levels (Pandey et al. 2008a, 2008b).
Therefore, it may be important to study the potential regula-
tion of amygdaloid BDNF by chromatin remodeling and 
its role in dysphoria associated with the development of 
alcoholism. Similarly, it may be interesting to explore the
possibility that innate abnormalities in chromatin structure
may affect BDNF levels, resulting in innate anxiety-like
behaviors, such as those demonstrated by P rats, that may 
be critical to the development of alcoholism.

Conclusions

The studies reviewed here suggest that the reduction of BDNF
levels may play a role in the neuroadaptation to repetitive 
or chronic exposure to alcohol or stress and the development
of dysphoric states. Moreover, it appears that abnormalities
in BDNF signaling serve as predisposing factors to innate
dysphoric states that may associated with alcohol-drinking
behaviors, such as anxiety (see figure 4). It also is possible
that the environmental effects and genetic factors involved 
in an increased vulnerability to stress and alcoholism may 
be related to a common epigenetic mechanism that results 
in the dysregulation of BDNF signaling in various brain
regions. Future studies are necessary to further evaluate the
role of specific HDAC and DNMT variants that are involved
in the epigenetic regulation of BDNF or other genes associated
with synaptic plasticity during the development of pathological
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behaviors associated with stress and alcohol addiction. Finally,
the development and assessment of specific pharmacological
agents that act via epigenetic mechanisms, such as HDAC
and DNMT inhibitors, could have a significant psychother-
apeutic impact on the development of stress-related disorders
and the comorbidity with alcoholism.   ■
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The risk for alcohol dependence throughout development is determined by both
genetic and environmental factors. Genetic factors that are thought to modulate this
risk act on neurobiological pathways regulating reward, impulsivity, and stress
responses. For example, genetic variations in pathways using the brain signaling
molecule (i.e., neurotransmitter) dopamine, which likely mediate alcohol’s rewarding
effects, and in two hormonal systems involved in the stress response (i.e., the
hypothalamic–pituitary–adrenal axis and the corticotropin-releasing factor system)
affect alcoholism risk. This liability is modified further by exposure to environmental risk
factors, such as environmental stress and alcohol use itself, and the effects of these
factors may be enhanced in genetically vulnerable individuals. The transition from
alcohol use to dependence is the result of complex interactions of genes,
environment, and neurobiology, which fluctuate throughout development. Therefore,
the relevant genetic and environmental risk factors may differ during the different
stages of alcohol initiation, abuse, and dependence. The complex interaction of these
factors is yet to be fully elucidated, and translational studies, ranging from animal
studies to research in humans, and well-characterized longitudinal studies are
necessary to further understand the development of alcohol dependence.KEY WORDS:
Alcohol dependence; alcoholism; alcohol use and abuse; alcohol and other drug
use initiation; risk factors; genetic factors; environmental factors; stress; stress
response; neurobiology; biological development; brain; hypothalamic–
pituitary–adrenal axis; corticotropin-releasing factor system; animal studies;
human studies; literature review

The development of alcohol depen-dence is a complex process influenced
by both genetic and environmental

risk factors (Prescott and Kendler 1999).
The relative contributions of genetic
and environmental influences fluctuate
across development. During adolescence
the initiation of alcohol use is strongly
influenced by environmental factors
(Dick et al. 2007; Heath et al. 1997;
Karvonen 1995; Latendresse et al. 2008;
McGue et al. 2000), whereas the genetic
contribution to alcohol use at this stage
is nonspecific and increases the risk for
general externalizing behavior (Moffitt
1993; Moffitt et al. 2002). Specific
genetic factors increasingly become rel-
evant, however, as patterns of alcohol
use are established (Hopfer et al. 2003;
Pagan et al. 2006), particularly in mid-
adulthood when dependence tends to
emerge (Kendler et al. 2010; Schuckit

et al. 1995). Gene–environment inter-
actions also play a role because the
influence of certain genetic factors seems
to increase when a person is exposed to
relevant environmental risk factors (Uhart
and Wand 2009). Therefore, the devel-
opment of dependence can be concep-
tualized within a temporal framework
of genes, environment, and behavior.
The purpose of this review is to
explore, within this framework, the
contribution of some of the neurobio-
logical systems that are important for
the development of alcohol dependence.
One of these is the mesolimbic dopamin-
ergic system, which is involved in
inducing the rewarding effects of alcohol
and plays a central role in early alcohol
use. Another pathway that also has
been implicated in alcohol abuse, and
particularly in the transition to alcohol
dependence, involves two stress-response

systems, the hypothalamic–pituitary–
adrenal (HPA) axis and the extra-
hypothalamic corticotropin-releasing
factor (CRF) stress response system,
which mediate the interaction of psy-
chosocial stress and early alcohol use.
Both of these systems exemplify how
the effects of genes and environment
may be augmented during critical periods
of alcohol use and dependence across
the lifespan. For example, the dopamin-
ergic system undergoes developmental
transformations during adolescence that
are associated with increased reward
sensitivity and risk taking (Spear 2000),
which presents a window of vulnerabil-
ity for exposure to alcohol and stress.
Then, as alcohol use continues through
life, chronic exposure to alcohol can
enhance the activity of (i.e., upregulate)
the HPA and CRF systems. This dys-
regulation of the stress response systems



becomes a pathological feature of alcohol
dependence, perpetuating chronic
alcohol drinking based on an allostatic
shift1 of the CRF system (Koob 2010).
Moreover, the HPA, CRF, and dopamin-
ergic systems can influence early alcohol
drinking as a result of gene–environment
interactions. This article will summarize
the literature that has explored how
genetic variation within the dopamin-
ergic and stress response systems can
influence the risk of alcohol dependence
and how the exposure to relevant 
environmental risk factors and their
interaction with genetic variants may
influence alcoholism pathology. The
effects of genes and environment on
alcohol dependence will be discussed
in a developmental framework from
early childhood to adolescence as well
as in the context of the development 
of dependence, when drinking behavior
shifts from recreational use to dependence.

Role of Dopaminergic and
Stress Response Systems in
Alcohol Initiation and Early
Alcohol Use 

Environmental Factors and the
Dopaminergic System
Several environmental factors have
been shown to influence the initiation
of alcohol consumption and its use
during adolescence, including the level
and quality of parental monitoring,
peer-group influences, alcohol avail-
ability, and socioregional effects (Dick
et al. 2007; Heath et al. 1997; Karvonen
1995; Latendresse et al. 2008; McGue
et al. 2000). Thus, maternal and paternal
alcohol use has been positively corre-
lated with adolescent alcohol use at ages
14 and 17 (Latendresse et al. 2008).
Moreover, the level of urbanization was
found to correlate with alcohol use in
Finnish adolescents at ages 16 and 18
(Karvonen 1995), and peer-group drink-
ing behavior was one of the strongest
predictors of problematic drinking in 
a cohort of Spanish adolescents (Ariza
Cardenal and Nebot Adell 2000). 

Once alcohol use has been initiated,
neuronal networks are activated that
engage the brain circuits mediating the
rewarding effects of alcohol use (i.e.,
the reward neurocircuitry). This activa-
tion attributes salience to alcohol and
serves as an incentive for alcohol use 
to continue (Robinson and Berridge
1993). Neuronal networks that are
known to mediate these effects include
those using the signaling molecules
(i.e., neurotransmitters) glutamate and
g-aminobutyric acid (GABA) as well 
as the endogenous opioids (Gass and
Olive 2008; Malcolm 2003; Oswald
and Wand 2004). In addition, signal
transmission involving the neurotrans-
mitter dopamine in the mesolimbic
system (Di Chiara and Imperato 1988)
is particularly important for the estab-
lishment of regular alcohol consump-
tion because alcohol-induced dopamine
release is believed to contribute to the
rewarding effects of alcohol (for reviews
see, Soderpalm et al. 2009; Tupala and
Tiihonen 2004). The mesolimbic system
is a set of interconnected brain struc-
tures including the ventral tegmental
area (VTA), nucleus accumbens (NAc),
and components of the limbic system
(e.g., the amygdala). Studies in rats
found that alcohol consumption can
increase dopamine signaling in the
NAc (Weiss et al. 1996). Conversely,
dopaminergic neurotransmission is
decreased during withdrawal in the
NAc and VTA of rats treated chroni-
cally with ethanol (Diana et al. 1993).
Environmental risk factors during
early life and adolescence may interact
with the dopaminergic system to influ-
ence alcohol intake. Two such factors
are exposure to environmental stress
and alcohol consumption itself. The
developing adolescent brain undergoes
substantial changes in the strength with
which signals are transmitted between
neurons (i.e., in synaptic plasticity)
(Bava and Tapert 2010; Giedd 2003).
These changes include increased
dopaminergic inputs to the prefrontal
cortex that peak during adolescence
and decrease later in life (Kalsbeek et
al. 1988; Rosenberg and Lewis 1994).
Furthermore, dopamine levels in the

NAc also peak during adolescence,
before decreasing during subsequent
brain maturation (Philpot and Kirstein
2004). These neuronal alterations are
believed to promote sensation-seeking
and risk-taking behavior during adoles-
cence, which in turn increase the
propensity for alcohol initiation and
alcohol use (Spear 2000). Exposure to
alcohol and/or stress during early life
(i.e., from the prenatal period through
adolescence) has been shown to have
lasting consequences on the dopamine
system that have a significant impact
on the risk for alcohol abuse. 

The Effects of Early Alcohol Use 
on the Dopaminergic System
Studies in rats found that exposure 
to alcohol during the prenatal period
decreases the levels of two important
enzymes involved in regulating dopamine
activity—the dopamine transporter
and the dopamine hydroxylase enzyme—
in the VTA (Szot et al. 1999). More- 
over, rats chronically treated with
ethanol during adolescence displayed
persistently elevated baseline dopamine
levels in the NAc during adulthood,
even after a period of 15 days absti-
nence (Badanich et al. 2007). Finally,
repeated ethanol injections in preado-
lescent and adolescent rats increased
subsequent dopamine activity in the
NAc, with the largest increases observed
in preadolescence. Early ethanol expo-
sure in these rats decreased the ability
of subsequent ethanol injections to
elicit dopamine release from the NAc
(Philpot and Kirstein 2004). These
findings suggest that ethanol exposure
in early life may influence the response
to alcohol in later life. Indeed, addi-
tional studies have confirmed that both
pre- and postnatal exposure to alcohol
increase the sensitivity of rats to the
locomotor effects of alcohol and to an
agent that mimics dopamine’s effects
(i.e., a dopamine agonist), apomorphine
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1 The term allostasis refers to the process through which various
biological processes attempt to restore the body’s internal balance
(i.e., homeostasis) when an organism is threatened by various
types of stress in the internal or external environment. Allostatic
responses can involve alterations in HPA axis function, the nervous
system, various signaling molecules in the body, or other systems.



(Barbier et al. 2009). Therefore, at least
in rodents, early alcohol exposure
seems to confer lasting effects on neu-
ronal dopamine activity that can alter
behavioral responses to subsequent
alcohol exposure. Indeed, rats chronically
treated with ethanol both prenatally
and during adolescence also show an

increased preference for alcohol and
increased alcohol intake as adults (Barbier
et al. 2009; Pascual et al. 2009). Further -
more, stress-induced alcohol consump-
tion was associated with an earlier age
of drinking onset in Wistar rats (Fullgrabe
et al. 2007; Siegmund et al. 2005). 

Studies in humans have confirmed
the potential long-lasting impact of
early alcohol exposure, demonstrating
that an early initiation of alcohol use 
is associated with an increased risk of
later problems with alcohol. For exam-
ple, Hawkins and colleagues (1997)
noted that the earlier drinking is initi-
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The Extrahypothalamic Corticotropin-Releasing Factor System 
and the Transition to Alcohol Dependence

A s described in the main article,
corticotropin-releasing factor
(CRF) is a key component of

one of the body’s main stress response
systems, the hypothalamic–pituitary–
adrenal (HPA) axis. Moreover, acti-
vation of the HPA axis in response to
stressful situations as well as alcohol
ingestion plays an important role in
the development of alcohol depen-
dence. However, studies in rodents
and macaques have shown that
enhanced activity (i.e., upregulation)
of the CRF system in response to
chronic alcohol exposure in several
brain regions not immediately related
to the HPA system (e.g., the amyg-
dala) also is a key characteristic of
alcohol dependence. CRF is an anxiety-
inducing peptide, and rodent models
of motivation have demonstrated
that CRF, administered either directly
into the brain or under the skin,
induces conditioned place aversion
(Cador et al. 1992). In addition,
studies in mice found that transient
elevation of CRF levels in the fore-
brain during early development
increased anxiety in later life com-
pared with control animals (Kolber
et al. 2010). 
Studies of a rat strain bred for high
alcohol preference (i.e., the mSP rats)
found that the animals display an
increased behavioral sensitivity to stress
and a lowered threshold for stress-
induced reinstatement of alcohol-
seeking behavior (Hansson et al.
2006). Gene expression analyses

across different brain regions of the
mSP strain revealed a significantly
enhanced expression of a gene,
CRF1, which encodes one of the
CRF receptors. Additional gene
sequence analyses of the mSP rats
identified a DNA variation (i.e.,
polymorphism) in a regulatory region
(i.e., the promoter) of the CRF1
gene that is unique to the mSP rats,
suggesting that segregation of this
polymorphism may have occurred
during selection for the alcohol pref-
erence trait. However, alcohol con-
sumption reduced CRF1 levels in
the amygdala and the nucleus accum-
bens (NAc) in mSP rats, indicating
that the animals may consume alcohol
to reduce CRF activity in these
regions (Hansson et al. 2007). 
Studies in Rhesusmacaques also
have confirmed the link between 
the CRF system, stress, and alcohol
because a polymorphism (–248C/T)
in the promoter of the CRF gene
was associated with differential
behavioral and hormonal responses
to stress. Animals that carried the 
T allele DNA variant at this site dis-
played greater HPA axis responses to
separation stress and increased alcohol
intake if they were exposed to early-
life adversity in the form of peer rearing
(Barr et al. 2009). These findings
demonstrate that genetic variation 
in the CRF system associated with
increased sensitivity to stressors also
is correlated with increased alcohol
consumption in both rats and pri-

mates. Because alcohol consumption
is known to reduce the activity of 
the HPA axis, hyperactivity of this
system in animals carrying risk 
variants of the CRF gene likely is 
a motivating factor for alcohol con-
sumption in these animals, and this
effect is enhanced when the animals
are exposed to stressors. 
Animal studies also have demon-
strated that agents that block the
activity of the CRF1 receptor (i.e.,
CRF1 antagonists) may be suitable
for treatment of alcohol dependence
(Gehlert et al. 2007). Although animals
do not exhibit all aspects of alcohol
dependence found in humans, cer-
tain components of the disorder 
can be modeled in rodents. Thus,
researchers induced a “postdepen-
dent state” in rats by first subjecting
the animals to involuntary intermit-
tent exposure to alcohol vapor and
then allowing them 3 weeks of recov-
ery from the exposure (Sommer et al.
2008). After this recovery period, the
animals displayed increased CRF1
levels in the amygdala, comparable
to those observed in mSP rats at
baseline. In addition, the postdepen-
dent animals exhibited increased fear
suppression of behavior that per-
sisted for 3 months after cessation of
alcohol exposure, as well as increased
voluntary alcohol consumption. This
postdependent phenotype could be
reversed by a CRF1 antagonist, 3-
(4-chloro-2-morpholin-4-yl-thiazol-
5-yl)-8-(1-ethylpropyl)-2,6-dimethyl-
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ated in adolescence, the greater the lev-
els of alcohol misuse at ages 17 to 18.
Furthermore, people who begin drink-
ing at age 14 or younger are more
likely to become alcohol dependent
later in life (Grant and Dawson 1997).
Few studies have been conducted to
determine the precise mechanism by

which early alcohol exposure affects
the risk for subsequent alcohol abuse
and dependence. However, Pascual
and colleagues (2009) demonstrated
that in adolescent rats chronically treated
with ethanol, two neurotransmitter
receptors—dopamine receptor 2 (DRD2)
and glutamate receptor (NMDAR2B)—

show lower levels of a chemical modifi-
cation (i.e., phosphorylation) in the
prefrontal cortex compared with adults
chronically treated with ethanol. This
finding suggests that alcohol use dur-
ing adolescence causes neurobiological
changes to the dopamine system that
are not observed in adult animals.

imidazo[1,2-b]pyridazine (MTIP)
(Funk et al. 2006; Sommer et al.
2008), confirming the role of increased
CRF activity during alcohol depen-
dence. Other studies also demonstrated
that selective CRF1 antagonists
reduced alcohol self-administration
in alcohol-dependent animals but
had no effect in alcohol-naïve animals
(Funk et al. 2006, 2007). The expo-
sure to stress, which often triggers
relapse in abstaining alcoholics, also
reinstates alcohol-seeking behavior 
in postdependent animals. CRF1
antagonists can suppress this behavior
in animals (Le et al. 2000; Liu and
Weiss 2002; Marinelli et al. 2007),
further confirming their relevance 
as a potential pharmacotherapy for
alcohol dependence. Finally, CRF1
antagonists can block the anxiety-
like responses exhibited during with-
drawal from alcohol in animals
(Breese et al. 2005).
The potential of CRF1 antagonists
in the treatment of alcohol dependence
now also is being considered in humans.
CRF1 antagonists previously have
been assessed in the treatment of
depression and anxiety (Zobel et al.
2000) and Phase II/Phase III clinical
trials with these agents currently are
underway for the treatment of alcohol
use disorders (www.clinicaltrials.gov;
Zorrilla and Koob 2010). The results
of these trials may pave the way for
the clinical consideration of CRF1
antagonists for addictive disorders. 
If such compounds are efficacious in

humans, pharmacogenetic studies
may identify those patients who are
most amenable to CRF1 antagonist
treatment, especially among those
who are exposed to high levels of
lifetime stress. 
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The Effects of Environmental Stress
on the Dopaminergic System
Environmental stress is one of the
most pertinent risk factors for alcohol
dependence. The exposure to early-life
stress sensitizes animals to drugs of
abuse (Fahlke et al. 1994; Piazza et al.
1991; Shaham and Stewart 1994) and
also increases alcohol consumption in
later life (Fahlke et al. 2000). Alterations
in the dopaminergic mesolimbic system
that persist into adulthood are believed
to explain, at least in part, these behav-
ioral adaptations (for review, see
Rodrigues et al. 2011). For example,
studies in rats found that chronic
exposure to cold stress in adolescence
altered both basal and stress-evoked
release of dopamine and another neu-
rotransmitter, norepinephrine,2 in the
medial prefrontal cortex, NAc, and
striatum compared with stress-naïve
rats (Gresch et al. 1994). Other studies
in Sprague-Dawley rats demonstrated
that stress caused by separation from
the mother during the first 2 weeks 
of life blunted the animals’ dopamine
response to restraint stress in adult-
hood (Jahng et al. 2010). Although no
human studies analyzing the effect of
early-life stress and alcohol sensitization
exist, imaging studies using functional
magnetic resonance imaging (fMRI) to
analyze reward anticipation have found
that childhood adversity is associated
with blunted subjective responses to
reward-predicting cues as well as with
impaired reward-related learning and
motivation (Dillon et al. 2009). Such
findings demonstrate that early envi-
ronmental experiences can alter the
impact of a reward and that similar
effects can be observed across species. 
Other studies have evaluated the
effects of early-life stress on alcohol
consumption or alcohol dependence.
Such studies found that even exposure
to prenatal stress can have an impact
on later alcohol-related behaviors because
the offspring of mice that repeatedly
were restrained during the last 7 days
of gestation subsequently demonstrated
enhanced alcohol consumption—an
effect that has been linked to persis-

tently elevated dopaminergic and glu-
tamatergic neurotransmission in the
forebrain (Campbell et al. 2009). In
humans, retrospective studies examining
early-life experiences and alcohol con-
sumption found that childhood stressors
were associated with alcohol depen-
dence during adulthood (Ducci et al.
2009; Pilowsky et al. 2009). In a study
of the adult American population (i.e.,
the National Epidemiologic Survey 
on Alcohol and Related Conditions
[NESARC]), two or more stressful life
events in childhood significantly increased
the risk for alcohol dependence in adult- 
hood (Pilowsky et al. 2009). Further- 
more, early initiation of alcohol use in
human adolescents is associated with
exposure to traumatic life events and
symptoms of posttraumatic stress dis-
order (Wu et al. 2010).
Thus, exposure to stress and/or alcohol
consumption during early life may
influence dopaminergic neurotrans-
mission, with lasting adaptations into
adulthood and notable consequences
for subsequent alcohol use. However,
the impact on different individuals
varies, and a portion of this variability
can be attributed to genetic factors.
Indeed, studies of rats have shown that
exposure to chronic unpredictable stress
increases the levels of a dopamine-
metabolizing enzyme, tyrosine hydrox-
ylase (TH), in the VTA but that the
extent of this increase differs drastically
between different rat strains (Ortiz et
al. 1996). Additional research in Rhesus
macaques identified a variation (i.e.,
polymorphism) in the gene encoding
dopamine receptor 1 (DRD1)3 that
was associated with increased alcohol
consumption in animals exposed to
peer-rearing conditions compared with
maternally reared animals that carried
the same polymorphism (Newman et
al. 2009).
Studies in humans also have shown
that genetic factors mediate the effects
of stress and alcohol on the risk for
alcohol dependence. Schmid and col-
leagues (2009) analyzed 291 young
adults in the Mannheim Study of
Children at Risk for two polymorphisms
in the gene encoding the dopamine

transporter. The investigators found
that the age of first alcohol use and of
intensive alcohol consumption mediated
the association between these polymor-
phisms and early alcohol abuse and
dependence. Genetic variation in another
gene, KCNJ6, which is expressed in the
brain, mediates the effects of early-life
stress on alcohol abuse in adolescence.
It induces inhibition of neuronal sig-
naling at the level of the signal-receiving
(i.e., postsynaptic) dopaminergic neu-
rons (Kuzhikandathil et al. 1998).
Furthermore, the protein encoded by
the KCNJ6 gene, the membrane pota-
sium channel GIRK2, is co-expressed
in TH-positive cells of mice (Schein et
al. 1998). Individuals who carry a cer-
tain KCNJ6 variant and are exposed to
high levels of psychosocial stress in early
life display increased risky drinking
behavior in adolescence; moreover, the
same polymorphism is associated with
alcohol dependence in adults (Clarke
et al. 2011).
Genes in other neurobiological systems
also mediate the effects of early-life
stress on alcohol consumption, including
genes encoding the serotonin receptor
(Laucht et al. 2009) and the GABA
receptor subunit a-2 (GABRA2) (Enoch
et al. 2010). Another important gene 
is that encoding the m-opioid receptor
(OPRM1). It also moderates the effects
of stress and alcohol with implications
not only for alcohol use but also for
recovery from alcohol dependence.
Alcohol activates the m-opioid receptor
in the VTA, which causes inhibition of
GABAergic neurons; this in turn results
in disinhibition of dopaminergic neurons
and, thus, increased dopamine release
in the ventral striatum (Spanagel 2009).
In macaques, a certain polymorphism
in the OPRM1 gene (i.e., the C77G
polymorphism) predicts the degree of
distress upon exposure to maternal sep-
aration (Barr et al. 2008). In humans,
the equivalent polymorphism (i.e., the
A118G polymorphism) is associated
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2 norepinephrine also is known as noradrenaline.

3 The variation was located at the beginning of the gene, in a
DnA region that did not encode a part of the final protein (i.e., in
the 5′ untranslated region of the gene).
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with the quality of parent–child inter-
actions under conditions of poor par-
enting (Copeland et al. 2011). Finally,
in both macaques and humans the
same polymorphisms are associated
with subjective/behavioral responses 
to alcohol (Barr et al. 2007, 2008;
Ramchandani et al. 2010). The role 
of this polymorphism further has been
demonstrated in studies using a m-opioid
receptor antagonist, naltrexone, that
commonly is used to treat alcohol
dependence. In heavy drinkers, the
A118G polymorphism mediates the
effects of naltrexone on positive mood,
craving, and enjoyment from alcohol
(Ray and Hutchison 2004). Furthermore,
the presence or absence of the A118G
polymorphism can help predict which
individuals will benefit from naltrex-

one treatment for alcohol dependence
(Oslin et al. 2003). 
Taken together, the findings described
here indicate that early exposure to
alcohol and stress can increase the sub-
sequent risk for alcohol dependence, at
least in part because they induce changes
in the dopamine system. However,
these effects are moderated by genetic
factors in the dopamine pathways and
other neurobiological systems. 

Brain Stress Response 
Systems and the Development
of Alcohol Dependence

As indicated by the observations dis-
cussed in the preceding section, the
dopamine system is an important neuro- 

biological system mediating early alcohol
use. In addition, stress response systems
in the brain have been implicated in
alcohol initiation and in the escalation
of alcohol use from episodic use to
abuse and, ultimately, dependence.
Stress responses are crucial for survival
by allowing the organism to coordinate
appropriate behavioral adaptations to
adverse stimuli and are essential home-
ostatic processes. Central components
of the stress response include activation
of the HPA axis, increases in nore-
pinephrine turnover in a brain region,
the locus coeruleus, and activation of
CRF systems (Habib et al. 2001). CRF
acts through two pathways. First, it
acts as a signaling hormone inside 
the HPA axis, where it is released from
the paraventricular nucleus of the

The IMAGEN Study 

T he IMAGEN study (www.
imagen-europe.com) is the first
study aimed at identifying the

genetic and neurobiological basis of
individual variability in impulsivity,
reinforcer sensitivity, and emotional
reactivity, as well as determining their
predictive value for the development
of common psychiatric disorders. The
data collection of IMAGEN began
in 2007. Since then, the study has
collected comprehensive behavioral
and neuropsychological data, as well
as functional/structural neuroimaging
data for 2,000 14-year-old adolescents.
These data are complemented by
genome-wide association (GWA)
data on the study participants. These
genetic analyses target approximately
600,000 DNA markers distributed
across the genome, using the Illumina
Quad 660 chip.
Data from the first wave of 
IMAGEN became available in 2010
in an extensive database (Schumann
et al. 2010), and since then several
articles have been published on the
dataset, contributing toward a greater

understanding of the adolescent brain.
For example, Peters and colleagues
(2010) showed that adolescent smokers
display lower activation of the ventral
striatum during reward anticipation
compared to their nonsmoking peers.
Other studies identified gender-
dependent amygdala lateralization
during face processing and created
probabilistic maps of the face network
in the adolescent brain (Schneider et
al. 2010; Tahmasebi et al. 2010). 
The sample will be followed up at
age 16 to investigate the predictive
value of genetic factors and intermediate
phenotypes for the development of
mental disorders, such as alcohol
dependence. The full dataset from the
follow-up will be completed in 2012.
A second follow-up is planned to be
completed when the participants
reach age 18.
In conclusion, IMAGEN integrates
technological and methodological
advances in the field of cognitive
neuroscience as well as in the fields
of human and molecular genetics.
This comprehensive approach,

together with the large sample sizes,
will provide new insights into the
interplay between genes and environ-
ments that results in individual vari-
ability in brain structure, function,
and psychological traits. The complex
phenotypic and genotypic profiling
provided by IMAGEN will be vital 
in identifying biomarkers that aid in
earlier diagnosis and in the develop-
ments of treatments for psychiatric dis-
orders, including alcohol dependence.

References
SCHneiDer, S.; PeTerS, J.; BroMBerG, u.; eT AL. Boys do it
the right way: Sex-dependent amygdala lateralization
during face processing in adolescents. NeuroImage
56:1847–1853, 2011. PMiD: 21316467

SCHuMAnn, G.; LoTH, e.; BAnASCHewSki, T.; eT AL. The iMA-
Gen study: reinforcement-related behaviour in nor-
mal brain function and psychopathology. Molecular
Psychiatry 15:1128–1139, 2010. PMiD: 21102431

TAHMASeBi, A.M.; ArTiGeS, e.; BAnASCHewSki, T.; eT AL.
Creating probabilistic maps of the face network in the
adolescent brain: A multicentre functional Mri study.
Human Brain Mapping, 2010 [epub ahead of print].
PMiD: 21416563



hypothalamus. It then is transported 
to the anterior pituitary, where it binds
to CRF receptors (CRF1 and CRF2),
thereby eliciting the release of adreno-
corticotrophic hormone (ACTH).
ACTH production ultimately results
in the release of stress hormones (i.e.,
glucocorticoids) from the adrenal glands.
The main glucocorticoid in humans is
cortisol. Second, CRF acts outside of
the hypothalamus (i.e., extrahypothala-
mically) because immunological tests
have detected its presence in the extended
amygdala and the brainstem (Swanson
et al. 1983). 
Studies have demonstrated that
exaggerated HPA axis responses to stress
can precede the onset of alcoholism.
Nondependent sons of alcoholic fathers
(who are at increased risk of alcoholism)
displayed increased cortisol and
ACTH responses to psychosocial stress
compared with people with no family
history of alcoholism (Uhart et al.
2006; Zimmermann et al. 2004a, b).
Furthermore, alcohol had a greater
attenuating effect on ACTH and a
related hormone (i.e., arginine vaso-
pressin [AVP]) in people with alcoholic

fathers, suggesting that alcohol may be
more rewarding for such individuals
(Zimmermann et al. 2004b). These
findings also indicate that interindividual
differences in HPA axis activity may
underlie some of the variation observed
in the vulnerability to alcohol dependence.
As alcohol dependence develops, the
stress response systems are upregulated,
and this hyperactivity may in fact be a
pathological component of dependence
(Koob 2008). It has been hypothesized
that as dependence develops, the moti-
vation for alcohol use shifts from posi-
tive reinforcement, whereby alcohol 
is consumed for its pleasurable effects,
to negative reinforcement—that is, the
drinker consumes alcohol to alleviate
the negative emotional effects encoun-
tered during withdrawal and into pro-
tracted abstinence (Koob and Le Moal
2008). The development of negative
emotional states has been proposed to
include the recruitment and subsequent
deregulation of various brain stress sys-
tem, including the HPA axis, extrahy-
pothalamic CRF, and various others4
(George et al. 2008; Koob 2008).
Genetic variation in genes encoding
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components of these stress response
systems therefore may be relevant for
the risk for alcohol dependence. 

Genetic Influences on Stress
Responding and Their Role in
Alcohol Dependence
The variability between individuals in
stress responding results at least partially
from inherited factors (Armbruster et
al. 2009; Linkowski et al. 1993; Meikle
et al. 1988) that also may influence the
risk of alcohol dependence. For exam-
ple, polymorphisms that affect only a
single DNA building block (i.e., single
nucleotide polymorphisms [SNPs]) in
the gene encoding CRF1 were associ-
ated with alcohol consumption and a
lifetime prevalence of drunkenness in
two independent samples (Treutlein et
al. 2006). One of those polymorphisms,
known as rs1876831, was found to
moderate the effects of stress on drink-
ing. Thus, adolescents at age 15 who
had experienced negative life events in
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Figure     Schematic depiction of the typical progression from alcohol use to alcohol dependence. Both genetic and environmental factors influence
each stage of disease progression. early-life experiences, including prenatal environments and early-life stressors, may affect the onset 
of alcohol use. in adolescence, heightened sensation seeking, resulting from an increase in cortical dopamine neurons, often results 
in experimentation with alcohol. in adulthood, alcohol use may occur to downregulate brain stress systems in individuals suffering from
alcohol dependence. Thus, early alcohol use is motivated by positive reinforcement, whereas later stages are driven by negative rein-
forcement, when alcohol is consumed to alleviate negative emotional states. 

4 Additional brain stress response systems involve the signaling
molecules norepinephrine, neuropeptide y, tachykinins, and
dynorphins.
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the past 3 years and who carried the
variant (i.e., allele) of rs1876831 that
was associated with increased risk of
drinking displayed increased alcohol
consumption per drinking occasion
and greater lifetime rates of heavy
drinking (Blomeyer et al. 2008). A
similar effect also was observed at age
19, when the risk allele was associated
with earlier age of onset of alcohol use
and higher alcohol consumption in
individuals exposed to stressful life
events (Schmid et al. 2010). Further -
more, a gene–environment interaction
was detected with a combination of
several gene variants (i.e., a haplotype)
in the CRF1 gene (which also contains
rs1876831) and childhood sexual abuse
in a large cohort of Australians recruited
for the Nicotine Genetics Project
(Saccone et al. 2007). Individuals who
had experienced childhood abuse but
carried a protective polymorphism of
the CRF1 gene had lower lifetime alcohol
consumption scores and rates of alcohol
dependence (Nelson et al. 2009).
Further genetic factors mediating the
association between the stress response
and alcohol consumption are found in
genes encoding the receptors to which
cortisol binds after it is released from
the adrenal gland when the HPA
becomes activated (Bjorntorp 2001).
Cortisol binds to glucocorticoid recep-
tors (GRs) that are made up of two
identical subunits (i.e., form homodi -
mers). These receptors interact with
certain DNA sequences, glucocorticoid
response elements (GREs), in the 
target genes, thereby activating those
genes as part of the stress response
(Gower 1993; Simons et al. 1992).
The GRs are encoded by a family of
genes known as nuclear member sub-
family 3 (NR3C) genes. 
Researchers have identified functional
polymorphisms in the genes encoding
two receptors, NR3C1 and NR3C2,
which are associated with differential
responses to stress (Wust et al. 2004).
For example, a SNP, N363S that
results in an altered receptor, protein
(i.e., a non-synonymous SNP) in NR3C1
is associated with increased glucocorti-
coid sensitivity (Huizenga et al. 1998)

as well as elevated levels of cortisol in
the saliva of healthy people in response
to psychosocial stress (Wust et al. 2004).
Moreover, a haplotype that includes
three SNPs and is located in a noncod-
ing region of the NR3C1 gene also is
associated with enhanced sensitivity to
glucocorticoids (Stevens et al. 2004).
Because chronic alcohol consumption
can increase HPA axis activity in ani-
mals and humans (Rivier 1996; Rivier
and Lee 1996; Waltman et al. 1994),
polymorphisms in genes encoding
components of the HPA axis may
increase the risk for alcohol abuse.
Indeed, a recent study of 26 SNPs
across the NR3C1 gene in 4,534 ado-
lescents identified several variants that
were associated with onset of drinking
and drunkenness by age 14, suggesting
that genetic variation in NR3C1 can
influence the risk of alcohol abuse in
adolescence (Desrivieres 2010). Likewise,
variants in the gene encoding the ACTH
precursor, promelanocortin (POMC),
have been associated with substance
abuse, including alcohol abuse (Zhang
et al. 2009). 
Genes encoding components of the
norepinephrine stress response system
also have been linked to variability in
the response to stress. Thus, polymor-
phisms in the ADRA2A gene, which
encodes adrenergic receptors that inhibit
norepinephrine release from the neuron,
are associated with certain aspects of
the stress response as determined by
measuring blood pressure and heart
rate (Finley et al. 2004). In addition,
variants in the ADRA2A gene are asso-
ciated with alcohol abuse phenotypes
in humans. For example, in a study
analyzing 23 SNPs in ADRA2A as 
well as in a gene SLC6A2 (which
encodes the norepinephrine transporter,
NET1) in association with adult alcohol
dependence identified two SNPs in
ADRA2A associated with a positive
family history of alcoholism and four
SNPs in SLC6A2 associated with adult
alcohol dependence (Clarke et al. 2010). 
All of these studies demonstrate that
genes that regulate stress responding
also influence the risk for alcohol depen -
dence. Thus, people who display

increased sensitivity to stress may con-
sume alcohol to dampen the exagger-
ated stress responses and therefore may
find alcohol more rewarding. These
people also may more readily experience
the negative emotional states associated
with withdrawal after chronic alcohol
exposure, which may accelerate the
transition to dependence. However,
the precise relationship between genes,
stress, and alcohol use is complex, and
gene–environment interactions are
notoriously difficult to elucidate (Flint
and Munafo 2008). Therefore, transla-
tional studies analyzing the effects of
genetic factors and stress and their
interactions under tightly controlled
experimental conditions using animal
models are warranted (Barr and
Goldman 2006). Indeed, the study of
the extrahypothalamic CRF system in
animals has helped to clearly delineate
the role of brain stress systems in the
pathology of alcoholism, and this sys-
tem is now a plausible target for future
alcoholism pharmacotherapies. (For
more information on these studies, see
the sidebar “The Extrahypothalamic
CRF System and the Transition to
Alcohol Dependence.”) 
Another confounding issue for the
study of gene–environment interactions
is that many studies are conducted ret-
rospectively, and the participants’ recall
of environmental risk factors may not
be accurate. Therefore, prospective
longitudinal studies are of great impor-
tance to advance the field of gene–
environment interactions in alcohol
dependence. One study that illustrates
how such methodological issues can 
be addressed is the IMAGEN study, a
longitudinal initiative funded by the
Framework 6 program of the European
Commission and the Medical Research
Council that tracks the interplay
between genetic polymorphisms and
environmental stressors from early ado-
lescence onward. The study collects
neuropsychological, behavioral, and
functional/structural neuroimaging
data and also conducts genetic analyses
on a sample of 2,000 adolescents from
age 14 onward. (For more information
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on this study, see the sidebar “The
IMAGEN Study.”)

Conclusion and Future
Perspectives

Dopaminergic and stress response
pathways jointly are engaged upon the
commencement of alcohol consump-
tion. Genetic polymorphisms within
these pathways may affect the risk of
developing alcohol dependence. The
effects of exposure to environmental
stressors that increase the risk of devel-
oping alcohol dependence may be 
augmented in genetically vulnerable
individuals. In some cases, these
genetic variants may vary the impact
that a particular stressor has within a
specific time window (see the figure).
To elucidate the role of alcohol usage
as a consequence of environmental
stressors, and as an environmental
stressor in itself, longitudinal studies 
of the interplay between genes and
environments are needed. 
The IMAGEN study is an ongoing
longitudinal study that attempts to
address the role of genes and the envi-
ronment in alcohol use. The extensive
phenotypic database available from this
study will allow researchers to test the
hypothesis that overactivity of the brain’s
stress systems, resulting from child-
hood maltreatment and neglect, may
affect brain development and ulti-
mately behaviors such as alcohol use.
Alcohol use patterns of the IMAGEN
participants are recorded to investigate
the long-term effects of early intoxica-
tion on cognitive development and
behavior. Finally, genetic analyses
investigating the association of genetic
markers distributed across the genome
with specific traits or behaviors (i.e.,
genomewide association data) are avail-
able for each participant and may
demonstrate the relationship between
genes of the stress response system and
intermediate phenotypes (Schumann
et al. 2010).
Longitudinal gene–neuroimaging
studies, such as the IMAGEN study,
aim to clarify the role of the HPA axis

and supplementary stress systems in
the development and maintenance of
alcohol dependence. Such studies will
elucidate how alcohol use fluctuates
throughout development under the
influence of genetic and environmental
factors. A better understanding of
these factors will promote novel thera-
pies for alcohol dependence as well as
approaches to prevent the disorder.  ■
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Genetic and Genomic Web Resources for Research 
on Alcohol Use and Abuse

Robert W. Williams, Ph.D.

There are two major ways of
publishing scientific data and
results: (1) the standard peer-

reviewed paper, which dates back
to volume 1 of the Philosophical
Transactions of the Royal Society
in 1665; and (2) online distribution
of data, resources, and software
using the Internet that dates back 
a mere 21 years to the first Web
site at the European Organization
for Nuclear Research (CERN)
established by Tim Berners-Lee. 
Today online resources for shar-

ing scientific work abound. The
National Library of Medicine’s
repository, PubMed, captures 
more than 21 million citations 
for biomedical literature. NIAAA
can lay claim to the first URL
listed in PubMed: The Portable
Dictionary of the Mouse Genome
(Williams 1994). This site—
now called GeneNetwork.org—
has been supported by NIAAA for more than a decade 
as part of the Integrative Neuroscience of Initiative on
Alcoholism (INIA). 
There are hundreds of sophisticated Web services and

resources that can be exploited by students and researchers
interested in alcoholism and other substance use disorders.
These resources can be used like publications, but a better
way to think about them is as a second “dry” laboratory
in which it is possible to carry out experiments and to
either generate or test ideas by reusing data that often
have been rescued from the classic literature.
Below is a short list of both well-known and more esoteric

resources, many of which have been supported by NIAAA,
that can be used as a complement to the set of reviews in
this special issue. There are two major categories of sites
in this list: (1) those that provide deep data along with
software that can be used to perform analysis, (2) those
that can provide physical resources such as samples, clones,
and powerful experimental murine models. The first cat-
egory is easy to browse directly from the links below;
whereas the second category is geared more to students
and scientists in need of a jump-start to understand the
function of specific genes.

Category 1: Web Resources for Online Analysis
of the Genetics of Alcoholism and More

GeneNetwork 
(www.genenetwork.org): This is a comprehensive
resource for learning about genetics, but users may 
need to read the help files, FAQs, or one of the references
(Chesler et al., 2003; Grisham et al., 2010, www.lifescied.
org/content/9/2/98.full.pdf ). GeneNetwork is one of
an interlinked trio of sites built up by NIAAA (GeneWeaver
and WebGestalt are the other two) to house extensive
data for human, monkey, rat, mouse, and fruit fly. It
includes hundreds of data sets on responses to alcohol,
particularly in a family of mice called the BXDs. Data
are linked with powerful gene analysis and mapping
tools. Think of it as a free suite of genetics and statistics
programs that happen to be loaded with genetic and
genomic data sets, along with complimentary data on

Figure 1A Effects of alcohol taken from mice. This plot is taken directly from GeneNetwork
and the work of Philip and colleagues (2010). It illustrates the high variability in
the response to alcohol among 60 strains of mice (adult females, GeneNetwork
Trait Mouse BXD Published Phenotype 11709). Differences in the height of the
blue bars highlight the substantial genetic variation in activity levels (sedation to
the left, activation to the right) among strains. The red error bars highlight the
important role of non-genetic factors. Data of this type can be computationally
compared to single-nucleotide polymorphism (SNP) genetic markers to determine
which regions of the mouse genome modulate sedative vs. excitatory effects of
ethanol (2.25 mg/kg) in this family. 

Robert W. Williams, Ph.D., is a professor in the Center
for Integrative and Translational Genomics, The University
of Tennessee Health Science Center, Memphis, Tennessee.
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Genetic and Genomic Web Resources for Research 
on Alcohol Use and Abuse continued

Figure 1B A genetic map of alcohol sedation/activation effects. The horizontal x-axis
lists mouse chromosomes, from 1 to the left to chromosome X to the right.
The large peak on chromosome 9—a so-called quantitative trait locus (QTL)—
is the principal part of the mouse genome that modulates activation levels
in females of this BXD family. This sharp peak (high LOD score of 5.0 on
the y-axis) can be expanded in GeneNetwork and reveals approximately
160 genes at the peak between 67 and 87 megabases. This set of genes
can then be analyzed in GeneWeaver, WebGestalt, COGA, and many other
Web resources to evaluate which subsets are most likely to cause differ-
ences in response to alcohol, including the suspected alcohol candidate
genes, serotonin 1B receptor (5HT1B) and RAB27A. Other features of this
genetic map are explained on the Web site.

biological responses to alcohol and many other drugs
(Philip et al., 2010). (For more information, see figure
1A and B)

GeneWeaver 
(www.geneweaver.org): This is another NIAAA-
funded project that offers a powerful tool for the
integrative analysis of collections of lists of genes and
their functional relationships (Baker et al., 2012). This
resource-and-analysis tool provides a way of making
sense of a large group of related genomic studies. Excellent
user interface and tutorials make this a starting point for
those with large gene expression data sets. It also is a
straightforward of performing analyses of many curated
gene sets in the GeneWeaver database (see figure 2).

WebGestalt
(http://bioinfo.vanderbilt.edu/webgestalt): Like
GeneWeaver this is a sophisticated tool for the analysis
of sets of genes. It includes species as diverse as yeast,

worms, and humans (Duncan et al.,
2010). WebGestalt often is used to
perform pathway analysis and gene
ontology analysis—a computationally
demanding categorization of genes
based on their known functions.

Allen Brain Atlas 
(www.brain-map.org): This site is 
a noteworthy philanthropic contri -
bution from Paul Allen to brain
research. The site started with a focus 
on gene expression patterns in the brain
of the mouse; however, within the last
year, it has expanded rapidly and now
also covers gene expression in humans
and non-human primates. Scientists
interested in brain research should 
visit this site at least once to see the 
full power of Web services and Web
science—it puts a massive research 
lab at your fingertips.

Figure 2 GeneWeaver output graph illustrating this program’s
ability to find the connections between six data sets
listed to the right in boxes with two interesting candi-
date genes—GNB5 and GTF2A2 (left side in ovals).
These two candidate genes are both located in the
region highlighted in the QTL map of Figure 1B.
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genetic and genomic Web resources for research 
on Alcohol Use and Abuse continued

GeneMania (www.genemania.org) and Gemma
(www.chibi.ubc.ca/Gemma): These are two Web
sites used for the systematic analysis of molecular
networks. Both of these Canadian sites have powerful
and user-friendly interfaces.

Mouse Phenome Database
(http://phenome.jax.org): This database offers
medical records for mice, including mice that will
voluntarily drink to intoxication. The site includes
hundreds of valuable phenotype data for generations
of mice (Maddatu et al., 2012). It includes links to
matched genetic data.

PhenoGen Informatics
(http://phenogen.ucdenver.edu): This site provides deep
and total access to many massive microarray data sets, many
with a focus on the genetics and genomics of alcoholism
(Bhave et al., 2007). The site can be used to analyze
scientists’ own data sets, particularly microarray data.

Collaborative Study on the Genetics of Alcoholism
(http://zork.wustl.edu/niaaa/): COGA might be
considered the “mother lode” of studies on the genetics
of alcoholism, with more than 300 families and 3,000
individuals. This remains an active research program.
Because of patient confidentiality it is not possible to
directly access key data, as is the case for mouse and 
rat resources. Still this site provides a comprehensive
overview of the data that have been generated and links
to virtually all of the associated research papers.

Portland Alcohol Research Center
(http://www.ohsu.edu/parc/by_phen.shtml): This
site contains a useful and extensive list of gene regions
known to modulate response to alcohol in mouse models.
A number of these loci have been “converted” into single
causal gene variants and many more should now be
aligned to corresponding regions in the mouse genome.
(See the next resource—the ERGR—for online comparison
of the human genome to those of other species.)

Ethanol-Related Gene Resource
(http://bioinfo.mc.vanderbilt.edu/ERGR/): This is 
an excellent site for reviewing what is known about 
the genetics of alcoholism in many different types of
organism—offering a comparative approach (Guo et
al., 2009).

category 2: Web resources for Tissues,
clones, and mouse models

MATRR 
(https://gleek.ecs.baylor.edu/): The Monkey
Alcohol Tissue Research Resource is a new NIAAA-
supported site intended for experts in the field who
need to understand the causes and impact of alcoholism.
Non-human primates have proved to be strikingly
faithful models of many aspects of alcoholism in humans,
and they provide far better experimental control. 

Gene Knockout Project 
(KOMP and EUCOMM, at www.knockoutmouse.org):
This is an international initiative that is making major
mutations (knock-outs) in every one of about 19,000
genes in the mammalian (murine) genome. NIAAA
contributes to this effort, with a special focus on those
genes known to be involved in brain function and
suspected to modulate risk of alcoholism.

Cre-driver Network 
(www.credrivermice.org): This is a companion to the
knockout project (above). It provides information on how
to obtain lines of mice that can be used to turn genes off
in specific types of cells at different points in life. 

references
BAKER, E.J.; JAy, J.J.; BuBIER, J.A.; LANGSToN, M.A.; CHESLER, E.J. GeneWeaver: a web-
based system for integrative functional genomics. Nucleic Acids Research 2012
40(Database issue):D1067–D1076, 2012.

BHAVE, S.V.; HoRNBAKER, C.; PHANG, T.L; ET AL. The PhenoGen informatics website:
tools for analyses of complex traits. BMC Genetics 8:59, 2007.

CHESLER, E.J.; WANG, J.; Lu, L; ET AL. Genetic correlates of gene expression in recom-
binant inbred strains: a relational model to explore for neurobehavioral pheno-
types. Neuroinformatics 1: 343–357, 2003

DuNCAN, D.T.; PRoDDuTuRI, N.; zHANG, B. WebGestalt2: an updated and expanded version of
the Web-based Gene Set Analysis Toolkit. BMC Bioinformatics 11(Suppl 4): P10, 2010.

GRISHAM, W.; SCHoTTLER, N.A.; VALLI-MARILL, J.; ET AL. Teaching bioinformatics and neuroinfor-
matics by using free web-based tools. CBE—Life Sciences Education 9: 98–107, 2010. 

Guo, A.y.; WEBB, B.T.; MILES, M.F.; ET AL. ERGR: An ethanol-related gene resource.
Nucleic Acids Research 37 (Database issue):D840–D845, 2009.

MADDATu, T.P.; GRuBB, S.C.; BuLT, C.J,; AND BoGuE, M.A. Mouse Phenome Database
(MPD). Nucleic Acids Research 40(Database issue):D887–894, 2012. 

PHILIP, V.M.; DuVVuRo, S.; GoMERo, B.; ET AL. High-throughput behavioral phenotyping
in the expanded panel of BXD recombinant inbred strains. Genes Brain Behavior
9:129–59, 2010.

WILLIAMS, R.W. The portable dictionary of the mouse genome: a personal database
for mapping and molecular biology. Mammalian Genome 5:372–375, 1994.



genetics glossary 375

genetics glossary

Agonist: An agent that mimics the actions or effects of
another agent at a receptor (e.g., a drug that mimics
the effects of a neurotransmitter).

Allele: One of two or more forms of a gene that reside
at the same position on a pair of chromosomes;
different alleles of a gene may serve the same function
(e.g., code for an enzyme that breaks down alcohol)
but may result in proteins with different levels of activity
(e.g., rapid or slow alcohol metabolism); alternatively, an
allelic variant may not produce a functional protein.

Antagonist: An agent that blocks or reverses the actions
or effects of another agent at a receptor (e.g., a drug
that blocks the effects of a neurotransmitter).

Astroglia: Characteristic star-shaped cells in the brain
and spinal cord that are a type of glial support cell; also
called astrocytes; astrocytes and other glial support cells
perform many functions to support neurons and thus,
normal brain functioning.

Ataxia: Inability to coordinate muscle movements.

candidate gene: A gene that has been implicated in
causing or contributing to a particular trait (e.g., a
disease); can be identified by its association with the
trait and by performing linkage analyses to identify
regions of the genome where such genes reside.

chemokine: Member of a subgroup of proteins (i.e.,
cytokines) that are released by cells and can attract
nearby target cells; chemokines are involved in several
disease processes, including inflammation.

conditional inactivation: Inactivation of a gene or
protein only under certain conditions (e.g., in the
presence of another chemical).

cre-driver lines: Genetically engineered lines of
laboratory animals in which the expression of a 
certain regulatory protein (i.e., the Cre recombinase) 
is controlled by cell-specific regulatory elements; these
animal lines allow for the expression of other studied
genes only in certain tissues or under certain conditions.

cre recombinase: A bacterial enzyme that recognizes 
a specific DNA sequence called a loxP site and cuts 
out DNA segments that are located between two loxP
sequences; animals expressing Cre recombinase in the

central nervous system are used to perform site-specific
gene deletions in the brain. 

cytokines: A family of molecules, produced primarily
by cells of the immune system, that regulate cellular
interactions and other functions; some cytokines play
important roles in initiating and regulating inflammation.

embryonic stem (eS) cells: Cells derived from early-stage
embryos that still retain the ability to develop into all
the types of cells that make up an organism.

endocytosis: A process by which cells absorb molecules
(e.g., proteins) by engulfing them.

endophenotype: A trait or characteristic that is not a
direct symptom of the condition under investigation
but has been shown to be associated with the condition
and shares a genetic cause with the condition; for example,
reduced initial sensitivity to some effects of alcohol has
been noted in people with greater genetic risk for alcohol
use disorders and may be used as an endophenotype to
identify people at risk for such disorders.

epigenetic: A change in gene function that occurs
without a change in DNA sequence; epigenetic changes
can alter gene expression and may be heritable.

epigenome: The entirety of all chemical modifications that
occur within a genomewithout changing the DNA sequence.

epistasis: The interaction of genes; the effect of one
gene is modified by the allele that exists at a different
site in the genome.

excitatory neurotransmitter: Any neurotransmitter that 
in the brain acts to enhance the activity of the signal-
receiving neuron.

expression quantitative trait locus (eQTL): A quantitative trait
locus (QTL) that controls the expression of a candidate gene.

Functional magnetic resonance imaging (fmrI): A type 
of specialized MRI used to assess brain activity during
mental operations by measuring changes in blood flow
that result from nerve cell activity in the brain.

gene expression: The process by which the genetic
information encoded in a gene is used to direct the
creation of a gene product (i.e., protein). 
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gene network: A group of genes (and the products they
encode) that interact with each other to influence a
certain outcome or trait.

gene targeting: A genetic technique used to exchange a
specific gene (the targeted gene) within an organism with
a modified version of that gene to obtain information
about the function of the targeted gene.

gene trapping: A high-throughput genetic engineering
approach to randomly insert a new DNA sequence into
genes across the genome; results in the expression of the
inserted, “trapped” gene and the inactivation of the
endogenous gene within which the insertion has occurred.

genetical genomics: A genetic research approach that
combines traditional genetic analyses and gene expression
information to identify the genetic basis of gene expression
(i.e., expression quantitative trait loci [eQTLs]).

genome: The total genetic information of an organism,
cell, or species.

genotype: The genetic makeup of an organism determined
by the particular combination of alleles at one or more
specific locations (loci) on one or more paired chromosomes.

haplotype: A set of closely linked genes or genetic markers
present on one chromosome that tend to be inherited together.

heterozygous: Carrying two different alleles for a
particular gene.

homozygous: Carrying two copies of the same allele for
a particular gene.

Knockin mice: Genetically engineered mice in which the
gene under investigation has been inserted at a particular
site (locus) in the mouse’s chromosome.

Knockout mice: Genetically engineered mice in which
the gene under investigation has been inactivated by
replacing it with a mutated version of the gene that
does not code for a functional protein.

Long-term depression: Long-lasting mechanism contributing
to neuroplasticity, whereby (depending on cell type) 
an episode of either very strong or very weak signal
transmission at a synapse leads to a decreased
effectiveness of subsequent signal transmission across
that synapse.

mesocorticolimbic reward pathway: System of interconnected
brain regions that includes the ventral tegmental area,
nucleus accumbens, amygdala, hippocampus, and frontal
cortical regions and which is thought to mediate the
rewarding effects of alcohol and other drugs, use as well as
natural rewards (e.g., sweets); several neurotransmitters
factor prominently in this pathway, but the role of
dopamine has been most widely studied.

messenger rNA (mrNA): Key intermediary molecule
generated when a gene is expressed (i.e., when the
information encoded in the gene is converted into a
protein product); mRNA levels for a gene are used as
an indicator of how “active” the gene is (i.e., how much
of the protein is likely to be produced).

metabolite: Intermediary product generated during the
break-down (i.e., metabolism) of a particular molecule.

microarray: A microscopic chip made from glass,
plastic, or other type of support material onto which 
a large number of minute amounts of samples (e.g.,
proteins or DNA) are affixed in an orderly manner for
performing automated assays of protein interactions or
gene expression or for genotyping.

microglia: Type of glial cells that act as the first and
main form of active immune defense in the central
nervous system (i.e., brain and spinal cord); they clear
debris such as dead neurons through a process called
phagocytosis, in which these cells are engulfed by the
microglia and then destroyed.

microrNAs (mirNAs): a class of RNAs that do not encode
proteins (i.e, noncoding RNAs) and which are approximately
21 to 23 building blocks (i.e., nucleotides) in length;
they are naturally produced in cells and can interact
with complementary sequences on mRNA molecules,
thereby interfering with the further use of these mRNAs
for protein production.

mitochondria: Membrane-enclosed structures within cells that
generate most of the cells’ energy through the production of
adenosine triphosphate, a molecule that provides the energy
needed for many key metabolic reactions.

monocytes: A type of white blood cells that are part of
the innate immune system and which play multiple
roles in immune function.
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mutagenesis: A process by which the genetic information
of an organism is changed in a stable manner, resulting
in a mutation that may disrupt or alter gene function. 

Neuropeptide: Protein-like molecules used by neurons
to communicate with each other.

Neuroplasticity: Ability of the nervous system to change
and reorganize itself throughout life by forming new
connections among nerve cells or altering the activities
of existing nerve cells and connections; is the basis for
the ability to learn throughout life; neuroplastic changes
also may underlie long-term effects of alcohol or drug
exposure.

Next-generation sequencing: High-throughput technique
to determine the DNA sequence of entire genomes;
allows investigators to determine the order (i.e., sequence)
of several hundred billion DNA building blocks per
week at a dramatically reduced cost compared with
traditional sequencing approaches.

oxidase: Any enzyme that increases the rate of (i.e.,
catalyzes) an oxidation–reduction reaction involving
molecular oxygen (O2).

oxidative stress: An imbalance between oxidants (e.g.,
free radicals or reactive oxygen species) and agents that
can detoxify these oxidants (i.e., antioxidants) that can
lead to excessive oxidation and cell damage.

Phenotype: The observable structural or functional (e.g.,
behavioral, physiological, biochemical) characteristics of
an individual organism; each phenotype is determined to
a varying degree by the genotype and environmental factors.

Polymorphism: The presence of two or more alleles of a gene
or other DNA sequence at a particular locus in a population.

Protease: An enzyme that cuts (i.e., cleaves) proteins
into smaller pieces (i.e., peptides); many proteases 
(e.g., trypsin) cleave the proteins only at specific sites
characterized by a specific sequence of amino acids.

Quantitative trait: A phenotype that varies in the degree
or magnitude to which it is present (e.g., sensitivity to
alcohol or height) and which typically is influenced by
more than one gene.

Quantitative trait locus (QTL): A DNA region that is
associated with a quantitative trait and which may

contain one or more of the genes contributing to
variation in that trait.

recombinant inbred (rI) mice: A strain of genetically
identical animals produced by mating successive
generations of sibling animals initially descended from
the offspring of a cross (i.e., a recombination) between
two distinct inbred strains.

rNA interference (rNAi): A RNA transcript produced in
the body that does not encode a protein but which can
alter the expression of other protein-coding mRNA
transcripts; also refers to the process of quelling gene
expression through the use of these RNA molecules.

Sequencing: Determining the order of the building
blocks (i.e., nucleotides) in a DNA or RNA segment 
or of amino acids in a protein.

Single-nucleotide polymorphism (SNP): A DNA sequence
variation at a single nucleotide between members of a
species or between paired chromosomes in an individual.

Synaptic plasticity: The ability of the connection
between two neurons to change in strength in response
to either use or disuse of signal transmission across the
site where the two neurons interact (i.e., the synapse). 

Syntenic: Pertaining to synteny-the phenomenon that
the gene order along chromosomes of different species
often is conserved; for example, certain genes located
next to each other on mouse chromosome 4 also are
located next to each other (i.e., are syntenic) on human
chromosome 9.

Transcript: The product of transcription—the process
by which the genetic information contained in DNA is
converted into an exactly complementary sequence of
RNA; used synonymously with mRNA.

Transcriptome: The entirety of all transcription products
(transcripts or mRNA.) present in a cell, tissue, or organism.

Whole-genome expression profiling: High-throughput
analytical approach to identify genes in a cell that are
expressed at a given point in time as well as the level 
of gene expression.
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Discovering genes
Involved in Alcohol
Dependence and other
Alcohol responses
Role of Animal Models

Kari J. Buck, Ph.D.; Lauren c. milner, Ph.D.; Deaunne L.
Denmark, m.D., Ph.D.; Seth g.N. grant, Ph.D.; and 
Laura B. Kozell, Ph.D.

The genetic determinants of alcoholism still are largely unknown,
hindering effective treatment and prevention. Systematic
approaches to gene discovery are critical if novel genes and
mechanisms involved in alcohol dependence are to be
identified. Although no animal model can duplicate all aspects of
alcoholism in humans, robust animal models for specific
alcohol-related traits, including physiological alcohol
dependence and associated withdrawal, have been invaluable
resources. using a variety of genetic animal models, the
identification of regions of chromosomal DNA that contain a
gene or genes which affect a complex phenotype (i.e.,
quantitative trait loci [QTLs]) has allowed unbiased searches for
candidate genes. Several QTLs with large effects on alcohol
withdrawal severity in mice have been detected, and fine
mapping of these QTLs has placed them in small intervals on
mouse chromosomes 1 and 4 (which correspond to certain
regions on human chromosomes 1 and 9). Subsequent work led
to the identification of underlying quantitative trait genes (QTGs)
(e.g., Mpdz) and high-quality QTG candidates (e.g., Kcnj9 and
genes involved in mitochondrial respiration and oxidative stress)
and their plausible mechanisms of action. Human association
studies provide supporting evidence that these QTLs and QTGs
may be directly relevant to alcohol risk factors in clinical
populations. KeY WorDS: Alcoholism; alcohol dependence;
alcohol withdrawal; risk factors; genetic factors; genetic theory
of AoDU; genetic trait; DNA; QTL mapping; quantitative trait
loci (QTLs); quantitative trait genes (QTgs); animal models

Ahost of biological (i.e., genetic) and environmental factors
interact throughout the addictive process to influence
alcohol use and abuse. These processes are accompa-

nied by a number of behavioral and neural events that
include, but are not limited to, changes in the motivational
effects of ethanol (both rewarding and aversive), tolerance to
some effects of ethanol, and withdrawal when ethanol use is
discontinued (Koob and Le Moal 2008). The role of genet-

ics in individual differences in the degree and/or the rate of
development of all such changes clearly has been illustrated
in human genetic studies as well as studies using genetic animal
models (for reviews, see Crabbe 2008 and references therein;
Heath et al. 2011 and references therein). Although a few
genes consistently have demonstrated a role in alcoholism or
associated characteristics (i.e., subclinical markers known as
endophenotypes) in human studies, their identification has
relied heavily on prior knowledge of the physiological responses
to alcohol. Thus, these genes primarily encode alcohol-
metabolizing enzyme isoforms and neurotransmitter receptor
subunits, both of which already had been known to be
affected by alcohol (for more information, see the articles 
by Hurley and Edenberg, pp. 339–344, and by Borghese and
Harris, pp. 345–354, in this issue). Moreover, the genetic vari-
ants identified to date do not wholly explain the complex
genetic susceptibility to alcoholism. Accordingly, researchers
need unbiased, systematic approaches to gene discovery in
order to discover novel genes and mechanisms and translate
them into improved treatment and prevention approaches. One
promising approach to achieving this is to conduct genome-
wide association studies (GWASs). However, human GWASs
require large sample sizes to identify alcoholism susceptibility
genes, and the studies published to date have been under-
powered and show limited replicability (for a review, see
Treutlein and Reitschel 2011 and references therein). 

The use of preclinical (i.e., animal) models that closely
approximate the clinical situation has been essential for elu-
cidating genetic factors involved in the response to alcohol.
Although no animal model can exactly duplicate alcoholism
in humans, robust animal models for specific alcohol-related
traits are useful for identifying potential determinants of lia-
bility in humans. These models include, but certainly are
not limited to, the following:
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• Animal models of ethanol self-administration, given that
excessive ethanol consumption is a hallmark of alcohol
use disorders in humans; 

• Models of conditioned place preference and conditioned
taste aversion to assess the motivational (i.e., rewarding
and aversive) effects of ethanol; 

• Models of ethanol sensitivity, because evidence from
human studies indicates that sensitivity to the intoxicat-
ing effects of ethanol is a marker of genetic susceptibility
to develop alcohol dependence; and 

• Models of withdrawal, because physiological dependence
on alcohol and associated withdrawal symptoms are
thought to constitute a motivational force that perpetuates
alcohol use and abuse.

For recent publications that address potential consilience
between human alcohol dependence and animal models in
more depth, the reader is referred to Crabbe and colleagues
(2010), Ehlers and colleagues (2010), and Sher and col-
leagues (2010).

Studies using robust animal, and particularly mouse, models
have been fundamental to unbiased searches for genetic
determinants of ethanol responses. For example, researchers
have used such models to detect and map quantitative trait
loci (QTLs)—chromosomal regions containing or linked to
the genes that underlie a quantitative, complex trait. These
approaches have identified significant and suggestive QTLs
for ethanol sensitivity (e.g., Bennett et al. 2006; Downing 
et al. 2006; Palmer et al. 2006), consumption (e.g., Belknap
and Atkins 2001; Boyle and Gill 2008; Hitzemann et al.
2009; Phillips et al. 1998, 2010;Tarantino et al. 1998), with-
drawal (Buck et al. 1997, 2002), conditioned aversion
(Risinger and Cunningham 1998), conditioned place prefer-
ence (Cunningham 1995), and tolerance (e.g., Bennett et al.
2007; Crabbe et al. 1994; Drews et al. 2010; Kirstein et al.
2002). The identification of specific genes (i.e., quantitative
trait genes [QTGs], which carry allelic variations in the DNA
that affect their expression and/or the structure of the prod-
uct that they code for) that underlie QTL phenotypic effects
and elucidation of their mechanisms of action is a crucial
next step in the translation of such preclinical research. 

Successful strategies to identify genes involved in alcohol
dependence and other alcohol-related responses most often
have relied upon evidence from several sources (e.g., Shirley
et al. 2004). This article summarizes the detection, confir-
mation, and fine mapping of several QTLs that have large
effects on ethanol withdrawal in mice using a variety of
approaches, including robust behavioral models of physiological
dependence and associated withdrawal following acute and
chronic ethanol exposure, positional cloning, sequence and
expression analyses, and novel genetic animal models. In
addition, the article discusses progress toward the identifica-
tion of the underlying QTGs, their mechanisms of action,

and their potential broader effects on behavioral responses to
ethanol.

QTLs and QTgs Associated With Alcohol
Dependence and other Alcohol effects

The Mpdz Gene 
Using a robust behavioral model of physiological dependence,
Buck and colleagues (1997) identified a QTL on chromosome
4 that accounts for up to 26 percent of the genetic variance
in withdrawal-associated convulsions following acute and
chronic ethanol exposure in mice. Positional cloning using
novel interval-specific congenic mouse strains1 narrowed this
QTL to a 1.8-Mb interval with conserved colocalization of
genes (i.e., shared synteny) on human chromosome 9p23–
p22.3.2 Detailed expression and sequence analyses subse-
quently identified a single QTG candidate, Mpdz, which
encodes a protein called multi-PDZ domain protein (MPDZ/
MUPP1) (Shirley et al. 2004). Standard inbred and congenic
strain analyses suggested that lower Mpdz expression and/or
certain variations in the amino acid sequence of the encoded
MPDZ protein were associated with more severe ethanol
withdrawal (Fehr et al. 2002, 2004; Shirley et al. 2004).
However, direct evidence that Mpdz affects ethanol withdrawal
behavior in the intact organism (i.e., in vivo) currently is
lacking. Investigators now are addressing this issue in ongo-
ing studies using novel animal models in which either a for-
eign Mpdz gene has been introduced (i.e., MPDZ transgenic
[MPDZ-TG] mice) or in which Mpdz expression has been
reduced (i.e., knockout [MPDZ-KO] mice). The MPDZ-
TG animals show increased Mpdz expression compared with
their wild-type (WT), non-TG littermates. Ongoing studies
suggest that withdrawal-related hyperexcitability of the central
nervous system (CNS), which can be assessed using handling-
induced convulsions, may be less severe in MPDZ-TG mice
than in WT littermates—in other words, the animals with
increased MPDZ expression experience less severe withdrawal.
Conversely, ongoing studies indicate that MPDZ-KO het-
erozygotes, which exhibit reduced MPDZ expression, may
show more severe ethanol withdrawal than WT littermates.
Thus, it seems that an inverse relationship exists between
Mpdz expression and withdrawal severity. However, other
1 Congenic and interval-specific congenic strains refer to genetic animal models that are genetically
identical to noncongenic (wild type) counterparts except for a limited genetic region (the congenic
interval, which can range in size from moderately large to as small as 1 megabase). Through specific
breeding strategies, a defined DNA segment from a donor strain’s genome is transferred to a different
recipient strain. By analyzing a panel of interval-specific congenic strains, each with a different con-
genic interval, and determining which of the congenic strains “capture” the trait of interest (i.e., differ
from noncongenic animals) and which do not, researchers can identify a small DNA segment that
influences a trait of interest. This is an important step toward identifying the gene or genes within the
DNA segment that affect the trait of interest.  

2 When human chromosomes are prepared for microscopic examination, they take on an x-shaped
form, with the shorter arm being labeled the p arm and the longer one the q arm. In addition, the
chromosomes are stained with a special dye, giving them a characteristic pattern of light and dark
bands that are numbered from the center of the chromosome outwards. Thus, a label such as 9p23
refers to a specific band on the short arm of chromosome 9.
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studies have suggested that different variants of the Mpdz
gene exist, resulting in variations in MPDZ protein structure
that also may affect withdrawal severity (Fehr et al. 2002).
Thus, it still is unclear whether one or both of these mecha-
nisms underlie the effect of Mpdz on alcohol withdrawal.
Nevertheless, because the strengths of the MPDZ-TG
approach complement the limitations of the MPDZ-KO
approach and vice versa, the finding that both approaches 
support a role for MPDZ in ethanol withdrawal is compelling.

Currently, little is known about how MPDZ function
relates to alcohol dependence and withdrawal. PDZ-domain
proteins regulate numerous aspects of the fate of proteins in
the cell (e.g., targeting them to their appropriate location in
the cell, stabilization in membranes, retention in a cell com-
ponent called the endoplasmic reticulum, and endocytosis).
MPDZ physically associates with certain proteins involved
in brain signaling (i.e., neurotransmitter) systems. These
include the following:

• Receptors for the neurotransmitter serotonin (5-HT)
(e.g., the 5-HT2C receptor) (Becamel et al. 2001); 

• A receptor for the neurotransmitter γ-aminobutyric acid
(GABA) (i.e., the GABAB receptor) (Balasubramanian et
al. 2007); and

• A protein called synaptic GTPase-activating protein
(SynGAP). Through this association, MPDZ is involved
in regulating the functions of the neurotransmitter gluta-
mate, because after binding to SynGAP, MPDZ interacts
(i.e., complexes) with one type of glutamate receptor 
(i.e., NR2B-containing NMDA receptors) to regulate 
the function of another type of glutamate receptor (i.e.,
synaptic AMPA receptors) (Krapivinsky et al. 2004). 

MPDZ may affect withdrawal by altering the rate and/or
fidelity of signal transduction mediated by one or more of
the proteins with which it associates, particularly through its
effects in a brain region(s) relevant to withdrawal. The stria-
tum appears to be one such region, as ethanol-withdrawal–
associated activation of this brain region is related to MPDZ
status (Chen and Buck 2010). Within the striatum, virtually
all neurons activated in alcohol-withdrawn mice produce
both MPDZ and the 5-HT2C receptor, and 30 percent of
neurons also produce SynGAP (Chen and Buck 2010).
Analyses of inbred mouse strains have indicated that MPDZ
status is genetically correlated with convulsions induced by
certain chemicals, with some of the strongest genetic correla-
tions observed for chemicals affecting signaling pathways
involving glutamate (Fehr et al. 2004). For example, two
mouse strains known as C57BL/6J and DBA/2J differ both
in the MPDZ variant they carry, affecting both MPDZ
expression and structure (Shirley et al. 2004; Fehr et al. 2002),
and markedly in handling-induced convulsions in response
to agents that modify glutamate signaling (Fehr et al. 2004).
Further, MPDZ congenic mice, which possess the QTL
interval containing Mpdz from the C57BL/6J strain in a

genetic background that is more than 99 percent DBA/2J
DNA, demonstrate less severe ethanol withdrawal (Fehr et
al. 2002) and less severe handling-induced convulsions than
DBA/2J mice in response to a 5-HT2C receptor blocker (i.e.,
SB242084) and a drug that activates GABAB receptors (i.e.,
baclofen), but not in response to a GABAA receptor channel
blocker (Reilly et al. 2008). These findings indicate that
MPDZ does not regulate seizure susceptibility in general and
suggest that MPDZ may affect ethanol-withdrawal–associated
CNS hyperexcitability through its effects on glutamate, 
5-HT2C, and/or GABAB receptor function. Ongoing neuro-
physiological studies using MPDZ genetic models can
address this issue to provide mechanistic information.  

The Kcnj9 Gene
Buck and colleagues (1997, 2002) also identified a QTL on
mouse chromosome 1 that accounts for 26 percent of the
genetic variance in ethanol withdrawal convulsions in mice.
Positional cloning using interval-specific congenic strains
narrowed this QTL to a 0.44-Mb interval syntenic with
human chromosome 1q23.2 (Kozell et al. 2009). This chro-
mosome region contains a gene called Kcnj9 which may be
the QTG underlying this QTL. DBA/2J and chromosome 1
congenic mice (which possess a small QTL interval containing
Kcnj9 from the DBA/2J strain in a genetic background that
is more than 99 percent C57BL/6J DNA) exhibit significantly
more severe withdrawal from ethanol and other sedative
drugs of abuse than C57BL/6J mice. Further, Kcnj9 expression
in the brain is significantly greater in chromosome 1 congenic
and DBA/2J mice compared with C57BL/6J mice (Kozell 
et al. 2009). Additionally, mice in which the Kcnj9 gene has
been knocked out demonstrate less severe withdrawal than
their WT littermates (Kozell et al. 2009). Kcnj9 encodes a
protein called GIRK3, which forms a subunit of a family of
ion channels (i.e., G-protein–dependent inwardly-rectifying
K+ channels) that are gated by G-proteins. GIRK channels
primarily mediate the inhibitory effects of certain G-protein–
coupled neurotransmitter receptors (Luscher et al. 1997).

Currently, little is known about GIRK3 function in the
brain and the mechanism by which it can affect withdrawal.
GIRK3 is widely expressed in the brain and forms ion channels
together with the related GIRK2 protein subunit (Koyrakh
et al. 2005; Labouebe et al. 2007; Torrecilla et al. 2002).
One plausible mechanism by which GIRK3 may influence
withdrawal is via its role in GABAB receptor signaling.
GABAB receptor activation usually suppresses withdrawal
symptoms in ethanol-dependent rats (Colombo et al. 2000;
Knapp et al. 2007) and humans (Addolorato et al. 2006),
and GIRK3-KO mice show increased GIRK-GABAB receptor
coupling efficiency in the brain compared with WT mice
(Labouebe et al. 2007). Further, ethanol enhances GABAB
receptor mediated inhibitory transmission in brain neurons
by facilitating GIRK currents (Federici et al. 2009; McDaid
et al. 2008) and enhances GIRK currents evoked by GABAB
receptor activation (Kobayashi et al. 1999; Lewohl et al.
1999). In addition to altered GABAB receptor function,
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GIRK3-KO mice have blunted behavioral responses to drugs
that act at other Gi/o-coupled receptors, including μ-opioid
(Marker et al. 2002; but see Smith et al. 2008), cannabinoid
and α2-adrenergic receptors (Smith et al. 2008). This suggests
the potential involvement of GABAB and additional G-coupled
receptors in mediating GIRK3 effects on behavior. Of course,
it should be kept in mind that deletion of a specific gene (in
this case the Kcnj9 gene) in KO animals may lead to devel-
opmental changes in other systems to compensate for this
loss, and these compensatory changes can confound the
interpretation of knockout studies. Future studies will be
needed to assess GIRK coupling to GABAB and similar receptors
and its role in ethanol physiological dependence and withdrawal.

QTLs and QTGs Related to Mitochondrial Respiration
and Oxidative Stress
Additional studies using the interval-specific congenic mice
carrying short segments of DBA/2J DNA in a background
of C57BL/6J DNA detected, confirmed, and finely mapped
a second QTL on mouse chromosome 1 with large effects
on the predisposition to withdrawal following chronic and
acute alcohol exposure (Kozell et al. 2008). This QTL maps
to a 1.1-Mb interval syntenic with human 1q23.2–23.3.
Although considerable evidence indicates that some genetic
factors influence vulnerability to withdrawal from a variety
of sedative drugs, this QTL does not influence pentobarbital
withdrawal (Kozell et al. 2009) and provides a crucial clue as
to the identity of the underlying QTG(s). 

Detailed molecular analyses of this QTL interval have shown
that it harbors 17 genes that exhibit genotype-dependent
transcript expression between chromosome 1 congenic and
C57BL/6J background strain mice and/or nonsynonymous
sequence variation that changes the structure of the protein
coded for by the gene, either one or both of which may
underlie the QTL’s influence (Denmark and Buck 2008).
Three of these genes (called Sdhc, Ndufs2, and Ppox) encode
proteins found in cell organelles called mitochondria.
Mitochondria supply most cellular energy and also are involved
in pathways that help the cells avoid or deal with oxidative
stress. This is notable because studies both in cultured cells
(i.e., in vitro) and in vivo found that ethanol exposure intro-
duces intense oxidative stress, largely through its effects on
the mitochondria (Bailey 2003; Sun and Sun 2001).3 The
protein products of Sdhc and Ndufs2 are integral subunits 
of certain components (i.e., respiratory complexes I and II)
involved in a series of biochemical reactions known as the
mitochondrial electron transport chain. The protein encoded
by Ppox catalyzes the penultimate step in the biosynthesis 
of heme, which is required for the function of cytochrome
molecules that play a central role in mitochondrial respiratory
function. Consistent with the hypothesis that these mito-
chondrial proteins could be related to ethanol withdrawal,
studies found that mutations in the human genes NDUFS24

(Ugalde et al. 2004) and PPOX (Gonzalez-Arriaza and
Bostwick 2003) cause several inherited diseases that include
seizures as a prominent symptom. Similar mutations in the

gene corresponding to Ndufs2 in the roundworm Chromatia
elegans (which is called gas-1) creates ethanol hypersensitivity
and increased oxidative stress (Kayser et al. 2001, 2003;
Morgan and Sedensky 1995). Evidence from rat models 
suggests that ethanol withdrawal is accompanied by increases
in oxygen-containing molecules that increase oxidative stress
(i.e., reactive oxygen species) and that these increases corre-
late with withdrawal severity (Dahchour et al. 2005; Vallett
et al. 1997). 

Because the DBA/2J and C57BL/6J mice that were used
to generate the interval-specific congenic strains differ signif-
icantly in the brain levels of some oxidative stress markers
(Rebrin et al. 2007), this model system is highly attractive
for conducting subsequent QTG and mechanistic analyses.
Ongoing studies to address these issues suggest that a gene(s)
within this QTL interval may affect mitochondrial respiratory
complex structure in the brain and that antioxidant adminis-
tration may reduce ethanol withdrawal severity in mice. 

Potential roles of mPDZ and gIrK3 in Additional
responses to ethanol

Alcohol consumption and preference show significant
genetic correlation with ethanol withdrawal convulsion
severity in independently tested groups of mice (Metten et
al. 1998), suggesting that ethanol withdrawal and consump-
tion/preference may share specific genetic contributions,
which may include the Mpdz and Kcnj9 genes and their
encoded proteins. Consistent with this hypothesis, the same
chromosomal region that contains Kcnj9 also harbors QTLs
for ethanol drinking (Tarantino et al. 1998) and for ethanol-
conditioned aversion (Risinger and Cunningham 1998) and
acute sensitivity to ethanol (Crabbe et al. 1994; Demarest et
al. 1999). Moreover, analyses of standard and recombinant
inbred animal strains have suggested that Mpdz status and/or
expression may be genetically correlated with ethanol con-
sumption and preference (behavioral data from Belknap et
al. 1993; Fernandez et al. 1999; Gill et al. 1996; Rodriguez
et al. 1994), ethanol-conditioned place preference and taste
aversion (behavioral data from Broadbent et al. 2002;
Cunningham 1995), and sensitivity and tolerance to
ethanol-induced motor incoordination (behavioral data from
Gallaher et al. 1996; Phillips et al. 1996; Rustay et al. 2003).
These results suggest that Mpdz and Kcnj9may have roles in
a wide variety of ethanol-related behaviors. The possibility
that these QTGs play important roles in diverse responses to
ethanol makes them important targets. Ongoing analyses
using MPDZ and GIRK3 genetic models can begin to
address their potential roles in ethanol consumption, prefer-
ence, and other related behaviors. 
3 In contrast, the sedative pentobarbital seems to have a neutral or anti-oxidative effect in the brain
(Smith et al. 1980; ueda et al. 2007).

4 By convention, gene names in animals are written in uppercase and lowercase and italicized. Gene
names in humans are written in all caps and are italicized, whereas the acronyms for the encoded
proteins are all caps but not italicized. 
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Human Relevance of QTGs Identified
in Mice 

As reviewed here, studies in mouse models of
various aspects of alcohol dependence have
identified several QTLs with large effects on
ethanol physiological dependence and associ-
ated withdrawal, have reduced these QTLs to
small intervals of chromosomes 1 and 4
(which are syntenic to human chromosomes
1q23.2-23.3 and 9p23-p22.3, respectively),
and have led to the description of a QTG or
high-quality QTG candidate(s). Human asso-
ciation studies have provided evidence that
the QTLs and QTGs identified in mice may
be relevant to risk factors for alcoholism in
clinical populations. For example, two studies
have identified DNA regions associated with
alcohol dependence on human chromosome
1q (LOD>3), and additional studies have pro-
vided supporting evidence for the association
of 1q markers with alcoholism (for reviews,
see Edenberg et al. 2010; Ehlers et al. 2010;
Hansell et al. 2009; Heath et al. 2011; Joslyn
et al. 2010) (see figure 1). These loci poten-
tially are syntenic with the identified mouse
chromosome 1 QTLs for alcohol consumption
and withdrawal (Ehlers et al. 2010).
Several studies also have provided evidence
for an association of markers on human chro-
mosome 9p with alcoholism, but these asso-
ciations only remain suggestive (Edenberg et
al. 2010; Joslyn et al. 2010; Long et al. 1998;
Williams et al. 2005). These markers potentially
are syntenic with the mouse chromosome 4
QTL for which Mpdz has been proposed as a
QTG (figure 2). In addition, limited human
association studies using only small popula-
tions have implicated MPDZ as potentially
involved in excessive alcohol consumption
and risk for alcoholism (Karpyak et al. 2009;
Tabakoff et al. 2009). Thus, this gene is a
promising translational candidate for future
work toward improving prevention and treatment
of alcohol abuse in dependent individuals.
These findings suggest that QTL/QTG
research in mice may help in the identifica-
tion of new targets for improved therapeutic
approaches and individualized strategies to
treat and prevent dependence in humans. In
some cases, a QTG can be the same in mice
and humans, as has been found for some 
disorders (Mogil et al. 2003) and also may 
be the case for one or more of the examples
above. In other cases, animal models may
identify a relevant network operating in both
species, within which many potential targets

Figure 1  Potential synteny between mouse chromosome 1 and human chromosome 1
quantitative trait loci (QTLs). Human chromosome 1 shares primary conserved
regions with mouse chromosomes 1, 3, and 4. Conversely, mouse chromo-
some 1 shares regions syntenic with human chromosomes 1, 2, 5, 6, 8, and
18. For both mouse and human chromosomes, additional smaller syntenic
regions exist (not shown). Mouse chromosome 1 carries significant QTLs for
physiological dependence and associated withdrawal following chronic and
acute ethanol exposure, two of which have been finely mapped to small DNA
intervals of 0.44 and 1.7 Mb (see blue and red lines next to mouse chromo-
some 1). High-quality quantitative trait gene (QTG) candidates have been
identified within these two intervals, including Kcnj9 and genes involved in
mitochondrial respiration and/or oxidative stress. (Denmark and Buck 2009;
Kozell et al. 2009). Another QTL for ethanol consumption and withdrawal has
also been detected nearby (see black line) but has not yet been finely
mapped. The dashed red boxes and line denote the two finely mapped mouse
QTL intervals and the syntenic region of human chromosome 1 (1q23.2–
1q23.3). Two human QTL studies have determined peak log of the odds of link-
age (LOD) scores for alcoholism (red line; Hill et al. 2004) and for age of
onset of drinking, harm avoidance, novelty seeking, and alcohol dependence
(blue line; Dick et al. 2002) in this human chromosome 1 region. Four genet-
ic markers (rs1229430, rs2001270, rs3753563, and rs84465) that are asso-
ciated (P < 0.0001) with heaviness of drinking, alcohol use disorder, and/or
alcohol dependence (Heath et al. 2011) are located in that same region
(green lines). Thus, one or more human QTLs may be narrowed to a small syn-
tenic interval of human chromosome 1 that harbors the homologs of high-quality
QTG candidates identified in mice. 
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Figure 2  Potential synteny between mouse chromosome 4 and human chromosome 9
quantitative trait loci (QTLs). Human chromosome 9 shares primary conserved
regions with mouse chromosomes 1, 4, 19, 2, and 13, and mouse chromosome
4 shares regions syntenic with human chromosomes 9, 8, 1, and 6. For both
mouse and human chromosomes additional smaller syntenic regions exist (not
shown). Mouse chromosome 4 carries a significant QTL for ethanol withdrawal
that has been mapped to 1.8-Mb interval. Within this interval, a gene called Mpdz
has been identified as a quantitative trait gene (QTG) candidate for ethanol with-
drawal (Shirley et al. 2004). The dashed red boxes and line denote this 1.8-Mb
QTL interval and syntenic region on human chromosome 9 (9p23–p22.3). A
recent human association study for alcohol consumption (Tabakoff et al. 2010)
found significant association with a DNA variation (i.e., single nucleotide polymor-
phism [SNP]) within the human gene MPDZ (P < 0.0001). Sequence variations in
human MPDZ also may be associated with alcohol dependence (Karpyak et al.
2010). Thus, this gene has been implicated in studies using animal model and
clinical populations. Additional markers near this region of human chromosome 9
may be associated with alcohol-related phenotypes, including age of onset of use
(D9S925; Williams et al. 2005), predisposition to alcohol dependence (D9S319;
Long et al. 1998), and alcohol response (PTPRD; Joslyn et al. 2010).

for pharmacologic interventions may
exist. In either case, a comprehensive
understanding of genetic variation, both
in humans and informative animal models,
is crucial to establishing its relationship to
biological function (Collins et al. 2003).
As more information becomes available,
the mechanisms by which QTGs affect
response to ethanol, and their potential
role in alcohol dependence in humans,
will become apparent.  ■
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circadian genes, the
Stress Axis, and Alcoholism

Dipak K. Sarkar, Ph.D., D.Phil.

The body’s internal system to control the daily rhythm of the
body’s functions (i.e., the circadian system), the body’s stress
response, and the body’s neurobiology are highly
interconnected. Thus, the rhythm of the circadian system
impacts alcohol use patterns; at the same time, alcohol drinking
also can alter circadian functions. The sensitivity of the
circadian system to alcohol may result from alcohol’s effects on
the expression of several of the clock genes that regulate
circadian function. The stress response system involves the
hypothalamus and pituitary gland in the brain and the adrenal
glands, as well as the hormones they secrete, including
corticotrophin-releasing hormone, adrenocorticotrophic
hormone, and glucocorticoids. It is controlled by brain-signaling
molecules, including endogenous opioids such as β- endorphin.
Alcohol consumption influences the activity of this system and
vice versa. Finally, interactions exist between the circadian
system, the hypothalamic–pituitary–adrenal axis, and alcohol
consumption. Thus, it seems that certain clock genes may
control functions of the stress response system and that these
interactions are affected by alcohol. KeY WorDS: Alcohol
consumption; alcohol use, abuse and dependence; alcohol and
other drug use pattern; genetics; genetic factors; circadian
system; clock genes; stress; stress response; biological
adaptation to stress; neurobiology; hypothalamic– pituitary–
adrenal axis

A lcohol abuse and dependence are estimated to affect 1
in 8 adults in the United States and several hundred
million people worldwide (Grant et al. 2004). To define

at-risk populations and develop better treatments, it is impor-
tant to further identify the genetic and environmental factors
that contribute to alcohol addiction. Recent evidence sug-
gests that the body’s internal system that helps control the daily
rhythm of the body’s activities (i.e., the circadian system), the
body’s stress response system, and the body’s neurobiology 
of alcohol are extensively intertwined. This article explores
some of these interactions. 

The circadian System and Alcohol’s effects on It

The circadian system—or the body’s internal clock—is a
naturally present regulatory system that helps the body
maintain an approximately 24-hour cycle in biochemical,
physiological, or behavioral processes, thereby allowing the

organism to anticipate and prepare for regular environmen-
tal changes (i.e., the day–night cycle). For example, circadian
rhythms maintain not only sleeping and feeding patterns but
also physiological processes such as body temperature, brain-
wave activity, hormone production, and cell regeneration.
The circadian clockwork results from the interaction of 
specific clock genes, including genes known as Period (Per1,
Per2, and Per3), Clock, Bmal1, and Cryptochrome (Cry1 and Cry2),
and others.1 The activity of these genes is controlled by two
tightly coupled transcriptional and translational feedback
loops that sustain a near 24-hour periodicity of cellular activity.
Expression of these clock genes, in turn, regulates the expres-
sion of other clock-controlled genes (Ko and Takahashi 2006).

In both humans and animal models, complex bidirectional
relationships seem to exist between alcohol intake or exposure
and circadian clock systems. The impact of the circadian system
on alcohol use is shown by the fact that both preference for
and consumption of alcohol are modulated by time of day,
and studies found that genetic interactions link core circadian
clock genes with alcohol drinking (Spanagel et al. 2005a, b).
In addition, disruption of the normal circadian rhythm (i.e.,
circadian desynchronization) seems to increase the use of
alcohol, as seen in frequent travelers and rotating-shift workers,
possibly because it frequently activates the body’s stress response
(i.e., increases the allostatic load2) (Rosenwasser et al. 2010;
Trinkoff and Storr 1998). At the same time, a strong rela-
tionship seems to exist between alcohol drinking and altered
circadian functions. For example, alcohol intake can alter the
following circadian responses: 

• Circadian rhythms in blood pressure, core body tempera-
ture, and hormone release in humans (Danel et al. 2009;
Devaney et al. 2003; Nakashita et al. 2009); 

• Shifts in the normal circadian rhythm (i.e., circadian
phase shifting) and in the free-running period3 in mice
(Prosser et al. 2008; Seggio et al. 2009); 

• Return to a normal circadian rhythm after a disruption (i.e.,
circadian phase resetting) and nocturnal activity patterns in
hamsters (Ruby et al. 2009; Seggio et al. 2007); and

1 By convention, gene names in animals are written in uppercase and lowercase and italicized. Gene
names in humans are written in all caps and are italicized, whereas the acronyms for the encoded
proteins are all caps but not italicized. 

2 The term allostatic load refers to the physiological consequences of chronic exposure to fluctuating
or heightened hormonal responses resulting from repeated or chronic stress.

3 Free-running period is a period that is not adjusted or entrained to the 24-hour cycle in nature or to
any artificial cycle.
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professor in the Endocrinology Program and Department 
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• Rhythmicity in the activity of certain brain cells (i.e.,
proopiomelanocortin [POMC]4-producing neurons) in a
brain region called the hypothalamus (which is involved
in the body’s stress system) in rats (Chen et al. 2004).  

Even alcohol exposure before birth can interfere with cir-
cadian systems. Thus, prenatal ethanol exposure in rats can
alter core body temperature and phase-shifting ability (Sakata-
Haga et al. 2006); rhythmic activity of the pituitary gland
and the adrenal gland, both of which are part of the body’s
stress response system (Taylor et al. 1982); the rhythmic
release of the main stress hormone (i.e., corticosterone)
(Handa et al. 2006); immune cell rhythms (Arjona et al.
2006); and circadian expression of POMC in the hypothala-
mus (Chen et al. 2006).  

Why Is the Body’s Circadian System So Vulnerable to
Alcohol Toxicity? 
One logical explanation for the sensitivity of the circadian
system to alcohol suggests that alcohol specifically targets
one or more of the genes that regulate circadian functions.
Using different experimental designs, researchers have
demonstrated that alcohol exposure significantly alters the
expression of several core clock genes. For example, in chronic
alcohol-drinking rats, circadian expression of Per1 and Per2
is significantly disrupted in the hypothalamus (Chen et al.
2006). Likewise, prenatal alcohol exposure alters circadian
expression of Per1 and Per2 genes in the hypothalamus and
in tissues in other parts of the body in rats and mice (Arjona
et al. 2006; Chen et al. 2004; Ko and Takahashi 2006). In
addition, neonatal alcohol exposure reduces Cry1 expression
in a brain region called the suprachiasmatic nucleus and
advances the phase of the Per2 rhythm in the cerebellum and
liver (Farnell et al. 2008). In human studies, the expression
of clock genes (PER, CRY, and BMAL1) is reduced in white
blood cells of male alcoholic patients (i.e., after chronic alco-
hol exposure) (Huang et al. 2010), whereas alcohol drinking in
healthy males (i.e., acute exposure) increases BMAL1 expression
in these cells (Ando et al. 2010). Finally, variations of the
PER2 gene in which individual DNA building blocks are
altered (i.e., single nucleotide polymorphisms [SNPs]) are
associated with increased alcohol consumptions in male
patients (Spanagel 2005a) and adolescent boys (Comasco et
al. 2010). These observations suggest that clock genes are
targets through which alcohol may alter circadian functions.
However, in-depth molecular studies are necessary to eluci-
date the potential mechanisms by which alcohol directly or
indirectly affects clock gene expression and cellular functions.
4 PoMC is a precursor molecule primarily produced in and secreted by the pituitary gland but also in
the hypothalamus. PoMC subsequently can be processed in other tissues into numerous different
products, which in turn exert specific effects on the organism and play a role in a wide range of physi-
ological processes. one of these products is adrenocorticotropic hormone (ACTH), which is produced
in the pituitary gland and is part of the body’s stress response system, the hypothalamic–pituitary–
adrenal (HPA) axis.

circadian Systems, the Stress response, and
Alcohol consumption

The Stress Response System
The circadian system also may be involved in regulating
alcohol-drinking behavior by interacting with a hormone
system called the hypothalamic–pituitary–adrenal (HPA)
axis, which plays a central role in the body’s stress response 
as well as in reward mechanisms. Stress increases the produc-
tion of a hormone called corticotrophin-releasing hormone
(CRH) in certain cells in a region known as the paraventric-
ular nucleus (PVN) in the hypothalamus. The CRH then is
secreted into the blood vessels leading to the pituitary gland,
where it interacts with a specific molecule, the CRH receptor1
(CRHR1), on specific cells in the anterior pituitary. In response,
these cells begin the synthesis and release of adrenocorticotropic
hormone (ACTH) into the circulation. ACTH, in turn,
stimulates the release of glucocorticoids (i.e., corticosterone
in rats and cortisol in humans) from the outer layer (i.e., cortex)
of the adrenal glands that are located on top of the kidneys.
The glucocorticoids then act on numerous tissues through-
out the organism to coordinate the body’s stress response.
However, the CRH/CRHR1 system is found not only in the
hypothalamus but also in other areas of the brain and helps
mediate the actions of the brain’s central stress response systems.

The CRH–HPA system is controlled by many brain-
signaling molecules (i.e., neurotransmitters) and their recep-
tors, including opioid peptides5 (e.g., β-endorphin [β-EP])
and their receptors. For example, in rats, the bodies of CRF-
producing cells are found in the same locations of the PNV
as the fibers of β-EP–releasing cells. In another area of the
hypothalamus called the median eminence, a certain type of
opioid receptors (i.e., µ-opioid receptors [MOP-r]) is located
on the ends of CRH-releasing cells. Agents that stimulate
the activity of this receptor (i.e., MOP-r agonists) can inhibit
neurotransmitter-stimulated CRF release from the hypotha-
lamus in vitro. Likewise, studies in living organisms found
that β-EP infusion decreased CRH release in the blood vessels
linking the hypothalamus and the pituitary (Plotsky 1991),
and morphine pretreatment prevented stress-induced HPA
activation (Zhou et al. 1999). Finally, transplantation of β-
EP–producing cells into the PVN suppressed HPA activation
under different conditions and normalized stress hyperresponse
in fetal alcohol-exposed rats (Boyadjieva et al. 2009). All of
these data suggest that endogenous opioids (and, by extension,
opiate drugs) have a counterregulatory effect on the stress response.

Alcohol and the Stress Response 
In the central nervous system, β-EP long has been suspected
of contributing to the positive reinforcement and motivational
5 opioid peptides are short sequences of amino acids (i.e., peptides) that are naturally produced by
the body and have effects resembling those of opiate drugs. The three main classes of endogenous
opioids are endorphins, enkephalins, and dynorphins. Endorphins also are derived from PoMC, which
also is the precursor for ACTH. 
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properties of several addictive substances. For example,
microinjection of this peptide to several regions of the brain’s
reward system that involves the neurotransmitter dopamine
(i.e., the mesolimbic dopamine system), such as the nucleus
accumbens, produced place preference (Bals-Kubik et al. 1993).
In addition, several studies have demonstrated that repeated
administration of alcohol, cocaine, or heroin significantly
attenuated -EP expression in various limbic areas (Jarjour 
et al. 2009; Rasmussen et al. 2002; Sweep et al. 1988), sup-
porting the notion that -EP may contribute significantly in
the development of alcohol abuse and dependence. 
The stress response system also interacts with these reward

pathways. For example, the CRH/CRHR1 system can activate
mesolimbic dopaminergic pathways and increase dopamine-
mediated signal transmission in various parts of the mesolimbic
system, including the nucleus accumbens, amygdala, and
medial prefrontal cortex. Furthermore, elevation of plasma
corticosterone has been associated with increases in alcohol
self-administration (Fahlke et al. 1995). Finally, evidence

indicates that corticosterone directly stimulates activity of
the mesolimbic dopamine system, subsequently increasing
drug-seeking behavior (Piazza et al. 1996). Thus, stress, via
activation of the CRH–HPA circuits and/or extrahypothalamic
CRH circuits, increases mesolimbic dopamine that, in turn,
increases drug seeking in drug-treated animals. The relationship
between the stress response and the mesolimbic dopamine
system is further supported by findings that an abnormality
in POMC-mediated regulation of the HPA axis may lead to
excess alcohol drinking under stressful conditions. Finally,
consistent with animal studies demonstrating acute and
chronic effects of alcohol on the HPA axis (Koob and 
Bloos 1998), studies in humans have documented HPA 
axis alterations in both actively drinking and recently absti-
nent alcoholics (Sinha 2007; Uhart and Wand 2009). 

Figure Conceptual framework of how the circadian genes regulating
stress-induced excess alcohol drinking. Clock genes 
(Per = P, Cry = C, Bmal1 = B, and Clock = Cl) are key 
components of the circadian mechanism controlling the
functions of nerve cells in the hypothalamus and pituitary
that produce two molecules important in the body’s stress
response—corticotrophin-releasing hormone (CRH) and
proopiomelanocortin (POMC). Of these clock genes, Per
might be a potential target of alcohol (indicated by a *
symbol) in CRH and POMC neurons and may control 
the stress-induced propensity to consume alcohol. 

NOTE: (+) = stimulatory effect; (–) = inhibitory effect. 

Circadian Genes, the Stress Response, and Alcohol
Several findings have suggested that interactions exist between
the circadian system, the HPA axis, and alcohol-drinking
behavior (see the figure). For example, in animal studies,
forced-swimming and immobilization stress elevated expression
of the murine Per1 gene in CRH-positive cells of the PVN
(Takahashi et al. 2001). On the other hand, stress-related
(i.e., cortisol-induced) transcriptional activation of human
PER1 was reduced in a type of human blood cells (i.e., B-
lymphoblastoid cells) that carried an altered form of the
PER1 gene (i.e., the rs3027172 genotype), which has been
associated with an increased risk of alcoholism (Dong et al.
2011). Moreover, alcohol consumption can decrease Per2
expression in POMC-producing neurons in the hypothala-
mus (Chen et al. 2004), and certain mutations in the murine
Per2 gene interfere with alcohol’s stimulatory effect on
POMC neurons (Agapito et al. 2010) and alter the rhythmic
changes in corticosterone levels in the blood (Yang et al.
2009). Thus, it seems that the Per1 and Per2 genes may con-
trol functions of CRH- and POMC-producing neurons and
that these interactions are affected by alcohol.
It is possible that alcohol-mediated modulation of Per

genes may play a significant role in modulating HPA axis
function, which in turn may lead to an increased propensity
to drink alcohol following a stressful event. This view is sup-
ported by the recent findings by Dong and colleagues
(2011) that the presence of certain Per1mutations increased
psychosocial stress-induced alcohol drinking in mice, increased
alcohol-drinking behavior in human adolescents following
psychosocial adversity, and reduced cortisol-induced transcrip-
tional activation of Per1 in human B-lymphoblastoid cells.
Other recent findings, although preliminary, showed that 
a certain Per2mutation increased basal levels of plasma 
corticosterone and alcohol drinking while preventing stress-
induced increases in corticosterone levels and alcohol drinking
in mice (Logan et al. 2011). In this context, it is interesting
to note that mice carrying mutations in Per2, but not Per1,
display ethanol reinforcement and alcohol-seeking behavior
(Spanagel et al. 2005a; Zghoul et al. 2007). 



circadian genes, the Stress Axis, and Alcoholism 365

conclusions

The studies reviewed here suggest an intricate interaction
between circadian genes, the body’s stress response, and alco-
hol consumption. Thus, it seems that particularly the Per1
and Per2 genes, which have a distinct influence on the HPA
axis, may control stress-induced propensity to alcohol drink-
ing behavior. However, additional research is needed to
address this novel concept involving clock genes, stress, and
alcohol drinking.  ■
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The neuroimmune system (i.e., the immune system and those
components of the nervous system that help regulate immune
responses), and in particular the innate immune system, play a
role in the development of addictions, including alcoholism,
particularly in the context of stressful situations. Certain cells of
the neuroimmune system are activated both by stress and by
environmental factors such as alcohol, resulting in the induction
of genes involved in innate immunity. one of the molecules
mediating this gene induction is a regulatory protein called
nuclear factor-κB, which activates many innate immune genes.
Innate immune gene induction in certain brain regions (e.g., the
frontal cortex), in turn, can disrupt decision making, which is a
characteristic of addiction to alcohol and other drugs. Likewise,
altered neuroimmune signaling processes are linked to alcohol-
induced negative affect and depression-like behaviors and also
regulate alcohol-drinking behavior. Moreover, the expression of
several genes and proteins involved in innate immunity is
enhanced in addicted people. Finally, specific variants of
multiple innate immune genes are associated with the genetic
risk for alcoholism in humans, further strengthening the
connection between increased brain innate immune gene
expression and alcohol addiction. KEY WORDS: Other drug
dependence; alcoholism; addiction; causes of alcohol and
other drug use; genetic factors; environmental factors;
neurobiology; neuroimmune system; immune system; innate
immune system; innate immune genes; immune function
genes; nuclear factor-κB; stress; decision making; depression

The nervous system and the immune system interact
closely to regulate the body’s immune responses, includ-
ing inflammatory responses. Accordingly, the term 

“neuroimmune system” refers to the immune system and
those components of the nervous system that help regulate
immune responses and also encompasses the hormones and
other signaling molecules that convey signals between the
immune and nervous systems. Part of the neuroimmune 
system is the innate immune system—a network of cells and
the signaling molecules they release that are present from
birth and form the first line of the body’s defense system,
including such responses as inflammatory reactions. This

article summarizes the role that the neuroimmune system and
genes encoding components of the innate immune system
play in the development of addiction, including alcoholism.

Neuroimmune Signaling, Drug Abuse, and Stress

Neuroimmune signaling influences the responses and func-
tions of a variety of body systems, including the digestive
(i.e., enteric) system, sensory pathways, and the hormonal
axis known as the hypothalamic–pituitary–adrenal (HPA)
axis, which is involved in the body’s stress response and 
also plays a role in addiction to alcohol and other drugs
(AODs).1 Immune cells called monocytes and monocyte-
like cells in the brain (e.g., microglia) are sensitive key cells
involved in neuroimmune signaling. When the immune 
system is stimulated or tissue damage occurs, these cells go
through multiple stages of activation, which at the molecular
level are reflected by the activation of a cascade of innate
immune genes (Graeber 2010). These responses of the mono -
cytes and microglia involve the production and secretion 
of signaling molecules, including inflammation-promoting
(i.e., proinflammatory) cytokines and chemokines, such as
monocyte chemotactic protein (MCP)-1, tumor necrosis
factor α (TNFα), and interleukin 1b (IL1b). In the brain,
microglial activation contributes to the activation of another
type of cell called astroglia, or astrocytes, which, like
microglia, show multiple stages of neuroimmune activation.
In the microglia, the different stages of activation are accom-
panied by morphological changes. Thus, these cells change
from their resting state with multiple branches (i.e., the ram-
ified form) to a less branched, bushy morphology after mild
activation and a rounded morphology after strong activation
(i.e., when major brain cell death occurs). Chronic alcohol
treatment induces mild, bushy microglial activation as well
as mild astrocyte activation (see figure 1). 

Activated glia show increased production of a wide range
of proteins. For example, they produce and secrete increased
amounts of proteases as well as of proteins found in the
space between cells (i.e., extracellular matrix proteins). In
addition, they generate increased amounts of proteins called
toll-like receptors (TLRs) that play a role in alcohol-induced
depressed mood and negative emotions (see below) and
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1 Among the main molecules involved in the HPA system are the glucocorticoids (e.g., cortisol), 
and cycles of stress as well as AoD abuse lead to elevated basal glucocorticoid levels and promote
addiction (Armario 2010).
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show enhanced activity of enzymes known as oxidases that
promote inflammatory reactions (e.g., nicotinamide adenine
dinucleotide phosphate [NADPH] oxidases [NOX], cyclooxy-
genase [COX], and inducible nitric oxide synthases [iNOS]). 
Microglia easily can become activated, and the initial
stages of activation are characterized by the secretion of 
signaling molecules, slight morphological changes, and
increased production of molecules involved in immune
responses (i.e., major histocompatibility complex [MHC]) as
well as of TLRs (Graeber 2010). Activation of microglia and
astrocytes also increases proinflammatory agents, including
TNFa, that alter the transmission of nerve signals (i.e., neu-
rotransmission), including signal transmission mediated by
the excitatory neurotransmitter glutamate. Likewise, studies
have suggested that alcoholism is related to excessive gluta-
mate levels (i.e., a hyperglutamate state). In the outer layer of
the brain (i.e., the cerebral cortex), chronic alcohol-induced
neuroimmune activation leads to a hyperglutamate state that
reduces cortical function (figure 2). One mechanism con-
tributing to this hyperglutamate state involves TNFa, which
acts to reduce the activity of glutamate transporters2 in the
astrocytes (Zou and Crews 2005). Similarly,
beverage alcohol (i.e., ethanol) has been
shown to inhibit glutamate transport (Zou
and Crews 2006). This blockade of gluta-
mate transporters increases glutamate levels
outside the cells and particularly in the 
space between two neurons where nerve 
signals are transmitted (i.e., the synapse),
resulting in excessive neuronal activity (i.e.,
hyperexcitability). TNFa also stimulates 
the production of certain proteins found 
on signal-receiving neurons that interact
with glutamate (i.e., the AMPA glutamate
receptors) (Beattie et al. 2010). Increases in
synaptic glutamate receptors and glutamate
concentrations cause hyperexcitability that
disrupts the normal concentration of the
brain’s response to a specific area of the 
cortex (i.e., cortical focus), thereby reducing
cortical function. Through these mechanisms,
monocytes, microglia, and astrocytes pro-
gressively become activated by stress and
environmental factors, including ethanol,
resulting in the induction of genes that
encode proteins involved in the innate
immune response.

Stress and Drug Abuse Increase Transcription of
Innate Immune Genes 

Stress and AODs, as well as sensory and hormonal signals,
activate a regulatory protein (i.e., transcription factor3) called
nuclear factor k–light-chain enhancer of activated B cells
(NF-kB) that is produced in large amounts (i.e., is highly
expressed) in monocytes and microglia. Although NF-kB is
found in most cells, it is the key transcription factor involved
in the induction of innate immune genes in microglia and
other monocyte-like cells. A wide range of stimuli, such as
stress, cytokines, oxidative free radicals, ultraviolet irradiation,
bacterial or viral molecules, and many other signaling molecules,
increase binding of NF-kB to specific sequences of the DNA.
This binding increases the transcription of many genes, partic-
ularly those encoding signaling molecules (e.g., chemokines and
cytokines) and enzymes (e.g., oxidases and proteases) (figure 3).
Studies found that ethanol can increase the binding of NF-kB
to its corresponding DNA sequences both in the brains of liv-
ing organisms (Crews et al. 2006) and in cultured brain slices
obtained from a brain area called the hippocampal–entorhinal

Figure 1 Activation of microglia and astrocytes by alcohol in the brain. Microglia and
astrocytes undergo multiple stages of activation that include characteristic changes
in morphology. Resting microglia become ramified microglia with that express
molecules called major histocompatibility complex (MHC) on their surface.
Similarly, astrocytes begin to show markers of reactive astrocytes. Alcohol-
induced glial activation is associated with increased expression of innate
immune genes, including increased expression of the chemokine monocyte
chemoattractant protein-1 (MCP1); the cytokines tumor necrosis factor-a
(TNFa), interleukin-1 b (IL-1b) , and interleukin-6 (IL-6); the proteases matrix
metalloproteinase (MMP) and tissue plasminogen activator (TPA); and the 
oxidases nicotinamide adenine dinucleotide phosphate oxidase (NOX), cyclo-
oxygenase (COX), and nitric oxide synthetase (NOS). The alcohol-induced 
activation of glial innate immune genes increases neuronal hyperexcitability
(Crews et al. 2011).

2 Glutamate transporters are proteins that shuttle glutamate released by
nerve cells (i.e., neurons) into the space between cells back into the neuron;
this is essential to terminate transmission of a nerve signal and thus
ensure appropriate regulation of neuronal activity.

3 Transcription factors are proteins that are necessary for a set of reactions
called transcription, which is the first step of the process during which the
genetic information encoded in the DNA is used as a template for the gen-
eration of functional proteins.
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cortex (HEC) (Zou and Crews 2006). These and other studies
also have indicated that ethanol increases transcription of NF-
kB target genes, including the genes encoding the following:

• MCP-1;

• Certain proinflammatory cytokines, such as TNF, IL-
1, and IL-6;

• Certain proinflammatory oxidases, such as iNOS (Zou
and Crews 2010), COX-2 (Knapp and Crews 1999), and
NOX (Qin et al. 2008); and

• Certain proteases, such as TNF–converting enzyme (TACE)
and tissue plasminogen activator (Zou and Crews 2010).

Not only ethanol but also chronic stress increases brain
NF-kB activation (Koo et al. 2010; Madrigal et al. 2002), 
as well as the levels of cytokines, prostaglandin,4 and COX-2

(Madrigal et al. 2003), all of which have proinflammatory
effects. Although acute stress–induced responses, such as 
elevated glucocorticoid levels, are anti-inflammatory by
blocking NF-kB production, chronic elevation of glucocor-
ticoid levels during cycles of stress and/or AOD abuse
reverses these anti-inflammatory effects and indeed results 
in proinflammatory NF-kB activation in the frontal cortex
(Munhoz et al. 2010). Thus, activation of NF-kB is a com-
mon molecular mechanism through which stress and AODs
can induce innate immune genes. 

Addiction and Neuroimmune Signaling

Alcoholism is a progressive disease related to repeated episodes
of alcohol abuse that reduce the brain’s behavioral control and
decision-making ability; at the same time, increasing habitual

Figure 2 Mechanisms of alcohol-induced excessive glutamate activity in the cortex and loss of cortical focus. Ethanol-induced activation of
microglia and astrocytes increases the levels of proinflammatory cytokines, including tumor necrosis factor-alpha (TNF). (Left panel)
TNF creates a state characterized by excess activity of the neurotransmitter glutamate (i.e., a hyperglutamate state). Thus, TNF reduces
the levels of the primary glutamate transporters, GLT-1, in the astrocytes, in the cerebral cortex, and inhibits glutamate transport, possibly
through induction of TNF and other proinflammatory genes. As a result, glutamate levels outside the neurons, and particularly at the
synapse, increase, resulting in a hyperglutamate state. In addition, TNF increases the levels of certain molecules that interact with gluta-
mate (i.e., AMPA receptors). All these processes causes excessive neuronal excitability. (Right panel) Hyperexcitability disrupts cortical
focus. The left image shows the response of a normal adult auditory cortex to a series of tones with a frequence of 2-32 kHz colorized as
blue to red. The response to a specific tone involves activation of a specific focal cortical region, which likely relates to the ability to distin-
guish specific tones of sounds. The right image shows the disrupted hyperglutamate-state–like response to sound that involves the entire
auditory cortex without specific tonal areas of focus. The hyperglutatamate state increases cortical excitability, which in turn decreases
function because it results in loss of focal activation and likely loss of tonal discrimination. In alcoholism, the hyperglutamate state most
strongly affects the frontal cortex, which may disrupt decision making as well as attention and behavioral control mechanisms.

SOURCE: Image in right panel adapted from Chang and Merzenich (2003).

4 Prostaglandins are lipid compounds that are produced by almost all cells in the body and have a
variety of important physiological effects, including the regulation of inflammatory reactions.
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urges combined with increasing bad feelings (i.e., negative
affect) promote continued drinking. Frontal cortical brain
regions that designate attention and motivation, using infor-
mation to predict the result of actions (Schoenbaum and
Shaham 2008), play a role in addiction development. Frontal
cortical dysfunction often is investigated using reversal-learning
tasks. In reversal learning, the subject first learns to make one
choice (e.g., responding to the black objects in a series of black
and white objects) and then has to learn to reverse this choice
(e.g., to respond to the white objects). Thus, the initially expected
responses suddenly are considered wrong, requiring the subject
to exhibit flexible behavior in response to outcomes that do not
match those predicted by preceding cues (Stalnaker et al. 2009).
In behavioral studies, poor performance on such tasks is
supposed to reflect the inability of drug-addicted individuals
to learn new healthy behaviors and avoid the negative conse-
quences of their drug consumption. Such
learning and/or changes in behavior require
signals from the frontal cortex to indicate the
value of decisions. Studies found that binge
drinking induces persistent deficits in reversal
learning in rats (Obernier et al. 2002; Pascual
et al. 2007) and in adult mice following a
model of adolescent binge drinking (Coleman
2010). Other investigators similarly have
demonstrated that cocaine use results in
abnormally slow reversal learning, even
though initial learning is normal (Calu et al.
2007; Schoenbaum et al. 2004). Specifically,
human cocaine and alcohol addicts exhibit
dysfunctional decision making in reversal-
learning tasks that probe cognitive flexibility
(Bechara et al. 2002). Lesions in the frontal
cortex cause reversal-learning deficits compa-
rable to those induced by chronic drug abuse
(Schoenbaum et al. 2006). The persistence
of addiction matches the persistent increases
in innate immune gene activation (Qin et al.
2007, 2008) and loss of behavioral flexibility.
Thus, it is thought that innate immune gene
induction in the frontal cortex disrupts decision
making consistent with addiction (Crews et
al. 2011). 
Addiction to alcohol, opiates, and stimulant
drugs involves both changes in attention–
decision making and increased temporal
lobe anxiety–negative affect urgency.
Addiction-induced negative affect and
depression-like behaviors also are linked to
neuroimmune signaling because neuroim-
mune signals can alter moods. For example,
a compound called lipopolysaccharide (LPS)
that can induce brain innate immune genes
causes depression-like behavior that mimics
components of addiction-like negative affect.
LPS naturally binds with one of the TLRs
(i.e., TLR4) and this interaction results in

NF-kB activation, ultimately leading to the induction of
innate immune genes. In humans, LPS infusions reduce
reward responses and increase depressed mood (Eisenberger
et al. 2010). Likewise, when patients with cancer or viral
infections are treated with agents such as interferon and IL
that influence innate immune genes, they may experience
severe depression as a major adverse effect (Kelley and
Dantzer 2011). Innate immune activators such as LPS,
chemokines, and cytokines can mimic the amplification of
depressed mood that occurs during repeated cycles of drug
abuse or stress (Breese et al. 2008). All of these observations
further support the link between neuroimmune signaling
and mood as well as the role of neuroimmune signaling as a
key component of addiction neurobiology. Of interest,
chronic alcohol leads to withdrawal anxiety in normal mice

Figure 3 Innate immune gene polymorphisms associated with risk for alcoholism. The
schematic shows a representative astrocyte or microglial cell. Genes associated
with genetic risk for alcoholism are in light blue. Nuclear factor k-lightchain–
enhancer of activated B cells (NF-kB) is a key transcription factor involved in
induction of innate immune genes that is sensitive to reactive oxygen species
(ROS). These ROS are generated by the enzyme CYP2E1 during alcohol
metabolism, and certain DNA sequences (i.e., polymorphisms) in the CYP2E1
gene are associated with alcoholism. CYP2E1 is highly expressed in monocyte-
like cells, which are activated when CYP2E1 metabolizes alcohol. The ROS
formed during this process activate proinflammatory NF-kB responses. Chronic
ethanol treatment increases CYP2E1 expression in the brain, particularly in
astrocytes.The resulting elevated ROS levels activate NF-kB–mediated tran-
scription of innate immune genes, and this response may be amplified in the
presence of certain NF-kB polymorphisms (i.e., NF-kB1). Certain variants of
other genes also are associated with alcoholism, including polymorphisms of 
T NFa, interleukin-10 (IL-10), interleukin-1 receptor antagonist (IL-1RA), and
other components of the IL-1 gene complex, as well as of certain proteins in
the space surrounding the cells (i.e., extracellular matrix proteins [ECM]).
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tent with the hypothesis that innate immune activation drives
negative affect and associated anxiety responses. Thus, the
anxiety–depression negative affect that contributes to addic-
tion occurs with increased brain neuroimmune signaling.

Neuroimmune signaling also regulates alcohol drinking
behavior. Genetic comparisons among different strains of
rats and mice found that addiction-like drinking behavior
was associated with increased levels or activity of NF-κ B, 
its regulatory proteins, and multiple innate immune genes
(Mulligan et al. 2006). Furthermore, induction of innate
immune genes resulted in increased ethanol consumption,
whereas inactivation of such genes reduced drinking behav-
ior (Blednov et al. 2005, 2011b). Thus, across genetically
divergent strains of mice, innate immune responses to LPS
corresponded to increases in ethanol consumption (Blednov
et al. 2005, 2011b). In fact, even a single injection of LPS
was able to produce a long-lasting increase in ethanol con-
sumption (Blednov et al. 2011a) that corresponded to sustained
increases in brain innate immune gene expression (Qin et 
al. 2007). These studies identified several innate immune
molecules (e.g., b2 -microglobulin, cathepsins, and CD14, 
a key innate immune signaling protein) as important for reg-
ulating drinking behavior. Thus, innate immune gene induc-
tion may underlie the progressive loss of behavioral flexibility,
increasing negative affect, and increased alcohol drinking asso-
ciated with repeat episodes of alcohol abuse and alcoholism. 

Activity of Innate Immune genes Is Increased 
in the Addicted Brain

Direct analyses of changes in the activity or levels of various
proteins in the brains of alcoholics and other drug addicts
also can provide insight into the neurobiology of addiction.
Such studies found the following:

• Postmortem studies of the brains of human alcoholics
indicate that the innate immune chemokine MCP-1 is
increased severalfold in multiple brain regions (Breese et
al. 2008). Consistent with this, chronic alcohol treatment
of mice (Qin et al. 2008) or of cultured brain slices from
the rat hippocampus (Zou and Crews 2010) also increases
expression of MCP-1 and other innate immune genes.

• Proteins that serve as markers of microglial activation are
increased across the alcoholic brain (He and Crews 2008). 

• Consistent with alcoholism being related to neuroim-
mune signaling, postmortem studies of gene expression in
the brains of human alcoholics found increased levels of 
a subunit of NF-κB; moreover, 479 genes targeted by
NF-κB showed increased expression in the frontal cortex
of alcoholics (Okvist et al. 2007). 

• Postmortem analyses of alcoholic human brain gene
expression found innate immune activation of cell adhe-

sion and extracellular membrane components of innate
immune gene signaling (Liu et al. 2006). 

Thus, the findings of several studies of gene or protein
expression are consistent with increased neuroimmune sig-
naling in the brains of addicted individuals.

Polymorphisms of Innate Immune genes and
genetic risk of Addiction 

Genetic factors account for approximately 50 percent of the
risk of alcohol dependence (Schuckit 2009). Multiple genes
linked to innate immune function also have been linked to
the risk for alcoholism (see figure 3). DNA variations (i.e.,
polymorphisms) at specific locations on the chromosomes
result in gene variants (i.e., alleles) that differ in their func-
tion or activity and thereby may increase or reduce the risk
of alcoholism. For example, polymorphisms in the gene
encoding an enzyme called CYP2E1, which is involved in
ethanol metabolism, have been associated with the risk for
alcoholism (Webb et al. 2010). In the body, CYP2E1 is
highly expressed in monocyte-like cells; ethanol metabolism
by CYP2E1 leads to the activation of these cells. Specifically,
CYP2E1-mediated ethanol metabolism causes an increased
production of highly reactive molecules called reactive oxy-
gen species (ROS) within the monocytes that activate proin-
flammatory NF-κB responses (Cao et al. 2005) (see figure 3).
In the brain, ethanol exposure leads to increased CYP2E1
expression, particularly in astrocytes (Montoliu et al. 1994,
1995), which likely contributes to astrocyte activation of
NF-κB transcription during chronic alcohol exposure. 

Human genetic association studies also have directly
linked certain polymorphisms of the genes encoding NF-κB
to alcohol dependence (Edenberg et al. 2008; Flatscher-Bader
et al. 2005; Okvist et al. 2007). For example, polymorphisms
in a precursor gene called NF-kB1 that encodes one of the
subunits of the transcription factor (i.e., the NF-κB p50
subunit) and which is important for activation of transcription
have been associated with the risk for alcoholism (Edenberg
et al. 2008). Likewise, alleles of the proinflammatory cytokine
TNFα that result in increased TNFα expression have been
linked to alcoholism and alcoholic liver disease (Pastor et al.
2000, 2005; Powell et al. 2000). Another genetic linkage
exists between certain alleles of the anti-inflammatory, NF-
κB–inhibiting cytokine IL-10 and alcoholism (Marcos et al.
2008). Additional genetic evidence regarding innate immune
genes and the risk for alcoholism comes from polymorphisms
of the gene encoding a molecule called the IL-1 receptor
antagonist as well as from multiple other alleles of the IL-1
gene complex (Saiz et al. 2009).

In general, gene polymorphisms associated with increased
risk of alcoholism tend to increase proinflammatory responses.
For example, alcohol exposure may increase the expression 
of proinflammatory cytokines or individuals at risk of alcohol
dependence may carry alleles associated with decreased anti-
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inflammatory cytokine secretion. Thus, multiple innate
immune gene polymorphisms are associated with genetic
risk for alcoholism in humans, consistent with the assump-
tion that increased brain innate immune gene expression
contributes to the neurobiology of alcohol addiction.

Summary

The findings summarized in this article link innate immune
gene induction to addiction and alcoholism. Monocytes,
microglia, and astrocytes are sensitive to AODs and stress,
with repeated AOD use causing progressive innate immune
gene induction that parallels changes in decision making,
mood, and alcohol consumption. Stress and AODs activate
NF-κB transcription in the brain, which in turn enhances
expression of proinflammatory NF-κB target genes. As a result,
molecules related to the innate immune response, such as
the chemokine MCP-1, the proinflammatory cytokines
TNFα, IL-1β, and IL-6; the proinflammatory oxidases iNOS,
COX, and NOX (Qin et al. 2008); and proinflammatory
proteases are found following chronic ethanol treatment.
Postmortem analyses of human alcoholic brain also have
demonstrated increased expression of innate immune genes,
which can disrupt cognition, mood, and drug consumption
and is consistent with addition-like behavior. Finally, poly-
morphisms of genes involved in the innate immune responses
influence the risk for alcoholism. These studies suggest that
innate immune genes contribute to alcoholism and may be
involved in the genetic risk for alcoholism.  ■
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one approach to identifying the causes of alcoholism,
particularly without crossing ethical boundaries in human
subjects, is to look at the person’s genome (and particularly at
the variations that naturally arise in the DNA) to identify those
variations that seem to be found more commonly in people with
the disease. Some of these analyses have focused on the genes
that encode subunits of the receptor for the brain chemical (i.e.,
neurotransmitter) γ-aminobutyric acid (GABA). Different
epidemiological genetic studies have provided evidence that
variations in certain GABAA receptor (GABAA-R) subunits,
particularly subunits α2 and γ1, are correlated with alcohol
dependence. Manipulations of these genes and their expression
in mice and rats also are offering clues as to the role of specific
GABAA-Rs in the molecular mechanisms underlying alcoholism
and suggest possibilities for new therapeutic approaches. KEY
WORDS: Alcohol dependence; alcoholism; genetic factors; DNA;
genetic theory of alcohol and other drug use (AODU); genetic
vulnerability to AODU; genetic variants; γ-aminobutyric acid
(GABA); GABAA receptor (GABAA-R) subunits; GABRA2;
GABRG1; single nucleotide polymorphisms (SNPs); ion
channels; neurotransmitters; gene association studies; human
studies; animal studies; mice; rats

even though the consequences of alcohol dependence
(AD) clearly are devastating and obvious to observers,
the molecular mechanisms involved in the development

of the disease are far from clear and understood. The search
for these mechanisms is made even more difficult by the vast
number of genes, proteins, and pathways in the human body
that potentially could be involved, and by the obvious limi-
tations of conducting research with human subjects without
crossing ethical boundaries. Yet despite these complexities,
various approaches already have allowed researchers to gather
much knowledge in recent years, and the essential players in
alcohol’s mechanisms of action and in the development of
AD already may have been identified. Thus, research has
found that the primary targets of alcohol seem to be proteins
prominently involved in neuronal communication, including:

• Ion channels in the neuronal membrane that are activated
by signaling molecules (i.e., neurotransmitters) such as 
γ-aminobutyric acid (GABA) (i.e., GABAA receptors),
glycine (i.e., glycine receptors), glutamate (i.e., N-methyl-
D-aspartate receptors [NMDA-Rs]), acetylcholine (i.e.,
nicotinic receptors), and serotonin (i.e., 5-HT3 receptors);

• Ion channels regulated by changes in the electric potential
across the neuronal membrane (i.e., voltage-gated channels),
such as voltage-gated calcium channels; and

• Ion channels regulated by a type of regulatory molecules
called G-proteins, such as G-protein–coupled inwardly
rectifying potassium channels (GIRKs). 

Alcohol’s actions on these primary targets trigger the
involvement of other systems that ultimately culminate in
the development of dependence (Vengeliene et al. 2008).

Many techniques have yielded insight into alcohol’s effects
on the organism, but perhaps the most challenging field,
given the logical ethical constrains, is the study of the neuronal
structures and mechanisms that are affected by alcohol
and/or which play a role in the development of AD in living
humans. One way of circumventing these limitations is by
studying how the natural variations (i.e., polymorphisms)
between individuals in the genomic DNA relate to AD—
that is, whether any specific variants are found more or less
commonly than would be expected by chance in people with
the disorder. This analysis can provide a glimpse of which
genes or gene variants contribute to and shape the develop-
ment of the disorder.

These natural differences in the genomic DNA between
individuals arise from spontaneous mutations of single DNA
building blocks (i.e., nucleotides) and are called single
nucleotide polymorphisms (SNPs). (For more information
on SNPs and their analysis, see the sidebar). In the past 10
years, different genetic association studies in alcohol-dependent
subjects have identified several genes linked to this condition.
Some examples of proteins that are encoded by genes in which
the AD-linked SNPs are located include the following:

• The µ-opioid receptor (encoded by the OPRM1 gene)
(Bart et al. 2005; Kim et al. 2004; Nishizawa et al. 2006;
Ray and Hutchison 2004; Rommelspacher et al. 2001;
Zhang et al. 2006);

• The k-opioid receptor (OPRK1) (Edenberg et al. 2008;
Xuei et al. 2006; Zhang et al. 2008);
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• Neuropeptide Y (NPY) (Ilveskoski et al. 2001; Lappalainen
et al. 2002; Mottagui-Tabar et al. 2005);

• The muscarinic acetylcholine receptor M2 (CHRM2)
(Dick et al. 2007; Luo et al. 2005; Wang et al. 2004); and

• The corticotropin-releasing hormone receptor 1 (CRHR1)
(Chen et al. 2010). 

Another group of genes related to alcohol dependence
encode the GABAA receptors (GABAA-Rs). This article will

summarize what is known about the role of these receptors
in the development of alcohol dependence.

gABAA receptors

The GABAA-Rs are proteins that span the membrane encas-
ing the nerve cells (i.e., neurons) and which are composed of
five subunits arranged around a central pore. There are several
classes of subunits, including alpha (α), beta (β), gamma (γ),
delta (δ), epsilon (ε), pi (π), theta (θ), and rho (ρ) subunits.
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Single-Nucleotide Polymorphisms and Their Analysis

What Are Single-Nucleotide
Polymorphisms?
Single-nucleotide polymorphisms
(SNPs, pronounced “snips”) are
spontaneous mutations of single
building blocks (i.e., nucleotides) in
the genomic DNA. They can occur
randomly, in any region of the DNA,
including within those regions of 
the gene that actually encode parts 
of the resulting protein (i.e., coding
sequences), within “silent” regions 
of a gene that ultimately do not
encode parts of the resulting protein
(i.e., non-coding regions), or in the
regions between genes (i.e., inter-
genic regions). When a SNP occurs
within a coding sequence, it may 
or may not change the amino acid
sequence of the encoded protein.
Each amino acid is represented by a
three-nucleotide block of DNA (i.e.,
a codon). Because there are four dif-
ferent nucleotides (represented as A,
C, G, and T), 64 possible codons
exist; however, these encode only 20
amino acids. As a result, the genetic
code is degenerate—that is, several
codons may encode the same amino
acid (e.g., both ACT and ACC encode
threonine). A SNP in which both
the original codon and the mutant
codon produce the same protein
sequence is called a synonymous
polymorphism or silent mutation. 
If a different polypeptide sequence 
is produced, it is called a replacement
polymorphism. This can result either

in the introduction of a different
amino acid, which is called a missense
mutation, or in a premature stop of
the protein, which is called a nonsense
mutation (see the figure). Even if the
SNP occurs in a noncoding region of
the gene, it still may affect regulatory
processes that could result, for
instance, in altered protein levels.

When aligning DNA sequences
from different individuals and com-
paring them at the same positions
(i.e., loci) in the DNA, the occur-
rence of a SNP results in different
“versions” of DNA called alleles. For
example, in the figure, the two alleles
for the SNP rs279868 are “A” and
“G”. Alleles frequently are transmit-
ted from one generation to the next
in a larger DNA block, usually from
5,000 to 100,000 nucleotides long.
These blocks, which can contain
numerous SNPs, are known as hap-
lotypes. Thus, a haplotype specifies
markers on one member of a pair 
of homologous chromosomes (i.e.,
either the chromosome inherited
from the mother or the one inherited
from the father).

Haplotypes are not always trans-
mitted from one generation to the
next, however, because of a process
called recombination that randomly
occurs during the formation of germ
cells. As a result of recombination,
new haplotypes should be formed
based on the frequencies of the dif-
ferent alleles involved in the general

population. Sometimes, however,
certain combinations of alleles occur
more or less frequently in a given
population than would be expected
from random formation of haplotypes.
This nonrandom association of alle-
les at two or more loci is referred to
as linkage disequilibrium. Identification
of alleles that are in linkage disequi-
librium can be useful for determin-
ing genes that are involved in condi-
tions such as alcohol dependence.

How Can SNPs Be Analyzed?
Some genetic studies try to determine
whether a certain allele (or haplotype)
is present more or less frequently in
people who suffer from a medical
condition (e.g., alcoholism) than
those without the disease; these are
called genetic-association studies.
One type of genetic-association studies
are case–control studies, which include
both individuals affected by the con-
dition and disease-free control indi-
viduals from the same population.
The frequency of alleles then is deter-
mined in both case and control sub-
jects. Differences in the frequency 
of an allele between the two groups
suggest that an association exists
between the involved gene and the
medical condition, with a certain allele
conferring an increased or decreased
risk for the condition. Identification
of the precise nature of this associa-
tion then requires additional studies.



units. The most commonly found GABAA-Rs consist of two
a, two b, and one g or d subunit. For some classes of sub-
units, several variants exist that are encoded by different
genes, including six for the a subunit, three for the b sub-
unit, and three for the g subunit, allowing for numerous dif-
ferent subunit combinations. When GABA binds to the
GABAA-R, it activates the receptor and the central channel
opens, allowing the entrance of negatively charged ions (i.e.,
anions), specifically Cl-, to enter the neuron. This results in
an increase in the difference in electrical charge between the
inside and outside of the neuron (i.e., hyperpolarization),

which in turn makes it more difficult for the neuron to
transmit a nerve impulse, thus ultimately leading to inhibition
of neuronal activity. Accordingly, GABA is considered an
inhibitory neurotransmitter.

Considerable evidence points to the GABAA-R as one of
the main targets of alcohol (Kumar et al. 2009). The most
abundant subunit combination in the brain, a1b2g2, has
been the most studied. Recently, the d subunit–containing
GABAA-Rs also have been scrutinized in relationship to alcohol
(Lobo and Harris 2008).
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Single-Nucleotide Polymorphisms and Their Analysis continued

For example, the allele may alter the
sequence, the splicing, or the levels
of expression of the protein encoded
or it may be in linkage disequilibrium
with another allele that constitutes
the genetic basis for the difference. 

A caveat of these studies is that the
frequencies of alleles/haplotypes can
vary with ethnicity and geography;
this is known as population stratifi-
cation. One way to avoid this problem
is to use family-based association
designs. In this situation, unaffected
family members (e.g., parents or 
siblings) are used as control subjects
for the affected individuals. If an allele
increases the risk of having the disease,
then that allele would appear more
frequently in the affected family mem-
bers than in the unaffected members.

Other studies, such as twin and
adoption studies, focus on the inter-
action between genes and environ-
ment. Twin studies compare the sim-
ilarity of identical (i.e., monozygotic)
and fraternal (i.e., dizygotic) twins.
Identical twins generally are more
similar than fraternal twins, because
they are not only exposed to the
same environment but also share a
higher genetic similarity. In adoption
studies, the adopted individuals are
compared with control individuals
(i.e., non-adopted individuals either
from the adoptive family or the gen-
eral population or adopted but unre-
lated children in the adoptive family).
By comparing large numbers of twin
pairs or adoptees and control subjects
(e.g., with respect to the frequency of
certain SNPs as well as the disease of

interest), it is possible to better
understand the role of genes and
environment in the characteristics of
a person.

Another approach to using SNPs
to identify genes involved in a certain
disease is to conduct genome-wide
association studies (GWASs). With
this strategy, a genetic association
with the disease is investigated using
many SNPs that cover the entire
genome, instead of just a few genes
as in the study approaches described
above. This allows researchers to
identify associations with genes that
previously had not been expected 
to play a role in the disease under
investigation. The downside of the
GWASs is that they require a much
larger number of subjects than do
the other studies.

Segment of a single strand of DNA representing a fragment of the coding region from the GABRA2 gene from two different people. There are
two SNPs in this gene region—one in which both variants of the DNA encode the same amino acid (i.e., a silent mutation) and one in which
the two variants of the DNA encode different amino acids (i.e., a missense mutation).



The genes encoding the GABAA-R subunits are located in
clusters on different chromosomes, including one cluster on
chromosome 4 that carries genes called GABRB1, GABRA4,
GABRA2, and GABRG1, which encode the 1, 4, 2, and
1 subunits, respectively (see the figure). Previous human genetic
studies have linked genetic polymorphisms in two regions 
of the GABRA2 gene (i.e., in the middle and at the 3¢ end 
of the gene) and in the region between the GABRA2 and
GABRG1 genes (i.e., the GABRA2 to GABRG1 intergenic
region) with AD (Agrawal et al. 2006; Covault et al. 2004;
Edenberg et al. 2004; Enoch et al. 2006; Fehr et al. 2006;
Lappalainen et al. 2005; Soyka et al. 2008). However, the
evidence is not unequivocal, because other studies found no
association between AD and the SNPs in this area (Covault
et al. 2008; Drgon et al. 2006; Matthews et al. 2007). Even
among the studies that did find a correlation, some inconsis-
tencies existed. For instance, the first study of the association
between GABRA2 and AD came from the Collaborative
Study on the Genetics of Alcoholism (COGA), a vast family-
based association study (Edenberg et al. 2004). When Agrawal
and colleagues (2006) extended the study of the COGA
sample to include illicit drug dependence and comorbid
dependence on alcohol and other drugs, the association 
was found only in subjects with AD and co-occurring drug
dependence. On the other hand, Covault and colleagues
(2004) found that the association was stronger when alcoholics
with comorbid drug dependence were removed from the
sample. Despite these inconsistencies, however, most of the
clinical and genetic evidence points to GABRA2 as a major
genetic player in AD (see Enoch 2008).
All the SNPs that have been studied in the GABRA2 and

GABRG1 genes to date are nonfunctional polymorphisms—
that is, they do not alter the amino acid sequence of the
encoded proteins. An alternative explanation for their role 
in the development of AD would be that the SNPs may 
alter the amount of protein that is produced. To address this
possibility, researchers have analyzed the levels of an interme-
diate molecule called messenger RNA (mRNA) that is gen-
erated when the information encoded in the DNA is used
for the production of a functional protein (i.e., during gene
expression). An analysis of 2 mRNA levels in the prefrontal

cortex of AD and control subjects found an association
between 2 mRNA levels and the different variants (i.e.,
alleles) in the SNP rs279858,1 although mRNA levels did
not differ between control subjects and alcoholics (Haughey
et al. 2008). Other recent data suggest that the apparent 
correlation between AD and GABRA2 may result from a
linkage disequilibrium with a not-yet-detected functional
variant in the neighboring GABRG1 gene. These findings 
on GABRA2 and GABRG1 and their association with AD
are reviewed in the following sections, focusing on human
studies and correlates in genetically modified rodents.

Analyses of the GABRA2 and GABRG1 Genes

Genetic-Association Studies
Several gene-association studies have examined the relation-
ship of the GABRA2 and GABRG1 genes with AD, with
varying results. Two studies—a large twin sample of the
Australian population that also investigated the association
with smoking and illicit drug use (Lind et al. 2008), and a
small case–control study in an Italian sample (Onori et al.
2010)—reported no association between GABRA2 and AD.
Another case–control and family-association study (Sakai et
al. 2010) sought to analyze the correlation between GABRA2
genotype and substance abuse and behavioral problems in
adolescents. The investigators only analyzed a single SNP in
GABRA2, which was found not to be associated with con-
duct disorder or AD in adolescents.
Enoch and colleagues (2010) conducted a case–control

study in African-American men with single and comorbid
diagnoses of alcohol, cocaine, and heroin dependence, assess-
ing the GABRA2 genotype as well as childhood trauma. The
exposure to childhood trauma predicted substance dependence.
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Figure Schematic representation of the cluster of GABAA receptor genes on chromosome 4. Arrows indicate gene position, size, and direction of
transcription. The subunits and the names of the corresponding genes are 2 (GABRA2), 4 (GABRA4), 1 (GABRB1), and 1 (GABRG1).

1 SNP rs279858 encodes a silent mutation (i.e., a mutation that does not result in an altered amino 
acid sequence) in the coding region of GABRA2.

2 A haplotype is a set of closely linked genetic markers (e.g., SNPs) present on one chromosome that
tends to be inherited together.



common in control subjects and seemed to confer resilience
to addiction after exposure to severe childhood trauma.
These findings suggest that in African-American men, child-
hood trauma, GABRA2 SNPs, and their interaction determine
(at least in part) the risk of or resilience to substance dependence.
However, the data did not show a direct association between
GABRA2 and AD.

In a case–control adoption study of substance abuse (Philibert
et al. 2009), the researchers determined the participants’
genotypes for SNPs encompassing the GABRA2 gene and
analyzed them with respect to their history of alcohol, nicotine,
and/or cannabis dependence. Both GABRA2 genotype and
haplotype were significantly related to vulnerability to all
three types of substance dependence, particularly nicotine,
and this association was more pronounced in female than 
in male subjects.

A small study using Japanese subjects (mostly social drinkers)
examined the association between genetic variation in GABRA2
(as assessed via seven SNPs) and subjective responses to alcohol
as well as stimulant and sedative effects of alcohol (Roh et al.
2010). Three of these seven SNPs, all of which were located
in the middle of the GABRA2 gene, showed significant asso-
ciations with subjective effects of alcohol. Specifically, indi-
viduals carrying one or two copies of the more common
GABRA2 allele (which is not associated with AD) showed
greater subjective responses to alcohol than did individuals
carrying two copies of the allele associated with AD. These
results are, to some extent, in agreement with previous studies
(Haughey et al. 2008; Pierucci-Lagha et al. 2005).

Another study (Kareken et al. 2010) examined the association
between GABRA2 SNPs and the brain’s reward system. The
participants, which included social drinkers, heavy drinkers,
and alcohol-dependent individuals, first were assessed with
respect to the brain’s responses to alcohol cues (i.e., exposure
to the odor of their preferred alcoholic beverage or a control
odor) under both alcohol intoxication and control conditions
using an imaging technique called functional MRI (fMRI).
Then, the subjects were stratified according to their geno-
type at a SNP in GABRA2 that previously had been shown
to be associated with AD (Edenberg et al. 2004). All partici-
pants carried at least one copy of the high-risk allele of the
SNP. Under both alcohol intoxication and control conditions,
participants with two copies of this allele (i.e., homozygous
subjects) exhibited a larger response to alcoholic odors than
to control odors in one brain region (i.e., the medial frontal
cortical areas), whereas participants with only one copy of
this allele (i.e., heterozygous subjects) exhibited a larger response
in another brain area (i.e., the ventral tegmental area). Thus,
GABRA2 variants seem to modify the activation of reward-
related areas after exposure to alcohol-associated cues. Another
study (Villafuerte et al. 2011) used fMRI to analyze the rela-
tionship between two GABRA2 SNPs, the personality trait
of impulsivity, and activation of a brain region called the
insula cortex during anticipation of reward or loss in a family
sample with high numbers of alcohol-dependent individuals.
The investigators detected an association of all three variables,

suggesting that GABRA2 genotype influences insula responses
and therefore impulsivity.

Another type of study called linkage disequilibrium analyzes
whether certain alleles located close to each other on the same
chromosome are inherited together more or less frequently
than would be expected by chance alone.3 Such studies in
different populations have focused on GABRA2 and either
GABRG1 (Ittiwut et al. 2008) or the intergenic region between
the two genes (Philibert et al. 2009). The findings of these
studies led to the conclusion that associations observed between
GABRA2 and the condition under investigation could be
attributable to functional genetic variation at the GABRG1
locus or that disease-related variants may exist at both loci.

Some new studies have focused on the GABRG1 gene.
Ray and Hutchinson (2009) examined associations between
two SNPs of the GABRG1 gene and alcohol use in hazardous
drinkers. The data indicated that variation in one of the
SNPs was associated with level of response to alcohol, drinking
behavior, and alcohol problems.

Additional evidence of a significant GABRG1 association
with AD was found in a study involving Finnish Caucasian
and Plains American Indians that examined both the GABRA2
and GABRG1 genes (Enoch et al. 2009). In both popula-
tions, there were significant haplotype and SNP associations
of GABRG1, but not GABRA2, with AD. However, in the
Finnish study population, the association of three less common
haplotypes with AD was determined by GABRA2. Taken together,
the findings of all of these studies suggest that independent
contributions from both GABRG1 and GABRA2 likely con-
tribute to the risk of AD.

Genome-Wide Association Studies
In contrast to the approaches used in the studies described
above, genome-wide association studies (GWASs) investigate
the genetic association with a disease using many SNPs that
cover the entire genome instead of just a few genes. GWASs
therefore also may discover associations with genes not previ-
ously suspected to be involved in the disease. One GWASs
(Bierut et al. 2010) identified 15 SNPs that showed a signifi-
cant association with AD. Moreover, when the investigators
performed an independent evaluation for GABRA2, they
found that five SNPs at that gene showed a modest association
with AD.

Another GWASs was carried out in a case–control sample
drawn from the families in the COGA, using individuals
with AD (56 percent of whom also were dependent on 
illicit drugs) and individuals who used alcohol but were not
dependent on alcohol or illicit drugs (Edenberg et al. 2010).
The study identified no single SNP that met genome-wide
criteria for significance; however, several clusters of SNPs
provided mutual support for an association with the disease.
An analysis of SNPs in genes encoding GABAA-R subunits
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3 Even genes located close to each other on a chromosome may not always be inherited together,
because of a process called genetic recombination that occurs with a certain probability during the
generation of the germ cells.



in this sample found that a SNP in a gene called GABRR2,
which encodes the GABAA-R α2 subunit, was highly corre-
lated with AD in this GWASs. This supported previous results,
even though the level of significance was not high enough
for genome-wide significance (Xuei et al. 2009). Likewise,
SNPs in GABRG1 were associated with AD, consistent with
previous studies (Covault et al. 2008; Enoch et al. 2009).
However, there was no evidence that the neighboring GABRA2
gene was associated with AD. Finally, SNPs in other genes
encoding GABAA-R subunits (i.e., GABRG3, which encodes
the γ3 subunit; GABRA1, which encodes the α1 subunit;
and GABRG2, which encodes the γ2 subunit) also were asso-
ciated with AD, again confirming findings of other investi-
gators (Dick et al. 2004, 2006).

It is important to note that there are some inconsistencies
in the findings of these genetic studies, which can be attributed
to the inherent differences among the study types, the vari-
ability (i.e., heterogeneity) of the disease, and the genetic dif-
ferences among the populations studied. In general, however,
evidence continues to accumulate supporting an association
between variations in genes encoding GABAA-R subunits,
particularly α2 and γ1 subunits, and AD.

Studies in Genetically Engineered Rodents
The studies in humans discussed above have been supple-
mented with studies of alcohol’s effects on behavior in genet-
ically engineered mice carrying mutations in GABA-related
genes (Crabbe et al. 2006). For example, Boehm and col-
leagues (2004) found that mice in which the GABAA-R α2
subunit had been deleted (i.e., α2 knockout mice) differed
from control mice both in behavioral tests conducted with-
out alcohol exposure (e.g., showed decreased spontaneous
locomotion when tested for locomotor response to novelty)
and in some behavioral responses to alcohol. Thus, the 
α2 knockout mice showed a shorter duration of alcohol-
induced loss of righting reflex (LORR), which is a measure
of alcohol’s hypnotic effects. However, the sensitivity of the
mice to acute ethanol withdrawal seemed unchanged, as did
alcohol’s anxiety-reducing (i.e., anxiolytic) effects. This lack
of an effect of α2 deletion on alcohol’s anxiolytic effects was
unexpected, because mice genetically modified to possess a
benzodiazepine-insensitive α2 subunit called α2(H101R)
(i.e., knockin mice) no longer exhibited anxiolytic behavior
when they were treated with the benzodiazepine diazepam
(Low et al. 2000). Both alcohol and benzodiazepines are
anxiolytic, and both increase GABAA-R function. If both
benzodiazepines and alcohol acted through α2-containing
GABAA-Rs to produce anxiolytic effects, deletion of the α2
subunit in the knockout mice should reduce alcohol’s anxi-
olytic effects, and that did not happen. Furthermore, accu-
rate assessment of alcohol’s anxiolytic effects in the α2
knockout mice was complicated by the altered locomotor
responses in these animals. Finally, female α2 knockout
mice, but not males, preferred and consumed less alcohol
than did the controls. However, interpretation of these find-

ings is complicated by the female mice’s greater aversion to
bitter-tasting substances.

Another study was conducted in knockin mice carrying
α1, α2, α3, or α5 GABAA-R subunits that are insensitive to
benzodiazepines through a mutation in a single amino acid
(Tauber et al. 2003). The investigators administered diazepam
and alcohol in combination to these mice and then determined
the mice’s LORR. All animals except for the α2 (H101R)
mice showed similar sensitivity (i.e., increased LORR and
reduced locomotor activity) to the combined drugs. Further-
more, the α2 (H101R) mice exhibited normal responses to
alcohol alone (i.e., normal LORR and locomotor activity)
and to a combination of low-dose alcohol and diazepam
(i.e., normal locomotor activity). Thus, the benzodiazepine-
induced increase in the alcohol-mediated hypnosis depends
on the α2 GABAA-R subunit.

Although null mutant mice that completely lack a certain
GABAA-R subunit provide important contributions to our
knowledge of alcohol’s targets, the deletion of a receptor in
the brain, particularly an important one, is likely to trigger
compensatory changes. For example, other receptor subunits
could become more abundant and take on the functions of
the missing subunit. An alternative approach is to design
specific mutations that will render that receptor insensitive
to alcohol but normal in every other aspect. One study com-
pared the activities of GABAA-Rs containing wild-type and
mutated α2 subunits expressed in frog egg cells (i.e., Xenopus
oocytes) (Blednov et al. 2011). With the normal GABAA-Rs
containing the wild-type subunit α2 (SL),4 submaximal
GABA responses were enhanced (i.e., potentiated) by alcohol.
However, this potentiation was absent in the mutant α2
(HA)-containing GABAA-Rs; there even was a small inhibition
of the receptor’s activity. In contrast, the mutation did not
affect the receptor’s sensitivity to GABA or the modulation
by zinc, the benzodiazepine flunitrazepam, or the anesthetic
etomidate (Werner et al. 2011). 

On the basis of these findings, researchers developed and
studied two corresponding mouse lines, the α2 SL/SL (i.e.,
wild-type) mice and the α2 HA/HA (i.e., knockin) mice.
The responses to alcohol in these animals then were studied
using a variety of tests (Blednov et al. 2011). The analyses
found that some typical effects of alcohol (e.g., conditioned
taste aversion and motor stimulation) were absent in the
knockin mice. Moreover, the knockin animals showed
changes in alcohol intake and preference in multiple tests as
well as increased alcohol-induced hypnosis. In contrast, the
knockin animals exhibited no changes in alcohol’s anxiolytic
and motor incoordination effects. These altered behavioral
responses to alcohol in mutant (i.e., both knockout and
knockin) mice may be related to altered subjective effects 
of alcohol in humans with different α2-associated SNPs
(Kareken et al. 2010; Roh et al. 2010). In summary, the
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4 The wild-type α2 (SL) subunit carries the amino acid serine at position 270 and the amino acid
leucine at position 277. In contrast, the mutant α2 (HA) subunit carried the amino acids histidine at
position 270 and alanine at position 277. 



study suggests that α2-containing GABAA-Rs may be
responsible for specific alcohol-induced effects. A subsequent
study of the changes in mRNA levels induced by these
mutations in the α2 subunit in the outer layer of the brain
(i.e., the cerebral cortex) underlines the advantages of using
knockin over knockout mice. Of almost 11,000 probes
tested, the expression of only three genes was significantly
modified in the knockin mice, and the behavioral responses
to the sedative agents pentobarbital and flurazepam were
unchanged (Harris et al. 2011). This confirms that the
introduction of these mutations has minimal impact on the
knockin animals compared with controls, minimizing the
risk that effects unrelated to the behavior being investigated
confound the results. 

Another study in mice focused on the role of the GABAA-
R α2 subunit in changes in behavior produced by adapta-
tion to chronic cocaine’s effects (i.e., cocaine behavioral plas-
ticity), such as locomotor sensitization, as well as in addiction
(Dixon et al. 2010). In GABAA-R α2 null mutant mice,
cocaine did not induce a greater effect after repeated admin-
istration (i.e., did not produce behavioral sensitization) as it
did in wild-type mice. Conversely, in mice carrying the ben-
zodiazepine-insensitive GABAA-R α2 (H101R) subunit, 
an agent called Ro 15–4513 that can increase the receptor
responses in this mutant α2 subunit could stimulate loco-
motor activity if it was delivered into a brain region called
the nucleus accumbens and induced behavioral sensitization 
to this effect after repeated administration. These results 
suggest that activation of α2-containing GABAA-Rs in the
nucleus accumbens is sufficient and necessary for behavioral
sensitization. Furthermore, the investigators conducted a
genetic case–control study in a diverse population (mainly
Caucasian) that demonstrated an association of GABRA2
with cocaine addiction in humans, emphasizing the rele-
vance of α2-containing GABAA-Rs in drug dependence.

Finally, researchers used an established animal model of
human alcohol abuse, the selectively bred alcohol-preferring
(P) rats, to look at the role of GABAA-R subunits in alcohol’s
effects (Liu et al. 2011). The levels of GABAA-R α1 subunits
are elevated in a brain region called the ventral pallidum of
these rats, and both α1 and α2 levels are increased in another
region called the central nucleus of the amygdala (CeA). 
The study used molecules known as small-interfering RNAs
(siRNA), which can interfere with gene expression, to specif-
ically prevent production of α1 and α2 subunits. When
siRNA targeted to α2 was infused into the CeA of P rats,
both α2 expression and GABAA-R density were reduced,
and this was associated with inhibition of binge drinking. 
In contrast, siRNA targeted to α1 did not cause any of these
changes when introduced in the CeA but did reduce α1
expression and binge drinking when administered into the
ventral pallidum. These results highlight that not only the
kind of GABAA-R subunit but also the brain region in
which it is located are relevant for alcohol consumption.

Implications of genetic Findings for Therapeutic
Approaches

Extending a previous study (Bauer et al. 2007), Das and 
colleagues (2010) analyzed the association between a SNP 
in the GABRA2 gene and the efficacy of three psychothera-
pies for alcoholism (i.e., motivational enhancement therapy,
cognitive–behavioral therapy, or 12-step facilitation) in 
preventing extreme drinking in AD patients. The study
found that men with a high-risk GABRA2 allele had a 
significantly higher probability of extreme drinking than 
did men without that allele. However, both men and
women carrying at least one high-risk allele responded 
better to the therapy than did those who were homozygous
for the low-risk allele. Among the female participants, the
most effective therapy was cognitive–behavioral therapy,
whereas among male subjects motivational enhancement
therapy was most effective. 

Tailoring pharmacotherapy to alcohol-dependent patients
on the basis of genetic indicators also may be within reach.
Two medications, naltrexone and acamprosate, currently 
are used for the treatment of alcoholism, but often with 
limited success. In an effort to identify potential associations
between genotype and treatment outcome, Ooteman 
and colleagues (2009) determined SNPs in genes encoding
different receptors involved in AD processes (i.e., opioid,
dopamine, glutamate, and GABAA receptors) in alcohol-
dependent individuals randomly assigned to acamprosate 
or naltrexone treatment. The investigators also quantified
treatment effectiveness using tests administered the day
before treatment initiation and on the last day the medica-
tion was administered. The tests included a cue exposure
(i.e., participants were exposed to the sight and smell of 
their favorite alcoholic beverage while listening to a mood-
induction script), followed by an assessment of self-reported
cue-induced craving and physiological cue reactivity (i.e.,
heart rate). Significant association effects were found for 
several SNPs, suggesting that this may be the first step in
matching patients to pharmacotherapy based on GABAA-Rs
and other genotypic markers. 

Summary

Studies of genetically modified mice and rats have demon-
strated that manipulation of α2 GABAA-R subunits pro-
duces changes in alcohol-related phenotypes. The findings
were more equivocal in human genetic studies, although
strong evidence suggests that several GABAA-R subunits,
particularly α2 and γ1, have a role in AD in humans. Future
studies hopefully will elucidate what exact mechanism cre-
ates these variations in the genetic code that affect AD, and
how such variations can be used to provide a path to indi-
vidualized therapy for patients with AD. ■
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genes encoding 
enzymes Involved in
ethanol metabolism

Thomas D. hurley, Ph.D., and howard J. edenberg, Ph.D.

The effects of beverage alcohol (ethanol) on the body are
determined largely by the rate at which it and its main
breakdown product, acetaldehyde, are metabolized after
consumption. The main metabolic pathway for ethanol involves
the enzymes alcohol dehydrogenase (ADH) and aldehyde
dehydrogenase (ALDH). Seven different ADHs and three different
ALDHs that metabolize ethanol have been identified. The genes
encoding these enzymes exist in different variants (i.e., alleles),
many of which differ by a single DNA building block (i.e., single
nucleotide polymorphisms [SNPs]). Some of these SNPs result
in enzymes with altered kinetic properties. For example, certain
ADH1B and ADH1C variants that are commonly found in East
Asian populations lead to more rapid ethanol breakdown and
acetaldehyde accumulation in the body. Because acetaldehyde
has harmful effects on the body, people carrying these alleles
are less likely to drink and have a lower risk of alcohol
dependence. Likewise, an ALDH2 variant with reduced activity
results in acetaldehyde buildup and also has a protective effect
against alcoholism. In addition to affecting drinking behaviors
and risk for alcoholism, ADH and ALDH alleles impact the risk for
esophageal cancer. KEY WORDS: Alcohol consumption; alcohol
dependence; alcoholism; ethanol metabolism; genetic factors;
protective factors; risk factors; DNA; genetics; genetic
variance; enzymes; acetaldehyde; alcohol dehydrogenase
(ADH); aldehyde dehydrogenase (ALDH); single nucleotide
polymorphisms (SNPs); esophageal cancer

The duration and extent of the body’s exposure to bever-
age alcohol (i.e., ethanol) is the primary determinant of
ethanol’s pleiotropic effects on human health (Edenberg

2007). The time course of its concentration and the concen-
tration of its byproducts in the tissues and the circulation,
and, consequently, its effects, are determined mainly by the
rate of ethanol’s processing (i.e., metabolism) in the body.
Ethanol can be metabolized in several reactions, but this
review focuses on the primary pathway through which it is
eliminated from the systemic circulation. In humans, this
primary pathway of ethanol metabolism involves oxidation
to acetaldehyde by the enzyme alcohol dehydrogenase
(ADH). The acetaldehyde then is further oxidized by the
enzyme aldehyde dehydrogenase (ALDH) to acetate, which
is either excreted in the urine or reincorporated into inter-
mediary metabolism as acetyl-CoA. The hydrogen atoms

that are released during these reactions are used to generate a
compound called reduced nicotinamide dinucleotide (NADH),
with two NADH molecules produced per molecule of acetate
generated. The resulting NADH and acetate are thought to
provide both the excess reducing equivalents and excess
acetyl-CoA that are needed as starting material for fatty acid
synthesis, which results in the development of fatty liver dis-
ease if high amounts of alcohol are ingested over time. 

Both ADH and ALDH exist in different variants with dif-
ferent levels of activity, therefore resulting in different rates
of ethanol metabolism. This article discusses how these dif-
ferences influence a person’s sensitivity to ethanol’s effects
and his or her risk of alcohol dependence. 

ADh Variants

Humans have seven ADHs that can carry out the first step
in alcohol metabolism. The genes encoding these enzymes
all are localized on chromosome 4 in a head-to-tail array
about 370 kb long. The enzymes produced from these genes
all differ slightly in their activities (see table 1):

• The ADH1A, ADH1B, and ADH1C genes1 produce
closely related proteins that function as homo- and het-
erodimers (Hurley et al. 2002); their kinetic properties, tis-
sue localization, and developmental expression all support
major roles in oxidative ethanol metabolism in the liver. 

• The ADH4 gene is expressed almost exclusively in the liver
(Hurley et al. 2002), where it contributes significantly to
ethanol oxidation at higher levels of consumption.

• The product of the ubiquitously expressed ADH5 gene is
the glutathione-dependent formaldehyde dehydrogenase
(also known as nitrosoglutathione reductase [GSNOR]).
The physiological substrates for ADH5 (α-ADH) are
compounds (i.e., adducts) formed during the reaction
between glutathione and formaldehyde and between glu-
tathione and nitric oxide (Que et al. 2005; Sanghani et al.

1 By convention, the names of genes are written in italics, whereas the names of the corresponding
proteins are written in normal font.

Thomas D. hurley, Ph.D., is a Chancellor’s Professor in
the Department of Biochemistry and Molecular Biology,
Indiana University School of Medicine, Indianapolis, Indiana.

howard J. edenberg, Ph.D., is a Distinguished Professor
and Chancellor’s Professor in the Department of
Biochemistry and Molecular Biology and the Department
of Medical and Molecular Genetics, Indiana University
School of Medicine, Indianapolis, Indiana.



2000). The main functions of this enzyme are to oxidize
formaldehyde to formic acid and to terminate nitric oxide
signaling. The human ADH5 enzyme is nonsaturable
with ethanol as a substrate, unless medium-chain fatty
acids are present in the assay (Engeland et al. 1993), and
was originally thought to contribute little to ethanol oxi-
dation. However, its relatively high maximal velocity, cou-
pled with its ubiquitous expression pattern and the high
concentrations of ethanol found in gastric tissues, has led
some researchers to suggest that it plays a significant role
in first-pass metabolism (Lee et al. 2003). 

• Although the ADH6 gene has been identified, there are 
as yet no physiological data on the functions of the
ADH6 enzyme.

• The ADH7 gene has a limited expression pattern and
mainly is found in endothelial cells, such as those lining
the esophageal and stomach tissues, as well as during
embryonic development when it may contribute to the
metabolism of retinol, a form of vitamin A (Hurley et al.
2002). In adults, ADH7 has been implicated in the first-
pass metabolism of ethanol taking place in the gastroe-
sophageal tissues, before the ethanol is delivered to the
liver via the portal vein (Hurley et al. 2002).

The ADH gene cluster contains many single-nucleotide
polymorphisms (SNPs)—that is, sites in which the DNA
sequence differs by a single building block (i.e., nucleotide)
from the reference sequence. Some of these variations result
in an altered amino acid sequence of the encoded enzyme
and therefore are considered functional or coding SNPs
(cSNPs). Detailed functional studies are lacking for all these
cSNPs except those that give rise to the ADH1B and
ADH1C gene variants (i.e., alleles). 

The ADH1B Alleles 
The three most studied alleles of ADH1B usually are referred
to as ADH1B*1 (the reference allele, which encodes the β1
form of the enzyme and carries the amino acid arginine [Arg]
at positions 48 and 370 in the amino acid chain), ADH1B*2
(encoding β2 and carrying histidine [His] at position 48:
ADH1B-His48Arg370; rs1229984), and ADH1B*3 (encoding
β3 and carrying cysteine [Cys] at position 370: ADH1B-
Arg48Cys370; rs2066702). The encoded enzyme variants
differ significantly in the ethanol concentrations they 
require for maximal function and in how fast they metabo-
lize the ethanol (i.e., in their kinetic properties), with both
ADH1B*2 and ADH1B*3 encoding enzymes with faster
turnover (i.e., higher Vmax) than the reference allele (see table
1). One study of Japanese alcoholics who checked into a
hospital 1 day after heavy drinking showed that those who
carried two copies of (i.e., were homozygous for) the ADH1B*1
allele still had significant blood ethanol concentrations
(BECs), whereas those who carried at least one ADH1B*2
allele had very low BECs, consistent with a more rapid

ethanol metabolism by ADH1B*2 (Yokoyama et al. 2007).
The current model posits that more rapid oxidation of
ethanol at least transiently elevates acetaldehyde levels in one
or more tissues. Because acetaldehyde has toxic or at least
unpleasant effects on the body, leading to a flushing response
after alcohol consumption, this acetaldehyde accumulation is
thought to produce aversion that tends to limit heavy alcohol
consumption by people who carry at least one ADH1B*2 allele. 

The ADH1B*2 allele is very common in East Asian popu-
lation, where it is the major allele with a frequency of 75
percent among Japanese and Chinese individuals (Eng et al.
2007; Li et al. 2007). It also is relatively common in the
Middle East (frequency 20 percent) but is uncommon else-
where in Europe or Africa. In general, its allele frequency is
less than 4 percent in populations of European descent, and
it was not found in any of the 90 individuals of European
descent that were studied in a large genotyping project (i.e.,
HapMap). Likewise, it is absent from most African populations.
As a result, the allele is not included in most of the genotyping
arrays used in genome-wide association studies (GWASs). 

In the Asian populations where ADH1B*2 is common,
there is very strong evidence that it is protective against alco-
hol dependence (Chen et al. 1999; Edenberg 2007; Li et al.
2007; Thomasson et al. 1991; Whitfield 2002). An analysis
among Han Chinese in Taiwan showed that the relative risk
of alcohol dependence was reduced to 0.2 if a person carried
a single ADH1B*2 allele and to 0.12 for homozygotes (Chen
et al. 1999). A more recent meta-analysis similarly showed a
very strong protective effect for the ADH1B*2 allele in
Asians (odds ratio ~ 0.44; P < 10-36) (Li et al. 2007). It has
been more difficult to detect the effect of ADH1B*2 in
Europeans; the meta-analysis by Li and colleagues (2007)
showed an odds ratio of 0.65 and P = 0.04 in alcohol-depen-
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Table 1 Kinetic Constants for Ethanol oxidation by Human Alcohol 
Dehydrogenases1

gene (enzyme)
Km

(mm)
Vmax

(min-1)

% liver
contribution2

at 22 mm 
ethanol3

ADH1A  (αα) 20 8.1

ADH1B*1 (ADH1B-Arg48Arg370; β1β1) 0.05 4 21.8

ADH1B*2 (ADH1B-His48Arg370; β2β2) 0.9 350 -2

ADH1B*3 (ADH1B-Arg48Cys370; β3β3) 40 300 -2

ADH1C*1 (ADH1C-Arg272, Ile350; γ1γ1) 1 90 41.5

ADH1C*2 (ADH1C-Gln272, Val350; γ2γ2) 0.6 40 -2

ADH4 (ππ) 30 20 28.6

ADH5 (χχ) >1,000 100 <1

ADH7 (σσ) 30 1800 <1

4

1 Data from Hurley, Edenberg and Li, 2002.   
2 Calculated for an individual homozygous for both ADH1B*1 and ADH1C*1; expression data for

polymorphic ADH variants are uncertain. 
3 22.7 mM corresponds to a blood alcohol concentration of 100 mg/dL



dent people without secondary disease. A study in European
Americans found that each ADH1B*2 allele lowered the
number of symptoms of alcoholism as specified in the
Diagnostic and Statistical Manual of Mental Disorders, Fourth
Edition (DSM–IV) and also reduced the maximum number
of drinks consumed in one sitting (Sherva et al. 2009).
Another analysis across three large, well-characterized samples
of European Americans demonstrated a strong effect of
ADH1B*2, close to what is seen in Asian populations (odds
ratio <0.4; P < 10-8) (Bierut et al. 2012). The ADH1B*2
allele also was associated with hypersensitivity to alcohol in a
Scandinavian population (Linneberg et al. 2010), as well as
with significantly less drinking before and during pregnancy
in European women (Zuccolo et al. 2009). Finally, both
maternal and fetal ADH1B*2 reduced the risk for fetal alcohol
spectrum disorders in a mixed population from South Africa
(Warren and Li 2005). 

The ADH1B*3 allele is relatively common in Eastern
African populations, with frequencies of 27 percent among
Yoruba, 14 percent among Luhya, and 24 percent among
people of African ancestry in the Southwestern United States
but only 4 percent among Maasai in Kenya. In contrast, the
allele is rare elsewhere and is not found in the European or
Asian HapMap samples. Fewer studies of alcohol depen-
dence have been conducted among people of African ances-
try, but ADH1B*3 has been shown to be protective against
alcohol dependence (Edenberg 2007; Edenberg et al. 2010).
Moreover, the presence of ADH1B*3 in pregnant women
leads to less drinking at conception and fewer adverse effects
in the children born to these women (Jacobson et al. 2006).

The ADH1C Alleles
ADH1C also has cSNPs, of which ADH1C*1 and ADH1C*2
are the most studied. These two alleles differ at two sites,
resulting in two amino acid changes: the enzyme encoded by
ADH1C*1 (γ1-ADH) has Arg at position 272 and isoleucine
(Ile) at position 350, whereas that encoded by ADH1C*2
(γ2-ADH) has glutamine (Gln) at position 272 and valine
(Val) at position 350 (Osier et al. 2002).2 The kinetic differ-
ences between γ1-ADH and γ2-ADH are smaller than those
between the ADH1B isozymes (table 1). Studies in Asian
populations have shown an association between ADH1C
alleles and alcoholism, but the protective effect of ADH1C*1
in that population may be explained in large part by its coin-
heritance with the ADH1B*2 allele. A SNP in the ADH1C
gene that is always inherited together with (i.e., is in com-
plete linkage disequilibrium) with one of the amino acid
changes at this locus was associated with alcoholism in two
GWASs candidate gene substudies on people of European
descent, but the difference did not reach statistical signifi-
cance for genome-wide analyses (Kendler et al. 2011;
Treutlein et al. 2009). The ADH1C*1 allele has been associ-

ated with increased risk for alcohol-related cancer, particularly
in people who consume alcohol (Seitz and Meier 2007). 

Many other variations in and around the seven ADH
genes have been associated with risk for alcohol dependence
or alcohol-related traits. Among these, variations in and near
ADH4 are among the most widely replicated associations
with alcohol dependence, in several populations. Moreover,
noncoding SNPs in the region of ADH1A, ADH1B, and
ADH1C have been associated with alcoholism and drinking
phenotypes, as have SNPs in ADH7 and ADH5. Some non-
coding SNPs have been shown to affect gene expression in
cultured cells and tissues (i.e., in vitro) (Chen et al 2005;
Pochareddy and Edenberg 2010, 2011), and it is likely that
many different variations in this region also affect the level of
expression of the different ADH enzymes in the intact organ-
ism (i.e., in vivo), thereby influencing ethanol metabolism
(in some cases possibly only in specific tissues), its physiolog-
ical effects, and, ultimately, drinking behavior and risk for
alcoholism. Without molecular studies, however, detailed
analyses of which SNPs might be functional are difficult
because many of the ADH variations are inherited together
with nearby SNPs as haplotypes.

ALDh Variants

The acetaldehyde produced by the action of one or more
ADH enzymes must be oxidized efficiently by one or more
ALDH enzymes in order for the cell/tissue to maintain non-
toxic levels of this reactive molecule. Even transient elevation
of acetaldehyde can provoke aversive reactions in people
whose ALDH activity is reduced either genetically or phar-
macologically. Unlike the human ADH genes, the ALDH
genes are not localized to a single chromosome. Humans
have 18 genes encoding for members of the ALDH enzyme
superfamily (Jackson et al. 2011). Three of these—
ALDH1A1, ALDH1B1, and ALDH2—are most relevant to
acetaldehyde oxidation (table 2). The three ALDH enzymes
encoded by these genes share more than 68 percent amino
acid sequence identity; all three enzymes function in the cell
as homotetramers. The ALDH1A1 enzyme is found in the
cytosol, whereas both ALDH1B1 and ALDH2 are produced
in the nucleus but have leader sequences that direct them to
cell components called mitochondria, where they exert their
functions in the mitochondrial interior (i.e., the matrix)
(Jackson et al. 2011). Of the three isoenzymes, ALDH2
seems to carry out most of the oxidation of ethanol-derived
acetaldehyde, as demonstrated by the effects of its inhibition
by activated forms of the medication disulfiram (Antabuse®)
and by the effects of a functional polymorphism commonly
found in East Asian populations (ALDH2*2), in which a
critical glutamate is substituted by a lysine residue at posi-
tion 504 of the precursor protein (487 of the mature pro-
tein) (ALDH2-Lys504; rs671) (Hurley et al. 2002). With
both disulfiram and the ALDH2*2 enzyme, ALDH2 activ-
ity is severely compromised, resulting in increased levels of
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2 Another allele, ADH1C*3, which carries threonine instead of proline at position 352 on the back-
ground of ADH1C*2 has been reported in Native Americans (osier et al. 2002).



acetaldehyde, which enters the systemic circulation and initi-
ates the commonly observed facial flushing syndrome. In
vitro kinetic analyses also are consistent with the key role 
of ALDH2, demonstrating that the ALDH2 isoenzyme has
the highest catalytic efficiency for acetaldehyde oxidation
(Hurley et al. 2002). The ALDH2*2 allele is relatively com-
mon in East Asia (frequencies of 12 to 41 percent [Li et al.
2009]), where it has a very strong effect on risk for alcoholism.
Thus, people who carry one copy of the inactive allele are
strongly protected against alcoholism (odds ratio from 0.5 
to 0.12 [Chen et al. 1999; Thomasson et al. 1991]), and
homozygotes are almost completely protected. 

It is likely that the ALDH1A1 and ALDH1B1 enzymes
significantly contribute to acetaldehyde metabolism only in
situations where ALDH2 is inactivated, either pharmacolog-
ically or because of the presence of the ALDH2*2 allele. 
The KM values3 of the ALDH1A1 and ALDH1B1 enzymes
exceed those of the ALDH2 enzyme by at least 100-fold,
and, thus, are not likely to be operating at full capacity when
acetaldehyde levels are kept at the usual physiological state
(i.e., below 5 µmol/L) (Klyosov et al. 1996; Stagos et al.
2010). Numerous polymorphisms have been identified for
the ALDH1A1 gene, and linkage to alcohol-related pheno-
types has been found in both European populations
(rs8187974 [Lind et al. 2008; Sherva et al. 2009]) and people
of Indo-Trinidadian background (ALDH1A1*2, rs67952887
[Moore et al. 2007]). In addition, a functional polymorphism
(i.e., rs2228093) in the ALDH1B1 gene found in northern
European populations seems to correlate with alcohol-aversive
reactions (Husemoen et al. 2008; Linneberg et al. 2010),
suggesting that the ALDH1A1 and ALDH1B1 isoenzymes
contribute to ethanol metabolism under typical ethanol
loads even in populations where the ALDH2*2 allele virtually
is nonexistent.

cytochrome P450 Isoenzymes

Although the ADH/ALDH system is the primary pathway 
of ethanol metabolism in the body, another system called 
the microsomal ethanol oxidizing system (MEOS) also con-
tributes to ethanol metabolism, particularly in alcoholics in
whom chronic ethanol exposure induces higher expression
levels of the enzymes involved. The primary component of
the MEOS is cytochrome P450 2E1 (CYP2E1). Increased
production of acetaldehyde through this pathway is associated
with increased risk for liver damage (Lu and Cederbaum
2008), presumably because of the propensity of the P450
enzymes to produce reactive oxygen species as a byproduct
of the catalytic activation of molecular oxygen. Until
recently, most studies did not find a significant correlation
between CYP2E1 polymorphisms and alcohol elimination
rates or alcohol-induced liver injury. Recent work in India,

however, has found a significant association between the
CYP2E1*B5 allele (rs2031920) and alcoholic liver cirrhosis
(Khan et al. 2009, 2010). These studies raise the possibility
that additional associations exist between CYP2E1 polymor-
phisms and alcohol-induced liver disease, warranting more
detailed study in other populations.

Alcohol metabolism and cancer

In addition to affecting drinking behaviors and risk for alco-
holism, ADH and ALDH alleles affect the risk for esophageal
cancer. In a meta-analysis of studies (primarily of East Asian
populations), the presence of ADH1B*1 was associated with
a higher risk for esophageal cancer even in men who drank
little or rarely and had a greater effect in heavier drinkers
(Yang et al. 2010). Moreover, although the presence of
ALDH2*2 alleles reduces drinking, the risk for esophageal
cancer is elevated among those who drink despite carrying
these alleles. Finally, a large study of European subjects
showed that ADH1B*2 and an allele in ADH7 (the minor
allele of rs1573496) independently were protective against
upper aerodigestive cancers, particularly among heavier
drinkers (Hashibe et al. 2008). 

conclusions

The onset of the genomics era has initiated a rapid increase
in researchers’ ability to find and analyze polymorphisms
within the enzymes responsible for ethanol metabolism. In
fact, the rate of discovery of polymorphisms in and near
these genes far outpaces the ability to functionally characterize
them. Future studies of the expression and kinetic properties
of the variant enzymes are important. In particular, method-
ologies for rapidly and accurately determining protein
expression levels of specific forms are needed. For example, a
commonly used approach to identify individual problems—
that is, the use of specific antibodies—has not yet worked
with the ADH1A, ADH1B, and ADH1C proteins because
these proteins are highly conserved, with their sequence at
the protein level more than 93 percent identical; moreover,
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Table 2 Kinetic Constants for Acetaldehyde oxidation by Human
Aldehyde Dehydrogenases 

Km

(mm)
Vmax

(min-1)
Vmax

(min-1mm-1)enzyme

ALDH1A1 180 380 2.1

ALDH1B1 55 40 0.7

ALDH2*1 0.2 280 1400

ALDH2*2 1.4 20 14

1Data for ALDH1A1 and ALDH2*1 from Klyosov, 1996; data for ALDH2*2 oxidation of propi-
onaldehyde from Farrés et al., 1994 and data for ALDH1B1 from Stagos et al., 2010.

3 KM is the concentration of an enzyme’s substrate—in this case ethanol—at which the rate of the
enzyme reaction is half the maximum rate. The lower the KM, the more efficient the enzyme is toward
that substrate.



many of the sequence changes are located within functional
sites and not optimally situated for antibody recognition.
Knowledge of expression level changes, however, will be critical
to develop models for predicting the metabolic consequences
of both the currently characterized functional polymorphisms
and those that are yet to be discovered. ■
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genes contributing to the
Development of Alcoholism 
An Overview

howard J. edenberg, Ph.D.

Genetic factors (i.e., variations in specific genes) account for a
substantial portion of the risk for alcoholism. However,
identifying those genes and the specific variations involved is
challenging. Researchers have used both case–control and
family studies to identify genes related to alcoholism risk. In
addition, different strategies such as candidate gene analyses
and genome-wide association studies have been used. The
strongest effects have been found for specific variants of genes
that encode two enzymes involved in alcohol metabolism—
alcohol dehydrogenase and aldehyde dehydrogenase.
Accumulating evidence indicates that variations in numerous
other genes have smaller but measurable effects. KeY WorDS:
Alcoholism; alcohol metabolism; genetic basis of alcoholism;
genetics; genetic factors; human studies; case–control
studies; family studies; candidate gene analyses; genome-
wide association studies; alcohol dehydrogenase; aldehyde
dehydirogenase

Amajor goal of genetic research into alcoholism and
related traits is to better understand the biology under-
lying this disease by identifying specific genes in which

variations contribute to a person’s risk of developing the dis-
ease and then examining the pathways through which these
genes and their variants affect the disease. Researchers hope
to use this knowledge to develop new, more effective, and
more targeted treatment and prevention strategies. For com-
plex diseases such as alcoholism, however, this is a very difficult
endeavour. There is no one gene (or several) whose particular
variants “cause” the disease. Instead, variations in many, and
perhaps hundreds, of genes likely have a small but measur-
able influence on disease risk that ultimately adds up to a
substantial impact. Moreover, the impact of any one gene
variation depends both on the individual’s genetic background
(i.e., other genetic variations the person carries) and on the
environment. These factors further complicate the identifi-
cation and confirmation of the role of any one gene. This
overview briefly summarizes some of the strategies that can
be used to identify specific gene variants that influence the
risk of alcoholism and reviews some of the findings obtained
to date, setting the stage for the following articles in this
Special Section.

Strategies for Identifying genes Associated With
Alcoholism risk

Several study designs—including case–control studies, popula-
tion studies, and family studies—have been used to test
whether a specific gene or gene variant affects risk for a disease
(for more information, see the article by Foroud and Phillips,
pp. 266–272). There are advantages and disadvantages to
each approach. For example, it is much easier to collect indi-
vidual cases (i.e., people with alcoholism) and control sub-
jects (i.e., nonalcoholic people) or samples of the general
population than it is to recruit family samples. Moreover,
family studies require more effort to determine the partici-
pants’ genetic makeup (i.e., genotype), because even with the
simplest type of family study, genotypes must be determined
for sets of three people (e.g., two parents and an affected
child) rather than just for individual case and control sub-
jects. On the other hand, family studies avoid the problem
of incomplete ethnic/population matching1 that can con-
found case–control studies. Furthermore, family studies can
be more powerful than case–control studies if different vari-
ants (i.e., alleles) of the same gene affect a given trait in dif-
ferent families, because multiple families can show an effect
of that gene despite not sharing the same alleles. In addition,
broad regions of the genome generally are inherited within a
family, increasing the sensitivity of the approach to detect an
effect; however, the tradeoff is that for the same reason, fam-
ily studies have less resolution to identify the specific allele(s)
involved. When both types of studies point to the same
genes, however, it provides additional evidence for the
involvement of these genes. 

There also are two strategies for deciding which genetic
variations to test. The first involves focusing the testing on
specific genes that are selected on the basis of their physio-
logical roles or their reported involvement in related traits.
These so-called candidate gene studies have been fruitful in
alcohol research. For example, they led to strong evidence
that genes that encode the two main enzymes involved in
alcohol metabolism—alcohol dehydrogenase (ADH) and
aldehyde dehydrogenase (ALDH)—affect risk, which will be
discussed in the next section. Some of these studies, particu-
larly the earlier ones, only have assessed a single allele of a
candidate gene, whereas in other studies a set of alleles was
chosen to provide information on most of the common vari-
ations in the gene. 

howard J. edenberg, Ph.D, is a Distinguished Professor
and Chancellor’s Professor in the Department of
Biochemistry and Molecular Biology and the Department
of Medical and Molecular Genetics, Indiana University
School of Medicine, Indianapolis, Indiana.

1 This means that the samples of case and control subjects may not be sufficiently matched with
respect to such factors as ethnicity or other population characteristics, which influence the prevalence
of many gene variants or other factors that also may influence alcoholism risk.



The other approach is the genome-wide association study
(GWASs), which examines a large set of variations in many
genes distributed acrosss the entire genome. Each of these
variations involves only a single DNA building block (i.e.,
nucleotide), and they therefore are known as single nucleotide
polymorphisms (SNPs). Because such studies may test 1 mil-
lion SNPs (although not all of these are independent of each
other), this can involve 1 million separate tests for association,
and therefore an increased chance of false positives if the P
value is not adjusted. In fact, to guard against false-positive
associations between a SNP and a given trait, the current view
is that a P value smaller than 5 × 10-8 is required. However,
some think that this requirement may be too stringent, because
many genes and interactions are expected to play a role in a
complex disorder such as alcoholism. In practice, the GWASs
approach requires very large samples or the aggregation of
many studies, and most genome-wide studies on alcoholism
do not have sufficient statistical power to detect the small
effects expected for individual genes. In contrast, the statistical
penalty for multiple testing is reduced greatly with candidate
gene studies because these studies test specific hypotheses,
and most of the specific genes thus far associated with alco-
holism have been identified in candidate gene studies. 

genes Implicated in Alcoholism risk

Genes Encoding Enzymes Involved in Alcohol
Metabolism
The genes most strongly implicated and best characterized
are those encoding the key enzymes of alcohol metabolism,
ADHs and ALDHs. A variation in the gene encoding mito-
chondrial ALDH2 (i.e., the ALDH2*2 allele)2 renders the
resulting enzyme nearly inactive so that the levels of acetalde-
hyde circulating in the body increase substantially when
alcohol is consumed. This acetaldehyde accumulation underlies
the strongly aversive flushing reaction (for more information,
see the article by Hurley and Edenberg, pp. 339–344). An
abundance of physiological and molecular data has demon-
strated how this allele affects alcohol metabolism. People 
carrying a single copy of the ALDH2*2 allele in their
genome are highly protected against alcoholism. Yet this
strong effect still can be modified by the environment, as
clearly shown by Higuchi and colleagues (1994), who found
that the level of protection afforded by ALDH2*2 in the
Japanese population dropped significantly with time as the
social pressures for drinking increased. People carrying two
copies of the ALDH2*2 allele, however, become so ill after
consuming alcohol that their risk of becoming alcohol
dependent is near zero. 

Another well-studied gene variant concerns the gene
encoding the ADH1B enzyme. This ADH1B*2 allele, which
encodes an enzyme with higher activity, also is highly protec-
tive against alcoholism. Detailed molecular studies of this
allele have been carried out, and although physiological studies
did not detect the same dramatic rise in circulating acetalde-
hyde as with the ALDH2*2 allele, the ADH1B*2 allele has a
similar effect on risk (see the article by Hurley and Edenberg,
pp. 339–344). 

Gene variants related to alcoholism risk that are present in
a population at low frequency are difficult to detect because
the number of people who need to be genotyped increases
dramatically. For example, the ALDH2*2 allele that has such
a strong effect is essentially absent in many areas of the world
and therefore is not detected in studies of most populations.
However, the effect of ALDH2*2 on risk for alcoholism is
easy to detect even in relatively small studies of populations
in which it is common, for example in China and Japan.
Likewise, the ADH1B*2 allele, which is very common in
East Asia and relatively common in the Middle East, is rela-
tively uncommon (i.e., generally has allele frequencies of less
than 4 percent) in most other places. Thus, it is easy to
detect the effect of ADH1B*2 even in small studies of Asian
populations but much more difficult in other populations
(Li et al. 2011). However, a recent study in which the ADH1B*2
allele was genotyped in several thousand people of European
ancestry showed a highly significant protective effect, com-
parable in magnitude to that in Asians (Bierut et al. 2012).
Therefore, the exact population studied, the size of the study,
and the exact trait studied all are important to consider
when comparing results.

To date, no other gene has been identified that harbors
variations with effects on alcohol dependence as strong as
those of the ALDH2*2 or ADH1B*2 alleles. Other alleles of
the ADH and ALDH genes also have been reported to affect
risk; however, these effects are much smaller and are not
detected in all studies. For example, several studies found
other variations in and near the ADH1B gene, as well as in
or near the ADH4, ADH1C, ADH5, ADH6, and ADH7
genes that affect risk for alcoholism or the level of alcohol
consumption (see the article by Hurley and Edenberg, pp.
339–344). Importantly, many of these other alleles do not
affect the structure of the encoded protein but probably 
act by altering the level of gene expression. Therefore, it is
important to also study the effects of various alleles on gene
regulation. Another complication is that many ADH and
ALDH genes are located on the chromosomes in clusters,
and many nearby variations therefore are inherited together
(i.e., in haplotype blocks). As a result, researchers cannot
always determine which allele in such a block has the
observed effect or whether several alleles might be involved.
Studies in populations with different genetic histories can
help disentangle the roles of individual alleles, although 
environmental differences between these populations might
complicate the analyses.
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Genes Encoding Other Proteins
Other gene variants also have been associated with the risk
for alcoholism, including genes encoding many of the sub-
units of a receptor for the brain signaling molecule (i.e., neuro -
transmitter) γ-aminobutyric acid (GABA). This GABAA
receptor consists of five subunits, and studies have found
that certain alleles of several subunit genes can influence the
risk for alcoholism and other addictions, as well as of con-
duct disorder symptomology and can modify electrophysio-
logical traits related to these disorders. For example, many
(although not all) studies have implicated alleles of the
GABRA2 gene, which encodes the α2 subunit of the GABAA
receptor, in alcoholism risk (for more information, see the
article by Borghese and Harris, pp. 345–353). Other GABAA
receptor subunit genes also have been implicated, including
GABRG1, GABRA1, GABRG3, GABRR1, GABRR2, and
GABRB3. Both physiological and molecular evidence indi-
cates that GABAA receptors are affected by alcohol and par-
ticipate in many processes relevant to addiction, and studies
in rodents have provided further evidence of this involve-
ment. Overall, however, the effects even of the best studied
of these genes, GABRA2, seem to be small. Although some
GWASs have shown nominally significant support, genes
encoding GABAA receptor subunits generally have not been
among the top genes identified by GWASs. 

Variations in many other genes also have been implicated
in contributing to alcoholism risk. Among the genes and
pathways highlighted in this brief section are genes involved
in the immune system, including nuclear factor-κB–related
genes (see the article by Crews, pp. 355–361), the circadian
system (see the article by Sarkar, pp. 362–366), and genes
whose function is not yet clear (see the article by Buck and
colleagues, pp. 367–374). Other genes that also have been
identified encode components of the neurotransmitter sys-
tems using dopamine, endogenous opioids, serotonin, and
acetylcholine; nicotinic receptors; and a hormonal system
known as the hypothalamic–pituitary axis. This list contin-
ues to grow as more GWASs are completed and analyzed. 

conclusions and outlook

Although studies in recent years have identified a plethora of
genes that may play a role in determining risk of alcoholism,
much work remains to be done. For example, many genes
have been reported in only one study. Therefore, it will be

critical to confirm these associations in additional studies. A
failure to replicate the initial findings may not always dis-
prove the association but may result from differences in the
genetic background of the study participants, the environ-
ment, or the study design (e.g., differences in the definition
of alcohol dependence). Beyond replication, the exploration
of which specific aspects of the alcoholism phenotype each
involved gene affects and which other diseases or traits may
be influenced by it is essential. Moreover, it will be equally
important to determine the potential underlying mecha-
nisms through functional studies, including the use of ani-
mal models, particularly those in which candidate genes or
alleles are introduced into the organism (i.e., knocked-in).
Although much work remains to be done, researchers already
have made substantial progress. New technological develop-
ments that allow for faster and more complete genotyping
and sequencing will accelerate progress, as will technical
developments allowing targeted overproduction or inactiva-
tion of genes in animal models.  ■
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Genetics play an important role in the development and course of alcohol abuse, and
understanding genetic contributions to this disorder may lead to improved preventative
and therapeutic strategies in the future. Studies both in humans and in animal models
are necessary to fully understand the neurobiology of alcoholism from the molecular to
the cognitive level. By dissecting the complex facets of alcoholism into discrete, well-
defined phenotypes that are measurable in both human populations and animal
models of the disease, researchers will be better able to translate findings across
species and integrate the knowledge obtained from various disciplines. Some of the key
areas of alcoholism research where consilience between human and animal studies is
possible are alcohol withdrawal severity, sensitivity to rewards, impulsivity, and
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A lcoholism is a complex disorder
arising from a combination of
genetic and environmental factors.

The Diagnostic and Statistical Manual
of Mental Disorders, Fourth Edition
(DSM–IV) (American Psychiatric
Association 1994) requires that three 
of seven criteria be present during a 
12-month period for a diagnosis of
alcohol dependence. These criteria are
tolerance, withdrawal symptoms, loss
of control of drinking, desire to quit,
preoccupation with drinking, curtailing
of other activities because of drinking,
and persistence of drinking in the face
of negative consequences. The use of
animal models, such as rodents, nonhu-
man primates, and even invertebrates,
allows for a degree of genetic and envi-
ronmental control that would not be
possible in human studies. By using
these species to recapitulate discrete
aspects of alcohol use disorders (AUDs)
as they appear in human populations,

researchers are able to target the specific
biological underpinnings of the disease. 

Achieving consilience between animal
models and human disease is one
important goal of translational research.
Several years ago, a group of researchers
staged a multidisciplinary meeting with
the goal of identifying specific areas of
alcoholism research with good potential
for translation between human and
animal studies (Crabbe 2010). This
effort, known as the consilience project,
sought to highlight both better animal
models for these areas, as well as better-
defined and more specific human phe-
notypes to target. The group focused
on genetic studies because of the obvious
direct translation possible across the
genomes of species. Currently, animal
models clearly are able to address the
diagnostic criteria of tolerance and
withdrawal but are less obviously capable
of capturing complex emotional 
constructs, such as desire and preoccu-

pation. However, behaviors such as
excessive alcohol intake undoubtedly are
related to AUDs, despite the fact that
they do not directly lead to a diagnosis.
By using various animal species to
model these other behaviors and risk
factors, it is possible to begin to dissect
the complexities of alcoholism. After
several meetings, members of the con-
silience project identified seven major
areas for focusing translational attention
(for the complete report of the consilience
group, please see Addiction Biology, 2010,
vol. 15, issue 2, entire issue). This article
focuses on five of these areas, which
encompass specific behavioral domains
related to alcohol abuse: withdrawal,
reward sensitivity, impulsivity, dysregu-
lated alcohol consumption, and low
level of response to alcohol. This article
will discuss major findings from both
the human and animal literature, as well
as some strategies for achieving even better
consilience across species in the future.
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Before examining the consilience of
animal models and human research, 
it is important to briefly mention the
behavioral genetic strategies used in
these types of studies. Although numer-
ous animal species are used in alcohol
research, this article will focus primarily
on rodent models. However, many of
the approaches described here can suc-
cessfully be applied to other species as
well. There are three broad types of
genetic methods used in rodent studies
of alcohol: testing of inbred strains,
selective breeding, and the creation
and testing of animals with targeted
genetic manipulations. 

Inbred mouse and rat strains have been
developed over repeated generations
through brother–sister matings so that
all animals within a strain are assumed
to be genetically identical. As a result,
these animals provide an excellent means
of examining environmental contribu-
tions to alcohol-related traits because
genetic variation is held constant across
subjects. On the other hand, testing
animals of multiple strains under stan-
dardized environmental conditions 
can provide evidence for the depen-
dence of a given behavioral phenotype
on genetic factors if it is found to differ
across strains. Studying differences in
brain morphology and neurochemistry
between strains with innate differences
for alcohol-related traits allows for
greater insight into biological factors
promoting AUDs. For example, the
C57BL/6J (B6) and DBA/2J (D2)
inbred mouse strains represent opposite
ends of the spectrum with regard to
voluntary oral consumption of alcohol,
with B6 mice readily drinking large
quantities and D2 mice consuming
very little (e.g., Lê et al. 1994). Many
studies that might explain this differ-
ence have been conducted, comparing
these strains and a large panel of recom-
binant inbred strains derived from them
for both biological and behavioral fac-
tors. Given the presumed complexity
of genetic contributions to alcoholism,
it is preferable to use a large number of
inbred strains in order to include more

genetic variation and to provide a greater
ability to detect a statistical genetic cor-
relation between traits. 

Selective breeding is another method
of studying genetic contributions to
alcoholism. Beginning from a genetically
diverse population, animals are tested
for a trait of interest and are bred on
the basis of their level of response. In
bidirectional selection, two divergent
lines are produced by breeding high
responders with high responders and
low responders with low responders
until animals from the two lines differ 
significantly for the selected measure.
Selective breeding is useful both for
demonstrating the heritability of a trait
as well as for identifying the genetic
relatedness of multiple traits that might
select together (known as a correlated
response to selection). That is, if two
lines bred for divergence on a given
trait (such as alcohol preference) also
differ on another measure, it can be
inferred that both the selected and the
correlated response share some under-
lying genetic contribution. For example,
the numerous pairs of alcohol prefer-
ring/nonpreferring and high-alcohol–
drinking/low-alcohol–drinking selected
rat lines have been shown to differ on
such traits as locomotor stimulation in
response to alcohol and an alcohol-
conditioned taste aversion, as well as
on biological factors such as endoge-
nous neurotransmitter levels (Stewart
and Li 1997).

Researchers also study specific genes
of interest in animal models (particu-
larly invertebrates and mice) by tar-
geted manipulation of the gene. This
can include knockout or knockdown
studies, in which the gene is removed
or its expression is minimized, respec-
tively. In another technique, transgenic
experiments use increased gene expres-
sion or the insertion of a particular
polymorphism or mutated version of
the gene to determine the effect on 
the phenotype of study. Although this
article will not discuss them in depth,
human gene-expression and linkage
studies can provide a useful method for
identifying candidate genes for trans-
genic and knockout studies in animals

(for a recent review of some human
and animal gene expression techniques,
see Foroud et al. 2010). In brief, gene
expression profiles can be determined
from samples of a variety of tissue types,
including brain and blood. Although
brain tissue is advantageous in demon-
strating that the gene expression is
likely to be behaviorally relevant, the
utility of these studies is limited because
they need to be conducted postmortem.
Peripheral blood samples, on the other
hand, are readily obtained and can be
measured repeatedly in the same indi-
viduals, although the generalization 
of expression determined from blood
samples to the brain has to be inferred.
In a recent example of a translational
genetic approach, researchers produced
transgenic mice that expressed an
ethanol-insensitive mutant form of 
the α2 subunit of a receptor for the
neurotransmitter γ-aminobutyric acid
(GABAA), the gene for which has been
identified as a candidate gene for alcohol
dependence through human studies
(e.g., Reich et al. 1998). These mice
showed less sensitivity to alcohol’s aver-
sive and motor-stimulant effects than
controls (Blednov et al. 2011), provid-
ing a possible behavioral mechanism
for the genetic linkage of this subunit
with alcohol abuse. Studies with knock-
out animal models must be interpreted
with care, however, because the absence
of genes can have profound effects on
development and may result in unan-
ticipated compensations by other 
systems. Increasingly, techniques are
available that allow for a greater degree
of spatial and temporal control of
genetic manipulations (e.g., inducible
knockout systems, short-interfering
RNA). As technology continues to
improve, these methods may provide 
a way to bypass the limitations of con-
ventional knockout strategies. 

Withdrawal
Of the alcohol-related traits discussed
in this article, withdrawal is the only
one that also is among the DSM–IV
criteria for diagnosis of an AUD. In
human alcoholics, withdrawal can
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include both physiological and mood
symptoms, with the majority of physical
symptoms occurring during acute
withdrawal (48 to 72 hours) (first
described by Victor and Adams 1953),
and emotional and mood symptoms
arising in early abstinence (3 to 6 weeks)
and continuing indefinitely (for review,
see Heilig et al. 2010). Physical symp-
toms include excessive autonomic ner-
vous system activity, central nervous
system hyperexcitability, and increased
seizures and convulsions, whereas
mood symptoms generally consist of
increased anxiety, dysphoria, and anhe-
donia. Historically, many theories of
addiction have stemmed from a “self-
medication” hypothesis, wherein con-
tinued substance abuse occurs as an
attempt to prevent or relieve the expe-
rience of these negative withdrawal
symptoms (Markou et al. 1998).
Although current theories tend away
from offering this as the only explana-
tion, withdrawal still is considered to
be a likely contributor to continued
alcohol abuse and relapse. 

The highly parallel nature and time
course of withdrawal symptoms across
species make this a key area for assess-
ing consilience. Withdrawal severity
also seems to have a genetic compo-
nent, and it has been shown that alco-
hol withdrawal is a significant genetic
factor in explaining AUD diagnoses in
twin pairs (Ystrom et al. 2011). Gene
polymorphisms associated with multi-
ple neurotransmitter systems, includ-
ing the dopaminergic, serotonergic,
GABAergic, and opiate systems, have
been explored in relation to alcohol
withdrawal (Schmidt and Sander 2000).
However, findings that implicate a role
for certain genetic variants in with-
drawal often are not replicated across
studies, and there is little that can 
conclusively be said about the genetics
underlying this trait. Difficulty in
replicating results across studies likely 
is a result of factors such as gene-by-
environment interactions and the
genetic heterogeneity of the subjects
and serves to highlight the complexities
inherent in conducting behavioral
genetic research. 

A significant portion of the evidence
for a genetic contribution to withdrawal
has come from research using animal
models. Selective breeding has produced
mouse lines showing robust differences
in handling-induced convulsion severity
after the induction of alcohol depen-
dence via a 72-hour vapor chamber
exposure (Kosobud and Crabbe 1986).
Inbred strains also exhibit differences
in withdrawal severity (Metten and
Crabbe 2005), and fine-mapping genetic
techniques using a specialized set of
B6-D2–derived strains called recombi-
nant inbred strains helped lead to the
identification of Mpdz1, a quantitative
trait gene for withdrawal seizure sever-
ity (Fehr et al. 2002). This represents 
a significant achievement in relating
human and mouse genetics because the
human ortholog of this gene (MPDZ)
has been shown to potentially con-
tribute to alcoholism risk (Milner and
Buck 2010). The behavioral significance
of the seizure phenotype, however, is
less clear cut because human studies
thus far have failed to show a specific
association between MPDZ and with-
drawal (Karpyak et al. 2009). Tremors
and seizures are observed during acute
withdrawal in humans, but these phys-
iological symptoms dissipate in later
stages of withdrawal, and it currently 
is unknown how they may relate to the
affective and other changes that occur
during continued abstinence. 

In recent years, the focus of with-
drawal research has shifted somewhat
to the mood-related symptoms of later
withdrawal, such as anhedonia, dyspho-
ria, and anxiety. Modeling emotional
states in rodents proves to be more
challenging than modeling seizures or
central nervous system excitability. A
variety of tasks exist to assess anxiety-
like behavior in rodents during with-
drawal, mostly based on the idea that
an anxious rat or mouse will be more
avoidant of situations, such as open or
brightly lit areas. However, these tasks
are not all influenced by the same con-

stellation of genes in rodents (Milner
and Crabbe 2008), and interpretation
of data from some tasks is confounded
by variations in locomotor activity
(Kliethermes 2005). Increased stress
reactivity during withdrawal allows
researchers to study measurable physio-
logical outcomes across species, which
may be related to the negative affective
symptoms of withdrawal (for review,
see Breese et al. 2011). For example,
blocking corticotropin-releasing 
hormone receptors can attenuate 
withdrawal-associated anxiety in rats
(Gehlert et al. 2007), suggesting that
the stress system might be involved in
mediating anxiety that develops during
abstinence. Chronic stress prior to
alcohol dependence also can potentiate
the anxiety-like response seen during
withdrawal (Wills et al. 2010).
Research in humans also has demon-
strated enhanced response to negative
stimuli during withdrawal (Gilman
and Hommer 2008), but again the
genetics remain largely unexplored. 

Finally, it is important to consider
that the pattern of alcohol exposure
and withdrawal may be a critical factor
for influencing behavioral outcomes.
Studies in both humans and rodents
have shown that experiencing withdrawal
repeatedly can lead to a “kindling” or
potentiation of both physiological and
psychological withdrawal symptoms
(e.g., Becker 1998; Breese et al. 2011).
In addition to potentiating withdrawal
symptoms, repeated cycles of induced
ethanol dependence (via vapor inhala-
tion chambers) and subsequent with-
drawal seem to enhance voluntary
alcohol consumption in some strains
of rats and mice (e.g., Becker and
Lopez 2004; Gilpin et al. 2008). 
This behavior generally is known as
dependence- or withdrawal-induced
drinking and represents an area of
interest for continued consilience
efforts because the genetics of this
behavior have not been well explored.
Some evidence suggests that genetically
predisposed high-drinking animals may
show greater withdrawal-associated
drinking than lower-drinking animals
because B6 mice show a robust effect

1By convention, gene names in animals are written in uppercase
and lowercase and italicized. Gene names in humans are written
in all caps and are italicized, whereas the acronyms for the
encoded proteins are all caps but not italicized.



and male mice of the high-alcohol–
preferring (HAP) line show modest
enhancement of drinking relative to
their low-alcohol–preferring (LAP)
counterpart selected line (Lopez et al.
2011). Consequently, taking into
account both previous withdrawal
experience and the time course of
withdrawal (i.e., acute versus later
withdrawal) may be a useful tool for
future attempts to relate animal find-
ings to human data. 

In summary, it is possible to model
specific human withdrawal symptoms
in rodents rather directly, but a better
understanding of which human with-
drawal symptoms reflect a genetic pre-
disposition to AUDs will help guide
further success with achieving con-
silience in this area.

Alcohol and Sensitivity to Rewards
Several of the current models of alco-
holism include the idea of dysregula-
tion of reward processes as a factor in
the onset and maintenance of the dis-
order (Stephens et al. 2010). Some
models propose a specific deficiency in
reward sensitivity, wherein a lowered
sensitivity to alcohol’s rewarding effects
is thought to drive an increase in use in
order to achieve the desired hedonic
levels (e.g., Bowirrat and Oscar-
Berman 2005). Other theories suggest
more generally a dysregulation of
reward processing and a hijacking of
other brain systems (e.g., stress sys-
tem), especially with repeated alcohol
use (Koob and Le Moal 2001). In
humans, the rewarding effects of alcohol
most commonly are measured with
self-reports. Although this is certainly
an advantage of studies using human
subjects (i.e., because researchers cannot
directly ask a mouse how much it likes
alcohol), there always is some risk of
unreliability. Consequently, using both
self-reports and tasks with measurable
behavioral outcomes, such as willing-
ness to work to obtain alcohol or pref-
erence for alcohol over a placebo, pro-
vides a more objective and complete
measure of reward. Such assessments
can be achieved through laboratory

studies of self-administration and
through the incorporation of behav-
ioral economic analyses, both of which
have well-developed analogues in
rodent models. Biological markers of
reward also are possible. One recent
electrophysiological study showed evi-
dence for altered reward processing in
high-drinking (but nonalcoholic) indi-
viduals, with high-frequency drinking
participants showing a greater reward-
associated brain response (i.e., event-
related potential) to stimuli that pre-
dicted the unexpected absence of a
reward in a passive gambling task than
did low-frequency drinkers (Franken et
al. 2010). When considering questions
of sensitivity to reward, however, it
should be kept in mind that “reward”
actually may represent a multifaceted
sensation. That is, someone experienc-
ing euphoria could have the same sub-
jective sense of pleasure as someone
experiencing the alleviation of anxiety,
but these two outcomes may represent
different actions of alcohol at the level
of the brain. A single behavior that can
represent two different underlying
genetic substrates sometimes is called a
“phenocopy;” identifying genes associ-
ated with specific behaviors can be
confusing in both animal and human
studies.

Despite the inference of altered
reward sensitivity in AUDs, research
examining the genetic contributions to
this trait is relatively underdeveloped in
human subjects. The dopamine neuro-
transmitter system is heavily implicated
in regulating reward and, consequently,
has been widely studied in relation to
alcohol. Many studies have looked at
specific alleles of the dopamine recep-
tors that may alter reward sensitivity
and subsequently either lessen or
intensify the risk of developing an
AUD (for review, see Le Foll et al.
2009). One of the first studies in this
area suggested that the presence of one
allelic form of the D2 dopamine recep-
tor correctly predicted alcoholic status
a majority of the time (Blum et al.
1990). Subsequent results have been
mixed, however, with some studies 
failing to find any association (e.g.,

Gelernter and Kranzler 1999). Animal
studies have provided some evidence
for the role of D2 receptors: mice lack-
ing these receptors show lower operant
responding for alcohol, decreased pref-
erence for drinking alcohol, and a
diminished alcohol-conditioned place
preference (Cunningham and Phillips
2003). Expression of the gene encod-
ing D2 receptors also has been shown
to correlate positively with alcohol-
conditioned place preference in B6-
D2–derived recombinant inbred
strains of mice (Hitzemann et al.
2003). In contrast, overexpression of
D2 receptors in certain brain areas has
been shown to decrease alcohol con-
sumption relative to wild-type animals
(Thanos et al. 2005). This highlights
the difficulty of drawing conclusions
about reward from behavioral mea-
sures such as alcohol intake (see the
next paragraph). Consequently, although
the dopamine system and its role in
reward processing seem to be related 
to AUDs, the contributions of specific
genetic variants warrant additional study.

In general, animal behavioral tasks
are better developed than human ones
with regard to examining alcohol
reward and its possible genetic deter-
minants. Self-administration studies
are perhaps the most widely used
method in this area. Mice and rats can
be trained to respond operantly at a
fixed ratio for infusions of ethanol or
for access to a drinkable ethanol solu-
tion. In this way, it is possible to deter-
mine the ability of alcohol to maintain
responding at different concentra-
tions/doses or under different response
requirements. Operant self-administra-
tion studies also can use a progressive
ratio, wherein the response require-
ment for subsequent access to alcohol
continually increases until an animal
will no longer respond. The response
requirement at which responding
ceases to be maintained is known as
the break point, and shifts in the break
point are taken as an indication of 
differences in the rewarding effects of
alcohol. As alluded to earlier, however,
unambiguous assessments of the
reward value of alcohol are very 
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difficult to make using operant self-
administration or home cage-drinking
paradigms. An increase or decrease 
in responding presumably indicates 
a change in perceived reward, but it 
cannot be determined whether that
change results from an increase or
decrease in reward value. For example,
were a given experimental manipula-
tion to halve the operant responding
for alcohol, this could indicate either
that the animal now finds the alcohol
to be half as rewarding as before, or
that it finds it twice as rewarding and
therefore only needs to administer half
as much for the same perceived effect. 

One widely used method for assess-
ing reward sensitivity in animals that
avoids this particular ambiguity, condi-
tioned place preference (CPP), is based
on ideas of Pavlovian conditioning. In
brief, two distinct sensory cues (e.g.,
floor texture) are paired with either 
an ethanol or vehicle injection over
repeated training trials. During the
test, both cues are presented and the
animal is allowed to choose between
the two cued locations without any
drug on board. A greater amount of
time spent in proximity to the previ-
ously drug-paired cue suggests a drug-
seeking behavior presumably resulting
from rewarding effects. Alcohol-induced
CPP has been shown to differ across
inbred mouse strains and also between
rodent lines selected for other alcohol-
related traits. Mice bred for high 
alcohol consumption also showed
greater CPP than their low-drinking
counterparts (Phillips et al. 2005), 
and a similar relationship was found
between severity of alcohol withdrawal
and CPP (Chester et al. 1998). Meta-
analysis of a large number of studies
suggests that sensitivity to alcohol-
induced CPP seems to be modestly
correlated with voluntary drinking
(Green and Grahame 2008). However,
this relationship is not always observed.
A previous study by Grahame and 
colleagues (2001) failed to show line
differences in the ability of alcohol to
condition a place preference in the
HAP and LAP selected mouse lines at
lower doses, whereas LAP mice showed

greater preference than HAP mice at 
a higher dose. Furthermore, it is hard
to know exactly how CPP expression
relates to measures of reward in humans.
Human implicit learning tests, such 
as the conditioned pattern-preference
task, may be analogous to CPP
(Johnsrude et al. 1999). This task 
pairs a neutral visual stimulus (e.g.,
monochrome pattern) with a food
reward across multiple trials, while
masking the pairing with a distractor
memory task so that the subject is not
aware of the conditioning. The subject
then is presented with the paired stim-
ulus, along with unpaired and novel
stimuli, and asked to identify his or her
favorite. As with CPP, a greater prefer-
ence for the paired stimulus is believed
to be indicative of greater sensitivity to
the reward. A recent study found that
self-reports of hazardous drinking were
significantly correlated with stronger
food-conditioned pattern preference,
suggesting that repeated alcohol use
might relate to increased sensitivity to
nondrug reward (Balodis et al. 2010).
Human conditioning tasks of this
nature have not been widely imple-
mented in the addiction field and may
prove to be a promising avenue of
research for relating human and animal
studies of reward.

It should be noted that both CPP
and self-administration paradigms also
can be used to assess reward more indi-
rectly through reinstatement proce-
dures that aim to model drug-seeking
behaviors and relapse in human alco-
holics. The drug-free test session in
CPP itself can arguably be seen as a
measure of drug seeking, but it also is
possible to test for reinstatement of
place preference following extinction
trials (i.e., confinement in the previ-
ously drug-paired location without a
drug pairing). Place preference then
can be reinstated using various manip-
ulations (e.g., drug prime, stress, drug
cues). Reinstatement of drug-paired
lever pressing in operant models after
extinction of the behavior also can be
produced using similar methods. One
key difference between animal rein-
statement models and human relapse,

however, is that a relapsing animal will
not actually obtain any alcohol because
responding on the previously drug-paired
lever during reinstatement testing does
not result in the delivery of alcohol (nor
does the expression of a place prefer-
ence result in alcohol administration).
Nevertheless, drug-seeking and relapse
obviously are highly relevant to the
clinical treatment of AUDs, and these
procedures provide a means to assess
experimental manipulations or genetic
factors that may prevent relapse-like
behaviors following abstinence.

Despite the wide assortment of
available tasks, the rewarding effects 
of alcohol in animal studies still must
be inferred from behavioral outcomes,
whereas they can be more directly
reported by humans. In animals, it is
not yet possible to definitively isolate
“reward” as a construct separate from
various contributing factors, such as
subjective experience, reinforcing
value, and other more nebulous inputs
(Stephens et al. 2010). Nonetheless,
the use of multiple approaches with
animals should allow investigators to
achieve convergent results. A greater
focus on achieving homologous tasks
between humans and animals may allow
for an increased understanding of alcohol’s
actions as a reinforcer, even if reward
sensitivity remains somewhat elusive.

Impulsivity 
Much like alcoholism, impulsivity
itself is a heterogeneous trait compris-
ing multiple components. This can
make relating the two traits even more
complicated, but given the evidence
for links between impulsivity and
AUDs, it is worth the attempt.
Impulsivity as a personality trait fre-
quently is assessed via a variety of ques-
tionnaires, but tasks exist as well for
measuring impulsive behavior (i.e., the
“state” of impulsivity). Behavioral tasks
seem to roughly dissociate five aspects
of impulsive behavior: the inability to
inhibit behavioral responses, susceptibility
to distractor interference, susceptibility
to proactive interference, preference for
smaller immediate rewards over larger



rewards after a delay, and deficits in
judging elapsed time (Dick et al. 2010).
However, self-reported measures of
impulsivity do not always correlate
well with performance on behavioral
tasks (Reynolds et al. 2006). The rela-
tionship between impulsivity and alco-
hol use is thought to be twofold: first, a
propensity toward impulsive behaviors
(impulsivity as a “trait”) might coincide
with a propensity toward alcohol
abuse; and second, impulsive behaviors
can be increased when alcohol is ingested
(impulsivity as a “state”). Assessment 
of impulsive behavior is aided by the
relatively good face validity of the tests
used in both rodents and humans
because many of the behavioral assays
are very similar. For example, the
Go/No-Go test measures behavioral
inhibition and is widely used in mice,
rats, and humans. This task consists of
distinct cues that signal “go” trials and
“no-go” trials, and a behavioral response
(e.g., button push, lever press, etc.)
must be made in response to the go
cues and inhibited in response to the
no-go cues on a series of repeated trials.
Impulsive responding is characterized
by responses on no-go trials. Delay-
discounting procedures, which measure
aversion to delayed reward, also have
both human and rodent variations.
These tasks offer the choice between an
immediate small reward and a larger
reward after a delay. By altering either
the relative sizes of the rewards or the
time delay to the large reward, it is pos-
sible to determine the indifference point
at which the delayed and immediate
rewards are valued equally. Impulsivity
is associated with steeper discounting of
delayed rewards (i.e., the perceived value
of a delayed reward is smaller).

Despite the strong concordance in
tasks across species, the genetic contri-
butions to impulsivity remain elusive.
Questionnaire-based longitudinal studies
have shown that measures of impulsivity
in childhood and adolescence are pre-
dictive of the development of problems
with alcohol abuse later in life (Nigg et
al. 2006), reinforcing the idea of similar
underlying genetic risk factors. Twin
studies also provide evidence for the

genetic relatedness of impulsive behav-
ior and alcohol abuse (Kendler et al.
2003). One issue in human studies
that makes it difficult to tease apart the
contribution of genetics to impulsivity
and alcohol abuse is that many studies
are conducted in people with previous
drug or alcohol abuse experience. For
example, it has been shown that alcohol-
dependent individuals discount delayed
rewards more steeply than do nonde-
pendent comparison subjects (for review,

see Bickel et al. 2007), but these results
can be difficult to interpret from a
genetic standpoint because of the 
concurrent or past experience with
substance use. This issue can be coun-
tered somewhat by using nonabusing
subjects with a family history of AUDs
and assessing them for impulsivity-related
traits. One such study (Andrews et al.,
in press) used functional magnetic res-
onance imaging and found differences
in the activation of brain reward cir-
cuitry during a monetary incentive delay
task in individuals who had a family
history of alcoholism (but who did not
have a diagnosis of AUD themselves)
relative to control subjects with no
family history. Ideally, however, this
type of study should be conducted
using drug- and alcohol-naïve individuals,
which can be very difficult to achieve
with adult subjects. Consequently,
studies often are conducted in children
and adolescents at familial risk for
alcoholism. Parental diagnosis with a
substance use disorder has been shown
to both predict behavioral disinhibition
in childhood and to relate to a predis-
position toward substance abuse in
young adulthood (Tarter et al. 2004).
Specific to alcohol abuse, a study of
children of alcoholics showed greater
impulsivity measures in this group rel-

ative to children with no family history
of alcoholism (Dawes et al. 1997).
However, despite a mean participant
age of 11 years, there still were children
in this study who had past experience
with alcohol, tobacco, and/or other
drugs, which serves to highlight how
difficult it can be to conduct studies
using drug- and alcohol- naïve human
subjects.

An advantage of animal studies in
this area, therefore, is the ability to
assess impulsivity in alcohol-naïve animals
of lines selected for alcohol consumption
(for example) while also eliminating
the complex environmental contributions
that can confound human studies.
This strategy has demonstrated differ-
ences in impulsivity among a variety of
rodent lines differing in their level of
alcohol preference. Rats of the alcohol-
preferring (P) and high–alcohol-drinking
(HAD) selected lines have shown a
greater degree of impulsive behavior on
delay discounting and behavioral inhi-
bition tasks than their corresponding
low-drinking counterparts (Steinmetz
et al. 2000; Wilhelm and Mitchell
2008). A recent study in the HAP and
LAP selected mouse lines found that
the HAP mice showed more impulsive
responding on a delay-discounting task
than did the LAP mice or the progenitor
strain (Oberlin and Grahame 2009).
Although few attempts have been made
to selectively breed for impulsivity-related
phenotypes, inbred strains have been
shown to differ in their impulsive
behaviors, suggesting a degree of genetic
control (e.g., Gubner et al. 2010).
Furthermore, some measures of impul-
sivity have been found to be positively
correlated with ethanol consumption
in inbred mouse strains (Logue et al.
1998). The biggest research advantage
in this area is the existence of very sim-
ilar tasks across species. As with human
studies, however, it may be difficult 
for animal studies to distinguish those
aspects of impulsivity that are predis-
posing for AUD phenotypes from
those that develop concurrently with
or as a result of the disorder. As is the
case with withdrawal, a continued
focus on identifying the specific, well-
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A significant portion of
the evidence for a genetic
contribution to withdrawal
has come from research

using animal models.
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defined facets of impulsivity that 
seem most important and carefully
relating these behaviors both across
tasks and species will be crucial for
future discoveries.

Dysregulated Alcohol
Consumption
As mentioned previously, excessive
alcohol consumption is not by itself a
criterion for an AUD diagnosis. However,
it clearly is a related behavior and is
widely considered to be a key trait for
any animal system purporting to be a
model of disordered drinking. The
consilience project group concluded
that alcohol consumption further can 
be broken down into the components
of the decision to drink or abstain, the
quantity consumed, and the presence
or absence of binge drinking (i.e.,
whether the drinking exceeds levels
associated with risk of harm) (Leeman
et al. 2010). All of these components
then can be assessed in humans through
either surveys or experimentally. A
wealth of clinical and epidemiological
studies have examined various aspects
of alcohol consumption, generally
reported as drinks per a given period 
of time, and numerous approaches
have been used to assess genetic contri-
butions (e.g., twin and linkage studies).
For example, maximum alcohol con-
sumption in a day by fathers has been
shown to predict substance abuse in
their children (Malone et al. 2002),
and linkage studies have implicated
high 24-hour consumption as being
strongly associated with diagnosis of 
an AUD (Saccone et al. 2000). In
addition to self-reported measures,
researchers also use experimental tech-
niques to determine alcohol consump-
tion. These studies are helpful in that
specific populations of individuals can
be tested (e.g., family history positive
and family history negative for AUDs),
or behavioral or pharmacological
manipulations can be made to determine
the effect on subsequent alcohol intake.
A combination of these approaches
was used to show that the drug nal-
trexone reduces total drinks during a

self-administration paradigm in those
with a family history of alcoholism but
has no effect on those without familial
risk (Krishnan-Sarin et al. 2007). One
consideration for experimental con-
sumption studies, however, is that they
usually are conducted in a laboratory
setting, which may not translate
directly to “real-world” drinking. 

In animal models, strong evidence
exists to implicate genetics as an impor-
tant factor in voluntary alcohol drink-
ing and alcohol preference: Selected
mouse and rat lines have been bred for
differences in alcohol consumption, and
different inbred mouse strains showed
marked differences in consumption
measures as well. Perhaps the most classic
form of drinking study in rodents pre-
sents the animal with continuous
access to both an alcohol solution and
water. Total consumption is measured
(usually over the course of 24 hours),
as is preference for or aversion to, 
the alcohol in relation to water. The
majority of high- and low-drinking
selected rodent lines have been bred for
their intake on some variation of this
test (for review, see Spanagel 2000).
Despite their ubiquity, a common crit-
icism of continuous-access paradigms
is that there is little evidence that animals
are reaching pharmacologically signifi-
cant blood alcohol concentrations
(BACs), even in high-drinking genotypes
(Dole and Gentry 1984). Without
proof that the animals actually are
drinking to intoxication, it can be 
difficult to try to translate results back
to the human condition, where intoxi-
cation is a key element. One way of
promoting high BACs is by presenting
alcohol only for a limited period, 
frequently during the animal’s circadian
dark. An example of this method is the
drinking-in-the-dark procedure, which
generally is regarded as a model of
binge drinking because animals will
consume an intoxicating dose in a rela-
tively short time period (Rhodes et al.
2005). Intake during this test has been
shown to differ across inbred mouse
strains, and selected lines have been bred
for high BACs following the drinking
period (Crabbe et al. 2009). An impor-

tant consideration when interpreting
drinking results is the role played by
taste in mediating intake and preference.
One can envision a scenario wherein
an apparent genotype-dependent dif-
ference in alcohol consumption actually
represents disparate sensitivity to the
taste of alcohol rather than to its phar-
macological effects. For example, it has
been shown that although D2 mice
consume very little alcohol in drinking
paradigms, they will self-administer
alcohol both intravenously (Grahame
and Cunningham 1997) and intragas-
trically (Fidler et al. 2010), suggesting
that their limited oral intake may be
mediated at least in part by preabsorp-
tive properties of alcohol, such as odor
and taste. 

In addition to modeling high alcohol
consumption, researchers also have
attempted to model the compulsive
element of drinking that is part of the
diagnostic criteria for an AUD (for
review, see Vengeliene et al. 2009).
“Compulsion” is a somewhat human
construct that can be difficult to apply
to animals. The escalation of drinking
during repeated cycles of dependence
and withdrawal (see withdrawal section
above) may represent a shift from 
regulated to dysregulated drinking.
Continuing to drink alcohol solutions
that have been adulterated with an
aversive substance such as quinine 
may be another example. One possible
way of approaching this question is
through studies using devaluation of
alcohol. If an animal is trained to
respond for alcohol, and alcohol subse-
quently is devalued through pairing
with an aversive stimulus (e.g., lithium
chloride injection), then continued
responding for alcohol could be inter-
preted as being a result of a habitual or
“compulsive” mechanism driving the
response. A study by Dickinson and
colleagues (2002) used this approach
to examine potential habitual compo-
nents to alcohol self-administration in
rats. Rats trained to respond operantly
for both food pellets and alcohol solu-
tion had either the food or the alcohol
devalued with lithium chloride injec-
tions. Although devaluation decreased



responding during the conditioning
sessions selectively for either food or
alcohol, depending on which had been
paired with the injection, responding
for pellets during extinction was
reduced in the food-devalued group
relative to control and alcohol-devalued
groups. In contrast, extinction respond-
ing for alcohol was similar in both the
alcohol- and food-devalued groups,
although both responded at levels
below that of noncontingently injected
controls. These results may suggest a
more rigid (“habitual”) pattern of
responding for alcohol than food. Studies
of this nature are an interesting avenue 
of research and could prove useful for
enhancing the consilience between the
human diagnostic criteria for AUDs and
animal models of dysregulated drinking. 

One barrier to better consilience for
studies of drinking is the disparity
between human and animal studies 
in how intake is reported. In human
literature, intake is most commonly
recorded as drinks consumed per a 
certain unit of time, whereas animal
intake generally is measured in grams
of alcohol per kilogram of body weight.
This discrepancy can make it difficult
to attempt to relate intake across species.
In addition, human studies using self-
reported consumption often lack any
physiological marker of alcohol effects
such as BAC. Some studies have
attempted more rigorous approaches
by converting reported drinks consumed
to a more specific measure such as grams,
or by collecting the necessary informa-
tion for estimating BAC achieved
(Miller and DelBoca 1994). Another
method that may prove useful for
relating human and animal intake is
examination of the pattern of how
alcohol is consumed (i.e., drinking
“microstructure”). In animal studies,
lickometer chambers record individual
contacts made to the sipper tube and
therefore provide continuous con-
sumption data that can be analyzed for
measures, such as drinking bout size,
duration, or interbout interval (e.g.,
Ford et al. 2005). These microstructural
elements potentially are analogous to
similar measures taken in human labo-

ratory studies, such as time between
sips and length of time taken to finish
a drink. Bout size in particular may be
relevant to excessive consumption, as a
“gulping” (large bout size) phenotype
in primates has been shown to predict
risk for heavy drinking (Grant et al.
2008). Rodent studies reinforce the
genetic basis of these differences because
DBA/2J mice show larger bouts than
C57BL/6J mice in an intragastric self-
administration procedure (Fidler et al.,
in press), and most high-drinking
rodent genotypes seem to show greater
bout size (Samson 2000).

This area of research again must
confront the differences between human
self-reports and voluntary animal alcohol
intake. The particular difficulty of
evaluating reward value from behavior
is a challenge. Better and more specific
definitions of intake in both animal
and human studies will be crucial to
future progress in this domain.

Low Level of Response to Alcohol
As initially suggested by Schuckit and
colleagues in the 1980s, a low level of
response to alcohol has been thought
to be a potentially predisposing factor
for subsequent alcohol abuse. Schuckit
evaluated family history–positive and
family history–negative individuals on
biological measures of alcohol sensitivity
(e.g., body sway) as well as their sub-
jective response to alcohol (e.g., self-
reported “high”) and found that the
family history–positive group had over-
all lower responsiveness to the same
dose of alcohol as the family history–
negative group (Schuckit 1985). Since
these early studies, many more have
examined variation in alcohol sensitivity
as it pertains to genetics and abuse
potential. Subjective response to alcohol
has been one of the most widely studied
measures, and multiple questionnaires
exist for assessing perception of alco-
hol’s effects (e.g., Martin et al. 1993).
These questionnaires differ with regard
to whether they assess only sedative/
anxiolytic effects or if they also include
measures of feelings of “activation” in
response to alcohol. Although some

studies of subjective response have
found the same pattern of lower sensi-
tivity in people with a family history of
AUDs, others have failed to reproduce
this relationship (e.g., McCaul et al.
1990). The role of low level of response
in the development of AUDs remains
unclear. The contradictory findings in
studies of family history–positive and
family history–negative individuals
may be attributable to the time course
of testing in relationship to when alco-
hol is given. Studies tend to find a low
level of response in at-risk populations
at peak BACs and on the descending
limb of the blood alcohol curve, whereas
this same group shows a greater level 
of response immediately after alcohol
administration and during the ascend-
ing limb of the curve (for review, see
Crabbe et al. 2010; Newlin and Thomson
1990). In addition to subjective
response to alcohol, other biological
markers of sensitivity have been studied
in groups that differ for their risk of
developing AUDs. For example, research
shows that cortisol response after alcohol
consumption is blunted in groups 
at risk for alcohol abuse (Schuckit et 
al. 1987), whereas heightened cortisol
response is seen in those at low risk
(Wall et al. 1994).

Many attempts have been made to
model low response in animals as well.
However, this is a challenging endeavor
given the fact that human studies in
this area rely so heavily on self-reported
variables. Mild concordance with the
human literature has been achieved for
the cortisol response to alcohol, with a
high-drinking selected rat line showing
decreased corticosterone (the rodent
analogue of cortisol) response to alcohol
relative to the low-drinking line (Apter
and Eriksson 2006). These results were
contingent upon social isolation of the
animals, however, and results from
other alcohol-preferring lines and inbred
strains have proven inconsistent (Crabbe
et al. 2010). Locomotor stimulation in
response to alcohol also is used in animal
studies as a marker of sensitivity. The
FAST and SLOW mouse lines, for
example, have been bred for high and
low locomotor stimulation respectively
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by an intoxicating dose of alcohol
(Phillips et al. 2002), and FAST mice
have been shown to have greater home-
cage drinking than SLOW mice (Risinger
et al. 1994). Differences in locomotor
stimulation also have been seen in rat
lines selected for drinking, with high-
drinking lines being stimulated by
lower doses than the low drinkers (Rodd
et al. 2004). This potential genetic rela-
tionship between sensitivity to alcohol’s
stimulating effects and propensity
toward high consumption seems con-
sistent with findings from the human
literature that show greater self-reported
stimulation to alcohol in high-risk
heavy social drinkers relative to low
drinkers (King et al. 2011). Many
human studies, however, do not specif-
ically address the stimulating effects 
of alcohol and there are fewer good
behavioral endpoints for measuring
this in people. A greater focus on
including measures of alcohol stimu-
lant effects in human studies will be
necessary to translate the extensive
locomotor stimulation animal literature
across species. 

Level of response to alcohol may be
a good predictor of risk, but despite
many years of research, there is little
strict parallelism between the pheno-
types studied across species, and this is
the logical target for improving con-
silience in future studies. 

conclusions

Ultimately, relating animal studies to
those with humans requires careful
consideration of the most relevant traits
and tasks to be used. As seen with alcohol
withdrawal, the capabilities exist to
translate fine-tuned gene mapping of a
behavior in mice back to people. This
only proves fruitful in a clinical sense,
however, if the behavior chosen is rele-
vant to the development or expression
of alcoholism in humans. Consequently,
in order to continue making strides in
the animal-models literature, it will be
beneficial to choose the most clinically
significant traits and make sure that
the tasks used truly are measuring these

traits. Likewise, adjustments on the
human side can be made to include a
greater focus on measuring a set of
consistent, well-defined phenotypes
that can be readily translated to animal
models. For both human and animal
researchers, it often can be tempting to
gravitate toward tests that look similar
in performance across species. However,
the more important question is whether
the tests are measuring and responding
to the same underlying factors in both
humans and animals. Designing exper-
iments with this in mind will help lead
to even greater discoveries of the genetics
underlying alcohol abuse.  
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This article describes three types of gene–environment interactions and the challenges
inherent in interpreting these interactions. It also reports on what is known about
gene–environment interactions in the field of alcohol use disorders (AuDs). Twin
studies of the interaction of genetic and environmental influences on AuDs have
resulted in relatively consistent findings and have suggested general mechanisms for
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This article explores interactions
between genetic and environmen-
tal effects on alcohol use disorders

(AUDs). Two contrasting ideas define
what it means to have genes and envi-
ronment interact. The first approach—
the one that this article will focus on—
is a statistical perspective. This approach
is based on statistical models in which
genetic and environmental factors are
sometimes measured indirectly (i.e.,
latent variable modeling—often in
twin studies) and sometimes directly
via molecular methods (examples of
both kinds of interactions are provided
below). The statistical approach does
not consider the underlying biological
process. Rather, it is based on observing
processes from afar and modeling them. 

The second approach is based on a
biological or molecular perspective.
The early work by Jacob and Monod
on the operon model of gene regulation
established that environmental effects
can profoundly influence gene expres-
sion (Morange 1998). For example, by
switching the source of food for bacteria
(e.g., from glucose to lactose), researchers

can activate a new set of genes that
metabolize the lactose molecule. This 
is another way of thinking about how
genes and environment “interact” but
one that differs rather dramatically from
the statistical viewpoint. From this 
perspective, the term interact refers to 
a biological process, measuring envi-
ronmental exposures in biologically
meaningful ways and looking at processes
such as gene expression. 

Statistical interactions do not equal
biological interactions. In fact, any
neurobiological system involves multiple
gene products interacting with each
other, such as components of signaling
cascades, neurotransmitters and their
receptors, or degradative enzymes. The
world of biology seems like nothing
but interactions of one molecule with
another. Some biologists take this to
mean that when we look at the effect
of genetic variation, we should see
interactions everywhere and that most
gene effects involve such interactions.
However, this is not true. A large cor-
pus of work in statistical genetics in
tractable organisms consistently has

shown that most genetic effects look
additive (Mather and Jinks 1982).
Further explanation of this is beyond
the scope of this article. In general use,
the term interact sometimes only means
“to act together.” This is consistent with
the technical concept of an additive
model in which the main effects of genes
and environment interact. In this article,
the term interact will refer to its technical
statistical meaning.

Examining gene–environment inter-
actions from a statistical perspective is
exemplified by the work of the statisti-
cian Ronald Fisher and best expressed
in the development of the analysis of
variance. In this highly influential sta-
tistical technique, as explained in any
standard statistical textbook, Fisher
posited an approach that first took into
account main effects. For example, by
studying the height of a particular plant
10 weeks after planting, one could
examine the effect of the two different
plant strains (reflecting genes) and the
two different fertilizers (reflecting the
environment). This would produce a
main effect for each variable. Beyond



this, one would look for a gene–
environment (or more technically a
“strain by fertilizer”) interaction. This
interaction would reflect any explana-
tory power left over after accounting
for the main effects. In many such
cases, as noted above, no significant
interaction is detected. That is, research
shows the effects of genes on the phe-
notype and the effects of environment
on the phenotype and no significant
interaction. This is what statisticians
will call an additive model—one in
which the effects of genes and environ-
ment just add together. 

If research does detect a significant
gene-by-environment interaction, the
effects of genes and environment on
the phenotype (e.g., plant height) are
not independent of one another. The
impact of genes depends on environ-
mental exposure and the impact of the
environment depends on the effect of
genes. Note that these two statements
are conceptually equivalent. Expressed
in yet another way, the central concept
of genotype-by-environment interac-
tion is that of conditionality. That is, it
is not possible to understand how genes
are acting without taking the environ-
ment into account, and vice versa.

Types of Gene–Environment
Interactions and Challenges
With Their Interpretation

This section will review three examples
of gene–environment effects, which are
illustrated in figure 1. Figure 1 shows
five groups differing in level of genetic
liability for a particular trait Y (e.g.,
symptoms of an alcohol use disorder
[AUD]), from low to high. The dia-
monds represent the group with the
lowest liability; the asterisks represent
the highest-liability group. The x-axis
shows the effect of the environment 
in five increasing categories. Level 1
reflects a very benign environment that
conveys no increase at all on trait Y. 
As the environment becomes more
pathogenic—from levels 2 to 5—it has
a progressively greater and greater impact
on trait Y. 
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Figure     A–C) The effect of genes and environment are used to predict the mean level of a
quantitative trait Y. The lines depict five different genotypes with varying levels of lia-
bility to trait Y (e.g., symptoms of alcohol dependence). The environmental level of
risk is depicted on the X-axis and ranges from level 1 (very low risk) to 5 (very high
risk). A) An additive model of genetic and environmental effects. The key feature of
this model is that the lines are all parallel—that is, the increase in the level of trait Y
associated with a more adverse environment is the same for all genotypes. B) A fan-
shaped interaction of genetic and environmental effects on trait Y. C) A cross-over
interaction of genetic and environmental effects on trait Y. 



Panel A in the figure depicts an
additive model. The lines all are parallel
with one another. Increasing from low-
to high-risk environments (i.e., from
environments 1 to 5), the increase in
the level of Y is the same across all five
genotypes. Genes and environment act
independently of one another.

Panel B in the figure depicts what is
known as a “fan-shaped” interaction.
Note that the impact of genes is depen-
dent on the environment, and vice
versa. The key characteristic of a fan-
shaped interaction is that, in benign
environments, the difference in the
level of the outcome variable (i.e., Y) 
as a function of the level of genetic lia-
bility is quite modest. That is, genes 
are not doing that much in a protective
environment. However, with increas-
ingly severe environmental exposures,
the difference between genotypes
increases. (In theory, of course, it does
not have to be the case that the genetic
differences are more pronounced in
adverse environments than in benign
environments. It could be that under
very adverse conditions the environment
becomes all important, but under more
normative environmental conditions
there is opportunity to see genetic dif-
ferences.) Genes have a much more
potent impact on the phenotype in a
stressful environment. Another useful
way to conceptualize such fan-shaped
interactions is to see that genes in this
context do two different things. First,
they set the mean level of genetic liability.
Second, they affect an individual’s sensi-
tivity to the impact of the environment.

Figure 3 depicts a crossover interaction,
in which the order of genetic effects
changes as a function of the environment.
Those at lowest risk in environment 1
are at highest risk in environment 5.
One would expect the environment,
on average, to have an impact on the
phenotype because the average level of
risk for individuals in environment 5
(the highest risk environment) will be
substantially greater than the average
level of risk in the most benign environ-
ment (environment 1). However, in
general, the main effect on the genotype
is limited in this situation, because of 

a balance between the risk-decreasing
effects in benign environments and 
the risk-increasing effects in malignant
environments. 

The literature surrounding plant and
animal genetics indicates that fan-shaped
interactions generally are more common
than crossover interactions (Lynch and
Walsh 1998; Mather and Jinks 1982).
They are more difficult to interpret,
however, because a statistical transfor-
mation of the scale of measurement
can make many fan-shaped interactions
disappear. That is, by examining the
raw scale scores for a particular trait, it
is possible to find significant evidence
for a fan-shaped interaction. However,
applying statistical analysis (i.e., loga-
rithm or square-root transformation)
of the scale scores often causes the
interaction to disappear (Lynch and
Walsh 1998; Mather and Jinks 1982). 

Determining whether the interaction
is indeed legitimate is a complicated
question. Part of the answer has to do
with the degree of “grounding” of the
particular scale of measurement that
one is examining. In studies of AUD
risk, the particular measures are relatively
arbitrary and might reflect the number
of endorsed Diagnostic and Statistical
Manual, Fourth Edition (DSM–IV)
criteria. In this case, it is difficult to
strongly argue that the number of DSM
criteria is inherently more real than the
square root of those numbers. This
adds an extra interpretational difficulty
to many analyses of genotype–environ-
ment interaction that do not carefully
explore the degree to which transfor-
mations of the scale of measurement
can make the interactions disappear. 

A related problem is the common
use of logistic regression in the analyses
of genotype–environment interaction.
Logistic regression is a convenient 
statistical tool when the dependent
measure is dichotomous—such as
whether an individual does or does 
not have a particular disorder. However,
logistic regression involves a logarith-
mic transformation of the probability
of being affected. This profoundly
changes the nature of relationships
between variables, because two vari-

ables that multiply as regular numbers
will add together when logarithms are
applied. The interpretation of interac-
tions that relies solely on logistic regres-
sion therefore is rendered relatively
treacherous. The interpretation of these
results depends in part on a long argu-
ment in the epidemiological literature
about whether the additive or the multi-
plicative model of risk is most appropriate.

Eaves (2006) simulated the effect of
candidate genes and specific environ-
mental factors in predicting a normally
distributed continuous variable using a
purely additive model (as in panel A of
the figure). The resulting continuous
results were dichotomized at a particular
threshold value, and the dichotomized
data were analyzed by logistic regres-
sion. Depending on the nature of the
simulation, genotype–environment
interaction was detected (spuriously) 
in 70 to 100 percent of the simulations.
These results indicate that genotype–
environment studies that detect inter-
actions using logistic regression for
dichotomous dependent measures
should be interpreted with caution. It
is quite challenging in such studies to
determine whether the result is valid 
or an artifact of the statistical measures
used. Kendler and Gardner (2010)
have further explored this puzzling ques-
tion of the interpretation of interactions.

gene–environment Interaction
in the Field of AUDs

Examples of Latent Gene–
Environment Interaction
Alcohol research is an area where one
might imagine gene–environment
interaction effects to be particularly
important in etiological models because,
by definition, exposure to alcohol is a
necessary condition for the eventual
development of alcohol-related problems.
For example, one of the most widely
replicated genetic associations with
alcohol dependence is the protective
role of a genetic variant responsible for
the enzyme aldehyde dehydrogenase
(i.e., ALDH2).1 The enzyme produced
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by a genetic variant in ALDH2 is com-
paratively inactive, interfering with the
metabolism of alcohol, which leads to
facial flushing and other aversive physi-
ological symptoms when alcohol is
consumed (Shen et al. 1997). Accordingly,
the association between this gene and
risk for alcohol dependence necessarily
operates through alcohol exposure.
Environments that modify the extent of
exposure to alcohol therefore would  be
predicted to moderate the degree to
which genetic variability is important.
In the extreme, this becomes obvious.
If there is no alcohol in the environment,
then genetic risk factors for AUDs can-
not, by definition, express themselves. 

A growing twin literature provides
evidence that a variety of different
environmental domains that influence
access to alcohol and opportunity to
engage in alcohol use moderate the
importance of genetic influences. One
of the earliest illustrations of gene–
environment interaction in the area of
substance use research demonstrated
that genetic influences on alcohol use
were greater among unmarried women,
whereas having a marriage-like rela-
tionship reduced the impact of genetic
influences on drinking (Heath et al.
1989). Religiosity also has been shown
to moderate genetic influences on alcohol
use among female subjects, with genetic
factors playing a larger role among
individuals without a religious upbring-
ing (Koopmans et al. 1999). 

Adolescent alcohol use also seems 
to be particularly influenced by gene–
environment interactions, as might 
be expected because most adolescents 
are moving through a developmental
period when adult guardians still exert
a fair degree of control over their envi-
ronment. Genetic influences on ado-
lescent substance use are enhanced in
environments with lower parental
monitoring (Dick et al. 2007b), and
easy availability of alcohol (Kendler et
al. 2010), as well as in the presence of
substance-using friends (Dick et al.

2007a; Harden et al. 2008; Kendler et al.
2010). Socioregional or neighborhood-
level influences also have been shown
to moderate the importance of genetic
influences on substance use. Genetic
influences for late-adolescent alcohol
use (and early-adolescent behavior
problems, which are genetically corre-
lated) are enhanced in urban environ-
ments, communities characterized by
greater migration, and neighborhoods
with higher percentages of slightly
older adolescents/young adults (Dick
et al. 2001, 2009a; Rose et al. 2001).
These community-based moderation
effects presumably reflect differences in
the availability of alcohol, role models,
neighborhood stability, and community-
level monitoring across different areas.  

It is likely that many of the important
moderating effects of the environment
associated with alcohol use and related
externalizing behavior reflect differences
in social control and/or opportunity,
resulting in differential expression of
individual predispositions (Shanahan
and Hofer 2005). Accordingly, the rel-
evant environments are likely to vary
across developmental stage. There is
some indication of this in the Finnish
twin data, where parental monitoring
showed significant moderating effects
on substance use starting earlier in
adolescence (age 14), whereas the
moderating role of peer substance use
was not apparent until later in adoles-
cence (age 17). More research in this
area is necessary to delineate the devel-
opmental periods during which specific
environments are critical because 
alcohol use patterns (and their etiological
influences) are dynamic across the
transition from adolescence to young
adulthood. This also is likely to be true
across stages of adulthood, although
comparatively little research has been
dedicated to this area. 

examples of gene–environment
Interaction Involving molecular
Variants

As explained above, gene–environment
interaction can be detected through

the study of genetic influences that are
inferred via comparisons of different
types of relatives (such as twins) (i.e.,
latent genetic influences), or through
the study of specific measured genes 
by molecular techniques. Gene–
environment interactions modeled
latently have the advantage of providing
information about the overall genetic
effect averaged across the entire genome
but tell nothing about the specific
underlying biology. Studies of specific
genes have the advantage of providing
information about the underlying biol-
ogy, but they are (at this point) largely
limited to studying single genes in a
system in which there are likely to be
hundreds of genes involved. 

The literature surrounding specific
gene–environment interactions in the
area of alcohol use has developed largely
independently of the latent gene–
environment interaction literature
reviewed above. Much of the literature
examining measured gene–environment
interactions with alcohol use outcomes
has focused on stress, which was mea-
sured in a variety of ways, a moderator
of specific genetic influences. The rela-
tionship between stress and alcohol use
is complex, with human experimental
studies, animal studies, and epidemio-
logical studies all yielding equivocal
evidence as to whether stress induces
alcohol use (Schwandt et al. 2010;
Veenstra et al. 2006). However, the
gene–environment interaction literature
presupposes that one of the reasons for
these disparate findings may be that
stress is more likely to induce alcohol
use and problems in people who are
genetically vulnerable, similar to the
literature surrounding the experience
of stressful life events and the onset of
depression (Kendler et al. 1995). 

A number of studies have tested for
interactions between alcohol-related
outcomes and various measures of
stress with the genetic variation for
length of the promoter region of the
serotonin transporter gene (5-HTTLPR)
(i.e., whether the genetic variant [allele]
for long or short promoter region 
is associated with stress and alcohol
use). Two studies found enhanced risk

1 By convention, gene names in animals are written in upper-
case and lowercase and italicized. Gene names in humans are
written in all caps and are italicized, whereas the acronyms for
the encoded proteins are all caps but not italicized. 



associated with the short allele in the
presence of a stressful environment.
Covault and colleagues (2007) found
that the short allele was associated with
more frequent drinking and heavy
drinking as well as drug use in college
students if they had experienced multiple
negative life events in the past year.
Kaufman and colleagues (2006) found
that the short allele conferred vulnera-
bility to early alcohol use, and that this
effect was stronger among maltreated
children. Conversely, in the Mannheim
Study of Children at Risk, the long
allele was associated with more haz-
ardous drinking in males among those
exposed to high psychosocial adversity,
as defined by early psychosocial stress
and/or current life events (Laucht et al.
2009). In a study of Swedish adoles-
cents, having two different alleles (i.e.,
being heterozygous) at the long/short
polymorphism was associated with a
higher intoxication frequency in the
presence of neutral or bad family rela-
tions, which is biologically unlikely
(Nilsson et al. 2005). Accordingly, the
genetic model associated with the
interaction has been inconsistent across
studies, and the primary outcomes and
measures of the experience of stress
have varied considerably. 

A more consistent picture has emerged
from studies using experimental
manipulations of the environment. In
a unique prevention study testing for
gene–environment interaction associ-
ated with the serotonin transporter
gene, Brody and colleagues (2009b)
found that youth carrying the short allele
were more likely to initiate high-risk
behavior (including alcohol and mari-
juana use, as well as sexual behavior)
over time if they were in the control
condition rather than the prevention
condition. Similarly, short allele carriers
showed increases in substance use over
time, but this association was reduced
when youth received high levels of
involved-supportive parenting (Brody
et al. 2009a, b). Related studies in
monkeys indicate that the short allele
is associated with higher baseline alcohol
consumption (Barr et al. 2004) and
increased aggression (Suomi 2006)

under conditions of peer rearing (a
stressful environment) compared with
mother rearing. These studies suggest
that experimental manipulation of the
environment may be more likely to
yield replicable interaction effects than
observational designs, as previously has
been argued from a statistical perspective
(McClelland and Judd 1993). Interaction
effects associated with experimental
manipulations of the environment also
may be more robust because interven-
tions often operate across a variety of
environmental domains (e.g., by influ-
encing parenting processes, peer inter-
actions, and equipping individuals
with personal tools that are applicable
across a variety of settings). Thus, any
interaction effects that are detected
may be more likely to be replicated 
for reasons similar to why twin studies,
which examine aggregate genetic effects,
are more likely to be replicated (dis-
cussed further below). 

A few studies have evaluated gene–
environment interactions with a variant
of the gene for the dopamine type 2
receptor (i.e., the DRD2 Taq1A poly-
morphism, which actually is located 
in the neighboring gene ANKK1).
These studies have suggested that
DRD2 A1 carriers show higher alcohol-
related problems in the presence of
stress (Bau et al. 2000; Madrid et al.
2001) and have higher novelty seeking
when their child-rearing environment
was assessed as punitive (Keltikangas-
Jarvinen et al. 2009). Similarly, there is
a small literature surrounding a genetic
variant for the enzyme monoamine
oxidase (MAO) (i.e., the MAOA poly-
morphism), adversity, and alcohol-
related outcomes. MAO degrades sero-
tonin, dopamine, and norepinephrine,
which are all involved in the stress
response. One study found a main effect
of the MAOA promoter polymorphism
on the risk for substance use disorders
and an interaction with parenting
(Vanyukov et al. 2007). In another
study, the MAOA low-activity allele
was associated with alcoholism, and
particularly with antisocial alcoholism,
but only among women experiencing
childhood sexual abuse (Ducci et al.

2008). In yet another small study of
female adolescents, the long variant
increased risk for alcohol-related prob-
lems in the presence of an unfavorable
environment (as defined by poor family
relations or maltreatment/abuse).
However, this effect was opposite that
reported in the other studies (Nilsson
et al. 2008). Accordingly, the association
between this genotype and alcohol-
related outcomes remains equivocal. 

A few notable efforts have been made
to extend the measured genotype–
environment interaction literature in
the field of alcohol-related outcomes in
new directions. One such effort tested
for moderation effects associated with
brain gene expression in rodent mod-
els. Evidence in alcohol-preferring rats
suggested that variation in the corti-
cotrophin-releasing hormone releasing
receptor 1 (crhr1) gene was associated
with increased sensitivity to relapse
into alcohol seeking induced by envi-
ronmental stress (Bjork et al. 2010).
The Mannheim Study of Children at
Risk found an association between
variants in crhr1 and higher rates of
heavy drinking and more drinking per
occasion among 15-year-olds if they
had experienced a greater number of
negative life events over the previous 3
years (Blomeyer et al. 2008). An exten-
sion of this study followed up the ado-
lescents at age 19 and also found that
this gene interacted with stressful life
events to predict both drinking initia-
tion in adolescence and progression to
heavy alcohol use in young adulthood
(Schmid et al. 2010). 

In addition, Dick and colleagues
have attempted to bridge the gap
between the latent gene–environment
interaction literature and specific mea-
sured gene–environment interactions
by developing hypotheses about the
risk associated with genes. On the basis
of twin studies suggesting that genetic
influences on adolescent substance use
are moderated by parental monitoring
(Dick et al. 2007b) and peer substance
use (Dick et al. 2007a), the researchers
tested for moderation of the associa-
tion of two genes associated with adult
alcohol dependence in the Collaborative
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Studies on Genetics of Alcoholism
project. The two genes were for the 
γ-aminobutyric acid receptor (GABAR)
subunit α-2 (GABRA2) (Edenberg et
al. 2004) and the cholinergic mus-
carinic 2 receptor (CHRM2) (Wang 
et al. 2004). The researchers found 
evidence for gene-by-interaction effects
in the direction predicted by the twin
studies, namely genetic effects were
enhanced under conditions of lower
parental monitoring (Dick et al. 2009b)
and higher peer-group antisocial
behavior (Latendresse et al. 2011). 

conclusions

Although there is a burgeoning litera-
ture surrounding gene–environment
interactions in the field of alcohol use
and related disorders, far more remains
to be understood. In general, the find-
ings from gene-by-environment twin
studies have been relatively consistent
and have suggested general mechanisms
for interaction effects. The common
theme that emerges across findings of
gene–environment interactions from
the twin literature is that environments
that exert more social control (e.g.,
higher parental monitoring, less migra-
tory neighborhoods, etc.) tend to reduce
genetic influences, whereas other envi-
ronments allow greater opportunity 
to express genetic predispositions, such
as those characterized by more deviant
peers and greater alcohol availability.
Conversely, the gene–environment 
literature that has been developed 
surrounding specific genes has focused
largely on the role of stress as a moder-
ator of genetic effects. Clearly, there is
a disconnect between these literatures.
In addition, it is likely that there are
other important mechanisms of gene–
environment interaction effects in 
relation to alcohol use and the devel-
opment of problems. Many other 
variables, both individual and psy-
chosocial, are known to affect drinking
behavior, such as beliefs about alcohol,
self-esteem, school attitudes, parental
expectancies and messages surrounding
alcohol use, and family disruption

(Donovan and Molina 2011). It will
be important to integrate these literatures,
and the broader basis of etiological
findings and associated environmental
factors, into theoretical models of how
gene–environment interaction effects
operate with respect to alcohol use. 

Another important area for future
research is an expansion of the molecular
studies of gene–environment interaction
beyond a small number of polymor-
phisms from a handful of genes that
are widely studied in the psychological
literature (i.e., 5-HTT, MAOA, and
DRD2). The existent studies have been
based on small samples, and results have
been inconsistent. Although a focus on
single genes may help advance theoret-
ical models about particular biological
pathways of risk, they face the same
challenge (and currently have been met
with the same fate) as studies of main
effects of individual genes. That is, they
have been notoriously difficult to repli-
cate consistently. This is in contrast to
the generally robust gene–environment
interaction effects that have emerged
from studies of latent genetic influences
and, previous to that, the robustness of
heritability estimates. This likely reflects
the difference between studying overall
genetic effects, versus specific genes in
a complex polygenic system. The field
of genetics has moved toward creating
polygene scores that aggregate across
many genes and show predictive power
in cases where individual genes cannot
be detected (Purcell et al. 2009).
Moving studies of measured gene–
environment interaction in this direction,
to encompass aggregate genetic risk,
may be one way to improve replicabil-
ity of effects and to enhance cross-
fertilization between quantitative and
molecular genetic research. 

This approach has the potential to
advance our understanding of gene–
environment effects. Similar to the way
that evidence for heritability from twin
studies for a given outcome was origi-
nally used to justify searching for spe-
cific genes involved in that outcome,
evidence for gene–environment inter-
actions from twin studies also can be
used to develop hypotheses to test for

gene–environment interactions associ-
ated with specific, identified genes.
Change in the overall heritability
across environmental contexts does not
necessarily dictate that any one specific
susceptibility gene will operate in a
parallel manner. However, a change in
heritability suggests that at least a good
portion of the involved genes (assum-
ing many genes of approximately equal
and small effect) must be operating in
that manner for a difference in heri-
tability by environment to be detected.
In this sense, one is “loading the dice”
when testing for specific candidate
gene-by-environment interaction effects
with an environment that already has
been shown to moderate the overall
importance of genetic influences on
that outcome. As additional research
begins to clarify how specific genetic
variants contribute to risk for AUDs,
greater cross-talk between the twin 
literature, gene-identification studies,
and studies testing for measured geno-
type-by-environment interactions will
be critical to producing a more system-
atic research program aimed at under-
standing gene-by-environment effects
for this critical and socially important
condition.  ■
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The multiple genetic, environmental,
and behavioral factors that play a
role in the development of alcohol

use disorders (AUDs) make it difficult
to identify individual genes linked to
these disorders. Nevertheless, some
genetic risk factors (i.e., specific variants)
associated with AUDs have been iden-
tified within many genes, some of which
code for proteins involved in known
biological pathways. Despite this progress,
it has been exceedingly difficult to
determine which genes may be the
most relevant to developing therapeutic
interventions for alcoholism. The major
obstacles in treatment development are
that gene–disease associations reveal
very little about the underlying biology
and that any implicated gene variant
explains only a tiny proportion of an
individual’s overall risk for an AUD.
Recent work focusing on the study of
alcohol-related gene networks is helping

to shed light on the molecular factors
affecting alcoholism and other complex
diseases. This article will provide an
overview of approaches used to identify
or construct gene networks and describe
how systems biology approaches are help-
ing to better understand complex traits
such as behavioral responses to beverage
alcohol (i.e., ethanol) and alcoholism. 

Traditional Approaches to
Dissecting complex Traits

The predominant experimental strategy
used by contemporary geneticists to
identify the genetic factors involved 
in complex traits, such as behavioral
responses to alcohol, essentially is an
expansion of the gene mapping approach
proposed by Botstein and colleagues
(1980) over 30 years ago. For this
approach, investigators scan their samples

for genetic variations (i.e., polymor-
phisms) that segregate with the trait—
that is, which are found in samples
with the trait more often than would
be expected by chance and therefore
might contribute to the development
of that trait. In recent human studies,
this approach typically has been applied
in genome-wide association studies
(GWASs) of large, population-based
samples that comprise both case subjects
(i.e., individuals expressing the trait, or
phenotype, under investigation) and
unaffected control subjects. Hundreds
of complex diseases and traits, including
susceptibility to AUDs, have been 
analyzed using GWASs, resulting in 
the identification of several important
links between genetic variants and these
diseases (Bierut et al. 2010). Overall,
however, the success of this approach
has been mixed, and greater progress
has been hindered by insufficient 
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sample sizes, stratified populations, the
involvement of rare gene variants (i.e.,
alleles) that each only have a small effect
size, and heterogenous phenotypic con-
structs (i.e., using different criteria to
distinguish cases from controls).1

A similar forward-genetics approach
that most often is used for studying
animal models of complex traits is
called quantitative trait locus (QTL)
mapping. A quantitative trait is a phe-
notype that is determined by several
genes, each of which has a variable
contribution to the trait. The locations
of the involved genes on the chromo-
somes are referred to as QTLs. QTL
mapping studies typically are conducted
using inbred strains of mice and their
various derivatives. For example, the
C57BL/6J (B6) and DBA2/J (D2)
inbred mice frequently are used in
alcohol research because they clearly
differ in various responses to alcohol,
including development of functional
tolerance (Grieve and Littleton 1979),
locomotor activation (Phillips et al.
1998), and sensitivity to withdrawal
symptoms (Metten and Crabbe 1994).
Because the environmental conditions
in these experiments can be controlled,
any differences observed between the
mouse strains in these phenotypes most
likely can be attributed to genetic dif-
ferences. QTL mapping studies then
seek to detect the polymorphisms under-
lying the complex traits of interest by
scanning for alleles that co-vary with
the traits. 

Similar experiments also can be con-
ducted with special derivatives of inbred
strains known as recombinant inbred
(RI) mice. These animals are derived
by cross-breeding two or more distinct
parental strains (which often diverge
widely for the trait of interest), followed
by inbreeding of the offspring for several
generations (Bailey 1971). Given the
correct breeding strategy, this method

results in a panel of RI mouse strains
that differ in the degree to which they
exhibit a certain phenotype of interest.
At the same time, each of the strains
effectively is isogenic, meaning that for
all genes, the genome carries two iden-
tical alleles (i.e., is homozygous). As a
result, when two animals from the same
RI mouse strain are bred, their off-
spring will have the exact same genetic
makeup (i.e., genotype) as the parents.
This makes it possible to directly inte-
grate results generated from disparate
experiments, in different laboratories,
and at different times if they all use ani-
mals from the same RI mouse strain.
This feature of RI mouse panels, and
inbred animals in general, is particularly
valuable for QTL mapping because the
expense and time involved with geno-
typing or sequencing a strain only is
incurred once.

The molecular and genetic resources
outlined above have greatly increased
the power and resolution of QTL
mapping for various behaviors or other
traits of interest. Yet despite these
advances, the DNA regions identified
as QTLs typically still are relatively large
and may contain several genes; accord-
ingly, few genes have been validated as
contributing to quantitative traits (i.e.,
being quantitative trait genes [QTGs]).
This difficulty is attributable largely 
to the lack of sufficient recombination
events in existing mouse panels to
reduce the size of DNA segments that
typically are inherited together (i.e.,
haplotype block size) for fine mapping
and to the generally small effect size for
any single QTG. 

genomic Approaches 
to Disease Dissection

Because of the technical obstacles
impeding their more effective use, both
GWASs and QTL mapping studies to
date have identified a deluge of disease-
associated genetic loci but only few
actual causal genes. Moreover, even the
most successful studies have failed to
place the disease-associated genes in any
kind of biological context that would

serve to explain the underlying func-
tional biology. Without elucidating the
complex interactions of the molecular
phenotypes that stand between genetic
variation and disease, it will be difficult
or impossible to develop new and effec-
tive approaches to treating such diseases.

The emerging field of systems biology
is tackling this immense challenge by
studying networks of genes, proteins,
metabolites, and other biomarkers that
represent models of genuine biological
pathways. Studying complex diseases
in terms of gene networks rather than
individual genes or genomic loci should
aid in uncovering disease genes. With
this approach, the effects of multiple
genes in the network are combined,
producing a stronger signal and reducing
the number of statistical tests of associ-
ation that must be performed. 

These benefits effectively were
demonstrated in two recent human
association studies that modified the
typical GWASs strategy by seeking 
associations only within groups of
functionally related genes, rather than
across the entire genome. The first of
these studies (Ruano et al. 2010) dis-
covered that cognitive ability, a complex
phenotype with a large genetic compo-
nent, was significantly linked to genes
encoding molecules called G-proteins
that consist of three different subunits
(i.e., heterotrimeric G-proteins). The
second study (Reimers et al. 2011)
found that genes related to signaling
pathways involving the neurotransmitters
glutamate and γ-aminobutyric acid
(GABA) signaling collectively con-
tribute to alcohol dependence.

Network-based approaches to the
dissection of complex diseases also can
be applied to animal models, yielding
experimental results that are more gen-
eralizable to humans because the path-
ways represented by these networks 
are more evolutionarily conserved than
individual genes. This should encourage
greater collaboration between researchers
studying a common disease in different
species. In fact, the biology underlying
gene networks is so complex that any
hope of deriving novel therapeutics may
be entirely contingent on the extent to

1 This is an issue faced by GWASs researchers when classifying
samples as cases or controls. If cases are limited to only individ-
uals who have been diagnosed with an AuD, it becomes difficult
to enlist a sufficient number of participants. Moreover, many of
the control subjects could very well be undiagnosed alcoholics 
or people who meet some but not all of the diagnostic criteria 
for an AuD. As a result, the control group could be polluted with
near-cases, diluting any detectable group differences.



which scientists with diverse areas of
expertise are willing to share and inte-
grate datasets and make the process of
interpretation a collaborative one.

Using High-Throughput Molecular
Profiling to Define Disease
As the human and mouse genomes were
being assembled using the cutting-edge,
high-throughput DNA sequencers 
that made these endeavors possible,
new technologies began to emerge
that, for the first time, allowed near-
comprehensive profiling of other cellular
components. The term profiling refers
to the measurement of different types
of biological molecules, such as DNA
to identify polymorphisms, messenger
RNA (mRNA) to determine transcript
abundance, proteins to identify certain
chemical modifications that occur after
the initial protein synthesis, and metabo-
lites to evaluate biochemical processes in
the cells. Platforms for high-throughput
approaches for all these types of molec-
ular profiling have become increasingly
commonplace. Concurrently, methods
for analyzing data produced by these
technologies constantly are evolving,
yielding results that are simultaneously
more sensitive and more specific. As a
result, researchers are better able to
appreciate systems-level changes associ-
ated with disease.

Of these various high-throughput
profiling techniques, microarray-based
gene expression platforms have featured
most prominently in biomedical research
to date. Through an unbiased profiling
of the transcriptome—that is, a mea-
surement of all mRNA molecules pro-
duced within a cell or tissue sample—
microarray expression studies allow
researchers to identify patterns of gene
expression associated with a disease. In
some cases, such patterns can better
define a complex phenotype by identi-
fying disease subtypes. For example,
microarray analysis of breast cancer
tumors identified gene expression sig-
natures that predict patient prognosis
and therefore help physicians tailor
treatment regimens (van’t Veer et al.
2002). From a basic research perspec-

tive, microarray expression profiles can
help tease apart the complex interactions
that underlie the development of a dis-
ease by implicating a subset of genes
whose regulation is altered with the
disease. With this information, it may
become feasible to reconstruct the under-
lying biological pathways and enhance
understanding of disease etiology.

Genomic approaches have been
applied to alcoholism directly by
studying postmortem human brain 
tissue isolated from alcoholics and
matched control subjects using gene
expression microarrays. This has revealed
novel information about changes in
the brain’s transcriptome that are asso-
ciated with chronic ethanol consumption.
One of the findings was a significant
deregulation of genes encoding proteins
that synthesize and maintain myelin,
the substance that forms a sheath sur-
rounding the long extensions (i.e., axons)
of nerve cells and that is essential for
effective nerve signal transmission
(Lewohl et al. 2000; Mayfield et al.
2002). However, the nature of these
studies makes it impossible to determine
whether such gene expression devia-
tions actually are risk factors that con-
tribute to AUDs or simply represent
molecular consequences of excessive
alcohol consumption that are unrelated
to the behaviors constituting alcoholism. 

Animal models can assist greatly in
this analysis by allowing for experi-
ments that are far more detailed and
informative but too invasive to ever 
be performed with humans. Although
animal models could never replicate 
a phenotype as complex as alcoholism,
they can mimic certain facets of the
trait, which then can be associated with
specific expression signatures using
gene expression microarrays. For example,
a genetic predisposition for alcoholism
may entail a stronger-than-average
preference for alcoholic beverages. This
particular facet of alcoholism is captured
by rodent models that selectively were
bred to maximize a penchant for or
aversion to ethanol, such as the aptly
named high-alcohol preference (HAP)
and low-alcohol preference (LAP) mice
(Grahame et al. 1999). In order to

identify genes that may alter the per-
ceived desirability of ethanol, gene
expression microarrays were used to
compare the brain transcriptomes of
HAP and LAP mice, as well as of sev-
eral other inbred mouse strains that
drastically differ in ethanol preference
(Mulligan et al. 2006). This important
study identified a diverse array of
molecular pathways associated with
differences in ethanol preference. Some
of the genes that had the largest effect
sizes were related to neuronal function
and to the maintenance of the cells’
normal internal conditions (i.e., cellu-
lar homeostasis). 

Another important facet of a genetic
predisposition to alcoholism is a com-
paratively blunted sensitivity to the
effects of ethanol. Studies have shown
that people who initially are less sensi-
tive to acute ethanol exposure are more
likely to have a family history of alco-
holism and are at greater risk for devel-
oping an AUD (Schuckit 1984, 1994).
As mentioned earlier, the B6 and D2
inbred mice frequently are used in
genetic studies of ethanol sensitivity.
For this reason, Kerns and colleagues
(2005) used microarray expression
studies to dissect the effect of acute
ethanol exposure on the brain’s tran-
scriptome using the B6 and D2 inbred
mouse strains. The investigators analyzed
three brain regions involved in a brain
system called the mesocorticolimbic
reward pathway, which is involved in
mediating the rewarding properties 
of alcohol and other drugs. For each
region analyzed, the study identified a
specific set of genes (i.e., a gene module)
whose expression was altered in response
to acute ethanol exposure. These gene
modules contained greater-than-
expected numbers of genes involved in
several signaling pathways (i.e., retinoic
acid signaling, neuropeptide expression,
and glucocorticoid signaling). Moreover,
similar to the microarray studies of
postmortem human alcoholic brains
(Lewohl et al. 2000; Mayfield et al.
2002), several genes involved in myeli-
nation robustly were altered by alcohol
exposure, particularly in the prefrontal
cortex (Kerns et al. 2005). 
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In examining the responses to acute
or chronic alcohol exposure in rodent
brains, these and numerous other
genomic studies have enhanced the
understanding of the “ethanol tran-
scriptome” and provided a more com-
prehensive picture of the genes and
molecular pathways that contribute 
to specific facets of AUDs than what 
is possible with studies of postmortem
human brains (Daniels and Buck
2002; Mulligan et al. 2011; Rimondini
et al. 2002; Saito et al. 2004; Treadwell
and Singh 2004). Moreover, these
studies effectively have demonstrated
how gene expression microarrays can
help close the information gap that
exists between DNA variation and
complex diseases. However, prioritizing
the long lists of genes produced by
comparative microarray studies con-
ducted in either species has proven
exceedingly difficult. As the costs asso-
ciated with validating a given gene’s
role in driving a complex trait are con-
siderable, an effective strategy for pri-
oritizing candidate genes is crucial.
Investigators therefore have used more
systems-level approaches that combine
genetic, genomic, and pharmacological
methods to better delineate gene net-
works causally related to ethanol
behaviors. Networks allow us to infer
relationships between genes and deter-
mine which are most important. 

The gene Network As a 
modern genetic map 

The previous section mentioned sev-
eral studies that used gene-expression
microarrays to define lists of genes
responding to ethanol or otherwise 
relevant to AUDs. Although these studies
have provided important biological
insights, the question of how such lists
can be used to further advance under-
standing of a complex disease is not
easily answered. Network-based
approaches can greatly improve 
the interpretability of differential 
gene-expression results by providing
information about the relationships
between genes. 

Networks are systems of intercon-
nected components. For example, the
World Wide Web is a global network
of computers sharing documents con-
nected by hyperlinks; road maps are
renderings of city networks connected
by highways; social networks are groups
of people connected through friend-
ships; cellular signaling pathways are
groups of proteins connected through
molecular interactions; et cetera.
Placing such complex systems within 
a network framework makes it possible
to formally analyze the relationships
that constitute these systems. Gene
networks typically are visualized as
mathematical graphs—that is, a collec-
tion of vertices and edges, where genes
are represented by nodes and the lines
connecting the nodes indicate that some
relationship exists between the genes.

Many published network analyses 
of gene groups use information about
pre-existing biological relationships,
which may be derived from sources
such as literature co-citation analysis
(i.e., genes mentioned together in a 
scientific abstract), protein–protein
interaction databases, or gene ontology
groupings. Some commercial tools 
are available for such studies, such as
Ingenuity Pathway Analysis (Ingenuity
Systems, Redwood City, CA). However,
although these sources provide categories
for interpreting the genomic data, they
also force such interpretation into the
mold of pre-existing information,
thereby partially defeating the goal of
genomic studies. 

Genomic data collected with high-
throughput molecular profiling pre-
sents the opportunity to derive novel
gene–gene interactions. The maturity
of gene expression microarrays relative
to similar technologies designed to
measure other molecular phenotypes
on a genomic scale has meant that
gene networks primarily are rendered
as gene coexpression networks. In the
context of gene coexpression networks,
links between nodes typically indicate
that the expression levels for two genes
are strongly correlated with one another
across whatever conditions an experi-
ment entails (e.g., across tissues, time

points, treatments, or individuals).
Each link in a gene network essentially
represents a testable hypothesis that
can be validated through follow-up
molecular experiments. Indeed, coex-
pression networks have been used to
identify protein interactions that are
novel (Scott et al. 2005) and conserved
across species (Stuart et al. 2003).

Various novel and innovative methods
exist for generating gene coexpression
networks. Although a comprehensive
review of these methods is beyond the
scope of this article, a few select methods
are described in more detail in the side-
bar. In their simplest form, however,
gene coexpression networks can be
constructed by calculating Pearson cor-
relations between all gene pairs and
applying a cutoff threshold to determine
which genes should be connected. The
simplicity of this approach makes it an
appealing choice for conducting a first
round of analyses. 

Wolen and colleagues (in press) have
attempted to better define the meso-
corticolimbic reward pathway’s tran-
scriptional response to acute ethanol
exposure by expanding the original
B6/D2 study (Kerns et al. 2005) to
include members of the BXD family 
of recombinant inbred mouse strains.
The naturally occurring DNA poly-
morphisms that distinguish each BXD
strain cause heritable changes in gene
expression, making it possible to iden-
tify genetically coregulated transcripts
across the BXD family. Microarray
expression data from the prefrontal
cortex of BXD family animals were
used to look for evidence of coregula-
tion among the 307 ethanol-responsive
genes identified in the original B6/D2
study (see figure 1). The analysis iden-
tified several groups of intercorrelated
gene modules, indicating this gene set
is comprised of several gene networks
(figure 1).

A variety of calculations can be used
to gauge the relative importance of a
particular gene to the network as a
whole (Horvath and Dong 2008). The
simplest measurement of node impor-
tance is determined by the degree of
“connectivity”—that is, the number of



other genes the node is connected to in
the network. However, a gene’s “position”
in the network also is an important
consideration. For example, a gene that
served as the sole connection between
two otherwise independent gene networks
would rank fairly low on a priority scale
based on connectivity alone, despite
being an important channel of inter-
module communication. A measurement
of “betweenness centrality” (Girvan
and Newman, 2002) can highlight
such a gene by determining the fre-
quency with which a node is included
in the shortest paths between all possi-
ble node combinations. 

Figure 2 highlights six subnetworks
taken from the larger coexpression net-
work depicted in figure 1. The network

comprising genes known as Mbp, Mobp,
Mal, and Plp1 is of particular interest,
because these genes all play a role in the
formation and stabilization of myelin.
In addition, a parallel analysis was con-
ducted using microarray data only from
the prefrontal cortex of the same BXD
strains after they had received an injection
of 1.8 g/kg ethanol into their abdomi-
nal cavity. This analysis revealed that
the myelin gene network persisted but
underwent minor topographical mod-
ifications. Most notably, additional
connections were detected between
Plp1 and two additional genes called
Mog and Lpar1. The absence of Mog in
the original network probably was an
artifact of the method used to form
these networks, and the gene likely

should have been included. Plp1 and
Lpar1, in contrast, were effectively
unrelated at baseline and only showed
evidence of coregulation after ethanol
treatment, suggesting this is a genuine
molecular response to ethanol (see 
figure 2B).

The Lpar1 gene encodes a receptor
for lysophosphatidic acid (LPA), a sig-
naling molecule containing phosphate
and lipid components (i.e., a phospho-
lipid). Regulation of Lpar1 is critical
for proper nerve-cell formation (i.e.,
neurogenesis), including in a brain region
called the hippocampus in adults
(Matas-Rico et al. 2008). In addition,
Lpar1 regulates the breakdown of the
myelin sheath (i.e., demyelination)
that occurs after nerve injury (Inoue 
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constructing gene Networks

Various methods exist for generating
gene networks. As mentioned in
the main text, the simplest method

for constructing gene coexpression
networks involves calculating Pearson
correlations for all pair-wise genes and
applying a hard threshold to determine
which genes should be connected.
The robustness of these networks, 
initially referred to as “relevance net-
works,” can be assessed through an
approach called permutation testing
(Butte et al. 2000). A more rigorous
method for constructing gene coex-
pression networks utilizes a graph the-
oretical approach to identify densely
intercorrelated gene modules called
paracliques (Baldwin et al. 2005).
Paracliques represent gene–gene inter-
action networks with extensive, but
not perfect, strong expression correla-
tions between all genes in the network
(http://grappa.eecs.utk.edu/grappa/
root). Paracliques can contain mem-
bers with missing links. Therefore,
paracliques provide an attractive com-
promise by augmenting coexpression

with genes whose correlational rela-
tionships to a network are strong, but
permissibly imperfect with a propor-
tion of the network. This proportion,
called the proportional glom factor, is
a user-defined parameter.

A potential limitation of both rele-
vance networks and paracliques is that
they rely on hard thresholds to classify
the relationship between genes as either
connected or unconnected. The
dichotomy imposed by this approach
may be artificially limiting these net-
works, causing biologically meaningful
relationships to be overlooked (Carter
et al. 2004). For example, the absence
of the Mog gene from the myelin net-
work described in the main article
and depicted in figure 2A following
ethanol treatment is symptomatic of
this limitation. An approach called
weighted gene coexpression network
analysis (WGCNA) is an increasingly
popular method that avoids these
potential pitfalls by utilizing a “soft-
thresholding” approach to generate
networks that conform to a scale-free

topology (Zhang and Horvath 2005).
Scale-free networks follow the power
distribution they are named for, com-
prising many nodes that have sparse
connections and a few that are highly
interconnected. In addition to providing
an accurate model for metabolic net-
works (Jeong et al. 2000), neural net-
works of the roundworm Caenorhabditis
elegans (Watts and Strogatz 1998),
and the World Wide Web (Albert and
Jeong 1999), the scale-free topology
also typifies gene coexpression networks
(van Noort et al. 2004). Some researchers
recently have used WGCNA to define
correlated gene modules associated
with blood alcohol levels using the
“drinking-in-the-dark” paradigm of
excessive ethanol consumption in B6
mice (Mulligan et al. 2011). WGCNA
also can be implemented as a freely
available package (Langfelder and
Horvath 2008) for the R Statistical
Environment and provides an excellent
set of tutorials (available at genetics.ucla.
edu/labs/horvath/CoexpressionNetwork/
Rpackages/WGCNA).
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Lpar1 regulates the breakdown of the
myelin sheath (i.e., demyelination)
that occurs after nerve injury (Inoue 
et al. 2004). The fact that Lpar1 is
brought into this network by ethanol
exposure suggests the intriguing possi-
bility that this gene may play a role in
the loss of white matter2 commonly
observed in long-term alcoholic patients
(Kril and Halliday 1999). This example
illustrates how studying ethanol-induced
changes in gene-network topology can
produce testable hypotheses relevant 
to the neurobiology of alcoholism.
Obviously, alterations in the gene net-
work occurring after acute ethanol
exposure might not always be relevant
to alterations in brain structure and
function (i.e., neural plasticity) or toxic
effects that occur with chronic exposure,
such as in alcoholism. Therefore, find-
ings regarding networks relevant to one
ethanol behavioral phenotype should

be considered “specific” to that pheno-
type unless other genetic, pharmaco-
logical, or behavioral data suggests
links to other aspects of ethanol’s
actions in animal models or humans.
More generally, this example demon-
strates how systems-level methods, like
gene coexpression analysis, can help
greatly expand the information content
of gene expression microarray studies
by filling in information about the
gene–gene relationships.

Bridging the Gap Between
Genomics and Gene Mapping 

Genetical Genomics
Another important early advancement
toward a more systems-level approach
to identifying disease-associated genes

was the application of gene mapping
methods to high-throughput molecular
data in order to identify causal links
between molecular phenotypes and
genomic regions. Like classical physio-
logical or behavioral phenotypes, genetic
factors influencing high-throughput
measures of transcript, protein, and
metabolite abundance can be identi-
fied by QTL mapping. To date, such
analyses mostly have been applied to
gene-expression microarrays, mapping
gene expression QTLs (eQTLs). This
largely is related to technical constraints,
because whole-proteome expression
profiling currently cannot be done with
the same degree of sensitivity, coverage,
and throughput as mRNA profiling. 

The strategy of performing genetic
linkage analysis on genome-wide
molecular profiles was formalized and
termed “genetical genomics” by Jansen
and Nap (2001). This proposal pri-
marily focused on gene-expression
microarrays and posited that mapping
eQTLs would enable researchers to
construct robust gene networks as well
as link these networks to metabolic or
other phenotypes. The investigators
also 
suggested that eQTL mapping could
greatly aid in the identification of can-
didate genes underlying classical QTLs
for disease traits. The first study to
carry out QTL analysis across genome-
wide gene expression microarrays 
was conducted using an experimental
cross between two strains of the yeast
Saccharomyces cerevisiae (Brem et al.
2002). Subsequently, several investiga-
tions applied the approach to mam-
malian systems (Schadt et al. 2003;
York et al. 2005), including brain gene
expression (Chesler et al. 2003, 2005). 

These early genetical genomics studies
also characterized the two major classes
of eQTLs, labeled cis and trans eQTLs,
which differ with respect to the posi-
tion of the eQTL relative to the gene
whose expression is altered (figure 3).

Figure 1 Correlation heatmap depicting patterns of co-expression among genes previously
identified as being regulated by acute ethanol (Kerns et al. 2005). Each colored
square represents the Pearson correlation (r) between a pair of genes, calculated
using microarray expression data of prefrontal cortex tissue collected from B6, D2,
and 27 BXD mouse strains. The blue and red colors indicate the strength and direc-
tion of the gene–gene correlation. Hierarchical clustering was applied to group genes
based on the similarity of their expression profile across this dataset. In doing so,
modules of co-expressed genes are revealed as cohesive blocks along the diagonal. 

2 The term “white matter” refers to brain structures made up 
primarily of nerve fibers that are enclosed by the myelin sheaths
and therefore have a whitish appearance. Conversely, the term
“gray matter” refers to brain structures composed mainly of the
bodies of nerve cells, which have no myelin sheath, resulting in 
a grayish appearance.



A cis eQTL is located at the same site
of the genome as the gene under study.
In contrast, a trans eQTL can be located
elsewhere in the genome, away from
the gene whose expression is altered. 
A good example of how a trans eQTL
could manifest involves transcription
factors (TFs). These are proteins that
bind with regulatory DNA regions that
are located in front of a gene. Only
when the TF binds to the corresponding
DNA sequence can the first step 
in the process of gene expression—
transcription—begin. The interaction
between the TF and the DNA involves
a certain part of the TF called the TF
DNA–binding domain that allows the
TF to recognize and bind with specific
regulatory DNA sequences. Through
this mechanism, certain TFs only may
activate the transcription of specific
sets of genes. Accordingly, a polymor-
phism at the DNA-binding domain of
a certain TF can affect the TF’s ability

to recognize and bind its recognition
sites, causing altered expression of all
genes regulated by this TF. In other
words, the abundance of all transcripts
from those genes would co-vary with
the TF polymorphism. Such a case
might be recognized by a clustering of
trans eQTLs at the site of the causal
polymorphism, sometimes referred to
as a regulatory hotspot. The
identification of trans eQTL clusters
can be a powerful approach for identi-
fying key regulators underlying a com-
plex trait of interest. 
Figure 4 depicts the eQTL results for

the same list of 307 ethanol-responsive
genes identified in the B6/D2 study
that earlier was used to construct coex-
pression networks. This analysis
revealed that these coexpression networks
share common eQTLs that drive this
coordinated expression. Furthermore,
the strongest eQTLs underlying many
of these genes mapped to one end of

chromosome 7, forming a trans eQTL
cluster. These findings provide prelimi-
nary evidence that acute ethanol–
responsive genes comprise a handful of
gene coexpression networks in the pre-
frontal cortex and that a key regulator
of these networks resides on chromo-
some 7. A more extensive analysis of this
type has recently been completed (Wolen
et al., in press). 
The genes comprising trans eQTL

clusters often have biological functions
that have been conserved among species,
suggesting that these hotspots may
have a biological relevance. Accordingly,
the search for trans eQTLs may allow
researchers to identify biological func-
tions associated with complex traits
through defining quantitative trait
gene networks (QTGNs). Mozhui and
colleagues (2008) have, for example,
dissected a trans eQTL cluster on distal
mouse chromosome 1 and identified 
a candidate gene (Fmn2) that they 
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Figure 2 A) Gene networks that are regulated by acute alcohol exposure were identified in the same prefrontal cortex dataset used in Figure 1. Gene
networks were generated by applying a hard threshold of 0.75 to the gene correlation matrix. The inset box contains a cognate of the myelin
network (red) that was generated with expression data from the same strains following ethanol treatment. The ethanol-induced modifications
of this network include the addition of a novel connection between Plp1 and Lpar1. B) Scatterplots illustrating the correlation between Plp1
and Lpar1 at baseline and following ethanol treatment. The effective absence of any correlation between these genes at baseline suggests
that this relationship is driven by ethanol exposure. 
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propose has a major influence on the
expression of linked gene networks.
Moreover, a diverse group of pheno-
typic QTLs seemed to be located in
the same region, including several
related to ethanol. 

Genetical Genomics Studies 
to Identify Gene Variants
Increasing Disease Risk
The integration of eQTL and classical
QTL data enables identification of key
markers of disease-causing variants.
The effectiveness of this approach was
demonstrated by a genetical genomics
analysis of liver expression data from 
a population of mice placed on a high-
fat diet (Schadt et al. 2003). The pur-
pose of this diet was to model an obe-
sity-like phenotype, which was mea-
sured using fat-pad mass (FPM). QTL

mapping for FPM revealed a signifi-
cant QTL on chromosome 2 that also
harbored over 400 eQTLs. By scan-
ning this region for cis eQTL-linked
genes that also were strongly correlated
with FPM, the researchers were able to
identify two novel obesity candidate
genes. 
Saba and colleagues (2006) used a

similar approach to identify candidate
genes for alcohol preference and acute
functional tolerance to alcohol. This
large-scale study included rodent strains
selectively bred for ethanol phenotypes
(i.e., HAP and LAP mice) as well as a
subset of the BXD family of recombi-
nant inbred mice. Applying microarray
expression profiles using mRNAs
obtained from the entire brain, the
investigators identified independent
lists of genes whose expression differed

between the HAP and LAP strains and
between the BXD strains with high
and low levels of acute functional tol-
erance. The genetic regulation of these
gene lists then was mapped using BXD
expression and genotypic data. High-
priority candidate genes were high-
lighted by screening for differentially
expressed genes with cis eQTLs that
overlapped previously mapped behavioral
QTLs for either alcohol preference
(Belknap and Atkins 2001) or acute
functional tolerance (Kirstein et al. 2002).
The rationale for prioritizing candi-

date QTGs on the basis of their having
cis eQTLs located at the same sites as
classical QTLs is based on the hypothesis
that the variability of a complex phe-
notype is linked to a particular locus
because the causal gene is being pro-
duced in variable quantities through a

Figure 3 Illustration of the concept of cis and trans expression quantitative trait loci (eQTLs). A) The left-most gene (red) codes for a transcription
factor (TF) protein that activates the transcription of genes A (green) and B (blue) by binding to their respective promoters (gray). In the
wildtype, or “normal,” scenario all genes are transcribed at their full potential, as indicated by the bar graph on the right. B) A variant (i.e.,
polymorphism) (triangle) in gene A’s promoter region hinders TF binding, causing a reduction in the rate at which gene A is transcribed,
while gene B is unaffected. Thus, gene A is being regulated by a cis eQTL because its level of expression is associated with a nearby poly-
morphism located on the same chromosome. C) A polymorphism in the TF gene’s DNA binding region (hexagon)—the region of the TF
protein that binds to gene promoters—hinders binding with all downstream promoters, regardless of whether the regulated gene is located
near the TF gene, like gene A, or located on an entirely different chromosome, like gene B. In fact, all genes regulated by this TF would be
linked to a trans eQTL at the site of this TF polymorphism. 



cis-acting polymorphism. This hypothesis
is somewhat of an oversimplification
and leaves out several important
caveats. Nevertheless, increasing 
evidence supports the importance of
gene-expression variability in regulating
complex traits. In fact, recent evidence
indicates that SNPs associated with a
variety of complex traits are more likely
to contain cis eQTLs than normally
would be expected (Nicolae et al. 2010).
This indicates that the importance of
expression variability in complex trait
regulation is not limited to genetic
model systems and that it may be pos-
sible for GWASs and QTL mapping
studies to improve their track record
by incorporating expression data. 

Dissecting Complex 
Diseases Through Integrating
Genomic Approaches
The discussion above has illustrated how
traditional QTL mapping and GWASs
approaches can benefit from systems-
biological approaches by filling in critical
information about the molecular 
phenotypes that stand between DNA
variation and complex disease (figure
5). The incorporation of data from
high-throughput molecular profiling
technologies, such as gene expression
microarrays, can better define a disease
by identifying groups of genes that
respond to or covary with disease-
associated traits. Network analysis of
disease-associated genes allows investi-
gators to move beyond static gene lists,
partially reconstruct the underlying
molecular pathways, and prioritize
genes based on their importance to the
larger network. Applying QTL mapping
to each gene’s expression trait makes it
possible to identify the genomic regions
that regulate each gene’s expression 
and uncover the existence of regulatory
hotspots that exert enormous influence
over a gene network. The series of studies
discussed below has demonstrated how
effective these methods are for dissecting
complex traits, particularly when they
are integrated. 
Zhu and colleagues (2004) followed

up the genetical genomics analysis of

liver expression data from mice on a
high-fat diet that was mentioned ear-
lier (Schadt et al. 2003) by generating
gene networks from the same microar-
ray gene-expression dataset. This analysis
included two distinct approaches to
network construction: The first strategy
formed networks on the basis of the
covariation among gene-expression
traits—that is, genes whose expression
changed in the same manner were con-
sidered linked. In the second strategy,
gene-network interactions were deter-
mined on the basis of the similarity of
their eQTL profiles. Thus, the networks
were constructed once without and
once with the benefit of genotypic and
eQTL data. Because links within gene
networks represent causal relationships,
analyses of these links can help researchers

predict how a system will respond to
the perturbation of a specific gene.
Zhu and colleagues (2004) tested this
hypothesis by measuring differential
expression in response to a pharmaco-
logical substance that interfered with
the function of a central gene in both
predicted networks. They found that
the eQTL profile network was a
significantly better predictor of which
genes would be affected by the pharma-
cological perturbation than the network
constructed with expression data alone.
Therefore, integrating both gene-
expression and genotypic information
into network construction greatly
enhances the predictive value of gene
networks.
The ultimate goal of systems-level

analyses of complex diseases is to uncover
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Figure 4 Genome–genome plot of peak expression quantitative trait loci (eQTLs) for the same
dataset used in figure 1. Each point indicates the chromosomal position of a gene 
versus the position of its peak eQTL. Point color is used to communicate the strength 
of association between a gene and its eQTL, measured by logarithm of the odds (LOD)
score. A LOD score is a ratio that measures that probability that a gene is linked to
genetic markers, versus the probability that it is not. Thus, the higher a LOD score, the
more likely a gene’s expression level genuinely is regulated by an eQTL. Points plotted
along the diagonal likely represent cis eQTLs, which also tend to have stronger LOD
scores. Perpendicular tick-marks along both axes show the distribution of data points.
Along the x-axis the dense clustering of tick-marks toward the proximal tip of chromo-
some 7 indicates the presence of a trans eQTL cluster, suggesting this region may 
harbor an important regulator of the gene co-expression modules seen in figure 1.
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information necessary to establish a
correlation between disease phenotype,
mRNA abundance, and the underlying
DNA polymorphism or causal gene
network. Schadt and colleagues 
(2005) demonstrated this approach 
of integrating genotypic data, gene-
expression data, and disease endophe-
notypes,3 using the same liver expres-
sion dataset mentioned above, and a
novel network construction technique
termed likelihood-based causality model
selection (LCMS). The investigators
first identified all QTLs associated with
a classical phenotype and then win-
nowed the list of potentially associated
gene-expression traits on the basis of
their correlation or eQTL overlap with
the phenotype of interest. Candidate
genes then were ranked by applying

the LCMS technique, which uses the
eQTL data to establish causal relation-
ships between DNA loci and tran-
scripts as well as between transcripts
and phenotypes and finally identifies 
a model that best fits the data.
By ranking genes according to their

performance in these models, the
investigators identified several novel
obesity candidate genes as well as
uncovered additional support for the
involvement of a gene called Hsd11b1
that previously had been implicated in
obesity risk (Rask et al. 2002). Because
this gene seemed to be relevant to the
phenotype they were investigating, the
researchers then sought to reconstruct
the gene network in which Hsd11b1
participates by performing the LCMS
procedure with Hsd11b1 as the trait 

of interest. The resulting network was
able to successfully predict genes that
would be affected by inhibition of
Hsd11b1. A similar approach has been
used by other investigators to identify
transcriptional networks associated
with ethanol sensitivity behavior in 
the fruit fly Drosophila melanogaster
(Morozova et al. 2011). This progres-
sion from phenotype to gene network
to candidate gene and back to a gene
network is a striking example of the
promise that combining genetical
genomics and gene-network analysis
provides for understanding complex
traits such as alcoholism.
As previously mentioned, such net-

work-based techniques also have been
applied to provide novel insight into
the functional consequences associated
with ethanol exposure in the mesocor-
ticolimbic reward pathway. Preliminary
results have identified several gene-
coexpression networks that are robustly
altered by ethanol in a tightly coordi-
nated fashion (Wolen et al., in press).
These studies used the BXD panel, so
that the genetic regulation of ethanol-
induced expression changes and behav-
ioral responses also could be examined.
Similar to results shown in figure 1,
this analysis has revealed that ethanol-
responsive gene networks are regulated
by a small number of loci that largely
are specific to a given network. At least
one of these loci overlaps a previously
mapped QTL for loss of righting reflex,
a measure of acute ethanol sensitivity
(Bennett et al. 2002; Markel et al.
1997). This work suggests that focus-
ing on identifying gene networks both
greatly reduces the complexity of whole-
genome expression data and provides 
a wealth of hypotheses regarding both
functional implications and regulatory
mechanisms relevant to ethanol’s action. 

Figure 5 Diagram of how the genomic approaches discussed here can be integrated to identify
gene networks and candidate genes for complex traits such as alcoholism. The
information flow indicates how gene networks, expression quantitative trait locus
(eQTL) and behavioral QTL analyses can be used together to identify candidate
genes as potential targets for intervention. Note that resulting networks or candidate
genes are entirely derived from experiments rather than relying on prior knowledge.
In some cases, use of biomedical literature on gene–gene interactions can be used
to augment such experimentally-derived networks.  

3 An endophenotype is a heritable trait or characteristic that 
is thought to be an intermediate phenotype between a genetic
predisposition and a clinical disorder; for example, certain neuro-
biological characteristics have been noted in people with alcoholism
and may be used as endophenotypes to identify people at risk for
alcoholism. Endophenotypes are thought to be useful for gene
identification under the assumption that they are simpler and
closer to the genetic underpinnings of the disorder.



expression profiles associated with ethanol
or alcoholism has provided modern
neuroscience with a wealth of molecular
information regarding ethanol’s effects
on the body. At the same time, alcohol
researchers must make sense of a plethora
of weak genetic signals and large lists
of genes whose expression changes in
response to alcohol. Newer approaches,
such as exome4 sequencing studies and
certain approaches to analyzing gene
expression (e.g., RNA-Seq analyses),
promise added clarity but also may
deliver even more confusing data. By
combining behavioral, genetic, and
genomic studies through genetical
genomics and gene-network analysis
designs, researchers may be able to
construct gene networks rich in func-
tional relations to ethanol behaviors.
Additional refinements in ethanol-
related gene-network structures and
causal relation of such networks to
aspects of ethanol-induced behaviors
will provide a new generation of candi-
date genes for therapeutic intervention
in alcoholism.  ■
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Genetic and environmental factors play a role in the development of alcoholism.
Whole-genome expression profiling has highlighted the importance of several genes
that may contribute to alcohol abuse disorders. In addition, more recent findings have
added yet another layer of complexity to the overall molecular mechanisms involved in
a predisposition to alcoholism and addiction by demonstrating that processes related
to genetic factors that do not manifest as DNA sequence changes (i.e., epigenetic
processes) play a role. Both acute and chronic ethanol exposure can alter gene
expression levels in specific neuronal circuits that govern the behavioral consequences
related to tolerance and dependence. The unremitting cycle of alcohol consumption
often includes satiation and self-medication with alcohol, followed by excruciating
withdrawal symptoms and the resultant relapse, which reflects both the positive and
negative affective states of alcohol addiction. Recent studies have indicated that
behavioral changes induced by acute and chronic ethanol exposure may involve
chromatin remodeling resulting from covalent histone modifications and DNA
methylation in the neuronal circuits involving a brain region called the amygdala.
These findings have helped identify enzymes involved in epigenetic mechanisms, such
as the histone deacetylase, histone acetyltransferase, and DNA methyltransferase
enzymes, as novel therapeutic targets for the development of future
pharmacotherapies for the treatment of alcoholism. KeY WorDS: Alcoholism; alcohol
use disorders; genome; epigenome; genetic factors; epigenetics; DNA; brain;
amygdala; neuronal circuits; chromatin; histone; DNA methylation; histone
deacetylase; histone acetyltranferase; DNA methyltransferase; treatment

A lcohol is one of the most widely
used addictive drugs, and contin-
ued use and abuse can lead to 

the development of tolerance and
dependence (Koob 2003a; Tabakoff 
et al. 1986). Numerous studies have
shown that both genetic and environ-
mental risk factors play a role in the
development of alcoholism (Ducci and
Goldman 2008; Edenberg and Foroud
2006; Farris et al. 2010). Genetic studies
in both humans and animal models 
of alcoholism (Contet et al. 2011;
Crabbe et al. 2006; Pignataro et al.
2009; Spanagel et al. 2010; Tabakoff 
et al. 2009) have identified several
genes that may be critical in the patho-
physiology of alcoholism (see figure 1).
Recently, researchers have identified
mechanisms that result in heritable
changes in gene expression but are
caused by other processes than changes

in the underlying DNA sequence (i.e.,
epigenetic mechanisms) as a promising
area of research to better understand
the molecular mechanisms of human
diseases, including psychiatric and alcohol
use disorders (AUDs) (Moonat et al.
2010; Tsankova et al. 2007). This article
reviews some of the epigenetic mecha-
nisms that seem to play a role in the
development of AUDs.

What Is epigenetics?

The genome encompasses the complete
set of genetic material (i.e., DNA) 
that determines the development of an
organism and all its traits and charac-
teristics (i.e., the phenotype). Changes
(i.e., mutations) in the DNA can lead
to the development of various diseases,
including AUDs. In comparison, the

epigenome, as first defined by Waddington
(1942), refers to chemical modifications
that occur within a genome without
changing the DNA sequence (Holliday
2006; Murrell et al. 2005; Waddington
1942). Epigenetic alterations include
the direct addition of methyl groups 
to (i.e., methylation of) DNA and the
chemical modification of the proteins
around which the DNA is wrapped
(i.e., histone proteins) to form the
chromosomes. Both of these mecha-
nisms work in concert to remodel the
structure of the protein–DNA complex
(i.e., the chromatin) and regulate gene

1 Gene expression is the process of converting the genetic information
encoded in the DNA into actual gene products (i.e., proteins).
This process involves two steps. In the first step, called transcription,
the genetic information comprising one gene is copied into an
intermediary molecule called messenger RNA (mRNA). After the
mRNA is processed further using a variety of posttranscriptional
modifications, it is used as a template to generate proteins in a
process called translation.  



expression1 (Kornberg 1974; Olins and
Olins 1974; Hsieh and Gage 2005). 

Chromatin is made up of units
called nucleosomes, which consist of
approximately 147 base pairs of DNA
wrapped around a complex of eight
histone proteins that comprise the his-
tone core (figure 2) (Jenuwine and Allis
2001; Smith 1991). This core structure,
which also is referred to as the histone
fold domain, consists of a central het-
erotetramer of histones H3 and H4
and two heterodimers2 of histones H2A
and H2B (Luger et al. 1997; Smith
1991). The histone proteins assemble at
one end called the carboxy (C) terminal
to form the histone core, with the other
end, in the amino (N)-terminal “tail”
region, projecting out from the histone
core (figure 2). This N-terminal region
is made up mainly of the amino acids
lysine and arginine (Hsieh and Gage
2005; Mersfelder and Parthun 2006).
The majority of epigenetic histone
modifications occur at the N-terminal
tail of the histones and include methy-
lation as well as addition of acetyl
groups (i.e., acetylation), phosphate
groups (i.e., phosphorylation), binding
of a small molecule called ubiquitin
(i.e., ubiquitylation), or addition of 
a molecule called ADP ribose (i.e.,
ADP-ribosylation) (Jenuwine and Allis
2001; Smith 1991). The most recog-
nized and well established of these epi-
genetic modifications include histone
acetylation and histone and DNA
methylation, which control the accessi-
bility of chromatin to essential tran-
scriptional proteins mediating the first
step in the conversion of the genetic
information encoded in the DNA into
mRNA (i.e., transcription), which then
serves as template for the synthesis of
protein products in a process called
translation. By controlling DNA acces-
sibility, these epigenetic modifications
play a crucial role in the regulation of
gene transcription (Abel and Zukin
2008; Feng and Fan 2009). 

Another epigenetic regulatory mech-
anism involves microRNAs (miRNAs),

a class of noncoding RNAs approxi-
mately 21 to 23 building blocks (i.e.,
nucleotides) in length, which are involved
in the posttranscriptional modulation of
gene expression and function (Bartel
2009). Altered regulation of these specific
epigenetic mechanisms plays a pivotal
role during the onset of disease (Bonasio
et al. 2010). This review discusses the
implications of abnormal chromatin
remodeling and miRNAs as major factors
in several brain disease processes, including
AUDs. It also considers the impact of
current epigenetic research on the alcohol
field and the therapeutically significant
function of compounds called histone
deacetylase (HDAC) inhibitors in the
prevention and treatment of alcoholism.

role of histone modifications in
the Brain During Alcoholism

Histone Acetylation
Histone modification involving acety-
lation is regulated by two types of

enzymes—histone acetyltransferases
(HATs), which add acetyl groups to
histones, and HDACs, which remove
acetyl groups from histones. Both
types of enzymes dynamically interact
to regulate the remodeling of the chro-
matin architecture and gene expression
(Abel and Zukin 2008; Hsieh and
Gage 2005). 

Histone Acetyltransferases. Several
studies have indicated that regulation
of histone acetylation is important
during formation of memories in a
brain region called the hippocampus
(Guan et al. 2009; Levenson et al.
2004). Furthermore, alterations in
histone acetylation are associated with
age-dependent memory impairment
in mice (Peleg et al. 2010). One
mechanism through which histone
acetylation and thus chromatin
remodeling may be regulated involves
a protein called cyclic-AMP responsive–
element binding (CREB) protein.
This protein helps modulate the
transcription of certain genes by binding
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2 Heterotetramers consist of four subunits that are not all identical,
and heterodimers consist of two subunits that are not identical.
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Figure 1 A hypothetical model for the interactions of genetic and environmental factors in the
predisposition to and development of alcoholism. Whole genome expression profiling
in human and animal models has identified several potential candidate genes that
may be associated with increased risk for alcoholism and alcohol abuse. Emerging
evidence suggests that genomic function can be modulated by alcohol-induced epi-
genetic modification of histones (acetylation and methylation) and DNA methylation,
which can lead to the development of alcoholism. Both genetic and epigenetic fac-
tors may interact in the underlying mechanisms of alcoholism.



Epigenetics–Beyond the Genome in Alcoholism 295

to a specific sequence on the DNA after
it has been activated by phosphorylation.
Phosphorylated CREB (pCREB)
then recruits another transcriptional
co-factor called CREB-binding protein
(CBP), which contains intrinsic HAT
activity. CBP, along with another
molecule called p300, enzymatically
remodels the nucleosome by transferring
acetyl groups to histones, thereby
allowing the chromatin to exist in a
relaxed conformation that is accessible
for transcription (figure 3) (Chrivia et
al. 1993; Hsieh and Gage 2005; Liu
et al. 2008; Martinez-Balbas et al.
1998). 
CBP is essential for both short-term

and long-term memory formation and
consolidation (Chen et al. 2010; Korzus
et al. 2004). A recent study in a mouse
model of Alzheimer’s disease expressing
abnormal CREB functioning demon-
strated that delivery of the CBP gene
into the brain increased the levels 
of a molecule known as brain-derived
neuro trophic factor (BDNF), which
correlated with improved learning and
memory (Caccamo et al. 2010). Of
interest, alterations in both memory
capacity and responses to stress also have

been observed in mice that lack a molecule
called p300/CBP-associated factor
(PCAF), which has a similar function
to CBP and also has HAT activity
(Kalkhoven 2004; Maurice et al. 2008).
Correction of deficits in CBP function

increasingly has become an important
target in the treatment of neurological
disorders, including Rubinstein-Taybi
syndrome (RSTS), Huntington’s disease,
Alzheimer’s disease, and amyotrophic
lateral sclerosis (Klevytska et al. 2010;
Rouaux et al. 2004; Selvi et al. 2010).
Mutations in the CBP gene are preva-
lent in RSTS (Alarcon et al. 2004;
Bartsch et al. 2005; Roelfsema et al.
2005). For example, exon deletions in
the genes that encode p300 and CBP
have been detected in children with
RSTS (Tsai et al. 2011). The changes
in CBP function described in these
neurological disorders are similar to
neuroadaptations observed in alcoholism;
therefore, CBP–HAT may be an
important factor in the development 
of alcoholism (see figures 4 and 5). 
It is well established that CREB pro-

tein functioning is important during
long-term memory formation, synaptic
plasticity, and addiction (Abel and

Zukin 2008; Alberini 2009; Carlezon
et al. 2005; Pandey et al. 2004). CREB
mediates the activity of several signal-
ing cascades, including cyclic-AMP–
dependent protein kinase A, Ca2+/
calmodulin-dependent protein kinases
(CaMKs), and mitogen-activated 
protein kinase (Lonze and Ginty 2002;
Pandey 2004). Studies from several
laboratories have suggested a critical role
for CREB in the regulation of alcohol’s
effects and alcohol-related behaviors:

• Alcohol-induced damage to nerve
cells (i.e., neurodegeneration) in the
hippocampus was associated with
decreased CREB functioning
(Crews and Nixon 2009). 

• Sensitivity to alcohol’s effects is
associated with CREB transcrip-
tional activity in another part of the
brain called the cerebellum (Acquaah-
Mensah et al. 2006). In addition,
chronic ethanol exposure decreases
CREB phosphorylation in the rat
cerebellum (Yang et al. 1998). 

• Abnormal CREB functioning in
the amygdala—an important brain
region implicated in regulating
emotions—has been linked with 
a predisposition to anxiety3 and
alcoholism (Pandey et al. 2004,
2005; Wand 2005). Amygdaloid
pCREB and CBP levels both are
significantly increased by acute
ethanol exposure and decreased in
rats undergoing withdrawal after
chronic ethanol exposure (Pandey 
et al. 2008a,b). These results sug-
gest that changes in CBP levels may
be involved in the dynamic chro-
matin remodeling in the amygdala
caused by acute and chronic ethanol
exposure (see figures 4 and 5). 

CREB signaling also helps regulate
the expression of genes implicated in
alcohol addiction, such as BDNF and
neuropeptide Y (NPY) (Janak et al.

3 Anxiety is an early withdrawal symptom that plays a major role 
in relapse, helping to maintain a dependent state in certain alco-
holics (Cooper et al. 1995; Koob 2003a; Kushner et al. 1990;
Menzaghi et al. 1994).

Figure 2 Schematic representation of units of chromatin known as nucleosomes. Each nucleo-
some is comprised of 147 base pairs of DNA wrapped around the histone octamer
made up of a heterotetramer of histones H3 and H4 and two heterodimers of H2A
and H2B. Two nucleosomes are connected by the linker DNA.



2006; Moonat et al. 2010; Pandey
2003; Valdez and Koob 2004). Lower
NPY mRNA and protein levels have
been found in the central (CeA) and
medial nucleus of amygdala (MeA) of
alcohol-preferring (P) rats compared
with alcohol nonpreferring (NP) rats,
suggesting a role for NPY in anxiety-
like and alcohol-drinking behaviors
(Pandey et al. 2005; Suzuki et al.
2004). NPY infusion into the CeA
produced anxiety-reducing (i.e., anxi-
olytic) effects and decreased alcohol
intake in P rats, most likely by leading
to increased CaMK IV–dependent
CREB phosphorylation in the CeA
(Pandey et al. 2005; Zhang et al. 2010).
Furthermore, P rats that had never been
exposed to alcohol (i.e., were alcohol
naïve) exhibited lower expression of other
CREB target genes, such as BDNF
and activity-regulated cytoskeleton-
associated protein (Arc) in the CeA
and MeA compared with NP rats
(Moonat et al. 2011; Prakash et al.
2008). Finally, acute ethanol exposure
increased CREB phosphorylation levels
as well as the expression of BDNF 
and Arc in these amygdaloid structures
of P, but not NP, rats (Moonat et al.
2011; Pandey et al. 2005). 
Gamma-aminobutryric acid (GABA)

is the main inhibitory brain signaling
molecule (i.e., neurotransmitter), and
alcohol is thought to produce many of
its effects by facilitating GABA recep-
tor functioning (Koob 2003a; Koob et
al. 1998; Kumar et al. 2009). GABA
activity in the amygdala is enhanced by
exposure to alcohol and then decreased
during alcohol withdrawal (Clapp et
al. 2008; Koob 2003a). CREB seems
to play a role in this process. A recent
study showed that expression of one
type of GABA receptors (i.e., the
GABAA receptor) was dependent on
the formation of CREB heterodimers
(Hu et al. 2008). Despite the tremendous
amount of work that has been done on
CREB, the epigenetic mechanisms for
the regulation of gene expression via
CREB and CBP interactions and its
overall implications in alcoholism have
not been well established and need to
be investigated further.

Histone Deacetylases. HDACs are
enzymes involved in covalent histone
modifications that oppose the activity
of HATs by inducing the removal of
acetyl groups, thereby resulting in a
condensed chromatin conformation
and decreased gene expression levels
in the cell (Grunstein 1997; Hsieh
and Gage 2005; Turner 2002). Four
distinct families of HDACs have been
described, including class I (HDACs
1, 2, 3, and 8), class II (HDACs 4, 5,
6, 7, 9, and 10), class III (sirtuins),
and class IV (HDAC 11). Class I
HDACs mostly are found in the cell
nucleus, whereas class II HDACs can
be localized in the cytosol and/or
nucleus. The class IV HDAC is located
in the nucleus. Class I, II, and IV
HDACs require zinc for proper
functioning (i.e., are Zn2+ dependent).
In contrast, class III HDACs require
a molecule called nicotinamide
adenosine dinucleotide (i.e., are NAD+
dependent) (Grayson et al. 2010; Kelly
and Marks 2005; Lee et al. 2008). 
Because of their epigenetic effects 

on chromatin structure and the role of
epigenetic factors in the development
of many tumors, HDAC inhibitors
have been considered promising anti-
cancer drugs for several years. Several
of these agents currently are in clinical
trials, and one of them, vorinostat
(suberoylanilide hydroxamic acid), has

been approved by the U.S. Food and
Drug Administration for the treatment
of a type of blood cancer (i.e, cutaneous
T-cell lymphoma) (Dickinson et al.
2010; Dokmanovic and Marks 2005;
Kelly and Marks 2005; Lee at al. 2008).
Recent neuroscience research also
advocates HDAC inhibitors as novel
treatments for psychiatric and neu-
rodegenerative disorders (Abel and
Zukin 2008; Kanzantsev and Thompson
2008; Tsankova et al. 2007). For
example, inhibitors of class I HDACs
were able to reverse contextual memory
deficits in a mouse model of AD; more
specifically, HDAC 2 was involved in
the negative regulation of learning and
memory and related gene expression
involved in synaptic plasticity (Guan et
al. 2009; Kilgore et al. 2010). In addition,
HDAC inhibitor treatment targeting
HDAC 2 and HDAC 5 may have
antidepressant effects (Covington et al.
2009; Tsankova et al. 2006). Finally,
several studies assessing the modula-
tory effects of HDAC inhibition on
cocaine abuse have indicated that these
agents also may be beneficial in treat-
ing addictive processes related to drugs
of abuse (Febo et al. 2009; Malvaez et
al. 2010; Romieu et al. 2008; Wang et
al. 2010). 
Despite the abundance of research

on the effects of HDAC inhibition 
on psychiatric disorders and drugs of

296 Alcohol Research: C u r r e n t  R e v i e w s

Figure 3 A schematic representation of the signaling pathway showing the possible role for
cyclic-AMP responsive element binding (CREB) protein and CREB-binding protein
(CBP) in the epigenetic regulation of gene expression. CREB is activated after its
phosphorylation (pCREB) by different protein kinases, which further recruits CBP to
bind to the DNA. CBP also has intrinsic histone acetyltransferase (HAT) activity by
which it increases histone aceylation and relaxes the chromatin, which in turn makes
the DNA more accessible to the transcriptional machinery and thereby facilitates
gene transcription.
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abuse, the evaluation of HDAC inhibi-
tion in alcoholism research still is in its
infancy. Emerging evidence from ani-
mal and human studies indicates that
negative emotionality (e.g., anxiety or
depression) is important in alcohol
dependence, and sensitivity to anxiety
may serve as a risk factor for AUDs
(Cooper et al.1995; Koob 2003a;
Kushner et al. 1990; Pandey 2003).
Alcohol has anxiolytic effects in humans,
and rapid tolerance to these effects
may stimulate alcohol drinking in
alcoholics (Lipscomb et al. 1980;
Moberg and Curtin 2009). Accordingly,
rapid tolerance to alcohol’s anxiolytic
effects may be crucial in the promotion
of alcohol drinking and thereby con-
tributes to the pathogenesis of alcohol
dependence. In this context, recent dis-
coveries involving the role of HDACs
in alcohol tolerance and dependence
are very promising. For example, studies
have suggested that HDAC-induced
chromatin remodeling in the amygdala

may regulate the development of anxiety-
like behaviors during ethanol with-
drawal after chronic exposure and also
may be paramount in rapid tolerance
to the anxiolytic effects of ethanol 
in rats. The studies also found that
HDAC activity was inhibited by acute
ethanol in the amygdala of rats, and
the expression of rapid tolerance to 
the anxiolytic effects of ethanol was
reversed by treatment with a potent
HDAC inhibitor, trichostatin A (TSA)
(Pandey et al. 2008a; Sakharkar et al.
2012). Conversely, HDAC activity was
increased in the amygdala of alcohol-
withdrawn rats, which correlated with
decreased histone acetylation and
reduced NPY gene expression in the
CeA and MeA of rats (Pandey et al.
2008a). Treatment with TSA during
ethanol withdrawal prevented the
development of anxiety-like behaviors
and corrected the deficits in histone
acetylation and NPY expression. These
data suggest that epigenetic modifica-

tions involving HDACs result in a
refinement of amygdaloid chromatin
structure, which may be a contributing 
factor that alters the expression of
genes implicated in alcohol tolerance
and dependence (figures 4 and 5). 

Histone Methylation 
Methylation of the chromatin (i.e., 
of both histones and DNA) is another
important mechanism by which the
cell regulates transcriptional activity
(Holliday 2006). Histone methylation
is mediated by histone methyltransferases
(HMTs), whereas histone demethyla-
tion occurs via histone demethylases
(HDMs) (Agger et al. 2008; Cheung
and Lau 2005; Margueron et al. 2005;
Shukla et al. 2008; Wysocka et al. 2006).
Histone methylation is important in
the regulation of memory formation
(Gupta et al. 2010). Aberrant histone
methylation at lysine residues has been
implicated in several different psychi-

Figure 4 A schematic diagram depicting possible epigenetic mechanisms acting in neuronal circuits of the amygdala that may contribute to rapid
tolerance to the anxiolytic effects of ethanol. Acute ethanol exposure can inhibit both histone deacetylase (HDAC) and DNA methyltrans-
ferase (DNMT) activities (Pandey et al. 2008a). This inhibition correlates with increased amygdaloid levels of CREB-binding protein (CBP),
which has histone acetyltransferase (HAT) activity. The observed changes in HDAC activity and CBP levels also correlate with increased
histone acetylation (H3-K9 and H4-K8) in the central and medial nucleus of amygdala, resulting in a relaxed chromatin structure. As a
result, the transcriptional machinery can more easily access the DNA, leading to increased gene expression. Increased amygdaloid
expression of certain genes, such as neuropeptide Y or brain-derived neurotrophic factor, may mediate the anxiolytic effects of acute
ethanol exposure (Pandey et al. 2008a, b). Cellular tolerance at the level of HDAC-induced chromatin remodeling in the amygdala may
be operative in rapid tolerance to the anxiolytic effects of ethanol (Sakharkar et al. 2012).  

NOTE: (↓) = decrease; (↑) = increase; (–) = normal; (?) = unknown; Me = methylation site; Ac = acetylation site.



atric disorders (Akbarian and Huang
2009). For instance, mutations within
genes encoding specific HMTs and
HDMs have been associated with
autism and mental retardation, respec-
tively (Balemans et al. 2010; Tahiliani
et al. 2007). In addition, chromatin
remodeling at GABAergic gene pro-
moters by a certain HMT may be
involved in prefrontal cortex dysfunction
during schizophrenia (Huang et al.
2007). Histone methylation, specifi-
cally involving histone H3, also has
been linked with the expression levels
for the receptor for the neurotransmitter
glutamate, which has been implicated
in schizophrenia because a hallmark of
this disease is altered glutamate receptor
functioning (Chavez-Noriega et al.
2002; Conn et al. 2009; Stadler et al.
2005). Tian and colleagues (2009)
recently demonstrated that stimulation
of a specific glutamate receptor (i.e.,
the N-methyl-D-aspartate [NMDA]
receptor4) was associated with a decrease
in histone H3 methylation and a con-
comitant increase in H3 acetylation at
lysine 9 in rat hippocampal neurons.
These findings also were linked with
increased transcriptional activity of
CREB and CBP at the BDNF gene
promoter region 1. Taken together,
these studies suggest that histone
methylation may play an important
role in the preservation of neuronal
function by regulating expression of
synaptic plasticity-associated genes.

epigenetic modifications 
in Peripheral Tissues 
During Alcoholism

Histone Acetylation and
Methylation 
Alcohol exposure not only affects 
the brain, leading to tolerance and
dependence, but also can have serious
harmful effects in other organs. For
example, alcohol has deleterious effects
on the liver that are associated with
epigenetic changes (Shukla et al. 2008).
Alcoholic liver disease is a debilitating

condition associated with chronic alco-
hol abuse (Beier and McClain 2010).
Studies in intact organisms (i.e., in vivo
studies) have shown an increase in 
histone acetylation in the liver, lungs,
spleen, and testes of rats acutely treated
with ethanol (Kim and Shukla 2006).
A study in isolated rat liver cells (i.e.,
primary rat hepatocytes) indicated that
ethanol induced the acetylation of his-
tone H3 at lysine 9 (Park et al. 2003).
Also, by activating HAT, ethanol 
exposure caused increased histone
acetylation (H3–lysine 9) in a pro-
moter region of the gene encoding the
alcohol-metabolizing enzyme alcohol
dehydrogenase 1 (ADH 1) in rat hepa-
tocytes (Park et al. 2005). In addition,
exposure of hepatocytes to ethanol was
associated with distinct histone H3
methylation patterns at lysine 9 and
lysine 4, which correlated with increases
and decreases, respectively, in gene
expression (Pal-Bhadra et al. 2007). 

Researchers recently demonstrated
that another protein-modifying path-
way (i.e., the ubiquitin–proteasome
pathway5) is involved in epigenetic
mechanisms regulating liver injury 
in alcoholic liver disease (Oliva et al.
2009). The investigators found that
chronic ethanol feeding significantly
inhibited the ubiquitin–proteasome
pathway in rats, which was associated
with an increase in histone acetylation
and a decrease in histone methylation.
Taken together, these data clearly suggest
a promising epigenetic target for the
treatment of ethanol-induced liver injury. 

DNA methylation in the Brain
and Periphery During
Alcoholism

In addition to histone methylation,
DNA methylation is an important 
epigenetic regulatory mechanism of
gene expression that often can result in
gene silencing (Comb and Goodman
1990; Feng and Fan 2009). DNA
methylation is more specific than his-
tone methylation and occurs in specific
DNA sequences6 (Antequera 2003;
Bestor 2000; Okano et al. 1999).

DNA methylation within regulatory
regions (i.e., promoters) of a gene has
long been known to attenuate gene
expression. More recently, however,
DNA methylation within the gene also
has been shown to regulate tissue- and
cell-specific gene expression (Feng and
Fan 2009; Maunakea et al. 2010). 

DNA methylation patterns are
established and maintained by enzymes
called DNA methyltransferases
(DNMTs); these patterns then are rec-
ognized by specific proteins (Robertson
2005; Sharma et al. 2010). Three main
types of DNMTs regulate DNA
methylation. For example, DNMT 1
maintains DNA methylation patterns,
whereas DNMT 3a and DNMT 3b
are involved in the de novo methyla-
tion of DNA (Okano et al. 1999).
Similar to histones, DNA also under-
goes removal of methyl groups (i.e.,
demethylation), and some enzymes
involved in this process putatively have
been identified (Bhattacharya et al.
1999; Metivier et al. 2008; Ooi and
Bestor 2008). 

DNMTs are abundantly expressed
in postmitotic nerve cells (i.e., neurons)
and are important for normal learning
and memory (Feng et al. 2010). For
example, an experimental approach in
which animals learned to exhibit fear
in a specific situation (i.e., contextual
fear conditioning) was shown to increase
the expression of DNMT 3a and 3b,
but not DNMT 1 in the adult hip-
pocampus, whereas infusion of a
DNMT inhibitor blocked memory
formation (Miller and Sweatt 2007).
Furthermore, La Plant and colleagues
(2010) found that DNMT3a expres-

4 NMDA receptors mediate excitatory neurotransmission in the
brain. These ubiquitous receptors play a role in the development
of neurons and synaptic plasticity (Wheal et al. 1998). Modulation
of NMDA receptor function may mediate the development of toler-
ance to alcohol as well as alcohol withdrawal symptoms (Kumari
and Ticku 2000).

5 The ubiquitin–proteasome pathway is a series of reactions by
which unwanted or defective proteins are marked for degradation
by the addition of ubiquitin molecules and subsequently destroyed
by large protein complexes known as proteasomes. Accurate
functioning of this pathway is essential for many cellular process-
es, the cell cycle, and regulation of gene expression.

6 Specifically, DNA methlylation occur at the 5’-position of
cytosines found in cytosine–guanosine (CpG) dinucleotides with-
in CpG-rich DNA regions (i.e., CpG islands).
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sion was enhanced in a brain region
called the nucleus accumbens by
chronic cocaine use and chronic social
stress, suggesting an important role for
this enzyme in regulating emotional
behavior and cocaine addiction. 

DNA methylation also may play a
role in psychiatric disorders, including
alcohol and other drug dependence.
For example, schizophrenia often is
characterized by dysfunction of the
GABA-using (i.e., GABAergic) signal-
ing systems (Costa et al. 2003; Wassef
et al. 2003). GABAergic neurons
express high levels of DNMT 1, and

excessive methylation (i.e., hypermeth -
ylation) of the promoter regions of
genes involved in the GABA system
may be a possible target for treating
schizophrenia (Costa et al. 2007, 2009).

To date, no studies have assessed
how DNMT enzymes are regulated
during adaptive changes to ethanol
exposure in the brain. Preliminary
investigations from the author’s labora-
tory have suggested that acute ethanol
exposure can significantly inhibit DNMT
activity in the amygdala of rats. Other
studies have shown that alcoholics have
lower DNMT 3a and 3b expression in

whole blood cells, with greater reduc-
tions found with higher blood ethanol
concentrations (Bonsch et al. 2006). In
addition, several other genes seem to
be regulated through epigenetic mech-
anisms involving DNA methylation:

• The protein a-synuclein has been
implicated in alcohol craving, and
both the protein and mRNA levels
of a-synuclein are elevated with
chronic alcohol administration
(Bonsch et al. 2005a; Walker and
Grant 2006). Studies of human
alcoholics found DNA hyperme-

Figure 5 A representative model of possible epigenetic mechanisms acting in neuronal circuits of the amygdala that may contribute to the devel-
opment of anxiety-like behaviors during ethanol withdrawal after chronic exposure in rats. Chronic ethanol exposure and the concomitant
neuroadaptations in the amygdala of rats do not significantly affect levels of histone acetylation, CREB-binding protein (CBP), or histone
deacetylase (HDAC) activity, because these were altered by acute ethanol exposure (see figure 4). However, withdrawal after chronic
ethanol exposure is associated with increased HDAC activity and decreased levels of CBP and associated histone acetylation (Pandey 
et al. 2008a). As a result, the chromatin configuration may become more condensed, which limits accessibility of the transcriptional
machinery to the DNA. This may result in decreased gene expression levels of neuropeptide Y and brain-derived neurotrophic factor, both
of which have been linked to increased anxiety-like behaviors (i.e., have anxiogenic effects) following withdrawal from chronic ethanol
exposure (Pandey et al. 2008a,b). HDACs and histone acetyltransferases (HATs) are promising targets in the possible reversal of these
anxiogenic consequences of withdrawal. Thus, pharmacological treatment using potent HDAC inhibitors or HAT activators may lead to 
the normalization of reduced histone acetylation and subsequent stabilization of gene expression and anxiety levels. 

NOTE: (↓) = decrease; (↑) = increase; (–) = normal; (?) = unknown; Me = methylation site; ac = acetylation site
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thylation of the promoter region for
the α-synuclein gene in a type of
white blood cells (i.e., peripheral
mononuclear cells), which may be
responsible for reduced craving
under active alcohol-drinking con-
ditions (Bonsch et al. 2005b; Bleich
and Hillemacher 2009). 

• Methylation also affects transcription
of a gene encoding the endogenous
opioid prodynorphin, a small protein
(i.e., polypeptide) hormone involved
in brain signaling that exists in several
variants (i.e., alleles) that influence a
person’s risk of alcoholism. A DNA
variation (i.e., single nucleotide poly-
morphism) of this gene exists that
overlaps with a CpG dinucleotide,
which is subject to methylation.
Methylation of this dinucleotide
affects prodynorphin transcription
in the prefrontal cortex of alcoholics
(Taqi et al. 2011). Moreover, people
who carried a nonrisk allele of the
prodynorphin gene but in whom
the CpG dinucleotide was methy-
lated had a higher probability of
developing alcohol dependence.

• Expression of the gene encoding a
protein called homocysteine-
induced endoplasmic reticulum
protein (Herp) is lower in blood
cells of alcoholics compared with
healthy controls. This difference is
related to promotor hypermethylation
within the Herp gene in alcoholics
(Bleich and Hillemacher 2009).

• The expression of the genes encod-
ing the NMDA receptors, which as
mentioned earlier are activated by
the neurotransmitter glutamate,
also seems to be regulated by DNA
methylation. Thus, a clinical study
demonstrated that in alcoholic
patients the degree of methylation
at the promoter region of the gene
encoding the NMDA 2B receptor
subtype (NR2B) during withdrawal
negatively correlated with the severity
of alcohol consumption (Biermann
et al. 2009). Moreover, in primary
cultured neurons, chronic intermit-

tent ethanol exposure resulted in
demethylation of a regulatory
region of the NR2B gene, which
correlated with increased NR2B
gene expression (Qiang et al. 2010). 

All of these findings suggest that
ethanol-induced changes in DNA
methylation may be an important factor
in the regulation of gene expression
that occurs during the complex pro-
cesses of alcoholism pathogenesis. 

DNA methylation represses gene
expression via the actions of a protein
called methyl CpG-binding protein-2
(MeCP2), which selectively binds to
methylated DNA, thereby blocking
transcription. Mutations in MeCP2
have been linked with a neurodevelop-
mental disorder, Rett syndrome (Bienvenu
and Chelly 2006). Moreover, MeCP2
has been implicated in regulating
behavioral responses to drugs of abuse
(Feng and Nestler 2010). For example,
changes in MeCP2 in the nucleus
accumbens have been shown to con-
tribute to the neural and behavioral
responses to psychostimulants (Deng
et al. 2010). MeCP2 also can control
BDNF expression and cocaine intake
(Im et al. 2010 ). Through its effects
on BDNF expression, MeCP2 also
may be important in regulating alcohol’s
addictive properties (He et al. 2010),
and BDNF expression is altered in 
various brain regions by acute and
chronic ethanol exposure (Jeanblanc et
al. 2009; Moonat et al. 2011; Pandey
et al.2008b).

Role of DNA Methylation in Fetal
Alcohol Spectrum Disorders
Fetal alcohol spectrum disorders (FASD)
are developmental abnormalities related
to the effects of in utero alcohol expo-
sure on the developing fetus (Jones and
Smith 1973; Jones et al. 1973). Several
recent studies have emphasized how
alcohol exposure can result in aberrant
epigenetic regulatory mechanisms dur-
ing development, leading to FASD.
For example, alcohol consumption by
the mother altered DNA methylation
profiles in mouse embryos, resulting in

neurofacial deficits and growth retarda-
tion, both of which are hallmarks of
FASD (Liu et al. 2009). A recent study
linked chronic alcohol use in men with
lower-than-normal methylation (i.e.,
hypomethylation) of paternal sperm
DNA, suggesting that genes from 
alcoholic males transferred through 
fertilization may result in offspring with
FASD features (Ouko et al. 2009).
Likewise, Weaver and colleagues (2004)
demonstrated that maternal behavior
was able to produce stable alterations
in DNA methylation and chromatin
structure in the hippocampus of their
offspring that persisted into adulthood.
However, this epigenetic maternal 
programming was reversible in adult
offspring through methyl supplemen-
tation, suggesting that DNA methyla-
tion patterns that are formed early in
life may not be permanent (Weaver et
al. 2005). Finally, alcohol exposure
seems to interfere with normal DNA
methylation patterns of neural stem
cell genes and to attenuate neural stem
cell differentiation (Zhou et al. 2011).
Taken together, these findings imply
that epigenetic processes may play an
important role in the mechanisms
underlying FASD (Miranda 2011).

mirNAs and gene expression
in Alcoholism

In addition to mRNA, which is gener-
ated during gene expression and repre-
sents the coding sequences of the genes,
several classes of noncoding RNA
molecules exist that have regulatory
functions. One of these classes is miRNA,
which has been implicated in the regu-
lation of gene expression and synaptic
plasticity (Siegel et al. 2011). miRNAs
control gene expression by interfering
with the intricate processes of mRNA
translation into a protein product
and/or mRNA decay (Bartel 2009;
Ghildiyal and Zamore 2009). Recent
findings suggest that complex interac-
tions occur between miRNAs and the
epigenetic machinery (Bonasio et al.
2010). Likewise, other molecules
known as large intergenic noncoding
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(linc) RNAs interact with chromatin-
modifying complexes and regulate
gene expression (Khalil et al. 2009). 

Several studies have implicated
miRNAs in the cellular effects of
ethanol use and abuse (Miranda 2010;
Pietrzykowski 2010). For example,
miRNA-9 (miR-9) posttranscription-
ally regulates big potassium (BK) chan-
nel mRNA variants that encode differ-
ent types of BK channels with different
sensitivities to alcohol (Pietrzykowski
et al. 2008). Acute ethanol exposure
increased the expression of miR-9 in
neurons isolated from certain regions
of the adult rodent brain (i.e., the
supraoptic nucleus and striatum),
which correlated with reduced BK
channel expression (Pietrzykowski et
al. 2008). Alcohol-related BK channel
dysfunction may play an important
role in the development of alcohol 
tolerance (Cowmeadow et al. 2005;
Pietrzykowski 2008). On the other
hand, physiologically relevant ethanol
concentrations, similar to those
attained by alcoholics, can significantly
suppress the expression of four other
miRNAs (i.e., miR-21, miR-335,
miR-153, and miR-9) (Sathyan et al.
2007). Together, these studies high-
light the emerging role of miRNAs as
mediators of epigenetic modifications
that may be involved in ethanol’s actions.

conclusions

Epigenetics is an emerging area of
research in the neuroscience field. The
work done so far indicates that chro-
matin remodeling resulting from his-
tone modifications in the amygdala
may be important in the effects of
both acute and chronic ethanol expo-
sure (see figures 4 and 5). Other evi-
dence has identified DNA methylation
as a critical regulator of gene expression
levels, which also may play a critical
role in alcoholism. However, the 
specific effects of different types of
HDAC in alcohol’s action or the regu-
lation of various DNMTs in the brain
by alcohol exposure still remain unclear.
It also would be interesting to determine

the role of other important enzymes
involved in remodeling the chromatin
structure, such as DNA and histone
demethylases and HMTs, in alcohol’s
effects. Currently, the alcohol-related
regulation of histone and DNA
methylation in the brain and other
organ systems are not well understood.
Future studies will provide a more
comprehensive picture of epigenetic
mechanisms regulated by alcohol in
order to increase our understanding 
of overall genomic function in alco-
holism (figure 1). Nonetheless, these
early research findings clearly provide
evidence that compounds that inhibit
HDACs may be promising future
therapeutic agents in the treatment 
of alcoholism (figures 4 and 5).  ■
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over the last 50 years, researchers have made substantial progress in identifying
genetic variations that underlie the complex phenotype of alcoholism. Not much is
known, however, about how this genetic variation translates into altered biological
function. Genetic animal models recapitulating specific characteristics of the
human condition have helped elucidate gene function and the genetic basis of
disease. In particular, major advances have come from the ability to manipulate
genes through a variety of genetic technologies that provide an unprecedented
capacity to determine gene function in the living organism and in alcohol-related
behaviors. Even newer genetic-engineering technologies have given researchers
the ability to control when and where a specific gene or mutation is activated or
deleted, allowing investigators to narrow the role of the gene’s function to
circumscribed neural pathways and across development. These technologies are
important for all areas of neuroscience, and several public and private initiatives
are making a new generation of genetic-engineering tools available to the scientific
community at large. Finally, high-throughput “next-generation sequencing”
technologies are set to rapidly increase knowledge of the genome, epigenome,
and transcriptome, which, combined with genetically engineered mouse mutants,
will enhance insight into biological function. All of these resources will provide
deeper insight into the genetic basis of alcoholism. KeY WorDS: Alcoholism;
genetic; genetic basis of alcoholism; neuroscience; gene function; genetic
engineering; genetic technology; gene knockout technology; gene sequencing;
gene functions; phenotype; genome; epigenome; transcriptome; animal studies;
knockout mice

matthew T. reilly, Ph.D.; r. Adron harris, Ph.D.; and Antonio Noronha, Ph.D.

During the first decade of the new out of this effort. Indeed, sequencing laboratories. These genomic advances,
millennium, remarkable advances of the genome of the canonical research coupled with major progress in genetic-
in technology allowed investigators mouse strain, called C57BL/6, followed engineering technology, are set to sig-

in all areas of biological research to col- by the sequencing of other inbred mouse nificantly enhance understanding of
lect massive amounts of genetic data at strains, has opened major opportunities the genetic basis of human disease,
an unprecedented rate. The genomics for a fundamental understanding of including the genetic basis of alcoholism.
revolution, which began with the how an organism’s genetic makeup An inherited predisposition for 
sequencing of the human genome, was (i.e., genotype) is related to its observ- alcoholism has been suspected for 
the basis for efforts such as the 1000 able characteristics (i.e., phenotype). hundreds of years because of the obser-
Genomes Project (www.1000genomes. Sophisticated tools for creating geneti- vation that alcoholism tends to run in
org) that strive to compile a compre- cally engineered animal models of human families. However, this familial pattern
hensive catalogue of genetic variation in diseases also have reached a point where is not direct proof of a genetic vulnera-
humans. A catalogue of genetic variation community-centered efforts have begun bility, because it also could be explained
across multiple species also was borne to eclipse previous efforts of individual by a shared environment. It was not
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until the 1970s that this notion was
scientifically tested in a systematic fash-
ion, when Goodwin and colleagues
(1973) studied the drinking histories
of 55 adopted-out sons of alcoholics
and 78 adopted-out sons of nonalco-
holics, all of whom were adopted
within the first 6 weeks of life. It is worth
noting that the sons of alcoholics in
this study had no knowledge that their
biological parents had alcoholism. The
results of this analysis were striking:
The biological sons of alcoholics who
had been adopted by nonrelated foster
families were four times as likely to
become alcoholics compared with 
the sons of nonalcoholics. Similar lines
of research in twin and family studies
convincingly have demonstrated that
genetic factors account for between 
50 to 60 percent of the vulnerability 
to alcoholism. However, although this
statistic provides compelling evidence
for a genetic influence on alcoholism,
it does not indicate the specific genes
that increase or decrease risk of devel-
oping alcoholism. 

The search for genes associated with
a predisposition toward alcoholism
began more than 25 years ago. One 
of the first concerted research efforts 
to map such genes, the Collaborative
Studies on the Genetics of Alcoholism
(COGA), was established in 1989.
The COGA sample is derived from
more than 100 nuclear families densely
affected with alcoholism, for whom
extensive genotypic as well as pheno-
typic information has been collected.
To date, researchers have identified
about 20 genes that contribute to 
the risk of alcoholism in this sample.
Similar studies by investigators all over
the world, in a range of different popu-
lations, have identified additional
genetic variants that contribute to 
the vulnerability to alcoholism. These
genes encode proteins involved in
almost all of the major brain-signaling
(i.e., neurotransmitter) systems, includ-
ing the γ-aminobutyric acid (GABA),
glutamate, serotonin, dopamine, and
acetylcholine systems. Genes involved
with alcohol metabolism, other signal-
ing mechanisms (e.g., neuropeptide

and neuroendocrine signaling), and
cellular architecture also have been
implicated (Edenberg and Foroud
2006; Kranzler and Edenberg 2010).
Yet, although this work has identified
some candidate genes, it is only the
first step in gaining insight into the eti-
ology of alcoholism. The next step is
to understand how genetic variation
alters brain function and to determine
which genes are most important for
alcoholism and, finally, its treatment.

Understanding how the genotype 
of an organism is causally related to its
phenotype is a fundamental goal of con-
temporary genetics. Over the last two
decades, researchers have developed
many innovative approaches to address
this issue. Because of practical and eth-
ical limitations associated with research
in humans, the major thrust of this
work has come from mechanistic studies
in animal models of human diseases,
particularly the use of genetically engi-
neered animals. Indeed, animal models
already have played a crucial role in
understanding the genetic basis of
alcoholism. The key approach used in
these analyses is to manipulate genes in
a controlled fashion in animal models
in order to elucidate the genes’ func-
tion(s) in alcohol-related phenotypes.
This review highlights recent advances
in determining gene function using
animal models with relevance to alcohol
research. The discussion focuses almost
exclusively on mouse models, because
numerous novel genetic tools have been
accumulating that allow gene manipu-
lation in these models. In addition,
this review describes publicly and pri-
vately funded community efforts for
large-scale genetic engineering and sys-

tematic phenotyping. Finally, a brief
introduction to novel high-throughput
genomic sequencing technologies (e.g.,
next-generation sequencing) is presented.
These technologies have great potential
for furthering understanding of how
genotype is causally related to phenotype
by providing the most comprehensive
depiction of the genome, transcrip-
tome, and epigenome ever attempted. 

conventional genetic
Strategies for Analyzing 
gene Function

A widely used method to determine
the function of a gene suspected of
contributing to a certain trait (e.g.,
alcohol consumption) is to eliminate
the gene from the organism under
investigation (usually mice) through a
method called homologous recombina-
tion. The resultant animal is called a
null mutant or knockout for that gene.
The investigator then determines what
effect the absence of the gene (and the
protein that it encodes) has on the trait
being studied. Another conventional
strategy for gene modification that uses
the opposite approach to knockouts is
called transgenesis. With this technique,
a foreign gene (i.e., transgene) is intro-
duced into a recipient organism’s
genome, resulting in a transgenic animal.
The product of the transgene can be
produced at higher-than-normal levels
(i.e., overexpressed) or otherwise
manipulated in the transgenic animal
in order to study the gene’s function.
These approaches have been used
extensively in alcohol research, and
Crabbe and colleagues (2006) have
published a comprehensive literature
review covering the first 10 years (1996
to 2006) of studies using genetically
engineered mice in this field. In addi-
tion, the Integrative Neuroscience
Initiative on Alcoholism (INIA) West
Consortium maintains a database con-
taining historic and recent studies
using genetically engineered mice in
alcohol research. 

Since 2007, numerous studies have
used knockout mice to determine the

The search for genes
associated with a 

predisposition toward
alcoholism began more

than 25 years ago.



effects of specific genes on alcohol con-
sumption, using a standard two-bottle
choice procedure in which the animals
can freely choose between a water bottle
and an alcohol (i.e., ethanol)-containing
bottle for drinking (see table 1). In these
studies, the knockout animals showed
increases and decreases in ethanol
drinking, depending on the specific
gene that had been deleted. For one of
the genes studied—a gene encoding a
molecule called the CB1 receptor—
studies consistently found that the
knockout mice showed reduced ethanol
drinking (Hungund et al. 2003; Naassila
et al. 2004; Poncelet et al. 2003; Thanos
et al. 2005). The results of other studies
measuring ethanol consumption in
animals in which genes such as those
encoding proteins called adiponectin
receptor 2, agouti-related protein, neu-
rokinin-1 receptor, PSD-95, and aden -
ylyl cyclase type 5 had been knocked
out have yet to be confirmed in inde-
pendent studies. Nevertheless, these
initial findings offer exciting new pos-
sibilities for expanding the knowledge
of the functional roles of genes associ-
ated with alcohol-related traits. For
example, in a recent study, a group of
neuroimmune genes were examined
for their effect on ethanol consump-
tion using knockout mice (Blednov et
al. 2011a) (table 1). Previous genomics
data measuring gene expression had
implicated these genes in the response
to alcohol. The results of the knockout
studies demonstrate that these genes
have a role in regulating alcohol con-
sumption, thereby providing functional
evidence supporting the initial gene
expression studies. Thus, knockout
studies can play a critical role in con-
firming the findings of other genomic
studies and uncovering hitherto
unknown molecular targets of ethanol. 

However, the conventional knockout
approach is associated with inherent
limitations (for a detailed review of these
limitations and ways to circumvent
some of them, see Gerlai 1996; Wolfer
et al. 2002). Briefly, one of the main
limitations of studying conventional
knockouts is the issue of developmental
compensation. Because the gene of

interest is inactivated over the entire
lifespan of the knockout animal, changes
in gene expression (or another biological
response) in another or similar system
may occur to compensate for the deleted
gene. This compensatory response may
obscure the real effects of the knockout
on the trait of interest, resulting in false-
negative results. Alternatively, any
observed effects may result from the
compensatory response rather than the
actual gene knockout, leading to a false-
positive effect. Another issue is back-
ground strain effects—that is, the effect
of the knockout may vary depending on
the mouse strain in which the knockout
animal was generated. Finally, passenger-
gene effects may occur. This means
that during the process of genetically
engineering a knockout animal, unin-
tended genetic material can be intro-
duced into the organism along with
the genetic material required to create

the knockout. These so-called passenger
genes also can result in false-negative
and false-positive effects. The next sec-
tion describes some of the strategies
used to overcome these limitations.

Understanding gene Function
Through conditional Knockout,
Knockin, and Viral-mediated
Approaches

To overcome the limitations of con-
ventional knockout studies, researchers
have devised elegant and creative alter-
natives. Some of these strategies broadly
can be classified as conditional strategies.
The term “conditional” refers to the
experimenter’s ability to impose specific
time and space constraints on when and
where the knockout or mutant is gen-
erated in the organism. This is accom-
plished, for example, by engineering
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Table 1  Examples of Knockout Mouse Studies Conducted Between 2007 and 2011 That
Demonstrate the Effects of the Deletion of Various Genes on Ethanol Consumption

Knocked-out gene result* reference

CB1 receptor  ↓ drinking Vinod et al. 2008

δ opioid receptor ↑ drinking van Rijn and Whistler 2009

GABA A receptor α1 ↓ drinking June et al. 2007

PKCε ↓ drinking Wallace et al. 2007

Adiponectin receptor 2 ↓ drinking Repunte-Canonigo et al. 2010

Agouti-related protein ↓ drinking Navarro et al. 2009

Neurokinin-1 receptor ↓ drinking Thorsell et al. 2010

PSD-95 ↓ drinking Camp et al. 2011

Adenylyl cyclase type 5 ↑ drinking Kim et al. 2011

Beta-2-microglobulin ↓ drinking aBlednov et al. 2011

Cathepsin S ↓ drinking aBlednov et al. 2011

Cathepsin F                                                        ↓ drinking aBlednov et al. 2011

Interleukin 1 receptor antagonist ↓ drinking aBlednov et al. 2011

CD14 molecule ↓ drinking aBlednov et al. 2011

Interleukin 6 ↓ drinking aBlednov et al. 2011

*Ethanol consumption was measured in a two-bottle choice (ethanol vs. water) paradigm 

NoTE: For a complete catalogue of studies (1996–2006) on the use of genetically engineered mice in alcohol research see
Crabbe et al. 2006.
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engineering genetic elements that can
be activated (i.e., induced) at a specific
time by exposing the animal to a certain
chemical agent. Another strategy is to
engineer the knockout so that the gene
only is deleted when a certain enzyme is
present in the cell. By using enzymes
that are expressed only in certain cells
or tissues, the effects of the gene knock-
out also only would be limited to those
cells or tissues.
Other approaches are using viruses

to modify gene expression only in certain
tissues. For example, viruses can be
used to deliver inhibitory genetic mate-
rial (referred to as RNA interference
[RNAi]) directly to the brain, thereby
allowing investigators to selectively
reduce or “knockdown” the expression
of target genes in specific brain areas.
Conversely, viral-mediated approaches
can help to overexpress a gene in a
specified region.
Finally, as an alternative to eliminating

an entire gene from an organism,
researchers can introduce mutations
into the gene that only change one or
several amino acids in the protein that
is encoded from the gene and determine
the effect of this slight modification on
function. This strategy is known as the
knockin approach. Recently developed
techniques even allow investigators to
precisely control the timing and location
of the expression of the knockin gene
in the organism, resulting in a condi-
tional knockin approach (Skvorak et al.
2006). One example of such a knockin
approach, which will be discussed in
more detail below, is a mutation in one
of the genes encoding a component of
the receptor for the neurotransmitter
GABA. This modified variant of the
GABAA receptor subunit no longer
responds to alcohol but retains its
function as a GABA receptor. Use of
this gene variant has allowed investigators
to define the role of specific GABA
receptors in the behavioral actions of
alcohol without completely deleting
the receptors (Blednov et al. 2011b;
Harris et al. 2011; Werner et al. 2006).
In particular, this approach demonstrated
that alcohol acts on the a2 subunit of
the GABAA receptor to produce its acti-

vating and aversive behavioral effects
(Blednov et al. 2011b). This result is
intriguing because the gene encoding this
subunit previously has been identified 
as a strong candidate gene for alcohol
dependence in humans (Enoch 2008).
Alcohol researchers are just beginning

to systematically apply these newer
genetic-engineering approaches to their
work, and the following paragraphs
will illustrate a few recent examples,
along with examples from related fields.
Studies using the conventional knock-
out strategy found that global knockout
of the gene encoding a brain enzyme
called protein kinase C epsilon (PKCe)
reduced alcohol self-administration 
as well as signs of alcohol withdrawal
(Hodge et al. 1999; Olive et al. 2000).
However, the specific brain region that
mediated this effect was unknown, and
effects of developmental compensation
could not be ruled out conclusively. To
address these issues, Lesscher and col-
leagues (2009) applied a conditional
knockout strategy using viral vectors
containing RNAi that were delivered
directly into a brain region called the
amygdala, thereby preventing expres-
sion PKCe in that region. Genetic
knockdown of PKCe with these viral
vectors significantly reduced alcohol
consumption (Lesscher et al. 2009),
indicating that PKCe expression in the
amygdala is important for ethanol con-
sumption in mice. This strategy enabled
the investigators to not only rule out
the issues of developmental compensation
but also to determine the brain region
where the PKCe gene exerted its effect. 
Using a slightly different conditional

knockout strategy, Brigman and col-
leagues (2010) examined the role of a
glutamate receptor subunit in synaptic
plasticity and learning, two phenomena
that are critically involved in alcoholism.
To generate the conditional glutamate
receptor knockout animal, the researchers
engineered a gene encoding the glutamate
receptor subunit NR2B that would be
removed only in the presence of a spe-
cific enzyme called Cre recombinase.
Expression of the Cre recombinase, in
turn, was restricted to the cortex and
hippocampus by using a genetic element

(i.e., promoter) called the CaMKII
promoter that only is active in these
brain tissues. As a result, deletion of
the NR2B gene would be limited to
those brain regions in which the CaMKII
promoter was active. The NR2B con-
ditional knockout mice showed signifi-
cant impairments in a form of synaptic
plasticity called long-term depression,
altered morphology of nerve cells (i.e.,
neurons), and deficits in a learning task
(Brigman et al. 2010). Because the
NR2B gene knockout was restricted 
to the hippocampus and cortex, these
brain regions obviously were crucial 
to the function of the NR2B gene. In
addition, these analyses also partially
controlled for development-specific
factors of the genetic knockout because 
the CaMKII-driven expression of Cre
recombinase occurs late in postnatal
development. Thus, this approach
eliminates any confounding effects that
could be associated with the absence of
the NR2B gene during earlier develop-
mental stages.  
The knockin strategy to understand

gene function also has shown promise.
The brain’s GABA-mediated (i.e.,
GABAergic) signaling system has been
implicated in alcohol’s actions on the
brain and also in mediating a genetic
predisposition toward alcoholism
(Enoch 2008). A recent study (Blednov
et al. 2011b) used the knockin strategy
to genetically modify the a2 subunit
of the GABAA receptor at just two
amino acids. Mice carrying this a2
mutant still responded to GABA but
failed to show enhanced GABA activity
(i.e., potentiation) in response to 
alcohol. Behaviorally, a2 mutant 
mice failed to show alcohol-induced
conditioned taste aversion and motor
stimulation as well as displayed altered
alcohol intake and preference. There- 
fore, using this knockin strategy, the
researchers were able to support the 
a2 subunit’s role in specific actions 
of alcohol (Blednov et al. 2011b).
Additional studies in these mice ruled
out major developmental compensa-
tion effects of the mutated subunit
(Harris et al. 2011), further confirm-



community resources for high-
Throughput genetic engineering

As the above examples indicate, genetic-
engineering techniques hold tremen-
dous power for dissecting the role of
specific genes in alcohol-related pheno-
types. The generation of genetically
modified animals, however, requires a lot
of time and resources, which can pre-
vent investigators from creating needed
mutant animals. Several community-
wide resources have been developed 
to help facilitate the use of genetically
engineered animal models for studying
human diseases (table 2). This section
briefly describes some of these resources.

The Knockout Mouse Project (KOMP)

Both publicly and privately funded
resources are available that aim to facil-

itate the use of genetically engineered
animals to model human disease and
understand gene function. The sequenc-
ing of several mouse genomes, includ-
ing that of the widely used C57BL/6
strain, motivated the development of 
a resource to elucidate gene function.
In 2003, a conference at the Banbury
Center at the Cold Spring Harbor
Laboratory discussed mouse genomics
and genetic engineering, leading to an
agreement to begin construction of a
collection of mouse knockout mutants
for every gene in the mouse genome
(Austin et al. 2004). The strategy was
to first generate null and conditional-
ready knockout mutants in embryonic
stem (ES) cells, using both gene-targeting
and gene-trapping methodology. Next,
mice would be generated from these
ES cells to characterize the effects of the
mutants at multiple levels of analysis,

including gene expression and behav-
ioral analyses. Another workshop, con-
vened in Bethesda, Maryland, by the
National Institutes of Health (NIH) in
2005, endorsed the proposals from the
Banbury conference. This meeting
launched a trans-NIH initiative called
the Knockout Mouse Project (KOMP)
As of May 2012, the KOMP now 
contains approximately 8500 targeted
null mutations in the C57BL/6 mouse
strain (http://www.nih.gov/science/
models/mouse/knockout/). Several
other similar domestic and international
efforts also are being coordinated with
the KOMP. These include the European
Conditional Mouse Mutagenesis Program
(EuCOMM) and the North American
Conditional Mouse Mutagenesis
Program (NorCOMM). Approximately
9000 knockout targeted alleles are avail-
able from these consortia. All three of
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Table 2  Community-Wide Resources for Genetically Engineered Mouse Models  

resource Description Website

Knockout Mouse Project (KoMP)

International Knockout Mouse
Consortium (IKMC)

Knockout Mouse Project 
Phase 2 (KoMP2)1

International Gene Trap
Consortium (IGTC)

Cre-driver network

Gene Expression Nervous System
Atlas (GENSAT)

NIH initiative with the aim of generating mouse knock-
outs in ES cells for every gene

Consortium that coordinates international effort to pro-
duce mouse null mutants in ES cells for every gene

Project aimed at producing knockout mice from ES
cells and conducting broad-based phenotyping on
them; knockout mice can be obtained at a central
repository by individual investigators for use in their
own laboratories

Consortium that coordinates the international effort to
use gene-trap technology for generating knockout
mouse lines

NIH initiative to produce Cre-driver mouse lines for
conditional mouse knockout studies

Project aimed at cataloguing gene expression patterns
in the mouse central nervous system as well as provid-
ing a collection of Cre mouse lines.

www.nih.gov/science/models/mouse/knockout/  

www.knockoutmouse.org

www.komp.org  

www.genetrap.org

www.credrivermice.org

www.gensat.org

1 2The KoMP phase 2 (KoMP ) has just been initiated and resources generated by this project will be available in the near future.   
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these community efforts are coordi- oratories, which also would allow the this study all were conventional knock-
nated under the International Knockout alcohol research community to benefit outs, and the caveats discussed above
Mouse Consortium (IKMC) (http:// greatly from this resource. For example, apply. Thus, although the approach is
www.knockoutmouse.org/). an alcohol researcher interested in gene impressive for its large-scale effort in

X could obtain broad-based phenotyping systematic phenotyping, it is difficult
Knockout Mouse Project Phase 2 data from the central repository for the to draw clear conclusions from it because
(KOMP2) knockout mouse generated for gene X, of potential developmental compensa-

which would provide basic information tion on the phenotypes displayed byAs the community-wide efforts to gen- on many baseline measures. The inves- any particular knockout in this study.erate an extensive collection of null tigator then could design experiments Community-wide efforts are under wayand conditional-ready mouse mutants in his or her own laboratory to test the to address some of these limitations.are nearing the completion of their knockout mouse for gene X on more For example, large-scale projects tofirst phase, they are gearing up to begin specific measures, such as alcohol intake, examine tissue- and cell-type– specificgenerating mice for phenotyping. For withdrawal severity, and alcohol-induced knockout animals are discussed below.example, the KOMP already has gen- motor stimulation. It is clear that this Nonetheless, the study by Tang anderated over 400 null mutant mouse resource will provide an efficient means colleagues (2010) is a seminal accountlines and, at the current production for alcohol researchers to discover novel demonstrating the utility of community-rates, is set to produce a total of over genes associated with alcohol dependence. wide efforts to understand gene function800. Storage of ES cells and production Tang and colleagues (2010) recently using large-scale mouse knockout tech-of mice are coordinated at a central published the results of such a system- nology and systematic phenotyping. repository, which is essential for ensuring atic phenotyping approach using a
that investigators rapidly can obtain large-scale mouse knockout library to International Gene Trap Consortium:animals and reagents for their research elucidate gene function. In a tour de An Alternative Approach (http://www.komp.org/). The logistics force, the researchers generated a mouse
of the phenotyping phase of the KOMP knockout library of 472 proteins that As mentioned above, the community-
(i.e., the KOMP phase 2 [KOMP2]) are either secreted by the cells or span wide effort to generate knockout ES
were formalized at a workshop con- the cell membrane (i.e., transmembrane cells for every gene in the mouse includes
vened by the NIH in October 2009. proteins). The investigators reasoned both the more common gene-targeting
The main recommendation was to that the genes encoding these proteins approach and gene-trapping technol-
initiate a coordinated high-throughput would be ideal knockout candidates, ogy. The International Gene Trap
phenotyping effort for knockout mice because the proteins are easily accessible Consortium (IGTC) (www.genetrap.
generated by the KOMP, EuCOMM, therapeutic targets and understanding org) uses gene-trap technology for
and NorCOMM. The first phase of their function would be beneficial for high-throughput mutagenesis to pro-
phenotyping was proposed to be broad drug development. The researchers duce null mutants in mouse ES cells
based and conducted by a centralized performed systematic, broad-based (Nord et al. 2006). It uses small DNA
phenotyping center. In addition, the phenotyping that encompassed several pieces (i.e., vectors) that simultaneously
gene list from the IKMC would be pri- therapeutic areas, including embryonic disrupt the target gene at the point of
oritized with the aim of discovering development, metabolism, the immune insertion and report the level of expres-
new phenotypes rather than confirming system, the nervous system, and the sion of the disrupted gene. Thus, gene
already-known knockout phenotypes. cardiovascular system. Almost 90 percent trapping can produce gene variants
It was envisioned that the broad-based of the knockout mutants (i.e., 419 (i.e., alleles) that entirely lose their
phenotyping program would draw on mutants) showed an observable pheno- function as well as a variety of other
examples from other phenotyping efforts type across various organ systems studied. experimental alleles if newer gene-trap
across Europe, such as the EmpressSlim Specifically, approximately 30 percent vectors are used that allow for modifi-
model at MRC Harwell. This primary (i.e., 150 mutants) exhibited an observ- cation of expression after the insertion.
screen would include such phenotypes able phenotype in just one organ sys- The IGTC oversees a repository of all
as measures of body weight, locomo- tem, whereas approximately 60 percent publicly available gene-trap cell lines,
tion, pain sensitivity (i.e., nociception), exhibited a phenotype in two or more which are freely available to investigators.
and various immunological measures. systems. This latter finding highlights Initially, there was some skepticism
Of particular interest to the alcohol the importance of pleiotropy—that is, regarding the percentage of gene traps
research community, neurobehavioral the fact that a single gene can have that could produce true null mutants
measures also would be included in this more than one function so that a single and the fraction of the genome that
stage. The broad-based phenotyping mutation can give rise to multiple phe- ultimately can be covered by gene-trap
then would be followed by more spe- notypes. However, it is important to mutations. The first attempts using
cialized phenotyping by individual lab- note that the mutants generated in this approach estimated a mutational



coverage of approximately 60 percent Blueprint initiative (http://www.credriver Cre-expressing line. These Cre reporter
of the mouse genome (Skarnes et al. mice.org/index). This project was lines also are useful for mapping neu-
2004; Zambrowicz et al. 2003). More motivated by a major bottleneck in ronal circuitry, imaging, and tracking
recent attempts, however, have shown the process of establishing Cre/loxP cell populations in the intact organism.
more than 90 percent mutational cov- lines—that is, a lack of efficient animal However, although reporter lines are
erage of the mouse genome (Gragerov lines in which the Cre gene is under useful as a first approximation of the
et al. 2007). Thus, both gene-targeting the control of different promoters (i.e., pattern of Cre-mediated recombina-
and gene-trapping approaches are Cre-driver lines) resulting in differen- tion, not all “floxed” reporter genes
proving to be efficient high-through- tial patterns of spatial expression, par- and target genes yield the same result.
put means of generating a community- ticularly in the brain. Establishing For example, the pattern of Cre-mediated
wide resource of genetically engineered these lines is particularly challenging recombination sometimes is specific to
mice for studies of human disease. because of the marked differences in the floxed gene, and cautious interpre-

gene expression among various brain tation of reporter line results therefore
Cre-Driver Mouse Project regions (Sandberg et al. 2000), and is warranted. Nevertheless, the Allen

the Cre-driver network was spawned Institute for Brain Science is continuingAnother gene-targeting system that has by the research community’s need for a to produce and characterize novel Creprovided investigators with extraordinary resource of Cre-driver lines that can be reporter lines and making this datacontrol of experiments to determine used for spatial/temporal and/or inducible public through an online databasegene function in living organisms is knockout studies. To this end, the (http://transgenicmouse.alleninstitute.called the Cre/loxP system, which already NIH Blueprint for Neuroscience org). This resource undoubtedly willwas alluded to earlier in this article. It Research funded three centers in the enable investigators to determine theallows for inducible and conditional United States to generate genetically usefulness of various Cre-driver lines forgene targeting in the mouse by engi- modified C57BL/6 mice expressing cell-type–specific genetic manipulations.neering the bacterial gene that encodes Cre recombinase in the nervous system.
Cre recombinase into a mouse. Expression The resources generated from these The Gene Expression Nervousof the Cre recombinase then can be projects will be made freely available to System Atlas spatially restricted by fusing the gene the neuroscience community. To date,
with a cell- or tissue-specific promoter. more than 200 novel Cre-driver lines The Gene Expression Nervous System
Cre recombinase recognizes and cuts a have been constructed, and many Atlas (GENSAT) is another remarkable
short bacterial DNA segment called a investigators are expected to use this project that aims to catalogue gene-
loxP site. These sites can be genetically resource as more Cre-lines are produced. expression patterns of the developing
engineered into a separate mouse line Similar Cre-driver-line projects that and adult central nervous system in the
(referred to as a floxed line or “condi- are funded by private sources also are mouse (http://www.gensat.org/index.
tional ready” line), in which the loxP becoming available to the research html). This is accomplished by using a
sequences are placed strategically around community. For example, the Allen fluorescent reporter (such as GFP) to
a critical genomic region containing a Institute for Brain Science reported replace the coding region of a gene of
gene or gene segment of interest. When on a robust and high-throughput interest in a bacterial artificial chromo-
animals from the Cre-line are crossed Cre-reporting and characterization some (BAC) that also carries the regu-
with animals from the floxed line, the system for the whole mouse brain latory regions (e.g., promoter) required
gene or gene segment of interest is (Madisen et al. 2010). for the gene’s expression in the brain.
excised in a specific cell type or tissue, One of the challenges inherent in These BAC constructs are injected into
depending on the promoter used to using the Cre/loxP system for condi- mouse eggs, and transgenic animals 
control the Cre gene, and researchers tional gene modification is to verify the are generated. Using fluorescence
can study the resulting effects. actual pattern of deletion of the gene microscopy, investigators then can

As mentioned earlier, this system has of interest. This problem partially can visualize where the reporter gene is
been used to elucidate the function of be resolved by genetically engineering expressed, which reflects the natural
a glutamate receptor subunit by using the mice so that they also express an expression of the gene of interest. To
a cell-type–specific promoter to drive easily measurable reporter gene (e.g., date, over 500 genes have been ana-
Cre recombinase expression in a b-galactosidase or a fluorescent probe lyzed using this approach. This atlas 
restricted brain area. In addition, the such as green fluorescent protein [GFP]) of brain gene expression has significant
Cre/loxP system has been used in several that is activated after Cre-mediated implications for understanding the
community-wide efforts to analyze gene excision of a transcriptional stop signal. great variety of neuronal cell types
function. One such key community- The expression of the reporter gene (Gong et al. 2003). In addition to being
wide project is the Cre-driver network then can be visualized in the brain as a community resource for cataloging
established by the NIH Neuroscience a measure of the deletion pattern of a cell-type–specific gene expression in
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the brain, GENSAT has targeted Cre
recombinase to specific neuronal pop-
ulations using the BAC approach
(Gong et al. 2007), thereby allowing
investigators to use the lines for genetic
manipulations, such as producing
inducible or conditional knockout mice. 

high-Throughput Novel
genomic Sequencing 

Although substantial progress has been
made in identifying some of the genes
associated with the risk for alcoholism,
much of the genetic variation that con-
tributes to alcoholism has yet to be
identified because of the heterogeneous
nature of the disease. However, the
advent of novel high-throughput
genomic-sequencing technologies that
have become available within the last
decade likely will accelerate this progress.
These new sequencing technologies are
termed “next-generation sequencing,”
to distinguish them from the conven-
tional sequencing technologies devel-
oped in the 1970s. The greatest
improvements in these new technolo-
gies are massive increases in speed and
an exponential drop in cost to sequence.
Thus, next-generation sequencing
machines can read up to 250 billion
DNA building blocks (i.e., bases) per
week, compared with approximately
25,000 per week using conventional
sequencing. In addition, the price 
per base for sequencing has dropped
approximately 100,000-fold over the
last decade, which makes next-generation
sequencing a realistic application for all
areas of biology, including sequencing
of large cohorts of humans and other
experimental organisms. This new
approach also has the power to rapidly
uncover variation in non–protein-cod-
ing regions of the genome (e.g., regula-
tory regions or microRNAs) and to
characterize all isoforms of a particular
gene by detecting alternatively spliced
variants.1 Another application of this
new technology will be the complete
depiction of the transcriptome and
epigenome, which will have important
implications for understanding how

the genome functions in normal and
pathophysiological conditions such 
as alcoholism. Creating comprehensive
whole-genome maps that contain
detailed information on genomic,
epigenomic, and transcriptomic varia-
tion associated with alcohol depen-
dence would greatly advance the alcohol
research field. 

With the advances in sequencing
technologies and the resulting acceleration
of data generation, the rate-limiting
step of fully realizing the potential of
this information now has become 
data analysis and bioinformatics, and 
it is quite clear that novel analytical
approaches must be developed for
meaningful data interpretation. An
obvious way to address this issue would
be to use a systems-based approach to
interpret genomic data, including novel
methods to analyze and detect gene–
gene interactions (i.e., epistasis). In
addition, because complete genomic
information (including noncoding reg-
ulatory regions) will be at hand, novel
methods to understand gene regulation
are essential. 

Finally, another important variable
in determining vulnerability to alcohol
dependence is the environment.
Environmental factors can contribute
as much as one-half of the total risk for
developing alcoholism. However, this
has not been studied systematically in
relationship to gene-by-environment
interactions, at least in part because of
an incomplete knowledge of the genome.
Next-generation sequencing, with its
massive output of genomic data, likely
will change this scenario by providing
a foundation on which the effects of
environmental perturbations can be
assessed on a grand scale. 

An exciting Future for Alcohol
genetics

The postgenomic era has seen the
development of global efforts to under-
stand the function of the genome. Over
the last 10 years, international research
consortia have been created to tackle
this enormous task, and this model is

proving to be efficient for high-
throughput science. In particular, con-
certed efforts to knock out every gene
in the mouse genome are succeeding
because of the use of focused resource
centers. The alcohol research commu-
nity is just beginning to use these
resources and stands to benefit greatly
from them. For example, with the
availability of knockout lines for every
gene, it will be possible to define the
genes responsible for specific actions of
alcohol. In addition, readily available
conventional and conditional knock-
out animals will advance quantitative
trait locus mapping studies. In particu-
lar, conditional knockout studies will
become more abundant in the alcohol
research community, allowing investi-
gators to avoid some of the major
interpretative difficulties associated
with the conventional knockout studies
that have dominated in the last 15 years.

Another exciting possibility is the
use of new animal genetic-engineering
techniques to reproduce specific genetic
changes seen in human alcoholics. For
example, as described above, detailed
genetic sequencing of both DNA and
RNA (i.e., the genome and transcrip-
tome) from many humans now is fea-
sible, owing to the rapidly decreasing
cost of next-generation DNA sequenc-
ing. This will lead to the discovery 
of changes in gene sequence or gene
expression that are candidates for dif-
ferences in the development of alcohol
dependence. These same genomic
changes then can be introduced into
mice or other animal models by knockin,
transgenic, or other approaches (see
figure). This approach already has shown
promise in the alcohol field. For example,
one of several variants (i.e., polymor-
phism) of the gene encoding the m-opioid
receptor is associated with enhanced
subjective responses to alcohol in
humans and differentially affects treat-
ment response to naltrexone (Ray and
Hutchinson 2007). To directly deter-

1 During gene expression, a “copy” of the gene, called the messen-
ger RNA (mRNA) first is generated, which then is modified (i.e.,
spliced) to eliminate all sequences that do not encode the final pro-
tein product. For many genes, however, more than one splicing pat-
tern exists, resulting in several variants, or isoforms, of the gene.



subjective responses to alcohol in
humans and differentially affects treat-
ment response to naltrexone (Ray and
Hutchinson 2007). To directly deter-
mine the functional consequences of
this polymorphism, a knockin mouse
was generated that harbors the human
allele. The results indicate that the
knockin mouse shows a greater brain
dopamine response after alcohol chal-
lenge, possibly providing a mechanism
by which the human variant of the 
µ-opioid receptor affects drinking
(Ramchandani et al. 2010). Additional
characterization of this “humanized”
mouse model surely will provide impor-
tant information about the functional
consequences of this polymorphism 
on alcohol behaviors. 

Besides generating mice with human-
specific polymorphisms in known genes
via the knockin approach, genetic
engineering could be used to manipu-
late the vast array of noncoding regions
of the genome that are copied into
mRNA (i.e., are transcribed) but do
not encode a specific protein. For
example, recently discovered large 
noncoding RNAs (lncRNAs) are
known to have a critical role in main-
taining the state of the DNA–protein
complex (i.e., chromatin) that makes
up the chromosomes. Chromatin
states influence gene expression on a
fundamental level (Khalil et al. 2009).
Although it has not been attempted
yet, genetically manipulating these
lncRNAs in an animal model could

uncover significant functional roles in
alcohol-related behaviors.

Finally, the human and mouse
genomes are estimated to contain
approximately 25,000 genes. However,
the number of alternative forms of
these known genes (i.e., alternatively
spliced variants) may be about 10
times this amount, creating substantial
genomic diversity with unknown func-
tion. Genetic manipulation of the
roughly 200,000 alternatively spliced
gene variants has not been explored
systematically. This area also holds
tremendous potential for discovering
novel relationships between genotype
and phenotype by generating geneti-
cally engineered animal models with
alternatively spliced gene variants. Given
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Figure Exploring the relationship between genotype and phenotype by using high-throughput sequencing and genetically engineered animal
models. Novel high-throughput “next-generation sequencing” technology can be used together with new genetic engineering technology
to understand gene function in alcoholism. Compared with traditional sequencing, “next-generation sequencing” allows researchers to
efficiently and cost-effectively obtain large amounts of genomic data (e.g., from large cohorts of humans with and without disease) to
detect all the genomic, epigenomic, and transcriptomic variation associated with the disease, creating comprehensive “disease maps.” 
In a next step, functional information can be attached to these disease maps that defines how the various components of the map (i.e.,
individual genes) act and interact, for example, using genetically engineered animal models. Genomic variations associated with human
diseases can be engineered into rodent models (or other experimental organisms) and detailed phenotypic analyses can be performed,
further refining disease maps with functional annotation.
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understanding the genetic basis of
alcoholism are on the horizon.  ■
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Researchers are using various strategies to identify the genes that may be associated
with alcoholism. The initial efforts primarily relied on candidate gene and linkage
studies; more recently, however, modern advances in genotyping have resulted in
widespread use of genome-wide association studies for alcohol dependence. The key
findings of the earlier studies were that variations (i.e., polymorphisms) in the DNA
sequences of the genes encoding alcohol dehydrogenase 1B (i.e., the ADH1B gene),
aldehyde dehydrogenase 2 (i.e., the ALDH2 gene), and other alcohol-metabolizing
enzymes mediate the risk for alcoholism; moreover, these polymorphisms also have
an impact on the risk of alcohol-related cancers, such as esophageal cancer. In
addition, a gene encoding one of the receptors for the neurotransmitter γ-aminobutyric
acid (GABA) known as GABRA2 seems to have a role in the development of alcohol
dependence. Genome-wide association studies now offer a host of emerging
opportunities, as well as challenges, for discovering the genetic etiology of alcohol
dependence and for unveiling new treatment strategies. KeY WorDS: Alcoholism;
alcohol dependence; alcohol-metabolizing genes; genetic factors; genetic
mapping; genome-wide association studies; candidate gene studies; genetic
variants; alcohol dehydrogenase (ADh), aldehyde dehydrogenase (ALDh); alcohol-
related cancers; esophageal cancer; γ-aminobutyric acid (gABA); DNA

over the last decade, three large-scale
projects have catalyzed a revolution
in genetic technologies and studies.

First, the Human Genome Project 
laid the foundation for modern genetic
studies of disease by determining the
basic sequence of the 3 billion building
blocks (i.e., base pairs) that make up
the human genome and by identifying
the approximately 25,000 genes included
in this sequence (www.ornl.gov/sci/
techresources/human_genome/home.
shtml). A key component of the
Human Genome Project was its collab-
orative nature, with participating
researchers sharing their data within 24
hours of generation. A draft sequence
of the human genome was released in
2000 with much fanfare, and the project
was completed in 2003 with the release
of the final sequence data. Second, the
International HapMap Project shortly fol-
lowed behind as a multicountry effort to
identify and catalog common genetic

similarities and differences across popu-
lations (http://hapmap.ncbi.nlm.nih.
gov/). This project built on the knowl-
edge that 99.5 percent of the DNA
sequence in humans is identical amongst
individuals, and that it is only the
remaining 0.5 percent that contribute
to the development of diseases and dif-
ferences in traits. The HapMap project
mapped these common differences in
the genome and, in 2007, published
the human haplotype map with over 
3 million identified human genetic
variants. Finally, since 2008, the 1000
Genomes Project seeks to discover and
more finely catalogue genetic variation,
particularly those variants that occur at
lower frequencies in different popula-
tions (www.1000genomes.org). In
addition, this project expands the study
of human populations around the world
to capture more genetic diversity. The
information developed from these
three projects has transformed the field

of genetics and led to genome-wide
association studies (GWASs), which
aim to identify regions of the genome
that are associated with diseases. 

GWASs analyze the presence of hun-
dreds of thousands, or even millions, 
of polymorphisms across a person’s
genome. The goal of GWASs is to identify
those variants that occur more frequently
in people with an illness (e.g., alcoholism)
than in those without the disease.
Standard GWASs testing now is available,
which can query over a million variants
that differ in only a single DNA building
block (i.e., single nucleotide polymor-
phisms [SNPs]), indexing variations in
the human genome and thereby providing
relatively easy access to an individual’s
genetic makeup (i.e., genotype). Because
the cost of genetic testing has decreased
with standardization and mass produc-
tion, GWASs are designed as large-scale
studies to examine genetic variation in
thousands to tens of thousands of people.



These types of studies already have Two key functional polymorphisms, developing alcohol dependence is the
uncovered thousands of genetic variants both of which are common in Asian same regardless of ethnicity.
that alter the risk of developing many populations, have been implicated in Likewise, a variant called rs671 in
complex diseases, including type 2 dia- the flushing response to alcohol and the ALDH2 gene results in an amino
betes, Crohn’s disease, and Parkinson’s consequently identified as protective acid change from glutamic acid to
disease (Hindorff et al. 2009). Recently, influences on alcohol consumption lysine at position 504 (Glu504Lys) in
GWASs also have been applied to the and dependence. In the ADH1B gene,1 the ALDH enzyme. The allele con-
study of alcohol dependence, resulting a polymorphism called rs1229984 taining this variant, called ALDH2*2,
in the discovery of additional genes (also referred to as Arg48His), which is associated with substantially reduced
that join the existing candidate gene differs from the normal, or wild-type, ALDH activity. As a result of this inac-
literature for alcohol dependence. This DNA sequence in a single nucleotide, tivation, acetaldehyde accumulates
review will place GWASs in the con- results in an amino acid change at after alcohol consumption and a flushing
text of the history of the genetic exam- position 48 in the b subunit of alcohol response occurs, which in turn leads to
ination of alcohol dependence. dehydrogenase from arginine to histi- a reduced likelihood of alcoholism. For

dine (Edenberg 2007). The gene vari- instance, Thomasson and colleagues
ant (i.e., allele) that encodes histidine (1991) found that only 12 percent of

role of Alcohol-metabolizing in place of arginine at amino acid 48 is Chinese men with alcoholism were
genes called ADH1B*2; the resulting enzyme ALDH2*2 carriers (i.e., had one or two

leads to accelerated oxidation of alcohol copies of the allele), compared with 48
Alcohol dependence was one of the to acetaldehyde and, consequently, percent of nonalcoholic men. Although
first disorders to be associated with a increased acetaldehyde accumulation this variant is common in Asian popu-
genetic contribution. In 1972, facial after alcohol consumption. It has been lations, it rarely occurs in populations
flushing and decreased tolerance after linked to reduced alcohol consump- of European and African ancestry. 
alcohol exposure was observed in sub- tion and a reduced risk of alcoholism. In addition to the widely replicated
jects of Asian ancestry (Wolff 1972)— For example, in a recent meta-analysis associations between the rs1229984
a response that is associated with of published studies, Li and colleagues and rs671 with alcoholism risk, certain
characteristic alterations in alcohol (2011) reported that the association variants in other genes encoding alcohol-
metabolism. Upon ingestion and between rs1229984 and alcoholism is metabolizing enzymes, such as ADH1C,
absorption into the blood stream, highly significant (P < 10-30) in Asian ADH4, and ADH5, also have been
alcohol first is converted to acetalde- populations. Although the rs1229984 linked to alcohol dependence in other
hyde in the liver in a process catalyzed variant is common in populations of populations. Alterations in the ADH1C
by the enzyme alcohol dehydrogenase Asian descent, it is found infrequently gene, which encodes the γ subunit of
(ADH). Acetaldehyde is a highly toxic (i.e., in less than 5 percent of individu- alcohol dehydrogenase, can change
cancer-inducing substance (i.e., car- als) in populations of European or alcohol metabolism by the encoded
cinogen) that normally is converted African descent. Bierut and colleagues protein and have been associated with
rapidly to acetate, a less toxic form. (2012) recently genotyped and deter- alcoholism, although these effects are
This reaction is mediated by the mito- mined the influence of this variant in not as pronounced as those noted with
chondrial enzyme aldehyde dehydroge- three large European and African ADH1B*2 (Edenberg 2007). For
nase (ALDH). In this metabolic chain American case–control studies. The instance, the ADH1C variants rs698
of events, two basic mechanisms can results indicated a strong protective and rs1693482 also alter the amino
result in the accumulation of acetalde- effect of rs1229984 for alcohol depen- acid sequence of the encoded protein
hyde in the body—faster metabolism dence (P = 6.6 x 10-10). The allele and occur with high frequency in
of alcohol to acetaldehyde, which is also was strongly associated with lower European American populations
related to increased ADH activity, alcohol consumption, defined as the (minor allele ≈ 47 percent). Likewise,
and/or slower metabolism of acetalde- maximum number of drinks consumed variants in ADH4 and ADH5 sporadi-
hyde to acetate, which is caused by in a 24-hour period (P = 3 x 10-13). cally have been linked to alcoholism.
decreased ALDH activity. The excessive Thus, although rs1229984 is rare For example, Macgregor and colleagues
production and accumulation of among European and African popula- (2009) reported associations between
acetaldehyde then results in the flushing tions, at an individual level the effect SNPs in these genes and alcohol
response, which may be accompanied of this ADH1B variant on amount of dependence symptoms as well as quan-
by lightheadedness, nausea, accelerated alcohol consumed and on the risk of tity, frequency, and maximum drinks,
heart rate, and headaches. Because of

1
whereas two other independent studies

the unpleasantness of this reaction, By convention, gene names in animals are written in uppercase

people experiencing flushing typically and lowercase and italicized. Gene names in humans are written
reported highly significant associations

in all caps and are italicized, whereas the acronyms for the encoded between ADH4 variants and alcohol
drink little or no alcohol. proteins are all caps but not italicized. dependence (Edenberg et al. 2006;
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Luo et al. 2006). The study by Mcgregor alcohol dependence and that the samples 4p13 region also contains a cluster of
and colleagues (2009) also is among collected to date, although they were genes encoding the α-subunit of the
the few studies of non-Asian popula- obtained from thousands of subjects, receptor for the inhibitory neurotrans-
tions that demonstrate an association are not yet sufficient in size to detect mitter γ-aminobutyric acid (GABA),
between ADH and ALDH2 polymor- variation in these regions. suggesting that polymorphisms in this
phisms and problem drinking. receptor also may be involved in the

In summary, genetic variations in development of alcohol dependence.
many of the genes encoding alcohol- genome-Wide Linkage Studies This cluster of GABA receptor genes 
metabolizing enzymes contribute to is of particular interest because of their

Genome-wide linkage studies, whichdifferences in alcohol intake and, thus, putative biological relevance to alco-examine whether large genetic regionsthe risk for development of alcohol hol-related behaviors, as discussed indistributed across the entire genomedependence. The frequency of these the following section. are cotransmitted along with a diseasegenetic variants differs dramatically within families, were the first geneticacross human populations of Asian, Alcohol Use Disorders and GABRA2 
African, and European ancestry. Some Several SNPs in a gene called GABRA2,of these genetic effects on alcohol which encodes the α2-subunit of themetabolism are strongly correlated GABA receptor, have been associatedwith differences in the risk of developing with alcohol dependence. The firstalcohol dependence, whereas others study to implicate GABRA2 in the eti-have a more modest effect. ology of alcoholism was conducted by

Edenberg and colleagues (2004), who
candidate gene Studies found an association between multiple

SNPs (in moderate to high correlation
Other early genetic studies of alcohol with each other) and alcohol depen-
dependence relied on candidate gene dence. These results initially were repli-
association studies and genome-wide cated by multiple independent efforts
linkage studies. Candidate gene studies (Drgon et al. 2006; Fehr et al. 2003;

studies to query the entire genomeleveraged the earliest identified genetic Lappalainen et al. 2005; Soyka et al.
with hundreds or thousands of geneticvariations in specific genes by examining 2008); however, other investigators
markers. These studies had two mainone gene, and often one variant, at a could not replicate the findings (e.g.,
characteristics: they were family based,time to determine whether the variant Lind et al. 2008). In contrast to the
and the marker coverage across thewas associated with alcoholism. These variants in the alcohol-metabolizing
genome was modest. Although theseexperiments identified hundreds of genes genes, the GABRA2 variants that are
linkage studies implicated multipleas potentially contributing to alcoholism. associated with alcohol dependence do
regions of the genome as being involvedFor example, in addition to the genes not change the amino acid sequence in
in the development of alcoholism, theencoding alcohol-metabolizing enzymes, the encoded protein but instead likelymost consistent findings have pointedgenes involved in brain signaling (i.e., alter the regulation of GABRA2 proteinto two regions on chromosome 4, withneurotransmitter) systems, such as the production.peaks at chromosome locations 4p13–dopaminergic, cholinergic, and sero- 2 Because the genetic variants do not4p12 and on 4q21–4q23. The 4q21–tonergic systems, have been nominated change the protein structure of the4q23 region covers the cluster of alcoholfor their association with alcohol GABA-α2 subunit, the associationsdehydrogenase genes that includes,dependence. In contrast to the alcohol- between these genetic variants andamong others, ADH1B, supporting themetabolizing genes, however, these alcoholism are less obvious than thosecandidate gene findings that alcohol-other candidate gene associations have for the alcohol-metabolizing genes.metabolizing genes are associated with

not yet been validated in the modern Recent laboratory research has focusedalcohol dependence. The chromosome
large-scale genetic studies. This lack of on the specific functional aspects of
convergence of candidate gene studies GABRA2 in the etiology of alcoholism.
and GWASs potentially reflects a large

2 When human chromosomes are prepared for microscopic exami-
nation, they take on an x-shaped form, with the shorter arm being GABRA2 encodes a subtype of one of

number of false-positive findings from labeled the p arm and the longer one the q arm. The chromo- five subunits that form the commonly
the previous candidate gene findings. somes also are stained and with a certain dye, revealing a charac- occurring GABAA ionotropic receptor.
Another potential explanation is that

teristic pattern of light and dark bands, which helps identify the
chromosomes and roughly localize certain chromosome regions. Binding of GABA to this receptor results,

extensive genetic heterogeneity exists, These bands are numbered; accordingly, region 4p13-12 is locat- among several outcomes, in sedation
meaning that multiple genes each mod- ed on the short arm of chromosome 4 between bands 12 and 13,

and region 4q21-23 is located on the long arm of chromosome 4 and relief of anxiety (i.e., anxiolysis).
estly contribute to the development of between bands 21 and 23. This anxiolytic effect is more closely
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related to the α2-subunits than to other ing GABA currents upon ethanol mal models, postmortem brain tissue,
subunits (e.g., Dixon et al. 2008). exposure (Hurley et al. 2009). and novel methodologies that examine
Most α2-containing GABA receptors gene expression in the context of neu-
also are key binding sites for benzodi- • Studies of mice that had been ronal connectivity in alcoholics and
azepines, whereas receptors containing genetically modified to produce or nonalcoholics are among a few methods
other subunits only show sensitivity not produce the GABA-α2 subunit that may serve to further elucidate the
to ethanol. The genetic variants in the (i.e., knock-in and knock-out mice) function of candidate variants identi-
GABRA2 gene do not result in func- demonstrated the important role fied in human gene-association studies.
tional changes in the receptor, and, of this subunit in anxiolysis (Boehm
in fact, little is known about how the et al. 2004; Dixon et al. 2008).
variants that are related to the develop- Additional studies with these animals gWASs
ment of alcohol dependence influence provided evidence for the involve-

α GWASs represent the most recentGABRA2 activity. Some investigators ment of the 2 subunits in the 
hypnotic effects of ethanol when paradigm change for gene discovery.(Haughey et al. 2008) demonstrated
administered together with the The allure of GWASs is that they allowthat a variant called rs279858 resulted
benzodiazepine diazepam (Tauber for interrogation of hundreds of thou-in changes in the levels of an interme-
et al. 2003). sands to over 1 million SNPs across thediary molecule formed during the con- human genome at relatively modestversion of the genetic information

• In analyses comparing alcohol-pre- cost. Thus, GWASs can potentially leadencoded in the gene into a protein ferring (P) and non-preferring (NP) to the identification of variants ofproduct (i.e., in mRNA levels). Kareken rats (McBride and Li 1998), Liu modest effect size that may not be rec-and colleagues (2010) found variations
3 and colleagues (2011) reported that ognized in candidate gene studies forin the brain’s response to preferred P rats show elevated levels of their biological significance in alco-alcoholic drink aromas in a study com- GABA-A subunits, including the holism. The principal disadvantage is

paring people who carried two copies α2 subunits, in a brain region called the fairly severe multiple-testing bur-
(i.e., were homozygotes) or only one the central nucleus of the amygdala. den (i.e., the need to account for the
copy (i.e., were heterozygotes) of the Intriguingly, when molecules that possibility that when 1 million tests 
“risk” allele for a variant called rs279871. specifically could inhibit the are conducted, some positive results
Finally, Villafuerte and colleagues GABRA2 gene (i.e., α2 silent RNA will be obtained due to chance alone)
(2012) reported that two GABRA2 [siRNA]) were introduced into the imposed by GWASs, which results in
variants called rs279826 and rs279858, central amygdala, even the P ani- the requirement for statistical signifi-
which previously had been implicated mals no longer demonstrated binge cance to be denoted by P values of 
in the etiology of alcoholism, not only drinking for a short period of time, 5 x 10–8 and lower. This represents a
correlated with impulsiveness but also and this effect correlated with a sig- very high significance level for valida-
with activity in a brain region called nificant reduction of α2 levels. This tion; consequently, many SNPs that
the insula cortex during monetary effect did not occur when siRNA truly are associated with alcoholism
reward and loss. Thus, in experiments for another receptor subunit (i.e., risk may not yet have been recognized
assessing responses during reward α1 siRNAs) was used or when α2 because they have not yet surpassed
anticipation and loss, study participants siRNA was introduced in other this threshold. 
from alcoholic families with the haplo- control regions of the brain. Four GWASs of alcohol dependence
type that is associated with increased and two of alcohol consumption now
alcoholism vulnerability showed signif- Thus, much research has examined have been completed in populations of
icantly higher activation in the left the role of the α-subunit of the GABA European ancestry. In the first of these,
insula than did participants with a receptor, and this protein clearly plays Treutlein and colleagues (2009) found
different haplotype. However, much a central role in alcohol-mediated anxi- several SNPs with P values in the range
more research is needed to understand olysis and other effects of alcohol use. of 10–6; upon pooling with a replication
the biology underlying these genetic Nevertheless, it remains important to sample, two of these SNPs, rs7590720
associations with GABRA2. more clearly connect genetic variations and rs1344694, showed statistical sig-

Animal models also have begun to found to be associated with alcoholism nificance in the combined male-only
address these functional aspects of risk in humans with basic biologic sample of 1,460 alcohol-dependent
GABRA2, as follows: function. Functional studies using ani- subject and 2,332 community control

subjects. These SNPs are located in a
• Work with frog eggs (i.e., Xenopus 3 The investigators assessed the blood-oxygen–level dependence region of the long arm of chromosome

oocytes) has demonstrated that the (BoLD) response, which represents a measure of blood flow
through and thus, indirectly, brain activity using a technique called 2 where prior linkage studies have

α2 subunits are involved in regulat- functional magnetic resonance imaging (fMRI). identified increased allele-sharing for



alcoholism. The gene closest to the sponding 5-fold decreased likelihood month period when the participants
association signal, PECR (which encodes of developing alcohol problems consistent indicated that they drank the heaviest.
the enzyme peroxisomal trans-2-enoyl- with alcohol dependence. Because this The results implicated variants in the
CoA reductase) is involved in the variant is rare in subjects of European TMEM108 gene, which encodes a
metabolism of fatty acids, particularly and African descent, this strong finding transmembrane protein of unknown
during deprivation when energy is not seen, nor expected, in non-Asian function (P = 1.2 x 10–7). These two
expenditure transitions from carbohy- populations. initial studies of alcohol consumption
drates to fatty acids. In addition, the In addition to studying alcohol implicate different genomic regions,
investigators noted that a SNP called dependence, a strategy to increase the and their findings have not converged.
rs1614972 in the ADH1C gene was power of GWASs has been to examine With larger sample sizes, it will
strongly associated with alcohol depen- alcohol consumption as a quantitative become clearer whether these results
dence (P = 1.4 x 10–4) even though variable. A recent meta-analysis of alcohol represent true findings. 
it did not meet strict standards for consumption by Schumann and 
genome-wide multiple testing. Two colleagues (2011) used results from 
subsequent studies have identified a an initial sample of 26,316 population- genetic Studies of Alcoholism
SNP in PKNOX2 (rs10893366, P =

–7 in the context of other Diseases
1.9 x 10 ) and a cluster of SNPs on
chromosome 11 (P < 10–5) that also Alcohol is consumed by an overwhelm-
are associated with alcohol dependence ing majority of the U.S. population,
but did not meet the level of statistical and 55 percent of the world’s popula-
significance (Bierut et al. 2010; Edenberg tion has consumed alcohol (World
et al. 2010). A fourth GWASs of quan- Health Organization [WHO] 2011).
titative indices of excessive alcohol con- Per capita consumption varies greatly
sumption recently was completed in a by country. For example, the most
large cohort of Australian families, in recent figures from the WHO (2011)
which no genetic variant met the stan- indicate that among people ages 15
dards for genome-wide significance and older, per capita annual alcohol
(Heath et al. 2011). Across the four consumption was 11 liters in Russia
studies, there was no evidence for repli- and 8.5 liters in the United States,
cation of any genetic signals, raising with much lower consumption levels
the possibility that the identified signals based subjects and a follow-up sample reported in parts of Asia and northern
were false positives or that true signals of 21,185 European American subjects Africa. Although modest alcohol con-
could not be detected as a result of the to identify a SNP called rs6943555 in sumption is associated with health
(by GWASs standards) relatively small sam- the autism susceptibility candidate 2 (e.g., cardiovascular) benefits, accord-
ple sizes (i.e., several thousand subjects). (AUTS2) gene that was associated with ing to the WHO, 2.5 million people

Although GWASs of subjects of alcohol consumption (in grams/day/ die each year from the harmful effects
European descent have struggled to kilogram of body weight) at P < 5 x of alcohol (http://www.who.int/sub-
identify and replicate SNPs associated 10–9. Specifically, people who carried stance_abuse/facts/en/). In the United
with alcohol dependence, a recent the minor allele of rs6943555 showed States, nearly 80,000 people die annu-
GWASs of a sample of 1,721 Korean 5.5 percent lower alcohol consumption ally from the short- and long-term
men reported associations with P values than people who carried the major consequences of alcohol use (Mokdad
of 10–58 and lower for SNPs in moderate allele; however, secondary analyses did et al. 2004). Excessive alcohol con-
to high linkage disequilibrium4 with not reveal any association with alcohol sumption can lead to alcohol depen-
SNPs in the ALDH2 gene, including dependence. Follow-up studies showed dence, which affects 12.5 percent of
rs671 (Baik et al. 2011). In this study, changes in mRNA expression that cor- people in the United States across their
carriers of the protective allele of the related with the rs6943555 genotype; lifetime (Hasin et al. 2007). Thus, the
SNP rs11066280 in the gene C12orf51, moreover, the gene itself was expressed health effects of alcohol consumption
which frequently occurs together with differently in low-alcohol– versus high- remain a public health priority that
rs671 in ALDH2 (the SNP that inacti- alcohol–preferring rats. Likewise, needs to be studied from all angles,
vates ALDH2), had a 13-fold increased Heath and colleagues (2011) examined including improving prevention and
risk for alcohol flushing and a corre- a quantitative factor score created from treatment, while also examining basic

items assessing quantity and frequency biological underpinnings.
of consumption, frequency of intoxica- Alcohol consumption increases the
tion, and maximum drinks in a single likelihood of several other disorders.
24-hour period, all reported for the 12- For example, population-based studies
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The health effects of
alcohol consumption

remain a public health
priority that needs to be
studied from all angles,

including improving 
prevention and treatment,

while also examining
basic biological 
underpinnings.

4 The term linkage disequilibrium means that some combinations of
alleles or genetic markers in a population occur more often or less
often than would be expected from a random formation of haplo-
types based on the alleles’ frequencies.
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have demonstrated that esophageal percent of European populations. mechanisms is to gain new insights
cancer is linked to alcohol consumption Nevertheless, it is by far the strongest into potential treatment approaches. 
as a result of the tissue’s exposure to genetic variant that alters the risk for To some extent, clinicians already
ethanol and its metabolite acetaldehyde. the development of UADT cancer, are exploiting the understanding of
Consequently, functional variants in even after accounting for alcohol con- genetic variation in the development of
ADH1B and ALDH2 that affect alcohol sumption. Variants in other alcohol- alcoholism in their treatment strategies.
clearance and acetaldehyde accumulation metabolizing genes also have been For example, the variation in enzy-
also play a role in the development of implicated in the development of matic pathways of alcohol metabolism
esophageal cancer. The effects of these esophageal cancer. found in the population is mimicked
variants on cancer are strongly moderated in the pharmacologic treatment ofIn several of these studies, the effects
by accompanying alcohol exposure. alcohol dependence using the medica-of ADH1B and ALDH2 variants pre-
For example, people who carry the tion disulfiram, which inhibits ALDHdominantly were noted in those who
ADH1B*2 allele that results in more and is a pharmacologic treatment simi-drink alcohol. For instance, even in
rapid ethanol conversion to acetaldehyde, lar to the natural variation related topeople with two copies of the ALDH2*2
experience flushing and, hence, have rs671 and decreased ALDH activity allele, which is highly protective for
reduced likelihood of alcohol intake, in Asians. If alcohol is consumed afteralcohol intake, the few drinkers are at a
protecting them from esophageal taking disulfiram, acetaldehyde levelsprofoundly elevated risk for esophagealcancer. Conversely, people who carry increase, causing flushing, nausea,

cancer (Yang et al. 2010). It might bethe ADH1B*1 variant, which results vomiting, and headache in the patient,
hypothesized that this finding reflects in slower alcohol metabolism, are at which produces an aversive response to
a genotype–environment correlationincreased risk for esophageal cancer, continued alcohol use. 
where ALDH2 and ADH1B variantsarguably because of extended tissue influence the likelihood of continuedexposure to ethanol. Likewise, having alcohol (and acetaldehyde) exposure,the ALDH2*2 allele, which inactivates Future Directions 
which, in turn, serves as the environ-aldehyde dehydrogenase, has protective mental risk factor for the developmenteffects on both alcohol intake and Researchers long have known thatof esophageal cancer, either as a resultesophageal cancer. However, people alcohol dependence clusters in families.of prolonged ethanol exposure or ofwho carry only one copy of ALDH2*2 During the past 50 years, adoption andthe carcinogenic effects of acetaldehyde.often continue to drink, which leads to twin studies definitively have demon-An alternative explanation is that of aacetaldehyde accumulation and conse- strated that this clustering is related 

quently increases the risk for esophageal genotype x environment interaction—
cancer (Brooks et al. 2009). that is, people who carry the ALDH2

Because both protective gene variants and ADH1B genotypes that protect
are more common in Asian populations, against alcohol intake might be exquisitely
several studies have demonstrated the sensitive to the joint effects of geno-
influence of ADH1B*2 and ALDH2*2 type and alcohol consumption on their
on esophageal cancer in these popula- vulnerability to esophageal cancer.
tions (Ding et al. 2010; Hashibe et al.
2008). A meta-analysis of published
studies on Asian populations (Yang et genes to Function to Treatment 
al. 2010) further confirmed that the to genetic influences. Twin studiesGenetic association studies only are apotentially large effect of these gene have estimated that 30 to 60 percent of

first step in understanding the biologyvariants on esophageal cancer was exac- the variance in alcohol dependence is
erbated by alcohol exposure. underlying alcohol dependence. An attributable to the effects of genetic

A recent GWASs of cancers of the association represents a correlation with variants segregating in families (Dick
upper aerodigestive tract (UADT) (i.e., a tested variant (and all the untested and Bierut 2006). Researchers now are
cancers of the oral cavity, pharynx, lar- correlated variants). These groups of entering a new phase in genetic studies
ynx, and esophagus) identified SNP associated SNPs often span many genes where they are beginning to unlock the
rs1229984 in ADH1B as a risk variant on a chromosome, and once a genetic genetic code that leads to disease.
for esophageal cancer in samples with association is confirmed the task is to Although the GWASs approach has
European ancestry (McKay et al. 2011). investigate how these variants and the been successful for many illnesses,
This variant is present in as many as genes they are located in contribute to much of the genetic variation underly-
70 to 80 percent of people in Asian the biological mechanisms underlying ing the development of alcohol depen-
populations (Han et al. 2007; Kosoy disease development. The ultimate dence remains undiscovered. Thus,
et al. 2009) but is found in less than 5 goal of understanding these biological although the heritability of alcohol

“Ebrii gignunt ebrios”
(One drunkard begets

another)

—attributed by 
Richard Burton to Plutarch



dependence approaches 50 percent, level with the identification of addi- SNPs in determining the diagnosis,
the explained genetic variance to date tional genes that contribute to alco- prognosis, and treatment of addiction.
is less than 1 percent, which raises the holism. Several challenges remain, Dr. Bierut served as a consultant for
question “Where is the missing genetic however, as this field moves forward. Pfizer in 2008. No other potential
variance?” Three main explanations First, investigators must increase the conflicts of interest relevant to this 
have been given for the missing variance diversity of the populations under study. article were reported.
in the genetic risk for alcohol depen- Varying allele frequencies across popu-
dence: (1) many genes of small effect lations mean that important genetic
may be involved that do not yet surpass contributors in one population may references
the stringent threshold for genome- not be seen in another, with the classic
wide significance; (2) rare variations— example being the variation in the BAIK, I.; CHo, N.H.; KIM, S.H.; ET AL. Genome-wide associa-

that is, SNPs that only occur in less tion studies identify genetic loci related to alcohol con-
alcohol-metabolizing genes that con- sumption in Korean men. American Journal of Clinical

than 1 percent of the population— tributes to alcohol dependence. Nutrition 93(4):809–816, 2011. PMID: 21270382
exist that are not included on standard Increasing diversity in the populations B , L.J.; A , A.; B , K.K.; . A genome-chips and hence not captured by GWASs IERuT GRAWAL uCHoLz ET AL

under study will allow researchers to wide association study of alcohol dependence.
genotyping; and (3) other mechanisms, leverage these differences to refine asso- Proceedings of the National Academy of Sciences of the
including the interplay of genes and ciation signals and also to increase the United States of America 107(11):5082–5087, 2010.

environments, may contribute that are potential discovery of genetic variants. PMID: 20202923

not detected in current analyses. A second challenge is to integrate the BIERuT, L.J.; GoATE, A.M.; BRESLAu, N.; ET AL. ADH1B is asso-

A key component for the future suc- findings from candidate gene studies ciated with alcohol dependence and alcohol consump-

cess of genetic studies is the creation of and GWASs. The results from these tion in populations of European and African ancestry.

large-scale genetic research consortia Molecular Psychiatry, 17:455–450, 2012. PMID: 21968928
two methods only have converged

that permit the study of large numbers modestly, primarily with the alcohol- BoEHM, S.L. 2ND; PoNoMAREV, I.; JENNINGS, A.W.; ET AL.

of comprehensively assessed subjects. gamma-Aminobutyric acid A receptor subunit mutantmetabolizing genes, and the discrepan-
Collaboration is necessary for these mice: New perspectives on alcohol actions. Biochemical

cies should be resolved so that the high Pharmacology 68(8):1581–1602, 2004. PMID: 15451402
new genetic studies, and resources are false-negative rate of GWASs can be
shared with the scientific community B , P.J.; E , M.A.; G , D.; . The alcohol

balanced with the high false-positive
RooKS NoCH oLDMAN ET AL

flushing response: An unrecognized risk factor forthrough the Database of Genotypes results in candidate gene studies. Finally, esophageal cancer from alcohol consumption. PLoS
and Phenotypes (dbGaP), which allows the environment will always play an Medicine 6(3):e50, 2009. PMID: 19320537
investigators to test new hypotheses important role in the development of D , D.M., B , L.J. The genetics of alcohol
about the genetic contributions to

ICK AND IERuT

alcoholism by providing the exposure dependence. Current Psychiatry Reports 8(2):151–157,
alcohol dependence (www.ncbi.nlm. to and availability of alcohol. Therefore, 2006. PMID: 16539893

nih.gov/sites/entrez?db=gap). This it will be essential to integrate genetic D , J.H.; L , S.P.; C , H.X.; . Alcohol dehydroge-
collaborative research is necessary
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predispositions with environmental nase-2 and aldehyde dehydrogenase-2 genotypes, 
because of the large sample sizes— exposures in order to better prevent and alcohol drinking and the risk for esophageal cancer in a

tens of thousands or more—needed to treat alcohol dependence, one of the Chinese population. Journal of Human Genetics
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genetics Primer

genetics is the study of genes—
the heritable information that
contains the codes for proteins

and other molecules which form 
and maintain an organism’s structure
and function. In most organisms,
these genes are found in strands of
deoxyribonucleic acid (DNA)
molecules. The specific structure 
of the DNA (described below)
ensures that the genetic information
can be passed from one generation 
to the next, while allowing for some
reorganization that results in new
variations and, ultimately, evolution. 

Although nearly all cells in an
organism have the same set of DNA
(i.e., genome), the genomes vary
among organisms, ensuring that (with
few exceptions) each individual is
unique. The degree of this variation
is a measure of how closely related
two organisms are. Thus, the differ-
ences among the genomes will be
smaller among members of a family
than among two completely unrelated
persons, and those between related
species (e.g., humans and chimpanzees)
will be smaller than those between
more diverse species (e.g., humans
and flies). 

Higher organisms are made up of
various tissues and organs composed
of cells with a range of functions,
such as nerve, blood, or muscle cells.
Yet all these cells contain the same
genome. To achieve the necessary
variation in cell structure and function,
some DNA portions are “active,” or
expressed, in certain cells and at par-
ticular developmental stages, leading
to the production of different end
products. In addition, the environ-
ment, to some extent, can influence
gene expression, resulting in changes
in how the organism functions in,
and adapts to, its environment. 

What Is DNA?
DNA is a large complex molecule
constructed from building blocks
called nucleotides, each of which con-
sists of a sugar molecule (deoxyribose)
attached to an organic base. There are
four organic bases and, accordingly,
four different nucleotides called
adenosine, cytosine, guanosine, and
thymidine, generally referred to by
their initials A, C, G, and T. In the
cell, the nucleotides are arranged as
long strings, with two strings interact-
ing at the organic bases to form a dou-
ble helix. Moreover, because of the
chemical structures of these bases,
their interactions are highly specific, so
that T nucleotides in one strand only
can interact with A nucleotides on the
other strand and C nucleotides only
can interact with G nucleotides. As a
result, the two strands are said to be
complementary. This feature is the
basis for the ability of the DNA to be
duplicated faithfully (at least for the
most part) when cells divide so that 
all cells in an organism carry the same
DNA sequence, which also can be
passed on to the next generation.
However, some variations or errors
(i.e., mutations) can occur during this
duplication, which lead to the varia-
tions that ensure the diversity of indi-
viduals within one species and also
across species.

How Is Genetic Information
Converted Into Proteins?
The genetic information is encoded
in the order of the nucleotides. A gene
is a particular set of these nucleotides
that serves as the blueprint for a specific
protein. But how does the cell read
this building instruction? When a
protein is needed in the cell, the DNA
double helix at the corresponding
gene briefly splits into single strands.

This allows certain proteins that
mediate specific chemical reactions
(i.e., enzymes) to copy the appropri-
ate DNA strand by bringing in new
nucleotides complementary to those
in the strand (see figure). This pro-
cess is called transcription. However,
these new nucleotides contain a dif-
ferent sugar (i.e., ribose) and instead
of the T nucleotides use a fifth
nucleotide called uracil (U). The
resulting new strand, which is made
up of ribose-containing A, C, G, and
U nucleotides, is called a ribonucleic
acid (RNA). The RNA is released
from the DNA (which then “zips”
back up with its complementary
strand) and is processed further into
a messenger RNA (mRNA) that
moves as a single strand out of the
nucleus into the cytoplasm. There,
other enzymes can bind to the mRNA
and bring protein building blocks
(i.e., amino acids) together to form
chains. This process is known as
translation (see figure). The order in
which the amino acids are assembled
is determined by the sequence of
nucleotides in the mRNA, with blocks
of three mRNA nucleotides repre-
senting one amino acid. The sequential
steps of transcription and translation—
from DNA through the intermediate
mRNA to protein—are the process
by which genes are expressed. 

Variations Among Genes
Variations among genes, known as
polymorphisms, lead to the produc-
tion of different gene products (i.e.,
proteins) and underlie the unique
characteristics of each individual. In
general, any given gene is quite similar
to the same gene in another organism—
in other words, the nucleotide
sequence is conserved. For example,
the genes that code for the alcohol-
metabolizing enzyme alcohol dehy-



Assessing the Genetic Risk for Alcohol Use Disorders 271

The conversion of genetic information into protein.

Figure Steps 1–3a show the way in which the information on a DNA strand is transcribed into mRNA and then translated into proteins.

SOURCE: Hiller-Sturmhöfel, S.; Bowers, B.J.; and Wehner, J.M. Genetic engineering in animal models. Alcohol Health & Research World 19(3):206–213, 1995.

drogenase are of the same size and For example, do some people pro- These probes typically are short DNA
base sequence in most individuals. duce a form of alcohol dehydroge- or RNA sequences complementary to a
However, small differences in the base nase that is more (or less) efficient distinctive portion of the gene of inter-
sequence, affecting as little as one than other people? And does this est. This probe then is marked with, for
nucleotide, can result in a different influence their risk of developing example, a fluorescent tag so that it can
protein. In some cases, these modifi- alcoholism? be detected if it interacts with the corre-
cations still allow the gene to produce To better understand how genes sponding complementary DNA
a functional protein but with slight relate to diseases and other characteris- sequence in a sample. 
variations that may affect its function. tics, the National Institutes of Health This idea of using probes to identify
Other changes in the nucleotide created the Human Genome Project, differences in DNA sequences can 
sequence, however, may result in a which set out to map the human be expanded into broad-scale studies
nonfunctional or incomplete protein. genome by sequencing the entire DNA analyzing numerous gene variants
The ability to conserve the sequences sequence found in human cells. across a number of organisms. These
coding for important enzymes clearly (Similar mapping efforts also have been genome-wide association studies
is important to cells and organisms. conducted for many other organisms.) (GWAS) allow researchers to identify

One important aspect of current This project determined not only that large numbers of variants and to
genetics research is the identification the DNA sequence is highly conserved relate them to different outcomes—
of groups within populations that among humans (about 99.5 percent is for example, those associated with
carry polymorphisms in various the same in all humans) but also that different diseases, such as alcoholism. 
genes, resulting in gene variants numerous combinations of genetic vari- Identifying candidate genes of par-
called alleles. Identifying these ants exist that are transmitted together ticular significance, either through
polymorphisms can help scientists and which are known as haplotypes. individual probes or large-scale
to better understand how the functions To identify such variations in popu- methods such as GWAS, then allows
of these genes and their encoded lations with large numbers of samples, more detailed study of the particular
proteins differ and how they relate to researchers are using genetic probes for characteristics and expressions of
certain diseases or other characteristics. specific genes with known sequences. those genes and their role in disease.
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The past two decades have witnessed a revolution in the field of genetics which has
led to a rapid evolution in the tools and techniques available for mapping genes that
contribute to genetically complex disorders such as alcohol dependence. Research in
humans and in animal models of human disease has provided important new
information. Among the most commonly applied approaches used in human studies
are family studies, case–control studies, and genome-wide association studies. Animal
models have been aimed at identifying genetic regions or individual genes involved in
different aspects of alcoholism, using such approaches as quantitative trait locus
analysis, genome sequencing, knockout animals, and other sophisticated molecular
genetic techniques. All of these approaches have led to the identification of several
genes that seem to influence the risk for alcohol dependence, which are being further
analyzed. Newer studies, however, also are attempting to look at the genetic basis of
alcoholism at the level of the entire genome, moving beyond the study of individual
genes toward analyses of gene interactions and gene networks in the development of
this devastating disease. KeY WorDS: Alcohol dependence; alcoholism; genetics;
genetic basis of alcoholism; genetic mapping; gene interactions; genetic
technology; gene knockout technology; human studies; animal models

A ccording to the World Health
Organization (http://www.who.
int/substance_abuse/facts/alcohol/

en/index.html), each year alcohol
causes 2.5 million (3.8 percent of total)
deaths and 69.4 million (4.5 percent 
of total) disability-adjusted life-years
(DALYs) lost to disease worldwide.
Alcohol dependence (alcoholism) also
is a major health problem in the United
States, affecting 4 to 5 percent of the
population at any given time (Grant et
al. 2004); its lifetime prevalence is 12.5
percent (Hasin et al. 2007). Initially, 
it was unclear whether environmental
factors, genetic factors, or both con-
tributed to the risk for alcohol depen-
dence. Early studies clearly demonstrated
that genes have a role in the risk for
alcohol dependence; however, it also 
is clear that a substantial portion of the
risk for alcoholism is not genetically
determined and may result from other
factors, such as the environment in

which a person is raised or peer influ-
ences. In addition, gene–environment
interactions exist that modify alcoholism
risk (for more information, see the
accompanying article by Dick and
Kendler, pp. 318–324). 

Ever since it has become clear that
genetic factors influence the risk for
alcoholism, researchers have sought to
identify the genes involved. However,
the complex nature of alcohol depen-
dence and related disorders has slowed
progress in identifying these genes.
Thus, existing data suggest that each
individual genetic element has only a
small influence and that it will be nec-
essary to identify the relevant gene 
networks to gain a greater understanding
of the contribution of genetics to 
alcohol abuse and dependence (for more
information on genetic and molecular
networks of risk, see the article by
Wolen and Miles, pp. 306–317). 

Historically, two major approaches
have been used to determine the mag-
nitude of the overall genetic contribu-
tion to alcohol dependence in specific
populations. The first approach was to
compare the similarity (i.e., concor-
dance) for alcohol dependence among
identical (i.e., monozygotic) and frater-
nal (i.e., dizygotic) twins—that is, these
studies assessed whether if one twin
had alcohol dependence the other twin
did so as well. If the risk for alcoholism,
at least in part, results from genetic 
factors, one would expect monozygotic
twins, who have identical genomes, 
to have a higher concordance rate for
alcohol dependence than dizygotic
twins, who on average only share one-
half of their genomes. Studies indeed
have shown higher concordance rates
among monozygotic twins, confirming
the presence of a genetic component 
in the risk for alcoholism. The second
approach involved family studies to



estimate the overall similarity among 1A) and analyzed DNA samples from among the nonalcoholic control sub-
family members sharing differing pro- both alcoholic and nonalcoholic family jects. Case–control studies often have
portions of their genome (e.g., com- members at approximately 400 different been performed on small numbers of
paring sons with fathers or grandfa- positions within the human genome alcoholics and control subjects, limiting
thers). Together, these family and twin for sequence differences. The data then their statistical power. Moreover, many
studies provided convergent evidence were examined to determine whether results from these studies could not be
that genetic factors account for 50 to alcohol-dependent individuals within replicated, although this inability may
60 percent of the total variance in the families shared common gene variants be caused by population differences in
risk for alcohol dependence (Heath et (i.e., alleles). Finally, the investigators genetic risk. The most robust result 
al. 1997; McGue 1999). reviewed the data across all families in to emerge from these studies was the

On the basis of these findings, the a study to determine whether individuals demonstration that the genes involved
next step was to identify specific genes with alcoholism seemed to have inher- in alcohol metabolism—that is, genes
that could influence the risk for alco- ited particular parts of the genome. encoding the alcohol dehydrogenase
holism. Over the past three decades, Those portions of the genome that and aldehyde dehydrogenase enzymes—
new developments have made it possi- seem to be shared are called quantitative play important roles in the risk for
ble to search for specific genes that trait loci (QTLs) and are hypothesized alcoholism (for more information, see
influence the risk for alcohol depen- to include genes that contribute to the the article by Hurley and Edenberg,
dence, both in human populations and risk for alcoholism. The QTLs can be pp. 339–344). In addition, such analyses
in animal models. This article summa- quite large, often covering 10 or 20 have implicated several gene pathways
rizes some of these approaches used in million base pairs that may include that encode brain-signaling molecules
human populations and in studies of hundreds or even thousands of genes, (i.e., neurotransmitters) and the
animal models. It also describes newer of which the right one or ones (because molecules that mediate the actions 
approaches aimed at analyzing the more than one in the region could of opioids (i.e., opioid receptors) (for
genetic basis of alcoholism at the level contribute) would need to be identi- more information, see the article by
of the entire genome, thus moving fied. Although this approach was quite Borghese and Harris, pp. 345–354), 
beyond analyses of the roles of individ- challenging, investigators were able to as well as genes in the neuroendocrine
ual genes in the development of this locate several genome regions that are and neuroimmune system (see the article
devastating disease. thought to include genes that contribute by Crews, pp. 355–361) and genes 

to the risk for alcohol dependence. regulating circadian rhythms (see the
However, conclusively identifying the article by Sarkar, pp. 362–366).

Identifying genes contributing relevant gene(s) from the many within With the rapid advances in molecular
to the risk for Alcoholism each large region has proven to be genetic technology, it now is possible

more difficult than anticipated. to test the entire genome rather than
The second approach, called a case– focus on individual genes suspected to

Approaches in Human Populations control study, often has been used to play a role (i.e., candidate genes) or use
In human studies, several strategies examine the role of a single gene in genetic variants spaced at wide intervals
have been used to search for the genes complex disorders such as alcoholism. throughout the genome. Although
that influence complex traits such as This strategy involves comparing two these new approaches do not test all 3
alcohol dependence, which are influ- groups of individuals: people with billion nucleotides that make up the
enced by multiple genes with smaller alcohol dependence and control sub- human DNA sequence, they can test 
effects rather than by one or more jects who are not alcoholic, without a few thousand (or in some cases a mil-
genes with larger effect sizes (Edenberg regard to the participants’ family histories lion or more) different positions within
and Foroud 2006; also see the article (see figure 1B). In this type of study, the genome (Stranger et al. 2010). This
by Agrawal and Bierut, pp. 274–282). investigators analyze the distribution type of study, which is called a genome-
One approach, often termed linkage of sequence variants within or near a wide association study (GWASs)
analysis, involves studying families gene suspected to be involved in alco- (Manolio 2010), allows a comprehensive
with multiple members who have holism in the two groups, using statistical test of association across the genome,
alcohol dependence. This approach methods to compare the frequencies often while comparing case and con-
is based on the hypothesis that genes either of different alleles or of the trol subjects. GWASs have been used
might have a greater effect in these resulting genotypes between the two for many different diseases, with vary-
families than in families with only a groups. If a certain allele contributes ing success. Several studies have now
single alcoholic member. To perform to the risk for alcohol dependence, one applied this approach to begin to
this type of study, researchers recruited would expect the allele and/or genotype tackle the genetics of alcohol depen-
hundreds of families having two or to occur more frequently among the dence (see the article by Edenberg, 
more alcoholic members (see figure alcohol-dependent case subjects than pp. 336–338). However, the statistical
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power of GWASs is a significant hurdle.
Thus, very large samples are needed
because most genetic variants only have
small effects, and many tests need to
be performed when analyzing hundreds
of thousands or a million of the genetic
variants known as single nucleotide
polymorphisms (SNPs). In addition,
the frequency of the influential alleles
in a population has an impact on the
sample size that is needed to detect
their influence. Furthermore, it is likely
that the role that a specific allele plays
in the risk for alcoholism may differ
among individuals, even if they all
seem to have the same disorder. This
can be thought of as akin to differences
among patients in response to different
blood pressure medications: Although
the patients all have high blood pressure,
the genetic makeup may determine
which medication will be most effective
for a given patient. 

Approaches in Animals
Animal models of traits related to human
alcohol use disorders can provide perti-
nent information about the human
condition. The usefulness of this infor-
mation depends on the validity of the
animal model, and there is great interest
in the level of consilience between the
human and laboratory animal findings
(for more information, see the article
by Barkley-Levenson and Crabbe, pp.
325–335).

As in human studies, approaches
aimed at identifying QTLs have been
used in animal studies of alcohol-related
traits, such as alcohol consumption
and sensitivity to alcohol; however, the
nature of the genetic models used varies
somewhat from that used in human
studies. Most of the data have come
from studies performed in mice, although
rats have been used as well, and a recent
study has compared results for rats and
humans (Tabakoff et al. 2009). In one
commonly used strategy, two or more
strains of mice that are known to differ
with regard to the alcohol-related trait
under investigation are mated to each
other and their offspring (called the F1
generation) then are interbred to create
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AA

AB Cases
(al cohol i cs)

Cases
(alcoholics)

Cases
(al cohol i cs)

Controls
(not alcoholics)

Figure Strategies to identify genes contributing to alcohol dependence. A) Family study. In 
this figure, the squares represent males; the circles, females. The individuals with lines
connecting their symbols produced children together and the lines down from that pair
of individuals depict their offspring. Fully shaded symbols indicate individuals in the
family who are alcohol dependent. The bars beside each symbol represent a region 
in the genome. Each individual has two copies of this region (one inherited from their
mother and one from their father). The black bar carries a version of the gene (i.e., an
allele) with a variation in its sequence that increases the risk of alcoholism. Notice that
in this family, all four alcoholic individuals carry one copy of the allele that increases
the alcoholism risk. The individuals who are not alcohol dependent do not carry this
allele. If this pattern is repeated across many families, then there is likely to be a gene
that influences the risk for alcoholism in this part of the genome. B) Case–control
study. The three colors represent the three possible genetic makeups (i.e., genotypes)
at the marker. The cases have more individuals with the green genotype and fewer
with the blue genotype, whereas the controls have more individuals with the blue
genotype and fewer with the green, suggesting that the green genotype is associated
with an increased risk for alcohol dependence.
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a population (the F2 generation) in genes for their effects on alcohol-related gene sequences on the microarray then
which the individual animals possess traits (Crabbe et al. 2006), and more can be measured, giving an indication
genes from each of the originating genes have been studied since. It is of the level of gene expression for each
strains in different proportions. The important to realize, however, that gene studied. A more recent modifica-
F2 animals then are scored for the although a difference identified between tion of this method called RNA-seq
trait studied (e.g., amount of alcohol knockout and normal mice provides (because it involves determination of
ingested), and samples of their DNA evidence for a role of the gene studied, the mRNA building blocks, or RNA
are analyzed (i.e., genotyped) to iden- this cannot be considered definitive sequence) has allowed researchers to
tify genetic differences that correspond because many interpretational issues obtain even more detailed information
to differences in the alcohol trait. are associated with this genetic tool. on gene expression (Ozsolak and 
Technological advances have reduced Other, more refined, gene-manipulation Milos 2011).
the labor and cost associated with strategies that do not entirely eliminate Whole-genome expression profiling
genotyping, making it possible to handle the activity of a gene can provide addi- can be used in different ways. For
larger numbers of samples and to reduce tional evidence for the influence of a example, studying gene-expression 
genotyping intervals. Then, QTL anal- given gene. These strategies include differences between animals that are
yses are performed largely as described approaches such as conditional inacti- sensitive or resistant to a given alcohol
above for the human studies. vation or rescue, in which gene activity effect can provide evidence for genes

This approach has identified many is reduced or eliminated only under that influence sensitivity to that alcohol
regions that contain QTLs; however, certain conditions that can be con- effect. Comparisons between alcohol-
determining which gene(s) in the region trolled by the researcher (e.g., Choi et exposed and non–alcohol-exposed 
has a significant impact has been diffi- al. 2002) and RNA interference, in animals provide information about
cult and requires the use of additional which reduced gene expression occurs alcohol’s interactions with genes and
methods. One such method is finer only in a small region of the brain (e.g., gene expression. 
mapping using animal populations Lesscher et al. 2009; Rewal et al. 2009). Gene-expression studies also have
generated by applying other breeding Animal models also can be useful in been performed with human samples,
strategies (for reviews of such strategies, research directed toward understanding using postmortem brain tissue from
see Milner and Buck 2010; Palmer the health consequences of alcohol alcohol-dependent individuals and
and Phillips 2002). This approach has consumption, including consequences nondependent control subjects (e.g.,
identified several genes for which strong in different organs. Much of this research Kryger and Wilce 2010). However,
evidence supports their role in alcohol- is aimed at exploring how alcohol affects factors such as quality of the sample
related traits (for more information, the brain and how the brain influences and incomplete history of the subject
see the article by Buck et al., pp. 367– different individual responses to alcohol from which the tissue was obtained
374). Currently, second-generation that may contribute to the development complicate interpretation. In animals,
DNA-sequencing technologies, often of alcohol dependence. One strategy these factors can be better controlled.
called next-generation sequencing, that can be used in studies of both the Finally, in addition to whole genomes
are enhancing both sequencing effi- brain and other tissues is called whole being examined for expression differences
ciency and the detection of genetic genome expression profiling, which using RNA, DNA microarrays have been
differences (Metzker 2010), and third- examines the activity (i.e., expression) developed for global examination of
generation sequencing is emerging of thousands of genes located through- genomic variation (Gresham et al. 2008).
(Schadt et al. 2010). out the genome (Rockman and Kruglyak

Perhaps the most popular strategy 2006). Particularly in studies of the
for examining the influence of single brain, however, this approach can be moving Beyond Studying one
candidate genes has been the use of applied more readily to animals than gene at a Timesingle-gene mutant, or knockout, to humans, because a sample of the 
mice. For this approach, genetic engi- tissue to be studied is needed. This tis- Using the approaches described here,
neering is used to generate a mutant sue sample is used to extract a type of researchers now have identified some
gene that no longer can express the genetic material called messenger RNA genes that are thought to influence the
protein it normally produces, and that (mRNA) that is generated during the risk for alcoholism in humans or to
nonfunctional (knockout) gene is inserted process of gene expression. The mRNA contribute to alcohol-related traits in
into the genome of test animals. Mice then is added to a microarray—that is, animal models. However, it is clear that
possessing the mutated gene then are a membrane or slide on which known the genetics of alcoholism and alcohol-
compared with nonmutant mice for gene sequences have been placed that related traits are complex and will
differences in alcohol-related traits. can interact with complementary RNA include not only the effect of individual
Between 1996 and 2006, this approach sequences from the brain sample. The
was used to study approximately 100 amount of mRNA interacting with the continued on p. 272
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continued from p. 269 It is worth noting that all these net- GRESHAM, D.; DuNHAM, M.J.; AND BoTSTEIN, D. Comparing

work studies have become possible whole genomes using DNA microarrays. Nature Reviews.

genes but also the interaction of genes Genetics 9(4):291–302, 2008. PMID: 18347592
because of a growing understanding of

with each other, a phenomenon the mouse and human genomes. In the HASIN, D.S.; STINSoN, F.S.; oGBuRN, E.; AND GRANT, B.F.

termed epistasis. Identification of these Prevalence, correlates, disability, and comorbidity of
coming years, genetic discoveries likely

interactions is only just beginning and DSM-IV alcohol abuse and dependence in the united
will grow along with further techno- States. Archives of Genetic Psychiatry 64(7):830–842,

is complicated by the fact that such logical advances. And we can hope that 2007. PMID: 17606817
analyses often require large numbers all of these developments will someday H , A.C.; B , K.K.; M , P.A.; . Geneticof subjects or animals. However, this EATH uCHoLz ADDEN ET AL

allow researchers and clinicians to identify and environmental contributions to alcohol dependence
area likely will garner much research those individuals who are at greatest risk in a national twin sample: Consistency of findings in

interest in the future. women and men. Psychological Medicine 27(6):1381–risk for developing alcoholism. A relatedFor now, the more immediate goal is 1396, 1997. PMID: 9403910
significant goal of current alcohol-relatedto use the information currently avail- genetic research is to identify interven- HoLMANS, P. Statistical methods for pathway analysis of
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devastating disease in those most likely 21029852

to identify how these genes might to be affected. Finally, researchers arework together and to help researchers KRyGER, R., AND WILCE, P.A. The effects of alcoholism on
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been to study the genes already identi- tions can be developed.  ■ M , T.A. Genomewide association studies and
fied and determine whether they might
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It is easy to think of genetics as the study of genes, but given our 
current knowledge of genetics, this definition is now considered 
inadequate. Genetics is the study of differences among individuals—

even between identical twins. We know that some differences between
individuals are linked to variations in DNA sequence (i.e., the genome),
but most differences actually are caused by complex interactions
between our genetic endowment and the many environments to 
which we are exposed, by choice and fate.

The genetics underlying the body’s responses to alcohol are a superb
example of the complexity of the issues related to the study of genetics.
The role of the environment—including familial and social setting, 
age, and exposure—is obvious. Yet a complementary role of genes 
was doubted for many decades, and it was not put on a firm scientific
foundation until the 1970s and 1980s. This coincided roughly with 
the creation of the National Institute on Alcohol Abuse and Alcoholism
(NIAAA) by Congressional act on New Year’s Eve, 1970.

From its inception, NIAAA has been at the vanguard of research 
in genetics using an array of powerful methods and resources. The 13
insightful reviews in this issue highlight the cutting edge of molecular
and statistical genetic analysis. 

Now, moving forward, we can consider 2012 a watershed year in
genetics and genomics. Two short years ago, fewer than 10 humans 
had had their genomes fully sequenced. Today more than 10,000 indi-
viduals have been sequenced—a rate of increase that puts Moore’s Law1

to shame. Recent advances in sequencing technology have broken
through the cost barrier. Ten years from now, many of us will have been
sequenced and even resequenced multiple times as part of our routine
medical record. 

It is easy to overpromise solutions, but we can be optimistic that find-
ing effective cures to diseases such as alcoholism will not be limited by
technology. The next challenge will be to determine how best to use
this technology to devise rational and individualized approaches to 
prevent, intervene in, and cure complex disorders such as alcohol abuse
and alcoholism. Read the great reviews here to see how far we have
come in the last decade, and definitely stay tuned for the next decade!

1 Moore’s Law predicts the doubling of the number of transistors on a computer chip every 18 months to 2 years. It is
based on an observation made in 1965 by Gordon Moore, Intel co-founder, about how the number of transistors in inte-
grated circuits had increased since the invention of that device and his suggestion that the increase would continue into
the future. 
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