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Review series
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Models of liver fibrosis, which include cell culture models, explanted and biopsied human material, and experi-
mental animal models, have demonstrated that liver fibrosis is a highly dynamic example of solid organ wound
healing. Recent work in human and animal models has shown that liver fibrosis is potentially reversible and,
in specific circumstances, demonstrates resolution with a restoration of near normal architecture. This Review
highlights the manner in which studies of models of liver fibrosis have contributed to the paradigm of dynamic

wound healing in this solid organ.

Introduction and clinical relevance

Liver fibrosis and the end-stage of liver fibrosis, cirrhosis, repre-
sent the final common pathway of virtually all chronic liver dis-
eases (1, 2). Advanced fibrosis is characterized by an accumula-
tion of ECM rich in fibrillar collagens (predominantly collagen I
and collagen III). It results in liver failure and portal hyperten-
sion and is associated with an increased risk of liver cancer (2).
The wide geographic distribution and high prevalence of insults
with the potential to cause liver fibrosis, including chronic viral
hepatitis, non-alcoholic steatohepatitis (which is associated with
obesity and the metabolic syndrome), parasitemia, inborn errors
of metabolism, and toxic damage through alcohol consumption,
mean that fibrosis and cirrhosis of the liver remain major causes
of morbidity and mortality worldwide (3). In the United Kingdom
alone, liver disease is now the fifth most common cause of mortal-
ity, and its incidence is rising (3).

Currently the only effective available treatment for cirrhosis of
the liver is transplantation. However, shortages of organs, the pres-
ence of concurrent disease affecting other tissues in the potential
recipient, and recrudescence of the original disease in transplant
recipients limit the impact of this treatment and lead to a clear
imperative to develop antifibrotic therapies (3-5). Striking increas-
es in our understanding of the pathogenesis of liver fibrosis, with
respect to its natural progression and potential evolution, have
occurred in the last 20 years. These observations, which include
the identification of the main cellular effectors of liver fibrosis, the
key cytokines regulating the fibrotic process, and the determinants
of ECM turnover, have highlighted a number of potential thera-
peutic approaches that are likely to be developed in the near future
(for detailed review, see ref. 5).

This dramatic change in our understanding of the process of
fibrosis has been greatly facilitated by the use of multiple comple-
mentary experimental model systems — the subject of this Review.
As our understanding of the pathogenesis of liver fibrosis has
evolved, it has become clear that the liver provides a very useful
generic model of inflammation and repair, demonstrating inter-
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play between the epithelial, inflammatory, myofibroblast, and
ECM components of the mammalian wound-healing response
(5-7). This Review focuses on two concepts that have recently
emerged that emphasize the dynamic nature of liver fibrosis: first,
the paradigm that liver myofibroblasts might arise from multiple
cell lineages; second, the paradigm that liver fibrosis is a poten-
tially reversible process such that the liver provides a model for
inflammation and repair that demonstrates both fibrosis (scar-
ring) and resolution with remodeling and restitution of normal,
or near normal, architecture.

Approaches to modeling liver fibrosis

Models of liver fibrosis can be assigned to three broad groups,
each of which has specific advantages and disadvantages. The
first group includes cell culture models, in which cultures of
highly purified primary cells from normal or experimentally
injured livers are isolated and studied in vitro (8-12). This type
of model facilitates the detailed study of cell behavior and the
effect of specific mediators, but it clearly cannot recapitulate the
events that occur in vivo, which result from the complex inter-
play of resident and incoming cells in a microenvironment. The
second group includes human tissues taken at biopsy or follow-
ing hepatic resection. Studies involving this type of model are
essential for validating observations made in tissue culture and
animal model systems (13-15). The careful selection of samples
and application of modern molecular techniques means that a
surprisingly large amount of information can be generated from
such tissue. Nevertheless, ethical considerations prevent multiple
liver biopsies being taken from patients for research purposes,
with the result that the information tends to be limited to “snap-
shot” data. In addition, the data generated also tends to be rep-
resentative only of relatively advanced disease. To address and
resolve the issues raised by the use of the first two types of model,
as well as to describe a potentially dynamic process, a third type
of model is used that includes experimental animal models of
fibrosis (for detailed review, see refs. 16 and 17). Animal mod-
els have the single, large disadvantage that they are not human.
However, they allow the serial sampling of tissue in the volume
required for detailed studies of cellular and molecular pathogen-
esis. Additionally, the development of modern molecular tools
and genetically modified mice means that mouse models can be
applied to mechanistic studies of fibrosis in which individual
mediators or cell types are dysregulated.
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Sinusoidal events in the development of liver fibrosis. Injury to hepatocytes results in the recruitment and stimulation of inflammatory cells, as
well as the stimulation of resident inflammatory cells (including Kupffer cells). Factors released by these inflammatory cells lead to transformation
of HSCs into a myofibroblast-like phenotype. HSC activation leads to accumulation of scar (fibrillar) ECM. The presence of a fibrillar ECM in the
Disse space has consequences for hepatocyte function, leading to the loss of microvilli and endothelial fenestrae. Therefore, the loss of normal
tissue architecture contributes to impairment of organ function. Figure modified with permission from Journal of Biological Chemistry (119).

Defining the functional attributes and the origin

of the liver myofibroblast

As in other tissues, the fibrotic component of the liver’s wound-
healing response is mediated by myofibroblasts. In the injured
liver, the myofibroblast is potentially derived from a number
of cellular sources, foremost of which is the hepatic stellate cell
(HSC) (Figure 1) (9, 18-20). HSCs are perisinusoidal cells that
normally reside in the Disse space and contain numerous retinoid
and lipid droplets (9). During injury and in response to inflam-
matory and other stimuli, these cells gain a myofibroblast-like
phenotype (8, 10, 18, 19) and represent a key effector cell in the
fibrotic response (see below).

Historical perspective. Clearly the different model systems did not
develop in a chronological order, although at one time or anoth-
er each system has come to the fore to provide a platform of data
from which a new area of research has developed. Histological
studies have a history stretching back more than 100 years. Over
this period of time, a detailed picture of the events that lead to
the development of fibrosis and the histopathological charac-
teristics of hepatic fibrosis have been catalogued in a detailed
manner. Historical landmarks (reviewed in refs. 9 and 21)
include the identification of the sternzellen by von Kupffer in
1876 and the first liver biopsy by Erlich and Lucatello in 1890.
The sternzellen, which was subsequently called the Ito cell
and is now known as the HSC, is now established as a major
contributor to fibrotic processes in the liver (8-10) (Figure 1).
More recently, the advent of effective antiviral regimens for the
treatment of infection with either HBV or HCV have provided
researchers with the opportunity to study the resolution of
fibrosis that occurs when the insult that initiated the fibrosis
is removed (7). Most recently, this data has been complemented
with detailed studies of the pattern of hepatocyte loss, structural
changes in the liver, and ECM turnover in examples of human
cirrhosis (see below) (14).
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The two most commonly used models of experimental fibrosis
are iterative toxic damage (for example, elicited by CCl, intoxica-
tion) and bile duct ligation (BDL) (16, 17). Other models mimick-
ing specific disease attributes include special diets (for example,
those that model non-alcoholic steatohepatitis [refs. 22-27]) and
expression of hepatotropic viral proteins (28, 29).

Intoxication with CCl, results in hepatocyte damage, necrosis,
inflammation, and fibrosis, which spreads to link the vascular
structures that feed into and drain the hepatic sinusoid (the por-
tal tract and central vein radicle, respectively), and over 8-12 weeks
results in the development of cirrhosis (16). BDL stimulates the
proliferation of biliary epithelial cells and oval cells (which are hepa-
tocyte progenitors), resulting in proliferating bile ductules with an
accompanying portal inflammation and fibrosis (17, 30). Using the
CCly intoxication model of liver fibrosis, in the 1970s, two groups
established that fibrosis was associated with detectable collagenase
activity, suggesting for the first time that progressive fibrosis might
be characterized not only by changes in ECM synthesis but also by
changes in the pattern of ECM degradation (31, 32). More recent
studies have confirmed this observation and through a series of
complementary approaches have, at least in part, characterized the
mechanisms underlying the changes in the pattern of ECM degra-
dation that accompany fibrosis and cirrhosis (33) (see below).

Many recent advances in the liver fibrosis field were underpinned
by a series of pivotal studies using cell culture models of HSC
activation to define HSC phenotype and behavior (8, 12, 18, 19).
During the late 1980s, methods were established to isolate liver
nonparenchymal cells in a highly reproducible manner. With the
advent of methods to isolate HSCs, Kupffer cells, and endothelial
cells reproducibly, it became clear that activated HSCs were the
main source of hepatic collagens in fibrosis, and not hepatocytes
as had hitherto been thought (8, 12, 18). Indeed, it became clear
that contaminating HSCs in hepatocyte cultures were the prob-
able source of collagen secretion, which until that time had been
Volume 117
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Representative examples of innate immune cell manipulation in animal models of liver fibrosis

Cell type Method of inducing fibrosis Method of cell manipulation Effect on fibrosis Refs.
Macrophages  CCl4 intoxication Selective depletion of macrophages Functionally distinct subpopulations 62
during liver injury and repair of macrophages in the same tissue
have critical roles in both the
injury and recovery phases of
inflammatory scarring
Mast cells In rats: bile duct resection, CCl, Mast cell-deficient mutant No effect on development 66
intoxication, or porcine serum; Ws/Ws rats and W/Wv mice of liver fibrosis
in mice: bile duct resection or
CCly intoxication
Neutrophils BDL In rats: administration of neutrophil- No effect on hepatic fibrogenesis 68
specific antiserum; in mice: transgenic
expression of IL-8 causes an underlying
defect in neutrophil function
Administration of Cxcr2--mice with resultant 50% No effect on hepatic fibrosis 69
a-naphthylisothiocyanate reduction in neutrophil recruitment
NK cells 3,5-diethoxycarbonyl-1,4- Activation and depletion of NK cells NK cells ameliorate liver fibrosis 63

dihydrocollidine diet or
CCly intoxication

Cxcr2--, CXC chemokine receptor 2—deficient.

erroneously ascribed to hepatocytes (18). This work was elegantly
complemented by studies in which highly purified cell populations
were isolated from experimentally injured liver, which confirmed
that HSCs, and to a lesser extent endothelial cells, were the main
source of collagen I in fibrotic injury in the liver (19).

HSCs as a source of wound-healing myofibroblasts. Current evidence sug-
gests that the process of hepatic fibrosis is driven primarily by the
development of inflammation in response to parenchymal injury.
Indeed, evidence from both human studies and animal models dem-
onstrates a correlation between inflammatory activity and fibrosis
(16, 17, 34-36). Furthermore, deletion of specific components of the
inflammatory response modifies or attenuates the fibrotic response in
vivo (see below and Tables 1 and 2). A characteristic feature of inflam-
mation is the activation of HSCs to a myofibroblast-like phenotype, a
phenotype that can be readily recapitulated in tissue culture.

Once isolated from normal liver, if quiescent HSCs are plated
on uncoated tissue culture plastic in the presence of serum, they
undergo a phenotypic change, which in many ways recapitulates
that observed in vivo during experimental liver injury (8, 10).
Over a period of five to ten days, the quiescent HSCs gain a myo-
fibroblast-like phenotype — they express the intermediate fila-
ment a-SMA, they proliferate, and they express profibrotic genes
(8, 10, 30). This model has proven a robust and reproducible one
in which the cellular attributes of wound-healing myofibroblasts
in the liver can be defined and manipulated; indeed, it has become
apparent that activated HSCs have a wide repertoire of activities
that emphasize the dynamic nature of the liver wound-healing
response (Figure 2). These activities include the synthesis of fibril-
lar collagens, contractile activity, secretion of chemotactic and
vasoactive factors, migratory activity, and the secretion of MMPs
and tissue inhibitors of metalloproteinases (TIMPs) (7-9, 37-43).

Regulation of HSC phenotype in liver injury

In vivo there is a close topographical relationship between the
site of inflammation and the development of fibrosis. Although
there are a substantial number of leukocytes in the resting liver,
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by killing activated HSCs

liver injury results in a massive accumulation of recruited inflam-
matory cells, with contemporaneous activation of the resident
inflammatory cells. There is evidence that inflammation pro-
motes fibrosis through a number of mechanisms and cell media-
tors. Foremost among these is TGF-f1, which has been identified
as the most profibrotic cytokine, promoting HSC expression of
collagen I, HSC transition to a myofibroblast-like phenotype,
and HSC inhibition of ECM degradation through the expres-
sion of TIMPs (44). In parallel, PDGF has emerged as the most
potent pro-proliferative cytokine for HSCs (45). For both of these
cytokines, a mechanistic role for these mediators in the fibrotic
process has been demonstrated in animal models (46, 47). Con-
nective tissue growth factor (CTGF) (48, 49) has also recently
emerged as a potential mediator of fibrogenesis.

The cell culture model of HSC activation has also facilitated the
detailed study of nonsoluble regulatory factors present in the fibrotic
microenvironment. Among these are cell-cell and cell-ECM interac-
tions. The process of inflammation and repair results in substantial
and potentially rapid changes in the ECM content adjacent to activat-
ed HSCs. In the normal liver, HSCs are close to a non-electron-dense
basement membrane-like ECM (50). Following injury and fibrosis,
this is degraded and replaced with an ECM rich in fibrillar collagens
and other noncollagen ECM molecules and integrin ligands (50).
An accumulating body of evidence now indicates that HSC-matrix
interactions exert a profound influence on HSC behavior, regulating
their activation, proliferation, survival, and cell cycle arrest (51-55). If
culture-activated HSCs are replated on a basement membrane-like
matrix, a reversal of activation is observed, and several of the markers
of activation become downregulated, including expression of colla-
gen and TIMPs (51, 54). Plating freshly isolated HSCs on a basement
membrane-like matrix has the effect of preventing spontaneous
activation. By contrast, the activated phenotype is promoted by plat-
ing quiescent HSCs on collagen I (51, 54). Other experiments block-
ing specific molecular HSC-ECM interactions have identified HSC
expression of discoidin domain receptors and integrins as crucial for
the effects of ECM on HSC behavior (52, 53, 55).
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Table 2

Representative examples of adaptive immune cell manipulation in animal models of liver fibrosis

Effect on fibrosis Refs.
Fibrosis promoted by CD8* T cells in adoptive 74
transfer experiment; CD8* T cell-mediated
disease is attenuated by recombinant IL-10

CD4+, CD8, and yd T cells do not 75
substantially affect hepatic fibrosis

Development of hepatic fibrosis blocked 76
by IL-13 inhibitor during a Th2-dominated
inflammatory response

Cell type  Method of inducing fibrosis Cell type affected or manipulated
T cells CCly intoxication or thioacetamide Transgenic mice with hepatocyte
expression of rat IL-10; adoptive
transfer of various lymphocyte
subsets to SCID mice
CCly intoxication Series of CCls-induced liver injury
experiments with mice that lack
CD4+ T cells, CD8* T cells, v&
T cells, or both B and T cells
Infection with Schistosoma mansoni Treatment of S. mansoni-infected
mice with an inhibitor of IL-13
B cells CCly intoxication B cell-deficient mice

Infection with S. mansoni B cell-deficient mice

An emerging area of interest is the role of ECM stiffness (as
opposed to composition) as a mediator of HSC behavior. In a
series of elegant studies, Wells and her group have developed
culture models that demonstrate that HSC activation can be
linked to the rigidity of the subcellular matrix (56). This mecha-
nism of HSC activation might be particularly germane early in
injury because tissue edema (which increases tissue rigidity) is a
characteristic of inflammation.

Animal models have also proven to be highly effective in dem-
onstrating the role of specific components of the inflammatory
system in the development of fibrosis (for detailed review, see
ref. 57). A brief summary of studies in which individual inflam-
matory cell types have been depleted, and the subsequent effect
of this on the development of fibrosis, is given in Tables 1 and 2.
Macrophages have been demonstrated to promote fibrosis in a
series of studies, are a potent source of the HSC activator TGF-1,
and can regulate the HSC response to PDGF (58-62). NK cells
might also profoundly affect the fibrotic response (63). However,
other cells of the innate immune system that might be expected
to provoke fibrosis, such as mast cells and neutrophils, seem to
exert a less profound influence on experimental fibrosis (64-69).
One of the main potential sources of PDGF in liver injury is, of
course, the platelet. Remarkably, the role of platelets in liver fibro-
sis has not been studied in detail in vivo to date. Models of wound
healing elsewhere in the body have successfully employed platelet
depletion without dramatic results, but this work merits extension
to models of liver injury (70, 71). The role of the clotting cascade
has received much attention in studies of pulmonary fibrosis (72),
and recent studies in liver fibrosis have implied a role, particularly
for thrombin, in promoting the fibrotic response. Indeed, the pro-
coagulant state associated with factor V Leiden is also associated
with the progression of fibrosis in chronic HCV infection (73).

Animal models demonstrate that both B and T cells can reg-
ulate the fibrotic response in vivo (74, 75). Indeed, one of the
most interesting observations to arise from studies of the dif-
ferential susceptibility of mouse strains to fibrosis was that a
Th2 cell response drives fibrosis more effectively than a Th1 cell
response (76, 77). It is tempting to speculate that the response to
liver infection with parasites, which is characterized as a Th2 cell
response, might have evolved to promote the development of an
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Absence of B cells attenuates liver fibrosis in 77
an antibody- and T cell-independent manner

Increased hepatic fibrosis 120

aggressive intrahepatic scarring process that in the short term
might be expected to wall off and compartmentalize the parasite
but that in the long term leads to progressive fibrosis (76, 77).
Additionally, soluble factors have been shown to have a role
in the pathogenesis of fibrosis in studies using gene knockout
mice. These include adipokines, vasoactive substances, interleu-
kins, and IFN-y (reviewed in ref. 5).

Tissue culture models have also demonstrated that HSCs can
themselves regulate fibrosis and inflammation, both through
autocrine expression of specific cytokines and through direct
response to non-cytokine components of the inflamed microen-
vironment (78-80). The ingestion of apoptotic hepatocytes by
HSCs, for example, leads to their increased secretion of TGF-B1 in
a manner analogous to that seen for macrophages (78, 79). HSCs
also participate in the innate immune response directly, through
expression of TLR4 (80). These data emphasize the dynamic role
played by the activated HSC regulating the inflammatory and
fibrotic responses in addition to mediating fibrogenesis.

Non-HSC origins of myofibroblasts in the fibrotic liver. Very recently,
evidence has emerged from both animal models and human stud-
ies that liver myofibroblasts can be derived from BM stem cells
(81-83). Additionally, there is evidence that periportal fibroblasts
and myofibroblasts derived by epithelial-mesenchymal transition
(EMT) might make up part of the fibrogenic cell population (see
below) (Figure 3) (84-88).

Each portal tract contains a population of portal myofibro-
blasts that probably contribute to fibrotic diseases, such as viral
hepatitis and autoimmune conditions, with a portal component.
Intriguingly, comparative tissue culture studies suggest that acti-
vated HSCs proliferate more rapidly than portal myofibroblasts
and might therefore represent the dominant resident liver myofi-
broblast cell population during fibrotic injury (89). Additionally
it has been postulated that hepatic myofibroblasts might arise
by EMT (88). It seems probable that, in the near future, sophis-
ticated lineage tracking will be employed to define the contribu-
tion of EMT to liver fibrosis.

Recently there has been substantial interest in the role of stem
cells in the pathogenesis of liver fibrosis. Although initiated by
the observation in human liver that hepatocytes might be derived
from BM (90-92), it seems increasingly probable that fusion of
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mission from Journal of Biological Chemistry (119).

stem cells and hepatocytes accounts for this finding (90-92). Lin-
eage tracking of cells in humans is impossible in most situations,
although it has been possible in a series of male patients with sex-
mismatched liver transplants, who subsequently developed graft
disease (i.e., fibrosis), and a single female patient who developed
cirrhosis after receiving a BM transplant from a male (81). After
Forbes and colleagues identified these individuals, they used Y
chromosome tracking to identify the origin of the cells partici-
pating in liver fibrosis (81). Substantial numbers of scar-associ-
ated myofibroblasts in fibrotic areas were found to be BM derived
(81). Subsequently, using a mouse CCly-intoxication model of liver
fibrosis in which sex-mismatched BM transplants were undertak-
en, the same group observed clear evidence of a BM contribution
to the myofibroblasts within fibrotic scars (82). Additionally, there
was evidence that the BM contributed to both the macrophage and
HSC populations within the injured liver (82). This work was sub-
sequently reproduced in a BDL model of liver fibrosis (83). Mouse
models using sex-mismatched BM transplantation have dissected
the bone marrow stem cell-liver axis in greater detail (82, 83). By
subfractionating the BM stem cell compartment, it has been dem-
onstrated that although hematopoietic stem cells contribute to the
inflammatory cell infiltrate, the myofibroblast-like cells derived
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from the BM are of mesenchymal stem cell origin (82). Intrigu-
ingly, BM-derived cells are widely distributed within the scar in
advanced fibrosis. That is, whatever the origin and topography of
the injury in chronic disease, BM-derived myofibroblasts begin to
replace local recruitment of myofibroblasts over time.

Evidence of a functional role for BM-derived myofibroblasts was
provided by transplanting BM from genetically-modified mice into
wild-type mice before inducing fibrosis with CCl4(82). When BM
was transplanted from mice bearing a reporter transgene for col-
lagen, the recruited myofibroblasts were shown to transcribe this
gene. Moreover, when wild-type mice were transplanted with BM
from a transgenic mouse that develops a characteristic pattern of
liver scarring because it expresses a form of collagen I not suscep-
tible to degradation by MMPs, CCl, administration induced the
development of liver scarring with characteristics similar to those
seen in the BM donor mouse (82). Therefore, transfer of genetically
modified BM altered the phenotype of the liver fibrosis to reflect
the genotype of the BM donor rather than the recipient mouse.
Additionally, this study provided hard evidence that the recruited
cells contribute directly to fibrosis through the expression, synthe-
sis, and secretion of collagen I. These studies did not analyze the
specific mechanisms by which the BM-derived cells are recruited
March 2007 543
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to the liver and did not identify whether the cells are recruited to
directly become myofibroblasts or whether they require a transi-
tion through, say, an HSC phenotype. Some evidence from the
BDL model, however, suggests that the cells might be recruited
as CD45" fibrocytes that enjoy a relatively widespread lymphoid
organ distribution in injury but that transform to myofibroblasts
in the liver in the presence of TGF-$1 (83).

Plasticity of the liver myofibroblast. A further level of complexity in
our understanding of the liver myofibroblast comes from recent
studies aimed at monitoring the expression of characteristics per-
ceived to define activated HSCs and myofibroblasts, namely, col-
lagen I and a-SMA. In a study using a dual reporter transgenic
mouse in which expression of collagen I and a-SMA could be
detected independently, strong evidence emerged for functional
differences between the periportal myofibroblasts (which were
shown to express collagen I but not a-SMA) and the myofibro-
blasts derived from HSCs (which were shown to express both col-
lagen I'and a-SMA) (93). Moreover, after extracting HSCs from the
liver of these transgenic mice, there was evidence in tissue culture
for temporal changes in the expression pattern of individual genes,
suggesting that there might be day-to-day variation in the expres-
sion of genes used to define the myofibroblast phenotype (93).

Taken together, these recent observations suggest that we need
to be open minded about the origin of the fibrogenic cells in the
liver, an origin that might change with the topography and dura-
tion of the pathology. Furthermore, perhaps rather than make
assumptions about cell behavior and function on the basis of
(oftentimes presumed) lineage, we should aim to define cells on
the basis of function, in situ and in vivo.

ECM degradation. Although fibrosis was previously thought to
be at best irreversible and at worst relentlessly progressive, data
from animal models and human studies have recently challenged
these ideas (7). Cell culture studies have provided clues to the
mechanism underlying both ECM accumulation and degrada-
tion in liver fibrosis. As described above, the activation of HSCs
and their transition to a myofibroblast-like phenotype is associ-
ated with increased expression of collagen I. The mechanisms and
chronology of gene expression during activation are easily studied
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the injured liver. Additionally, contributions to
the myofibroblast population might come from
portal myofibroblasts. Most recently, BM stem
cells have been demonstrated to contribute to
the inflammatory cell population and the myo-
fibroblast population in the injured liver, which
might occur directly or through an intermedi-
ary cell, such as a quiescent HSC or CD45+*
fibrocyte. Research is currently underway to
determine the role of EMT in the development
of liver myofibroblasts.
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in tissue culture. For example, it has been demonstrated that in
addition to enhanced transcription, changes in mRNA stability
mediated by a 5’ loop in the mature transcript encoding collagen I
are responsible for the increased amounts of mRNA encoding col-
lagen I'in activated HSCs (94). During activation in tissue culture,
rodent HSCs demonstrate a distinct pattern of MMP expression.
Early during the activation process, MMP-13 (also known as col-
lagenase 3) and MMP-3 (also known as stromelysin) are tran-
siently expressed (30, 95, 96). As HSCs become more activated,
expression of MMP-13 and MMP-3 decreases, whereas expression
of MMP-2 (also known as gelatinase A), MMP-9 (also known as
gelatinase B), and MMP-14 (also known as MT1-MMP) increases
(97-101). Therefore, in terms of target substrates, HSCs under-
going activation express a true collagenase in combination with
a promiscuous enzyme with degradative activity against several
ECM components. By contrast, fully activated myofibroblast-like
HSCs express MMPs that act against type IV collagen, the main
component of the basement membrane-like matrix, degradation
of which would be expected to further promote activation (see
above). Expression of MMP-2 can also be important in mediat-
ing HSC proliferation, potentially by regulating ECM turnover
(54,99), and in combination with MMP-14 might confer degrada-
tive activity against collagen I (101). Studies of whole human and
rat liver indicate that MMPs that act against several ECM compo-
nents are expressed in end-stage cirrhosis (95, 97-102). However,
during the process of HSC activation and before collagen I expres-
sion is increased, HSC expression of TIMP1 and TIMP2 is mark-
edly increased (30, 99, 103). Indeed, it is possible to demonstrate
that the secreted MMPs, MMP-2 and MMP-9, are inhibited more
than 20-fold by HSC-derived TIMP1 (103). Subsequent studies
using several animal models of progressive fibrosis and studies of
explanted human liver have confirmed that fibrosis is character-
ized by an upregulation of TIMP1 and TIMP2 (30, 100).

These dataled to the hypothesis that TIMPs regulate the pattern
of ECM degradation that characterizes liver fibrosis by holding in
check the activity of concurrently secreted MMPs (100-102). The
implication of this observation is that liver fibrosis is potentially
reversible and that ECM degradation should occur if the TIMP-MMP
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Liver cirrhosis is an example of dynamic wound healing. Damage to the normal liver (i) results in inflammation and activation of HSCs (ii; identi-
fied by immunohistochemistry, with staining for a-SMA [brown]) to secrete fibrillar collagens, culminating in the development of fibrosis (iii) and
ultimately cirrhosis (iv). Withdrawal of the injurious agent can allow remodeling of the fibrillar matrix, leading to attenuated cirrhosis (v). Spontane-
ous resolution of fibrosis after removal of injury results in a return to near-normal architecture (vi). Whether complete resolution of cirrhosis can
occur is currently unknown. Figure modified with permission from BMJ (3).

balance is altered to favor ECM degradation. Studies of BDL- and
CCls-mediated liver fibrosis were undertaken to determine the
reversibility of fibrosis and to confirm this prediction. Following
withdrawal of CCl, after four weeks of intoxication, an established
fibrosis will undergo spontaneous resolution with remodeling of
the ECM (104) (Figure 4). A return to a virtually normal liver archi-
tecture ensues. A similar sequence of events occurs in BDL-medi-
ated fibrotic livers after bilio-jejunal anastamosis (105).

By studying multiple time points during the recovery process,
it can be shown that the amounts of TIMP1 and TIMP2 decrease
after the insult that induced fibrosis is withdrawn. In association
with this decrease, hepatic collagenase activity increases and net
ECM degradation occurs (102, 104). In parallel, the myofibroblasts
are lost from the receding hepatic scar by apoptosis. The identifi-
cation of myofibroblast apoptosis as a major feature of spontane-
ous resolution of fibrosis has led to substantial interest in how this
process is regulated, with the aim of manipulating the hepatic scar
(for detailed review, see ref. 106).

As one might expect from this data, subsequent mechanistic
studies to modulate the TIMP-MMP balance have confirmed the
powerful influence this ratio has on the development and resolu-
tion of fibrosis. Overexpression of TIMP1 in mice was not asso-
ciated with fibrosis in the absence of injury. However, following
CCly intoxication, TIMP1 overexpression enhanced fibrosis and
prevented spontaneous resolution (107, 108). Adenovirus-medi-
ated overexpression of MMP-8 (also known as neutrophil colla-
genase) in mice is associated with decreased fibrosis (109), and
administration of neutralizing TIMP1-specific antibody decreases
the collagen content in CCly-induced fibrosis (110). A particular-
ly ingenious approach to dysregulating the TIMP-MMP balance
has been taken by Roeb and colleagues. They have engineered a
nonfunctional form of MMP-9 that binds TIMPs and sequesters
the MMP inhibitory activity (111, 112), thereby unharnessing the
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ECM-degrading potential present in a tissue. This TIMP1-scav-
enging tool has been successfully deployed in CCls-induced fibro-
sis to decrease collagen levels in the fibrotic tissue and to increase
apoptosis of activated HSCs.

Taken together, these data indicate that during progressive
fibrosis in wild-type animals, TIMPs are expressed at levels that
are sufficiently high to prevent net ECM loss from the liver. Never-
theless, controlled ECM turnover might still occur, particularly at
the cell surface, where the concentration of active MMPs is likely
to be greatest. Furthermore, the degradative activity of activated
HSCs is likely to be most effective against the normal basement
membrane-like matrix, and as a result, any degradation will pro-
mote activation of HSCs, thus perpetuating the fibrotic response.

ECM degradation in human liver disease
Fortuitously, at the same time that the studies of the detailed
chronology of spontaneous resolution in animal models emerged,
the first large-scale trials of antiviral treatment for infection with
either HBV or HCV began to be reported (7, 113, 114). Reports of
spontaneous resolution of liver fibrosis had hitherto been criti-
cized for being anecdotal. However, the antiviral trials provided
biopsy data recorded before and after attempted viral eradica-
tion, and for the first time, large-scale histological studies of the
effect of withdrawal of a hepatic insult were available in a relevant
human disease. These data confirmed that viral eradication was
associated with a marked regression in fibrosis and provided evi-
dence that human liver fibrosis was at least partially reversible.
This phenomenon is also observed following withdrawal of other
chronic hepatic insults (reviewed in refs. 7, 15, and 113-115).
Whether advanced cirrhosis undergoes remodeling to a normal,
or near normal, liver architecture remains controversial. Cirrhosis
is not simply extensive fibrosis. Rather it is an extensive fibrosis
characterized by architectural disruption, aberrant hepatocyte
Volume 117 545
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regeneration, nodule formation, and vascular changes. Currently,
although there is evidence for an improvement in cirrhosis fol-
lowing treatment of the underlying insult, it is not clear whether
remodeling with restitution of normal architecture is possible,
and this has recently been the subject of keen debate by experts
in the field (116). There is some experimental evidence that, if
sufficiently advanced, cirrhosis might reach a point of no return.
Indeed, using the CCly-intoxication model of liver fibrosis, we have
demonstrated that even after a very protracted recovery period, the
remodeling of advanced cirrhosis is limited and the liver remains
cirrhotic (102) (Figure 4). However, the least mature ECM, which
forms the micronodules, becomes degraded, leading to attenuated
macronodular cirrhosis (102). An interesting observation is that
the areas of fibrosis that do not undergo remodeling are extensively
cross-linked and relatively rich in ECM molecules (such as elastin)
that facilitate lysyl oxidase- and tissue TGase-mediated cross-link-
ing (102), suggesting that ECM cross-linking might represent a
point of no return in fibrosis. An additional feature of irreversible
fibrosis is that the scars are relatively hypocellular, suggesting that
incomplete ECM degradation occurs if the appropriate cellular
mediators are absent (102). Although it seems premature to accept
that resolution of cirrhosis to normal tissue architecture is pos-
sible, Wanless and colleagues have presented some striking data
indicating that ECM remodeling occurs even in end-stage human
liver disease (14). Together the data suggest that some areas of
liver fibrosis are subject to and susceptible to ECM degradation,
whereas others are not. The consequences of a failure of collagen I
degradation during fibrosis have been defined using a mouse that
expresses a collagen I molecule not susceptible to degradation by
collagenolytic MMPs (117). In this model, spontaneous resolution
of fibrosis does not occur and HSCs do not undergo apoptosis.
Additionally, the hepatocyte proliferation that usually accompa-
nies the resolution of fibrosis does not occur (117).

The identity and source of the key collagenase(s) mediating
resolution of fibrosis is only now becoming established. Experi-
mental depletion of macrophages at the onset of fibrosis resolu-
tion retards ECM degradation and the loss of activated HSCs (62).
This suggests that macrophages might be essential for initiating

ECM degradation, potentially by expression of the interstitial col-
lagenases MMP-1 (in humans), MMP-13 (in rodents), and MMP-8
(in humans and rodents). MMP-2 and MMP-14 are also expressed
during recovery (in rodents); indeed, HSC apoptosis is associated
with increased expression of MMP-2 (in humans) (101, 118).

Conclusion

The current hypothesis favored by my laboratory indicates that
liver fibrosis is a highly dynamic pathological state with respect
to myofibroblast lineages, phenotype, and behavior. Addition-
ally, hepatic fibrosis is dynamic with respect to ECM modifica-
tion, turnover, and degradation. This appreciation of the dynamic
nature of liver wound healing and fibrosis has developed from the
effective analysis of complementary cell culture, human disease,
and experimental animal models and has stimulated researchers to
identify new antifibrotic approaches. The development of an effec-
tive and targeted antifibrotic therapy in the near future is now a
reality, although key challenges remain. These include defining the
features of irreversible components of the fibrotic response, which
might need a very specific therapeutic approach, and identifying
methods of selectively targeting the liver with therapeutic biologi-
cals. Finally, we need to identify a sensitive and robust method to
monitor fibrosis noninvasively to minimize the requirement for
liver biopsy as a means to gauge progression or regression of fibro-
sis in the context of future therapeutic trials.
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