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Abstract

The mechanisms of immune dysfunction in alcohol-associated liver disease (ALD) have garnered growing
research interest in recent times. Alcohol-mediated immune dysfunction has been implicated as a
potential cause of ALD-associated microbial infection and inflammatory response. The immune
microenvironment of an organism is essentially a complex network of interactions between immune cells,
cytokines, extracellular matrix, and other immune-related molecules. This microenvironment is highly
adaptive and responsive to environmental cues. Epigenetic reprogramming of the immune
microenvironment has recently emerged as a key driver of ALD progression, particularly in the context
of endotoxin tolerance and immune disorders. Although epigenetic modifications are known to play an
important role in the regulation of the immune microenvironment in ALD, the specific mechanisms and
molecular processes by which this regulation is achieved are yet to be fully understood. This paper aims
to provide an overview of the current knowledge on the effects of alcohol consumption on epigenetics,
with special focus on summarizing the data on the epigenetic regulatory mechanisms involved in the
effects of alcohol consumption on the immune microenvironment. In addition, this paper aims to present
a review of the epigenetic modifications involved in different forms of ALD. This review is expected to
offer new perspectives for the diagnosis, treatment, monitoring, and prognostic assessment of ALD from
an epigenetic perspective.

Keywords: alcohol-associated liver disease; immune microenvironment; epigenetic modifications; exosomes; cytokines and
chemokines

Introduction

Alcohol is a well-known carcinogen, as classified alcohol-related deaths have increased by

by the World Health Organization. Chronic and
excessive alcohol consumption can lead to tissue
damage and numerous diseases, including alcohol-
associated liver disease (ALD). The spectrum of ALD
includes alcoholic fatty liver disease (AFLD), alcoholic
hepatitis (AH), alcoholic liver fibrosis and cirrhosis,
and alcoholic liver cancer [1]. The morbidity and
mortality rates of ALD have shown a steady
year-on-year increase. Globally, the per capita alcohol
consumption increased from 5.5 liters in 2005 to 6.4
liters in 2016 and is estimated to further increase to 7.6
liters by 2030 [2]. In parallel, the number and rate of

approximately 25% between 2019 and 2020, mainly
due to the impact of the novel coronavirus epidemic
in the last two years [3]. In recent times, the
mechanisms of immune dysfunction in ALD have
become a major research hotspot [4, 5]. The immune
system contributes to the development and
progression of ALD via two critical mechanisms:
clearing foreign, gut-derived microbial byproducts
through pathogen-associated molecular patterns and
responding to tissue damage and cell death through
damage-associated molecular patterns. The immune
microenvironment is a complex network of molecules,
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cells, tissues, and organs that work together to protect
the body from infectious agents and malignant cells.
Epigenetic recoding of the immune microenviron-
ment has recently garnered increasing research
interest. While alcohol consumption, even in
moderation, is known to affect the immune system, it
is also known to extensively modulate liver
epigenetics. Therefore, we believe that epigenetic
alterations in the immune microenvironment caused
by alcohol may be an important factor in the
pathogenesis and progression of ALD.

Genetics and epigenetics together create the
wonder of life that surrounds us. The term epigenetics
refers to a collection of heritable and environmental
changes that regulate gene expression without
altering the DNA sequence. Epigenetic modifications
include DNA methylation, histone modifications,
microRNA-mediated gene silencing, and RNA
methylation. These changes regulate the structure of
secondary and tertiary DNA (chromatin), which in
turn leads to an increase or decrease in the exposure
of genes to transcription factors that up- or down-
regulate gene transcription, respectively. Factors that
function as writers, readers, and erasers control
chromatin structure through epigenetic modifications.
Epigenetic modifications control the expression of
many genes in the human body, and alcohol
consumption can significantly alter epigenetic
modifications, especially with respect to genes
involved in immune regulation, promoting the
development of ALD.

In this paper, we aim to provide a summary of
the data on the epigenetic regulation of alcohol

consumption, including alcohol metabolites, alcohol-
metabolizing enzymes, and the methionine cycle.
Furthermore, we review the current knowledge on the
epigenetic regulation of the immune microenviron-
ment, including immune cells, immune-related cells,
immune mediators, and inflammatory pathways.
Finally, this paper seeks to provide an innovative
overview of the various forms of epigenetic
modifications in ALD, providing new perspectives for
the diagnosis, prognosis, and treatment of this
disease.

1. The relationship between alcohol
consumption and epigenetics

1.1. Alcohol metabolites (Fig. 1)

Once alcohol is consumed, it is primarily
converted to acetaldehyde through the action of
alcohol dehydrogenase (ADH), cytochrome P450 2E1
(CYP2E1l), and catalase. The acetaldehyde thus
produced is further converted to acetic acid by
acetaldehyde dehydrogenase (ALDH). This acetic
acid is synthesized by acetyl-CoA synthetase (ACS)
into acetyl-CoA, which serves as a substrate for
histone acetylation. Additionally, CYP2E1 can
generate reactive oxygen species (ROS), which is also
associated with histone H3 acetylation at Lys9.
Acetaldehyde inhibits DNA  methyltransferase
activity, while ethanol increases the acetylation of
H3-Lys9 by regulating histone acetyltransferase
(HAT) and that histone acetylation may be the basis
for ethanol-induced expression of the alcohol
dehydrogenase 1 (ADH1) gene.
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Figure 1. The relationship between alcohol metabolism and epigenetics. After alcohol consumption, it is primarily converted to acetaldehyde through the action of
alcohol dehydrogenase (ADH), cytochrome P450 2E1 (CYP2E1), and catalase. Subsequently, acetaldehyde is further converted to acetic acid by acetaldehyde dehydrogenase
(ALDH). Acetic acid can be synthesized into acetyl-CoA by acetyl-CoA synthetase (ACS), and acetyl-CoA serves as a substrate for histone acetylation. Additionally, CYP2EI can
generate reactive oxygen species (ROS). ROS is linked to histone H3 acetylation at Lys9.Acetaldehyde inhibits DNA methyltransferase activity, ethanol increases the acetylation
of H3-Lys9 by regulating HAT and that histone acetylation may be the basis for ethanol-induced ADHI gene expression. ACS, acetyl-CoA synthetase; ADH, alcohol
dehydrogenase; ALDH, acetaldehyde dehydrogenase; CYP2EI, cytochrome P450 2E1; DNMT, DNA methyltransferase; HAT, histone acetyltransferase; ROS, reactive oxygen

species.
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1.1.1. Ethanol

Park et al. were the first to discover that
intrahepatic ethanol metabolism induces acetylation
of histone H3 at lysine 9 (H3-Lys9) [6], but not at
Lys14. This may be partly because of the mechanism
of ethanol metabolism. Subsequently, the same
research group found that ethanol increases the
acetylation of H3-Lys9 by regulating HAT and that
histone acetylation may be the basis for ethanol-
induced (ADHI) gene expression [7]. The group
further investigated this mechanism and found that
long-term ethanol consumption selectively induces
histone H3-Lys9 acetylation, specifically at the
promoter and coding regions of the ADHI gene,
despite increases in mRNA expression of the iNOS,
c-jun, and ADH1 genes. This site-specific acetylation
was attenuated by the inhibition of ethanol
metabolism by cyanamide and 4-methylpyrazole;
however, overall histone acetylation was not
enhanced by chronic ethanol treatment. These
findings suggest that ethanol may induce the
expression of different genes through distinct
mechanisms and that further exploration may reveal
the site-specific histone modifications that are
triggered by ethanol [8]. In short, epigenetic
modifications of histone H3 through acetylation may
be the underlying mechanism by which alcohol
consumption induces ADH1 expression in vivo.

1.1.2. Acetaldehyde

ADH converts alcohol to acetaldehyde, which is
known to be a highly toxic metabolite and a class I
carcinogen [9]. The ALDH gene is responsible for
metabolizing acetaldehyde, and studies have found
that ALDH? gene defects are prevalent in up to 40% of
Asians. In vitro studies have previously shown that
acetaldehyde can form numerous adducts with
proteins and nucleic acids, causing cellular damage
and triggering immune responses. Acetaldehyde is
also known to cause various epigenetic modifications.
For example, it has been shown to inhibit DNA
methyltransferase activity in vitro [10]. A recent study
on acetaldehyde and hepatitis C virus (HCV) revealed
that acetaldehyde enhances HCV-induced inhibition
of STAT-1 methylation, which ultimately leads to the
blocking of the interferon signaling that mediates
innate immunity. In terms of mechanism of action,
acetaldehyde is likely to have a direct inhibitory effect
on DNA and histone methyltransferase [11].
Additionally, acetaldehyde affects histone acetylation,
and its accumulation in excess amounts reduces
ethanol-induced histone acetylation, possibly because
it needs to be further metabolized (e.g., to acetic acid)
[6]. Therefore, further research on the intrinsic link
between acetaldehyde and epigenetic modifications is

imperative to identify corresponding targets that can
reduce the damage caused by acetaldehyde to the
body.

1.1.3. Acetic acid

Acetaldehyde dehydrogenase converts acetalde-
hyde into acetic acid —a less reactive product that can
be further converted to acetyl coenzyme A by ACS.
Acetyl coenzyme A then serves as a substrate for
histone acetyltransferases, which in turn catalyze the
acetylation of histone lysine residues in the liver [12].
Thus, alcohol metabolism can directly induce histone
acetylation. To investigate this phenomenon, Kriss
and colleagues [13] studied the effect of ethanol
metabolism on histone acetylation in mouse liver
using 13Cp-labeled ethanol and mass spectrometry.
Their findings showed significant incorporation of
ethanol-derived 3C; into the N-terminal lysine
acetylation site at histones H3 and H4. Notably, a
significant increase in site-specific histone acetylation
occurred four hours after ethanol ingestion, following
which there was a return to baseline levels at 24 hours.
This suggests that the site-specific admixture of
ethanol in histone acetylation via its metabolite acetic
acid may be the result of a specific and transient
transcriptional regulatory response to acute ethanol
exposure. Future studies should further explore how
acetic acid redistribution and utilization in vivo affect
other tissues.

1.2. Alcohol-metabolizing enzymes

1.2.1. ADH

Upon ingestion, ethanol is quickly absorbed by
the stomach and intestines and subsequently
transported to the liver for metabolism. The initial
biochemical reaction involves the conversion of
ethanol to acetaldehyde, which is primarily mediated
by alcohol dehydrogenase and, to a lesser extent, by
CYP2E1 and catalase [14]. Different tissues exhibit
different expression forms of alcohol dehydrogenases,
including ADH1A, ADH1B, and ADH1C. Dannen-
berg and his team [15] have shown that the
methylation of ADH1A, ADH1B, and ADHI1C occurs
in HepG2 cells and that gene repression resulted from
methylation at the upstream regions of these genes.
Furthermore, they showed that the inhibition of DNA
methylation using decitabine resulted in the
upregulation of ADHIB and ADHIC, whereas the
inhibition of histone deacetylases (HDACs) using
trigonelline A promoted ADHIC expression. Put
together, these findings indicate that hepatocyte
epigenetic methylation and deacetylation mecha-
nisms regulate the alcohol metabolism genes ADH1B
and ADHIC. However, the alcohol-induced changes
in the liver-specific epigenetic regulation of these
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genes still warrant further in-depth investigation.

1.2.2. ALDH2

The regulation of ALDH?2 plays a crucial role in
the development and progression of alcoholic
hepatocellular carcinoma (HCC) via epigenetic
mechanisms. Studies on ALDH2-deficient mice have
shown that hepatocytes can produce harmful
oxidized mtDNA in large quantities, which are then
transferred to adjacent hepatocytes via extracellular
vesicles. This transfer subsequently co-activates
multiple oncogenic pathways (such as JNK, STATS,
BCL-2, and TAZ) via acetaldehyde, thereby promo-
ting alcohol-associated HCC [16]. ALDH2 exhibits
tumor-suppressive effects in HCC. Overexpression of
ALDH2 effectively inhibits the proliferation,
migration, and invasion of HCC cells. miR-671-5p,
which acts as an upstream regulatory gene of ALDH2,
is significantly overexpressed in HCC and has a
negative regulatory relationship with ALDH2. Forced
expression of miR-671-5p leads to the promotion of
the proliferation, migration, and invasion of HCC by
inhibiting ALDH?2 [17]. In addition, DNA methylation
and histone modifications also regulate the expression
of ALDH2, thereby promoting the development and
progression of ALD. The latest research findings
indicate a significant discovery [18]: hypomethylation
at the ALDH2 gene occurs in individuals with
cirrhosis who engage in excessive alcohol
consumption, unlike the case in those without
cirrhosis. Furthermore, DNA hypermethylation at the
promoter regions of ALDH2 has been shown to be
closely linked to an elevated risk of alcohol use
disorder (AUD) in males of Chinese Han ethnicity in
Yunnan Province [19]. This valuable insight sheds
light on the mechanisms underlying epigenetic
regulation in ALD. A recent study has also shown that
ALDH2 mediates the anti-senescent effect of ethanol
by promoting SIRT1 nuclear translocation and
thereby enhancing p53 deacetylation [20]. These
findings highlight the crucial role of epigenetic
modifications involving ALDH2 in the development
of ALD. It is imperative to delve further into the
intricate interplay between the presence of ALDH2
deficiency or ALDH2 variants and the realm of
epigenetics within the context of ALD.

1.2.3. CYP2EI

Chronic alcohol consumption not only oxidizes
ADH and ALDH, but also stimulates the hepatic
endoplasmic reticulum, causing the synthesis of
CYP2E1, which in turn initiates the hepatic
microsomal ethanol oxidation system. CYP2E1
metabolizes ethanol and generates ROS, which trigger
liver inflammation and hepatocyte necrosis. ROS are

known to be hepatotoxic due to their ability to react
with macromolecules, inactivate enzymes, cause
DNA damage, modify proteins, induce lipid peroxi-
dation, and trigger histone acetylation. Choudhury
and his colleagues [21], in their experiment using rat
hepatocytes treated with ethanol, found that the
production of ROS is linked to histone H3 acetylation
at Lys9. The administration of ROS scavengers, such
as N-acetylcysteine, significantly mitigated the effect
of alcohol-induced ROS and histone H3 acetylation,
whereas the administration of ROS inducers and
inhibitors of mitochondrial complexes 1 and III
(rotenone and antimycin, respectively) enhanced
histone H3 acetylation at Lys9. These findings provide
the first evidence of the crucial role of ROS in
alcohol-induced histone acetylation, thus identifying
a new therapeutic target to prevent oxidative stress in
ALD.

1.3. The relationship between alcohol
consumption and methionine metabolism

Methionine metabolism primarily occurs in the
liver and involves two main components: the
transmethylation cycle, which generates S-adenosyl-
methionine (SAM) and its metabolite S-adenosylho-
mocysteine (SAH), and the trans-sulfuration pathway,
which  produces reduced homocysteine into
glutathione (GSH) (Fig. 2). Both these processes
require the involvement of folic acid, vitamin B6, and
vitamin B12. Drinking alcohol is intricately linked to
the methionine cycle, which generates methyl groups
that serve as substrates for DNA and histone
methylation occurring during epigenetic modifica-
tion. Alcohol consumption can alter epigenetic
modifications by affecting the intermediates,
enzymes, and cofactors involved in the methionine
cycle. Alcohol reduces the levels of folate, methionine,
SAM, vitamin B6, and vitamin B12 in the body.
Ethanol consumption upregulates the expression of
MATIA and MAT2A genes. Folic acid can lead to a
decrease in DNA methyltransferase 3a (DNMT3a)
expression, which downregulates the methylation
level of the forkhead box P3 (FOXP3) promoter
region, thereby increasing the expression of FOXP3,
an important transcription factor for Treg cells that
can alleviate liver inflammatory injury in ALD.

1.3.1. The relationship between abnormal methionine
metabolism and ALD

The SAM to SAH ratio is a useful indicator of
methylation capacity [22]. Growing evidence suggests
that ethanol exposure can alter DNA and histone
methylation. Methionine adenosyltransferase(MAT)
is a liver-specific enzyme involved in SAM synthesis.
Studies in rats by Lu and colleagues revealed that
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Figure 2.The association of alcohol consumption with the methionine cycle. Methionine metabolism primarily occurs in the liver and involves two main components:
the transmethylation cycle, which generates S-adenosylmethionine (SAM) and its subsequent metabolism into homocysteine (SAH), and the transsulfuration pathway, which
produces reduced homocysteine into glutathione (GSH). These processes require the involvement of folic acid, vitamin B6, and vitamin B12. Drinking alcohol is intricately linked
to the methionine cycle, which generates methyl groups that serve as substrates for DNA and histone methylation in epigenetics. Alcohol consumption can alter epigenetic
modifications by affecting the intermediates, enzymes, and cofactors involved in the methionine cycle. It reduces the levels of folate, methionine, SAM, vitamin B6, and vitamin B12
in the body. Ethanol consumption upregulated MATIA and MAT2A gene expression. Folic acid can lead to a decrease in DNMT3a expression, which downregulates the
methylation level of the forkhead Box P3(FOXP3) promoter region, thereby increasing the abundance of FOXP3 expression, an important transcription factor for Treg cells,
which can alleviate liver inflammatory injury in ALD. 5-MTHF, 5-methyltetrahydrofolate; DNMT, DNA methyltransferase; FOXP3, forkhead Box P3; GSH, glutathione; GSSG,
oxidized glutathione; MAT, methionine adenosyltransferase.; SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine; THF, tetrahydrofolate; Treg Regulatory T cell

ethanol upregulated the expression of the MATIA
and MAT2A genes, with only MAT2A protein levels
increased. Furthermore, administration of ethanol led
to a reduction in hepatic methionine and SAM levels,
resulting in decreased DNA methylation and
increased DNA strand breaks [23]. Reduced hepatic
SAM levels can lead to liver injury through impaired
antioxidant defense mechanisms and abnormal
epigenetic regulation of genes involved in alcoholic
liver injury. Thus, ethanol-induced abnormalities in
methionine metabolism play a crucial role in the
pathogenesis of ALD.

1.3.2. The relationship between folic acid deficiency
and ALD

Folic acid is converted by dihydrofolate
reductase to tetrahydrofolate, which can act as a
carrier for one-carbon units, such as methyl groups, to
form methyltetrahydrofolate. This methyl group can
then be transferred to homocysteine, to form
methionine. The liver is the primary storage site for
folate in the body [24]. A clinical study revealed that
the amount of folate stored in the liver is significantly
reduced in patients with ALD; this reduction may be
attributed to the reduced vitamin intake or abnormal
intrahepatic metabolism associated with alcohol
consumption [25]. Folic acid, as a major source of
methyl donors for DNA methylation, has been shown

to be beneficial in regulating inflammation, which is
commonly impaired in ALD. A recent study [26]
demonstrated that folic acid can limit ethanol-induced
inflammatory damage by increasing the expression of
hepatic Treg cells. This is achieved by a folic acid-
induced decrease in DNMT3a expression, which
downregulates the methylation level of the forkhead
box P3 (FOXP3) promoter region, thereby increasing
the FOXP3 expression—an important transcription
factor for Treg cells. The increased expression of
FOXP3 counters the Th17/Treg imbalance. Taken
together, these findings suggest that folic acid
supplementation may alleviate liver inflammatory
injury by improving Th17/Treg imbalance and could
represent a viable strategy for preventing ALD.

1.3.3. The relationship between vitamin B6 and vitamin
B12 deficiency and ALD

Vitamin B6 is a coenzyme that catalyzes the
catabolism of homocysteine to cystathionine, which is
a cysteine that eventually generates GSH and serves
as an important reducing agent that protects against
oxidation of sulfhydryl groups in protein or enzyme
molecules. Approximately two-thirds of cases of
chronic alcoholism with liver disease have vitamin B6
deficiency, and overall levels are significantly lower
than those in normal subjects [27]. The most widely
accepted cause of vitamin B6 deficiency is its
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degradation by acetaldehyde products of alcohol
metabolism and subsequent urinary waste of the free
vitamin [28]. Vitamin B12, on the other hand, is a
coenzyme of transmethylesterase, which regulates the
transmethylation reaction during SAM production.
Although intestinal absorption of vitamin B12 is
impaired in chronic alcoholism, circulating levels of
vitamin B12 are frequently elevated in ALD [29].
However, a recent study showed that hepatic vitamin
B12 levels were reduced in chronic alcoholism,
although elevated serum levels of vitamin B12 and its
analogs remain elevated, thereby suggesting that
damaged hepatocytes are unable to retain vitamin
B12 reserves [30]. When both vitamins B6 and B12 are
deficient, homocysteine buildup can cause hyper-
homocysteinemia, which in turn increases the risk of
atherosclerosis, thrombosis, and hypertension. Recent
studies have also shown that hyperhomocysteinemia
compromises the autophagic capacity of Stx17.
Supplementation with vitamin B12/folic acid may
restore the autophagic capacity of Stx17 and reduce
inflammation and fibrosis in patients with
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non-alcoholic steatohepatitis (NASH) and may
represent a new option as first-line treatment for
NASH [31]. Since NASH and ALD share many
features, vitamin B supplementation can be
considered as a potential epigenetic modulatory
approach for treating ALD.

2. Epigenetic regulatory mechanisms of
alcohol consumption on the immune
microenvironment (Fig. 3)

Alcohol consumption can impact the occurrence
and progression of ALD by modulating immune cells
and immune-related cells such as macrophages,
neutrophils, hepatic stellate cells (HSCs), T lympho-
cytes, natural killer T (NKT) cells, and liver sinusoidal
endothelial cells (LSECs) through epigenetic modifi-
cations (DNA methylation, histone modifications,
microRNA). These immune factors, in turn, influence
the levels of certain cytokines, chemokines, and
extracellular vesicles involved in ALD.
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Figure 3. The landscape of epigenetic regulatory network of the immune microenvironment in ALD. Alcohol consumption can impact the occurrence and
progression of alcohol-associated liver disease (ALD) by modulating immune cells and immune-related cells such as macrophages, neutrophils, hepatic stellate cell (HSCs), T
lymphocytes, natural killer T (NKT) cells, and liver sinusoidal endothelial cells (LSECs) through epigenetic modifications (DNA methylation, histone modifications, microRNA,
RNA methylation). This, in turn, influences the levels of certain cytokines, chemokines, and extracellular vesicles (EVs) involved in ALD.
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2.1. Immune cells
2.1.1. Macrophages

2.1.1.1. DNA methylation

Alcoholic liver injury is characterized by a
macrophage-mediated inflammatory response, with
gene silencing regulated by DNA methylation playing
a key role in the inflammatory process. Recent
research has shown that mononuclear cells have the
ability to infiltrate liver tissue and convert into
macrophages derived from mononuclear cells,
thereby playing an important role in repair following
acute liver necrosis [32]. These transformed
macrophages can also respond to the activation of
peptidoglycans and toll-like receptor 2, leading to the
release of IL-1f and IL-8, thus promoting the
occurrence and development of changes associated
with ALD [33].

Ethanol consumption induces aberrant DNA
methylation patterns and upregulates the protein
expression of DNMT1, DNMT3a, and DNMT3b.
DNMT3a-mediated methylation of the proline-
serine-threonine phosphatase interacting protein 2
(PSTPIP2) has been recently shown to amplify the
inflammatory response in alcoholic liver injury via the
regulation of the STAT1 and NF-xB pathways.
PSTPIP2, a protein that is mainly expressed in
immune cells such as macrophages, plays a crucial
role in ALD [34]. Liver-specific recombinant AAV
serotype 9 (rAAV9)-mediated overexpression of
PSTPIP2 in ethanol-fed mice significantly alleviated
liver injury and inflammation; on the other hand,
silencing PSTPIP2 exacerbated the alcohol-induced
inflammatory response in wvitro. In terms of the
underlying mechanism, PSTPIP2 downregulation in
ALD may be linked to DNA methylation, with
DNMT3a binding directly to the PSTPIP2 promoter
and inhibiting PSTPIP2 expression in macrophages.
To summarize, alcohol consumption can modify
PSTPIP2 expression in macrophages through
DNMT3a-mediated methylation, thereby contributing
to the inflammatory response in ALD via the STAT1
and NF-kB signaling pathways.

Zinc-finger swim-type-containing 3 (ZSWIM3) is
a novel SWIM zinc-finger chelating structural domain
that is expressed in immune cells, particularly
macrophages. ZSWIM3 expression is consistently
reduced in macrophages isolated from the livers of
ethanol-fed mice. Overexpression of ZSWIM3 has
been shown to attenuate ethanol-induced liver injury
and suppress inflammatory responses in vivo. Forced
expression of ZSWIM3 has been shown to have
anti-inflammatory effects in wvitro. In terms of
mechanism of action, alcohol exposure reduces

ZSWIM3 expression in Kupffer cells, possibly due to
DNMT3b-induced hypermethylation of the ZSWIM3
promoter. Downregulation of ZSWIM3 activates the
bridging protein tumor necrosis factor receptor-
associated factor 2 (TRAF2), which plays a crucial role
in the activation of the NF-kB signaling pathway and
subsequent increase in the transcription of IL-1b,
TNFa, IL-6, and the monocyte chemoattractant
protein-1 (MCP-1) as well as the protein production of
IL-1b, TNFa, and IL-6 [35]. These changes trigger a
pro-inflammatory phenotype. Therefore, it can be
inferred that the induction of liver-specific expression
of PSTPIP2 and ZSWIM3 may negatively regulate
macrophage activation and inhibit the release of
inflammatory  factors, thereby blocking the
inflammatory process in ALD.

2.1.1.2. Histone and histone post-translational
modifications

Prolonged exposure to alcohol can cause
modifications to the histones in macrophages, which
result in enhanced pro-inflammatory responses. A
recent study on the epigenetic modifications of
tissue-resident macrophages showed that chronic
heavy alcohol consumption; led to an increase in the
levels of the histone marker H3K4me3 [36]. However,
there were no significant differences in the levels of
mono- or dimethylation of the macrophage histone
H3K4, while the levels of H3K9me3 remained
unchanged. These findings suggest that chronic heavy
alcohol consumption leads to alternations in the
immune adaptability of tissue-resident macrophages
through epigenetic mechanisms.

Enhancer of Zeste homolog 2 (EZH?2) is a protein
with histone methyltransferase activity; it mainly
exerts transcriptional repression through specific
methylation modification of lysine at the H3K27 site
of histone. A study has shown that systemic EZH2-
catalyzed H3K27me3 expression increases during
liver failure, while its enrichment on the TNFa
promoter in Kupffer cells decreases. This suggests
that EZH2 enhances the production of pro-inflam-
matory cytokines released by macrophages after
stimulation during liver failure [37]. However, the
patients with acute-on-chronic liver failure (ACLF) in
that study were not ALD-ACLF patients. Therefore,
further studies are needed to investigate the altered
epigenetic modifications of macrophages specifically
in ALD-ACLF patients.

HDAC11 is a member of the histone deacetylase
family that has been shown to negatively regulate the
expression of the gene encoding interleukin 10 (IL-10)
in antigen-presenting cells [38]. Recent research has
shown that HDACI1 level is significantly elevated,
while IL-10 level is significantly decreased in Kupffer
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cells isolated from alcohol-fed mice [39]. Knockdown
of HDACI1 in mice using small interfering RNA has
been shown to increase IL-10 secretion by alcohol-
pretreated macrophages, thereby leading to the
attenuation of the hepatic inflammatory response. To
establish a link between experimental observations
and clinical outcomes in ALD patients, future
research is warranted to determine whether
chromatin-related changes can alter the -effector
functions of macrophages, including pathogen killing,
phagocytosis, and wound healing. An understanding
of these changes could help identify new epigenetic
targets for the treatment of ALD patients.

2.1.1.3. microRNA

Alcohol-induced miRNAs, particularly, miR-155
and miR-122, affect the function of monocytes/
macrophages, including oxidative stress, phagocyto-
sis, and angiogenesis. A series of studies have shown
that miR-155 plays a crucial role in ALD [40]. Elevated
expression of miR-155 has been observed in
ethanol-fed mice and alcohol-treated RAW264.7
macrophages. MiR-155 inhibits the negative regula-
tors of the TLR4 pathway, thereby reducing their
expression, promoting macrophage sensitivity to
lipopolysaccharide (LPS), and increasing the
production of pro-inflammatory TNFa in the liver,
thus aggravating the inflammatory response [39]. In
addition, miR-155 downregulates STAT3 and SOCS1
in mouse macrophages, resulting in the upregulation
of pro-inflammatory cytokines TNFa and IL-1b and
the downregulation of anti-inflammatory cytokine
IL-10 [41]. Studies have shown that as compared to
control mice, miR-155 gene knockout (KO) mice have
significantly less severe liver damage, steatosis,
inflammation, and fibrosis from alcohol exposure [42].
In addition to regulating the gene expression within
the cells that produce them, miRNAs can also
modulate the function of other cell populations,
including monocytes and macrophages, through
paracrine signaling via extracellular vesicles [43].
MiR-122 is a liver-specific miRNA that is associated
with lipid metabolism, stress response, and HCV
replication [44]. Notably, circulatory levels of miR-122
have been shown to be increased in both chronically
alcohol-fed mice and alcohol-dependent patients. In
vitro, miRNA-122 is transferred from ethanol-treated
liver cells to monocytes via extracellular vesicles,
resulting in the upregulation of pro-inflammatory
cytokines TNFa and IL-1b [45]. MiR-34a is the most
upregulated miRNA in the liver of ethanol-fed mice
and is a liver-specific miRNA known to be involved in
liver pathology. Recent studies have shown that
miR-34a deficiency inhibits the activation of liver
macrophages and production of cytokines, as well as

the infiltration of macrophages and neutrophils,
thereby leading to a reduction in angiogenesis and
liver inflammation. Therefore, inhibition of miR-34a
may be a new therapeutic approach to protect the
liver from inflammation and fibrosis [46]. To sum up,
miRNAs have a powerful regulatory effect on
macrophage function, and modulating macrophages
through microRNA regulation may be a potential
therapeutic strategy for reducing the severity of
inflammation in ALD.

2.1.1.4. RNA methylation

The most prevalent internal RNA modification
within eukaryotic cells is m6A; this modification plays
a pivotal role in the emergence and progression of
ALD. This modification, known as N6-methyladeno-
sine (m6A), is derived from the m6A methyltrans-
ferase complex. A recent study investigated the
involvement of the m6A-associated enzyme,
methyltransferase-like 3 (METTL3), in ALD [47]. In
that study, Kupffer cells isolated from the livers of
mouse models of alcoholic steatohepatitis (ASH)
showed pyroptosis triggered by alcohol consumption,
which led to an elevated release of IL-13, an
inflammatory cytokine. In vitro experiments with
lentivirus-mediated silencing of METTL3 in BMDMs
and RAW264.7 cells effectively demonstrated that
METTL3 had the capacity to mitigate pyroptosis by
influencing the splicing of pri-miR-34A, a precursor to
a microRNA. To summarize, the inhibition of
METTL3 contributed to a reduction in the inflamma-
tory cytokine surge resulting from Kupffer cell
pyroptosis in ASH mice. It is imperative to
acknowledge that the knowledge on RNA
methylation is continually advancing, and although a
mounting body of evidence connects m6A
modifications to various diseases, including ALD, the
precise mechanisms and consequential effects of these
effects are still under rigorous investigation.

2.1.2. Neutrophil

Neutrophils serve as short-lived innate immune
cells that constitute the first line of defense against
microbial infections. To protect the host against
invading pathogens, these cells utilize various defense
strategies, such as releasing effector molecules via
degranulation, phagocytosis, and the production of
neutrophil extracellular traps (NETs) [48]. In addition
to mediating the release of immune-activating or
suppressive cytokines, neutrophils play a vital role in
regulating the innate and adaptive immune systems.
A recent study has shown how neutrophilia can lead
to liver injury in patients with alcoholic hepatitis:
neutrophils in AH patients become activated and
produce NETs, resulting in liver injury and an
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increase in the expression of functionally defective
low-density neutrophils (LDNs). Transcriptome
analysis has revealed that high-density neutrophils
(HDNs) and LDNs have opposite transcriptome
profiles. Unlike activated HDNs, LDNs exhibit a
functionally  failing/deficient =~ phenotype  [5].
Researchers The exact mechanism by which alcohol
induces NETs and produces functionally defective
LDNs still remains elusive. It is also unclear whether
neutrophils regulate their functional activity through
intrinsic epigenetic mechanisms. Therefore, future
studies should focus on exploring the interactions
between NETs and epigenetic modifications to
identify more effective molecular targets in patients
with AH.

As an essential component of the granulocyte
lineage, PU.1 is a critical transcription factor in the
hematopoietic system, particularly in the bone
marrow. A recent study has shown that PU.1's main
function is to broadly inhibit enhancer accessibility by
recruiting HDACs. This action suppresses the
exaggerated immune response of neutrophils [49].
Thus, the neutrophil-dependent inhibitor program
mounted on PU.1 protects the host from an excessive
intrinsic immune response through epigenomic
modifications. Brahma-related gene 1 (Brgl) is a core
catalytic subunit of the chromatin-remodeling
complex that has been shown to be involved in the
pathogenesis of ALD; it promotes neutrophil
infiltration via the stimulation of the hepatocyte-
derived chemokine CXCL14 [50]. Given that AH is
characterized by neutrophil infiltration [51],
exploration from the point of view of epigenetics are
necessary to determine the mechanisms underlying
liver injury caused by neutrophilia in AH patients.

2.1.3. Lymphocyte

The role of hepatic lymphocytes in the
pathogenesis of ALD has not received much attention
thus far. In a recent study, the functional dysregu-
lation between liver innate lymphoid cells (ILC1) and
NK cells was found to cause a significant increase in
IL-17 levels, thereby promoting the progression of
alcohol-related fatty liver disease [52]. Similarly, T-cell
activation is closely associated with epigenetic
regulation. The T-cell receptors (TCRs) on the cell
surface play a crucial role in promoting T-cell
proliferation and differentiation by upregulating
DNA and histone methylation via the methionine
cycle. Histone methylation complex expression is low
in naive T cells and increases upon T-cell activation.
This suggests that T cells require a steady supply of
methionine to maintain their activated state.
However, TCRs can only upregulate methionine
transport and provide methyl donors in response to

antigens. This enables dynamic nucleotide methyla-
tion and epigenetic reprogramming, which drive
T-cell differentiation [53]. Methionine has been shown
to play a crucial role in epigenetic reprogramming in
CD4* T helper cells. Metabolomic analyses have
shown that activated T cells use exogenous
methionine to synthesize the universal methyl donor,
SAM. Furthermore, methionine restriction has been
found to reduce histone H3K4 methylation
(H3K4me3) in the promoter region of key genes
involved in Thl7 cell proliferation and cytokine
production, thereby reducing the proliferation and
function of pathogenic Th17 cells [54]. Thus, dietary
methionine restriction may hold promise as a
metabolic approach toward the management of
autoimmune diseases by causing the inhibition of
pathogenic Th17 cells. Alcohol intake has also been
found to induce a pro-inflammatory shift in the
immune cell population in the gut, including changes
such as an increase in Th17 cells. The abovementioned
study results suggest that restricting methionine in
the diet could reduce Thl7 cell activation, which
could alleviate alcohol-induced liver injury and
reverse the intestinal inflammation associated with
alcohol consumption. Additionally, histone methyl-
transferase G9a inhibitors have been recently shown
to regulate intestinal inflammation by enhancing
cholesterol metabolism in CD4* T cells, leading to the
development of Tregs in vivo and in vitro [55]. Overall,
modulating T-cell activity through epigenetic
mechanisms to alleviate the inflammatory response
holds promise as a potential therapy for ALD.

2.2. Immune-related cells

2.2.1. Hepatic stellate cell

Liver fibrosis is a complex process that involves
the activation and transdifferentiation of HSCs into
myofibroblasts. Metabolic reprogramming has
emerged as a crucial factor in the activation of fibrotic
cells across various organs. DNA and histone
methylation is key to the activation of HSCs. In liver
fibrosis, excessive deposition of extracellular matrix
(ECM) components occurs, and calcium-regulated
neurophosphatase (CaN) plays a crucial role in ECM
accumulation. Regulator of calcium-regulated
neurophosphatase 1 (RCAN1) is an endogenous
inhibitor of CaN. A recent study [56] revealed that
RCAN1.4 expression is selectively downregulated in
liver fibrosis. Decitabine and DNMTs-RNAi inhibitors
restore RCAN1.4 expression, indicating that DNA
methylation causes the reduction in RCAN1.4
expression. ChIP analysis confirmed that DNMT1 and
DNMT3b induced methylation of the RCAN1.4
promoter. Furthermore, overexpression of RCAN1.4
promotes the apoptosis of activated HSCs, both in
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vitro and in vivo, and also attenuates liver fibrosis.
Thus, inhibiting DNA methylation to upregulate
RCAN14 may serve as a potential therapeutic
strategy for treating alcoholic liver fibrosis. Studies
have demonstrated that methylation of histone H3 at
lysine 4, lysine 9, and lysine 27 is a critical and
dynamic epigenetic modification occurring during
HSC activation. The trimethylation of histone H3
(H3K4me3) at lysine 4 is typically associated with
gene activation, while H3K9me2/3 and H3K27me2/3
often lead to gene repression [57]. Recent
investigations have examined the differential
expression and opposing functions of histone H3K27
methylesterase EZH2 and demethylase JMJD3 in the
activation of HSCs and liver fibrosis. EZH2 and
JMJD3 were found to play opposite roles in the
regulation of HSC activation and that DZNep
inhibition of EZH2 or siRNA silencing suppresses the
activation and proliferation of HSCs, while JMJD3
overexpression also achieves these effects. Further-
more, demethylation in all of the above scenarios
attenuated liver fibrosis [58]. That study is among the
few to investigate the role of methyltransferases and
demethylases in the epigenetic modification of
histones in liver fibrosis. G9a is an H3K9 methyl-
transferase, and G9a and DNMT1 are expressed
together in fibrotic cells after HSC activation. This
expression of G9% and DNMT1 is required for
TGF-1-induced activation of HSC fibrosis, and the
first dual G9a/ DNMT1 inhibitor, CM272, represents a
novel pharmacological agent for targeting DNMT1
and GY9 to counteracts the TGF-1-induced pro-
fibrotic response and metabolic reprogramming of
HSCs [59]. Taken together, these findings suggest that
targeting epigenetic modifications, specifically in
HSCs, could be a potential therapy for reversing liver
fibrosis.

2.2.2. Liver sinusoidal endothelial cell

LSECs contribute to maintaining hepatic homeo-
stasis by performing multiple functions, including
blood filtration to remove pathogens, supplying
oxygen and nutrients to hepatocytes, metabolizing
drugs and alcohol, and regulating immunity [60].
LSEC dysfunction has been observed in various liver
diseases, including ALD. LSECs express key enzymes,
such as CYP2E1 and ADHI1, that are involved in
alcohol metabolism [61]. Under normal
circumstances, ADH1 can promote Hsp90 acetylation
to some extent by metabolizing alcohol, without
affecting LSEC function. However, ADH1 induction
in LSECs does not occur in the presence of alcohol
excess, and the upregulation of CYP2E1l increases
Hsp90 acetylation, which reduces its interaction with
eNOS, thus leading to decreased NO production—a

typical manifestation of LSEC dysfunction. The liver
can be protected from inflammation by eNOS-derived
NO, which inhibits Kupffer cell activation. Excessive
alcohol consumption can lead to acetylation of Hsp90
and its reduced interaction with eNOS, which are
potential mechanisms of LSEC dysfunction and liver
injury [62]. Thus, reducing Hsp90 acetylation through
overexpression of AAV gene-delivered HDAC
isozyme (HDAC6) can increase Hsp90-eNOS
interaction and restore eNOS-derived NO production,
thereby ameliorating LSEC dysfunction and liver
inflammation. Therefore, HDAC6-specific overex-
pression in AAV8-mediated gene delivery of LSECs
may represent an innovative therapeutic strategy for
ALD.

2.3. Immune mediators

2.3.1. Cytokines

There is ample evidence of an abnormal
circulating cytokine profile in ALD, which is
attributed to the stimulation of peripheral pro- and
anti-inflammatory cytokine secretion by immune cells
upon chronic alcohol consumption. This abnormal
cytokine profile may vary with the stage of the disease
[63]. Various cytokines play distinct roles in ALD.
IL-20 and IL-22 are members of the IL-10 family. IL-10
serves as a well-established anti-inflammatory
cytokine, and IL-22 provides epithelial protection and
antimicrobial function, thus demonstrating thera-
peutic potential for protection against organ damage
[64-67]. However, recent research indicates that 1L-20
may exacerbate liver inflammation and bacterial
infections [68]. Therefore, downregulation of IL-20
and upregulation of IL-22 through acquired
epigenetic mechanisms may offer represent viable
therapeutic approaches toward combating ALD.

AH is known to be associated with a robust
cholestatic and biliary response [69]. Furthermore,
biliary disease is marked by substantial biliary
fibrosis, a critical regulator of which is the down-
stream signaling of TGF-p. In the liver, KAT2A —a
specific lysine acetyltransferase—is expressed
primarily by bile duct cells, whereas KAT2B is
predominantly expressed in parenchymal hepato-
cytes, such as hepatocytes. KAT2A-mediated
H3K9AC is responsible for the epigenetic activation
downstream of TGF-p and may selectively regulate
the gene network of fibrosis activated by HSCs,
without affecting other functions of TGEF-p.
Consequently, inhibitors specific to KAT2A could be
used to selectively target bile duct cells to prevent bile
duct fibrosis, without impacting other hepatocytes
[70]. Thus, epigenetic regulation of TGF- expression
may represent a viable therapeutic option for the
prevention of biliary response and biliary fibrosis in
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ALD.

2.3.2. Chemokines

Chemokines are a group of small signaling
proteins that are secreted by cells. They can be
classified into four families: CXCLs, CCLs, CX3CLs,
and XCLs4. Their primary function is to
chemotactically attract and activate immune cells.
Chemokines have been shown to play important roles
in various biological processes, both in health and
disease. With the advancement of functional
genomics, chemokine transcriptional regulation has
attracted increasing research interest [71]. Alcohol
consumption can induce various physiological
changes and bodily responses that may impact the
production and function of chemokines. Elevated
levels of CCL2, CXCL5, and CXCL6 are positively
associated with increased neutrophil infiltration and
mortality rates in patients with AH [72]. Additionally,
CCL20, a CCR6 ligand involved in chemotaxis of
lymphocytes, is positively associated with disease
severity in patients with AH. CCL20 is thought to act
through chemotactic functions but via induction of
pro-inflammatory and pro-fibrotic effects directly on
HSCs [73]. Elevated chemokine levels in ALD are
closely linked to epigenetic reprogramming. In a
recent study, researchers performed RNA-seq and
ChIP-seq on tissue samples from AH livers and
normal livers and found that several CXCL
chemokines, including CXCL1, CXCL6, and CXCLS,
which are involved in neutrophil recruitment, showed
significantly increased expression in the livers of AH
patients. Further studies revealed that the promoter
regions of the corresponding genes in AH were
enriched for active modifications (H3K27ac and
H3K4me3) and lacked a repressive marker
(H3K27me3). Researchers have demonstrated that the
production of CXCL chemokines is regulated by the
TNFa/NF-xB signaling pathway. They also identified
a super-enhancer containing multiple CXCL loci
upstream that promotes TNFa-induced upregulation
of CXCL chemokines. Epigenome editing or specific
repression of BET proteins, which are transcriptional
regulators essential for super-enhancer function,
reduces CXCL chemokine expression in vivo and in
vitro and leads to reduced neutrophil infiltration in
the AH mouse model. Functional studies on the CXCL
super-enhancer confirm its role in inflammatory
signaling in AH. Understanding the role of distal
cis-regulatory elements and their corresponding
epigenetic regulation in AH is critical to gain insight
into the disease pathogenesis and may open new
avenues for the development of novel mechanistic
therapies applicable to other inflammatory diseases in
the liver and other organ systems [74].

FK506-binding protein 5 (FKBP5) is a
co-chaperone protein known to interact with steroid
receptors and is thought to be an important regulator
of the stress response [75]. Ethanol consumption is
associated with FKBP5 in humans, and ethanol has
been recently shown to cause reduced levels of DNA
methylation in the promoter region of FKBP5,
resulting in increased FKBP5 mRNA and protein
expression, both in ALD patients and ethanol-fed
mice. Activation of TEAD1 leads to increased
expression of its novel target CXCL1, which mediates
neutrophil recruitment in AH, thereby causing liver
inflammation and neutrophil infiltration. Deletion of
FKBP5 significantly ameliorates alcohol-induced liver
injury, suggesting that it has potential as a therapeutic
strategy for ALD [76]. Taken together, these findings
suggest that regulation of chemokine production
through epigenetic pathways may be a potential
therapeutic modality for ALD.

2.3.3. Exosomes and extracellular vesicles

Extracellular vesicles are vesicles with a bilayer
membrane structure; they are either shed from cell
membranes or secreted by cells. These vesicles act as
“carriers” for intercellular communication and are
capable of secreting and delivering outside the cell
various biomolecules, such as proteins, RNA, and
DNA. Extracellular vesicles play crucial roles in
several biological processes, including immune
response, cell growth, differentiation, apoptosis, and
tumorigenesis. Among the various types of extracel-
lular vesicles, exosomes are prevalent in immune cells
and have several functions such as antigen presen-
tation, immune activation, and immunosuppression.
Exosomes contain microRNAs that enter the
circulation or are taken up by neighboring cells,
allowing miRNAs to modify targets in the recipient
cells; thus, they play crucial roles in the development
and progression of ALD as regulatory signals,
biomarkers, and therapeutic targets [77].

MicroRNAs have various potential functions in
the pathogenesis and management of ALD. With
respect to pathogenesis, microRNAs act as signaling
molecules and can modulate immune cells. For
example, monocytes exposed to alcohol can release
exosomes carrying miR-27a, which in turn acts as a
programming signal to stimulate the polarization of
naive monocytes into M2 macrophages [78]. Second,
microRNAs can serve as disease-specific biomarkers
in the diagnosis of ALD. For instance, in blood
extracellular vesicles of ASH mice, three miRNAs,
namely, let7f, miR-29a, and miR-340, were found to be
significantly elevated; no such significant changes in
specific miRNA levels were observed in the blood
extracellular vesicles of the mouse models of three
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other conditions involving chronic liver injury —bile
duct ligation, NASH, and obesity [79]. Further
research is needed to identify novel ALD biomarkers
and to confirm whether extracellular vesicles
containing the abovementioned three miRNAs can
serve as reliable biomarkers for the diagnosis of ALD.
Finally, microRNAs can be exploited as therapeutic
targets to alleviate liver injury caused by alcohol. For
instance, miR-122 is a hepatocyte-specific miRNA that
shows reduced levels in in human liver and murine
hepatocytes on exposure to chronic alcohol intake.
This reduction in miR-122 levels promotes liver
injury, steatosis, and inflammation, and therapeutic
AAV8-mediated miR-122 restoration has been shown
to reverse liver injury by inhibiting hypoxia-inducible
factor (HIFla) [80]. Therefore, the induction of
miR-122 expression shows promise as a therapeutic
strategy for ALD and liver fibrosis.

Different microRNAs have varying effects on the
inflammatory response in ALD. Certain microRNAs
promote an inflammatory response, leading to liver
damage. Overexpression of miR-155, miR-154,
miR-34c, miR-450a, and miR-204 has recently been
shown to increase the production of the inflammatory
cytokines TNFa or IL-6 in peripheral blood mono-
nuclear cells after alcohol stimulation, leading to an
intensified inflammatory response [43]. In contrast,
some microRNAs mitigate the inflammatory response
and protect the liver from injury. Forkhead box
protein O1 (FoxOl) has been identified as a
transcription factor for miR-148a, and alcohol
exposure causes hepatocyte scorching by inhibiting
FoxOl and reducing miR-148a expression in the
hepatocytes, thereby promoting TXNIP overexpres-
sion and NLRP3 inflammatory vesicle activation.
Overexpression of miR-148a prevents inflammasome
activation and cell scorching through TXNIP
inhibition [81]. Additionally, miR-148a has recently
been shown to regulate ADH expression [82]. In
patients with ALD and animal models of ALD, serum
and liver levels of neutrophil-specific miR-233 are
elevated, and miR-233 has been shown to be
important for the inhibition of neutrophil hyper-
activation by suppressing IL-6 production [83]. In
light of these findings, it is necessary that large-scale
clinical cohort studies are conducted to further
explore and validate the effectiveness and usefulness
of microRNAs in predicting ALD progression,
detecting it early, and monitoring treatment response.

2.4. Inflammatory pathways

2.4.1. Loss of intestinal integrity

The damaging effects of alcohol abuse on the
intestinal mucosa are well-documented. This damage
can lead to an increase in intestinal permeability,

allowing endotoxins to reach the liver and resulting in
an inflammatory response. Tight-junction proteins
(TJPs), particularly TJP1, are essential for regulating
intestinal permeability, and their expression is
epigenetically regulated by inflammation-induced
microRNAs. Tang and colleagues have shown that
ethanol exposure caused the upregulation of miR-212,
which reduced the expression of TJP1 and
compromised tight junctions, thus leading to an
increase in intestinal permeability in Caco-2 cells. The
elevated expression of miR-212 leads to the silencing
of TJP1 mRNA, which, in turn, contribute to the
progression of ALD. These findings suggest that high
miR-212 expression levels are associated with
increased intestinal permeability, and therefore,
therapeutic regulation of the miR-212-TJP1 axis could
block the inflammatory response triggered by alcohol
consumption [84]. Recent studies [85] have also
shown that dysregulation of miR-130a and miR-212
expression in the colonic epithelium can disrupt the
epithelial barrier by downregulating PPARy and
OCLN expression. Further investigations are
warranted to explore the epigenetic mechanisms
involved in the inflammatory pathway.

2.4.2. Aging and inflammation

Aging is associated with various epigenetic
shifts that influence gene expression, metabolic
pathways, and inflammation relevant to ALD. In a
2017 study [86], researchers noted that hepatic SIRT1
protein expression in middle-aged mice is lower than
that in their younger counterparts. The study revealed
that SIRT1-induced dip in hepatocytes and HSCs
heightened the vulnerability of middle-aged mice to
chronic-plus-binge ethanol-induced liver injury. On
the other hand, restoration of hepatic SIRT1 protein
expression alleviated this injury. Further investigation
into how aging-distorted epigenetic status affects
ALD [87] revealed some key points: neutrophilic
SIRT1 downregulation as part of aging and the
alcohol-induced reduction in the expression of the
anti-inflammatory  factor miR-223, amplifying
susceptibility to liver injury. Additionally, aging-
related or alcohol-induced downregulation of SIRT1
in neutrophils spurred the acetylation of CCAAT/
enhancer-binding protein a (C/EBPa), controlling
miR-223 production. Investigations on the exact
mechanisms by which aging-related epigenetic
changes contribute to ALD are still underway.
Research in this area is important to gain an
understanding into how aging impacts ALD suscepti-
bility and progression. Such an understanding could
facilitate the development of targeted interventions to
mitigate the effects of age-related epigenetic changes
on liver health.
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Figure 4. Different epigenetic modifications in different forms of alcoholic liver disease. Alcohol- associated liver disease (ALD) comprises a wide range of hepatic
disorders, including asymptomatic steatosis, alcoholic hepatitis (AH), alcoholic liver fibrosis and cirrhosis, ALD-Acute-on-chronic liver failure (ACLF) and alcohol-related
hepatocellular carcinoma (HCC). Different stages of ALD have different epigenetic modifications. In alcoholic steatosis, ethanol treatment downregulates carnitine
palmitoyltransferase-1A (CPT-1A) gene expression and upregulates fatty acid synthase (Fas) by regulating HDAC. Intracellular adipogenesis in hepatocytes is closely linked to the
elevated expression of the Fas and decreased expression of the CPT-1A.In AH, alcohol consumption downregulated EHMT2 and SIRTS, chronic alcohol consumption upregulates
miR-155 and miR-182, triggering inflammation. In alcoholic cirrhosis, ethanol-induced activation of KMT2A (histone H3Lys4 methyltransferase), which subsequently mediated
histone H3 trimethylation at Lys4 on the elastin gene promoter, leading to chromatin activation and upregulation of elastin and other ECM genes, promoting the progression of
liver fibrosis. During the development of liver failure, EZH2 expression significantly increases, and pro-inflammatory cytokines are promoted through the enrichment of
H3K27me3 and NF-kB and Akt signaling pathways. In HCC, the expression of MAT2A is more dominant than that of MATI A, leading to lower SAM production and rapid tumor
growth. ACLF, acute-on-chronic liver failure; AH, alcoholic hepatitis; ALD, alcohol-associated liver disease; CPT-1A, carnitine palmitoyltransferase-1A; ECM, extracellular
matrix; EHMT2 euchromatic Histone-Lysine N-Methyltransferase 2; ER, endoplasmic reticulum; EZH2, enhancer of Zeste Homolog 2; Fas fatty acid synthase; HCC,
hepatocellular carcinoma; HDAC, histone deacetylase; KAT2A, lysine acetyltransferase 2A; LPS, lipopolysaccharide; MAH, mild alcoholic hepatitis; MAT, methionine
adenosyltransferase.; NF-kB, nuclear transcription factor-kB; ROS, reactive oxygen species; SAH, severe alcoholic hepatitis; SIRTS, sirtuins 6; TLR4, toll-like receptor 4

Lys4 on the elastin gene promoter, leading to

3. Eplgenetlc alterations in different chromatin activation and upregulation of elastin and

forms of ALD (Fig. 4)

Alcohol-associated  liver  disease = (ALD)
comprises a wide range of hepatic disorders,
including asymptomatic steatosis, AH, alcoholic liver
fibrosis and cirrhosis, ALD-ACLF and alcohol-related
HCC. Different stages of ALD are associated with
different epigenetic modifications. In alcoholic stea-
tosis, ethanol treatment downregulates the expression
of carnitine palmitoyltransferase-1A (CPT-1A) gene
and upregulates fatty acid synthase (Fas) by
regulating the expression of HDAC. Intracellular
adipogenesis in hepatocytes is closely linked to the
elevated expression of Fas and decreased expression
of CPT-1A. In AH, alcohol consumption causes the
downregulation of EHMT2 and SIRT6, while chronic
alcohol consumption causes the upregulation of
miR-155 and miR-182, thus triggering inflammation.
In alcoholic cirrhosis, ethanol induces the activation of
KMT2A (histone H3Lys4 methyltransferase), which
subsequently mediates histone H3 trimethylation at

other ECM genes and thereby promoting the
progression of liver fibrosis. During the development
of liver failure, EZH2 expression significantly
increases, and pro-inflammatory cytokines are
promoted through the enrichment of H3K27me3 and
NF-xB and Akt signaling pathways. In HCC, the
expression level of MAT2A is greater than that of
MAT1A, leading to lower SAM production and rapid
tumor growth.

3.1. Alcoholic steatosis

AFLD is primarily marked by increased fat
synthesis and reduced fatty acid oxidation in
hepatocytes. The development of alcohol-induced
hepatic steatosis is closely associated with epigenetic
regulatory mechanisms.

Increased histone acetylation is mainly
associated with the regulation of hepatic lipid
metabolism-related genes, particularly by the action
of HDAGs. Intracellular adipogenesis in hepatocytes
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is closely linked to the increased expression of the
fatty acid synthase (Fas) and decreased expression of
the carnitine palmitoyltransferase-1A (CPT-1A).
Acute alcohol intake has been shown to decrease
HDAC9 mRNA expression, leading to increased
acetylation of the Fas promoter histone and increased
chromatin accessibility; this results in transcriptional
activation, which promotes hepatic steatosis and
adipogenesis [88]. Another study found that ethanol
treatment downregulates the expression of the
CPT-1A gene by increasing the CPT-1A promoter
region [89] recruitment of HDAC1, which
deacetylates the CPT-1A promoter histone H3KO.
However, oral administration of tributyrin, a dietary
HDAC inhibitor, can inhibit histone deacetylation,
thereby reducing the negative effects of ethanol on
CPT-1A.

Alcohol-induced steatosis has been linked to the
abnormal expression of microRNAs, which regulate
inflammation and lipid metabolism through the
post-transcriptional modulation of their target
mRNAs [90]. Studies have identified distinct miRNA
expression profiles for alcoholic and non-alcoholic
fatty liver, with some experiments on mouse models
showing that the Lieber-DeCarli alcohol diet induced
the upregulation of 1% of miRNAs and the down-
regulation of 1%, while the methionine-choline-
deficient (MCD) diet induced the upregulation of 3%
and downregulation of 1% [91]. Interestingly, both
these diets induced the upregulation of miR-705 and
miR-1224; the MCD diet induced the upregulation of
miR-199a-3p, miR-182, and miR-183, while the
Lieber-DeCarli diet induced their downregulation.
These findings together indicate that abnormal
miRNA expression is a feature common to both
alcoholic and non-alcoholic fatty liver. A recent study
on rat models of AFLD revealed that miR-181b-5p and
PRMT1 expression was increased, while PIAS1
expression was decreased in liver tissue [92]. Further
analysis showed that miR-181b-5p promoted PRMT1
expression by inhibiting PIAS1, which was identified
as a target gene of miR-181b-5p. Notably, overex-
pression of PIAS1 or inhibition of PRMT1 by the
inhibition of miR-181b-5p caused improvement of
steatosis in rats with AFLD. These results suggest that
regulating miRNA expression patterns may hold
promise as a therapeutic strategy for alcohol-related
fatty liver disease.

Alcohol-induced hepatic steatosis has also been
linked to DNA methylation, with PCSK9 being a key
regulator of the low-density lipoprotein cholesterol
(LDL-C) primarily expressed in the liver. Alcohol
exposure has also been shown to cause variant
methylation at the promoter region of PCSK9, which
can affect its expression and contribute to the

regulation of LDL-C levels [93]. Therefore, basic and
clinical research is warranted to further investigate
potential epigenetic mechanisms that can be targeted
for the prevention and treatment of alcohol-induced
hepatic steatosis.

3.2. AH

3.2.1. Mild AH

Both histone modifications and miRNAs, by
virtue of their crucial roles in regulating the
inflammatory response in mild AH, represent
potential therapeutic targets. Downregulation of
EYIHMT2 (G9a), an H3K9 methyltransferase, has
been observed in mouse models of AH, resulting in
endoplasmic reticulum stress and the upregulation of
several genes associated with oxidative stress
signaling, including HSPA5, ATF4, DDIT3, CASP12,
and SREBF1. Therefore, enhancing the EHMT2
expression to alleviate endoplasmic reticulum stress
may help reduce the degree of liver inflammation in
ALD [94]. SIRT6, an NAD*-dependent histone
deacetylase, has been shown to be downregulated in
both mouse models of ALD mice and patients with
AH. However, hepatic SIRT6 overexpression in mice
has been found to reverse ethanol-induced damage by
enhancing transcriptional the induction of Mtl and
Mt2 genes and improving the hepatic defense system
against alcohol toxicity [95]. Additionally, a recent
study demonstrated that chronic alcohol feeding in
mice upregulates miR-155 expression in the liver
macrophages and promoting inflammatory responses
through the activation of TLR4 signaling, thereby
triggering inflammation. Knockdown of miR-155
alleviated LPS/TLR4-induced inflammation in AH
[39].

3.2.2. SAH

Severe alcoholic hepatitis (SAH) is characterized
by the coexistence of systemic inflammation and
immune dysfunction in the form of impaired immune
cell responses to pathogens and their products,
thereby leading to an increased susceptibility to
infection. A recent study used single-cell RNA
sequencing to determine the composition and
proportion of immune cells in patients with early AH,
severe AH, HCV, HCV combined with cirrhosis, and
NAFLD. The study revealed that patients with SAH
had the most extensive alteration in immune cell
composition [96]. Another study showed a sustained
decrease in the proportion of monocytes expressing
IL-6, IL-1B, TNF-a, and IL-12/23p4 cytokines in
patients with SAH. The investigators also analyzed
the epigenomic landscape of these monocytes, and
found that CD14* monocytes from patients with SAH
exhibited altered transcriptional and epigenomic
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profiles [97]. In AH patients, the expression profile of
miRNAs is known to be substantially altered. Unlike
the case with other liver diseases, in AH, miR-182 was
the most highly expressed miRNA and its levels
correlated with the degree of catheter response,
disease severity, and short-term mortality [98].
Furthermore, the progression of AH to ACLF is
influenced by epigenetic modifications, and the
development of hepatocellular failure in AH patients
is characterized by a significant reduction in the
hepatocyte nuclear factor 4 alpha (HNF4a)-dependent
gene expression. This reduction can be attributed to
the highly methylated HNF4a-dependent genes in
patients with AH. These study results suggest that
epigenetic drivers that regulate HNF4a-dependent
gene expression may be beneficial in AH patients [99].

3.3. Alcoholic liver fibrosis and cirrhosis

Cirrhosis is a progressive liver disease that is
considered systemic because it affects various organs
and organ systems, including the immune system
[100]. A recent study using immunofluorescence
analysis found that the expression of M1 and M2
macrophages is increased in patients with alcoholic
liver cirrhosis and is associated with the promotion of
fibrosis [4]. Chronic liver injury leads to liver inflam-
mation and fibrosis, where HSCs transdifferentiate
into myofibroblasts, resulting in the secretion of ECM
proteins and consequent fibrous scarring [101]. The
transdifferentiation of HSCs is partially mediated by
DNA methylation [102], and in a mouse model,
treatment of HSCs with the DNMT inhibitor 5-azadC
was shown to prevent HSC transdifferentiation [103].
In a recent study, Page and his colleagues treated
HSCs with ethanol at the transdifferentiation stage
and found that ethanol-induced activation of KMT2A
(histone H3Lys4 methyltransferase), which then
mediated histone H3 trimethylation at Lys4 on the
elastin gene promoter; this leads to chromatin
activation and upregulation of elastin and other ECM
genes [104]. This study suggests that alcohol-induced
histone trimethylation triggers the upregulation of
genes in HSCs, thereby promoting liver fibrosis.
Therefore, specific interventions targeting alcohol-
induced Lys4 histone trimethylation or fibrosis gene
expression could be employed as preventive measure
against alcoholic liver fibrosis.

3.4. ALD-ACLF

ACLF is characterized by a high degree of
systemic inflammation, an exaggerated compensatory
anti-inflammatory response, and a failure and
dysregulation of immune cells. These changes
ultimately lead to multi-organ failure and contribute
to a high short-term mortality [105]. Recent studies

have shown that the most common cause of ACLF is
alcohol consumption, followed by infection [106]. The
pathogenesis of liver failure is characterized by a
significant increase in EZH2 expression and
promotion of pro-inflammatory cytokines through the
enrichment of H3K27me3 and NF-xB and Akt
signaling pathways. The EZH?2 inhibitor GSK126 has
been shown to ameliorate liver injury and improve
survival in mice with liver failure by inhibiting TNF
and other indispensable pro-inflammatory cytokines.
These findings together suggest that EZH2/
H3K27me3 plays a role in liver failure by regulating
immune activation, as evidenced by the fact that
GSK126-induced  inhibition of EZH2-catalyzed
H3K27me3 can significantly attenuate liver injury and
reduce inflammatory cell infiltration. This may be
partially responsible for the reduction in the levels of
pro-inflammatory cytokines. These findings provide
compelling evidence for the potential clinical
application of EZH2 methyltransferase targeting in
the treatment of liver failure [37].

3.5. ALD-HCC

HCC accounts for over 80% of primary liver
cancers worldwide and is the leading cause of
cancer-related deaths in many regions across the
world [107]. Chronic alcohol consumption is a
well-known independent risk factor for the develop-
ment of HCC. Lambert and colleagues conducted a
study on DNA methylation of HCC-associated genes
and discovered that the presence/absence of aberrant
DNA methylation patterns helped distinguished
between HCC secondary to hepatitis B virus (HBV)
and HCV infection and HCC associated with alcohol
consumption. In specific terms, the levels of the
O6-methylguanine-DNA methyltransferase methyla-
tion were significantly higher in alcohol-associated
HCC than that in HBV/HCV-associated HCC, which
suggests that alcohol may cause targeted hyper-
methylation of specific genes. However, the alcohol-
induced increase in MGMT methylation appears to
contradict its decrease during HCC progression. This
discrepancy could be because the lower levels of
MGMT methylation found in most HCC samples
outweigh the relatively small proportion of increase
in MGMT  hypermethylation  occurring in
alcohol-associated HCC [108]. For further clarity,
studies are warranted to determine whether alcohol
intake affects MGMT directly or indirectly via its
metabolites. Methylated forms of the associated genes
could then serve as biomarkers for malignant
transformation and risk assessment.

The methionine adenosyltransferase. (MAT)
family comprises three members: MAT1A, MAT2A,
and MAT2B. While MAT1A synthesizes SAM only in
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normal liver tissues and bile duct epithelial cells,
MAT2A is responsible for SAM production in both
extrahepatic normal and cancerous tissues; MAT2B
does not exhibit any catalytic activity. Notably, in
HCC, the expression of MAT2A is more dominant
than that of MAT1A, thereby leading to decreased
SAM production and rapid tumor growth. In a study
conducted by Lu and colleagues, rats were fed ethanol
for 9 weeks, which resulted in a switch of
predominance from MAT1A to MAT2A, leading to
reduced SAM production, hypomethylation of MYC,
transcriptional upregulation, DNA strand breaks, and
liver damage [109]. Recent studies have also
suggested that the MATIA:MAT2A expression ratio
could be a potential biomarker for predicting the
progression and prognosis of human HCC: a higher
MATIA:MAT2A ratio has been shown to be
negatively correlated with cell proliferation and
genomic instability and positively correlated with
apoptosis and global DNA methylation [110].

Alterations in the expression and mutations of
epigenetic modifiers are known to be prevalent in
human HCC. In particular, HCC tissue shows an
upregulation of 43% of the 90 evaluated epigenetic
modifiers, as compared to normal human tissue.
Additionally, high expression levels of 12 of these
epigenetic modifiers were associated with the worst
prognosis among HCC patients. Human HCC is
characterized by the dysregulation of several histone
post-translational modifications (HPTMs), writers
(HATS and KMTs), readers (BRDs), erasers (KDMs),
and somatic mutations. Given the critical role of
HPTMs in HCC development, growth, and meta-
stasis, pharmacological inhibition of these epigenetic
pathways may represent a novel therapeutic strategy.
Two histone deacetylase (HDAC) inhibitors, belino-
stat and reminostat, have been recently investigated
in phase I/II clinical trials in HCC patients, which
have shown potential efficacy of these targeted
therapies [111]. To sum up, the detection of promoter
methylation of specific genes may help identify cells
with potential for malignant transformation in
precancerous (cirrhotic) lesions.

Limitation and future studies

The field of epigenetic drug therapy is currently
facing significant challenges. First, since epigenetic
modifications are pervasive across almost all genes in
the body, the lack of target specificity and sensitivity
of the currently available drugs is a major concern.
Due to these limitations, these drugs can cause
extensive and difficult-to-control epigenetic modifica-
tions, thereby compromising their efficacy. To address
this concern, future efforts towards drug
development in this field should be focused on

optimizing the sensitivity and specificity of epigenetic
drugs. Second, given the significant inter-individual
variability in epigenetic modifications, there are likely
to be individual differences in gene expression
patterns and clinical disease phenotypes. This makes
it imperative that the therapeutic agent is tailored to
the individual, which may negatively affect the
widespread application of epigenetic drugs. Finally,
the sites of each type of modification vary
significantly, since epigenetic modifications can occur
in a wide range of locations, including the promoter
and coding regions of genes, as well as upstream and
downstream  participants such as enhancers.
Identifying the specific sites and levels of the
modifications is necessary to reduce the toxic effects
of drug use. Furthermore, future studies should
explore the impact of different types of alcohol, such
as liquor and beer, as well as different drinking
patterns on epigenetic modifications in ALD. It is also
essential to investigate the role of epigenetic
modifications on specific immune cells by
experimentation with the knockdown of immune
cell-specific epigenetics-modifying enzymes. Overall,
we expect epigenetics to play a central role in ALD
research over the next decade, with a greater
emphasis on characterizing the interplay between
epigenetic = modifications and the immune
microenvironment.

Conclusion

The incidence of ALD is progressively escalating,
paralleled by a rise in the associated morbidity and
mortality rates. Recent investigations have revealed
that alterations in the immune microenvironment
play crucial roles in the pathogenesis of ALD. In this
context, epigenetic modifications within the immune
system represent a potential target for addressing
alcohol-induced diseases. In this paper, we meticu-
lously elaborate on the relationship between alcohol
consumption and epigenetics, focusing specifically on
the impact of alcohol metabolites (such as ethanol,
acetaldehyde, and acetic acid) and enzymes (ADH,
ALDH?2, and CYP2E1) on epigenetic modifications.
Given that methionine metabolism produces SAM,
the donor for all methylation reactions in vivo, and
alcohol consumption is closely related to folate,
vitamin B6, and vitamin B12, which are required for
methionine metabolism, we further summarize the
relationship between alcohol consumption and
methionine metabolism to gain insight into the
mechanisms underlying the role of alcohol in the
regulation of epigenetic modifications. Additionally,
we also elaborate on the effect of alcohol consumption
on epigenetic modulation of the immune
microenvironment, including its impact on immune
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cells, immune-related cells, immune mediators, and
inflammatory pathways. Finally, we innovatively
summarize the differences between the epigenetic
modifications in each disease stage, with a view to
improving the diagnosis, monitoring, treatment, and
prognosis of the disease in clinical practice.
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