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pigenetic 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 mechanism for this remains elusive. Several
types of epigenetic modifications have
been studied in recent years. For example, 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 phosphorylation, at different sites and under
different conditions with diverse consequences. Another frequently studied
type of epigenetic modification is the
methylations of DNA at regions rich
in cytosine and guanosine nucleotides

The widening web of epigenetic regulatory mechanisms also encompasses ethanolinduced 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.
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epigenetic effects; epigenetic mechanisms; alcohol-induced epigenetic alterations;
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acetylation; microRNAs (miRNAs); cell-signaling; oxidative stress; alcoholic liver
disease; steatohepatitis; liver cancer; hepatic carcinoma

(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 degradation 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 underlying ethanol-induced conditions, and
new developments particularly have
highlighted the importance of epigenetic mechanisms in mediating ethanol’s

actions in the liver and gastrointestinal
(GI) tract (see figure 1). These developments 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.,
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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 contaminants 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 contribute 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 influence 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).

Figure 1 Ethanol and its metabolites modify epigenetic pathways in the liver.
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Ethanol-induced histone modification
is associated with altered expression of
several genes, including those encoding
the ethanol-metabolizing enzyme alcohol
dehydrogenase (ADH), the cancerpromoting gene (i.e., oncogene) c-jun,
and the gene encoding a protein called
plasminogen activator inhibitor 1
(PAI-1), which is involved in the dissolution 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 production 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

ethanol feeding results in up- or downregulation 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, miR103, 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 maintenance 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 conditions (Dippold et al. 2013). Similar
results were observed in mice, where
chronic ethanol feeding with a liquid
Lieber-DeCarli diet led to upregulation 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 regenerative 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

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
transferase (dnMT) enzymes dnMT1,
dnMT3a, and dnMT3b

alcohol dehydrogenase
(adh), genes for
folate metabolism

histone

Type of modification
acetylation
Methylation
Phosphorylation

adh, lsd
lsd
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
mir 1256
Downregulation
mir 19b, 135, 182, 183, 200b
mir 199a-3P

lipogenesis

immune response

ethanol in vitro also induces miR-217
(Yin et al. 2012), which has been proposed to be linked to excess fat accumulation in the liver. Interestingly, this
effect on fat metabolism seems to be
correlated with reduced expression of
an enzyme involved in histone modification (i.e., the class IV histone deacetylase [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 hepatocytes 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 proteins 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 epithelial cells (Tang et al. 2008). As will be
discussed later in this article, these
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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 development of ALD.
Although changes in miRNA levels
can affect expression of enzymes
involved in other epigenetic modifications, 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 expression (i.e., at their promoters). For
example, the ethanol-induced expression of miR-155 seems to be regulated
by the recruitment of a regulatory protein 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., demethylation 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 methylation, these studies clearly point to the
intriguing possibility of cross-talk
among molecular components involved
in different types of epigenetic modifications (see figure 1).

Changes in dnA Methylation
Patterns
Ethanol also can alter the methylation
patterns of DNA in liver, thereby
influencing gene expression. For example, 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
50
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in organs other than the liver. For example, 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 reactions 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, transcriptional activation or chromatin
modification may be the predominant
mechanism involved in ethanol-induced
gene expression. This possibility has
yet to be confirmed in additional studies, 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 hypomethylation 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-adenosylmethionine (SAMe), which acts as a
methyl donor, in liver injury. Ethanolinduced 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 EthanolRelated Epigenetic Mechanisms
The actions of ethanol in the liver are
complex because it is metabolized via
both oxidative and nonoxidative pathways that result in the generation of
several metabolites, such as acetaldehyde and acetate. Interestingly, both of
these metabolites, as well as ethanol
itself, increase histone H3 acetylation.
This observation is supported by studies investigating the effects of inhibitors
of ADH (i.e., 4-methyl pyrazole) and
of another alcohol-metabolizing
enzyme called aldehydyde dehydrogenase (i.e., methyl cynamide). These
inhibitors prevented acetaldehyde and
acetate formation and also reduced
ethanol-induced increases in histone
acetylation (Park et al. 2003), suggesting that ethanol metabolism has a role
in this effect. Other findings suggest
that ethanol-derived acetate may
increase histone acetylation by increasing 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 acetylation, 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 levels 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, general 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

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, including 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 modifications. For example, histone H3 phosphorylation is dependent on p38
MAPK (Lee and Shukla 2007),
whereas histone H3 acetylation is regulated by a MAP kinase cascade involving MAPKs called ERK1/2 and JNK
(Park et al. 2005). Even more intriguing 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 signaling 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, including fatty liver (i.e., steatosis), steatosis

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

histone modifications,
DNA methylation,
and miRNA expression
may all play roles in
ethanol-related steatosis
and inflammatory
responses.

histone acetylation. One of these ethanolregulated 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 feeding 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 function 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 ethanolinduced 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 consequence of ALD (Lambert et al. 2011).
miRNAs also mediate some of
ethanol’s effects in causing liver disorders. 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 overexpressed in human hepatocytes lead
to either increased or decreased intracellular 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). Furthermore, although the global changes
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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 consumption in vivo also have not yet been fully
elucidated. Chronic ethanol treatment
definitely results in abundant epigenetic 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 offspring 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 hypomethylation of normally hypermethylated 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 transgenerational effects in the offspring.
52
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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 TLRregulated genes through distinct epigenetic histone modifications (Foster et
al. 2007). Specifically, several proinflammatory 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 production of TNF-� (Shen et al. 2009),
although whether this involves
increased histone modification at the
TNF-� promoter remains to be established. In addition to the involvement
of Kupffer cells, it is likely that interactions 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 inhibited 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., leukocyte 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

Figure 2 A schematic presentation of the kinetics of histone modifications by ethanol in liver.

treatment with HDAC inhibitors
likewise inhibits the migration of
macrophages in response to an inflammation-inducing stimulus (i.e., exposure 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 intestine, 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 alcoholinduced 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, alcohol-induced epigenetic effects in the
liver eventually may influence the
cross-talk among these organs (see figure 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 nucleosomes 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 epigenetic pathways cross-influence each
other, leading to a highly complex regulatory 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.
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tract and liver likely have a systemic
impact, influencing other organs and
their functions as well, although these
interactions are as yet relatively unexplored. Thus, many questions remain
that need to be addressed by future
research into this area. ■

Financial Disclosure
The authors declare that they have no
competing financial interest.

References
ara, a.i.; xia, M.; raMani, k.; eT al. s-adenosylmethionine
inhibits lipopolysaccharide-induced gene expression via
modulation of histone methylation. Hepatology
47(5):1655–1666, 2008. PMid: 18393372
aroor, a.r.; JaMes, T.T.; JaCkson, d.e.; and shukla, s.d.
differential changes in MaP kinases, histone modifications, and liver injury in rats acutely treated with
ethanol. Alcoholism: Clinical and Experimental Research
34(9):1543–1551, 2010. PMid: 20586759
Bala, s.; MarCos, M.; kodYs, k.; eT al. up-regulation of
microrna-155 in macrophages contributes to increased
tumor necrosis factor (TnFα) production via increased
mrna half-life in alcoholic liver disease. Journal of
Biological Chemistry 286(2):1436–1444, 2011. PMid:
21062749
Bardag-gorCe, F.; FrenCh, B.a.; JoYCe, M.; eT al. histone
acetyltransferase p300 modulates gene expression in
an epigenetic manner at high blood alcohol levels.
Experimental and Molecular Pathology 82(2):197–202,
2007. PMid: 17208223
Cao, P.; deng, z.; Wan, M.; eT al. Microrna-101 negatively regulates ezh2 and its expression is modulated by
androgen receptor and hiF-1 alpha/hiF-1 beta.
Molecular Cancer 9:108, 2010. PMid: 20478051
CasToldi, M.; VuJiC sPasiC, M.; alTaMura, s.; eT al. The
liver-specific microrna mir-122 controls systemic iron
homeostasis in mice. Journal of Clinical Investigation
121(4):1386–1396, 2011. PMid: 21364282

ChoudhurY, M.; Park, P.h.; JaCkson, d.; and shukla, s.d.
evidence for the role of oxidative stress in the acetylation of histone h3 by ethanol in rat hepatocytes. Alcohol
44(6):531–540, 2010. PMid: 20705415

kiM, J., and shukla, s.d. acute in vivo effect of ethanol
(binge drinking) on histone h3 modifications in rat tissues. Alcohol and Alcoholism 41(2):126–132, 2006.
PMid: 16314425

Coulouarn, C.; Corlu, a.; glaise, d.; eT al. hepatocyte–
stellate cell cross-talk in the liver engenders a permissive inflammatory microenvironment that drives progression in hepatocellular carcinoma. Cancer Research
72(10):2533–2542, 2012. PMid: 22419664

kiM, J., and shukla, s.d. histone h3 modifications in rat
hepatic stellate cells by ethanol. Alcohol and Alcoholism
40(5):367–372, 2005. PMid: 15939707

dannenBerg, l.o.; Chen, h.J.; Tian, h.; and edenBerg, h.J.
differential regulation of the alcohol dehydrogenase 1B
(adh1B) and adh1C genes by dna methylation and histone deacetylation. Alcoholism: Clinical and Experimental
Research 30(6):928–937, 2006. PMid: 16737450
diPPold, r.P.; VadigePalli, r.; gonYe, g.e.; and hoek, J.B.
Chronic ethanol feeding enhances mir-21 induction during liver regeneration while inhibiting proliferation in
rats. American Journal of Physiology. Gastroinstestinal
and Liver Physiology 303(6):g733–g743, 2012. PMid:
22790595
diPPold, r.P.; VadigePall, r.; gonYe, g.e.; eT al. Chronic
ethanol feeding alters mirna expression dymanics during liver regeneration. Alcoholism: Clinical and
Experimental Research, 37(suppl 1):e59-e69, 2013.
PMid: 22823254
dolgniuC, a.; PeTrasek, J.; kodYs, k.; eT al. Microrna
expression profile in lieber-deCarli diet-induced alcoholic and methionine choline deficient diet-induced
nonalcoholic steatohepatitis models in mice.
Alcoholism: Clinical and Experimental Research
33(10):1704–1710, 2009. PMid: 19572984
esau, C.; daVis, s.; MurraY, s.F.; eT al. mir-122 regulation
of lipid metabolism revealed by in vivo antisense targeting. Cell Metabolism 3(2):87–98, 2006. PMid:
16459310
FosTer, s.l.; hargreaVes, d.C.; and MedzhiToV, r. genespecific control of inflammation by Tlr-induced chromatin modifications. Nature 447(7147):972–978,
2007. PMid: 17538624
JaMes, T.T.; aroor, a.r.; liM, r.W.; and shukla, s.d.
histone h3 phosphorylation (ser10, ser28) and phosphoacetylation (k9s10) are differentially associated with
gene expression in liver of rats treated in vivo with acute
ethanol. Journal of Pharmacology and Experimental
Therapeutics 340(2):237–247, 2012. PMid: 22025646

Choi, s.W.; sTiCkel, F.; Baik, h.W.; eT al. Chronic alcohol
consumption induces genomic but not p53-specific dna
hypomethylation in rat colon. Journal of Nutrition
129(11):1945–1950, 1999. PMid: 10539767

kellY, T.J.; lerin, C.; haas, W.; eT al. gCn5-mediated
transcriptional control of the metabolic coactivator
PgC-1β through lysine acetylation. Journal of Biological
Chemistry 284(30):19945–19952, 2009. PMid:
19491097

ChoudhurY, M., and shukla, s.d. surrogate alcohols and
their metabolites modify histone h3 acetylation:
involvement of histone acetyl transferase and histone
deacetylase. Alcoholism: Clinical and Experimental
Research 32(5):829–839, 2008. PMid: 18336638

kendriCk, s.F.; o’BoYle, g.; Mann, J.; eT al. acetate, the
key modulator of inflammatory responses in acute
alcoholic hepatitis. Hepatology 51(6):1988–1997,
2010. PMid: 20232292

ChoudhurY, M.; PandeY, r.s.; CleMens, d.l.; eT al. knock
down of gCn5 histone acetyltransferase by sirna
decreases ethanol-induced histone acetylation and
affects differential expression of genes in human hepatoma cells. Alcohol 45(4):311–324, 2011. PMid:
21367571

keshaVarzian, a.; Farhadi, a.; ForsYThY, C.B.; eT al. evidence
that chronic alcohol exposure promotes intestinal oxidative stress, intestinal hyperpermeability and endotoxemia prior to development of alcoholic steatohepatitis in
rats. Journal of Hepatology 50(3):538–547, 2009.
PMid: 19155080

54

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

kirPiCh, i.; ghare, s.; zhang, J.; eT al. Binge alcoholinduced microvesicular liver steatosis and injury are
associated with down-regulation of hepatic hdac 1, 7,
9, 10, 11 and up-regulation of hdac 3. Alcoholism:
Clinical and Experimental Research 36(9):1578–1586,
2012. PMid: 22375794
kuTaY, h.; klePPer, C.; Wang, B.; eT al. reduced susceptibility of dna methyltransferase 1 hypomorphic
(dnmt1(n/+)) mice to hepatic steatosis upon feeding
liquid alcohol diet. PLoS One 7(8):e41949, 2012. PMid:
22905112
laMBerT, M.P.; PaliWal, a, Vaissiere, T. ; eT al. aberrant dna
methylation distinguishes hepatocellular carcinoma
associated with hBV and hCV infection and alcohol
intake. Journal of Hepatology 54(4) :705-715, 2011.
PMid :21146512
lee, J.; PadhYe, a.; sharMa, a.; eT al. a pathway involving
farnesoid x receptor and small heterodimer partner positively regulates hepatic sirtuin 1 levels via microrna34a inhibition. Journal of Biological Chemistry 285(17):
12604–12611, 2010. PMid: 20185821
lee, Y., and shukla, s.d. histone h3 phosphorylation at
serine 10 and serine 28 is mediated by p38 MaPk in
rat hepatocytes exposed to ethanol and acetaldehyde.
European Journal of Pharmacology 573(1-3):29–38,
2007. PMid: 17643407
li, Y.; kong, d.; ahMad, a.; eT al. epigenetic deregulation
of mir-29a and mir-1256 by isoflavone contributes to
the inhibition of prostate cancer cell growth and invasion. Epigenetics 7(8):940–949, 2012. PMid: 22805767
lu, s.C., and MaTo, J.M. s-adenosylmethionine in liver
health, injury, and cancer. Physiological Reviews
92(4):1515–1542, 2012. PMid: 23073625
Maa, M.C.; Chang, M.Y.; hsieh, M.Y.; eT al. Butyrate
reduced lipolpolysaccharide-mediated macrophage
migration by suppression of src enhancement and focal
adhesion kinase activity. Journal of Nutritional
Biochemistry 21(12):1186–1192, 2010. PMid: 20149623
Mandrekar, P., and szaBo, g. signalling pathways in alcohol-induced liver inflammation. Journal of Hepatology
50(6):1258–1266, 2009. PMid: 19398236
Miranda, r.C.; PieTrzYkoWski, a.z.; Tang, Y.; eT al.
Micrornas: Master regulators of ethanol abuse and toxicity? Alcoholism: Clinical and Experimental Research
34(4):575–587, 2010. PMid: 20102566
oliVa, J.; FrenCh, B.a.; li, J.; eT al. sirt1 is involved in
energy metabolism: The role of chronic ethanol feeding
and resveratrol. Experimental and Molecular Pathology
85(3):155–159, 2008. PMid: 18793633
ouko, l.a.; shanTikuMar, k.; knezoViCh, J.; eT al. effect of
alcohol consumption on Cpg methylation in the differentially methylated regions of h19 and ig-dMr in male
gametes: implications for fetal alcohol spectrum disor-

ders. Alcoholism: Clinical and Experimental Research
33(9):1615–1627, 2009. PMid: 19519716
Pal-Bhadra, M.; Bhadra, u.; JaCkson, d.e.; eT al. distinct
methylation patterns in histone h3 at lys-4 and lys-9
correlate with up- & down-regulation of genes by
ethanol in hepatocytes. Life Sciences 81(12):979–987,
2007. PMid: 17826801
Park, P.h.; liM, r.W.; and shukla, s.d. gene selective histone h3 acetylation in the absence of increase in global
histone acetylation in liver of rats chronically fed alcohol. Alcohol and Alcoholism 47(3):233–239, 2012.
PMid: 22301686
Park, P.h.; liM, r.W.; and shukla, s.d. involvement of histone acetyltransferase (haT) in ethanol-induced acetylation of histone h3 in hepatocytes: Potential mechanism
for gene expression. American Journal of Physiology.
Gastrointestinal and Liver Physiology 289(6):g1124–
g1136, 2005. PMid: 16081763
Park, P.h.; Miller, r.; and shukla, s.d. acetylation of
histone h3 at lysine 9 by ethanol in rat hepatocytes.
Biochemical and Biophysical Research Communications
306(2):501–504, 2003. PMid: 12804592
PoChareddY, s., and edenBerg, h.J. Chronic alcohol exposure alters gene expression in hepg2 cells. Alcoholism:
Clinical and Experimental Research 36(6):1021–1033,
2012. PMid: 22150570
saeed, r.W.; VarMa, s.; Peng, T.; eT al. ethanol blocks
leukocyte recruitment and endothelial cell activation
in vivo and in vitro. Journal of Immunology 173(10):
6376–6383, 2004. PMid: 15528377

shen, z.; aJMo, J.M.; rogers, C.q.; eT al. role of sirT1 in
regulation of lPs- or two ethanol metabolites-induced
TnF-α production in cultured macrophage cell lines.
American Journal of Physiology. Gastrointestinal and
Liver Physiology 296(5):g1047–g1053, 2009. PMid:
19299582
shePard, B.d.; JosePh, r.a.; kannarkaT, g.T.; eT al. alcoholinduced alterations in hepatic microtubule dynamics
can be explained by impaired histone deacetylase 6
function. Hepatology 48(5):1671–1679, 2008. PMid:
18697214
shukla, s.d., and aroor, a.r. epigenetic effects of
ethanol on liver and gastrointestinal injury. World
Journal of Gastroenterology 12(33):5265–5271, 2006.
PMid: 16981253
shukla, s.d.; PrueTT, s.B.; szaBo, g.; and arTeel, g.e.
Binge ethanol and liver: new molecular developments.
Alcoholism: Clinical and Experimental Research, epub
ahead of print, 2013. PMid: 23347137
shukla, s.d.; Velazquez, J.; FrenCh, s.W.; eT al. emerging
role of epigenetics in the actions of alcohol. Alcoholism:
Clinical and Experimental Research 32(9):1525–1534,
2008. PMid: 18616668
sun, z.; Feng, d.; eVereTT, l.J.; eT al. Circadian epigenomic remodeling and hepatic lipogenesis: lessons from
hdaC3. Cold Spring Harbor Symposia on Quantitative
Biology 76:49–55, 2011. PMid: 21900149
Tang, Y.; Banan, a.; ForsYTh, C.B.; eT al. effect of alcohol
on mir-212 expression in intestinal epithelial cells and
its potential role in alcoholic liver disease. Alcoholism:

Clinical and Experimental Research 32(2):355–364,
2008. PMid: 18162065
TraJkoVski, M.; hausser, J.; souTsChek, J.; eT al. Micrornas
103 and 107 regulate insulin sensitivity. Nature
474(7353):649–653, 2011. PMid: 21654750
Wani, n.a.; haMid, a.; and kaur, J. alcohol-associated
folate disturbances result in altered methylation of
folate-regulating genes. Molecular and Cellular
Biochemistry 363(1-2):157–166, 2012. PMid:
22147198
WhiTTaker, r.; loY, P.a.; sisMan, e.; eT al. identification of
micrornas that control lipid droplet formation and
growth in hepatocytes via high-content screening.
Journal of Biomolecular Screening 15(7):798–805,
2010. PMid: 20639500
Yao, x.h., and nYoMBa, B.l. hepatic insulin resistance
induced by prenatal alcohol exposure is associated
with reduced PTen and TrB3 acetylation in adult rat
offspring. American Journal of Physiology. Regulatory,
Integrative and Comparative Physiology 294(6):
r1797–r1806, 2008. PMid: 18385463
Yeligar, s.; TsukaMoTo, h.; and kalra, V.k. ethanol-induced
expression of eT-1 and eT-Br in liver sinusoidal endothelial cells and human endothelial cells involves hypoxiainducible factor-1alpha and microrna-199. Journal of
Immunology 183:5232–5243, 2009. PMid: 19783678
Yin, h.; hu, M.; zhang, r.; eT al. Microrna-217 promotes
ethanol-induced fat accumulation in hepatocytes by
down-regulating sirT1. Journal of Biological Chemistry
287(13):9817–9826, 2012. PMid: 223080

Epigenetic Effects of Ethanol on the Liver and Gastrointestinal System

55

new from niAAA

DiD yoU KNoW?
1 in 3 children starts drinking by the
end of the 8th grade
New Guide from the National Institute on Alcohol Abuse and Alcoholism
in collaboration with the American Academy of Pediatrics

Alcohol Screening and Brief intervention
for youth: A Practitioner’s Guide
The new Guide offers:
• Faster screening: Just two quick questions
help clinicians conduct fast, effective
alcohol screens for patients ages 9 to 18.
• Easier risk estimating: The first youth
alcohol “risk estimator chart” helps doctors triage by showing which patients are
at lower, moderate, or highest risk for
alcohol-related harm.
• Manageable intervention: efficient
response strategies for each risk level
take the mystery out of a positive screen.
• Wrap-around resources: Clinician support materials help doctors provide confidential care, find youth treatment options,
conduct brief motivational interviewing,
and more.
• handy pocket guide: Puts important
information at the pediatrician’s fingertips.
order your copy today from
www.niaaa.nih.gov/Youthguide
or call toll free 1–888–MY–niaaa
(888–696–4222)
niH . . . turning discovery into Health
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