
ABSTRACT

Liver fibrosis represents a significant health problem worldwide
for which no effective therapy exists. A great deal of research has
been carried out to understand the molecular mechanisms respon-
sible for the development of liver fibrosis. Activated stellate cells
are the primary cell type responsible for the production of colla-
gen I, the key protein involved in the development of liver fibrosis.
Excessive deposition of collagen I occurs along with impaired ex-
tracellular matrix remodeling. Following a fibrogenic stimulus stel-
late cells transform into an activated collagen type I-producing
cell. Numerous changes in gene expression are associated with
stellate cell activation, including the induction of several intracellu-
lar signaling cascades, which help maintain the activated pheno-
type and control the fibrogenic and proliferative state of the cell.
Activation of stellate cells is mediated by factors released from he-
patocytes and Kupffer cells as they produce reactive oxygen
species, nitric oxide, cytokines, growth factors, and cyclooxyge-
nase and lipoxygenase metabolites, which provide pivotal
paracrine effects in the liver milieu. Inhibition of stellate cell activa-
tion, proliferation, and the increased production of extracellular
matrix (i.e. collagen type I) are therefore crucial steps for interven-
tion in hepatic fibrogenesis. 
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ALCOHOLIC LIVER DISEASE 

Liver fibrosis is the common consequence of chronic
liver injury of wide etiology (1). Chronic alcohol abuse is
the main reason for developing liver fibrosis and eventu-
ally cirrhosis, a major cause of death worldwide (1,2). Fi-
brosis is characterized by excessive accumulation of ex-
tracellular matrix (ECM) proteins with very little
degradation (1,2). Advanced fibrosis disrupts the normal
liver architecture, increases portal pressure, and impairs
intercellular communication (3). In humans, collagen
type I deposits are usually localized to the pericentral and
perisinusoidal regions of the liver (2,4,5). 

Prior to the onset of well established hepatic fibrosis,
the liver usually becomes steatotic and undergoes steato-
hepatitis (6). Many of the metabolic and toxic effects of
alcohol in the liver have been associated with its metabo-
lism because it generates toxic metabolites and induces a
state of oxidative stress (due to activation of CYP2E1,
impairment of the mitochondrial function, and a decrease
in glutathione stores) (7-10). Only about 2-10% of the
ethanol absorbed in the gastrointestinal tract is eliminated
in the kidney and in the lung, and the rest undergoes he-
patic metabolism (8).

A major pathway for ethanol metabolism is alcohol
dehydrogenase (ADH) (8). ADH catalyzes the oxidation
of ethanol to acetaldehyde where hydrogen is transferred
from ethanol to the cofactor nicotinamide adenine di-nu-
cleotide (NAD+), which is then converted into the re-
duced form (NADH) (8). Acetaldehyde is then reduced to
acetate, most of which is then secreted to the bloodstream
(8). A number of hepatic and metabolic effects of ethanol
can be attributed to the redox change (increased
NADH/NAD+ ratio) upon the oxidation of ethanol (8,9). 

While most ethanol is oxidized by ADH when alcohol
levels are low; cytochrome P4502E1 (CYP2E1), an
ethanol inducible from in the microsomal compartment
of hepatocytes and Kupffer cells, plays a more important
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role in ethanol oxidation at high concentrations of
ethanol (binge drinking) and in chronic alcohol consump-
tion (chronic alcoholism) (8-15). CYP2E1 oxidizes
ethanol to generate many toxic products, such as ac-
etaldehyde, 1-hydroxyethyl radical, and other reactive
oxygen species (ROS), such as superoxide radical (O2

⋅–),
hydrogen peroxide (H2O2), and hydroxyl radical (OH⋅); as
well as lipid peroxidation-end products malondialdehyde
(MDA) and 4-hydroxy nonenal (4-HNE) (12,15). There
is a considerable interest in the role of oxidative stress
and ethanol generation of ROS in the mechanism by
which ethanol is hepatotoxic (13). 

Among the noxious effects of alcohol are: a) damage
to the mitochondria with the subsequent decrease in ATP
levels (16,17); b) changes in membrane fluidity by inter-
action with either phospholipids or proteins (18,19); c)
malnutrition (20); d) hypoxia in the pericentral zone of
the liver acinus as oxygen is consumed in order to detox-
ify ethanol via oxidation (7); e) altered cytokine produc-
tion (e.g. TNFα and TGFβ) (21,22); f) induction of
‘leaky gut’ with translocation of bacterial-derived endo-
toxin (LPS), the consequent activation of Kupffer cells,
and the release of other soluble mediators and ROS
(23,24); and g) impairment of the antioxidant defense
(17,25). All these effects enhance liver injury and con-
tribute in one way or another to the activation of stellate
cells (HSC).

STELLATE CELL ACTIVATION

The normal liver contains an epithelial component (he-
patocytes), an endothelial lining (endothelial cells), tissue
macrophages (Kupffer cells), natural killer cells (NK),
and perivascular mesenchymal cell, HSC, which are the
key fibrogenic cells (26). The cellular elements of the liv-
er are organized within the sinusoid, with the subendothe-
lial space of Disse separating the epithelium from the si-
nusoidal endothelium. In normal liver this space contains
a non electron-dense basement membrane-like matrix
which is essential for maintaining the differentiated func-
tion of all resident liver cells (27). As the liver becomes fi-
brotic, the total content of collagens and non-collagenous
components increases and it is accompanied by a shift in
the type of ECM in the subendothelial space from the nor-
mal low density basement membrane-like matrix to inter-
stitial type matrix containing fibril-forming collagens
(mostly collagens I and III) (26). HSC activation is a key
feature in excessive ECM deposition (27,28).

Under physiological conditions, HSC comprise about
15% of the total number of resident liver cells (28,29).
Their main function is storage and homeostasis of vita-
min A and other retinoids, which are stored in cytoplas-
mic lipid droplets as retinyl esters (29,30). HSC regulate
the sinusoidal blood flow, produce apolipoproteins,
prostaglandins, growth factors, and cytokines all of
which contribute to ECM homeostasis (29,30). Synthesis

and degradation of normal hepatic ECM is essential for
the integrity of the space of Disse and for the intra- and
intercellular communication among neighboring cells
(29,30).

Following a fibrogenic stimulus, HSC undergo a com-
plex process of activation in which they become trans-
formed from quiescent to activated myofibroblast-like
cells (8,26). Phenotypic changes include stretching, nu-
clear and cellular enlargement, cytoplasmic spreading,
elongation of processes to establish contacts among cells,
and loss of lipid droplets (26,29,31). As they become ac-
tivated, HSC increase α-smooth muscle actin (α-sma)
and collagen type I protein expression (26-29,31), they
proliferate, and migrate to the site of injury where ECM
builds up and scarring occurs (26). 

The phenomenon of HSC activation takes place as a
sequence of well interrelated events (26,28-31). The first
steps encompass rapid changes in gene expression, asso-
ciated with transcriptional events (e.g. COL1A1 and
COL1A2 up-regulation), and induction of immediate ear-
ly genes, which render the cells responsive to cytokines
and other local stimuli from paracrine or autocrine origin
(26). The subsequent steps incorporate the cellular events
that amplify the activated phenotype through enhanced
cytokine expression and responsiveness (26).

The perpetuation of HSC activation involves key phe-
notypic responses mediated by increased cytokine pro-
duction and remodeling of ECM. These phenotypic re-
sponses of HSC include: 

1. Proliferation: increased numbers of HSC in injured
liver develop at least in part as a response to local growth
factors, most of which signal through receptor tyrosine
kinases (32,33). Among these factors, platelet-derived
growth factor (PDGF) and TGFβ are the best character-
ized and most powerful (34,35). 

2. Contractility: represents an important mechanism
underlying increased portal resistance during liver injury.
The key contractile stimulus toward HSC is endothelin-1
(ET-1), likely autocrine derived (36). 

3. Fibrogenesis: up-regulation of collagen type I syn-
thesis is among the most striking molecular responses of
HSC to injury and is regulated at the transcriptional and
translational levels (37-40). 

4. Matrix degradation: changes in matrix proteolytic
activity lead to remodeling of ECM during liver injury,
which accelerate HSC activation (37). A family of ma-
trix-metalloproteinases (MMPs) contributes to either
pathologic or restorative matrix degradation (37,41,42).
MMPs can be either activated through proteolytic cleav-
age (43), or inhibited by binding to specific inhibitors
known as tissue inhibitors of metalloproteinases
(TIMPs) (43). MMP-2, MMP-3, MMP-9 and MT-MMP1
are involved in the degradation of the normal suben-
dothelial ECM which is replaced by fibril-forming colla-
gens, which can stimulate HSC growth (44-46). Further-
more, expression of TIMP-1 in activated HSC inhibits
MMP-1, the main metalloproteinase responsible for col-
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lagen type I degradation in humans (46,47). Sustained
TIMP-1 expression is emerging as a key reason why fi-
brosis progresses (48, 49). MMPs and TIMPs are sensi-
tive to ROS, reactive nitrogen species, cytokines, and
growth factors (44-46,48,49) .

5. Chemotaxis: directed migration of activated HSC
enhances their accumulation in areas of injury (34,50).
PDGF and monocyte chemotactic protein (MCP-1) are
chemoattractants toward activated but not quiescent cells
(34,51). 

6. Retinoids: loss of intracellular vitamin A is remark-
able during HSC activation (52), yet it remains unknown
whether it is required for HSC to activate, and also which
retinoids might accelerate or prevent activation in vivo
(52). Retinoids may be directly linked to fibrogenesis as
they stimulate the activation of latent TGFβ1, thereby in-
creasing its fibrogenic activity (53). 

7. Cytokine release: increased production and activity
of cytokines is critical for perpetuation of HSC activation
(22,50). ECM is also an important reservoir for growth
factors including TGFβ1, PDGF, VEGF, fibroblast
growth factor (FGF), hepatocyte growth factor (HGF),
and platelet activating factor (PAF) (22,32,50). Finally,
HSC also release neutrophil and monocyte chemoattrac-
tants that can amplify inflammation during liver injury,
including colony stimulating factor (CSF), monocyte
chemotactic protein-1 (MCP-1), interleukin-6, and cy-
tokine-induced neutrophil chemoattractant/IL-8 (CINC)
(54-57). Anti-fibrogenic cytokines produced by HSC
have also been identified, in particular IL-10 (58) and
TNFα (59).

ALCOHOL AND LIVER FIBROSIS

Chronic alcohol liver injury leads to fibrosis, with the
subsequent disruption of the liver architecture, and im-
pairment of hepatic metabolism (15,60). The cross-talk
between parenchymal and non-parenchymal cells and the
excessive production of ECM components are main fea-
tures in the development of hepatic injury and fibrosis
(38,40). Soluble factors, such as cytokines, chemokines,
and ROS are candidate mediators for the induction of the
fibrogenic response (26,32,40,61). Reactive nitrogen
species may also play a role. Initiation of HSC activation
is mainly due to paracrine stimulation by injured hepato-
cytes/bile duct cells, inflammatory cells, activated
macrophages and neutrophils, or to early changes in
ECM composition (26,32,40). Perpetuation results form
autocrine and paracrine stimulation, as well as from ac-
celerated ECM remodeling (26,32,40). 

—Paracrine effect of hepatocytes. Alcohol metabo-
lism via CYP2E1 leads ROS production and lipid peroxi-
dation-end products (62). Acetaldehyde, ROS, and long-
chain polyunsaturated fatty acids can activate HSC in a
paracrine mode (62-65). Acetaldehyde induces COL1A1
and COL1A2 through a TGFβ-dependent mechanism

(63,64). TGF-β is considered to be the most potent pro-
fibrogenic cytokine (35,66). It suppresses hepatocyte
proliferation, stimulates HSC activation, promotes ECM
production, and mediates hepatocyte apoptosis
(3,35,53,67-69). ROS and lipid peroxidation products
MDA and 4-HNE can increase collagen type I production
in HSC (70-76). ROS also modulate the binding of tran-
scription factors (e.g. c-Jun/AP1, NFkB, Sp1, and
Smads) which modulate COL1A1 and COL1A2 transacti-
vation in HSC (27,40,77-79). 

As already mentioned, alcohol modifies the cellular
redox state by altering the ratio of NAD+/NADH and
NADP+/NADPH, elevates lactic acid, and increases an-
giotensin II, a powerful pro-fibrogenic cytokine (2,80).
Lastly, fatty acid ethyl esters activate quiescent HSC via
a mitogen-activated protein kinase (MAPK)-dependent
pathway (81).

—Paracrine effect of Kupffer cells. Ethanol impairs
gut permeability leading to overgrowth of Gram negative
bacteria (82-85). Endotoxin or lipopolysaccharide (LPS),
a component of the Gram negative bacterial wall, translo-
cates from the intestinal lumen into the portal circulation
triggering Kupffer cell activation (82-85). Influx of
Kupffer cells coincides with the appearance of HSC acti-
vation markers (e.g. PDGFRβ and α-sma) (86). Kupffer
cells may stimulate matrix synthesis, cell proliferation,
and release of retinoids by HSC through the actions of
cytokines and reactive species (57). They can also influ-
ence HSC through secretion of MMP-9 because it can ac-
tivate latent TGFβ1, stimulating HSC collagen I synthe-
sis (87). Lastly, Kupffer cells generate ROS either via
NADPH oxidase (88), xanthine oxidase (89), mitochon-
dria (89), or possibly CYP2E1 (90), which in turn, may
enhance HSC activation and collagen I synthesis (13,91).
These effects are enhanced under ethanol treatment, and
a role for polyunsaturated fatty acids should be consid-
ered as critical components which promote injury in sev-
eral in vitro and in vivo models of ethanol administration
(85,92). Kupffer cells also produce nitric oxide (NO),
which can counterbalance the stimulatory effects of ROS
by reducing HSC proliferation, contractility, and collagen
I production; however, NO may also react with O2

⋅– to
generate peroxynitrite (ONOO–), whose potential effects
on HSC collagen I production are unknown and worth
exploring. TNFα acts as an antifibrogenic, down-regulat-
ing COL1A1 and COL1A2 promoters both in humans and
in rodents (40,59,93).

—Paracrine effect of sinusoidal endothelial cells. In-
jury of sinusoidal endothelial cells by ROS and acetalde-
hyde stimulates the production of certain fibronectin iso-
forms, such as leptin, which may activate HSC (94).
Moreover, damaged endothelial cells convert latent TGF-
β1 into its active form (22,95). Also, sinusoidal endothe-
lial cells increase the expression of vascular endothelial
growth factor (VEGF) in response to injury (96). VEGF
binds to its receptors in HSC and promote their activation
enhancing the expression of procollagen type I (96).
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—Paracrine and autocrine effect of HSC. Activated
HSC secrete inflammatory chemokines e.g. TNFα,
TGFβ, IL6, and PDGF which regulate collagen type I at
the transcriptional and translational level
(28,33,40,50,97). Activated HSC also secrete angiotensin
II, which induces fibrogenic actions via NADPH oxidase
(41,42). HSC are the master regulators for ECM remod-
eling. An expanding family of matrix-metalloproteinases
(MMPs) contributes to either pathologic or restorative
matrix degradation (41,42). These enzymes fall into five
categories based on substrate specificity: interstitial col-
lagenases (MMP-1, -8, -13), gelatinases (MMP-2, -9),
stromelysins (MMP-3, -7, -10, -11), membrane-type met-
alloproteinases (MMP-14 or MT1-MMP, -15, -16, -17, -24,
-25) and metalloelastase (MMP-12) (41,42). Metallopro-
teinases can be either activated through proteolytic cleav-
age, or inhibited by binding to specific inhibitors known
as tissue inhibitors of metalloproteinases (TIMPs) (45).
Liver ‘pathologic’ matrix degradation refers to early dis-
ruption of the normal subendothelial matrix which occurs
through the actions of four enzymes: MMP-2 and MMP-9,
which degrade type IV collagen; MT1-MMP, which acti-
vates latent MMP-2; and MMP-3, which degrades pro-
teoglycans and glycoproteins, and also activates latent
collagenases (43). Failure to degrade the accumulated
scar is a major reason why fibrosis progresses to cirrhosis
(7). In humans, MMP-1 (in rats, MMP-13) is the main
protease which degrades type I collagen, the principal
collagenous protein in liver fibrosis (98). Alternatively, it
is possible that other enzymes such as MT1-MMP and
MMP-2 may have interstitial collagenase activity (98).
More importantly, progressive fibrosis is associated with
marked increases in TIMP-1 and TIMP-2 (44,46), lead-
ing to a net decrease in protease activity, and therefore
matrix accumulation. HSC are the major source of these
inhibitors (44,46). 

—Role of innate immunity. Alcohol consumption me-
diates suppression of the innate immunity as decreases
NK cells activity and their numbers (99,100). The liver
immune system is comprised of Kupffer cells, NK cells,
NK-T cells and interferon alpha and gamma (IFNα and
IFNγ). NK cells may kill activated HSC while IFNα and
IFNγ block TGF-β1 signaling and HSC activation
(101,102).

REVERSION AND TREATMENT

Current questionable trends of thought suggest that re-
version of fibrosis may happen by inducing apoptosis or
necrosis of activated HSC, or less likely by transforma-
tion of activated HSC to a more quiescent phenotype.

—Apoptosis of activated HSC. Spontaneous resolution
of experimental fibrosis is associated with the clearance
of collagen type I-producing α-sma positive myofibrob-
lasts (activated HSC and transdifferentiated portal fibrob-
lasts) (103). HSC clearance has been attributed to the in-

duction of apoptosis (103). Apoptosis of myofibroblasts
is associated with decreased expression of TIMP1, which
protects activated HSC from apoptosis, and increased
MMP-1 activity in the liver (103).

—Reverse trans-differentiation of activated HSC to
quiescent phenotype. One theoretical approach to reverse
fibrosis is the reverse trans-differentiation of activated
HSC to a more quiescent phenotype. Quiescent HSC are
full of vitamin A and triglycerides which are depleted in
the activated HSC (26,28). The adipogenic/lipogenic
transcriptional regulation conferred by PPAR, LXR, and
SREBP-1c is required for the maintenance of the fat-stor-
ing quiescence phenotype of HSC (104). Expression of
these transcription factors is lost in activated HSC (104).
On the other hand, treatment of the activated HSC with
an adipocyte differentiation cocktail or ectopic expres-
sion of PPARγ or SREBP-1c causes their reversal to the
quiescent phenotype (105-107).

The most efficient treatment for alcohol liver diseases
is usually the cessation of the contributing agent e.g. al-
cohol. Although liver fibrosis is reversible, cirrhosis, the
end-stage consequence of fibrosis, is generally irre-
versible. Thus, efforts to understand fibrosis focus pri-
marily on events that lead to the early accumulation of
scar (e.g. collagen I) in hope of identifying therapeutic
targets to slow its progression or help its resolution. Inhi-
bition of HSC activation, proliferation, and the increased
production of ECM are crucial steps for intervention in
hepatic fibrogenesis.
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