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1. Introduction

Abstract

Abstract: Alcoholic liver disease (ALD) is a worldwide health problem
that may lead to development of fatty liver steatosis, hepatitis and
cirrhosis. Alcohol is known to exert a harmful effect on a variety of
human tissues. In particular, the liver is the major site of alcohol-induced
damage because it is the direct recipient of the blood that contains
elevated levels of alcohol, and it is the major organ responsible for alcohol
metabolism. The damage caused by ethanol is mainly attributed to its
metabolic process that results in production of acetaldehyde and reactive
oxygen species (ROS) such as hydrogen peroxide, superoxide and free
hydroxyl radical. These metabolites cause depletion of reduced
glutathione (GSH), peroxidation of cellular membranes, oxidation of
macro-molecules such as proteins and nucleic acids, and eventually lead
to progressive injury of hepatocytes. Additionally, ethanol and its
metabolic products enhance the production of pro-inflammatory cytokines
such as tumor necrosis factor-alpha (TNF-a) and interleukin-6 (IL-6). The
enhanced production of those inflammation factors; stimulated partially
by oxidative stress; results in cytokine imbalance and immune disorders,
leading to further hepatic damage. Thus, agents with anti-inflammatory
and anti-oxidative properties might be potential candidates for protection
against alcohol-induced liver disease. The metabolic functions of the
alcoholic liver are seriously affected. Disorders in iron metabolism are
characteristic of ALD. Abnormal levels of iron, ferritin, and transferrin
were reported in ALD. Hepcidin, the principle hepatic regulator of the
metabolism of iron, is decreased in ALD.
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according to the pathological features of the liver.
The first and most widespread stage, alcoholic fatty

Alcoholic liver disease (ALD) is characterized by liver, is a result of increased lipid accumulation in
liver injury, inflammation, fibrosis, cirrhosis, and the liver. The second stage, alcoholic hepatitis,
cancer caused by long-term or large volumes of manifests as changes to hepatocytes that give them

alcohol intake. ALD is classified into several stages a balloon like appearance, a large number of
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Mallory Denk bodies, and liver infiltration by
monocytes, neutrophils, and other inflammatory
cells. In the third stage, alcoholic liver fibrosis,
collagen fibrosis extends into the lobules of the
liver, and then, the final two stages of ALD,
cirrhosis, and hepatocellular carcinoma (HCC), may
develop (Singal et al., 2011).

Hepcidin is a principle hepatic regulator of the
metabolism of iron. The expression of hepcidin in
the liver is downregulated by both acute and chronic
exposure to alcohol (Sangkhae and Nemeth,
2018). Ethanol consumption increases absorption of
iron, presumably by downregulation of hepcidin
expression, leading to increased ferritin levels. The
increased levels of iron and ferritin may play a role
in the progression of ALD to cirrhosis and
eventually HCC (Guo et al., 2013).

2. Mechanisms of ethanol-induced
liver diseases

The mechanisms of ethanol induced liver injury are
complex and involve multiple signaling pathways.
Therefore, Alcohol-induced liver injury mainly
involves structural damage to liver cells, lipid
accumulation, and inflammation. Studies have
demonstrated that transcription factors, kinases, and
microRNAs (miRNAs) play critical regulatory roles
in ALD. Ethanol, a two-carbon amphiphilic small-
molecule compound, is oxidized and metabolized
into an intermediate, acetaldehyde, by ethanol
dehydrogenases, microsomal  oxidases, and
catalases in the liver. In addition to being
metabolized into acetaldehyde, ethanol metabolism
leads to an increase in reactive oxygen species
(ROS) levels and decreases in the nicotinamide
adenosine dinucleotide (NAD)*/NADH ratio. Under
physiological conditions, most ethanol (80%— 90%)
is metabolized in the cytoplasm by alcohol
dehydrogenases (ADHs) (Li et al., 2015).

The main ADHs involved in ethanol metabolism are
ADH1A, ADH1B, ADHIC, and ADH4. It was
reported that ADH5 may also be involved in ethanol
metabolism. The other 10 to 20% of ethanol is
metabolized through hepatic microsomal ethanol
oxidation. The main enzyme involved in this
reaction is cytochrome P450 family 2 member E1
(CYP2E1). The expression level of CYP2El
increases after ethanol consumption. Ethanol can be
alternatively  metabolized via  nonoxidative
pathways (Li et al., 2015).
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2.1. Mitochondrial damage

Mitochondria have many redox systems, and this
redox enzyme system is an early target of ethanol.
Ethanol exposure can reduce mitochondrial
volume, the ATP synthase levels, and inhibit
protein synthesis. Ethanol metabolism can also
disrupt the phospholipid bilayer membrane
structure of mitochondria, resulting in the release
of a large number of oxygen free radicals, lipid
peroxidation, unsaturated fatty acid (FA)
destruction, and the production of malondialdehyde
(MDA) and 4-hydroxynonenal (4-HNE) (Zorov et
al., 2014).

Although the destruction of unsaturated FAS
damages the integrity of the mitochondrial
membrane, the formation of macromolecular
complexes due to the condensation of MDA with
amino acids or phospholipids markedly decreases
the fluidity of the mitochondrial membrane
(Cichoz-Lach and Michalak, 2014). The
oxidative metabolite of ethanol, acetaldehyde, is
highly toxic and can readily undergo crosslinking
with  DNA or protein macromolecules in
mitochondria. After accumulation in cells due to
heavy ethanol consumption, acetaldehyde leads to
mitochondrial dysfunction by crosslinking to
mitochondrial DNA and mitochondrial proteins
and inhibiting the electron transport chain (Zorov
et al., 2014).

Notably, some nonoxidative metabolites produced
by ethanol metabolism can cause damage to the
mitochondrial membrane. For instance, fatty acid
ethyl esters (FAEEsS) can destabilize the
mitochondrial membrane, disrupt the flow of
electrons in the respiratory chain and inhibit
oxidative phosphorylation (Taha et al., 2021).

2.2. Oxidative stress

Ethanol oxidation leads to an increase in free
radical production in the liver. Uncontrolled ROS
are critical to hepatocyte swelling and apoptosis.
ROS can interact with DNA, proteins, and lipids,
disrupting numerous metabolic and homeostatic
cellular functions. The metabolism of ethanol
mediated by CYP2E1 in liver cells is closely
related to excessive ROS production and NADPH
oxidase subtype NADPH oxidase 4 (NOX4)
overexpression. Excessive ROS can alter the
function of glutathione (GSH) transporter channels,
leading to progressive GSH deficiency in
mitochondria and inactivation of oxidative
phosphorylase, resulting in an irregular



mitochondrial shape decreases in mitochondrial
protein synthesis and altered ATP production in
mitochondria. In addition, ROS depletes cellular
antioxidant stores, and promotes the formation of
lipid peroxidation products, such as MDA and 4-
HNE. MDA and 4-HNE can react with DNA bases
to form DNA adducts that form outwards-oriented
DNA loops. Specifically, MDA reacts with
deoxyguanosine residues, and 4-HNE reacts with
deoxyadenosine  and  deoxycytidine.  These
interactions promote apoptosis and necrotic cell
death, contributing to the progression of ethanol-
induced liver diseases (Wu and Cederbaum,
2002).

Toll-like receptor 4 (TLR4) signaling cascades are
altered by ethanol, leading to the activation of
myeloid differentiation primary response 88
(MyD88) and an inflammatory response. The
association of MyD88 with interleukin (IL)-1
receptor-associated kinases 1-4 leads to the
activation of the tumor necrosis factor receptor-
associated factor 6/transforming growth factor B-
activated kinase 1 complex, which activates
mitogen activated protein kinases (MAPKS), c-Jun
N-terminal kinase (JNK), p38, and extracellular
signal-regulated protein kinase (ERK), resulting in
inflammation and apoptosis (Jha et al., 2021).

Also, ethanol consumption can result in nuclear
factor-kappa B (NF-kB) translocation to the nucleus
via the phosphorylation of inhibitory kB (IxB) and
the  release  of inflammatory  cytokines.
Acetaldehyde can induce ROS production and lead
to ALD. Specifically, the binding of acetaldehyde to
GSH inhibits the scavenging function of hydrogen
peroxide, thereby exacerbating oxidative stress and
lipid peroxidation. It was also demonstrated that
acetaldehyde reduced the ATP content, respiratory
control, superoxide dismutase (SOD) activity, and
glutathione/oxidized GSH ratio. In addition to
aggravating oxidative damage in the liver, FAEE
accumulation can lead to pancreatitis. Furthermore,
the concentration of FAEEs (2040 puM) in the
blood has been shown to induce oxidative stress and
reduce mitochondrial function in intestinal
epithelial cells (Louvet and Mathurin, 2015).

3. Development of fibrosis

3.1. Paracrine effect of hepatocytes

Alcohol is primarily metabolized in hepatocytes to
acetaldehyde, a step that can be catalyzed by ADH
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or CYP2ELl. Alcohol metabolism, especially
through CYP2EL, leads to the release of ROS and
generation of lipid peroxidation products. ROS are
also generated from mitochondria during alcohol
metabolism (Liu et al., 2023).

Alcohol metabolism leads to the generation of
acetaldenyde and ROS in hepatocytes, both of
which can activate hepatic stellate cells (HSCs)
through paracrine mechanism. Lipid peroxidation
products MDA and 4-HNE, which may be released
from alcohol-metabolizing hepatocytes, increase
collagen  production in  cultured  HSCs.
Furthermore, using a coculture of CYP2El
transfected HepG2 cells and HSCs, it has been
demonstrated that ROS generated in hepatocytes
can increase collagen production in HSCs. These
results suggest hepatocytes can contribute to the
activation of HSCs by generating oxidant stress.
Acetaldehyde, an immediate metabolite of ethanol,
is mostly produced in hepatocytes and can then
enter HSCs in a paracrine manner. It is fibrogenic
and induces the expression of both type | collagen
genes in cultured HSCs by a transcriptional
dependent mechanism (Novitskiy et al., 2006).

3.2. Paracrine effect of Kupffer cells

Kupffer cells have been implicated as mediators of
alcoholic liver injury through their release of tumor
necrosis factor-alpha (TNF-a), free radicals, and
other inflammatory mediators in response to
alcohol and lipopolysaccharide (LPS). TNF-o
produced by activated Kupffer cells may contribute
to HSC activation by inducing apoptosis of
hepatocytes, thereby forming apoptotic bodies that
have been implicated in fibrogenesis (Kolios et al.,
2006). Kupffer cell derived transforming growth
factor-betal (TGF-B1) has been implicated in the
activation of stellate cells through paracrine
mechanism. The activating role of Kupffer cells
has been further demonstrated using cocultures of
Kupffer cells and HSCs. The following features
were reported in the Kupffer cell activated HSCs:
phenotypic changes in HSCs as shown by
stretching nuclear and cellular enlargement,
cytoplasmic spreading, elongation of processes
establishing contacts among cells, loss of lipid
droplets and vitamin A, HSC proliferation,
increased alpha-smooth muscle actin (a-SMA)
expression, increased mRNA levels of collagen I,
and upregulation of collagen | protein. Experiments
using various antioxidants revealed that the
stimulatory effect of Kupffer cells on HSC collagen
I production was mediated through xanthine



oxidase, NADPH oxidase, and CYP2EL, which are
known source of ROS. These results suggest a role
of oxidative stress in Kupffer cell-mediated HSC
activation (Meng et al., 2019).

3.3. Role of hepatocyte apoptosis

Apoptosis is a form of cell death characterized by
organized nuclear and ultimately cellular
fragmentation. Increasing evidence suggests that
apoptosis of hepatocytes plays an important role in
the initiation of alcoholic liver injury. Furthermore,
hepatocyte apoptosis is significantly increased in
patients with alcoholic hepatitis and correlates with
disease severity and hepatic fibrosis (Wang, 2015).
Hepatocyte apoptosis produces chemokines and
inflammation, which in turn may activate HSCs.
Furthermore, apoptosis of hepatocytes results in
generation of apoptotic bodies, which can release
lipid signals for their uptake by Kupffer cells and
HSCs. Phagocytosis of the apoptotic bodies by
HSCs and Kupffer cells enhances their expression
of profibrogenic genes, such as TGF-B1, that may
initiate HSC activation. These studies suggest that
alcohol-induced apoptosis of hepatocytes maybe a
mechanism of liver fibrosis (Guo et al., 2022).

3.4. Role of leptin

Leptin plays an important role in the development
of hepatic fibrosis. Leptin increases type | collagen
production in human stellate cell line, LX-1, and in
cultured rat HSCs. This effect of leptin can be
mediated through upregulation of TGF-BI,
enhancement of the TGF-B1 type II receptor, or
increased production of tissue inhibitor of
metalloproteinase-1 (TIMP-1) in activated HSCs
(Pérez-Pérez et al., 2020).

3.5. Role of innate immunity and alcohol

The liver immune system has predominant innate
immunity (nonspecific immunity) comprised of
Kupffer cells, natural killer (NK) cells and NKT
cells, and interferon alpha (IFN-a) and interferon
gamma (IFN-y) cytokines (Wu et al., 2023).
Increasing evidence suggests that these innate
immune cells and cytokines play important roles in
regulating the development and progression of liver
fibrosis. Macrophages have been shown to inhibit
liver fibrosis through killing HSCs and enhancing
matrix degradation during recovery. Innate
cytokines IFN-a and IFN-y inhibit liver fibrosis by
blocking TGF-B1 signaling and HSC activation, and
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NK cells have been shown to kill activated HSCs
and attenuate the severity of liver fibrosis (Khan et
al., 2023).

Alcohol consumption—-mediated suppression of the
innate immunity has been reported in both animal
experiments and clinical studies. Chronic alcohol
consumption has been shown to decrease NK cell
activity and numbers. Decreased NK activity has
also been reported in human alcoholics. Because
these innate immune cells and cytokines play an
important role in suppressing liver fibrosis as
discussed previously, alcohol suppression of innate
immunity may be a mechanism whereby alcohol
accelerates liver fibrosis in HCV patients
(Abrahao et al., 2017).

3.6. Genetics of fibrosis

Genetic factors that are involved in the production
or elimination of acetaldehyde may make
individuals susceptible to ALD, as acetaldehyde
has been implicated in the pathogenesis of ALD.
Indeed, the presence of super active alcohol
dehydrogenase (ADH2) and inactive aldehyde
dehydrogenase (ALDHZ2) alleles has been linked to
increased risk for ALD in Asian populations
(Wynn and Ramalingam, 2012).

Genetic factors that promote oxidative stress can
also make individuals susceptible to alcoholic liver
injury. For example, the mutant c2 allele of
CYP2E1 that is more transcriptionally active
increases the risk of ALD at a given level of
cumulative alcohol consumption. The risk appears
to be due to increased metabolism of ethanol by
CYP2EL1 that produces ROS (Forcina et al., 2022).

Genetic factors that modulate the production of
pro- and anti-inflammatory cytokines can also
influenc50e the susceptibility to ALD. There was a
significant excess of the rare allele (TNFA-A) at
position 238 in patients with steatohepatitis
compared with controls or patients without this
lesion. In addition, among heavy drinkers, the
presence of the A allele at position 627 in the IL-10
(an anti-inflammatory cytokine) promoter is
associated with an increased risk of advanced liver
disease (Meunier et al., 2017). This result is
probably due to the fact that the 627*A allele is
associated with low IL-10 expression which favors
inflammation and fibrosis. These examples suggest
that  genetic  polymorphisms  of  alcohol
metabolizing enzymes, oxidative stress, and
cytokine production may contribute to the



susceptibility of certain individuals to the
development of alcoholic liver fibrosis (Na and
Lee, 2017).

4. Hepcidin production in liver

Hepatocytes express hepcidin 15-1500 times more
than other cells in the body, thus making them the
primary source of hepcidin (Ginzburg, 2019). This
role is perfectly suited for hepatocytes, since they
are exposed to the iron absorbed from enterocytes
and iron released from macrophages through portal
circulation. In basal conditions, hepcidin expression
is controlled through iron-load. Iron-load stimulates
production of bone morphogenetic protein 6
(BMP6). BMP6 creates a complex with BMP
receptor (BMPR) which in turn increases hepcidin
expression through intracellular s-mothers against
decapentaplegic (SMAD) pathway (Cusi et al.,
2020).

The source of BMP6 in liver are liver sinusoidal
endothelial cells (LSEC). This role suits LSEC
because of their direct contact with plasma and their
intimate relationship with hepatocytes. LSEC are
known for their high endocytic activity, which
makes them ideal cells for “extracting” plasma iron
transporters such as transferrin or serum ferritin.
Experimental inactivation of BMP6 causes serious
iron-overload. Recent evidence suggests that BMP6
mutations could be the source of a mild but still
unrecognized form of hereditary hemochromatosis
(HH) (Pomari et al.,, 2019). Ferritin has been
proposed as a potential sensor of iron, but more
studies should explore this possibility, as well as
other potential molecules (Ananthapadmanabhan
etal., 2022).

Acute and chronic iron-load exert their control on
hepcidin expression by partially independent
mechanisms. This is enforced by observations in
BMP6 and hemojuvelin (HJV) knockout models in
mice, where chronic iron-load does still induce
hepcidin expression (Sastre-Heres et al., 2019).
Other factors that control hepcidin expression
include erythropoietic  drive, hypoxia and
inflammation (Kanamori et al., 2011). In specific
situations, these factors increase iron availability or
reduce iron-load depending on the needs of our
cells. Inflammation induces hepcidin expression
through janus kinase/signal transducer and activator
of transcription (JAK/STAT) pathway, though
SMAD pathway has been shown to be affected
during inflammation as well. Recent evidence
suggests that SMAD pathway activation during
inflammation could occur in nonparenchymal liver
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cells and it is not correlated to hepcidin expression
(Kumar et al., 2021).

4.1. Mechanisms of low hepcidin in liver
disease

As previously mentioned, hepcidin is a peptide
which is under strict control of different regulatory
mechanisms. These mechanisms can become
dysregulated and cause inappropriate levels of
hepcidin. In this respect, chronic low levels of
hepcidin are of interest for researchers, because
low hepcidin can cause iron overload and increased
oxidative stress in liver (Joachim and Mehta,
2022). Increased oxidative stress in combination
with other factors as genetic, viruses, alcohol,
autoimmune process, hepatotoxins, etc can result in
liver fibrosis. Liver fibrosis is the consequence of
chronic liver damage, characterized by increased
deposition of extracellular matrix induced by
activated HSCs, which promotes creation of fibrous
scars in the liver. This fibrotic tissue can eventually
reorganize and disrupt liver architecture, by
creating regenerative nodules, which is the main
feature of the end-damage caused by the scaring
process, that is, liver cirrhosis (Eming et al.,
2017). In liver disease, low hepcidin is linked with
many conditions, but the mechanisms behind low
levels of hepcidin are still elusive and remain to be
fully explained.

4.2. Low hepcidin in alcoholic liver
disease (ALD)

Alcohol is an already established inducer of
hepatocyte damage, which can progress to overt
liver fibrosis. Suspected mechanisms of alcohol-
induced liver fibrosis include increased levels of
LPS, activation of HSCs and inhibition of
antifibrotic actions (Vela, 2018). Alcohol is also
linked with disturbances in levels of hepcidin. It is
interesting to notice that, in alcoholic patients, low
levels of hepcidin are observed even with preserved
liver function (Nahon et al., 2016). This would
suggest that alcohol is a primary cause of low
levels of hepcidin, and not a consequence of
alcohol induced liver damage. The rationale behind
this observation is the direct effect of alcohol on
hepcidin expression. Alcohol can inhibit hepcidin
expression through its suppressive effects on
CCAAT- enhancer-binding protein (C/EBP) in
hepatocytes, at the same time counteracting iron-
induced activity of this transcription factor, thus
rendering iron-induced hepcidin expression



ineffective (Lyberopoulou et al., 2015). The
upregulation of divalent metal transporter 1
(DMT1) and ferroprotein in enterocytes increases
serum iron levels and cellular iron load, which is
linked with liver fibrosis (Vela, 2018). This effect
of alcohol can be reversed with treatment by
antioxidants, which is not surprising since alcohol
induces oxidative stress. This is the reason why
progression rate of fibrosis is twice as high in
steatotic drinkers compared to steatotic nondrinkers
(Chachami et al, 2004).

There is another mechanism of hepcidin
suppression by alcohol includes suppression
through TLR4 pathway. TLR4 is a trans -membrane
protein involved in innate immune responses. In
mice with defective TLR4 receptor; alcohol cannot
suppress hepcidin expression (Wang et al., 2012).
It is interesting to notice that TLR4 deficiency
protects from liver fibrosis, making it an interesting
candidate to be studied in the context of alcohol-
induced hepcidin down-regulation (Zmijewski et
al., 2014). The mediator cell of TLR4 signaling
remains to be found, and it seems that Kupffer cells
are not involved in alcohol-induced hepcidin
expression. Hepatocytes are unlikely candidates as
well, since their expression of TLRs is low, while
their reaction to TLR ligands is weak. Alcohol
might disrupt canonical hepcidin pathways such as
BMPR/SMAD pathway, but also can suppress
hepcidin via hypoxic signals, though the importance
of these alcohol-induced actions on hepcidin
expression remain to be confirmed (Nemeth and
Ganz, 2021). It seems that alcohol consumption in
the setting of iron-overload can serve as a strong
inducer of liver fibrosis.

In HH patients, alcohol consumption of more than
60 g/day increases the risk of cirrhosis by 9-fold.
This increase in risk of progressive liver damage in
alcoholic HH patients is in line with the so called
“multiple hit” scenario, where two or more
pathophysiological factors induce hepatocyte
damage in a complementary manner, which
eventually leads to liver fibrosis (Parola and
Pinzani, 2019).

5. Conclusion

Drinking alcohol is a main cause of hepatic fibrosis.
Acetaldehyde, the first metabolite of ethanol, can
upregulate transcription of collagen | directly as
well as indirectly by upregulating the synthesis of
TGF-B1. ROS generated in hepatocytes by alcohol
metabolism can activate collagen production in
HSCs in a paracrine manner. Alcohol-induced
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hepatocyte apoptotic bodies can be phagocytosed
by HSCs and Kupffer cells and result in increased
expression of TGF-fl and subsequent HSC
activation. Kupffer cells may contribute to the
activation of HSCs by releasing ROS and TGF-f1.
Innate immunity may suppress hepatic fibrosis by
killing activated HSCs and blocking TGF-f1
signaling. The pathological process of ALD is very
complex and involves a variety of potential
mechanisms. While intensive studies have been
devoted to understanding the pathogenesis of ALD
and possible therapeutic ALD treatments, the
molecular mechanisms of ALD are still
incompletely understood, resulting in a limitation
to the effectiveness of ALD treatment. To date, the
clinical treatments of ALD have been focused on
drug-promoted  abstinence and  behavioral
interventions that reduce alcohol intake.

This review has addressed the importance of low
levels of hepcidin in liver fibrosis. The main
mechanisms of this disturbance are realized
through alcohol-induced injury. Low levels of
hepcidin can cause iron-overload, but as recent data
suggest, low hepcidin can have additional
repercussion to liver architecture because of
hepcidin’s ability to control HSC activation, which
is one of the main pathophysiological features in
liver fibrosis. These mechanisms are in concert
with clinical studies that have established hepcidin
and hepcidin/ferritin  ratio as an important
biochemical parameter of liver fibrosis with the
ability to predict patient mortality and increased
risk of HCC.
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