
Summary. Tissue remodelling is a dynamic process that
occurs during fetal or adult life and involves a
modification of the original organization and function of
a tissue. Tissue remodelling is observed in physiological
and pathological conditions such as during wound
healing or in the mammary gland during the course of
pregnancy. In this review we will discuss the
remodelling occurring in the liver as a consequence of
chronic inflammation, as observed in chronic hepatitis,
or as a consequence of hepatocellular carcinoma (HCC)
progression in more detail. We will consider how altered
deposition and turn-over of extracellular matrix (ECM)
proteins could lead to development of liver fibrosis, and
how the exacerbation of fibrosis could underlie the
development of cirrhosis. The involvement of
inflammatory and anti-inflammatory cytokines
commonly used as therapeutic agents, such as
Interferon-α, is then evaluated with a particular focus on
modulation of ECM proteolysis. Finally, we analyze the
role of alterations of the surrounding microenvironment
including ECM, growth factors, cytokines and
membrane receptors for ECM ligands in the
development of HCC and in its invasive behaviour. 
Key words: Tissue remodelling, Extra-cellular matrix
proteins, Matrix metalloproteinases, Integrins, Chronic
hepatitis, Liver fibrosis, Hepatocellular carcinoma

Introduction

The ability of the liver to regenerate was well known
in ancient times, as illustrated by the legend of
Prometheus, whose liver was eaten by an eagle every
day and regenerated every night. Now we can say that
regeneration of the liver and the consequent tissue
remodelling that follows is not a never ending resource;
on the contrary it may play a central role in the

pathogenetic basis of chronic liver diseases regardless of
their etiology. 

In many physiological and pathological conditions,
the liver, as well as other tissues, undergoes
rearrangement of the original architecture, with
consequent changes in the spatial organization and
redefinition of the histological borders. This is well
known to occur during embryonic life, when pluripotent
stem cells differentiate to generate organs and tissues.
There are also many examples in the adult life. The
mammary gland is a typical example of an organ that
completes its development during adult life with
macroscopic modifications of the tissue. Another
example of tissue remodelling is cancer development,
which implies formation of new tissues in the context of
a pre-existing organ structure. In this situation, break-
down of tissue boundaries and rearrangement of tissue
architecture seem to be regulated by matrix
metalloproteinases (MMPs), a large family of zinc-
endopeptidases with proteolytic activity toward
extracellular matrix (ECM) components. 

The family of MMPs includes at least 23 members,
and the list seems likely to grow longer. According to
current classifications, MMPs can be grouped on the
basis of their biochemical characteristics or substrate
specificity. Although some differences exist among the
components of the MMP family, they also have major
aspects in common, such as structural homology and
overlapping activities toward ECM components. The
reason for such biological redundancy is not well
understood, but it probably points to the indispensable
nature of MMP activities. One member of the MMP
family is MMP2, widespread in the human body with a
wide spectrum of action toward the ECM. It is secreted
as a pro-enzyme, and activated at the cellular surface by
a membrane-type MMP (MT1-MMP) with the aid of an
MMP inhibitor, TIMP2 (Strongin et al., 1993; Itoh et al.,
1995; Kinoshita et al., 1998; Nagase, 1998). 

The proteolytic activity of MMP2 is balanced by the
presence of TIMP2, that has a different role since it
participates in MMP-2 activation, probably facilitating
binding of MMP-2 to MT1-MMP, but it is also the
natural inhibitor of MMP-2, so that a feedback system in
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the regulation of the proteolysis exists (Fridman et al.,
1993; Itoh et al., 1998).
Tissue remodelling in physiological conditions

Tissue remodelling occurs in a number of
physiological situations during adult life. For example,
at sexual maturation, the mammary gland begins its
development, which then continues during the ovarian
cycles under hormonal regulation. The gland finally
completes its growth during the first pregnancy, so that
its main functions can be accomplished during the
lactation phase. Breast epithelial cells proliferate
following a pattern of branching morphogenesis. The
cells located at the tip of the end buds penetrate through
the fat pad, travelling for a minimum distance of 2 mm
(Williams and Daniel, 1983; Werb et al., 1996; Giannelli
et al., 1999). The development and morphogenesis of the
mammary gland requires cross-talk between epithelial
cells and the surrounding microenvironment, which
includes myoepithelial and stromal cells, as well as
extracellular matrix (ECM) components in the basement
membrane (BM). Some of these interactions are ensured
by a class of transmembrane receptors known as
integrins, which bind to ECM macromolecules and
mediate adhesion and migration. In addition, integrins
can deliver intracellular signals that affect proliferation,
apoptosis and differentiation. Changes in the ECM
microenvironment sensed by integrins can therefore
have dramatic effects on breast gland epithelial cells. 

This scenario is complicated by the presence of
hormones, cytokines, growth factors and proteases such
as matrix metalloproteinases (MMPs), that rearrange and
modify the surrounding microenvironment thus
influencing epithelial cell behavior. 

A dynamic model for studying tissue remodelling is
offered by keratinocytes that in quiescent situation are
almost immobile cells (Carter et al., 1991; Jones et al.,
1991; Gil et al., 1994; Xia et al., 1996; Borradori and
Sonnenberg, 1999). However, under certain
circumstances such as wound healing, keratinocytes
acquire a mobile phenotype until complete healing has
been achieved and they revert to being static cells
(Makela et al., 1999; Nguyen et al., 2000). 
Tissue remodelling in chronic liver diseases

As reported for other tissues, the liver is also a site
of tissue remodelling. This aspect is of clinical interest
because chronic damage to the liver induces necrosis of
the parenchyma with consequent increased deposition of
ECM that underlies the occurrence of liver cirrhosis
(fibrosis) (Moshage, 1997; Levy et al., 2000). 

Mechanisms responsible for altered production and
turnover of ECM proteins in the liver are not fully
understood, although it is generally agreed upon that
they play an important role in liver tissue remodelling
(Bianchi et al., 1984; Knittel et al., 1996). Their role in
the pathogenesis of liver fibrosis is also widely

acknowledged (Yata et al., 2002), so that one goal of
antiviral therapies, including alpha-Interferon, is to
reduce viral replication and the consequent inflammation
in order to reduce fibrosis and deterioration of the liver
function (Poynard et al., 2002; Sanceau et al., 2002).
While up to now evaluation of fibrosis has been reserved
to histological analysis of liver biopsy samples, there is
an urgent need for other markers capable of quantifying
and staging the development of fibrosis. 

Therefore, the use of some proteolytic fragments of
ECM proteins expressed in the liver has been proposed
as a prognostic indicator of the status of fibrosis
(Guechot et al., 1994; Murawaki et al., 1995). However,
the utility of these fragments would be bolstered by an
understanding of the underlying mechanisms and of the
proteolytic enzymes that are responsible for their
production. Here we will discuss the role of proteolytic
enzymes, in particular MMPs, in the remodelling of liver
tissue. 

MMP-2 is present in the liver as a product of Ito
cells, although hepatocytes may interfere with the MMP-
2 activation process (Arthur et al., 1989; Theret et al.,
1997). In the course of liver fibrosis, increased levels of
pro-MMP-2 have been detected, mainly in the serum,
while in liver tissue extract the active form of MMPs has
been shown to be increased with respect to normal liver
(Ebata et al., 1997; Preaux et al., 1999; Murawaki et al.,
2002). The increased concentration of MMP-2 in the
liver tissue could be responsible for degradation of the
ECM components which are physiologically expressed
in hepatic tissue, and this might lead to activation of Ito
cells toward a myofibroblastic phenotype with
consequent secretion and deposition of new ECM
proteins particularly enriched with Collagen type I and
III, the main components of the fibrotic tissue in the
cirrhotic liver (Theret et al., 1999; Yoshida et al., 1999;
Neubauer et al., 2001; Yang et al., 2003). This
hypothesis is further supported by an in vivo
experimental model where acute lethal hepatitis in mice
was blocked by MMP inhibitors such as BB-94, and by
the better survival of MMP-2 knock-out animals
(Wielockx et al., 2001). In addition, MMP-2 seems to
play a role in allowing Ito cell migration within Disse
spaces or toward the inflammation area in response to
the degradation of the BM-like structure present in the
Disse spaces (Yang et al., 2003). Loss of contact with a
BM-like structure, either by remodelling of the
surrounding microenvironment or disruption of the
adhesive substrates, is also responsible for the activation
of the Ito cells with consequent deposition of ECM
proteins, migration, or MMP production (Friedman et
al., 1989; Sohara et al., 2002; Issa et al., 2003).
Proliferation of Ito cells is also important in the
progression of liver fibrosis, and MMP-2 seems to work
as a paracrine stimulator factor or by activating other
growth factors such as transforming growth factor
(TGF)-ß1, that directly stimulates cell proliferation (Yu
and Stamenkovic., 2000; Giannelli et al., 2002b). 

Another hypothesis suggests that MMP-2 could
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degrade Collagen type I, showing an interstitial
collagenase-like function, as observed in rabbits where
specific MMP-2 inhibitors reduced Collagen type I
degradation (Kerkvliet et al., 1999). Thus, it has been
proposed that MMP-2 could have an anti-fibrotic
activity although more data are needed to confirm this
possibility. Similarly, it has been reported that MT1-
MMP could also have a proteolytic activity toward
Collagen type I with a cleavage site in the α-chain

identical to that reported for MMP-1 (Ohuchi et al.,
1997).

As previously described, TIMP-1 and TIMP-2 are
involved in the progression of liver fibrosis because of
the correlation with the inhibition of ECM degradation.
Increased levels of TIMP-2 in serum and hepatic tissue
(mRNA) correlated with progression of the disease and
inflammatory status (Benyon et al., 1996; Ebata et al.,
1997; Lichtinghagen et al., 2001). In particular, patients
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Fig. 1. MMP-2, TIMP-2 and Ln-5 γ2 chain expression in liver cirrhosis and HCC. MMP-2 expression is similar in liver cirrhosis (LC) and HCC, while
TIMP-2 expression is stronger in LC than in HCC. Staining for the Ln-5 γ2 chain is restricted to the vessel BM in LC, whereas it is abundantly present in
the HCC tissue. (x 20)



with liver cirrhosis had higher levels of TIMP-1 and
TIMP-2 when compared to patients with chronic liver
disease, and the latter had higher levels when compared
to normal subjects (Benyon et al., 1996; Murawaki et al.,
1999; Ninomiya et al., 2001; Giannelli et al., 2002a). An
additional role for TIMP-1 in the course of chronic liver
damage has been proposed, as it has recently been
reported that TIMP-1 protects activated Ito cells from
apoptosis both “in vitro” and “in vivo” because of the
inhibition of MMPs (Iredale et al., 1998; Murphy et al.,
2002). Furthermore, growth factors such as TGF-ß1,
which are known to increase in the course of liver
fibrosis, play a central role in the pathogenesis of liver
fibrosis by means of several mechanisms including the
regulation of TIMP-1 and TIMP-2 (Knittel et al., 1996;
Moshage, 1997).
Tissue remodelling and cytokines

At this point we must consider the role of
inflammation, and in particular of some mediators of
inflammation, in the exacerbation of liver fibrosis. It has
been reported that a number of different cytokines

including tumor necrosis factor (TNF)-α, interleukin
(IL)-1ß, TGF-ß1 and platelet-derived growth factor
(PDGF) are up-regulated in liver parenchyma during
chronic hepatitis (Castilla et al., 1991; Neuman et al.,
2002). The altered network of cytokines probably plays
a role not only in mediating the inflammation, but also in
modulating the expression of MMPs and TIMPs, thereby
influencing the local proteolysis of ECM proteins
(Knittel et al., 1999; Haruyama et al., 2000; Yang et al.,
2003). This could trigger an altered turn-over of ECM
proteins in the liver, activating Ito cells as previously
mentioned. 

On the other hand, anti-inflammatory cytokines such
as Interferon (IFN)-α have largely been used in therapy
for patients with chronic viral hepatitis. While IFN-α has
so far been used mainly for its antiviral activity, it has
recently been suggested to have a role in the modulation
of the proteolytic activity mediated by MMPs and
TIMPs, although no definitive conclusions can be drawn
(Bauvois et al., 2002). It has also been shown that IFN-α
inhibits cytokine-mediated proteolytic up-regulation, and
therefore could play a role as an anti-fibrotic agent
(Sanceau et al., 2002). Another possibility is that IFN-α
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Fig. 2. TNF-α and TGF-ß1 in LC and HCC. TNF-α and TGF-ß1 are strongly expressed in LC and HCC tissue.  (x 20)



down-regulates TIMP-1 expression, which could
increase the MMP-1 activity, accelerating Collagen type
I degradation and slowing fibrosis (Mitsuda et al., 2000;
Ninomiya et al., 2001). These data are also supported by
the indirect observation in a large number of patients that
the status of fibrosis is a factor independent of viral load
in the evaluation of sustained response to therapy (Myers
et al., 2003). Finally, it has been shown that IL-10
inhibits prostaglandin-dependent MMP production
(Mertz et al., 1994), and therefore it might play an
important role in liver damage by reducing ECM
degradation in the earlier steps of fibrosis (Koulentaki et
al., 2002). In this regard, encouraging preliminary data
have been reported with the use of IL-10 as a therapeutic
agent (McHutchison et al., 1999), or by increasing the
production of IL-10 using pirfenidone in “in vivo”
animal models (Nakazato et al., 2002).
Tissue remodelling in hepatocellular carcinoma

Cancer development and metastasis occurrence are
other examples of tissue remodelling. The most frequent
epithelial malignancy in the liver is Hepatocellular
carcinoma (HCC), which represents the fifth most
frequent cancer in the world and the third most frequent
cause of tumor-related death (Bruix and Llovet, 2002).
In European countries and in North America HCC
commonly develops in cirrhotic liver where the cancer
cells grow embedded in fibrotic tissue enriched with
ECM proteins. Therefore, MMPs may play a key role in
the remodelling of the underlying tissue to allow cancer
development and spread. MMPs, and in particular
MMP-2, are thought to be involved in the spread and
metastasis of several different malignancies (Liotta et al.,
1980; Grigioni et al., 1994; Coussens and Werb, 1996;
Deryugina et al., 1997; Nelson et al., 2000; Giannelli et
al., 2001). In HCC up-regulation of MMP-2 and MT1-
MMP as compared with the surrounding liver
parenchyma has been reported (Terada et al., 1996;
Yamamoto et al., 1997; Ogata et al., 1999), while in
other studies an imbalance between MMP-2/TIMP-2 has
been found, caused by a down-regulation of TIMP-2
(Giannelli et al., 2002a). Differences among these
studies could be due to the absence or presence of
cirrhosis in the surrounding peritumoral tissue, and this
could perhaps mask the role of MMP-2 and/or MT1-
MMP (Benyon et al., 1996; Colombo et al., 1989;
Preaux et al., 1999). The bulk of data suggest increased
proteolytic activity in HCC, regardless of MMP-2,
MMP-9, MT1-MMP activity or decreased TIMP-1 and
TIMP-2 expression. These biological findings may have
clinical relevance since a more invasive and aggressive
phenotype seems to be correlated with higher proteolytic
activity, with the occurrence of metastasis and with
worse prognosis and survival (Giannelli et al., 2002a).
Therefore, modulation of the proteolytic activity seems
to be an avenue to pursue to ameliorate clinical outcome
in patients with HCC.

In “in vitro” models, it has been shown that MMP-2

activation can be reduced by the presence of a blocking
functional antibody directed against integrin α3ß1
(Giannelli et al., 2001). Integrins are heterodimer
transmembrane receptors involved in cell adhesion and
communications that bind ECM proteins and are
involved in a number of biological cellular functions
including cell motility and differentiation (Hynes, 1987;
Ruoslahti and Giancotti, 1989; Lora et al., 1998).
Integrins are also a suitable target for modulation by
soluble factors such as TGF-ß1, that up-regulates
integrin expression on the surface of HCC cells, thus
triggering a more invasive and aggressive phenotype that
can be reversed by the addition of blocking functional
antibodies against TGF-ß1 (Nejjari et al., 1999; Cai et
al., 2000; Giannelli et al., 2002b). 

In conclusion, remodelling of the surrounding
microenvironment seems to play a key role in the spread
of HCC cells. A possible scenario is that increased
proteolytic activity could be responsible for processing
ECM proteins, and for activation of TGF-ß1 stored in
the ECM. Active TGF-ß1 could stimulate HCC cells
with a paracrine effect and induce increased cell motility
and invasion, up-regulating the expression of integrin
receptors such as α3ß1. This integrin is one of the main
receptors for Ln-5 (a Ln isoform), an ECM protein
proposed to be associated with cancer growth and
metastasis metastasization. Recently, expression of the
Ln-5 chains has been detected in HCC in a differential
fashion, which correlates with the metastatic phenotype
(Giannelli et al., 2003), supporting the idea that
modification of the microenvironment could have an
important role in the metastatic process of HCC. 
Conclusions

In the course of chronic liver damage, tissue
remodelling with consequent deposition of ECM
proteins takes place as a consequence of cellular
damage. Altered ECM turnover may lead to liver
fibrosis, and its progression is responsible for the
development of cirrhosis and of HCC. Alterations in the
surrounding microenvironment due to increased ECM
protein production and/or increased proteolytic activity
modulated by growth factors or cytokines could be
responsible for a more or less invasive HCC phenotype.
More studies are needed to gain a better understanding
of the mechanisms regulating fibrosis and the
modifications of the microenvironment responsible for
excessive or faulty tissue remodelling which leads to
liver failure and the onset of HCC. 
Acknowledgements. This study was supported by grants from the
University of Bari.

References

Arthur M.J., Friedman S.L., Roll F.J. and Bissell D.M. (1989). Lipocytes
from normal rat liver release a neutral metalloproteinase that

1271
Tissue remodelling in liver diseases



degrades basement membrane (type IV) collagen. J. Clin. Invest 84,
1076-1085.

Bauvois B., Dumont J., Mathiot C. and Kolb J.P. (2002). Production of
matrix metalloproteinase-9 in early stage B-CLL: suppression by
interferons. Leukemia 16, 791-798.

Benyon R.C., Iredale J.P., Goddard S., Winwood P.J. and Arthur M.J.
(1996). Expression of tissue inhibitor of metalloproteinases 1 and 2
is increased in fibrotic human liver. Gastroenterology 110, 821-831.

Bianchi F.B., Biagini G., Ballardini G., Cenacchi G., Faccani A., Pisi E.,
Laschi R., Liotta L. and Garbisa S. (1984). Basement membrane
production by hepatocytes in chronic liver disease. Hepatology 4,
1167-1172.

Borradori L. and Sonnenberg A. (1999). Structure and function of
hemidesmosomes: more than simple adhesion complexes. J. Invest.
Dermatol. 112, 411-418.

Bruix J. and Llovet J.M. (2002). Prognostic prediction and treatment
strategy in hepatocellular carcinoma. Hepatology 35, 519-524.

Cai T., Lei Q.Y., Wang L.Y. and Zha X.L. (2000). TGF-beta 1 modulated
the expression of alpha 5 beta 1 integrin and integrin-mediated
signaling in human hepatocarcinoma cells. Biochem. Biophys. Res.
Commun. 274, 519-525.

Carter W.G., Ryan M.C. and Gahr P.J. (1991). Epiligrin, a new cell
adhesion ligand for integrin alpha 3 beta 1 in epithelial basement
membranes. Cell 65, 599-610.

Castilla A., Prieto J. and Fausto N. (1991). Transforming growth factors
beta 1 and alpha in chronic liver disease. Effects of interferon alfa
therapy. N. Engl. J. Med. 324, 933-940.

Colombo M., Kuo G., Choo Q.L., Donato M.F., Del Ninno E., Tommasini
M.A., Dioguardi N. and Houghton M. (1989). Prevalence of
antibodies to hepatitis C virus in Italian patients with hepatocellular
carcinoma [see comments]. Lancet 2, 1006-1008.

Coussens L.M. and Werb Z. (1996). Matrix metalloproteinases and the
development of cancer. Chem. Biol. 3, 895-904.

Deryugina E.I., Bourdon M.A., Luo G.X., Reisfeld R.A. and Strongin A.
(1997). Matrix metalloproteinase-2 activation modulates glioma cell
migration. J. Cell Sci. 110 ( Pt 19), 2473-2482.

Ebata M., Fukuda Y., Nakano I., Katano Y., Fujimoto N. and Hayakawa
T. (1997). Serum levels of tissue inhibitor of metalloproteinases-2
and of precursor form of matrix metalloproteinase-2 in patients with
liver disease. Liver 17, 293-299.

Fridman R., Bird R.E., Hoyhtya M., Oelkuct M., Komarek D., Liang C.M.,
Berman M.L., Liotta L.A., Stetler-Stevenson W.G. and Fuerst T.R.
(1993). Expression of human recombinant 72 kDa gelatinase and
tissue inhibitor of metalloproteinase-2 (TIMP-2): characterization of
complex and free enzyme. Biochem. J. 289 (Pt 2), 411-416.

Friedman S.L., Roll F.J., Boyles J., Arenson D.M. and Bissell D.M.
(1989). Maintenance of differentiated phenotype of cultured rat
hepatic lipocytes by basement membrane matrix. J. Biol. Chem.
264, 10756-10762.

Giannelli G., Bergamini C., Fransvea E., Marinosci F., Quaranta V. and
Antonaci S. (2001). Human Hepatocellular Carcinoma (HCC) Cells
Require Both alpha3beta1 Integrin and Matrix Metalloproteinases
Activity for Migration and Invasion. Lab. Invest. 81, 613-627.

Giannelli G., Bergamini C., Marinosci F., Fransvea E., Quaranta M.,
Lupo L., Schiraldi O. and Antonaci S. (2002a). Clinical role of MMP-
2/TIMP-2 imbalance in hepatocellular carcinoma. Int. J. Cancer 97,
425-431.

Giannelli G., Fransvea E., Marinosci F., Bergamini C., Colucci S.,
Schiraldi O. and Antonaci S. (2002b). Transforming growth factor-

beta1 triggers hepatocellular carcinoma invasiveness via
alpha3beta1 integrin. Am. J. Pathol. 161, 183-193.

Giannelli G., Pozzi A., Stetler-Stevenson W.G., Gardner H.A. and
Quaranta V. (1999). Expression of matrix metalloprotease-2-cleaved
laminin-5 in breast remodeling stimulated by sex steroids. Am. J.
Pathol. 154, 1193-1201.

Giannelli G., Fransvea E., Bergamini C., Marinosci F. and Antonaci S.
(2003). Laminin-5 chains are differentially expressed in metastatic
and non metastatic hepatocellular carcinoma. Clin. Cancer Res. (in
press). 

Gil S.G., Brown T.A., Ryan M.C. and Carter W.G. (1994). Junctional
epidermolysis bullosis: defects in expression of
epil igrin/nicein/kalinin and integrin beta 4 that inhibit
hemidesmosome formation. J. Invest. Dermatol. 103, 31S-38S.

Grigioni W.F., D'Errico A., Fortunato C., Fiorentino M., Mancini A.M.,
Stetler-Stevenson W.G., Sobel M.E., Liotta L.A., Onisto M. and
Garbisa S. (1994). Prognosis of gastric carcinoma revealed by
interactions between tumor cells and basement membrane. Mod.
Pathol. 7, 220-225.

Guechot J., Poupon R.E., Giral P., Balkau B., Giboudeau J., and
Poupon R. (1994). Relationship between procollagen III
aminoterminal propeptide and hyaluronan serum levels and
histological fibrosis in primary biliary cirrhosis and chronic viral
hepatitis C. J. Hepatol. 20, 388-393.

Haruyama T., Ajioka I., Akaike T. and Watanabe Y. (2000). Regulation
and significance of hepatocyte-derived matrix metalloproteinases in
liver remodeling. Biochem. Biophys. Res. Commun. 272, 681-686.

Hynes R.O. (1987). Integrins: a family of cell surface receptors. Cell 48,
549-554.

Iredale J.P., Benyon R.C., Pickering J., McCullen M., Northrop M.,
Pawley S., Hovell C. and Arthur M.J. (1998). Mechanisms of
spontaneous resolution of rat liver fibrosis. Hepatic stellate cell
apoptosis and reduced hepatic expression of metalloproteinase
inhibitors. J. Clin. Invest 102, 538-549.

Issa R., Zhou X., Trim N., Millward-Sadler H., Krane S., Benyon C. and
Iredale J. (2003). Mutation in collagen-1 that confers resistance to
the action of collagenase results in failure of recovery from CCl4-
induced liver fibrosis, persistence of activated hepatic stellate cells,
and diminished hepatocyte regeneration. FASEB J. 17, 47-49.

Itoh Y., Binner S. and Nagase H. (1995). Steps involved in activation of
the complex of pro-matrix metalloproteinase 2 (progelatinase A) and
tissue inhibitor of metalloproteinases (TIMP)-2 by 4-
aminophenylmercuric acetate. Biochem. J. 308 ( Pt 2), 645-651.

Itoh Y., Ito A., Iwata K., Tanzawa K., Mori Y. and Nagase H. (1998).
Plasma membrane-bound tissue inhibitor of metalloproteinases
(TIMP)-2 specifically inhibits matrix metalloproteinase 2 (gelatinase
A) activated on the cell surface. J. Biol. Chem. 273, 24360-24367.

Jones J.C., Kurpakus M.A., Cooper H.M. and Quaranta V. (1991). A
function for the integrin alpha 6 beta 4 in the hemidesmosome. Cell
Regul. 2, 427-438.

Kerkvliet E.H., Docherty A.J., Beertsen W. and Everts V. (1999).
Collagen breakdown in soft connective tissue explants is associated
with the level of active gelatinase A (MMP-2) but not with
collagenase. Matrix Biol. 18, 373-380.

Kinoshita T., Sato H., Okada A., Ohuchi E., Imai K., Okada Y. and Seiki
M. (1998). TIMP-2 promotes activation of progelatinase A by
membrane-type 1 matrix metalloproteinase immobilized on agarose
beads. J. Biol. Chem. 273, 16098-16103.

Knittel T., Janneck T., Muller L., Fellmer P. and Ramadori G. (1996).

1272
Tissue remodelling in liver diseases



Transforming growth factor beta 1-regulated gene expression of Ito
cells. Hepatology 24, 352-360.

Knittel T., Mehde M., Kobold D., Saile B., Dinter C., and Ramadori G.
(1999). Expression patterns of matrix metalloproteinases and their
inhibitors in parenchymal and non-parenchymal cells of rat liver:
regulation by TNF-alpha and TGF-beta1. J. Hepatol. 30, 48-60.

Koulentaki M., Valatas V., Xidakis K., Kouroumalis A., Petinaki E.,
Castanas E. and Kouroumalis E. (2002). Matrix metalloproteinases
and their inhibitors in acute viral hepatitis. J. Viral Hepat. 9, 189-193.

Levy M.T., Trojanowska M. and Reuben A. (2000). Oncostatin M: a
cytokine upregulated in human cirrhosis, increases collagen
production by human hepatic stellate cells. J. Hepatol. 32, 218-226.

Lichtinghagen R., Michels D., Haberkorn C.I., Arndt B., Bahr M.,
Flemming P., Manns M.P., and Boeker K.H. (2001). Matrix
metalloproteinase (MMP)-2, MMP-7, and tissue inhibitor of
metalloproteinase-1 are closely related to the fibroproliferative
process in the liver during chronic hepatitis C. J. Hepatol. 34, 239-
247.

Liotta L.A., Tryggvason K., Garbisa S., Hart I., Foltz C.M. and Shafie S.
(1980). Metastatic potential correlates with enzymatic degradation of
basement membrane collagen. Nature 284, 67-68.

Lora J.M., Rowader K.E., Soares L., Giancotti F. and Zaret K.S. (1998).
Alpha3beta1-integrin as a crit ical mediator of the hepatic
differentiation response to the extracellular matrix. Hepatology 28,
1095-1104.

Makela M., Larjava H., Pirila E., Maisi P., Salo T., Sorsa T. and Uitto
V.J. (1999). Matrix metalloproteinase 2 (gelatinase A) is related to
migration of keratinocytes. Exp. Cell Res. 251, 67-78.

McHutchison J.G., Giannelli G., Nyberg L., Blatt L.M., Waite K.,
Mischkot P., Pianko S., Conrad A., and Grint P. (1999). A pilot study
of daily subcutaneous interleukin-10 in patients with chronic hepatitis
C infection. J. Interferon Cytokine Res. 19, 1265-1270.

Mertz P.M., DeWitt D.L., Stetler-Stevenson W.G. and Wahl L.M. (1994).
Interleukin 10 suppression of monocyte prostaglandin H synthase-2.
Mechanism of inhibition of prostaglandin-dependent matrix
metalloproteinase production. J. Biol. Chem. 269, 21322-21329.

Mitsuda A., Suou T., Ikuta Y. and Kawasaki H. (2000). Changes in
serum tissue inhibitor of matrix metalloproteinase-1 after interferon
alpha treatment in chronic hepatitis C. J. Hepatol. 32, 666-672.

Moshage H. (1997). Cytokines and the hepatic acute phase response.
J. Pathol. 181, 257-266.

Murawaki Y., Ikuta Y. and Kawasaki H. (1999). Clinical usefulness of
serum tissue inhibitor of metalloproteinases (TIMP)-2 assay in
patients with chronic liver disease in comparison with serum TIMP-1.
Clin. Chim. Acta 281, 109-120.

Murawaki Y., Ikuta Y., Koda M., Okamoto K. and Mimura K. (2002). The
proMMP-2 activation rate in patients with chronic viral liver disease.
Clin. Chim. Acta 324, 99-103.

Murawaki Y., Ikuta Y., Nishimura Y., Koda M. and Kawasaki H. (1995).
Serum markers for connective tissue turnover in patients with
chronic hepatitis B and chronic hepatitis C: a comparative analysis.
J. Hepatol. 23, 145-152.

Murphy F.R., Issa R., Zhou X., Ratnarajah S., Nagase H., Arthur M.J.,
Benyon C. and Iredale J.P. (2002). Inhibition of apoptosis of
activated hepatic stellate cells by t issue inhibitor of
metalloproteinase-1 is mediated via effects on matrix
metalloproteinase inhibition: implications for reversibility of liver
fibrosis. J. Biol. Chem. 277, 11069-11076.

Myers R.P., Patel K., Pianko S., Poynard T. and McHutchison J.G.

(2003). The rate of fibrosis progression is an independent predictor
of the response to antiviral therapy in chronic hepatitis C. J. Viral
Hepat. 10, 16-22.

Nagase H. (1998). Cell surface activation of progelatinase A (proMMP-
2) and cell migration. Cell Res. 8, 179-186.

Nakazato H., Oku H., Yamane S., Tsuruta Y. and Suzuki R. (2002). A
novel anti-fibrotic agent pirfenidone suppresses tumor necrosis
factor-alpha at the translational level. Eur. J. Pharmacol. 446, 177-
185.

Nejjari M., Hafdi Z., Dumortier J., Bringuier A.F., Feldmann G. and
Scoazec J.Y. (1999). alpha6beta1 integrin expression in
hepatocarcinoma cells: regulation and role in cell adhesion and
migration. Int. J. Cancer 83, 518-525.

Nelson A.R., Fingleton B., Rothenberg M.L. and Matrisian L.M. (2000).
Matrix metalloproteinases: biologic activity and clinical implications.
J. Clin. Oncol. 18, 1135-1149.

Neubauer K., Saile B. and Ramadori G. (2001). Liver fibrosis and
altered matrix synthesis. Can. J. Gastroenterol. 15, 187-193.

Neuman M.G., Benhamou J.P., Malkiewicz I.M., Ibrahim A., Valla D.C.,
Martinot-Peignoux M., Asselah T., Bourliere M., Katz G.G., Shear
N.H. and Marcellin P. (2002). Kinetics of serum cytokines reflect
changes in the severity of chronic hepatitis C presenting minimal
fibrosis. J. Viral Hepat. 9, 134-140.

Nguyen B.P., Ryan M.C., Gil S.G. and Carter W.G. (2000). Deposition
of laminin 5 in epidermal wounds regulates integrin signaling and
adhesion. Curr. Opin. Cell Biol. 12, 554-562.

Ninomiya T., Yoon S., Nagano H., Kumon Y., Seo Y., Kasuga M., Yano
Y., Nakaji M. and Hayashi Y. (2001). Significance of serum matrix
metalloproteinases and their inhibitors on the antifibrogenetic effect
of interferon-alfa in chronic hepatitis C patients. Intervirology 44,
227-231.

Ogata R., Torimura T., Kin M., Ueno T., Tateishi Y., Kuromatsu R.,
Shimauchi Y., Sakamoto M., Tamaki S., Sata M. and Tanikawa K.
(1999). Increased expression of membrane type 1 matrix
metalloproteinase and matrix metalloproteinase-2 with tumor
dedifferentiation in hepatocellular carcinomas. Hum. Pathol. 30, 443-
450.

Ohuchi E., Imai K., Fujii Y., Sato H., Seiki M. and Okada Y. (1997).
Membrane type 1 matrix metalloproteinase digests interstitial
collagens and other extracellular matrix macromolecules. J. Biol.
Chem. 272, 2446-2451.

Poynard T., McHutchison J., Manns M., Trepo C., Lindsay K., Goodman
Z., Ling M.H. and Albrecht J. (2002). Impact of pegylated interferon
alfa-2b and ribavirin on liver fibrosis in patients with chronic hepatitis
C. Gastroenterology 122, 1303-1313.

Preaux A.M., Mallat A., Nhieu J.T., D'Ortho M.P., Hembry R.M. and
Mavier P. (1999). Matrix metalloproteinase-2 activation in human
hepatic fibrosis regulation by cell-matrix interactions. Hepatology 30,
944-950.

Ruoslahti E. and Giancotti F.G. (1989). Integrins and tumor cell
dissemination. Cancer Cells 1, 119-126.

Sanceau J., Boyd D.D., Seiki M. and Bauvois B. (2002). Interferons
inhibit tumor necrosis factor-alpha-mediated matrix
metalloproteinase-9 activation via interferon regulatory factor-1
binding competition with NF-kappa B. J. Biol. Chem. 277, 35766-
35775.

Sohara N., Znoyko I., Levy M.T., Trojanowska M. and Reuben A.
(2002). Reversal of activation of human myofibroblast-like cells by
culture on a basement membrane-like substrate. J. Hepatol. 37,

1273
Tissue remodelling in liver diseases



214-221.
Strongin A.Y., Marmer B.L., Grant G.A. and Goldberg G.I. (1993).

Plasma membrane-dependent activation of the 72-kDa type IV
collagenase is prevented by complex formation with TIMP-2. J. Biol.
Chem. 268, 14033-14039.

Terada T., Okada Y. and Nakanuma Y. (1996). Expression of
immunoreactive matrix metalloproteinases and tissue inhibitors of
matrix metalloproteinases in human normal livers and primary liver
tumors. Hepatology 23, 1341-1344.

Theret N., Lehti K., Musso O. and Clement B. (1999). MMP2 activation
by collagen I and concanavalin A in cultured human hepatic stellate
cells. Hepatology 30, 462-468.

Theret N., Musso O., L'Helgoualc'h A. and Clement B. (1997). Activation
of matrix metalloproteinase-2 from hepatic stellate cells requires
interactions with hepatocytes. Am. J. Pathol. 150, 51-58.

Werb Z., Ashkenas J., MacAuley A. and Wiesen J.F. (1996).
Extracellular matrix remodeling as a regulator of stromal-epithelial
interactions during mammary gland development, involution and
carcinogenesis. Braz. J. Med. Biol. Res. 29, 1087-1097.

Wielockx B., Lannoy K., Shapiro S.D., Itoh T., Itohara S.,
Vandekerckhove J. and Libert C. (2001). Inhibition of matrix
metalloproteinases blocks lethal hepatitis and apoptosis induced by
tumor necrosis factor and allows safe antitumor therapy. Nat. Med.
7, 1202-1208.

Williams J.M. and Daniel C.W. (1983). Mammary ductal elongation:
differentiation of myoepithelium and basal lamina during branching

morphogenesis. Dev. Biol. 97, 274-290.
Xia Y., Gil S.G. and Carter W.G. (1996). Anchorage mediated by

integrin alpha6beta4 to laminin 5 (epiligrin) regulates tyrosine
phosphorylation of a membrane-associated 80-kD protein. J. Cell
Biol. 132, 727-740.

Yamamoto H., Itoh F., Adachi Y., Sakamoto H., Adachi M., Hinoda Y.
and Imai K. (1997). Relation of enhanced secretion of active matrix
metalloproteinases with tumor spread in human hepatocellular
carcinoma. Gastroenterology 112, 1290-1296.

Yang C., Zeisberg M., Mosterman B., Sudhakar A., Yerramalla U.,
Holthaus K., Xu L., Eng F., Afdhal N. and Kalluri R. (2003). Liver
fibrosis: insights into migration of hepatic stellate cells in response to
extracellular matrix and growth factors. Gastroenterology 124, 147-
159.

Yata Y., Gotwals P., Koteliansky V. and Rockey D.C. (2002). Dose-
dependent inhibition of hepatic fibrosis in mice by a TGF-beta
soluble receptor: implications for antifibrotic therapy. Hepatology 35,
1022-1030.

Yoshida T., Adachi E., Nigi H., Fujii S. and Yanagi M. (1999). Changes
of sinusoidal basement membrane collagens in early hepatic fibrosis
induced with CCl4 in cynomolgus monkeys. Pathology 31, 29-35.

Yu Q. and Stamenkovic I. (2000). Cell surface-localized matrix
metalloproteinase-9 proteolytically activates TGF-beta and promotes
tumor invasion and angiogenesis. Genes Dev. 14, 163-176.

Accepted May 21, 2003

1274
Tissue remodelling in liver diseases


