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Abstract
Alcoholic liver disease (ALD) is a major cause of mor-
bidity and mortality worldwide. In developed countries, 
ALD is a major cause of end-stage liver disease that 
requires transplantation. The spectrum of ALD includes 
simple steatosis, alcoholic hepatitis, fibrosis, cirrhosis, 
and hepatocellular carcinoma. Alcohol abstinence is 
the most effective therapy for ALD. However, targeted 
therapies are urgently needed for patients with severe 
ALD (i.e. , alcoholic hepatitis) or those who do not ab-
stain from alcohol. The lack of studies and the availabil-
ity of animal models that do not reflect all the features 
of this disease in humans inhibit the development of 
new drugs for ALD. In ALD-associated fibrosis, hepatic 
stellate cells are the principal cell type responsible for 
extracellular matrix production. Although the mecha-
nisms underlying fibrosis in ALD are largely similar to 
those observed in other chronic liver diseases, oxidative 
stress, methionine metabolism abnormalities, hepato-
cyte apoptosis, and endotoxin lipopolysaccharides that 
activate Kupffer cells may play unique roles in disease-
related fibrogenesis. Lipogenesis during the early stag-

es of ALD has recently been implicated as a risk factor 
for the progression of cirrhosis. Other topics include 
osteopontin, interleukin-1 signaling, and genetic poly-
morphism. In this review, we discuss the basic patho-
genesis of ALD and focus on liver fibrogenesis.
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Core tip: Alcoholic liver disease (ALD) is a major cause 
of preventable morbidity and mortality worldwide. In 
ALD-associated fibrosis, hepatic stellate cells are the 
principal cell type responsible for extracellular matrix 
production. Although the mechanisms underlying ALD-
associated fibrosis are largely similar to those observed 
in other chronic liver diseases, oxidative stress, ab-
normal methionine metabolism, hepatocyte apoptosis, 
and endotoxin lipopolysaccharides that activate Kupffer 
cells play unique roles in fibrogenesis in ALD. Recently, 
lipogenesis during the early stages of ALD has been 
implicated as a risk factor for progression of cirrhosis. 
Other critical factors include osteopontin, interleukin-1 
signaling, and genetic polymorphisms.
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INTRODUCTION
Although the incidence of  alcoholic liver disease (ALD) 
varies widely worldwide, the burden of  ALD and ALD-
induced death remains dominant in most countries[1]. 
ALD is the third highest risk factor for disease and dis-
ability worldwide. Almost 4% of  all deaths in the world 
result from ALD, which is greater than deaths caused by 
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the human immunodeficiency virus/acquired immune 
deficiency syndrome, violence, or tuberculosis[1]. Fur-
thermore, alcohol is associated with many serious social 
problems, including violence, child neglect, and abuse, 
and absenteeism in the workplace. A recent nationwide 
survey revealed that ALD was the third highest cause of  
liver cirrhosis in Japan (13.6%)[2], and the associated cost 
of  medical care was estimated to be 6.9% of  the total na-
tional medical expenditure[3]. Overall, ALD is recognized 
as a major but preventable public health problem.

The spectrum of  ALD is broad: asymptomatic fatty 
liver, steatohepatitis, progressive fibrosis, end-stage cir-
rhosis, and hepatocellular carcinoma[4,5]. ALD may often 
resolve in those who become abstinent. However, for pa-
tients with severe ALD and those who do not completely 
abstain from alcohol, targeted therapies are urgently 
needed[4].

Patients with ALD can develop progressive liver 
fibrosis because of  the accumulation of  extracellular ma-
trix (ECM) materials, including type Ⅰ collagen, as gener-
ated by activated hepatic stellate cells (HSCs) and hepatic 
myofibroblasts. When liver injury occurs, HSCs are ac-
tivated and differentiate into myofibroblast-like cells[6,7]. 
Activated Kupffer cells, infiltrating monocytes, activated 
and aggregated platelets, and damaged hepatocytes are 
the sources of  platelet-derived growth factor and trans-
forming growth factor-β1 (TGF-β1); these cells initiate 
intracellular signaling cascades leading to HSC activation. 
Although the key pathways of  HSC activation are com-
mon to all forms of  liver injury and fibrosis, disease-
specific pathways also exist. Some specific signaling 
pathways regulating HSC activation in ALD are discussed 
below (Figure 1).

CLASSICAL MECHANISMS UNDERLYING 
FIBROGENESIS IN ALD
Alcohol metabolism
Approximately 90% of  ingested alcohol is metabolized 
in the cytosol of  hepatocytes. Cytosolic alcohol dehy-
drogenase[8] oxidizes alcohol to acetaldehyde that is then 
converted to acetate by acetaldehyde dehydrogenase. 
Acetaldehyde is considered the key toxin in alcohol-
mediated liver injury that includes cellular damage, 
inflammation, ECM remodeling, and fibrogenesis[9]. 
Moreover, acetaldehyde triggers TGF-β1-dependent late-
phase response in HSCs that maintains a pro-fibrogenic 
and pro-inflammatory cellular state[10]. Recently, Liu et al[10] 
indicated that, in vitro, leptin potentiates acetaldehyde-
induced HSC activation and alpha-smooth muscle actin 
(SMA) expression by interleukin-6 (IL-6)-dependent sig-
nals such as p38 and phosphorylated-extracellular signal-
regulated kinase 1⁄2. This report discusses the importance 
of  a synergistic effect of  leptin and acetaldehyde in the 
activation of  HSCs in ALD.

Oxidative stress
Alcohol consumed in chronic and heavy drinkers is also 

oxidized via the hepatocytic cytochrome P450 (CYP); 
previously termed inducible microsomal ethanol-oxidiz-
ing system[11]. CYP2E1 metabolizes various substances, 
including multiple drugs, polyunsaturated fatty acids, 
acetaminophen, and most organic solvents, and plays 
a critical role in the generation of  reactive oxygen spe-
cies (ROS), such as hydrogen peroxide and superoxide 
anions[11,12]. ROS are also generated from nitric oxide 
and reduced form of  nicotinamide adenine dinucleo-
tide phosphate oxidase by Kupffer cells[13]. ROS trigger 
inflammatory cascades and recruit neutrophils and other 
immune cells to the site of  alcohol-induced hepatocyte 
damage, increasing levels of  circulating pro-inflammatory 
cytokines, notably tumor necrosis factor (TNF)-a[14]. 

Accumulation of  lipid peroxidation products, such 
as 4-hydroxynonenal (4-HNE), has been reported both 
in patients as well as animal models of  ALD[15,16]. Several 
studies have shown that the lipid peroxidation reaction in 
the liver precedes the initial stages of  fibrosis and is as-
sociated with the increased production of  pro-fibrogenic 
TGF-β1 by Kupffer cells[14]. Nieto reported that ethanol-
induced lipid peroxidation triggers the nuclear factor 
kappa B (NF-kB) transactivation of  the collagen 2(I) 
gene promoter in HSCs by stimulating kinase cascades, 
including protein kinase C, phosphoinositide 3 kinase 
(PI3K), and protein kinase B/Akt[17]. These observations 
are agreement with the findings of  previous reports, indi-
cating that 4-HNE is pro-fibrogenic for collagen produc-
tion in human HSCs[14] and that oxidative stress directly 
promotes collagen synthesis in HSCs over-expressing the 
CYP2E1 gene[14]. 

Methionine metabolism
Decreased intracellular levels of  antioxidants such as vi-
tamin C, vitamin E, and glutathione (GSH) in the blood 
and liver modify the process of  alcohol-induced liver in-
jury[18]. Excessive acute alcohol intake reduces GSH syn-
thesis, and the acetaldehyde produced from alcohol me-
tabolism inhibits GSH activity. Alcohol also disturbs the 
intracellular transport of  GSH and preferentially depletes 
mitochondrial GSH, leading to apoptosis[18]. Levels of  
S-adenosylmethionine (SAMe), a universal methyl donor, 
are also markedly reduced in ALD due to the reduced 
activity of  SAMe synthetase[18]. This fact is clinically im-
portant because therapy using SAMe increases survival 
of  patients with alcohol-induced cirrhosis[18]. 

Hepatocyte apoptosis
Hepatocyte apoptosis is pathophysiologically important in 
the progression of  ALD[19]. There are two important apop-
totic pathways: extrinsic (death receptor-mediated) and in-
trinsic (organelle-initiated)[20]. Most recently, Petrasek et al[21] 
revealed that interferon regulatory factor 3 (IRF-3) medi-
ates ALD by linking endoplasmic reticulum (ER) stress 
with the mitochondrial pathway of  hepatocyte apoptosis. 
Interestingly, ethanol induces ER stress and triggers the 
association of  IRF-3 with the ER adaptor, stimulator of  
interferon genes, as well as the subsequent phosphoryla-
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tion of  IRF-3. Activated IRF-3 is associated with the 
proapoptotic molecule Bax (B-cell lymphoma 2-associated 
X protein) and contributes to hepatocyte apoptosis[21]. 
Apoptotic bodies induced by alcohol are phagocytosed 
by Kupffer cells and HSCs, which then produce TGF-β1 
and subsequently activate HSCs[19,22]. Finally, increased se-
rum levels of  caspase-digested cytokeratin-18 fragments, 
a useful marker of  hepatocyte apoptosis, are indepen-

dent factors in predicting severe fibrosis in patients with 
ALD[23].

Lipopolysaccharide
Increased serum lipopolysaccharide (LPS) levels are 
commonly found in patients with ALD[19]. Toll-like re-
ceptor (TLR) 4 is one of  the multiple pattern recogni-
tion receptors that recognize both pathogen- and host-
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Figure 1  Signaling pathways regulating hepatic stellate cell activation in alcoholic liver disease. Alcohol consumption causes hepatocyte damage, which sub-
sequently induces apoptosis. Alcohol dehydrogenase (ADH) oxidizes alcohol to acetaldehyde that is converted to acetate by acetaldehyde dehydrogenase (ALDH). 
Acetaldehyde directly targets hepatic stellate cells (HSCs). Alcohol reduces glutathione (GSH) synthesis and acetaldehyde inhibits GSH activity in hepatocytes. Lev-
els of the S-adenosylmethionine (SAMe) are also markedly reduced. Alcohol consumption increases permeability of the intestine to bacterial endotoxin that in turn, 
elevates serum lipopolysaccharide (LPS) levels. LPS directly enhances HSCs activation by upregulating transforming growth factor (TGF)- signaling. TGF-β1 derived 
from activated Kupffer cells and damaged hepatocytes binds to TGF receptors. Phospho-Smad2/3 and Smad4 complexes translocate into the nucleus, display DNA-
binding activity, and activate expression of genes related to fibrosis. Extracellular molecules, such as LPS, tumor necrosis factor (TNF)-a, interleukin (IL)-1, and 
reactive oxygen species (ROS), activate IκB kinase (IKK) that, in turn, phosphorylates IκB, resulting in ubiquitination, dissociation of IκBa from nuclear factor kappa 
B (NF-kB), and eventually, degradation of IκB by the proteasome. The activated NF-κB is then translocated into the nucleus and binds to specific DNA response 
elements. NF-B-dependent pathways are involved in the expression of the anti-apoptotic protein B-cell lymphoma 2 (Bcl2). Leptin binds ObRb, activating the phos-
phoinositide 3-kinase (PI3K)/Akt pathway and inducing matrix deposition by increasing expression of tissue inhibitor of metalloproteinases (TIMPs). Leptin also inhibits 
matrix degradation by decreasing expression of Matrix metalloproteinases (MMPs). Osteopontin (OPN) positively stimulates the PI3K/Akt pathway. The cannabinoid 
receptor CB2 mediates antifibrotic actions; in contrast, activation of CB1 receptors positively stimulates the PI3K/Akt pathway to promote the proliferation and apopto-
sis of HSCs. TLR: Toll-like receptor.
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such as IRF-3, early growth response-1, and TNF-a. 
AMPK is a key player in cellular and organism sur-

vival in metabolic stress through its ability to maintain 
metabolic homeostasis[36]. Chronic ethanol exposure in-
hibits AMPK activity, which increases activity of  acetyl-
CoA carboxylase and suppresses the rate of  palmitic acid 
oxidation through the inhibition of  liver kinase B1 phos-
phorylation[31,36].

The endocannabinoids, which are similar to the ma-
jor active ingredient in marijuana, are endogenous lipid 
mediators that participate in the complex neural circuitry 
that controls energy intake[37]. There are at least two dif-
ferent cannabinoid receptors: CB1 and CB2. Recent stud-
ies indicate that while CB2 receptors mediate antifibrotic 
actions, the activation of  CB1 receptors contribute to the 
development of  fibrosis[37,38]. Both cannabinoid receptors 
are expressed in HSCs, and the inactivation of  CB1 recep-
tors decrease fibrogenesis by lowering TGF-β1 levels and 
reduce the accumulation of  fibrogenic cells via downregu-
lation of  the PI3K/Akt signaling pathway[37]. Intriguingly, 
alcoholic liver steatosis is mediated mainly through HSC-
derived endocannabinoids and their hepatocytic recep-
tor[22,37]. Chronic alcohol consumption stimulates HSCs 
to produce 2-arachidonoylglycerol and its interaction with 
the CB1 receptor upregulates the expression of  SREPB1c 
and fatty acid synthase, but downregulates the activities of  
AMPK and carnitine palmitoyltransferase 1[37,39].

Osteopontin
Osteopontin (OPN) is a secreted, 44-66 kDa adhesive gly-
cophosphoprotein that has involvement in both nor-
mal processes, such as bone development and immune 
system regulation, and pathologic processes, such as 
inflammation, cell transformation, tumor invasiveness, 
and metastasis[40]. OPN plays additional roles in ALD. In 
animal models, hepatic mRNA levels of  OPN increased 
in ALD[15] and stimulated HSC activation in an autocrine 
and paracrine fashion[41]. Recently, Urtasun et al[42] investi-
gated the mechanism of  OPN in HSC activation. Recom-
binant OPN upregulated type Ⅰ collagen production in 
primary HSCs in a TGF-β independent fashion, whereas 
it down-regulated matrix metalloprotease (MMP)-13. 
OPN induction of  type Ⅰ collagen occurred via integrin 
avβ3 engagement and activation of  the PI3K/pAkt/NF-
κB-signaling pathway[42]. On the other hand, recent stud-
ies indicate that OPN participates in the pathogenesis 
of  hepatic steatosis, inflammation, and the fibrosis that 
results from non-alcoholic steatohepatitis[43]. OPN regu-
lates steatohepatitis by stimulating the Hedgehog-signal-
ing pathway[43]. In human ALD, hepatic mRNA levels of  
OPN correlate with hepatic neutrophil infiltration and 
the severity of  fibrosis[44]. Finally, immunohistochemical 
detection of  OPN is used as a prognostic biomarker to 
discriminate outcomes in some transplant patients with 
hepatocellular carcinoma derived from ALD[45]. 

IL-1 signaling
Emerging data have provided evidence for the role of  

derived factors that modulate inflammatory signals[24]. 
LPS interacts with TLR4 to activate the MyD88-inde-
pendent toll-interleukin-1 receptor domain-containing 
adaptor-inducing interferon-β/IRF-3 signaling pathway 
that produces oxidative stress and proinflammatory cy-
tokines (including TNF-a) causes hepatocellular damage 
and contributes to alcoholic steatohepatitis[15,22,25]. Re-
cent studies have revealed that activation of  TLR4 and 
complement factors also stimulates Kupffer cells to pro-
duce hepatoprotective cytokines, such as IL-6, and anti-
inflammatory cytokines, such as IL-10[15,22,25,26]. These 
cytokines activate signal transduction and activator of  
transcription 3 in hepatocytes and macrophages/Kupffer 
cells, respectively, to prevent alcohol-induced liver injury 
and inflammation[15,22,26]. On the other hand, previous 
studies have reported that activation of  TLR4 signaling 
in HSCs and liver sinusoidal endothelial cells (LSECs) 
promoted liver fibrogenesis[22,25], and that activation of  
TLR4 signaling in LSECs regulates angiogenesis through 
the MyD88-effector protein that regulates extracellular 
protease production, in turn, results in the development 
of  liver fibrosis[27].

Experimental models of  ALD have revealed that 
translocation of  bacterial products across the intestinal 
barrier to the portal circulation triggers inflammatory re-
sponses in the liver and contributes to steatohepatitis[28,29]. 
Most recently, Hartmann et al[30] investigated the role of  
the intestinal mucus layer and found that mucin (Muc) 2 
was involved in the development of  alcohol-associated 
liver disease. The authors reported that Muc2-/- mice 
have significantly lower plasma levels of  LPS than wild-
type mice after alcohol administration. In addition, it was 
shown that Muc2-/- mice are effectively protected from 
intestinal bacterial overgrowth and the microbiome in 
response to alcohol administration[30]. This study clearly 
showed that the alcohol-associated alteration in the mi-
crobiome, and in particular, the overgrowth of  intestinal 
bacteria contributes to the progression of  ALD.

EMERGING MECHANISMS UNDERLYING 
FIBROGENESIS IN ALD
Lipogenesis in the early stages of ALD
The development of  steatosis due to chronic alcohol 
consumption is an important contributor to the pro-
gression of  hepatic fibrogenesis[15]. Recent studies have 
found that direct or indirect alcohol exposure regulates 
transcription factors associated with lipid metabolism. 
Alcohol also stimulates lipogenesis and inhibits fatty 
acid oxidation[31]. There are two well-known pathways 
of  lipogenesis: sterol regulatory element binding protein 
(SREBP)-1 activation and adenosine monophosphate ki-
nase (AMPK) inhibition[15,31]. 

Alcohol consumption directly upregulates SREBP-
1c gene expression through its metabolite acetaldehyde[19] 
or indirectly upregulates activating processes and factors 
such as ER stress[32], adenosine[33,34], endocannabinoids[35], 
LPS signaling via TLR4, and its downstream proteins, 
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IL-1 signaling in acute and chronic liver injury resulting 
from various causes, including acetaminophen-induced 
liver damage[46], nonalcoholic steatohepatitis[47], liver fi-
brosis[48], and immune-mediated liver injury[49]. However, 
the significance of  IL-1 signaling in ALD has yet to be 
evaluated. A recent study from Petrasek et al[50] showed 
that activation of  inflammasome-IL-1 signaling also plays 
a critical role in ethanol-induced liver injury in mice. Us-
ing IL-1 receptor antagonist-treated mice as well as 3 
different mouse models deficient in regulators of  IL-1β 
activation [caspase-1 (Casp-1) and ASC] or signaling (IL-1 
receptor), they showed that IL-1β signaling is required 
for the development of  alcohol-induced liver steatosis, 
inflammation, and injury. Interestingly, several fibrotic 
markers such as procollagen Ⅲ N-terminal propeptide 
(PⅢNP), tissue inhibitor of  matrix metalloproteinase 1 
(TIMP-1), and hyaluronic acid were downregulated in 
ethanol-fed Casp-1 knockout mice or in response to IL-
1Ra treatment. Although the roles of  inflammasome in 
HSC activation are not fully elucidated[51], it is suggested 
that targeting the inflammasome and/or IL-1 signaling 
pathways have therapeutic potential in ALD manage-
ment. However, further studies are required to discover 
direct evidence of  the relationship between IL-1 signaling 
and fibrogenesis in ALD.

Genetic variants associated with the fibrosis of ALD
With the genotyping technique becoming more widely 
available, a great number of  genetic case-control studies 
have evaluated candidate gene-variants that code pro-
teins involved in the hepatic fibrosis[52]. Although two 
fibrosis-associated genes, including TGF-β and MMP 
3, were evaluated in ALD[52], these genotypes are not as-
sociated with alcoholic liver cirrhosis[53,54]. Recent whole 
genome analyses of  large numbers of  genetic variants 
have identified novel yet unconsidered candidate genes[55]. 
Romeo et al[56] reported that the single-nucleotide poly-
morphism [rs738409(G), encoding I148M] in the patatin-
like phospholipase domain-containing (PNPLA) 3 gene is a 
significant risk factor for increased hepatic fat accumulation 
and inflammation in nonalcoholic fatty liver disease. Subse-
quently, the strong association between the PNPLA3 I148 
M allele and an increased risk of  clinically evident alcoholic 
cirrhosis and liver cancer were confirmed in individual 
studies[57-60]. Most recently, Burza et al[61] reported that an 
increased age at onset of  at-risk alcohol consumption and 
the PNPLA3 I148 M allele were independent risk factors 
for alcoholic liver cirrhosis (HR = 2.76; P < 0.01 vs 1.53; 
P = 0.021).

CONCLUSION
In this review, several aspects potentially contributing 
to the mechanisms underlying fibrogenesis in ALD are 
discussed. Since there are no FDA-approved treatments 
for ALD at present, development of  novel therapies for 
inhibiting inflammation and/or fibrogenesis associated 
with early stages of  ALD will be beneficial for slowing 

disease progression and improving patient outcomes[51]. 
To achieve these objectives, animal models that accurately 
reflect the metabolic and histological characteristics of  
human ALD are needed. 
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