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Abstract

Liver fibrosis is a major cause of morbidity and mortality worldwide due
to chronic viral hepatitis and, more recently, from fatty liver disease as-
sociated with obesity. Hepatic stellate cell activation represents a critical
event in fibrosis because these cells become the primary source of ex-
tracellular matrix in liver upon injury. Use of cell-culture and animal
models has expanded our understanding of the mechanisms underlying
stellate cell activation and has shed new light on genetic regulation,
the contribution of immune signaling, and the potential reversibility of
the disease. As pathways of fibrogenesis are increasingly clarified, the
key challenge will be translating new advances into the development of
antifibrotic therapies for patients with chronic liver disease.
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Hepatic fibrosis:

a wound-healing
response to either
acute or chronic liver
injury; characterized
by the accumulation of
interstitial or fibrillar
ECM

Extracellular matrix
(ECM): tightly
organized molecular
network that provides
functional and
structural integrity for
liver parenchyma

Cirrhosis: end-stage
liver disease
characterized
morphologically by
the presence of diffuse
fibrosis, regenerative
nodules, and distortion
in both liver
parenchyma and
vascular architecture

HSC: hepatic stellate
cell

KC: Kupffer cell
MEF: myofibroblast(s)
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INTRODUCTION

Hepatic fibrosis is a reversible wound-healing
response characterized by the accumulation of
extracellular matrix (ECM) following liver in-
jury. If the insult is acute or self-limited, these
changes are transient, and liver architecture is
restored to its normal composition. However
if the injury is sustained, chronic inflammation
and accumulation of ECM persist, leading to a
progressive substitution of liver parenchyma by
scar tissue. This process results in cirrhosis, the
end consequence of progressive fibrosis, which
can have a poor outcome and high mortality.
Progression to this end stage is typically vari-
able but slow, developing over 20 to 40 years
in patients with chronic liver injury; the pace is
influenced by both genetic and environmental
factors.

The hepatic parenchyma is composed
of epithelial cells (hepatocytes), endothelial
cells, and resident nonparenchymal cells,
including hepatic stellate cells (HSCs) and
Kupfter cells (KCs). The sinusoid is the hepatic
microvascular unit. It has an endothelial lining
distinguished by fenestration of pores and
is separated from the hepatocytes by the
subendothelial space of Disse, where HSCs
reside. This space contains a low-density basal
membrane-like matrix that is essential for
maintaining the differentiated function of
parenchymal cells yet is sufficiently porous
to enable metabolic exchange between the
bloodstream and hepatocytes.

CLINICAL AND PATHOLOGIC
CONTEXTS

Deposition of ECM in the space of Disse leads
to loss of the normal fenestrations that are
characteristic of the endothelial lining, which
provokes the impairment of the normal bidi-
rectional metabolic exchange between portal
venous flow and hepatocytes. This process is
termed capillarization of the sinusoids (1).
Different patterns of fibrosis progression
have been described on the basis of their
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etiology, the region of injury (e.g., portal or
central), the source of fibrogenic cells in-
volved, and the predominant fibrogenic mech-
anism(s) (Figure 1) (2). Chronic viral hepati-
tis B and C are the major causes of bridging
fibrosis, which is characterized by the pres-
ence of interface hepatitis and portal-central
vein bridging necrosis, resulting in the for-
mation of portal-central fibrotic septa. Peris-
inusoidal or pericellular fibrosis are typically
found in alcohol-related disorders and nonal-
coholic fatty liver disease. Alcohol-related fi-
brosis is characterized by deposition of ECM
in the space of Disse around sinusoids or hep-
atocytes (chicken-wire pattern). Biliary fibro-
sis incorporates the proliferation of bile duc-
tules and periductular myofibroblasts (MF),
which leads to the formation of portal-portal
fibrotic septa surrounding liver nodules. Con-
ditions that alter venous outflow are the
main cause of centrolobular fibrosis, which
is characterized by central-central fibrotic
septa.

Progression of disease with sustained fibro-
genesis leads to cirrhosis, which is not merely
the end-stage accumulation of scar, but rather
is characterized by a distortion of the liver
parenchyma and vascular architecture. The
main pathological feature of cirrhosis is the for-
mation of nodules of regenerative parenchyma
surrounded by fibrotic septae, which may in-
corporate terminal hepatic venules and portal
tracts when the nodules are especially large (i.e.,
macronodular cirrhosis). Porto-systemic shunts
and venous occlusion often occur, leading to
impairment in liver function and the develop-
ment of portal hypertension. The formation of
vascularized fibrous septa that link portal tracts
and central veins is stimulated by angiogene-
sis and contributes to porto-systemic shunting
that bypasses the liver parenchyma (Figure 2)
(3).

Whereas hepatic fibrosis is largely asymp-
tomatic, progression to cirrhosis confers a risk
of significant morbidity and mortality. Among
digestive diseases, cirrhosis is the most common
nonneoplastic cause of mortality in the United



Figure 1

Photomicrographs of fibrosis patterns in different etiologies of liver disease. (#) Autoimmune hepatitis. Portal-central vein bridging
necrosis. (b)) Chronic viral hepatitis C. Trichrome staining showing portal-central fibrotic septa and nodule formation. (c) Acute
alcoholic hepatitis. Deposition of extracellular matrix around hepatocytes (so-called chicken-wire pattern) and ballooning degeneration
of hepatocytes. (d) Nonalcoholic steatohepatitis. Trichrome staining showing macrovesicular steatosis and pericellular fibrosis.

(e) Biliary cirrhosis. Portal-portal fibrotic septa and proliferation of bile ductules. Images reproduced courtesy of Dr. M. Isabel Fiel,

Mount Sinai School of Medicine.

States, causing 30,000 deaths per year. An addi-
tional 10,000 deaths occur due to liver cancer,
which usually arises in the setting of cirrhosis
(4). Once cirrhosis has developed, its natural
history typically includes progression from a
compensated phase to a decompensated phase;
the latter is defined by the development of por-
tal hypertension and liver failure. Portal hyper-
tension is therefore a major complication of cir-
rhosis that leads either to death or to the need
for liver transplantation.

According to the principle of Ohm’s law
(P = Q x R,where Pis the change in pressure
along a vessel, Q is the flow, and R is the re-
sistance to that flow), portal hypertension may
arise from increased hepatic resistance to blood
flow and/or from increased flow. The initial
event in the pathophysiology of portal hyper-
tension is increased vascular resistance that oc-
curs mainly in the sinusoids.

COMPOSITION OF THE
HEPATIC SCAR, OR
EXTRACELLULAR MATRIX,
OF LIVER

In normal liver, ECM is a highly dynamic
substratum with a precisely regulated balance
between synthesis and degradation. During
chronic liver injury, however, ECM production
exceeds ECM degradation, and hepatic fibrosis
develops as a result of the progressive thicken-
ing of fibrotic septae and chemical cross-linking
of collagen. Moreover, these changes in ECM
composition directly stimulate fibrogenesis (5).

Hepatic fibrosis affects both the quality
and quantity of hepatic ECM, which is a
tightly organized molecular network that pro-
vides functional and structural integrity for liver
parenchyma (5). Normally, the hepatic ECM
comprises less than 3% of the relative area on
a liver tissue section, and approximately 0.5%
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of the wet weight (6). It is also a component of
Glisson’s capsule, portal tracts, central veins,
and the subendothelial space of Disse. The
most important structural ECM components

in liver are collagen, proteoglycans, laminin, fi-
bronectin, and matricellular proteins.

The low-density basement membrane-like
matrix of the space of Disse in normal liver
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is composed mainly of collagens IV and VL
After liver injury, disruption of this matrix
and replacement by fibrillar collagens occur;
this matrix is composed of collagens I and
IIT and fibronectin (7, 8). These quantitative
and qualitative changes in ECM composition
(termed capillarization; see above) alter the
matrix microenvironment and create a func-
tional and physical impediment to the bidirec-
tional flow of plasma between sinusoidal lumen
and hepatocytes, which leads to altered hepatic
function.

In addition to incorporating structural
molecules, ECM also incorporates a range of
growth factors and matrix metalloproteinases
(MMPs) that are specifically bound and pre-
served in latent forms (5). ECM may thereby
regulate cellular activity and the availability of
growth factors. For instance, decorin and bigly-
can, two ECM components, bind transform-
ing growth factor 3 (T'GF-p); fibronectin and
laminin bind tumor necrosis factor o« (TNF-);
and collagen binds platelet-derived growth fac-
tor (PDGF), hepatocyte growth factor (HGF),
and interleukin (IL)-2. The binding of survival
factors to the ECM may prevent apoptosis in
the damaged liver and also prevent growth fac-
tor proteolysis (9).

Interactions between ECM and its sur-
rounding cells are bidirectional. After injury,
ECM can modulate the activation and prolifer-
ation of HSC, angiogenesis, and the availabil-
ity and activity of growth factors and MMPs.
ECM also provides cells with signals for po-
larization, adhesion, migration, proliferation,
survival, and differentiation. ECM-cell interac-
tions are determined largely by specific mem-
brane adhesion receptors. Among these recep-
tors, the integrin family, ADAM (a disintegrin

and metalloproteinase domain) molecules, and
discoidin domain receptors have been the most
extensively studied, as detailed below.

Integrins are heterodimeric transmembrane
receptors composed of «- and [-subunits;
they have a globular head domain that can
bind components of the ECM and cell adhe-
sion molecules (10). Classic integrin ligands
contain an arginine-glycine—aspartic acid se-
quence, which is necessary but not sufficient for
signal transduction. Integrins can also modu-
late signal transduction pathways downstream
of other receptors following cell adhesion (11).
Cultured HSCs express «1f1, a2p1, «5p1,
and «634 (12). Upregulation of 21, x6p34,
aVB8, and «5PB1 has been identified in ex-
perimental hepatic fibrosis models; however,
cholestatic human diseases are also associated
with «VB6 induction (13). Integrins can also
interfere with TGF-f1, PDGF, and hedge-
hog signaling pathways, and they play a role in
cancer biology, including hepatocarcinogenesis
(14-16).

ADAM molecules are a family of ECM
membrane receptors implicated in liver fibro-
sis. In liver, two molecules have been identi-
fied: ADAMSTS-13 and ADAMSTS-1, which
are expressed by HSCs and endothelial cells,
respectively (17, 18).

Discoidin domain receptor 2 (DDR?2) is a
tyrosine kinase receptor activated primarily by
collagen type 1 and secondarily by collagens
II, III, and V. DDR2 contributes to HSC ac-
tivation and epithelial-to-mesenchymal transi-
tion (EMT) (19-21). Increased production of
collagen type I during HSC activation induces
DDR?2 via its phosphorylation, leading to an in-
crease in MMP-2 production and growth stim-
ulation. Higher expression of DDR2 has also

MMP: matrix
metalloproteinase

HSC activation:
transition following
liver injury of a
resident
nonparenchymal cell
type from a quiescent
vitamin A-rich cell to
a proliferative,
contractile, and highly
fibrogenic MF cell
type

EMT: epithelial-to-
mesenchymal

transition

Figure 2

Matrix and cellular alteration in hepatic fibrosis. Normal liver parenchyma contains epithelial cells (hepatocytes) and nonparenchymal
cells: fenestrated sinusoidal endothelium, hepatic stellate cells (HHSCs), and Kupffer cells (KCs). (#) Sinusoids are separated from
hepatocytes by a low-density basement membrane-like matrix confined to the space of Disse, which ensures metabolic exchange. Upon
injury, the HSCs become activated and secrete large amounts of extracellular matrix (ECM), resulting in progressive thickening of the
septa. () Deposition of ECM in the space of Disse leads to the loss of both endothelial fenestrations and hepatocyte microvilli, which
results in both the impairment of normal bidirectional metabolic exchange between portal venous flow and hepatocytes and the
development of portal hypertension. Adapted from Reference 216 with permission.
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qHSC: quiescent
hepatic stellate cell
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been demonstrated in the small bile ducts of
patients with primary biliary cirrhosis (22).

CELLULAR SOURCES OF
EXTRACELLULAR MATRIX
IN LIVER

The scarring response of liver is a common
pathway that results from a range of injuries,
including, toxic, metabolic, and viral insults.
Underlying this response is the activation of
resident mesenchymal cells into contractile
MF, primarily derived from HSCs, that gen-
erate scar, which encapsulates injury. HSCs are
a resident mesenchymal cell type located in the
subendothelial space of Disse, interposed be-
tween sinusoidal endothelium and hepatocytes
(12). Following liver injury, HSCs become acti-
vated, which leads to the conversion of a resting
vitamin A-rich cell [a quiescent HSC (qHSC)]
to one that has lost vitamin A droplets, lead-
ing to increased proliferation and contraction
and the release of proinflammatory, profibro-
genic, and promitogenic cytokines. These acti-
vated cells are capable of enhanced migration
and deposition of ECM components (23, 24).

HSC activation can be conceptually divided
into two phases: initiation and perpetuation
(25). Initiation, also known as the preinflam-
matory stage, refers to early changes in gene
expression and phenotype. It is the result of
primarily paracrine stimulation from damaged
parenchymal cells. Maintenance of these stim-
uli leads to a perpetuation phase regulated by
autocrine and paracrine stimuli. Perpetuation
involves at least six distinct changes in HSC
behavior, including proliferation, chemotaxis,
fibrogenesis, contractility, matrix degradation,
and retinoid loss (23).

MF are the prototypical mesenchymal cell
type regulating repair following injury in a
range of tissues, including liver, kidney, skin,
lung, and bone marrow, as well as the central
nervous system (26). MF are defined primar-
ily by their ability to produce ECM and exhibit
contractile activity. Although HSCs are the pri-
mary source of this fibrogenic population in
the liver (23), contributions from other cells,
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listed below, are increasingly being appreciated
(Figure 3).

1. Portal fibroblasts. Because of their loca-
tion within the connective tissue of por-
tal areas, the recruitment and activation
of resident fibroblasts into MF are espe-
cially relevant in diseases associated with
ischemia and cholestasis (27, 28). Increas-
ing attention is being focused on the iden-
tification, purification, and analysis of this
fibrogenic population, whose contribu-
tion to fibrosis is especially important in
biliary diseases (29).

2. Bone marrow—derived cells and circu-
lating fibrocytes. Several studies have
demonstrated that, following liver injury,
the bone marrow supplies MF-like cells
that may participate in the progression of
liver fibrosis (30-33). However, the con-
tribution of these bone marrow—derived
cells to collagen production during liver
injury may be limited (34).

3. EMT. Epithelial cells can contribute
to the replacement of dead or damaged
hepatic cells through a biological process
known as EMT. This process allows
a closely attached epithelial cell with
apical-basal polarity to migrate and accu-
mulate in the interstitium of the tissue and
acquire a mesenchymal cell phenotype
(e.g., migratory capacity, invasiveness,
resistance to apoptosis, and production of
ECM) (35-37). EMT has been associated
not only with tissue regeneration and
fibrosis but also with embryonic devel-
opment and cancer progression (38).

During chronic liver inflammation, cells
with characteristic markers of epithelial cells
(cytokeratin, E-cadherin) and mesenchy-
mal cells [ smooth muscle actin (ASMA),
fibroblast-specific protein 1 (FSP1)] appear to
represent an intermediate stage of EMT (39,
40). Signals that induce and regulate EMT
after injury have been extensively studied in
carcinogenesis and in lung and kidney fibrosis.
After liver injury, the most important trigger
to EMT is the release of chemokines, MMPs,
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Sources of extracellular matrix. Liver fibrosis is characterized by the proliferation of contractile and
fibrogenic myofibroblasts (MFs). The primary and best-characterized source of MFs is activated hepatic
stellate cells (HHSCs); other cells may also transdifferentiate into MFs, although their exact contribution to
human disease remains unclear. These cells include bone marrow—derived cells, portal fibroblasts, and
epithelial-to-mesenchymal transition (EMT) from hepatocytes and cholangiocytes. Abbreviations:
BMP-7, bone morphogenetic protein 7; Hh, hedgehog; MET, mesenchymal-to-epithelial transition.

and growth factors such as PDGF and TGF-
[via both the Smad2/3 and mitogen-activated
protein kinase (MAPK)-dependent pathways]
(41). More recently, hedgehog signaling has
been implicated in this process as well (15, 42).
EMT is dynamic and bidirectional, given that
fibrogenic cells can undergo mesenchymal-
to-epithelial transition and revert back to an
epithelial phenotype (35).

Biliary epithelial cells coexpressing epithe-
lial and MF markers have also been identified
in animal models following bile duct ligation
(43) and in human fibrotic livers, particularly in
primary biliary cirrhosis and biliary atresia (44,
45). TGF-p-mediated stimulation of primary
human cholangiocytes upregulates p-Smad2/3,
S100A4, and ASMA, which confer a motile
phenotype (45)

Hepatocyte EMT may also contribute to
hepatic fibrogenesis. In vitro studies show that
TGF- induces both EMT in mature hepa-
tocytes and expression of collagen «1(I) (46).
Increased FSP1 (S100A4) expression in hepa-
tocytes following carbon tetrachloride (CCly)-
induced fibrosis (47) has also been reported.
Despite these data, type I collagen produc-
tion by EMT hepatocytes has not yet been
conclusively proven in in vivo models (48),
and a recent study refutes the participation of
EMT as a significant source of fibrosis (48, 49).
Recently, endothelial cells have also been im-
plicated in the transformation of mesenchymal
cells during kidney (50) and cardiac (51) fi-
brosis via an analogous process (endothelial-to-
mesenchymal transition); however, their role in
liver fibrosis is unknown.

www.annualreviews.org o Pathogenesis of Liver Fibrosis

431



432

CYTOKINES AND
SIGNALING PATHWAYS

Cytokines

Inflammatory cytokines play a key role in
fibrosis, given that persistent inflammation
almost always precedes fibrosis. Following
liver injury, several cell types can secrete in-
flammatory cytokines; these cell types include
KCs, hepatocytes, HSCs, natural killer (NK)
cells, lymphocytes, and dendritic cells.
Cytokines are a family of proteins that
include chemokines [monocyte chemotactic
protein 1 (MCP-1), RANTES, IL-8], inter-
ferons (IFN-o«, IFN-y), interleukins (IL-1,
IL-6, IL-10), growth factors, adipokines, and
soluble neurohumoral ligands (endocannabi-
noids) (Table 1). Adipokines (adipose tissue
cytokines) are polypeptides secreted mainly by
adipocytes and, to a lesser extent, by stromal
including macrophages, fibroblasts,
and infiltrating monocytes (52). Leptin and

cells

adiponectin are the main adipokines implicated
in liver injury. Translation of the obese (0b) gene
results in the expression of leptin. Leptin can
mediate its biological effects through one of
several leptin receptors (ObRa to ObRf) via
activation of the Janus kinase 2 (JAK2) and
signal transducer and activator of transcription
3 (STAT3) pathways (Figure 4) (52). Leptin
has a profibrogenic effect; it directly modulates
the HSC phenotype through ObRb and acti-
vates KCs, macrophages, and endothelial cells
to produce TGF-f (53, 54). Leptin also plays a
role in promoting the proliferation, migration,
and metastasis of hepatocellular carcinoma and
cholangiocarcinoma cells (55, 56).

In addition to leptin, the JAK-STAT signal-
ing pathway is activated by a large variety of cy-
tokines, including IFN-y (112). Binding of the
cytokines to their receptors activates receptor-
associated tyrosine kinases (JAK1, JAK2, JAK3,
Tyk2), which interact with the STAT pro-
teins. Phosphorylation of the STAT proteins
(STAT1-6) at their phosphotyrosine-binding
SH2 domain allows the complexes to translo-
cate to the nucleus and regulate target gene
transcription (59, 113).

Hernandez-Gea o Friedman

STATT1 and STATS3 play a key role in liver
fibrosis. STAT1 can be activated by IFN-o/-3
and IFN-y, and STAT3 can be activated mainly
by IL-6 and IL-22. STAT1 and STAT3 regu-
late the transcription of many target genes in-
volved in antiviral defense, liver inflammation,
and liver regeneration.

STATT has been proposed to negatively
regulate liver fibrosis through several mech-
anisms, including inhibition of HSC pro-
liferation, suppression of B-PDGF receptor
(B-PDGFR) expression, inhibition of TGF-
/Smad3 signaling, and stimulation of NK cell
cytotoxicity (114). In vivo, mice with a selective
knockout of STAT1 in HSCs develop acceler-
ated liver fibrosis in response to liver injury due
to CCl4 (114).

Adiponectin inhibits hepatic fibrogenesis
both in vitro and in vivo (54, 57). In HSCs,
adiponectin binds its specific receptors, Adi-
poR1 and AdipoR2, whose downstream ef-
fects are mediated by adenosine monophos-
phate (AMP)-activated protein kinase (AMPK)
and peroxisome proliferator—activated receptor
o (PPAR-o) (58, 115). AMPK activation gener-
ates ATP and inhibits processes that consume
ATP, apart from those crucial for short-time
survival.

A recent study has implicated an additional
adipokine, ghrelin, in attenuating hepatocellu-
lar injury and fibrosis (59). Ghrelin-deficient
mice have enhanced injury and fibrosis follow-
ing toxic injury, whereas recombinant ghrelin
attenuates injury in wild-type animals. More-
over, human polymorphisms of the ghrelin gene
may influence fibrosis progression in patients
with chronic hepatitis.

Peptide growth factors are also members
of the cytokine family. The most important
growth factors implicated in HSC activation
and collagen synthesis are PDGF and TGF-.
PDGF is a dimeric protein composed of vary-
ing combinations of four polypeptide chains (A,
B, C, and D) that signal via the tyrosine ki-
nase receptors PDGFR-a and PDGFR-f. All
PDGEF isoforms are upregulated during HSC
activation and correlate with the degree of fi-
brosis and inflammation (59-63).



Table 1 Repertoire of cytokines and membrane receptors associated with hepatic stellate cells®

Cytokine family Cytokines Receptors Effect(s)
TGFs TGF-B1/TGF-«, BMP4, TGF- receptor types L, IL, IIT; Proliferative fibrogenic
BMP6 mannose-6-phosphate receptor
PDGFs PDGF-B 3-PDGFR, «-PDGFR Proliferative fibrogenic
EGF Unknown EGF receptor Proliferative fibrogenic
Stem cell factor Stem cell factor Unknown Proliferative fibrogenic
HGF HGF c-Met Proliferative fibrogenic,
regenerative, antifibrogenic
CTGF CTGF (CCN2) av33-integrin, low-density Proliferative fibrogenic
lipoprotein receptor-related protein
FGFs aFGF and bFGF FGF receptor 2 Proliferative fibrogenic
ET-1 ET-1, ECE ET-A and ET-B receptors Proliferative fibrogenic,
chemotactic/inflammatory
Leptin Leptin OB-Ra and OB-Rb Proliferative fibrogenic
Plasminogen uPA/PAI-1 uPA receptor Proliferative fibrogenic
VEGFs VEGF VEGEF receptors 1 and 2 Proliferative fibrogenic
IGFs IGF-I, IGF-1I IGF-IR Proliferative fibrogenic
Thrombin Unknown Thrombin receptor Proliferative fibrogenic

RGD-containing and
integrin ligands

Integrins &1 31, o2 31, 634,
o5B1,a8B1, awvpl, and awp3;
integrin-linked kinase

Proliferative fibrogenic

Fibrillar collagens

Collagens I, IT

Discoidin domain receptors 1 and 2

Proliferative fibrogenic

Cannabinoids Unknown CBI receptor Proliferative fibrogenic
Purines Ubiquitous P2Y receptors Proliferative fibrogenic
Adenosine Ubiquitous A(2a)adenosine receptor Proliferative fibrogenic

Renin-angiotensin

Angiotensin II, renin, ACE

Angiotensin II types 1 and 2 receptors

Proliferative fibrogenic

Serotonin Unknown SSR2, SSR3, and SSRS receptors Proliferative fibrogenic

Hedgehog Indian hedgehog and sonic Patched Proliferative fibrogenic
hedgegog

Galectins Galectin-3 Unknown Proliferative fibrogenic

AGE Unknown Receptor for AGE Chemotactic/inflammatory

M-CSF M-CSF Unknown Chemotactic/inflammatory

PAF PAF PAF receptor Chemotactic/inflammatory

CD40 CDA40 ligand Unknown Chemotactic/inflammatory

TNF-o TNF- TNF receptor 1, p7SNTR Chemotactic/inflammatory

Chemokines CXCLI1, MCP-1, RANTES, CXCR3 Chemotactic/inflammatory
MIP-1, eotaxin, IL.-8

Opioids Unknown 81 and 52 opioid receptors Chemotactic/inflammatory

Oxidized LDI Unknown CD36 Chemotactic/inflammatory

TLR ligands Unknown TLR4, CD14 Chemotactic/inflammatory

IL-6 IL-6 Unknown Regenerative

NTs NGF, BDNF, NT-4, NT-4/5 p75-NTR, Trk-B, Trk-C Regenerative

IL-10 IL-10 IL-10 receptor Antifibrogenic

Adiponectin Adiponectin CB2 receptor Antifibrogenic

Follistatin Follostatin Unknown Antifibrogenic

(Continued)
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Table 1 (Continued)

Cytokine family Cytokines Receptors Effect(s)
Fas signaling Unknown Fas Unknown

Cystatin Cystatin Unknown Miscellaneous
Catecholamines Norepinephrine «lA- and (-adrenergic receptors Miscellaneous
5-hydroxytamine Unknown 5-hydroxytamine receptor subtypes Miscellaneous

1A, 2A, and 2B

Adrenomedullin Adrenomedullin Unknown Miscellaneous
Complement cascade Unknown CS5a receptor Miscellaneous
Natriuretic peptides Unknown Natriuretic peptide receptor B Miscellaneous

*Adapted from Reference 12.

Abbreviations: ACE, angiotensin-converting enzyme; AGE, advanced glycation end products; BDNF, brain-derived

neurotrophic factor; BMP, bone morphogenetic protein; CTGF, connective tissue growth factor; ET, endothelin; FGF, fibroblast growth factor;

HGEF, hepatocyte growth factor; IGF, insulin-like growth factor; IL, interleukin; M-CSF, macrophage colony-stimulating factor; MCP, monocyte

chemotactic protein; MIP, macrophage inflammatory protein; NGF, nerve growth factor; N'T, neurotrophin; PAF, platelet-activating factor;

PALI plasminogen activator inhibitor; PDGF, platelet-derived growth factor; TGF, transforming growth factor; TLR, Toll-like receptor; TNF, tumor

necrosis factor; uPA, urokinase-type plasiminogen activator; VEGF, vascular endothelial growth factor.
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PDGFRs transmit their activity in part
through phosphoinositol 3-kinase (PI3K)/Akt,
which also transduces signals for other tyrosine
kinases [e.g., vascular endothelial growth
factor (VEGF)], cytokine receptors (e.g.,
MCP-1), integrins, adipokines (leptin), and
G protein—coupled receptor stimulators [e.g.,
angiotensin II (AIl), thrombin] (96-98).
When a receptor tyrosine kinase binds to
its cognate receptor, its tyrosine residues
become autophosphorylated, which leads to
the recruitment of PI3K to the membrane.
Once activated and localized to the membrane,
PI3K phosphorylates phosphoinositol lipids,
which translocate Akt to the plasma membrane.
After its recruitment, Akt is phosphorylated
by phosphoinositide-dependent kinase and
thereby activated. Activated Akt regulates sev-
eral cell functions through phosphorylation of
many different targets, including mammalian
target of rapamycin (Figure 4) (99).

Growth factor receptors may also utilize
MAPK signaling pathways. The MAPK fam-
ily includes extracellular signal-regulated ki-
nase, c-Jun N-terminal kinase (JNK), and
p38 MAPK. These molecules are activated
by proliferative peptides (PDGF, thrombin,
All, VEGF, leptin) and chemokines. Once ac-
tivated, they recruit the signaling molecule

Hernandez-Gea o Friedman

Ras, which leads to the transcription of
cell-proliferative and profibrogenic factors
(98, 100, 101).

TGF-p is secreted by a variety of cell types;
ithas three majorisoforms (TGF-B 1, TGF-2,
and TGF-$3). TGF-B1 is produced mainly by
monocytes and macrophages and is the princi-
pal isoform implicated in liver fibrosis. TGF-
B1 is stored as an inactivated protein bound
to a latency-associated protein. Once activated,
TGF-p1 signals via its cognate receptors to
Smad proteins, which enhance the transcrip-
tion of target genes, including procollagen I
and procollagen III (64). TGF-B1 signaling is
initiated by binding to the type II receptor.
Subsequently, this receptor dimerizes with its
type I receptor and binds Smad2 and Smad3;
this complex becomes phosphorylated and is
released into the cytosol, where it associates
with Smad4. The resulting heterodimer can
then translocate into the nucleus and regu-
late transcription. The pathway can be endoge-
nously inhibited, which prevents the binding of
Smad2/3 to the receptor by Smad6/7 (Figure 4)
(102, 103).

VEGF, a well-characterized angiogenesis
modulator, is upregulated during HSC activa-
tion and stimulates cell proliferation, migra-
tion, and collagen production (65, 66). Other
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Main cytokine pathways regulating liver fibrosis. Liver injury is followed by the secretion of cytokines that
mediate the activation of several intracellular signaling pathways, primarily through their binding to specific
receptors. Leptin and interferon (IFN)-y can activate STAT3 and regulate the transcription of many target
genes involved in liver fibrosis. Adiponectin, through its binding to its receptor, AdipoR, can inhibit hepatic
fibrogenesis via peroxisome proliferator-activated receptor (PPAR)-« signaling. The dimerization of the
transforming growth factor 3 receptor (T GF-BR), following binding by TGF-, recruits Smad2 and Smad3
proteins, which are then phosphorylated and released into the cytosol, where they can associate with Smad4.
These heterodimers can then translocate into the nucleus and regulate fibrogenic gene transcription.
Platelet-derived growth factor (PDGF) mediates its transcriptional regulation in part through the activation
of the extracellular signal-regulated kinase (ERK) pathway following binding to the PDGF receptor
(PDGFR). In addition to PDGF, several other growth factors can activate tyrosine receptors, which lead to
the recruitment of phosphoinositol 3-kinase (PI3K) and the phosphorylation of AKT; activated AKT
regulates synthesis of fibrogenic proteins via the mammalian target of rapamycin (mTOR) pathway.
Abbreviations: JAK, Janus kinase; NF-«kB, nuclear factor kB; TK, tyrosine kinase; TNF, tumor necrosis
factor.

peptide growth factors related to liver fibrosis
are HGF, fibroblast growth factor, and insulin-
like growth factor 1 (43, 67-69)

Endogenous cannabinoids are a family of
molecules derived from arachidonic acid that

signal through CB1 and CB2 receptors. Major
endogenous ligands are anandamide (arachi-
donylethanolamide),  2-arachidonylglycerol,
noladin ether, and virodhamine (70). Chronic
liver disease is associated with the upregulation
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of endocannabinoids and their receptors;
however, the two CB receptors have com-
pletely divergent activities. Whereas CB1
is fibrogenic, CB2 has the opposite effect;
thus, CB1 antagonism and CB2 agonism are
two opposing strategies that represent new
therapeutic options to reduce fibrosis (70-73).

Vasoactive Mediators

HSCs can regulate intrahepatic blood flow dur-
ing injury according to several lines of evidence:

1. In their perisinusoidal orientation, HSCs,
which contain extensive long cytoplas-
mic foot processes, embrace the sinusoids
and resemble tissue pericytes, a cell pop-
ulation thought to regulate blood flow
by modulating pericapillary resistance
74).

2. Activation of HSCs includes the adoption
of a contractile phenotype.

3. In vivo microscopy has demonstrated di-
rect sinusoidal constriction by HSCs (75).

Moreover, contraction of HSCs in response
to vasoactive substances has been demonstrated
in vitro and in vivo, and the actual force gen-
erated by HSC contraction is sufficient to con-
tract sinusoids [the average force contraction
generated by endothelin 1 (ET-1) stimulation
of a single HSC exceeds sinusoidal pressure]

(76).

Several vascular mediators provoke hepatic
stellate cell contractility. The endothe-
lin (ET) family consists of three members
(ET-1, ET-2, and ET-3) that are produced
by endothelial cells, which bind to two G
protein—coupled receptors, ETA and ETB,
and exert paracrine and autocrine effects. ETA
receptors are found mainly on vascular smooth
muscle cells, and ETB receptors are found on
endothelial cells (77, 78).

After liver injury, ET-1 is secreted by HSCs,
whereas its synthesis by sinusoidal endothe-
lial cells is reduced (79). Liver injury is asso-
ciated with both an increase in local ET pro-
duction and enhanced ET receptor expression,
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which lead to HSC contractility that increases
sinusoidal constriction and intrahepatic blood
flow resistance (78, 80).

Nitric oxide (NO) is a tightly regulated,
unique messenger molecule that is produced
from L-arginine by three isoforms of NO syn-
thase. NO modulates intrahepatic resistance in
an autocrine manner by stimulating a soluble
guanylate cyclase that decreases Ca’* levels,
provoking vasodilation and HSC relaxation (78,
81). In the cirrhotic liver, sinusoidal endothe-
lial cells have decreased NO secretion, thereby
contributing to the imbalance between vaso-
constrictor and vasodilator substances that is
typical of advanced liver disease (82).

The renin-angiotensin system (RAS) is an
endocrine system that can regulate intrahepatic
vascular resistance. The main mediator is All,
which is either produced through endothelial
cleavage of angiotensin I (Al; synthesized from
angiotensinogen by hepatocytes) or generated
de novo in damaged tissues. AIl binds Al recep-
tor in MF and promotes fibrogenesis and in-
flammation. In the fibrotic liver, HSCs highly
express Al receptors and secrete All, thereby
inducing cell proliferation and contraction (83,
84). Moreover, RAS activity correlates with the
degree of portal hypertension (85).

AIl mediates its effects () by directly
stimulating Smad signaling and (4) through an
increase in intracellular calcium and ROS pro-
duction, which stimulate the PI3K/Akt, Rho
kinase, nuclear factor kB (NF-«B), and MAPK
pathways (83, 86). Like many systems, RAS
contains an endogenous antagonistic pathway
in which a truncated form of AIl, Angl-7,
exerts effects on fibrosis that are opposite to
those of AIl (87). Angl-7 is generated by a
homolog of angiotensin-converting enzyme 1
(ACE1) known as ACE2 (88). Thus, whereas
ACEl and AIl are profibrotic, ACE2 and
Angl-7 are antifibrotic.

Other vasoactive factors. Several vascular
agents are also implicated in hepatic vascular
homeostasis. Carbon monoxide is produced
in the hepatic sinusoidal cells and mediates
relaxation in sinusoids and HSCs (89). The



serine protease thrombin regulates platelet
aggregation and endothelial cell activation.
It can act as a hormone or a cytokine, de-
pending on which receptor isoform is engaged
(protease-activated receptors 1 through 4).
Expression of protease-activated receptor
1 by HSCs increases during activation and
induces the contraction, proliferation, and
secretion of several chemokines, as well as
platelet-activating factor. The binding of atrial
natriuretic peptide to its receptor in HSCs
antagonizes the effects of ET on Ca’* and con-
traction (90). Prostaglandins are also implicated
in HSC contraction; some of them (PGI;,
PGE,)
(tromboxane, PGF, ) induce contraction (91).

induce relaxation, whereas others

Vasopressin and thrombin elicit contraction
of HSCs by releasing Ca?* from intracellu-
lar stores (92). Adenosine, substance P, and
lysophosphatidic acid also induce HSC con-
traction in vitro (93-95).

REGULATION OF GENE
EXPRESSION

Transcriptional Regulation

Regulation of gene expression in eukaryote cells
is a complex, precise, and cell-specific process.
There has been tremendous progress in re-
vealing the regulatory mechanisms that con-
trol gene expression in HSCs during fibrosis,
and research has focused primarily on tran-
scriptional control pathways (104, 105, 116).
Recent advances have also highlighted the im-
pact of posttranslational modifications, includ-
ing phosphorylation, SUMOylation, prenyla-
tion, acetylation, and glucosylation, which can
regulate a range of effects in transcriptional ac-
tivity; binding affinity to DNA; oligomeriza-
tion; and/or targeting for degradation of tran-
scription factors, corepressors, and coactivators
(117). Rather than comprehensively review all
facets of transcriptional biology in HSCs, we
describe here a few examples of key transcrip-
tion factors implicated in the regulation of HSC
activation (Table 2).

Basic helix-loop-helix (bHLH) transcrip-
tional factors constitute a two-class family in-

volved in HSC contractility. Class A bHLH
factors are ubiquitously expressed, whereas
class B bHLH factors are tissue specific;
both can be inhibited by related bHLH pro-
teins known as inhibitors of DNA bind-
ing/differentiation (Id proteins). The best-
characterized HLH members in HSCs are
MyoD, sterol regulatory element-binding pro-
tein ¢, c-Mygc, and c-Myb. MyoD isa myogenic
transcriptional factor expressed in rat and hu-
man HSCs that is implicated in the acquisition
of a contractile phenotype (118). The role of Id
proteinsin liver fibrosis remains poorly defined,
as there are some contradictory findings. Id1 is
implicated in the maintenance of the in vitro
quiescent phenotype of HSCs (118), and forced
overexpression of Id1 enhances HSC activation
(119). In contrast, Id2 plays an important role
in perpetuating fibrosis and is upregulated dur-
ing early HSC activation (120); however, it later
leads to the suppression of fibrogenic markers
(ASMA, collagen I, MMP-2) (121). These di-
vergent data may reflect the effects of different
modes of cross talk between Id proteins and the
major profibrogenic factor TGF-f (105).

Three members of the CCAAT/enhancer
binding protein (C/EBP) family, C/EBP«,
C/EBPg, and C/EBPS, are expressed in HSCs
(122). C/EBPu«, a key factor in adipocyte dif-
ferentiation (123), is also a negative regula-
tor of HSC activation and liver fibrosis (124).
Its expression declines with activation, and its
forced overexpression inhibits HSC prolifer-
ation, decreases production of ECM and ex-
pression of ASMA, and enlarges cytoplasmic
lipid droplets (122). C/EBP modulates colla-
gen I expression in HSCs in response to oxidant
stress induced by acetaldehyde (125, 126). It
also plays an important role in preventing apop-
tosis of activated HSCs and promoting progres-
sion of fibrosis. During HSC activation in an
experimental model of injury, phosphorylation
of Thr217 C/EBPf by ribosomal S-6 kinase
(RSK) induces HSC proliferation and prevents
apoptosis. In contrast, HSCs in C/EBPB~/~
mice or in wild-type animals treated with a se-
lective inhibition in RSK undergo apoptosis fol-
lowing liver injury with CCl, (127).
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Table 2 Transcription factors expressed by hepatic stellate cells®

Factor | Function of target gene(s)
Miscellaneous
NF-«p Inflammation and apoptosis survival regulation

AP-1 (c-Jun, JunB, JunD, c-Fos, Fral, Fra2, Fos-B)
AP-2

TGF-B1, TIMP-1, and IL-6 gene regulation
Collagen gene regulation

Ets-1 Activation

NF-1 Collagen gene regulation
Smads Collagen gene regulation, gene arrest
C/EBP Collagen gene regulation
Mef2 Activation

E-box factors Mannose-6-phosphate/IGF-II regulation
c-Myb o smooth muscle actin
CREB Activation

CRP2 Quiescence

SREBP Quiescence

Lhx2 Quiescence

KLFs

KLF6 Varied

Spl, Sp3 Collagen gene regulation
BTEB Collagen gene regulation
ZNF267 MMP-10

Egr-1 Activation

Nuclear hormone receptors

FXR Quiescence

PPAR-y Quiescence

LXR Quiescence

PXR Quiescence

Vitamin D receptor Activation

RAR-«,-3; RXR Varied

Forkhead factors

Foxfl Activation

FoxO1 Activation

*Adapted from Reference 12. Abbreviations: AP, activator protein; C/EBP, CCAAT/enhancer-binding protein;

CREB, cyclin AMP response element-binding; CRP2, cysteine- and glycine-rich LIM (Lin11, Isl1, Mec3) domain protein
2; FXR, farnesoid X receptor; IGF, insulin-like growth factor; IL, interleukin; KLF, Kriippel-like transcription factor;
LXR, liver X receptor; MMP, matrix metalloproteinase; NF, nuclear factor; PPAR, peroxisome proliferator—activated

receptor; PXR, pregnane X receptor; SREBP, sterol regulatory element-binding protein; TGF, transforming growth

factor; TIMP, tissue inhibitor of matrix metalloproteinase, ZNF, zinc finger protein.

Mef2,amember of the MADS (MCM1, AG,
DEFA, SRF)-box family implicated in differ-
entiation and organogenesis (128), also drives
HSC proliferation and contractility (129). Al-
though Mef2 is not detectable in qHSCs, dur-
ing activation its messenger RNA increases,
whichin turn increases expression of ASMA and
collagen I and stimulates HSC proliferation.
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Cysteine- and glycine-rich LIM (Linll,
Isl1, Mec3) domain protein 2 is expressed solely
by HSCs among liver cells and induces their
activation. It expression is regulated by TGF-
3 (130). The LIM homeobox gene, Lhx2, pre-
serves the quiescent phenotype of HSCs (105),
and its overexpression in human HSCs re-
duces ECM production and ASMA expression



(131). Activator protein (AP)-1 expression be-
comes evidentat early stages of HSC activation,
when it enhances the transcription of tissue in-
hibitor of metalloproteinase (TIMP)-1, IL-6,
and TGF-B1 (132). AP-2 (133), NF-1 (134),
and SOX9 (135) also regulate collagen oI ex-
pression in activated HSCs.

Nuclear receptors [pregnane X receptor
(PXR), PPAR] regulate the expression of tar-
get genes following ligand activation in the cy-
toplasm and translocation to the nucleus. Al-
though retinoid storage is the most prominent
and characteristic feature of HSCs in normal
liver, the relative importance of the nuclear re-
ceptors, RXR and RAR, in liver homeostasis
and injury responses is surprisingly obscure.
Nonetheless, expression of RAR and RXR is
downregulated during HSC activation (136).

The farnesoid X receptor (FXR) is acti-
vated by bile acids and diminishes collagen and
TIMP-1 expression in HSCs without affecting
either ASMA expression or cell proliferation
(137, 138). PXR is implicated in the response
to several xenobiotica and endogenous metabo-
lites through upregulation of the CYP3A fam-
ily of cytochrome p450 enzymes, particularly
CYP3A4. Activation of PXR by pregnelone-
16-«-carbonitrile prevents rat HSC activation
and fibrosis following liver injury with CCl4
(139).

The PPARs regulate lipid and glucose
metabolism and are expressed in HSCs.
Although there are several isoforms (i.e.,
PPAR-«, -3, -y, and -5) the most extensively
investigated in liver fibrosis is PPAR-y, which
plays an important role in the maintenance of
qHSCs. Forced expression of PPAR-y in
activated HSCs inhibits collagen I expression,
blocks TGF-p1 signaling, reduces prolifera-
tion, and increases cytoplasmic lipid droplets
(140-142). PPAR-y exerts these effects though
physical interaction with JunD (an AP-1 pro-
tein) and the blockade of TGF-f signaling by
Smad3 inhibition, which leads to reduced colla-
gen and connective tissue growth factor expres-
sion, respectively (140). Stimulation of PPAR-
7, with either a natural ligand [15-d-PJ(2)] or
a synthetic ligand (GW7845, pioglitazone),

inhibits HSC proliferation and induces apo-
ptosis in vitro and in vivo (140, 143). PPAR~y
requires formation of a heterodimer, primarily
with RXR, to become transcriptionally active,
but it also dimerizes with RAR and FXR (144).

Epigenetic Regulation

Changes in gene expression can also arise
without modifications in DNA sequences
through epigenetic regulation. Epigenetic
modifications of gene expression are typically
stable and are retained through mitosis,
without leading to DNA mutations. They
are highly responsive to environmental and
developmental cues (see Reference 145 and
references therein). Epigenetic modifications
consist of three main processes: histone mod-
ification, DNA methylation, and silencing by
noncoding RNAs (Figure 5) (146).

Several studies have identified a potential
role for histone modification in HSC activation.
Trichostatin A, a histone deacetylase inhibitor,
blocks the morphological features of HSC acti-
vation in vitro and reduces both cellular prolif-
eration and transcription of the ASMA and col-
lagen I genes (147, 148). Interestingly, ethanol,
the chronic ingestion of which is linked to hep-
atic fibrosis, can induce a posttranslational hi-
stone modification through acetylation of his-
tone H3 lysine (149).

Gene silencing, which results from the ad-
dition of a methyl group to the 5’ position
of cytosine residues (i.e., methylation) in the
cytosine phosphoguanine dinucleotide, is also
implicated in the regulation of HSC activa-
tion. The DNA methylation inhibitor 5-aza-2'-
deoxycytidine blocks HSC activation through
sustained repression of IkBx in qHSCs and
PPAR-y in activated HSCs, respectively (108).

Chromatin silencing can also be accom-
plished by small noncoding RNA genes that
bind to their target messenger RNA and down-
regulate their stability and/or translation (150).
These RNA modulators can act at either the
transcriptional (antisense RINA) or posttran-
scriptional level [e.g., via small interfering RNA
or microRNA (miRNA)] and are involved in
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Regulation of gene expression in hepatic stellate cells (HSCs) during fibrosis. Transcription factors (TFs)
can promote or block the recruitment of RNA polymerase (RNA pol) binding to a specific DNA sequence
and thereby control the rate of gene expression. Changes in genes expression can also occur without
modification in DNA sequences through at least three distinct epigenetic processes: histone deacetylation
(HDAC), DNA methylation, and silencing by noncoding microRNAs (miRNAs). Activation of immune cells
following liver injury is also an important stimulus to HSC activation that occurs mainly through the
secretion of proinflammatory and fibrogenic molecules. Cytokines and extracellular matrix components also
play an important role in initiating fibrosis and perpetuating HSC activation.

many biological pathways such as cell differen-
tiation, proliferation, and death (151, 152).

miRNA-mediated RNA silencing is associ-
ated with HSC activation through the upregu-
lation of 13 miRNAs and the regulation of 22
signaling pathways (153). Specifically, the over-
expression of miR-27a and miR-27b is involved
in the reversal of the activated phenotype of rat
HSCs in vitro (154, 155).

Intriguingly, cross talk between transcrip-
tion factors and epigenetics occurs during HSC
activation. Specifically, HSC activation is as-
sociated with a persistent suppression of IkBa
caused by the methylation of a CpG island up-
stream of the IkBa promoter by the repres-
sors centromere-binding factor 1 (CBF1) and
methyl CpG-binding protein 2 (MeCP2) (107,
108). In the context of hepatocellular carci-
noma, activated HSCs overexpress the tran-
scription factor Mef2, which interacts with class
II histone deacetylase. This interaction leads
to the hyperacetylation of histones H3 and H4
156).
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IMMUNE REGULATION
AND HOST GENETICS IN
LIVER FIBROSIS

As the first solid organ beyond the gut to pro-
cess ingested antigens, the liver is constantly
exposed to antigen-rich blood and therefore is
amajor line of defense against such antigens, es-
pecially microorganisms. Both the adaptive and
innate immune systems of the liver are highly
evolved to serve this function. In doing so, how-
ever, innate immune pathways may also drive
fibrogenesis, given that their primary activity is
to protect against acute insult; however, fibro-
sis is a late-stage response that does not pose
an immediate threat to an organism’s survival.
Both the innate and adaptive immune systems
play an important role in hepatic fibrosis mod-
ulation (Figure 6).

Innate Immune Response

Innate immune mechanisms are critical to de-
fense from microorganisms through a range
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Both the adaptive and innate immune systems play important roles in hepatic fibrosis modulation. Liver
Kupfter cells (KCs) can secrete soluble mediators and function as antigen presenting cells, thereby
modulating hepatic stellate cell (HSC) activation. Neutrophils are implicated in the early response following
liver injury. Natural killer (NK) cells confer a protective role by inducing HSC apoptosis and secreting
antifibrotic mediators, whereas NKT cells have a profibrogenic profile. HSCs also function as professional
antigen presenting cells and can phagocytose apoptotic debris, especially from hepatocytes. HSCs express
the innate immune receptor Toll-like receptor 4 (TLR4), whose main ligand is lipopolysaccharide (LPS).

Abbreviation: TCR, T cell receptor.

of pathways. A secondary consequence of this
response, however, may include effects on
fibrogenesis.

Hepatic macrophages and monocytes. KCs
are tissue macrophages derived from circulat-
ing monocytes; they constitute 15% of the to-
tal liver cell population and reside predomi-
nantly in the periportal areas. They have a wide
repertoire of functions in liver pathophysiol-
ogy, including phagocytosis, antigen presenta-
tion, and secretion of soluble mediators that can
modulate innate immune and inflammatory re-
sponses. Once activated, KCs secrete a large
number of proinflammatory and fibrogenic
mediators, which can drive HSC activation
(157, 158).

KCs are also the first point of contact for
bacterial products, including endotoxin, that
are derived from the gastrointestinal tract. KCs
are therefore the main target of lipopolysac-
charide (LPS), and they strongly express Toll-
like receptor 4 (TLR4), the innate immune
receptor whose main ligand is LPS. TLRs
are a family of mammalian transmembrane
pattern-recognition receptors that distinguish
pathogen-associated motifs. TLR4-mediated
signals are transduced through two major path-
ways, which are either MyD88 dependent or
MyD88 independent, and they signal through
NF-«kB, MAPK, and PI3K/Akt (157, 158). Most
resident liver cells, including HSCs, express
TLR4. Activated human HSCs that express
TLR4 respond to LPS by secreting cytokines
and activating IkB kinase/NF-kB and JNK
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(159). Moreover, LPS downregulates the TGF-
f pseudoreceptor BAMBI in qHSCs, thereby
promoting T'GF-f signaling and enhancing
hepatic fibrogenesis (160). Interestingly, two
single-nucleotide polymorphisms of the TLR
gene (D299G and T3991), which are associated
with reduced LPS responsiveness, confer a sig-
nificantly reduced risk for fibrosis progression
in patients with chronic hepatitis C virus infec-
tion (161, 162).

TLRY is also expressed by HSCs and can be
activated by apoptotic hepatocyte DNA, which
leads to cellular activation and collagen produc-
tion (163). Accordingly, TLR9-deficient mice
display decreased hepatic fibrosis in experimen-
tal liver injury (164).

Neutrophils. Neutrophils are implicated in
the early response of the innate immune sys-
tem following liver injury, and they are espe-
cially prominent in both alcoholic and nonal-
coholic steatohepatitis. Moreover, they may be
stimulated to directionally migrate into injured
liver by numerous chemokines, including IL-8
(165). However, their role in directly driving
fibrogenesis, rather than through their ampli-
fication of tissue damage per se, is not clear, as
few pathways that directly link neutrophils to
fibrogenic pathways have been identified.

Natural killer and natural killer T cells. NK
cells confer a protective role in fibrosis devel-
opment () by inducing HSC apoptosis and
() through the production of antifibrotic me-
diators (166-170). The inhibitory effect of NK
cells on HSCs may be mediated by STATTI,
given thatinduction of HSC killing by NK cells
is attenuated in STATI~/~ mice (114).

NKT cells are a heterogeneous group of
cells that express both T cell markers (« 3 TCR)
and NK cell markers (NKI1.1, CD161) (171).
A profibrogenic role in fibrogenesis has been
suggested on the basis of the finding that de-
pletion of NKT cells in mice treated with CCly
has a protective effect against liver damage and
fibrosis (172).

Dendritic cells, which are classical antigen
presenting cells, are abundantin liver, and their
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contribution to hepatic fibrosis is an area of
active interest. Recent evidence suggests that
they may modulate the inflammatory milieu via
TNF-ox (173).

Adaptive Immune Response

Growing interest has also uncovered a vital
role for the adaptive immune system in hepatic
fibrosis.

T lymphocytes. T cells can be classified as
CD8™ and CD4™" cells, as well as cells defined
by the cytokine secreted. For example, clas-
sical T helper 1 (Thl) cells secrete IL-2 and
IFN-y, whereas Th2 cells secrete 11.-4, -5, -10,
and -13 (174). In general, Th2 cytokines from
CDS8* cells play a profibrotic role in liver fi-
brosis, whereas Th1 cytokines play a protective
role (157, 175).

B lymphocytes. B cells may play a profibro-
genic role in liver fibrosis because B cell-
deficient mice demonstrate reduced collagen
deposition after CCly injury compared with
wild-type animals. The impact of B cell defi-
ciency is probably antibody independent (176).

Influence of Hepatic Stellate Cells on
Immune System Cells

Both immune cells and HSCs are important
mediators of hepatic fibrosis through bidirec-
tional interactions. HSCs can be regulated
by immune cells and can modulate inflamma-
tory cell behavior (175, 177). They can pro-
duce macrophage colony-stimulating factor,
which is an important KC regulator (178); the
lipid chemoattractant platelet-activating fac-
tor (179); and several chemokines (165, 180).
HSCs are also immunoregulatory because they
both secrete soluble mediators and upregulate
leukocyte adhesion molecule receptors, includ-
ing intracellular adhesion molecule type 1 (181,
182), vascular cell adhesion molecule type 1
(183), and neural cell adhesion molecule type 1
(184, 185).



RESOLUTION OF FIBROSIS

Fibrosis Reversibility

Recent clinical evidence contradicts the long-
standing belief that cirrhosis is always irre-
versible (186, 187). In experimental animal
models of fibrosis, cessation of the causative
agent results in fibrosis regression (188, 189).
Even in humans, successful treatment of the un-
derlying disease may reverse liver fibrosis. Re-
gression of liver fibrosis has been observed in
patients with iron and copper overload; alcohol-
induced liver injury; chronic hepatitis B, C, and
D; hemochromatosis; secondary biliary cirrho-
sis; nonalcoholic steatohepatitis; and autoim-
mune hepatitis (reviewed in References 186 and
187).

Extracellular Matrix Degradation

Liver fibrosis following chronic liver injury en-
tails both qualitative and quantitative changes
in ECM composition as a result of an imbal-
ance between the rates of matrix synthesis and
degradation. The ECM becomes progressively
insoluble and resistant to protease digestion be-
cause of the thickening of fibrotic septae and the
increase in cross-linking (189, 190).

MMPs, also known as matrixins, are the
major family of calcium-dependent enzymes
that degrade collagenous and noncollagenous
ECM substrates. They are a tightly regulated
25-member family traditionally classified into
five categories on the basis of their substrate
specificity: interstitial collagenases, gelatinases,
stromelysins, membrane types, and metallo-
elastases (Table 3). To tightly regulate the
turnover and constant remodeling of ECM,
MMPs are regulated at several levels. They
are secreted as inactive proenzymes, have com-
plex transcriptional control, and are modu-
lated by a family of endogenous proteinase in-
hibitors known as TIMPs (Figure 7) (189, 191,
192). Four TIMP members bind reversibly to
the active site of all MMPs and have differ-
ent affinities for specific MMPs. Thus, TIMPs
play an important role in preventing degrada-
tion of the accumulating matrix during liver

injury by antagonizing the activity of metal-
loproteinases. TIMP-1 has also an antiapop-
totic effect on HSCs: It prevents clearance of
activated HSCs during injury and promotes
their survival through induction of B cell lym-
phoma 2 (Bcl-2) (193). HSCs are a key source
of MMPs, especially MMP-2, -3, -9, and -13.
Hepatic macrophages also regulate matrix re-
modeling and play a decisive role in matrix
degradation by increasing MMP-13 production
during resolution of liver fibrosis (194, 195).

In acute liver injury in rats, expression of
both MMPs and TIMPs increases within hours.
After asingle dose of CCly, increased MMP-13,
MMP-2, MMP-9, MMP-3, MMP-10, TIMP-
1, and TIMP-2 can be detected. During the
recovery phase, levels of all of them—apart
from MMP-2 and the TIMPs—are rapidly re-
duced (196). In chronic human liver disease and
animal models of fibrosis, however, levels of
MMP-1/-13 do not change, but there is a pro-
gressive increase in TIMP-1 and -2 as fibro-
sis advances. TIMP expression can be detected
soon (6 h) after liver injury and may precede the
induction of procollagen I (197).

Mechanisms of Fibrosis Reversibility

Animal models remain essential to the study of
the basic mechanism of fibrosis progression, re-
versibility, and the development of new antifi-
brotic therapies. The moststandardized models
are rodents (mouse and rat). Mouse models are
more cost-effective because they usually require
lower amounts of therapeutic agents (198). Bile
duct ligation and CCly are well-validated mod-
els of fibrosis progression and resolution. Spon-
taneous resolution may be observed four to
six weeks after establishment of a bilio-jejunal
anastomosis to reverse biliary obstruction or af-
ter cessation of CCly administration. Analysis
of mechanisms underlying fibrosis regression
requires the use of more than one model to
ensure that the findings are not model-specific
artifacts.

Experimental evidence for the reversal of
cirrhosis was rigorously characterized in a
12-week CCly injury model (190). Following
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Table 3 Main metalloproteinases involved in liver fibrosis®

Name Family Substrate Sources
Collagenases
Collagenase-1 MMP-1 11, I, 11, VII, VIII, X, gelatin HSCs
Neutrophil MMP-8 I 1L II, V, VII, X, gelatin Neutrophils
collagenase
Collagenase-3 MMP-13 1L, 111, I, VII, X, gelatin HSCs, MFs, KCs
Stromelysins
Stromelysin-1 MMP-3 II, IV, V, IX, X, XI, gelatin, laminin, fibronectin, HSCs
proteoglycans, glycoproteins, elastin, pro-MMP-1,
pro-MMP-13
Stromelysin-2 MMP-10 | III, IV, V, gelatin, elastin, aggrecan HSCs
Stromelysin-3 MMP-11 PAI-1; weak activity against matrix proteins Hepatocytes
Gelatinases
Gelatinase A MMP-2 Gelatin, V, IV, VII, X, XI, elastin, laminin, III, II, I HSCs, MFs
Gelatinase B MMP-9 Gelatin, V, IV, VII, X, XI, elastin, laminin, III, II, T KCs, HSCs, hepatocytes
Matrilysin MMP-7 Entacin, gelatin, elastin, fibronectin, vitronectin, HSCs
laminin, fibrinogen
Metalloelastases
MT-MMPs MMP-12 Elastin, gelatins, IV, laminin, fibronectin, entactin, Macrophages
vitronectin, proteoglycan, myelin basic protein,
al-antitrypsin
MT-MMP-1 MMP-14 I, 11, I1I, gelatin, fibronectin, vitronectin, laminin, HSCs, MFs, KCs
fibrogen, pro-MMP-2, pro-MMP-13
MT-MMP-2 MMP-15 | Pro-MMP2, fibronectin, tenascin, laminin, Hepatocytes, bile duct epithelial cells
aggrecan, perlecan
TIMPs
TIMP-1 TIMP-1 Pro-MMP-9, MMP-1, MMP-2, MMP-3, MMP-13 HSCs, MFs, KCs, hepatocytes
TIMP-2 TIMP-2 MT-MMPs, pro-MMP-2, MMP-3, MMP-13, KCs, HSCs, MFs
MMP-7
TIMP-3 TIMP-3 MT-MMPs, TACE, MMP-13 —
Others

«2-Macroglobulin

— Nonspecific proteinase scavenging

*Adapted from Reference 217. Abbreviations: HSC, hepatic stellate cells; KC, Kupffer cell; MF, myofibroblast; MMP, matrix metalloproteinase;
PAI plasminogen activator inhibitor; TIMP, tissue inhibitor of metalloproteinase.
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cessation of toxin administration, liver pathol-
ogy revealed the coexistence of macro- and
micronodular cirrhosis. Micronodular cirrho-
sis was progressively replaced by macronodular
cirrhosis, which persisted up to one year postin-
jury. Similar results were obtained in the bile
duct occlusion model.

The best-validated explanation for sponta-
neous liver fibrosis regression is provided by
apoptosis of hepatic MF. Although this re-
sponse has been well characterized in rodent
models (CCly- and bile duct ligation-induced
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fibrosis in rats), evidence in human disease is
limited. Moreover, human hepatic MF have rel-
atively higher levels of Bcl-2 than do rodent
cells, and they are therefore less susceptible to
apoptosis (199).

Regulation of Myofibroblast Apoptosis

Because the switch from survival to apop-
totic mode appears critical to the clearance of
fibrogenic MF during fibrosis resolution, ex-
tensive studies have explored its underlying
mechanisms. For example, NF-kB prevents



apoptosis by maintaining expression of anti-
apoptotic Bcl-2 and suppressing JNK activa-
tion of p53, thereby inhibiting Bax and PUMA
expression (104, 200). NF-«B signaling refers
to a family of dimeric transcription factors that
regulate inflammation, innate and adaptive im-
munity, wound-healing responses, and cell sur-
vival. The molecules p50, p52, p65, RelB, and
cRel are the five subunits of NF-«kB that usu-
ally form dimers that operate as transcriptional
activators (104, 105).

Given its central role in preventing MF
apoptosis, a more detailed summary of NF-«B
signaling is relevant. Activation of NF-«kB can
occur via at least two signal transduction routes
known as the canonical and noncanonical
pathways. In the canonical pathway, the tran-
scriptionally active NF-«B is the heterodimer
p65:p50, although it remains inactivated in
the cytoplasm bound to its inhibitory protein,
IkBa. Various activators (TNF-«, LPS) can
phosphorylate IkBoe and allow its removal,
permitting NF-kB to translocate to the nucleus
and initiate transcription. When NF-kB binds
to its cognate promoters, it also induces the
expression of IkBa as an autoregulatory mech-
anism to prevent persistent NF-«kB activation.
NF-kB proteins are expressed in qHSCs;
however, during cellular activation, the level
of transcriptionally active NF-kB increases
dramatically, which is crucial for two reasons:
(@) It induces the expression of proinflamma-
tory and profibrotic genes (IL-6, IL-8, MCP-1,
and ICAMI), and (b) it confers resistance to
apoptosis (106). Despite the autoregulatory
ability of NF-kB to induce the expression of
the IkBa gene, HSC activation is associated
with a paradoxically persistent suppression of
IkBa that is mediated by the transcriptional
repressors CBF1 and MeCP2 (107-109).

Other molecules are implicated in MF apo-
ptosis and survival. For example, FXR stim-
ulates apoptosis via the induction of short
heterodimer partner, a nuclear receptor that
interacts with JunD, thereby preventing FXR
from binding to the TIMP-1 promoter (138,
201). C/EBPB induces apoptosis through
caspase-8 activation when it is phosphorylated
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Figure 7

Fibrosis resolution pathways. Two key events in fibrosis resolution are the
degradation of the fibrillar extracellular matrix (ECM) and reduction in
myofibroblast survival. Tissue inhibitors of metalloproteinase (TIMPs) play an
important role in preventing degradation of the accumulating matrix during
liver injury by antagonizing the activity of metalloproteinases (MMPs) and
promoting survival of activated hepatic stellate cells (HSCs). In contrast, several
mediators have been implicated in inducing apoptosis and clearance of HSCs.
Similarly, p21 and p16 proteins can limit the fibrogenic response by promoting
senescence of HSCs. Abbreviations: CEBP, CCAAT-enhancer—binding
protein; FXR, farnesoid X receptor; NGF, nerve growth factor.

at threonine 127 by its regulatory molecule,
RSK (127).

Endogenous cannabinoids can either stimu-
late or inhibit liver fibrosis, depending on which
receptor (CB1 or CB2) is engaged. As men-
tioned above, CBI~/~ mice are resistant to fi-
brosis induced by CCly, thioacetamide, or bile
ductligation, and they display high rates of MF
apoptosis (72, 202). Additionally, stimulation of
CB2 induces MF apoptosis via induction of in-
tracellular oxidative stress (73).

Nerve growth factor, a member of the
mammalian neurotrophin family, can stimulate
human melanocyte apoptosis via the inhibi-
tion of NF-kB (203-205). HGF promotes
human melanocyte apoptosis in vitro and
in vivo and suppresses PDGF-stimulated
proliferation. However, other antifibrogenic
effects have been attributed to the inhibition of
TGF-p and to the reduced recruitment of
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bone marrow—derived cells expressing MMP
(206-208).

Adiponectin can suppress MF proliferation
and stimulate their apoptosis (209, 210). This
antifibrotic effect has been partially attributed
to the downstream effect of adiponectin in
AMPK activation (see above), which inhibits
NF-kB activation and RSK phosphorylation.
In contrast to adiponectin, leptin promotes sur-
vival of HSCs and is thus antiapoptotic (211),
as well as a profibrogenic signal (212).

NK cells expressing NKG2D and TRAIL
can directly induce MF apoptosis, although
they are unable to kill gHSCs (167). Interest-
ingly, alcohol may abrogate the antifibrotic ef-
fects of NK cells by blocking their apoptotic
activity (167).

Components of the ECM may also be in-
volved in the regression process and human
melanocyte apoptosis. For example, disruption
of the integrin a3p2 increases the ratio of
Bax/Bcl2 and increases caspase-3 activation,
leading to human melanocyte apoptosis (213).

Hepatic Stellate Cells and
Myofibroblast Senescence

Senescence of activated HSCs can limit the
fibrogenic response to tissue damage. Cellu-
lar senescence is a stable form of cell-cycle
arrest that is mediated by progressive telo-
mere shortening and activation of a DNA

SUMMARY POINTS

(214, 215).
HSCs are characterized by expression of
[3-galactosidase; induction of p53, p21, and

damage response Senescent

pl6; downregulation of matrix production;
and upregulation of matrix-degrading enzymes
(Figure 7) (214). The immune system, espe-
cially NK cells, plays an important role in the
clearance of senescent cells. Although senes-
cent HSCs may have a greater susceptibility to
apoptosis (199), the functional and regulatory
relationship between apoptosis and senescence
in this cell type remains to be clarified.

CONCLUDING COMMENTS

The fibrotic response to chronic liver injury
depends on both resident and recruited cell
types. Characterization of the fibrogenic cell
populations, evidence of their plasticity and
pluripotentiality, and characterization of their
cross talk with inflammatory cells will lead to
important progress in our understanding of
the disease. There have been major advances
in characterizing the cellular and molecular
biology, fibrogenic pathways, and genetic
determinants of fibrosis progression and
regression. Given such substantive progress
in elucidating the underlying mechanisms,
our current task is to translate these findings
into the development of effective and targeted
antifibrotic therapies that will modify the
natural history of chronic fibrosing disease.

1. Hepatic fibrosis is the liver’s wound-healing response to any type of acute or chronic

liver injury.

2. Perpetuation of the fibrotic reaction can lead to end-stage liver disease, cirrhosis, and

hepatocellular carcinoma, whose incidence is increasing worldwide.

3. Because they produce ECM following activation by liver injury, HSCs are the key effec-

tors of the fibrogenic process. However, other cellular sources implicated in hepatic scar

production were recently identified.

4. Hepatic fibrogenesis is a complex, tightly regulated process in which genetic determinants

and the immune system make important contributions.
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5. Advances in elucidating fibrosis pathophysiology and regulation revealed the potential

reversibility of fibrosis through apoptosis and senescence of fibrogenic cells.

6. A future challenge will be developing therapeutic strategies that can modify the progres-

sion of fibrogenic disease.
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