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PREFACE 

The most commonly accepted view of liver fibrosis is one of a gradually 
progressive disease that sometimes leads to liver cirrhosis. Liver transplantation is 
not the ultimate treatment for liver cirrhosis because the number of donors is 
limited. Since the introduction of interferon, lamivudine, ribavirin, and other 
excellent drugs, patients with HBV- or HCV-positive chronic hepatitis and/or liver 
cirrhosis have shown dynamic improvement in liver fibrosis. As a large percentage 
of such patients show a poor response to medication, however, the development 
of new treatments is eagerly awaited throughout the world. This situation and 
recent progress in molecular biology have encouraged researchers to develop gene 
therapies for the treatment of liver cirrhosis. 

The Japanese Society for Connective Tissue Research and the Japan Society of 
Hepatology organized the “International Conference on New Strategies for the 
Treatment of Liver Cirrhosis’’ at the 33rd Annual Meeting of the Japanese Society 
for Connective Tissue Research, held June 6-9, 2001, in Tokyo. Professors and 
other researchers active in the front lines of basic and clinical fields of science 
gathered and discussed this issue. This volume is designed to convey the achieve- 
ments of this international conference. The editors invited a number of distin- 
guished scientists to contribute manuscripts. 

The 24 chapters have been divided into six sections addressing the general 
mechanisms of formation and degradation of the extracellular matrix compared 
with those in the liver and the possibility of gene therapy. It is hoped the reader 
will gain some appreciation of what has been accomplished to date, as well as 
an understanding of the many problems that lie ahead in the development of 
new treatment. The editors also hope this volume will contribute to the further 
development of new strategies for the treatment of liver cirrhosis. 

Isao Okazaki 
Yosijumi Ninomiya 
Scott L. Friedman 
Kyuichi Tanikawa 
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CHAPTER 1 

New Insights into the 
Extracellular Matrix 
ISAO OWN,* TOMOKO YONEZAWA,~ TETSU WATANABE,~ 
RICHARD MAYNE,~ AND YOSHIFUMI NINOMNA? 

Departments of #Environmental Health and *Community Health, Tokai University School oJ Medicine, 
Kanagawa 259-1 193, Japan; +Department of Molecular Biology and Biochmistty, Okayama University 
Graduate School of Medicine and Dentistiy, Okayama 700-8558, Japan; and §Department of Cell Biology, 
University of Alabama at Birmingham, Birmingham, Alabama 35294 

I. INTRODUCTION 

The extracellular matrix (ECM) forms both the classical “ground substance” 
produced by mesenchymal tissues and is also the major component of basement 
membranes. However, it also possesses several physiological and pathological 
functions. Most components of the extracellular matrix are large macromole- 
cules with domains for various functions affecting differentiation, cell motility, 
adhesion, and other activities of cells. The extracellular matrix refers to the insol- 
uble protein complex between cells that is composed of families of macromole- 
cules consisting of collagens, elastin, glycoproteins, and proteoglycans (Timpl, 
1996). In addition, many other macromolecules are functionally related to the 
extracellular matrix, such as (i) cell adhesion molecules together with their recep- 
tors, (ii) members of the transforming growth factor-p (TGF-P) superfamily, and 
(iii) degradative enzymes such as metalloproteinases, as well as other proteases, 
including processing enzymes. Collagens are characterized by at least one triple 
helical domain, whereas laminins, fibronectins, and tenascins are all glycopro- 
teins. Proteoglycans such as biglycan, decorin, or aggrecan, in addition to their 
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4 I. Basic Science of Extracellular Matrix 

glycosaminoglycan chains, are often ligands for cytolunes as well as binding 
strongly to many other extracellular matrix macromolecules. The extracellular 
matrix receptors of the integrin family are the major receptors for matrix macro- 
molecules and often act as mechanoreceptors, transmitting mechanical signals 
to the cytoskeleton, microtubules, intermediate filaments, and microfilaments 
(Wang et al., 1993). 

This chapter introduces the biochemical components of the extracellular 
matrix in order to help understand the other chapters in this volume. Moreover, 
several current topics of extracellular matrix research are mentioned, specifically 
including those that involve the extracellular matrix present in the liver. 

11. BIOCHEMISTRY OF EXTRACELLULAR MATRIX 

A. COLLAGENS 

The characteristic structure of all collagens is the presence of one or more 
domains of triple helical conformation. The three subunit polypeptide chains 
each contain a (Gly-X-Vn repetitive motif required for successful helix forma- 
tion. Reports demonstrate that more than 20 distinct types of collagens exist 
in human (Fitzgerald and Bateman, 2001; Koch et al., 2001; Myllyharju and 
Kivirikko, 2001). 

Collagens are classified into four subfamilies; (i) fibrillar collagens (types I, 11, 
111, V, and XI), (ii) FACIT collagens (types IX, XI, XIV, X V I ,  X X ,  XX, and XXI), 
short chain collagens (types VIII and X), (iii) basement membrane collagen (type 
IV), as well as the multiplexins (types XV and XVIII), and (iv) collagens with 
transmembrane domains called h4ACITs (membrane-associated collagens with 
interrupted triple helices) (types XI11 and XVII). Other collagens, which cannot be 
classified easily, include types VI and VII (Olsen and Ninomiya, 1999). The 
collagen types in each classification, the composition of chains in each collagen 
type, the nomenclature of genes, and their chromosomal locations are shown 
in Table I. 

1. Fibrillar Collagens 

The major helical region of types I, 11, 111, V, and XI are all the same length 
(295 nm), which is necessary for the paclung of individual collagen molecules to 
form a fibril. These five types of collagen in various combinations form all the 
collagen fibrils that demonstrate periodic banding as visualized by electron 
microscopy. It is thought that the organization of different collagen types is 
critical in determining fibril structure and diameter, this perhaps finally deter- 
mining the overall tensile strength of the matrix. For example, bone collagen 
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TABLE 1 Collagens 
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COL5A2 
COL5A3 
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COLllA2 
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COL 1 OA 1 
COL4A1 
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COLl5Al 
COL18A1 
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COLl7A1 
COL6A1 
COL6A2 
COL6A3 
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17q21-q22 
7q21-q22 
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2q24.3-q3117 
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19~13.2  

6 ~ 2 1 2  
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lp32.3-p33 
20q13.3 
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8q23 
lp3 14-p35 
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6 ~ 1 1 . ~ 1 2  
3qll.l-q13.2 

6q2lq22 
13q34 
13q34 
21q22.3 
21q22.3 

lp2 l  

6q12-ql4 

1 ~ 3 2 . 3 - ~ 3 4 . 3  

xq22 
xq22 
9q21-q22 
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l0qll-ter 
1 Oq24.3 
21q22.3 
21q22.3 
2q3710 
3p2l. l  

consists mainly of type I collagen, which is required for tensile strength, whereas 
collagen fibrils of the intestinal mucosa are rich in type 111 collagen, which is 
required to form thin, flexible fibers. Fibril diameter, length, and susceptibility to 
degradation are all carefully regulated by tissues. In liver cirrhosis, large bundles 
of collagen fibers are synthesized, which may cause reduced distention of vascu- 
lar channels at the level of sinusoids, portal veins, or hepatic veins and result in 
increased resistance to blood flow (Bissell et al., 1990). 
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2. FACIT Collagens 

FACIT (fibril-associated collagens with interrupted triple helices) collagens 
include types IX, XI, XIV, XVI, X K  (Olsen and Ninomiya, 1999), XX (Koch et al., 
2001), and X X I  (Fitzgerald and Bateman, 2001). This group of collagens poten- 
tially serve as molecular bridges between the fibrillar collagens and other extra- 
cellular matrix components. Type IX and XI1 collagens have short triple helical 
segments, and type IX is also a proteoglycan with a unique glycosaminoglycan 
(GAG) side chain. These collagens do not form banded fibrils but are located on 
the surface of banded fibrils. Type IX collagen molecules are found in cartilage and 
are associated with collagen fibrils assembled from type I1 and type X I  collagens. 
Type XI1 and XIV collagens are associated with the surface of type I collagen 
fibrils. Newly reported type XX collagen also belongs to the FACIT group of 
collagens. It is likely to bind to collagen fibrils, with the amino-terminal (NC3) 
domains projecting away from the fibrillar surface. NC3 domains are predicted to 
be about half the length of those of collagen XIV (Koch et al., 2001) 

3. Short Chain Collagens 

Type VIII and X collagen molecules have short triple helical domains of only about 
130 nm in length. Type VIII collagen is distributed in various tissues, including 
Descemet’s membrane, vascular subendothelial matrices, heart, liver, ludney, 
perichondrium, and lung, as well as several malignant tumors, including astro- 
cytoma, Ewing’s sarcoma, and hepatocellular carcinoma (Olsen and Ninomiya, 
1999). Type X collagen is a specific product of hypertrophic chondrocytes and is 
a useful marker for chondrocyte maturation to hypertrophy. 

4. Basement Membrane Collagens 

Type IV collagen molecules associate with other type IV molecules, glycoproteins 
such as laminin and nidogen, and proteoglycans such as perlecan or type XVIII 
collagen to form the mesh-like structure of basement membranes. Six genetically 
distinct collagen type IV chains have been identified and are distributed in a 
tissue-specific manner. In particular, basement membrane collagen containing 
a3(IV), a4(IV), and a5(IV) chains seems to function as a molecular sieve for the 
glomerulus of the kidney, for the basement membrane of the alveoli of lung, and 
for the basement membrane of the cerebrospinal plexus where it functions in the 
transport of cerebrospinal fluid (Sado et al., 1998). 

Petitclerc et al. (2000) proposed that the soluble noncollagenous, carboxy- 
terminal, NC1 domains of the a2(1V), a3(IV), and a6(IV) chains of human 
collagen type IV are involved in angiogenesis and tumor cell growth. Purified NC1 
domains regulate endothelial cell adhesion and migration by distinct av and b l  
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integrin-dependent mechanisms. In further studies, systemic administration of 
recombinant a2(1V), a3(IV), and a6(IV) NC1 domains was found to inhibit 
angiogenesis. Another group (Kamphaus et al., 2000) prepared a recombinant 
NC1 domain of the a 2  chain of type IV collagen and called it “canstatin.” This 
fragment strongly inhibited endothelial cell proliferation and induced apoptosis 
in vitro, as well as suppressing tumor growth in vivo. The mechanism of the 
inhibitory effect of canstatin on ERK phosphorylation at later time points was 
shown to involve several mitogens instead of growth factors such as vascular 
endothelial growth factor (VEGF) and bFGF. The apoptotic event induced by 
canstatin was associated with downregulation of an antiapoptotic protein called 
FLIP (Kamphaus et al., 2000). 

Shahan et al. (1999, 2000) demonstrated an inhibitory effect on tumor growth 
for the NC1 domain of the a3(IV) chain and showed that tumor cell chemotaxis 
is regulated by the CD47/integrin-associated protein and the integrin a$,, acting 
as receptors for the a3(IV) chain through a Ca2+-dependent mechanism. This 
group also reported that a specific sequence comprising residues 185-203 of the 
NC1 domain of the a3(IV) chain inhibits tumor cell migration in vitro, and also 
decreased the fraction of MMP-2 bound to the plasma membrane of the tumor 
cells. However, the amount of the inactive forms of MMP-2 secreted into the 
medium was not altered by the a3(IV)185-203 peptide. Activation of this MMP-2 
fraction was strongly inhibited by the peptide, and this inhibition coincided 
with the inhibition of expression of both MT1-MMP and p3 integrin subunit 
(Pasco et al., 2000). In a separate study, a fragment of the a3(IV) chain was found 
to possess antiangiogenic activity and was called tumstatin (Maeshima et al., 
2001a,b). The expressed 54-132 amino acid Tum-5 domain has activity for 
endothelial cells mediated by a,p, integnn interaction in an RGD-independent 
manner. It caused apoptosis of endothelial cells with no significant effect on 
nonendothelial cells. The results suggested that the short tumstatin sequence may 
be a powerful inhibitor of tumor-associated angiogenesis and may be useful in 
cancer treatment. 

5. Multiplexins 

The nonfibrillar collagens type XV and type XVIII are broadly expressed in many 
tissues and are particularly highly expressed in internal organs. The term 
multiplexin defines collagens that contain multiple triple-helical domains with 
interruptions. 

Collagen type XVIII, localized mainly in a perivascular position around 
blood vessels, contains multiple triple-helical domains and serves as the core 
protein of a heparan sulfate proteoglycan in basement membranes (Muragah 
et al., 1995; Oh et al., 1994). Endostatin is a 20-kDa C-terminal fragment of 
collagen XVIII, which specifically inhibits endothelial proliferation and potently 
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inhibits angiogenesis and tumor growth (O’Reilly et al., 1997). The release of 
endostatin in vivo is likely to be mediated by an elastase and by cathepsin L activ- 
ities (Felbor et al., 2000; Wen et al., 1999). Endostatin, produced as a recombi- 
nant protein by human 293-EBNA cells, blocks various steps in the 
(VEGF)-induced migration of human umbilical vein endothelial cells in a dose- 
dependent manner and prevents the subcutaneous growth of human renal cell 
carcinoma in nude mice (Yamaguchi et al., 1999). The regulation of angiogenesis 
may be controlled by a balance of stimulators and inhibitors (Hanahan and 
Folkman, 1996). However, the control mechanisms for the release of angio- 
genesis inhibitors from their precursors needs further analysis to obtain a better 
understanding of the process of angiogenesis, as well as for the development of 
potential therapeutic applications. 

6.  Collagens with Transmembrane Domains-MACITS 

Types XI11 and XVII collagen are cell surface molecules with multiple, extracellu- 
lar, triple-helical domains, connected to a cytoplasmic region by a transmembrane 
segment (Olsen and Ninomiya, 1999). They form a new class of cellular adhesion 
molecules by which cells are connected to the extracellular matrix. 

Type XI11 collagen is a nonfibrillar collagen that has so far largely been 
characterized from human cDNA and genomic clones. H a g  et al. (1998) cloned 
and characterized the primary structure of mouse type XI11 collagen. It was 
found that cDNA clones for mouse type XI11 collagen extend further in the 5’ 
direction than human clones. The additional sequence suggested that type XI11 
collagen is a transmembrane protein (Hagg et al., 1998). The al(XII1) collagen 
polypeptide consists of short N- and C-terminal noncollagenous domains, termed 
NC 1 and NC4, respectively, together with three collagenous domains called 
COL1-3, separated by noncollagenous domains called NC2 and NC3. The 
cytoplasmic domain is short and is unlikely to have any enzymatic activity. 
However, there is a threonine residue at position 6 of this domain that could be 
phosphorylated. The predicted large ectodomain may interact with soluble 
ligands or components of the extracellular matrix or interact laterally with other 
components of the cell surface (Hagg et al., 1998). Immunolabeling of the epi- 
dermis revealed that type XI11 collagen was detected both at cell-cell contact sites 
and at the dermal-epidermal junction. In cultured keratinocytes, type XI11 colla- 
gen epitopes were detected in focal contacts and in inter-cellular contacts 
(Peltonen et al., 1999). In addition to its high degree of colocalization with 
E-cadherin, type XI11 collagen is closely associated with adherens type junctions 
and may be a component of these junctions (Peltonen et al., 1999). 

Type XVII collagen is a novel transmembrane ligand of the a6b4 integrin 
heterodimer (Hopkinson et al., 1998). Further, type XVII collagen seems to be a 
key component of hemidesmosomes. 
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7. Other Collagens 

Type VI collagen molecules assemble into disulfide-bonded polymers that form 
beaded microfibrils. Type VI collagen binds to hyaluronan and also binds to the 
membrane-associated chondroitin sulfate proteoglycan NG2. It also interacts with 
the microfibril-associated glycoprotein- 1 (Olsen and Ninomiya, 1999). 

Type VII collagen constitutes the major or only component of anchoring fibrils 
that link epidermal basement membranes to the underlying connective tissue 
stroma (Burgeson, 1988). 

B. GLYCOPROTEINS 

Matrix glycoproteins include laminins, fibronectins, tenascins, and nidogen/ 
entactin. Among them, laminin, fibronectin, and nidogen/entactin are all major 
proteins of basement membranes. 

1. Laminins 

Laminins are a family of related proteins (400-1000 kDa) characterized by a 
heterotrimeric chain assembly (a, p, and y chains), a preferred localization in 
basement membranes, and a multitude of biological activities (Sasalu and Timpl, 
1999). Twelve different chains (al, a2, a3A, a 3 B ,  a4,  a5, pl ,  p2, p3, yl ,  y2, and 
y3) have so far been reported (Koch et al., 1999). Combinations of these chains 
give rise to different molecules called laminins 1-12 (Koch et al., 1999). Major 
activities include the formation of networks in basement membranes together 
with heterotypic binding to other basement membrane molecules to form 
supramolecular assemblies. Other activities include binding to cells through 
integrins and other receptors. 

2. Fibronectin 

Fibronectin is a high molecular weight glycoprotein, which has many functions 
involving cell adhesion, cell morphology, migration, differentiation, and cyto- 
skeletal organization. Fibronectin is spliced differentially and is secreted as a 
dimer of two subunits held together by a pair of disulfide bonds located near the 
carboy1 termini (Hynes, 1999). Due to differential splicing, the subunits of 
fibronectin can vary in size between approximately 235 and 270 kD together with 
variable amounts of carbohydrate. 

3. Nidogen/Entactin 

Nidogen is a sulfated protein with a molecular mass of 158 kDa (Carlin et al., 
1981; Timpl et al., 1983) that is susceptible to degradation by endogenous 
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proteases, with cleavages occurring at both ends of the polypeptide chain 
(Dziadek et al., 1985; Paulsson et al., 1985). Binding with strong affinity to 
laminin occurs in vivo (Carlin et al., 1983; Hogan et al., 1982), with the specific 
binding site being localized to the carboyl-terminal globular domain (Dziadek 
et al., 1985; Mann et al., 1989). The structure of nidogen is dumbbell shaped with 
three globules joined by a 15-nm-long rod and flexible link. The nidogen G3 
domain binds to laminin yl ,  perlecan, and fibulin 2, whereas the G2 domain 
binds to collagen IV, perlecan, fibulin 1, and fibronectin (Timpl, 1999). 

C. PROTEOGLYCANS 

Proteoglycans consist of a core protein (backbone) to which are attached numer- 
ous glycosaminoglycan side chains and oligosaccharides by N or 0 linkages. 
The classification of proteoglycans is based on the composition of glycosamino- 
glycan chains, such as chondroitin sufate, dermatan sulfate, keratan sulfate, and 
heparan sulfate. The proteoglycans called perlecan, syndecan, biglycan, and 
decorin are all present in the liver (Meyer et al., 1992; Rescan et al., 1993; 
Roskams et al., 1995). In this book, Yada and Kimata present a detailed review of 
proteoglycans (Chapter 4). 

D. ELASTIN 

Elastin is secreted from the cell as a soluble protein with a molecular mass of 
approximately 70 kDa (tropoelastin). The tropoelastin molecule consists, for the 
most part, of alternating hydrophobic and cross-linlung domains (Mecham, 
1999). The hydrophobic domains of elastin contribute to the conformational 
changes of the protein as it undergoes elastic recoil. However, an intact elastic 
fiber is a complex structure including elastin, microfibrillar proteins, lysyl oxidase, 
and proteoglycans. 

111. CURRENT TOPICS IN EXTRACELLULAR 
MATRIX RESEARCH 

A. BMP- 1 AND PROCOLLAGEN C-PROTEINASE 
ARE IDENTICAL 

Collagen types I, 11, and 111 (the major fibrous components of extracellular matrix) 
are synthesized as procollagens with NH2- and COOH-terminal propeptides that 
must be cleaved to yield mature monomers capable of forming fibrils (Olsen and 
Ninomiya, 1999). Procollagen C-proteinase (PCP) cleaves the COOH propeptides 
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of procollagens I, 11, and 111, which must occur before fibril assembly. However, 
it is the COOH-terminal propeptides of collagens type I, 11, and 111 that are 
responsible for determining chain stoichiometry and alignment leading to spe- 
cific triple helix formation. Bone morphogenetic proteins (BMP) are bone-derived 
factors capable of inducing ectopic bone formation. However, it was subsequently 
shown that BMP-1 and PCP are identical (Kessler et al., 1996) and BMP-1 by 
itself cannot induce ectopic bone formation. After the initial isolation of BMP-1 
from an osteogenetic fraction of bone (Wozney et al., 1988), other proteins 
involved in morphogenetic patterning, such as Drosophila tolloid (TLD) and 
tolloid-related-1 (TLR-l)/Tolhn, sea urchin BP10, and SpAN, were isolated and 
found to be structural homologues of BMP-1 (Finelli et al., 1995; Lepage et al., 
1992; Nguyen et al., 1994; Reynolds et al., 1992; Shimell et al., 1991). BMP-l/ 
TLD-like proteases may affect cell fate decisions through the activation of TGF-P- 
like proteins. The BMP-1 gene produces two alternatively spliced transcripts 
encoding BMP-1 and a longer protein, called mammalian tolloid (mTLD) with 
a domain structure identical to that of Drosophila TLD (Takahara et a)., 1994). 
Moreover, a product(s) of the BMP-1 gene will activate TGF-P-like molecules, 
which then induces procollagen deposition into insoluble matrix, the latter 
further influencing cell fate decisions by altering cell-matrix interactions (Kessler 
et al., 1996). 

Gene targeting of mTLL-1 revealed that mTLL-1 plays multiple roles in the 
formation of the mammalian heart and is essential for formation of the interven- 
tricular septum (Clark et al., 1999). Scott et al. (1999) identified mammalian 
Tolloid-like 2 (mTLL-2) as a novel family member and compared enzymatic activ- 
ities and expression domains among all four known mammalian BMP- l/TLD-like 
proteases, i.e., BMP-1, mammalian Tolloid (mTLD), mammalian Tolloid-like-1 
(mTLL-l), and mTLL-2. Among these proteins, there are differences in their abi- 
lity to process fibrillar collagen precursors and to cleave chordin, the vertebrate 
orthologue of short gastrulation (SOG). Differences in enzymatic activities and 
expression domains of the four proteases suggest that BMP-1 is the major chordin 
antagonist in early mammalian embryogenesis and in pre- and postnatal skeleto- 
genesis. This topic needs to be investigated further, as these proteins participate 
not only in morphogenesis, but also in wound healing and in pathological 
conditions involving fibrosis. 

B. MECHANICAL STRESS INDUCES 
ECM GENE EXPRESSION 

Gene expression of the glycoprotein tenascin C and collagen type XI1 is altered by 
extracellular mechanical stress as might be expected of two ECM proteins typical 
of tendons and ligaments (Chiquet-Ehrismann et al., 1999; Trachslin et al., 1999). 
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These authors showed that the responses to changes in the stretching capacity of 
a collagen gel, which acts as a scaffold of fibroblasts, are rapid and reversible and 
are reflected by changes at the mRNA level. Both the promoters for tenascin-C and 
the collagen XI1 gene contain “stretch-responsive’’ enhancer regions with similar 
“shear stress response elements” as are found in the gene for PDGF-B. Regulation 
seems to involve the increased production of tenascin-C and collagen XI in 
fibroblasts attached to a stretched collagen matrix, but suppression occurs in cells 
in a relaxed matrix (Chiquet et al., 1999). 

C. NEW RECEITOR~ OF COLLAGENS 

Cell-to-matrix interactions play important roles in proliferation, differentiation, 
motility, adhesion, and other functions of cells. Integrins transmit extracellular 
signals to intracellular locations. Integrins are composed of one a chain and one 
p chain, both with membrane-spanning domains. Twenty-four dimers of 18 a 
chains and 8 p chains are known, and the ligands of each integrin have been 
reported. P1-integrins include all known cellular receptors for native collagen, 
namely alp1, a2P1, 

Two integrins, alpl and a2P1, are very similar in structure and properties. 
N y h s t  et al. (2000) have investigated whether both of these integrins act as 
receptors for the same collagens or for different collagens. They used Chinese 
hamster ovary (CHO) cells that lack endogenous collagen receptors and trans- 
fected CHO cells with either a,  or a2 integrin cDNA. Cells expressing the alpl 
integrin were able to spread on collagen types I, 111, IV, and V, but not on type 11, 
whereas alpl integrin-expressing cells were able to spread on all five collagens 
( N y h s t  et al., 2000). The integrins alp1, alp1, al lpl ,  and al$, that recognize 
collagens all possess an I domain, which is the site of binding to the collagen 
fibril. Moreover, it has been shown that all domains, unlike a21 domains, could 
attach to type XI11 collagen ( N y h s t  et al., 2000). Thus, alpl and a2Pl have 
different ligand-binding specificities. As cells can concomitantly express a number 
of different receptors, it is very difficult to identify the specific function of each 
integrin. However, it is clear that alpl and a2Pl integrins affect different signal 
transduction pathways after binding to different ligands ( N y h s t  et al., 2000). 

Nonintegrin collagen receptors have been reported called discoidin domain 
receptors DDRl and DDR2, (Shrivastava et al., 1997; Vogel et al., 1997). DDRl is 
activated by collagen types I-V, whereas DDR2 is only activated by fibrillar colla- 
gens. DDRl and DDR2 are also only activated by native collagen molecules, 
whereas collagen glycosylation is only important for DDR2 stimulation. The acti- 
vation process is surprisingly slow, requiring collagen treatment for 18 h to reach 
maximal tyrosine hnase activity. It is sustained for up to 4 days. Signal transduc- 
tion is different between both receptors, and prolonged activation of DDR2 is 

aloP1, and allPl heterodimers (Hemler, 1999). 
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associated with an upregulation of matrix metalloproteinase- 1 (MMP- 1) (Vogel 
et al., 1997). Overexpression of DDRl was found to occur in primary breast 
cancer, ovarian cancer, esophageal cancer, and pediatric brain cancer, particularly 
in highly invasive tumors, whereas transcripts for DDR2 were observed in the 
surrounding stromal cells (Vogel, 1999). Both DDRl and DDR2 may be involved not 
only in tumor progression, but also in other diseases with deregulated matrix pro- 
duction, including lung fibrosis, liver cirrhosis, osteoporosis, and rheumatoid 
arthritis (Vogel, 1999). 

D. COLLAGEN-LIKE MOLECULES WITH TRIPLE 
HELICAL STRUCTURE 

Several proteins have a collagen-like structure, but are not included in the 
superfamily of collagens. These include Clq  and the related collectin family, the 
ficolin family, macrophage scavenger receptor, macrophage receptor with collage- 
nous structure (MARCO), acetylcholinesterase (collagen Q),  p200, and ectodys- 
plasin (Myllyharju and Kivirikko, 2001; Tenner, 1999). The following four protein 
families are described further. 

1. Collectins 

The definition of a collectin is a C-type lectin family member with collagen-like 
sequences and carbohydrate recognition domains. These include mannose- 
binding lectin (MBL) (previously called mannose-binding protein or MBP), con- 
glutinin, collectin 43, surfactant protein A, surfactant protein D, and collectin 
liver 1 (CL-L1) (Holmskov et al., 1994). MBL plays a role in the first line of 
host defense, acting as an opsonin, and may directly facilitate the recognition 
of pathogens by phagocytes. MBL consists of 18 identical subunits of 32 kDa 
arranged as a hexamer of trimers. Each subunit consists of an amino-terminal 
region rich in cysteine, followed by 19 collagen repeats and a carbohydrate 
recognition domain that requires calcium to bind ligands (Sheriff et al., 
1994). Biological roles of the collagen motif of MBL are based on the minimal 
triple-helical structure, which still causes phagocytic activity as an opsonin. The 
collagen-like motif is the binding motif of a MBL-associated serine protease 
(MASP), which then activates the lectin complement pathway (Matsushita et al., 
1995; Nepomuceno et al., 1997). 

2. Ficolins 

Ficolins are defined as a family of proteins with both fibrinogen-like and collagen- 
like domains. Originally, these molecules were purified as TGF-P l-binding 
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proteins from porcine uterus (Ichijo et al., 1991), and the overall structures of 
ficolin-a and -p are very similar to those of Clq  and the C-type lectins. All of these 
molecules have short noncollagenous N-terminal sequences followed by collagen- 
like regions that contain short gaps, except for the Clq  B chain, and C-terminal 
regions (Ichijo et al., 1993). To date, ficolins have been identified in several lunds 
of vertebrates. In humans, three kinds of ficolins have been shown (Matsushita 
et al., 2001). The first type of human ficolin was identified by different groups as 
elastin-binding protein EBP-37 (Harumiya et al., 1995), a corticosteroid-binding 
protein (Edgar et al., 19951, and mannose-binding lectin p35 (Matsushita et al., 
1996). This implies that ficolin is a multifunctional protein in serum. Serum 
ficolin is considered to bind to a receptor and to mediate the clearance and 
scavenging of the sugar residues N-acetyl-D-glucosamine (GlcNAc) and N-acetyl 
D-galactosamine (GalNAc) via a fibrinogen-like domain (Le et al., 1998; 
Matsushita et al., 2001). Serum human ficolin also makes a complex with MASP 
via its collagenous motif and has the capacity to activate the lectin complement 
pathway (Matsushita et al., 2000). 

3. Acetylcholinesterase-Associated Collagen 

Acetylcholine released from motor nerve terminals is inactivated rapidly by the 
synaptic acetylcholinesterase (AChE), thereby limiting the action of the neuro- 
transmitter. Much of the AChE in the neuromuscular junction is present in 
“asymmetric” forms. The asymmetric forms of AChE are heterooligomers in 
which AChE, catalytic subunits are associated with collagenous Q subunits 
(Krejci et al., 1997). This group reported that collagen tails are encoded by a 
single gene, COLQ, and that the same COLQ subunits are incorporated, in vivo, 
in asymmetric forms of both AChE and butyrylcholinesterase (Krejci et al., 1997). 
The COLQ gene is expressed in cholinergic tissues, brain, muscle, and heart 
and also in noncholinergic tissues such as lung and testis (Krejci et al., 1997). 
Co1Q-I- mice completely lacked asymmetric AChE in skeletal and cardiac mus- 
cles and brain (Feng et al., 1999). Globular AChE tetramers are also absent in 
neonatal ColQ-/- muscles, suggesting a role for the ColQ gene in assembly or 
stabilization of AChE globular forms that do not themselves contain a collagenous 
subunit (Feng et al., 1999). 

4. p200 

The protein p200 was purified from conditioned medium of cultured rat Schwann 
cells. It has an apparent molecular mass of approximately 200 kDa and has the 
ability to bind cell surface heparan sulfate proteoglycan N-syndecan (Chemousov 
et al., 1996). Immunofluorescent staining of rat sciatic nerve revealed that p200 
was seen in the extracellular matrix surrounding individual Schwann cell-axon 
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units (Chemousov et al., 1996). Thus, Schwann cells secrete a collagen-like adhe- 
sive protein that interacts with cells through cell surface heparan sulfate proteo- 
glycans. A report dealing with cDNA cloning for p200 concluded that it is a 
potentially novel member of the collagen type V gene family, closely related to the 
human and mouse a3(V) chain (Chemousov et al., 2000; Imamura et al., 2000). 

IV. EXTRACELLULAR MATRIX IN LIVER CIRRHOSIS 
COMPARED WITH THAT IN NORMAL LIVER 

A. EXTRACELLULAR MATRIX IN NORMAL LIVER 

Extracellular matrix proteins in normal liver are distributed mainly in the liver 
capsule, in the portal tracts with large and medium-sized blood vessels, and in the 
ducts and ductules of the biliary tree, whereas a basement membrane-like matrix 
is located in the sinusoidal space of Disse. Fibrillar collagens (types I, 111, and V) 
are found by immunohistochemistry predominantly in the perivascular spaces 
and portal tracts and in subcapsular areas (Abrahamson and Caulfield, 1985; 
Arenson et al., 1988; Hahn et al., 1980; Martinez-Hernandez, 1984; Maher et al., 
1988). The interstitial extracellular matrix around large vessels and portal tracts 
also contains fibronectin, undulin (collagen type XI% (Schuppan et a!., 19901, 
and other glycoconjugates. Musso et al. (1998) demonstrated collagen type XVIII 
in the liver where it is a potential precursor of endostatin (Clement et al., 1999). 
Endostatin plays an important role in angiogenesis as mentioned earlier. 

In normal liver the structure of the sinusoidal space of Disse is unique. The 
typical electron-dense basement membrane cannot be observed in the space of 
Disse (Okazaki et al., 1973). However, collagen types IV, VI, and XIV, together 
with laminin, fibronectin, nidogen/entactin, and proteoglycans, must form a 
basement membrane-like structure (Rescan et al., 1993; Roskams et at., 1995; 
Schwogler et al., 1994). Moreover, Geerts et al. (1990) reported that type I colla- 
gen and type 111 collagen can be present together in hybrid fibrils in the space of 
Disse with type V fibers forming the fibril core. Heparan sulfate is localized at the 
portal terminals (Geerts et al., 1986), and heparin proteoglycan is observed at the 
venous terminals (Reid et al., 1992). The low content of dermatan and chon- 
droitin sulfate may contribute to the fenestration of the sinusoidal cells (McGuire 
et al., 1992). 

B. EXTRACELLULAR MATRIX IN LIVER CIRRHOSIS 

Fibrosis itself plays an important role in the repair process in cases involving 
wound healing. In a case of extensive fibrosis, however, replacing the parenchyma 
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of the functioning organs with fibrous tissue results in a marked functional impair- 
ment. Liver fibrosis is usually encountered following liver cell damage and inflam- 
mation of the portal tracts and is one of the main factors underlying circulatory 
disturbances in the liver. Perihepatocellular fibrosis with ensuing capillarization 
of the sinusoid and the formation of fibrous septa, which carry vessels causing 
shunting, will lead to a disturbance of intrahepatic microcirculation. This will 
cause reduced parenchymal perfusion, followed by further liver cell damage and 
acceleration of hepatic fibrosis, leading to a “vicious cycle” (Alcolado et al., 1997; 
Friedman, 1993, 1997; Li and Friedman, 1999; Okazaki et al., 1973). 

Biochemically, the cirrhotic liver contains approximately six times as much 
matrix as normal liver (Schuppan, 1990). Comparison of the contents of each extra- 
cellular matrix component in normal liver with those in liver cirrhosis is shown 
in Table 11. There is a fivefold increase in total collagen content and a three- to 
fivefold increase of other noncollagenous components (Rojkind et al., 1979; 

TABLE I1 
between Normal and Cirrhotic Livet 

Comparison of Content of Collagens and Noncollagenous Matrix Components 

Normal liver Cirrhotic liver 

Collagens 
Total collagen (m& protein) 

Type I collagen (Oh)  

Type 111 collagen (%I 
Type IV collagen (mgg protein) 
Type 1V collagen (%) 
Type V collagen (%) 
Type Vl collagen (mug protein) 
Type Vl collagen (%) 

Noncollagenous components 
Fibronectin olg/g wet weight) 
Laminin 
Total glycosaminoglycans (bg uronic acid& defatted dry weight) 

Heparan sulfate (%) 
Chondroitin (%) 
Chondroitin 4-sulfate (%) 
Chondroitin 6-sulfate (%) 
Dermatan sulfate (%) 
Hyaluronic acid (Oh) 

Elastin (mmol desmosine + isodesmosine/g wet weight) 

80 470 
40-50 60-70 
40-50 20-30 
0.64 5.20 

1 1-2 
2-5(?) 5-lo(?) 
0.06 0.68 
0.1 0.2 

300 625 

98 520 
63 47 
3 3 
6 10 
8 7 
18 27 
1.5 6 
1.44 7.0 

- - 

‘Modified from papers of Schuppan (1990) and Gressner and Bachem (1990). Data on collagens, 
fibronectin, total glycosaminoglycans, and their fractions were derived from human liver, but elastin 
from rat liver. The proportions of different collagens were condensed from Rojkind et al. (1979), Seyer 
et al. (1977), and Schuppan et al. (1984) by Schuppan (1990). Data on fibronectin are originally 
based on the report of Isemura et al. (1984), glycosaminoglycans from Murata et al. (1984, 19851, 
and elastin from Velebny et al. (1983). Quantitative data on laminin are not available. 
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Schuppan et al., 1990). Thick bands of fibrous septa in cirrhosis reflect the 
increased amount of type I, type 111, and type IV collagen, as well as the dispro- 
portionate increase in the ratio of type I collagen to types 111 and IV (Rojkind 
et al., 1979; Seyer et al., 1977). 

The total increase in extracellular matrix is contributed largely by the accumu- 
lation of matrix in the space of Disse, which is consistent with sinusoidal capil- 
larization. Type IV collagen, laminin, fibronectin, and other glycoproteins all 
increase in the cirrhotic liver (Schuppan, 1990). A relative decrease in heparin and 
heparan sulfate proteoglycans and an increase in dermatan and chondroitin 
sulfate proteoglycans also occur (Alcolado et al., 1997). The increase in decorin 
and biglycan reveals a potentially important role in cytokine binding, including 
TGF-P as Alcolado et al. (1997) have stressed. Hyaluronan increases more than 
eight-fold in cirrhosis compared to normal liver and is secreted by hepatic stellate 
cells (Gressner and Haarmann, 1988). The high serum level of hyaluronan 
is thought to reflect impaired phagocytosis by sinusoidal endothelial cells 
(see Chapter 4). 
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Six distinct genes belonging to collagen IV are arranged in three different 
chromosomes, 13 ,2 ,  and X, and are located in a head-to-head arrangement. Their 
expression appears to be regulated by bidirectional promoters between the genes. 
The translation products of the six genes make three major molecules of 
[al(lV)l2a2(IV), a3(IV)a4(IV)a5(IV), and [a5(IV)] ,a6(IV). There is tissue- 
specific regulation in how supramolecular aggregates of basement membranes 
(BMs) are assembled. For instance, the glomerular basement membrane 
was reported to contain two different and independent networks: one with 
the [al(Iv>],a2(IV) molecule and the other with the a3(IV)a4(1V)aS(IV) 
molecule. 

In the field of surgical pathology, it is important to make a clear diagnosis to 
differentiate noninvasive cancers from invasive cancers. When normal breast or 
noninvasive ductal carcinoma was examined, a5(1V) and a6(IV) chains were 
stained in the BMs of mammary ducts and small lobules, capillaries, and myofi- 
broblastic cells. In contrast, in cases of invasive ductal carcinoma, BMs contain- 
ing al(Iv> and a2(IV) were stained discontinuously but a5(IV) and aG(IV) 
chains were absent in most of the invasive cancer cell nests. Thus, the loss of 
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staining pattern of the a5(1V) and a6(IV) chains was consistent with invasiveness 
of the tumors. Therefore, estimation of a5(1v>/a6(Iv> expression may be a useful 
marker for invasive cancers. 

I. INTRODUCTION 

Basement membranes underlie the basal surface of epithelial cells and endothe- 
lial cells and surround the entire surface of adipocytes and muscle cells as a sheet- 
like structure. They also provide a boundary between organ-specific parenchymal 
cells and stroma underneath that also has characteristic members of extracellular 
matrix in specialized organs or tissues. As one of the biological functions of BMs, 
they maintain the architecture of most of the cells. They also provide unique fil- 
tration barriers to select certain lunds of molecules by charge and size. Further, 
they also play important functions in cell differentiation, proliferation, and tumor 
invasion and metastasis. 

Progress has been made since the early 1990s in understanding the structure 
and function of basement membranes. More information dealing with the func- 
tion of basement membranes has started accumulating by the development of 
gene cloning, gene targeting, transfection experiments, and protein-to-protein 
interactions. The basement membrane contains different sets of gene products 
from other parts of tissues. They are collagen IV, laminin, nidogedentactin, and 
heparan sulfate proteoglycan. Collagen IV is one of the major components. It con- 
sists of six different a chains, whose unique gene structures have been reported 
(Hudson et al., 1993). Most recently, several reports have defined the architecture 
of basement membranes, regulation of collagen IV gene expression, and func-tion 
of basement membranes. First, how the complex supramolecular structure 
of collagen IV is aggregated in the basement membrane has been solved, in 
part, with evidence that the chain specificity of network assembly is encoded by 
the noncollagenous NC1 domains (Borza et al., 2001; Boutaud et al., 2000). 
Second, one of the transcription factors, LMXlB, which is known as a causative 
gene for human and mouse Nail Patella syndrome, was found to regulate collagen 
IV gene expression (Morello et al., 2001). Third, new functions for noncollage- 
nous domains of human collagen IV have been identified (Petitcleric et al., 2000). 
This implies novel integrin ligands inhibiting angiogenesis and tumor growth 
in vivo. 

We are investigating BM production in normal and tumors. Several investiga- 
tors noted the absence of BM components (Gusterson et al., 1982; Hewitt et al., 
1997; Rudland et al., 1993). This chapter describes what we observed in the 
regulation of collagen IV gene expression in normal cells, noninvasive tumors, and 
invasive cancers. 
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11. TISSUE-SPECIFIC EXPRESSION OF 
COLLAGEN IV GENES 

The recent cloning and characterization of genes for collagen IV have provided 
information on the structure, expression, and function of BMs during develop- 
ment and diseases states. Six distinct genes belonging to this family have been 
identified. Three sets of human genes, COL4Al/COL4A2, COL4A3/COL4A4, 
and COL4AS/COL4AG, are arranged in three different chromosomes, 13, 2, and 
X ,  respectively (Fig. 1; Hudson et al., 1993; Sado et al., 1998). They are located in 
a head-to-head arrangement and their expression appears to be regulated by bidi- 
rectional promoters between the genes. The 5’ ends of the genes overlap each 
other, and the transcription start sites are separated only 130bp in human 
(Poschl et al., 1988; Soininen et al., 1988) and mouse (Burbelo et al., 1988; 

bidirectional COL4A2 COL4Al - COL4A2 
~1 promoter - ------ Chr. 13q33-34 

E2 E3 
127bp 

COL4A3 * COL4A4 COL4A4 

Chr. 2q36-37 

COL4A5 COL4A6 COL4A6 

Chr. Xq22 

FIGURE 1 Organization of collagen 1V genes. The six human collagen IV genes are located in pairs 
in a head-to-head manner on three different chromosomes. These six genes can be classified into two 
groups, which are group A (depicted by white boxes): COL4A1, COL4A3, and COL4A5 encoding the 
al ,  a3, and a5 chains, respectively, and group B (shaded boxed): COL4A2, COL4A4, and COL4A6 
encoding the 1x2, a4 ,  and a 6  chains, respectively. These are based on the gene structure, amino acid 
sequence homology, and domain structure of the translation products. Transcription of COL4A1 and 
COL4A2 genes is controlled by the bidirectional promoter (top). The other two sets of genes seem to 
be regulated by similar bidirectional promoters. Of interest was not only that transcription of COL4A4 
and COL4A6 appears to be regulated by two alternative promoters, but also that regulation was in a 
tissue- or cell-specific manner (Sugimoto et a]., 1994; Momota et at., 1998). 
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Kaytes et al., 1988) al(1V) and a2(IV) genes. Transcriptional regulation for 
COL4Al/COL4A2 was characterized (Fischer et al., 1993; Genersch et al., 1995). 
Interestingly, there are two alternative promoters in COL4A4 and COL4A6 genes 
that are regulated in a tissue-specific manner (Momota et al., 1998; Sugimoto 
eta)., 1994). 

In order to determine whether the translational products of the six genes are 
colocalized in various tissues, we raised a 1-a6 chain-specific rat monoclonal 
antibodies against synthetic peptides reflecting sequences near the carboy ter- 
minus of each NC1 domain (Kishiro et al., 1995; Ninomiya et al., 1995; Sad0 
et al., 1995). In the kidney, all basement membranes in glomeruli and tubules 
were stained positively by antibodies for the a1 and a2 chains, whereas the a3 
and a 4  chains were restricted to the glomerular BMs and some parts of the 
tubules. Thus, the a3 and a 4  staining pattern is rather limited as compared to 
that of the a1 and a2 chains, but their common location suggests that they are 
synthesized by the same cells. In stark contrast, the expression pattern of the a5 
and a 6  chains is different in the glomerulus: the a 6  chain is never detected in the 
glomemlar BMs, but is positive in BMs of Bowman’s capsules and some distal 
tubules in humans, whereas the a5 chain is densely positive in glomerular BMs 
and its staining pattern is similar to that obtained with a3 and a 4  antibodies. 
These results suggested that there are two lunds of collagen IV molecules: one 
with a3 ,  a4 ,  and a5 chains and the other with a5 and a 6  chains (Ninomiya 
et al., 1995). Distribution of the six a(IV) chains in smooth muscle cell BMs and 
epithelial BMs was described in reports that suggested that the tissue-specific dis- 
tribution of a(1V ) chains is consistent with the function of BMs (Saito et al., 2000; 
Selu et al., 1998). 

Four different disease states are related to dysregulated collagen IV gene 
expression. First, nearly 300 mutations have been identified in the COL4A5 gene 
in X-linked Alport patients, and several mutations in COL4A3 and COL4A4 were 
also reported in the autosomal type Alport syndrome (Jais et al., 2000; Tryggvason 
and Ninomiya, 1997). Experiments indicate that any one of the three a chains 
has been translated abnormally into incomplete molecules, which can degraded 
within cells. The second is deletions at the 5’ end of COL4A6 extending to the 
neighboring COL4A5 gene have been reported to cause diffuse leiomyomatosis 
associated with Alport syndrome (Heidet et al., 1995; Ueki et al., 1998; Zhou 
et al., 1993). The third is not a genetic disorder but an autoimmune disease, 
Goodpasture syndrome, which is mediated by anti-BM antibodies that are 
targeted to a3(IV)NC1 and a4(IV)NC1 domains. The uniqueness of the 
a3(IV)NC1 and a4(IV)NC1 domains, among the six NC1 domains, to induce 
severe Goodpasture disease may relate to the accessibility of epitopes in the GBM 
for binding of the antibody. The pathogenicity of the a4(IV)NC1 antibodies has 
not been clarified because the pathogenic antibodies in patients are not believed 
to be detected as target to the a4(IV)NC1, but are detected to the a3(IV)NC1 
domain in Goodpasture nephritis (Sado et al., 1998). 
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The last disease associated with altered type IV collagen is one in which the 
expression of a3(IV) and a4(IV) chains is diminished strongly within glomerular 
BMs in Nail Patella syndrome, which is believed to cause the renal phenotype 
(Morello et al., 2001). The responsible gene of the human disease has been iden- 
tified as a transcription factor, LMXlB gene (Chen et al., 1998; Dreyer et al., 
1998). Morello et al. (2001) showed that LMXlB binds to the enhancer sequence 
in intron 1 of the mouse and human COL4A4 gene and upregulates reporter con- 
structs containing the enhancer-like sequence. LMXlB directly regulates COL4A3 
and COL4A4 coordinate expression required for normal renal morphogenesis, 
and dysfunction in glomerular BM contributes to the renal pathology. 

111. SUPRAMOLECULAR AGGREGATES OF 
COLLAGEN IV 

As described earlier, collagen IV genes are arranged as paired genes on three 
different chromosomal locations (Fig. 1). To make collagen molecules, three 
a chains are necessary (Fig. 2B). Out of six a chains, there are 56 combinations 
to make 6 homotrimers and 50 heterotrimers. The question is what combinations 
are allowed to form as native molecules in tissue and organs? We believe that 
there are at least three different molecules: [al(IV)],a2(IV), a3(IV)a4(IV)a5(IV), 
and [a5(IV)] ,a6(IV) after double staining of different combinations using chain- 
specific monoclonal antibodies (Ninomiya et al., 1995). We have also predicted 
the molecular structure according to the local amino acid sequences (Sado et al., 
1998). To make a molecule is not the last step for these translational products in 
order to function. More complex supramolecular aggregates are incorporated into 
the BM structure. How can they make them? Figure 2 illustrates the key steps. 
Three a chains (Fig. 2A) make a collagen molecule (Fig. 2B), which is called a 
monomer. In Fig. 2, three different lunds monomers are drawn, but two different 
lunds of dimers, 7s ends and NCls, are attached, a tetramer of only one type 
of monomer is drawn. Combinations of these units extend the association of 
dimers and tetramers to make a sheet-like structure, supramolecular assembly 
(Figs. 2F-2H). It is intriguing that these molecules are distributed in a tissue- 
specific manner (see Fig. 3). For instance, glomerular BMs that exist between pod- 
cytes and endothelial cells filter through serum to create urine. This BM is 
composed of [al(IV)],a2(IV) and a3(IV)a4(IV)aS(IV) molecules, the latter of 
which is only found in specified places, including the glomerulus and alveolus. 

Two reports have clarified how the supramolecular aggregates are assembled in 
BMs. We utilized monoclonal antibodies, Mabl, Mab3, B51, and B66, that react 
exclusively with the native NC1 hexamers that contain al(IV)NCl, a3(IV)NCl, 
a5(IV)NC1, and a6(1V)NCl, respectively (Borza et al., 2001; Boutaud et al., 
2000). For instance, because Mabl can immunoprecipite native NC1 hexamers 
that contain a lNCls ,  if the precipitates can be analyzed by the antibodies that 
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[I] Classical type 
al la2 
[al(IV)124IV) 
Capillary, Hepatic sinusoid, Lymphatic, Schwann cell, Fat cell, Skeletal muscle 

[II] Filtration barrier type 
alla2la3la4Ja5 
[al(IV)]k2(IV) and a3(IV)a4(IV)aS(IV) 
Glomerular BM. Alveolar BM 

[111] Maintenance of architecture 
allaUaSIa6 
I ~ I V ) I W I V )  and [ ~ ~ W I W I V )  
Epithelial BM (epidermis, esophagus, mammary gland, colon, bile duct, bronchus) 
Smooth muscle cell BM (artery, vein, alimentary and urinary tract) 

FIGURE 3 Three basement membrane types. Three molecules consisting of al/a2 chains, a3/ 
a4/a5 chains, and aYa6 chains are predicted to be present in the three different BMs, where not only 
molecular forms but also functional relevance can be different in various tissues and organs. 

recognize the denatured NCls  using SDS-PAGE, one can predict what kinds of 
molecules are assembled. When GBM fractions that were digested with purified 
bacterial collagenase and purified were immunoprecipitated by Mab 1, the materi- 
als were analyzed by Western blotting (Boutaud et al., 2000). The result showed 
that they contained only a1 and a2NCls. The same starting materials immuno- 
precipitated by Mab3 contained a3, a 4 ,  and a5NCls. These results indicated 
that the NC1 hexamers were composed of the same NCls  of the same molecules. 
Namely, a supramolecular assembly containing [a1 (IV)] ,a2 (IV) molecules 
(Fig. 2F) exists independently from that containing a3(IV), a4(IV), and a5(IV) 
molecules (Fig. 2G). 

In contrast, NC1 fractions from aorta and bladder were immunoprecipitated by 
B51, B66, and Mabl and analyzed by SDS-PAGE and resulted in all the same pat- 
tern of a l /a2/a5/a6 (Borza et al., 2001). However, nonimmunoprecipitated frac- 
tions analyzed by SDS-PAGE resulted in a l l a 2 ,  a l l a 2 ,  and none, respectively. 

FIGURE 2 Schematic representation of the collagen IV a chain (A) and a collagen IV molecule (B) 
consisting of three a chains. Three monomers, white, gray, and black (in C ) ,  consisting of al/a2 
chains, a3/a4/a5 chains, and aS/a6 chains, respectively, form dimers (D) through interactions 
between the amino-terminal 7s domains or the carboy termini and tetramers (E) through the com- 
bination of the two dimers at the 7s domains. Thus, the supramolecular network (F, G, and H) is 
formed through the assembly of dimers and further aggregates. Some aggregates consist of only al/a2 
(F) or a3/a4/aS molecules (G), but others of al/a2 and a5/a6 together in the same network (H). 
Note that the NC1 hexamers in the assembly of [a1(IV)]2a2(IV) and [a5(IV)I2a6(IV) molecules are 
always alla2 vs a1/a2 or al/a2 vs a5/a6, which is based on the results of Borza et al. (2001). 
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These results indicated that NC1 hexamers in aorta and bladder were a combi- 
nation of [al(IV)12a2(IV) molecules alone (Fig. 2F) and a hybrid of 
[al(IV)12a2(IV) and [a5(IV)],a6(IV) molecules (Fig. 2H), which is quite 
different from the GBM aggregates mentioned above. 

IV. WHY ARE BASEMENT MEMBRANES 
IMPORTANT FOR DIAGNOSIS IN 
SURGICAL PATHOLOGY? 

In epithelial organs such as slun, esophagus, mammary gland, uterus, and blad- 
der, we often observe intraepithelial carcinoma or noninvasive carcinoma, where 
cancers grow and expand slowly but are still limited within the epithelial region. 
In this stage, BMs underneath epithelial layers are not disrupted at all and cancer 
cells do not yet invade into stroma. Because metastasis through lymphatics and 
veins is not established in this stage, it is possible to expect 100% remission by 
dissecting out the tumor regions in skin cancers, breast cancers, and uterovaginal 
cancers. In the field of surgical pathology, it is important to clearly differentiate 
noninvasive from invasive cancers. 

Previous studies of invasive cancers using antibodies against the classic type, 
al(IV) and a2(IV) chains or laminin, did not solve these challenges of diagnosis. 
Therefore, it is meaningful for surgicopathological diagnosis to investigate how 
the six a(1V) chains are expressed in BMs surrounding tumors that have 
different histopathological features, mitotic activity, and invasiveness. 

V. DIFFERENTIAL EXPRESSIONS OF THE 
SIX a(IV) CHAINS IN MAMMARY NEOPLASIA 

When normal breast was examined, al(1V) and a2(IV) chains were stained in the 
BMs of mammary ducts and small lobules, capillaries, and myofibroblastic cells 
(Nakano et al., 1999). The staining of a5(IV) and a6(IV) chains was limited to 
the mammary ducts and small lobules, and there was no positive staining with 
a3(IV) and a4(IV) chains. When noninvasive ductal carcinoma was stained, BMs 
were well preserved in a linear pattern in almost the same fashion as that of the 
normal breast, as seen in Fig. 4. In contrast, in cases of invasive ductal carcinoma 
shown in Fig. 5, BMs containing al(1V) and a2(IV) were disrupted or stained, 
discontinuously; however, a5(IV) and aG(IV) chains were absent in most of the 
invasive cancer cell nests. Table I summarizes what we observed in mammary 
neoplasma. Thus, the loss of staining pattern of the a5(1V) and a6(IV) chains 
was consistent with the invasiveness determined by immunostaining. 
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FIGURE 4 Immunostaining of al(1V) chain (A), a-smooth muscle actin (a-SMA)(B), aS(1V) (C), 
and a6(1V) chains in noninvasive ductal carcinoma. (A) The aI(IV) chain is stained in the BM 
surrounding the ducts replaced by cancer cells and in the capillary BM in close contact with the ducts. 
(8) a-SMA-positive myoepithelial cells are noted in the noninvasive cancer cell nests, and capillary 
pericytes and fibroblastic cells with a-SMA also localized in the stroma. (C and D) Linear immuno- 
staining of the a5(IV) and a6(1V) chains is clearly identified in the BM zone in the serial sections of 
A and B. Original magnification, ~ 1 0 0 .  

We also examined expression of the six COLA4 genes by in situ hybridization 
in serial tissue sections of intraductal papilloma, which is characterized as a 
benign tumor of two types of epithelial cells: ductal epithelial cells and myoep- 
ithelial cells (Nakano et a]., 1999). Intriguingly, the signal for a5(1V) and a6(IV) 
mEWA was observed strongly in both epithelial cells and myoepithelial cells 
(Table II), indicating that a5(1V) and a6(IV) producing cells are epithelial cells. 
We predict that there are two different networks here in the BM of mammary 
ducts: (1) the classic network formed by [al(IV)],a2(IV) molecules, which is 
of stromal origin, and (2) a hybrid network of [al(IV)]2a2(Iv> molecules and 
[aS(IV)],ab(IV) molecules, which is of epithelial origin. The epithelial- 
myoepithelial interaction might preserve the second hybrid network of BMs 
(Nakano et al., 1999). Table I1 summarizes the results of quantitative in situ 
hybridization in mammary neoplasma. 
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FIGURE 5 Immunostaining of al(IV) (A), a2(IV) (B), a5(IV) (C), and a6(IV) (D) chains in invasive 
ductal carcinoma. (A and B) al(1V) and a2(lV) chains are stained discontinuously in marginal 
areas of the cancer cell nests or are partly negatively stained. (C and D) Complete loss of a5(1V) and 
a6(IV) chains is noted in the cancer cell nests in the serial sections next to A and B. al(IV), a2(1v), 
a5(IV), and a6(IV) chains are observed in the BMs of normal mammary ducts and small lobules 
(upper left in A, B, C, and D) as a positive control. Original magnification, x140. 

TABLE 1 Result of Immunohistochemical Studies in Mammary Neoplasiaa 

a(IV) chain (BMIb 

a l l a 2  a5 a6 

Normal tissue + + + 

Breast cancer 
Intraductal papilloma ++ ++ ++ 

Noninvasive + + + 
Invasive dc - - 

‘Colocalization of a5(IV) and a6(IV) chains was evident in the BM of mammary 
ducts in normal breast and benign tumor (intraductal papilloma) and noninvasive 
ductal carcinoma, all of which also expressed the classic type of al(IV) and a2(IV) 
chains. In contrast, in invasive ductal carcinoma without myoepithelial cells, 
a l ( N  and aZ(N) chains were stained discontinuously in the marginal areas of 
the cancer cell nests or were partly negative stained. In addition, the assembly of 
a5(Iv) and a6(IV) chains into BM was completely inhibited in the massive cancer 
cell nests. 
b-, negative; dc, discontinuous positive; +, positive: + +, strongly positive. 
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TABLE I1 Result of in Situ Hybridization in Mammary NeoplasiP 

mRNA (epithelium/stroma)” 

Normal tissue -/- -/- 
lntraductal papilloma +/+ +/- 

lnvasive -/+ +* -/- 

Breast cancer 
Noninvasive -/+ + C  -/- 

-/- 
+/- 

-/- 
-/- 

‘In intraductal papilloma, there were highly elevated signals for al(1V)mRNA and 
aZ(1V)mRNA in the double-layered epithelium composed of epithelial cells and 
myoepithelial cells. In addition, the double-layered epithelium also clearly 
expressed a5(1V)mRNA and a6(IV)mRNA. In noninvasive ductal carcinoma, 
intensive signals for a1 (1V)mRNA and aZ(1V)mRNA were detected in myofibroblastic 
cells around the cancer cell nests as a ring-like pattern. In invasive ductal 
carcinoma, a5(1V)mRNA and a6(1V)mRNA were completely absent in both cancer cell 
nests. ’-, negative (0 to 10 silver grains per cell); +, mild to moderately positive 
(10 to 20 silver grains per cell); + +, strongly positive (>20 silver grains per cell). 
‘Ring-like pattern. 
*Random pattern. 

VI. PROTECTIVE EFFECTS OF BASEMENT 
MEMBRANES AGAINST CANCER INVASION 
DUE TO REORGANIZATION OF a(1V) CHAINS 

In breast cancers, matrix-degrading enzymes such as MMPs and others can 
remodel extracellular matrices, including BMs. What we observed so far was, 
however, was that the expression of collagen IV genes already started as if they 
were destined to reorganize newly synthesizing BMs before tumors become malig- 
nant and invasive. 

Because BMs containing collagen IV always lie between epithelia and stroma 
and function as selective barriers, proliferation of myofibroblastic cells might be 
considered as a protective effect from the stroma against cancer invasion. In doing 
so, they synthesize al(1V) and a2(1V) mRNA at high levels to produce the classic 
network containing [a(Iv>] ,a2(IV) molecules, e.g., in noninvasive mammary 
cancer with expansive growth (Fig. 6). In invasive cancers with infiltrative 
patterns, the proliferation of myofibroblasts cannot be seen around the cancer nests. 
Cancer cells lose their capsules, including BM materials, become to be exposed to 
various kinds of growth factors, induce expression of various genes linked to 
tumor invasion, acquire increased cytological and nuclear atypia and architectural 
atypia, and successfully develop invasion to neighboring stroma (Fig. 7). 
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FIGURE 6 Expression of al(IV) and a6(IV) mRNA in noninvasive ductal carcinoma (left: A, C, and 
E) and invasive ductal carcinoma (right: B, D, and F). Strong signals for al(M mRNA are detected as 
a ring-like pattern around the noninvasive cancer nest (C), whereas in the invasive ductal carcinoma, 
foci with intensive signals for al(1V) mRNA are distributed randomly in the stromal cells (D). No 
obvious signal for a6(1V) mRNA is seen in both sections of the noninvasive (E) and invasive (F) 
ductal carcinoma. (A and 8) Hematoxyline and eosin staining. (C and D) in situ hybridization. Original 
magnifications: x200 in A, C, and E, and ~ 3 0 0  in B, D, and F. 
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FIGURE 7 Differential tissular expressions of a(IV) chains in mammary neoplasma. In intraductal 
papilloma, which is a benign tumor, the signals for not only al(1V)mRNA and aZ(IV)mRNA, but also 
for a5(IV)mRNA and a6(IV)mRNA were identified in the mammary epithelial cells. In addition to 
in situ hybridization, immunohistochemistry using the antibody confirmed that both inner epithelial 
cells and outer myoepithelial cells synthesize a5(IV) and a6(IV) chains. The expression of these a(lV) 
chains seems to be regulated by an epithelial-myoepithelial interaction in intraductal papilloma. In 
noninvasive ductal carcinoma, capillary endothelial cells and periductal myofibroblastic cells around 
the cancer cell nests actively synthesize al(1V) and a2(IV) chains with a ring-like pattern. These 
periductal stromal cells seem to take part in remodeling of the extracellular matrix, including BM. 
According to in situ hybridization findings, we could show the possibility that newly formed BM 
composed of al(IV) and a2(1V) chains secreted by stromal cells plays an important role as one of the 
bamer systems against the activation of proteolytic enzyme and matrix degradation. The invasive 
potential of breast cancer may be associated with a complete loss of this bamer system. 

VII. CONCLUSION 

We have described specific expression of a(IV ) genes, aggregates of collagen IV, 
and tumor BMs and their diagnostic significance. The expression of a(IV ) colla- 
gen chains seems to be regulated differentially by the epithelial-myoepithelial 
interaction and to be associated with the invasive potential of breast cancer. 
To understand cancer biology, one must investigate not only cytological and 
architectural atypia, but also the involvement of stroma and the remodeling of 
extracellular matrix. For both pathologists and matrix biologists, we consider that 
the differential detection of BM collagen gene expression in tumor tissues can 
contribute to an improved surgicohistopathological diagnosis of cancer. 
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I. INTRODUCTION 

Type IV collagen comprises the skeletal structure of basal lamina, which functions 
as a physical barrier for biological macromolecules and cells. Basal lamina affects 
the most fundamental cell functions, including cell proliferation and differentia- 
tion. Vascular endothelial cells and smooth muscle cells produce and deposit basal 
lamina components in extracellular surroundings. Reciprocal interactions of the 
cells with the basal lamina may result in a vicious or favorable spiral. The favorable 
spiral can be defined as a dynamic steady state of tissue structure and function. 

Incubation of the type IV collagen solution in neutral pH and physiological 
ionic strength causes two macroscopically different forms of type IV collagen 
aggregates to form, depending on the temperature of incubation. Aggregates 
formed at 4°C exhibit a gel property, whereas aggregates formed at 28°C are so 
fragile as a gel that the whole structure tends to collapse during the manipulation. 
Both the aggregates reconstituted from type IV collagen, the rigid and fragile 
gel forms, show the similar polygonal meshwork structure shown in Fig. 1. 

'Present address: Department of Anatomy, Kitasato University, School of Medicine, Kanagawa 
228-8555, Japan. 
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FIGURE 1 
collagen. 

Electron micrographs of reconstituted aggregates from type IV collagen and type V 

The electron micrographs are indistinguishable (Nakazato et al., 1996). The 
polygonal meshwork structure suggests that the skeletal structure of basal lamina 
is composed of type IV collagen aggregates. 

We previously studied the immunohistochemical tissue distribution of each 
type of collagen and the ultrafine structure of the tissue in comparison with the 
reconstituted aggregates from each type of the collagen protein isolated. From the 
analysis, we hypothesized a vascular tissue model for the localization of collagen 
types in relation to cell types as depicted in Fig. 2 (Adachi et al., 1997; Hayashi 

FIGURE 2 Tissue model for localizations of collagen types and cells. 
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et al., 1999). Electron micrographs of the aggregates reconstituted from the type 
IV collagen and the type V collagen are shown in Fig. 1 (Adachi et al., 1997; 
Mizuno et al., 2001; Nakazato et al., 1996). 

The type IV collagen aggregates with different physicochemical properties 
were used as culture substrata for human aorta smooth muscle cells in our pre- 
vious study (Hirose et al., 1999). Results indicated that when human aorta 
smooth muscle cells that had become fibroblast-like cells (sometimes called 
myofibroblast) were cultured on the type IV collagen gel, the cells acquire a 
contractile phenotype. The following is a summary from the previous study 
(Hirose et al., 1999). 

11. HUMAN AORTIC SMOOTH MUSCLE CELLS 
ON TYPE IV COLLAGEN GEL 

Human aorta smooth muscle cells remain round after seeding at an early stage of 
culture. The cells show delayed morphological change to an elongated cell shape. 
Further elongation of cells touch neighboring elongated cells and eventually con- 
nect with each other. Overall connections of the cells with an elongate cell shape 
form multicellular meshwork after 1 or 2 days of culture on the type IV collagen 
gel (Fig. 3). Such meshwork formation of cells was also reported for endothelial 
cells by culturing on Matrigel (Vernon et al., 1992). 

FIGURE 3 
nongel form of type IV collagen aggregates. 

Morphology of human aorta smooth muscle cells in culture in the gel form and the 
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However, human aorta smooth muscle cells show a spindle-like cell shape 
soon after seeding on the fragile gel or nongel form of the type IV collagen aggre- 
gates. The morphology is indistinguishable from that of fibroblasts or other 
fibroblast-like cells cultured on other substrates, such as on the type I collagen 
gel. Thus, cell morphology is primarily dependent on the physical property of the 
type IV collagen aggregates rather than on the biochemical property of the pro- 
tein. In Fig. 3, a phase-contrast micrograph of the cells cultured on the type IV 
collagen gel is shown in comparison with the cell cultured on the nongel form of 
the type IV collagen aggregates. 

Cell growth is another distinct difference in the response of human aorta 
smooth muscle cells to the physical states of the type IV collagen aggregates 
whether they are in the gel form (rigid gel) or nongel form (fragile gel) (Fig. 4). On 
nongel type IV collagen aggregates, the cells undergo morphological change soon 
after seeding and proliferate to confluency most rapidly. In contrast, the gel form 
of type IV collagen aggregates, even in the presence of bovine fetal serum, totally 
represses the proliferation of the smooth muscle cells that had acquired a high 
proliferative potential through repeated passages in the presence of serum (Fig. 4). 
Smooth muscle cells with the quiescent phenotype on the type IV collagen gel 
express a smooth muscle myosin heavy chain, a specific marker for the contrac- 
tile phenotype (Fig. 5). Furthermore, human aortic smooth muscle cells cultured 
on the type IV collagen gel contracted in response to the endothelin-1 added to the 
culture medium, showing that the type IV collagen gel has a restoring activity in 

O L  2 4 6 8 10 
Culture days 

FIGURE 4 Growth curve of smooth muscle cells on type IV collagen aggregates with a nongel form: 
plastic dish (m), type I collagen-coated dish (A), type 1 collagen gel (O), type 1V collagen-coated dish 
(A), and type IV collagen gel (0). 
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FIGURE 5 
muscle cells. 

Expression of smooth muscle myosin heavy chains in myofibroblast-like aortic smooth 

restoring the fibroblast phenotype back to the contractile phenotype. The latter 
phenomenon is quite marked, as it has been believed that the acquisition of the 
fibroblast-like, proliferative phenotype is practically irreversible. 

Therefore, such previous observations on the distinct effects of the type IV 
collagen aggregates on human aorta smooth muscle cells have stimulated us to 
work further on which differences in the physicochemical properties affect the 
responses of the cell. Another issue is whether the type IV collagen protein is 
involved in regulating other cells existing in direct contact with the type IV colla- 
gen in vivo. The present study describes extension of the aforementioned obser- 
vations on the physical property-determining effects of the type IV collagen 
aggregates in the following three points. 

1. Human aorta smooth muscle cells cultured on the nongel form of the type 
IV collagen aggregates layered on top of the type I collagen gel showed essentially 
the same behavior cultured on the gel from type IV collagen aggregates (Hirose 
et al., 2000). It was found that type IV collagen aggregates with continuous 
change in the physical property were formed from a drop of type IV collagen solu- 
tion. They were used as the cell culture substrate in order to see how human aorta 
smooth muscle cells respond to type IV collagen aggregates with continuous 
change in the physical property from gel form to nongel form. 

2. Other smooth muscle cell-related cells and skeletal muscle cells were exam- 
ined for the effects of the type IV collagen gel on cell behaviors, morphology, and 
proliferation. 

3. The nongel form of type IV collagen aggregates appears to be the best 
substrate for smooth muscle cell adherence and proliferation. The effect on the 
nongel form of type IV collagen aggregates was examined for human aorta 
endothelial cells that do not show stable adherence on any substrates used 
previously, especially for a prolonged period of culture. 
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111. PHYSICAL PROPERTY-DETERMINING 
EFFECTS OF TYPE IV COLLAGEN AGGREGATES 

A. EXPERIMENTAL PROCEDURES 

1. Cultured Cells 

Human aortic smooth muscle cells at passage 3, human glomerular mesangial 
cells at passage 3, and human aortic endothelial cells at passage 3 were purchased 
from Clonetics Corp. (San Diego, CA). After three to five times of passages (up to 
9-13 PDL) on 100-mm dishes (Falcon, No.3003), either smooth muscle cells or 
mesangial cells that had become myofibroblast-like were used. Human rhab- 
domyosarcoma cells were purchased from Health Science Research Resources 
Bank, Osaka. Human dermal fibroblasts were kindly gifted by Dr. Toshio 
Nishiyama of Shiseido Research Center, Yokohama. Rat hepatic stellate cells were 
isolated from Wistar female retired rats by portal vein perfusion method as 
described previously in detail (Davis, 1988). In brief, phosphate-buffered saline 
(PBS) at 37°C was perfused at 15 ml/min for 10 min to blanch the liver. This was 
followed by 0.05% collagenase (Wako Pure Chemical Inc., Tokyo) perfusion at 
5 ml/min for 20 min at 37°C. The liver was removed and minced in serum-free 
Dulbecco’s Modified Eagle Medium (DMEM) (Nissui Pharmaceutical Co., Tokyo). 
The cell suspension was then filtered through sterile gauze and centrifuged at 50 g 
for 3 min to remove hepatocytes and debris. The suspension after removal of 
sediments containing nonparenchymal cells was layered over a 25% preformed 
(20,000 g for 10 min) Percoll (Pharmacia Biotech., Inc., Sweden) gradient and 
centrifuged at 800 g for 30 min. The gradient centrifugation produced a top layer 
of yellowish white oily debris with a band of cells immediately beneath. The 
band mainly contained stellate cells as identified with lipid droplet-laden cells. 
Autofluorescence at 325 nm faded rapidly under the fluorescent microscope 
(Model DMIRB, Leica Co., Tokyo), whereas Oil Red 0 (Sigma) stained the cells. 
From these analyses, stellate cells predominated >90%. The cells were then 
washed two times and resuspended in DMEM supplemented with 10% fetal 
bovine serum (FBS) (Cansera International Inc., Canada) and plated at a density 
of 1 . 0 ~  lo6 cells per 100-rnm tissue culture dish. Myofibroblast-like hepatic 
stellate cells were obtained from primary stellate cells by 14-16 passages up to 
28-32 PDL on the 100-mm dishes. 

2 .  Culture Media and Cell Culture 

k i t  hepatic stellate cells, human rhabdomyosarcoma cells, and human dermal 
fibroblasts were grown in DMEM supplemented with 10% FBS, 60 p g h l  
kanamycin sulfate, and 50 ng/ml amphotericin-B. Aorta smooth muscle cells were 
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cultured in modified MCDB 13 1 medium (Clonetics COT.) supplemented with 
10% FBS, 10 ng/ml recombinant epidermal growth factor, 2 ng/ml recombinant 
basic fibroblast growth factor, 5 pg/ml insulin, 50 pg/ml gentamaicin, and 
50 ng/ml amphotericin-B (designated as growth medium in this thesis). Human 
mesangial cells were cultured in modified MCDB131 medium containing 10% 
FBS, 50 pg/ml gentamaicin, and 50 ng/ml amphotericin-B. Aorta endothelial cells 
were grown in EBM-2 medium (Clonetics Corp.) containing 2% FBS, 10 pg/ml 
hydrocortisone, 2 ng/ml recombinant basic fibroblast growth factor, 5 ng/ml 
insulin-like growth factor- 1, 5 ng/ml vascular endothelial-derived growth factor, 
0.2 mM ascorbic acid 2-phosphate, 10 pg/ml heparin, 10 ng/ml recombinant 
epidermal growth factor, 50 pgml gentamaicin, and 50 ng/ml amphotericin-B. 
All the growth factors added were purchased from Clonetics Corp. All of the cell 
types were maintained at 37°C under humidified 5% C0,-95% air on the 100-mm 
tissue culture dish. When the cells reached confluence, they were passaged at a 
1:4 split ratio after they were removed from the dish with a brief exposure to 
0.25% trypsin (Difco)-0.02% EDTA in PBS (-) (Nissui Pharmaceutical Co.). 

3. Preparation of Substrates and Successive Cell Culture 

Type I collagen was obtained from the acid extract of rat tail tendon by the 
method reported previously (Yamato et al., 1992). The preparation of cell culture 
on the type I collagen gel and the successive culture were performed as described 
previously (Yamato et al., 1992). Briefly, 6 volumes of type I collagen solution 
(3 mg total protein/ml) was mixed with 3 volumes of 3x concentrates of culture 
media and 1 volume of FBS at 4OC to give a final collagen concentration of 
1.8 mg/ml. Aliquots (500 pl) of the solution were added to each well of 24-well 
tissue culture dishes (Falcon, No. 3047) and incubated at 37°C for gelation. 
One milliliter of cell suspension containing 7.2 x lo3 cells was plated on each gel, 
and the cells were grown at 37°C with 5% C0,-95% air. The medium was 
replaced every 3 days. Preparation of the type IV collagen gel was as described 
previously (Nakazato et al., 1996). In brief, 9 volumes of type IV collagen solu- 
tion (2 mg/ml) in 1mM HC1 was mixed with 1 volume of 200 mM phosphate 
buffer containing 1.5M NaC1, pH 7.3, at 4°C to obtain a final collagen concen- 
tration of 1.8 mg/ml. An aliquot (500 pl) of the solution was added to each well 
of 24-well Falcon tissue culture dishes. The dish was incubated at 4°C for 5 days 
to form a gel with sufficient rigidity to accommodate cells on top of the gel. 
After replacing the buffer with culture media, 1 ml of cell suspension contain- 
ing 7.2 x lo3 cells was plated gently on each gel, and the cells were grown at 
37°C with 5% C0,-95% air. The medium was replaced every 3 days. Dishes 
coated with aggregated type IV collagen in the nongel form were prepared as 
follows. Nine volumes of type IV collagen solution (2 mg/ml) in 1 mM HCI was 
mixed with 1 volume of 200 mM phosphate buffer containing 1.5 M NaC1, 
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pH 7.3, to give a final collagen concentration of 1.8 mg/ml. The neutralized solu- 
tion was added to 24-well dishes (500 pvwell) and then dried up at 25°C. The 
wells were washed with PBS (-1, followed by further washing with culture 
medium. For preparation of protein-coated dishes, type I collagen solution or 
type IV collagen solution in 1 mM HC1 (100 pg/ml) was placed in 24-well dishes 
(250 @/well) and allowed to adsorb on the dish surface at 37°C for 2 h. Then, 
the wells were washed with PBS (-), followed by further washing either with 
growth medium (for human aorta smooth muscle cells) or with DMEM con- 
taining 10% FBS (for human dermal fibroblasts). Cell morphology was observed 
with a phase-contrast microscope (Model DMIRB, Leica Co., Tokyo) at lOOx 
magnification. 

4. Cell Proliferation Assay 

The cell proliferation assay system, Premix WST-1, which reflects a relative num- 
ber of living cells, was used for the proliferation of human aorta endothelial cells 
according to the manual given by the manufacturer (TaKaRa). After the reagent 
was added to the well, cultured cells were incubated for 1 h and 40 m. 
Absorbance at 450 nm for the color developed was recorded. 

5. Incorporation of Acetylated LDL 

Fluorescein-labeled acetylated LDL(F1TC Ac-LDL) (L-3485) was obtained from 
Molecular Probes, Inc. (Oregon). The endothelial cells were incubated with FITC 
Ac-LDL for 6 h. Cultured cells were photographed with a microscope mode 
changed to fluorescence with excitation at 515 nm. 

B. CULTURE OF HUMAN AORTA SMOOTH 
MUSCLE CELLS ON TYPE IV COLLAGEN AGGREGATES 
WITH A CONTINUOUS CHANGE IN THE 

PHYSICOCHEMICAL PROPERTY 

A hat-like shape gel was constructed by dropping a type IV collagen solution on 
a cover glass. The central region has a domed structure surrounded by a broad 
brim-like region (Yamano et al., manuscript in preparation). In the phase-contrast 
micrograph (Fig. 6 ) ,  the brim region shows a darker background, whereas the 
dome region shows a light background. Human smooth muscle cells were 
cultured on the hat-like shape gel. Cells in the dome region remained as a round 
cell shape at an initial stage of culture (6 h in Fig. 6) and eventually formed 
a multicellular meshwork at a later stage (24 h in Fig. 6), as is seen for cells 
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cultured on the type IV collagen gel. However, cells at the brim region started to 
change cell shape soon after seeding (6 h in Fig. 6), as is so in the culture on the 
nongel form of the type IV collagen aggregates. Results confirmed directly that the 
physicochemical state of type IV collagen proteins determines the cell shape. 

c. CELL MORPHOLOGY OF OTHER SMOOTH MUSCLE 
CELL-RELATED CELLS AND SKELETAL MUSCLE CELLS 
BY CULTURING ON THE TYPE IV COLLAGEN GEL 

Cells covering skeletal muscle cells, fetal fibroblasts, and rhabdomyosarcoma 
cells, as well as smooth muscle cell-related cells, such as hepatic stellate cells and 
ludney mesangial cells, were tested (M. Hirose et al., manuscript in preparation). 
As shown in Fig. 7, all the cells examined showed substrate-dependent morphol- 
ogy on the type IV collagen gel with multicellular meshwork. Human dermal 
fibroblasts tended to show a weaker or shorter influence from the type IV colla- 
gen gel, yet they also took a multicellular meshwork structure for a while. The 
fibroblasts, thereafter, soon enter into the proliferation phase by changing the 
cell morphology to spindle-like, as seen for cells cultured on other substrates. 
In general, the length of the maintenance of the cell meshwork appeared to 
depend on the cell types, presumably because the cells may eventually secrete 
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FIGURE 7 Phase-contrast micrographs of cells cultured on type I or type IV collagen gels. 
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some materials that affect the physicochemical property of the type IV collagen 
gel, such as gelatinases that may cut the type IV collagen molecules. Together with 
the micrographs shown in Fig. 7, it is concluded that cell morphology is deter- 
mined by the physical property of the type IV collagen aggregates in the gel form. 
However, the nongel form of the type IV collagen aggregates did not show any 
particular effects on cell morphology and all the cells show a spindle-like shape 
typical for fibroblast-like cells as seen for other substrates. 

D. EFFECT OF COLLAGEN AGGREGATE ON 

PROLIFERATION OF HUMAN AORTA ENDOTHELIAL CELLS 

The effects of collagen in reconstituted aggregate or in molecular form were exam- 
ined for proliferation of the human aorta endothelial cells. As shown in Fig. 8, the 
molecular forms of the type V collagen, type IV collagen, and type I collagen 
showed a distinct but small difference at day 4 of culture in the order of prefer- 
ential substrate from type IV collagen, type I collagen, and type V collagen. The 
result is consistent with the report that the type V collagen was reported to be an 
antiadhesive or nonadhesive substrate in comparison with the type I collagen that 
is currently used as a substrate for endothelial cell culture. The effects of aggre- 
gates reconstituted from different types of collagen on the cell density were in con- 
trast, especially at day 7 of the cell culture. The type IV collagen aggregates were 

FIGURE 8 Proliferation of human aorta endothelial cells cultured on collagen aggregates. 
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prominent in maintaining the highest density of the cells. In contrast, the effect 
of the type V collagen aggregates was more prominent in repressing the cell 
density at a latest stage of culture (Fig. 8). 

The effects of type IV collagen aggregates on cell proliferation are entirely oppo- 
site, depending on whether the aggregates are in a gel form or not, for smooth 
muscle cells (Fig. 4). The effects of type IV collagen aggregates on human aorta 
endothelial cells in culture appear to be common with smooth muscle cells in 
terms of cell proliferation. Human aorta endothelial cells remain round in shape 
and quiescent when cultured on the gel form of type IV collagen aggregates (data 
not shown). The nongel form of type IV collagen aggregates was the best substrate 
for facilitating the proliferation to the highest cell density (Fig. 8). 

E. EFFECT OF NONGEL FORM OF TYPE IV COLLAGEN 
AGGREGATES ON ADHERENCE OF HUMAN AORTA 
ENDOTHELIAL CELLS 

Human aorta endothelial cells show characteristic morphology (Fig. 9), as well as 
facilitated proliferation, when cultured on the nongel form of type IV collagen 
aggregates. The difference in the overall morphology of endothelial cells among 
the different substrates was particularly marked after a prolonged period of cul- 
ture (Fig. 9). In this sense, type IV collagen aggregates serve as a substrate with 
the highest density of human aorta endothelial cells presumably due to a strong 

FIGURE 9 
aggregates . 

Human aortic endothelial cells cultured on the nongel form of type IV collagen 
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and stable adherence of the cells to the type IV collagen aggregates. On other sub- 
strates, the endothelial cells detach from the substrate and grow on top of other 
cells, resulting in irregularly packed cells after a prolonged culturing period. 
However, human aorta endothelial cells maintained cobblestone-like cell mor- 
phology for a prolonged period of more than 3 months (Fig. 9). Figure 9 shows 
fluorescent micrographs of the cultured endothelial cells after incubation with 
FITC-labeled acetylated LDL, the material that is specifically incorporated by the 
living endothelial cells. 

IV. PERSPECTIVES 

We reported previously that fibrotic or cirrhotic liver shows an altered distribu- 
tion of basement membrane-related collagen (Yoshida et al., 1997). The deposi- 
tion of basement membrane-associated collagen, as detected by the JK132 
monoclonal antibody that recognizes only the nonhelical form of type IV collagen 
a1 chain, increased in the pathological regions of liver tissues. The distribution of 
type IV collagen was delocalized from the region close to epithelial or endothelial 
cells and colocalized with type I collagen. Furuyama et al. (1999) reported that 
the formation of basal lamina structure in cultured cells requires a balanced 
production of basal lamina components. Thus the excessive presence of 
transforming growth factor (TGF)-P inhibits the formation of basal lamina 
because of the overproduction of interstitial matrix components, including type I 
collagen. However, an appropriately low level of TGF-P stimulates the formation 
of basal lamina, presumably because an appropriate production of basal lamina 
component includes type IV collagen. More recently, we found that human cells 
in culture produce and deposit type IV collagen (Takeda et al., 1993; Yoshikawa 
eta!., 20011, but the production is dependent on culture conditions. The level of 
ascorbate is especially crucial in the polypeptide conformation of the type IV 
collagen (Yoshikawa et al., 2001). Thus, depletion of ascorbate affects the cells to 
secrete the type IV collagen a chains in nonhelical form. The nonhelical form of 
type IV collagen polypeptide might well be the basement membrane-associated 
collagen denoted formerly (Kino et al., 1991). 

Few researchers reported that type IV collagen has biological functions. In the 
present report, the effects of type IV collagen aggregates on cell behaviors were 
examined using the type IV collagen as cell culture substrates, implicating 
strongly the biological functions specific for type IV collagen aggregates. Type IV 
collagen aggregates determine the phenotypes of human aorta endothelial cells 
and human smooth muscle cells, depending on the physicochemical properties. 
Not just the biochemical nature but physicochemical properties of the type colla- 
gen aggregates are involved in the stabilization of multicellular architecture and 
thus homeostasis of tissue structure and function in the biological phenomena, 
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such as repeated injury and repair of blood vessels. Some speculations from the 
present results may be made. First, because the hat-like structure was made from 
a drop of the type IV collagen solution, the concentration and aggregate structure 
of the type IV collagen protein are the same. However, the human aortic smooth 
muscle cells responded in a different way entirely, depending on the region of the 
gel. This implies that three-dimensional recognition by the cells, including the 
interaction with solvents or some unknown recognition mechanism, is involved 
in the resultant cell response for cell morphology and proliferation. Another point 
may be more relevant to biological importance. The complex matrix components 
can be found in basal lamina. The copresence of one or more components with 
the type IV collagen aggregates may further change the physicochemical property, 
including gel rigidity. Perlecan, a basal lamina proteoglycan, may well affect the 
physicochemical property of the type IV collagen aggregates through hydration or 
other interactions. 

For a long-term culture of dermal fibroblasts, ascorbate 2-phosphate, a long 
sustainable ascobate derivative, has been used successfully, indicating that the pro- 
duction of type I collagen and collagenous proteins that require ascorbate for the 
syntheses contribute to the formation of a dermis-like structure (Hazeki et al., 
1998). One difficulty in establishment of a long culture of endothelial cells or 
epithelial cells with the differentiated state is to maintain the adherence of the cells 
densely populated on the culture dish. That is, the cells tend to detach from the dish 
after or close to reaching confluence. A long-term culture requires some conditions 
in the culture system, including the adequate establishment of cell-to-cell junctions, 
appropriate extracellular environments, and/or physical or chemical stimulation 
from outside. From the three-dimensional cell culture with the type I collagen gel, 
we noted previously that cultured cells change cell fundamental potentials, includ- 
ing proliferation, migration, and gene expressions in response to the extracellular 
environments (Hayashi et al., 1993). Furthermore, the fibroblasts modify the distri- 
bution of collagen fibrils or contract the type I collagen gel (Yamato et al., 1995). 
The extracellular environments thus changed by the cells in turn affect cellular 
activity. The repetitive interactions of dermal fibroblasts with type I collagen fibrils 
converge into stable dermis-like structures. 

Collagen aggregates, the protein forms in tissues, showed marked effects on 
the density of endothelial cells. Especially the type IV collagen aggregates, under- 
lying the endothelial tissues in vivo under physiological conditions, showed 
apparently the strongest cell adherence in terms of the maintenance of the 
cobblestone-like structure for a long period. In contrast, the type V collagen aggre- 
gates that exist underneath the basal lamina in vivo reduced the cell density. 
We propose an entirely new concept for the effect of type V collagen fibrils on cell 
adhesion. Type V collagen fibrils may interfere with cell spreading to cover the 
whole surface of the culture dish by adhering strongly to the cell surfaces 
(T. Kihara et al., manuscript in preparation). 
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Human aortic endothelial cells cultured on type IV collagen aggregates reached 
the most highly packed density with a cobblestone-like structure. The tissue- 
like structure was maintained up to 3 months or more. Type IV collagen deposi- 
tion was found homogeneously underneath cells cultured on type IV collagen 
aggregates (T. Kihara, manuscript in preparation). However, when the endothelial 
cells were cultured on other substrates, many cells were flat in shape and some 
cells migrated on top of neighboring cells. The cells showed little deposition or 
irregular distribution of type IV collagen. It appeared that type IV collagen aggre- 
gates provide the best substrate for human aorta endothelial cells to enter into a 
favorable spiral of the interactions between cells and the matrix to form and 
maintain the endothelial tissue-like structure. Finally, it should be noted that 
skeletal muscle stem cells fused into myotubes by culturing on the type IV 
collagen gel. The myotubes eventually contracted spontaneously (So et al., 
personal communications). 

Results that the incorporation activity of acetylated LDL is indistinguishable 
among the cells suggest that cells adhering to the substrate, regardless of the cell 
density, incorporated the acetylated LDL. Thus, acetylated LDL incorporation 
activity, a good marker for endothelial cell function, is not necessarily a good 
marker for endothelial tissue function. Because distributions of the cells and 
fluorescence are colocalized, evaluation for the tissue-like function may need 
other activities, such as bamer functions, against the penetration or crossing of 
cells or materials. 

V. CONCLUSION 

Proliferation and differentiation of human aorta endothelial cells and smooth 
muscle cells in culture are dependent on the aggregate forms or nongel and gel 
form as well as collagen types. The particularly prominent effects were seen for 
type IV collagen aggregates. Extracellular environments are one of the most 
fundamental elements for the maintenance or the restoration of human aorta 
endothelial tissues and smooth muscle tissues. Type IV collagen aggregates could 
comprise such tissue constituents, especially for endothelial, epithelial, muscular 
adipose, or neural tissues that contain the cells in direct contact with the basal 
lamina. 
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Proteoglycans/glycosaminoglycans comprise a collection of macromolecules that 
surround the plasma membrane of cell and constitute part of the substrate upon 
which cells are attached and perform their major functions. The solid frameworks 
needed for the structural support and functional organizations of these assemblies 
are made primarily of cross-linked fibers of collagen embedded in a fine mesh- 
work of proteoglycans/glycosaminoglycans, and sometimes reinforced by 
deposited minerals. Proteoglycans/glycosaminoglycans are involved in maintain- 
ing the transparency of the cornea, the tensile strength of the skin and tendon, 
the viscoelasticity of blood vessels, the compressive properties of cartilage, and 
the mineralized matrix of bones. In addition, proteoglycans play key roles as stor- 
age depots for growth factors and cytokmes, and by virtue of their multifunctional 
properties, they alter the biology of these factors. 

This chapter summarizes general aspects of proteoglycans/glycosaminoglycan 
slightly and focuses on chondroitin sulfate/dermatan sulfate proteoglycans and 
hyaluronan in normal and cirrhotic liver. 

I. INTRODUCTION 

Although the extracellular matrix is only a small component of the liver, it has a 
crucial role, not only in providing a structural framework, but also in maintaining 
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the differentiated state of the hepatocyte (Martinez-Hernandez, 1984). This role 
of the hepatic matrix has been demonstrated dramatically in cell culture, where 
the hepatocyte phenotype is dependent on the nature of the matrix substratum 
upon which it is cultured (Rojikind et al., 1980). Furthermore, in vivo as a conse- 
quence of chronic injury, there are radical changes in hepatic matrix composition, 
distribution, excessive accumulation, transformation of sinusoids into capillaries, 
and appearance of basement membranes along the space of Disse (Martinez- 
Hernandez, 1985). The consequence of these changes is hepatic failure. They 
consist of mainly collagen types I, 111, and IV, fibronectin, laminin, and glycos- 
aminoglycans/pro teoglycans. 

A. PROTEOGLYCAN 

Proteoglycans are a set of ubiquitous proteins found on cell surfaces and incor- 
porated into extracellular matrices. Proteoglycans are a diverse set of macromole- 
cules. Their protein cores can consist of polypeptide chains as small as 10 kDa or 
as large as 400 kDa; they can be soluble or insoluble; they can be membrane span- 
ning, lipid tailed, or secreted; and they can carry only a single glycosaminoglycan 
chain, or well over a hundred. Traditionally, proteoglycans were found to be on 
the surface of cells and in the extracellular matrix, and the sequences of the core 
proteins deduced from cDNA clones indicate that they contain structural features 
that place them in one of these two locations (Table I). The core proteins of cell 
surface proteoglycans have a transmembrane segment, a small cytoplasmic 
domain, and a larger, although somewhat featureless, extracellular domain. The 
core proteins of extracellular matrix proteoglycans lack a transmembrane segment 
but have multidomain core proteins that often have homology to the structural 
glycoproteins of the cell surface and extracellular matrix (Table I). Some of the 
proteoglycans in each of these subdivisions have homologous core proteins, and 
therefore can be grouped into families (Table I). Unlike most protein, which are 
grouped into families on the basis of amino acid similarities alone, proteoglycans 
are also able to be defined by a common type of posttranslational modification: 
the glycosaminoglycan (GAG). 

B. GLYCOSAMINOGLYCAN 

GAGs are polysaccharides that are quite different from the N- and 0-linked 
oligosaccharides found on most cell surface and secreted proteins, and GAGs 
strongly influence the structure and molecular interactions of the proteins to 
which they are attached. Given that GAGs are among the largest of protein- 
bound polysaccharide moieties, one might expect GAGs to exhibit an almost 
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TABLE I Proteoglycan Gene Families 
~ 

Cell surface Syndecan family 
Syndecan-l/syndecan/B-B4/CDl38 
Syndecan-Zlfibrogl ycan 
Syndecan-3/N-syndecan 
Syndecan-4/ryudocan/amphiglycan 

Glypican- I/GPC l/glypican 
Glypican-Z/GPCZ/cerebroglycan 
Glypican-3/GPC3/0CI-5,/MXR7 
Glypican-4/GPC4/K-glypican 
Glypican-5/GPC5 

Orphans 
NG2 
Betaglycan 
RPTPjYphosphacan 
Neuroglycan C 
CD44 

Decorin/DSPGII 
Biglycan/DSPGI 
Fibromodulin 
Lumican 
Epiphycan/PG-Lb 
Keratocan 
Mimecan 

Aggrecan 
Versican/PG-M 
Neurocan 
Brevican 

Collagen WPG-Lt 
Collagen XI1 
Collagen XVIIl 

Perlecan 
Bamacan 
Agrin 
Serglycin 

Glypican family 

Extracellular matrix Small leucine-rich proteoglycans (SLRPs) family 

Hyaluronan-binding proteoglycan family 

Collagenous family 

Orphans 

indecipherable degree of complexity. Yet their structures are surprisingly easy to 
understand: GAGs are linear polymers; there are no branches such as found in 
N-linked oligosaccharides. Except for the short linkage region by which GAGs are 
attached to the serine residues of protein cores, each GAG is synthesized from 
only two monosaccharides, strung together in strictly alternating fashion. There 
are only three such disaccharides repeat units that can be polymerized onto 
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proteins in this fashion, giving rise to three basic “parent polymers” from which 
all protein-bound GAGs are fashioned. Following polymerization of these simple 
chains (the lengths of which are variable), certain types of enzymatic modifica- 
tions are carried out on the sugars themselves. 

C. STRUCTURES OF GLYCOSAMINOGLYCANS 

The GAGs heparin and heparan sulfate are both derived from the parent polymer 
[D-glUCrOniC acid p( l+ 4)D-N-aCetyl glucosamine a( 1 -+ 4)In, the disaccharides 
of which are then subjected to any or all of five different chemical modifica- 
tions (epimerization of glucronate to iduronate, N-acetylation/N-sulfation, and 
0-sulfation at position 2 of iduronate and position 3 and/or 6 of glucosamine). 
Chondroitin sulfate and dermatan sulfate are also GAGs that derived from the 
same starting polymer [D-gluCrOniC acid p( 1 -+ 3)D-N-aCetyl galactosamine 
p( 1 -+ 4)],. Both may be modified by sulfation at position 2 of the uronic acid and 
position 4 or 6 of the amino sugar. N-sulfation does not occur. The distinction 
between chondroitin sulfate and dermatan sulfate involves epimerization of 
glucuronic acid to iduronic acid; if this modification is found at high frequency, 
the GAG is called dermatan sulfate; if not, it is called chondroitin sulfate. Keratan 
sulfate differs from its parent polymer, [D-galactose p(1+ 4)~WacetyI ghcos- 
amine p( l+  3)In, only by 0-sulfation at position 6 of glucosamine and/or posi- 
tion 6 of galactose. Keratan sulfate is unique in that it can be synthesized not only 
as an 0-linked sugar attached to serine (as are other GAGs), but also as an 
N-linked sugar. Hyaluronan differs from other GAGs in that it is not synthesized 
attached to protein (so it is not a part of proteoglycans) and is not modified 
further from the structure of its parent polymer, [D-glUCrOniC acid p( l+ 3)D-N-aCetyl 
glucosamine p( l+  4)In. Hyaluronan polymers can be extremely long, with 
molecular masses in the millions. 

D. FUNCTIONS OF PROTEOGLYCANS 

The functions of proteoglycans are only just beginning to become clear, but much 
progress has been made in a decade. For the sake of discussion, it is convenient 
to divide known functions into those that can be mediated by core proteins with- 
out the participation of GAG chains and those that can be mediated by GAG 
chains without the participation of core proteins. In reality, this distinction may 
not always be clear-cut, as some functions may involve the participation of both 
core protein and GAG, at least under some conditions. 

A particularly good example of core protein-mediated function is the ability 
of small leucine-rich extracellular matrix proteoglycans to regulate collagen 
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fibrillogenesis in vitro, which also appears to be an essential function of at least 
one of the proteoglycans (decorin) in vivo (Danielson et al., 1997). It has also been 
demonstrated that decorin, biglycan, and fibromodulin among these small pro- 
teoglycans are able to interact in vitro with transforming growth factor (TGF)-P, 
which is a profibrotic key mediator in tissue fibrosis (Yamaguchi et al., 1990; 
Hildebrand et al., 1994). The affinity to TGF-P is similar for all, and it has been 
suggested that these proteoglycans may be able to sequester an overwhelming 
amount of TGF-P into the matrix and thus control its biological effects. The 
betaglycan core protein also binds TGF-P with rather high affinity and alters the 
ability of different TGF-P isoforrns to interact with signaling receptors (Lopez- 
Casillas et al., 1993). The binding of proteoglycans of the aggrecan family, aggre- 
can, versican, neurocan, and brevican, as well as CD44, to hyaluronan also 
represents a core protein-mediated interaction. 

GAG-dependent functions can be loosely subdivided into two classes: the bio- 
physical and the biochemical. The former refers to functions that depend on the 
unique biophysical properties of GAGS-the ability to fill space, bind and organ- 
ize water molecules, and repel negatively charged molecules. The large quantities 
of chondroitin sulfate and keratan sulfate found on aggrecan, for example, are 
thought to play an important role in the hydration of cartilage. In contrast, the 
heparan sulfate on the ludney glomerular basement membrane proteoglycan 
is thought to play a role in filtration, impeding the passage of anionic serum 
proteins into the urine (Kanwar et al., 1980). 

The other functions of GAGs are those that are mediated by specific binding 
to proteins. Many GAG-protein interactions have been reported. For some of 
these proteins, all that is known is that they bind to a GAG affinity column (e.g., 
heparin-agarose) under physiological conditions of salt and pH. For others, affin- 
ity constants have been measured (Kd tend to be in the range of lop6 to M), 
whereas for still others, direct evidence for interaction with proteoglycans has been 
obtained (e.g., copurification, proteoglycan-dependent binding to cells). Only in a 
few cases have clear physiological functions been associated with GAG-protein 
interactions, but those case that have been well studied include (i) regulation 
of the activity of protease and antiproteases, (ii) regulation of cellular response 
to growth factors, (iii) regulation of cell-cell and cell-matrix interactions, 
(iv) regulation of extracellular matrix assembly and structure, and (v) irnmobiliza- 
tion of diffusible molecules. In these interactions, proteins that bind GAGs tend 
to recognize contiguous stretchs of 6-14 monosaccarides (Lander et al., 1994). 
Given the number of covalent modifications that are possible on each disaccha- 
ride unit, the number of GAG sequences with which proteins can potentially 
interact is very large, especially for GAGs of the heparin/heparan sulfate family 
(which can exhibit any of five different modifications per disaccharide, alone or in 
various combinations). Studies on antithrombin 111 have demonstrated that 
proteins can be extremely selective for some GAG sequences (Lam et al., 1976; 
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Lindahl, 1984). This protease inhibitor binds with high affinity only to heparin 
or heparan sulfate species that contain at least one pentasaccharide in which a 
strictly specified pattern of modifications (including the relatively uncommon 
3-0-sulfation of glucosamine) is present. Absence of this pentasaccharide reduces 
GAG affinity approximately 1000-fold and accounts for the very different ability 
of different tissue heparan sulfates to stimulate antithrombin activity. To date, no 
other molecules have been shown to exhibit such strong sequence-dependent 
selectivity for naturally occumng GAG species (although 10- to 20-fold differ- 
ences have been reported, but studies on the binding of growth factors to GAG 
fragments suggest that additional examples of strong sequence-selective binding 
in vivo will eventually be established) (Habuchi et al., 1992; Ashikari et al., 1995; 
San Antonio et al., 1993; Guimond et al., 1993; LortatJacob et al., 1995; Turnbull 
et al., 1992). 

11. CHONDROITIN SULFATE/DERMATAN SULFATE 
PROTEOGLYCANS IN LIVER RETICULIN FIBER 

The hepatic extracellular matrix plays an important role in liver function in the 
normal state. Among them, the basement membrane-like extracellular matrix in 
the space of Disse has a crucial role for the hepatocyte to express various func- 
tions. They consist of collagen types I, 111, and IV, fibronectin, laminin, and 
GAGs/proteoglycans (Bianchi et al., 1984; Geets et al., 1986, 1990; Martinez- 
Hernandez, 1984, 1985; Voss et al., 1986). It is believed that the excessive and 
disorganized deposition of ECM components may be directly responsible for the 
deranged hepatic function characteristic of the cirrhotic state. Not only in the cir- 
rhosis state but also in regeneration, changes of the ECM components in the 
space of Disse were observed (Yada et al., 1996). These matrix components were 
partially prepared as a fiber complex by Koide et al. (1989) as reticulin fiber. 

Developments in cell culture technology have made possible long-term survival 
and partial maintenance of differentiated functions of hepatocytes in primary cul- 
tures. In particular, hepatotropic growth factors in combination with other solu- 
ble factors, i.e., nutrient supplements, hormones, and trace elements, allow the 
maintenance of normal adult hepatocytes in serum-free medium. Adult rat hepa- 
tocytes in primary culture are known to form a monolayer, but rapidly lose dif- 
ferentiated functions on adherent substrates such as collagen and anchorage 
glycoproteins. Furthermore, the extracellular matrix and its components are used 
as culture substrata to improve the attachment and survival of the cultured hepa- 
tocytes; materials used as substrata include a biomatrix composed of fibers iso- 
lated from liver tissue, collagens, laminin, and fibronectin (Rojilund et al., 1980). 
However, the full maintenance of the differentiated functions of hepatocytes 
in vitro is still difficult, and in all cases reported, albumin secretion decreased 
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gradually when the cells were cultured for 4 or 5 days. Hepatocytes in vivo are 
surrounded by framework connective tissues in the space of Disse, namely 
reticulin fibers, to which the hepatocytes are probably anchored and which are 
thought to play a crucial role for hepatocyte to express many differentiated functions. 

A. SPHEROID FORMATION OF ADULT RAT 

HEPATOCYTES ON PROTEOGLYCAN SUBSTRATA 

We have isolated reticulin fibers from liver tissues by the procedure described by 
Rojihnd et al. (1980), with a minor modification. We have also characterized 
matrix components from the reticulin fibers and examined their abilities to sup- 
port the expression of liver-specific functions of hepatocytes in primary culture as 
substrata. Interestingly, when the proteoglycan fraction of reticulin fibers was 
used as the substrate, hepatocytes formed floating spherical aggregates (spheroid) 
(Shinji et al., 1988). A spheroid 120-150 pm in diameter was composed of five 
to six cell layers with a surface layer of relatively thinner cells and an inner layer 
of cuboidal cells. Electron microscopy revealed that each hepatocyte, even at the 
second week of culture, had a large round nucleus and abundant cytoplasmic 
organelles as observed in hepatocytes in vivo, and in each, cells were in close contact 
with junctional complexes such as desmosomes. The junctional complexes and 
bile canaliculus-like structures, both of which were scarcely found in monolayer 
culture, were also identified between hepatocytes near the surface layer (Koide 
et al., 1990). Cells in the spheroid showed only low growth activity. Albumin 
production by the spheroids increased up to 1.5 pg/pg DNA/day (180 pg/mg 
protein/day) during the first 6 days and remained constant thereafter (Koide et al., 
1989). In contrast, albumin production by the monolayer decreased markedly 
after 4 days (Koide et al., 1989). The spheroid culture appears to be more suitable 
than the monolayer in studying differentiated functions of adult rat hepatocyte. 

Components of the isolated proteoglycan fraction migrated as a double band at 
200 and 108 kDa on SDS-polyacrylamide gel electrophoresis stained by Alcian 
blue and Coomassie blue, respectively (Fig. 1, lanes a and c). After digestion with 
chondroitinase ABC to remove most of the chondroitin sulfate/dermatan sulfate 
(CS/DS) chains, there was no staining with Alcian blue (Fig. 1, lane b) and there 
was single core protein band in Coomasie blue, which was of 45 kDa (Fig. 1, 
lane d). Antibodies raised against decorin were used for immunoblotting of the 
proteoglycans. The antibodies recognized the 108-kDa diffused band before chon- 
droitinase digestion and the 45- to 47-kDa band after chondroitinase digestion, 
respectively. These results suggested that one of the proteoglycans was decorin 
(108 kDa). Another proteoglycan, the 200-kDa component, was thought to be 
biglycan based on the mobilities of both the intact form and the core molecular 
form on SDS-polyacrylamide gel electrophoresis. Their glycosaminoglycan 
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FIGURE 1 SDS-PAGE and Western blotting of human liver reticulin fiber proteoglycans before and 
after chondroitinase ABC digestion. Proteoglycans purified by ion-exchange chromatography from the 
extract of human reticulin fiber were subjected with (b, d, and f ) or without (a, c, and e) chondroiti- 
nase ABC digestions and then separated by SDS-PAGE under reducing conditions. Gels were stained 
with Alcian blue, pH 1.0 (a and b), or C.B.B (c and d). Proteoglycans were transferred to a nitrocellu- 
lose membrane, and membranes were stained with anti-PG40 (anti-human decorin; e and f). 

compositions of the proteoglycans were shown as a relatively high content of 
iduronic acid, and this result suggested that the proteoglycans bore a dermatan 
sulfate/chondroitin sulfate hybrid chaink) . 

In order to determine which parts of the dermatan sulfate proteoglycan (DSPG) 
molecules are responsible for the effect, an experiment was conducted where the 
dermatan sulfate chains were selectively removed with chondroitinase ABC, and the 
resultant core proteins were used as substrata. This enzymatic removal of GAG 
moiety from proteoglycan fractions completely abolished the effects. Other purified 
chondroitin sulfate and/or dermatan sulfate proteoglycans, aggrecan, versican/PG-M, 
decorin (from rat skin), but not perlecan from EHS tumor, were also responsible 
for the spheroid formation, and enzymatic removal of these GAG moieties also 
abolished the effect as same as the liver DSPGs. As a result, we concluded that 
chondroitin sulfate/dermatan sulfate moieties of these proteoglycans were important 
for spheroid formation. However, GAG alone, chondroitin sulfate, dermatan sulfate, 
heparan sulfate, hyaluronan, chondroitin, and heparin were shown to have partial 
or little effect for spheroid formation as substrata, described previously (Shinji 
et al., 1988). Together, the results indicate that neither dermatan sulfate-free core 
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proteins nor core protein-free dermatan sulfate chains are capable of supporting 
spheroid formation as substrata and that the molecular form consisting of der- 
matan sulfate chains attached to a core protein is essential for its activity. It was 
thought to be important that dermatan sulfate chains were immobilized on the 
surface of culture dishes. In vivo, proteoglycans are fured topologically onto other 
ECM molecules by the specific association of core proteins with them; the CS/DS 
chain positioned extracellularly might also provide a microenvironment suitable 
for maintaining hepatic functions. 

B. IDENTIFICATION OF THE PRINCIPAL CELLULAR SITE 
OF LIVER CS/DS PROTEOGLYCAN SYNTHESIS 

In view of the possible functional importance of small proteoglycans, it seemed 
desirable to identify the type of liver cell responsible for their production. 

The biosynthesis of GAGS by parenchymal and nonparenchymal liver cell has 
been studied extensively by metabolic labeling of GAG chains with [35S]sulfate or 
[3H]glucosamine (Gressner and Schafer, 1989). GAGS produced by freshly iso- 
lated hepatocytes are almost entirely intracellularly and pericellularly localized 
heparan sulfate (Meyer et al., 1990), according for about 90% of the total. Only 
10-20% of GAGS are secreted into the medium. There is no evidence for the 
synthesis of hyaluronan by parenchymal cells. Hepatocytes probably do not 
contribute to the synthesis of ECM proteoglycans/GAGs. Among the non- 
parenchymal, sinusoidal liver cell types, hepatic stellate cells (HSC), synony- 
mously termed Ito cells, fat-storing cells, perisinusoidal lipocytes, and vitamin 
A-storing cells have been recognized as the main important cellular sites of pro- 
teoglycan production in liver (Bissell et d., 1990; Ramadori, 1991). These cells, 
devoted in healthy liver primarily to the storage and metabolism of retinoids, are 
of stellate shape. They are localized in the space of Disse in deep recesses between 
adjacent hepatocytes; the cell processes surround the endothelial lining of the 
sinusoid. Numerous immunohistochemical studies have shown that these cells 
proliferate (Geerts et al., 1991), transform via transitional cells into myofibroblast- 
like cells, and produce significant quantities of interstitial collagens (Friedman, 
19901, structural glycoproteins, and proteoglycans (Gressner and Bachem, 1990) 
in the area of necroinflammation. In comparison with cultured HSC, hepatocytes 
and Kupffer cells produce below one-tenth of GAGs (Gressner and Schafer, 1989). 
The profiles of 35S-labeled GAGs in HSC and Kupffer cells are significantly differ- 
ent from that of parenchymal liver cells. In the latter cell type, HS contributed 
about 90% and CS and DS comprised less than 10% of total labeled GAGS 
(Gressner and Schafer, 1989). In the medium of HSC cultures, DS and CS were 
found to be the major fractions, whereas only trace amounts of HS were measured. 
HSC secreted nearly 11 times more labeled CS and even 900 times more DS into 
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the medium than the corresponding hepatocytes (Gressner and Schafer, 1989). 
Hyaluronan synthesis was measured almost exclusively in HSC (Gresner and 
Haarmann, 1988). These data suggest that HSC are the most active cell type in 
the synthesis of GAGS in ECM. 

Cultured HSCs transform into myofibroblast-like cells spontaneously by long- 
term culture (Gressner, 1991). The synthesis of GAGS in these cells increased several- 
fold during transformation of HSCs into myofibroblast-like cells (Gressner, 1991). 

FIGURE 2 Identification of proteoglycan secreted from transformed HSC culture. Transformed HSC 
secreted predominantly mature and immature biglycans in the medium. HSC, hepatic stellate cell; 
CMPG, proteoglycan fraction from culture medium; CSase, chondroitinase ABC; HSase, heparitinase. 
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Thus, myofibroblast-like cells have been identified as the principal cellular 
source of GAGS in fibrotic liver, as deduced from their ability in vitro to synthesize 
and secrete large amounts of and a broad spectrum of sulfated GAGS (Arenson 
et al., 1988; Gressner, 1991). Actually, the pattern of secreted GAGS by transformed 
HSC, mainly of the chondroitin sulfate and dermatan sulfate, resembles that estab- 
lished in the fibrotic liver extracellular matrix (Gressner and Bachem, 1990). 

Their core proteins, however, have not yet been characterized. We isolated 
proteoglycan from the culture medium of transformed HSC by the combination 
of CsCl isopycnic ultracentrifugation and anion-exchange chromatography. Then 
the proteoglycan fraction digested with chondroitinase and/or heparitinase diges- 
tion was subjected to SDS-PAGE. The bands of proteoglycans core were subjected 
to amino acid sequencing (Fig. 2). Data show that the sequence from peptide A 
and peptide B matched the one of the propeptide (but with an additional phenyl- 
alanyl residue at N terminus) and the one of the mature peptide sequence from 
rat biglycan. The amino acid sequence from rat decorin was not detected by 
sequencing at all. These results indicate that predominant proteoglycans in the 
culture medium of transformed HSC were mature and immature forms of bigly- 
cans (Fig. 2). HSC clearly expressed both biglycan and decorin transcripts (Meyer 
et al., 1992). The steady-state levels of their mRNAs increased threefold (biglycan) 
and fourfold (decorin) during primary culture (Meyer et al., 1992). Myofibroblast- 
like cells (transformed HSC after the second passage) contained dramatically 
reduced levels of decorin mRNA and lower levels of biglycan mRNA compared 
with primary cultures (Meyer et al., 1992). These results indicate that biglycan 
and decorin are expressed mainly by HSC in vitro and that transformed HSC 
secreted predominantly biglycan as proteoglycan. 

In order to identify the subsinusoidal decorin and biglycan producing cell 
in vivo, we cloned rat cDNAs with these DSPGs and then used cDNAs for in situ 
hybridization. In situ hybridization revealed constitutive biglycan mRNA expres- 
sion in normal liver tissue with the signals distributed over the nonparenchymal 
cells encompassing the periportal tracts (Fig. 3). Decorin gene expression was also 

FIGURE 3 In situ hybridization of biglycan and decorin mRNA in normal rat liver 



66 I. Basic Science of Extracellular Matrix 

detectable in normal liver tissue in a few cells of the nonparenchymal type 
scattered in the periportal tracts (Fig. 3). Immunocytochemical detection of 
desmin performed in parallel showed an identical scattered distribution pattern of 
the HSC as the main source for both of the proteoglycans. These results explained 
the in vitro results. 

C. CHANGES OF GAG COMPOSITION IN FIBROTIC 
LIVER TISSUE 

Fibrotic diseases are characterized by a disproportionate increase and disordered 
deposition of the extracellular matrix, resulting in distortion and loss of organ 
function after tissue injury. 

The amount of GAGs in normal liver is low (about 100 pg uronic acid/g defat- 
ted dry weight) (Kojima et al., 1982; Murata et al., 1985; Stuhlsatz et al., 1982). 
In cirrhotic liver tissue the concentration is elevated frequently more than 5-fold 
(Murata et al., 1985). Four main types of GAGS are known in normal liver, which 
are, in order of decreasing concentrations (fractions): heparan sulfate (HS), dermatan 
sulfate (DS), chondroitin sulfate (CS), and a small fraction of unsulfated chondroitin 
(Murata et al., 1998; Stuhlsatz et al., 1982). KS has not been identified in liver so far 
(Gressner et al., 1977; Stuhlsatz et al., 1982). In liver fibrosis, there is a prepon- 
derant deposition of DS and CS accompanied by a much smaller increase of HS 
(Murata et al., 1985; Stuhlsatz et al., 1982). Hyaluronan is present only in trace 
amounts in normal liver but increases 6- to 10-fold in the cirrhotic ECM (Stuhlsatz 
et al., 1982). It is important to note that the major fraction of GAGs in normal liver, 
i.e., HS, decreases relatively in the cirrhotic organ due to only a 2-fold absolute 
increase. The most prominent relative increase concerns DS and CS (about 10-fold 
each), whereas unsulfated chondroitin increases only 2-fold in cirrhotic human 
liver. The expression of biglycan and decorin transcripts was detected in normal 
liver tissue. Not only GAG but also the relative expression of DSPG cores transcripts 
increased strongly during liver fibrogenesis by common bile duct ligation or thioace- 
toamide administration (Meyer et al., 1992). These results suggest that pathophysi- 
ologically important proteoglycans in fibrotic liver are decorin and biglycan. 

Cytokines have a crucial role in the pathophysiology of fibrosis independent of 
the system involved. Fibrotic diseases are likely the product of an overwhelming 
repair process after tissue injury. The “normal scenario” after injury shows an ini- 
tial expression of proinflammatory cytokines, such as interleulun-1, interleulun-6, 
and tumor necrosis factor-a, which help the immune system eliminate the injuri- 
ous agent. Shortly afterward, other cytokines and growth factors, among them 
TGF-P, connective tissue growth factor, and platelet-derived growth factor, are 
expressed to limit the inflammation in a subtle balance. During the develop- 
ment of fibrosis, however, the profibrotic cytokines are overexpressed and induce 
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overwhelming repair and accumulation of ECM. One of the key profibrotic 
cytokmes is TGF-P, which is chemotactic for fibroblasts, transforms HSCs to 
myofibroblast-like cells, induces the synthesis of matrix proteins and glycopro- 
teins, and inhibits collagen degradation by the induction of protease inhibitors 
and the reduction of metalloproteases. 

Decorin carries a single glycosaminoglycan chain and is widely distributed in 
mesenchymal tissues, associated and bound to collagen, which gains stability 
through this interaction (Danielson et al., 1997). One of the key features of decorin 
knockout mice is fragile skin, probably due to irregularly shaped collagen 
(Danielson et al., 1997). Biglycan has two glycosaminoglycan chains and is local- 
ized closely around cells. The precise physiological role of biglycan is still under dis- 
cussion; various interactions with collagen and glycoproteins have been suggested. 

Decorin, biglycan, and fibromodulin are able to interact with TGF-P, which is 
a profibrotic key mediator in tissue fibrosis and is a natural inhibitor for TGF-P 
signaling in vitro (Yamaguchi et al., 1990; Hildebrand et al., 1994). The affinity to 
TGF-P is similar for all. However, TGF-P has been shown to upregulate the 
expression of decorin and biglycan in vitro. This would suggest the presence of an 
autocrine-paracrine regulatory loop: the bound decorin might serve as a “reser- 
voir” for a sustained release of this cytohne and could thus contribute to a local 
persistence of the fibrogenic process (Bachem et al., 1992). For decorin, in vitro 
data have been confirmed in different disease models in animals, all of them T G F - ~  
mediated. Decorin was successful in reducing experimental pulmonary fibrosis 
induced with bleomycin given either repeatedly as proteoglycan or once as gene 
using adenoviral gene transfer (Kolb et al., 2001). In contrast, biglycan was effec- 
tive in vitro to inhibit TGF-P but failed to reduce the fibrotic tissue response 
in vivo (Kolb et al., 2001). Data suggest that the differences in tissue distribution 
are responsible for the different effects on TGF-P bioactivity in vivo and that 
decorin and biglycan might participate in these process differentially. 

Taken together, these data point to the potentially significant role that proteo- 
glycans might fulfill in the regulation of hepatocyte functions and in the mainte- 
nance of the supramolecular organization of the extracellular matrix in normal 
and diseased liver during the process of fibrogenesis. 

111. HYALURONAN AS A DIAGNOSTIC MARKER 
FOR LIVER CIRRHOSIS 

A. HYALURONAN 

Hyaluronan (HA) is a widely distributed negatively charged polysaccharide, first iso- 
lated from the vitreous humor (Mayer and Palmer, 1934). It has been attributed 
with many biological functions, such as space filling and lubrication, as well as 
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other more specific effects on cell functions. Its simple chemical structure of 
repeating disaccharide units of N-acetyl-D-glucosamine and D-glucronic acid 
linked by p(1-4) and p( 1-3) glycosidic bonds, respectively, belies the range of 
unique viscoelastic and physiological properties of this polysaccharide. It is found 
in all vertebrates, but is yet to be detected in invertebrates and other lower ani- 
mals. It is synthesized by most cells of the human body and is found throughout 
the tissue in a wide range of concentrations; there is an estimated 15 g HA per 
70 kg human (Laurent and Fraser, 1991). HA is of vital importance, as there are 
no known viable individuals laclung the ability to synthesis this polysaccharide, 
and is demonstrated by the early embryonic lethality of hyaluronan synthase-2 
knockout mice (Spicer and Nguyen, 1999). 

HA of vertebrate organisms can exist in many stets, in a variety of sizes, 
in extracellular forms, free in the circulation, loosely associated with cells and 
tissues, tightly intercalated within proteoglycan-rich matrices, such as that of carti- 
lage, bound by receptors to cell surfaces, or even in several intracellular locations. 

HA is a major component of the extracellular matrix during embryogenesis. Its 
appearance and removal at specific locations are precisely controlled during this 
process (Toole et al., 1984). HA also surrounds migrating and dividing cells dur- 
ing tissue regeneration and remodeling. The concentration of HA often decreases 
subsequent to these processes, when differentiation of the cells comes to the fore 
(Toole et al., 1984). HA is an excellent hydrated matrix through which cells can 
migrate (Laurent and Fraser, 19921, and such hydrated pathways can facilitate cell 
passage through bamers of fibers and other cells (Toole, 1981, 1991). This and 
other actions are mediated by its interaction with other ECM components, recep- 
tors, and intracellular proteins (Cheung et al., 1999; Knudson et al., 1999). While 
there are numerous papers describing these interactions of HA with proteins in 
the extracellular space, very little is known about those proteins that deal with 
this ECM component when it is time for its disposal. 

B. CATABOLISM OF HYALURONAN 

The clearance of HA from mammals is brought about almost entirely by its 
catabolism rather than excretion at three main levels (Fraser and Laurent, 1998): 
(1) degradation locally in the tissue where it is synthesized (10-30%); (2) degra- 
dation in the lymph nodes after displacement from the tissues (50-90%); and 
(3) clearance from the blood of that which is not metabolized by the lymph node, 
liver, kidneys, and spleen, in that order of importance. In humans, one-third of 
HA (5 & is turned over daily. Its catabolism, under normal conditions, is a mul- 
tistep intracellular process. The first step in the process occurs in lysosomes with 
the action of hyaluronidase cleaving the HA to oligosaccharides, which are then 
cleaved sequentially by p-D-glucronidase and P-N-acetyl-D-hexosaminidase, 
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resulting in the monosaccharides D-glUCrOIIiC acid and N-acetyl-D-glucosamine 
(Roden et al., 1989). These monosaccharides are then released into the cytoplasm 
for further processing to CO,, ammonia, acetate, and lactate (Roden et al., 1989). 

c. PATHOPHYSIOLOGICAL MECHANISMS FOR 
INCREASED SERUM HYALURONAN LEVELS 

Circulating connective tissue macromolecules are eliminated efficiently by recep- 
tor-mediated endocytosis in liver endothelial cells (LEC). In patients with a sen- 
ously diseased liver, e g ,  in liver cirrhosis or when a transplanted liver is about to 
be rejected, dysfunctional LEC or altered blood perfusion through the liver results 
in significantly increased serum levels of connective tissue macromolecules and 
other substances that are normally taken up by LEC. With the aid of high-affinity 
antibodies or other lunds of binding proteins, it has been possible to measure a 
number of connective tissue macromolecules in the blood, and some of these sub- 
stances have been used to diagnose serious liver disease. However, the metabolic 
patterns of these molecules are such that it is difficult to extrapolate directly on 
the basis of increased serum levels to conclude that the main underlying cause of 
increased serum levels is dysfunctional LEC. Elevated serum levels of many con- 
nective tissue proteins may reflect increased synthesis, increased release from cell 
or tissue depots, and/or decreased removal by LEC. Therefore, to use the mea- 
surement of serum connective tissue molecule levels as indicators of LEC func- 
tion, it is imperative to know the catabolic routes of these substances in health 
and disease. Due to the fact that we presently know more about the total meta- 
bolic pattern of HA than of other connective tissue macromolecules that are 
cleared solely by LEC, serum HA should be used preferentially to monitor the 
function of LEC, particularly in liver transplantation and cirrhosis. 

Simple assays for serum hyaluronan determination make it possible to use it 
as a diagnostic marker for diseases. Because hyaluronan is a component of liver 
fibrosis and is cleared from the blood by LECs, most investigations have been 
made in liver diseases and increased serum level were found in these patients. 
Similar increases in serum hyaluronan levels found in chronic liver diseases of 
different etiologies and pathophysiologies, such as primary biliary cirrhosis 
and chronic viral hepatitis, suggest a common mechanism for these increases. 
Although the pathophysiological mechanisms involved are not fully understood, 
both an increase in hepatic production and a decrease in hepatic removal might 
be involved. Although the role of intrahepatic hyaluronan production in the ele- 
vated serum levels is unclear, there are some arguments in favor of this mecha- 
nism. Hyaluronan is present in basement membranes and collagen fibers, which 
are known to develop in chronic liver diseases, and its liver concentrations 
increase markedly in the fibrotic liver (Gressner and Bachem, 1990). Actually, 
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FIGURE 4 
lated hyaluronan-binding protein was observed in increased fibrotic connective tissues by cirrhosis. 

Hyaluronan accumulation in CC1,-induced cirrhotic rat liver. Strong staining by biotiny- 

large amount of hyaluronan accumulation was observed in connective tissues in 
CCl+-induced cirrhotic liver (Fig. 4). The ability of HSC to synthesize and secrete 
hyaluronan has been documented, and Kupffer cells may be involved in stimulat- 
ing hyaluronan production through the secretion of various mediators (Bachem 
et al., 1989; Gressner and Haarmann, 1988). Increases in hyaluronan production 
may be caused by the induction of HSC proliferation and the synthesis of extra- 
cellular matrix components by inflammation via cytokines, TGF-J3, and so on. 
Among the three hyaluronan synthases, HAS1 and HAS2 were predominant in 
transformed rat HSC. These two synthases in transformed HSC may contribute to 
the increases of hyaluronan production in fibrotic liver. 

Nevertheless, as blood hyaluronan is cleared and degraded by endothelial cells, 
serum levels might be related to pathological mechanisms, which affect sinusoidal 
cell function and impair cellular uptake of circulating hyaluronan. This mecha- 
nism is supported by the observation that in vitvo endothelial cells lose the ability 
to metabolize hyaluronan (Erikksson et al., 1983). The significant correlation 
between serum hyaluronan and histological stage could correspond to morpho- 
logical changes in sinusoidal endothelial cells in patients with late-stage disease. 
Such changes in endothelial cell structure were found in primary biliary cirrhosis 
(Babbs et al., 1990). Hyaluronan receptors may be lost when the sinusoidal 
endothelial cell fenestrations disappear during the development of a true base- 
ment membrane in chronic liver diseases. Results suggest that the measurement 
of serum hyaluronan levels is useful for evaluating the morphological changes in 
sinusoidal endothelial cells that accompany hepatic sinusoidal capillarization 
(Ueno et al., 1993). Zhou et al. (2000) reported that the two main hyaluronan 
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clearance systems in lymphatic tissues and liver were mediated by the same HA 
receptor, hyaluronan receptor for endocytosis (HARE), which was discovered in 
L E G .  Decreases in serum hyaluronan uptake may be caused by a dysfunction of 
HARE or loss of HARE expression in injured L E G  
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CHAPTER 3 

SPARC, a Matricehlar 
Protein That Regulates 
Cell-Matrix Interaction: 
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and Connective Tissue 
Biology 
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SPARC (secreted protein acidic and rich in cysteine) belongs to the matricellular 
class of secreted glycoproteins. Although structurally dissimilar, these proteins 
regulate interactions between cells and their extracellular matrix and feature 
prominently in morphogenesis, development, injury, and repair. SPARC has been 
shown to (i) inhibit the cell cycle; (ii) disrupt cell adhesion; (iii) inactivate cellu- 
lar responses to certain growth factors; (iv) regulate extracellular matrix and 
matrix metalloproteinase production; (v) bind to specific collagens, and (vi) pro- 
mote a rounded cell shape through dissolution of focal adhesions and reorgani- 
zation of the actin cytoskeleton. SPARC-null mice are viable but exhibit 
phenotypic abnormalities associated with the eye, connective and adipose tissues, 
bone, and wound healing. Moreover, cells cultured from SPARC-null vs wild-type 
tissues showed significantly accelerated cell cycles, diminished production of 
collagen and transforming growth factor p-1, enhanced adhesion, and/or altered 
levels of cadherins and matricellular proteins. The expression of SPARC in remod- 
eling tissues, as a consequence of normal development or response to injury, 
coupled with its multiple effects on cells of the vessel wall, has been consistent 
with our proposal that SPARC subserves a fundamental role in vascular morpho- 
genesis and cellular differentiation. 
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I. INTRODUCTION 

One of the unsolved problems in biology concerns the creation of three- 
dimensional form from cells and their associated extracellular matrix. An impor- 
tant element of tissue or organ morphogenesis is the selective effects of secreted 
proteins and other macromolecules on cellular behavior and differentiation. In 
addition to the changes that occur during embryogenesis, the restructuring and 
remodeling of tissues as a result of injury or disease rely on several classes of 
regulatory proteins/proteoglycans that constitute the extracellular environment or 
that function as cell surface-associated molecules. This chapter focuses on a pro- 
totypic member of one of these classes, the matricellular protein SPARC (secreted 
protein acidic and rich in cysteine), and its role in cell and tissue biology. 

11. MATRICELLULAR PROTEINS 

SPARC, together with tenascin C, thrombospondins 1 and 2, osteopontin, and 
several other proteins, as well as certain proteoglycans (Sage, ZOOl), belongs to a 
group of secreted macromolecules that interact with cell surface receptors, growth 
factors, proteinases, and/or extracellular matrix components, but in most cases do 
not function as extracellular scaffolding (Bornstein, 1995). These proteins, which 
are structurally unrelated, are characteristic of remodeling tissues and appear col- 
lectively to modulate interactions between cells and the extracellular matrix or 
milieu (Bomstein, 2001; Murphy-Ullrich, 2001; Sage, 2001; Sage and Bornstein, 
1991). Disruption of the matricellular genes mentioned earlier has resulted in 
phenotypes that initially appeared subtle. Closer examination, however, revealed 
characteristics that were not only surprising, but in many cases were dependent 
on injury or challenge (Brekken et al., 2000; Crawford et al., 1998; Denhardt 
et al., 2001; Kyrialudes et al., 1998; Yan and Sage, 1999). 

As a prototypic matricellular protein, SPARC (also known as osteonectin and 
BM-40) is prominent during embryonic morphogenesis, as well as in tissues 
undergoing normal turnover or repair (Bradshaw and Sage, 2001; Ringuette et al., 
1992). It has been implicated in the regulation of tumor progression and might 
be diagnostic of invasive meningiomas (Ledda et al., 1997; Rempel and Gutierrez, 
1999). Various functions described for SPARC, as a result of experiments con- 
ducted on different types of cells in vitro, are listed in Table I. The perceived com- 
plexity of activities attributed to SPARC can be summarized as two rather broad 
functions: (i) inhibition of cell adhesion and (ii) inhibition of cell proliferation. 
The former is achieved in part via a tyrosine phosphorylation-dependent pathway 
involving focal adhesion proteins and via the regulation of extracellular matrix by 
SPARC (Brekken and Sage, 2000; Murphy-Ullrich et al., 1995). In contrast, inhi- 
bition of proliferation is achieved through specific mechanisms in different types 
of cells, e.g., by diminution of the levels of cyclin A protein, phosphorylation of 
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TABLE I Functions Attributed to SPARC in Vitro 

Inhibits cell spreading 

Diminishes focal contacts 

Inhibits cell cycle in late GI 

Regulates activity of PDGF, VEGF, and FGF-2 

Releases bioactive peptides through proteolysis 

Undergoes nuclear translocation 

Regulates production of extracellular matrix and TGF-P 

retinoblastoma protein, and/or the activity of cyclin E-associated cyclin-dependent 
kinase (cdk)-2; by inhibition of phosphorylation of the mitogen-activated protein 
kmases Erk 1 and 2; by the inhibition of phosphorylation of fibroblast growth 
factor (FGFI-receptor 1 and vascular endothelial growth factor (VEGF)-receptor 1 ; 
and by a direct binding interaction between SPARC and platelet-derived growth 
factor (PDGFI-B chain or VEGF (Kupprion et al., 1998; Motamed et al., 2002; 
Raines et al., 1992). Thus, there appear to be several potential pathways by which 
SPARC interacts with cells. To date, a specific cell surface/transmembrane recep- 
tor for SPARC has not been found. It is known, however, that SPARC binds to cell 
surface-associated proteins, including vitronectin, fibronectin, types I and IV col- 
lagen, cytokeratin 18, and serum albumin (Brekken and Sage, 2000). It is also a 
possibility that SPARC acts as an antagonist of integrin-extracellular matrix inter- 
actions or of interactions between certain of the intercellular adhesion proteins 
termed cadherins. 

A diagram of SPARC with its three identified modules is shown in Fig. 1. The 
structures of the follistatin-like and EC modules have been solved by X-ray crys- 
tallography (Hohenester et al., 1997), and the functions of certain subdomains 
within each module have been demonstrated by the use of synthetic peptides. It 
is important to note that SPARC presents two “faces”-one of which interacts 
with the cell surface and the other with the extracellular matrix. Thus, the pro- 
posed function of a matricellular protein as a mediator of cell-matrix interactions 
could be achieved. 

SPARC belongs to a gene family that includes SC-l/hevin, QR1, testican, tsc36, 
and SPARC-related gene (Brekken and Sage, 2000; Yan and Sage, 1999). The 
translation products each have the three signature modules, with SC-1 exhibiting 
the highest similarity to SPARC (61% in the EC domain). Using degenerate 
primers representing the most highly conserved regions in SPARC, SC 1, and QR1, 
we identified a 300-bp SC1 cDNA in a primary polymerase chain reaction screen 
of a mouse brain library. This cDNA was used to obtain a full-length clone, which 
hybridized to a 3.2-kb mRNA expressed at moderate levels (relative to brain) in 
mouse heart, adrenal gland, and lung and at lower levels in other organs 
(Soderling et al., 1997). In contrast to SPARC, which is abundant in cultured cells, 
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FIGURE 1 Structure of SPARC protein: A ribbon diagram derived from crystallographic data shows 
the three modules of SPARC. Activities that have been identified for different domains are shown 
beneath the designated amino acids. The follistatin-like domain contains a growth-inhibitory peptide 
(green) and an angiogenic peptide (KGHK, amino acids 114-130) (black). The E-C domain contains 
peptide 4.2 (amino acids 255-274) (yellow). From Brekken and Sage (ZOOO), with permission. 

SC1 mRNA was not evident in endothelial cells, smooth muscle cells, or fibro- 
blasts cultured from rat, bovine, mouse, and human tissues. We noted a consis- 
tent distribution of SC1 mRNA in vessels of all organs that we examined, although 
some capillaries and large vessels were negative. Although the expression patterns 
of SC1 and SPARC are not coincident, there is appreciable overlap (Soderling 
et al., 1997; R. Brekken et al., unpublished experiments). Secreted SC1 might 
therefore be available to cells that are unable to produce SPARC, e g ,  SPARC-null 
mice. Interestingly, monoclonal antibodies against mouse recombinant SC 1 that 
react with angiogenic vessels have been produced in our laboratory (Fig. 2; 
R. Brekken et al., unpublished experiments). Because SC1 shares both structural 
and functional properties with SPARC, and there is some overlap with respect 
to tissue-specific expression, it is not unreasonable to propose that SC1 could 
compensate functionally for SPARC, at least in certain tissues. This possibility is 
enhanced by the observation that bioactive peptides can be produced by the 
proteolytic cleavage of SPARC (Sage, 1997) and, presumably, of homologous 
regions in SC 1. 
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FIGURE 2 Immunohistochemical reactivity of murine monoclonal anti-SPARC and anti-SC1 
antibodies on a NCLH358 human nonsmall cell lung carcinoma xenograft. Eight micrometer frozen 
sections of NCI-H358 human tumor cells grown in SClD mice were stained according to the indirect 
immunoperoxidase technique and were counterstained with hematoxylin. Both blood vessels and 
tumor stroma, but not the tumor cells themselves, display immunoreactivity with anti-SPARC (top) 
and anti-SC1 antibodies (bottom). 
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111. SPARC-NULL MICE 

Dr. C. Howe performed targeted disruption of the SPARC gene by homologous 
recombination in 129/SVJ ES cells, and Dr. Evans's laboratory performed a simi- 
lar experiment with a different targeting vector (reviewed in Yan and Sage, 1999). 
Cataractogenesis with 100% penetration was seen in two different strains of mice 
maintained in separate facilities (also in a 129/SVJ xC57B1/6J strain). Crosses 
between heterozygotes produced a Mendelian distribution of wild-type, heterozy- 
gous, and homozygous mutants; neither SPARC mRNA nor protein was detected 
in the SPARC-null animals. A strilung finding, consistent with our previous obser- 
vations that SPARC changes cell shape, was that the epithelial cells and second- 
ary fibers of lenses in SPARC-null mice showed grossly altered shapes, relative to 
those of wild-type littermates. Other characteristics of SPARC null mice include 
early-onset osteopenia, accelerated dermal wound healing, enhanced invasion 
and angiogenesis in subcutaneous sponge implants, and alterations in adipose 
and connective tissues (Table 11). Ablation of SPARC in both Cuenorhubditis 
elegans and Xenopw laevis has also produced morphological abnormalities that are 

TABLE I1 Phenotypes Associated with the Inactivation of SPARC 

Organism Technique Phenotype 

Caenorhabditis elegans" cRNA interference Embryonic lethality 

Lack of gut granules 

Abnormal gonads 

xenopus faevisb Antibody block Bent, shortened embryonic axes 

Abnormal eye development 

Mw musulw Gene-targeted deletion CataractsC 

Accelerated dermal wound healingd 

Abnormal dermal collagen fibrilse 

Kinked tailse 

Osteopeniaf 

Increased deposition of fatg 

'From Fitzgerald and Schwarzbauer (1998). 
bFrom Purcell et al. (1993). 
'From Yan and Sage, (1999). 
dFrom Bradshaw et al. (2002a). 
eFrom Bradshaw et al. (2002b). 
'From Delaney et al. (2000). 
gFrom Bradshaw and Sage (2001). 
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consistent with roles for SPARC in the regulation of cell proliferation, migration, 
and differentiation (Table 11). 

Cells cultured from SPARC-null mice exhibit altered morphologies. For exam- 
ple, mesangial cells (a smooth muscle-like cell in the renal glomerulus) show dif- 
ferences in the configuration of the actin cytoskeleton, are more difficult to detach 
by trypsin treatment, and have more focal contacts relative to wild-type cells 
(Bradshaw and Sage, 2001). This observation is consistent with the counteradhe- 
sive properties of SPARC on cultured cells and argues for consistency between 
experiments performed on cells with exogenous SPARC vs those with a genetic 
deletion of SPARC. Earlier studies on cultured endothelial cells showed that 
exogenous SPARC decreased their production of fibronectin and thrombospondin 
1 and enhanced that of plasminogen activator inhibitor-1 (reviewed in Brekken 
and Sage, 2000). Franclu et al. (1999) showed that SPARC-null mesangial cells 
produced significantly diminished levels of type I collagen and TGF-P1 mRNA 
and protein relative to wild-type cells. A positive autocrine loop, in which TGF-Pl 
modulates the levels of type I collagen mRNA, was proposed in this study. This 
mechanism could account for the diminished production of the extracellular 
matrix seen in SPARC-null mice with bleomycin-induced pulmonary fibrosis 
(Strandjord et al., 1999) and would be consistent with certain of the alterations 
in connective tissue characteristic of mice that develop in the absence of SPARC 
(see later). 

As described in Table 11, mice laclung SPARC exhibit abnormal connective 
tissue. A strilung phenotype is evident in slun. Although SPARC-null animals do 
not appear to have overt blistering disorders, the slun of the animals is more frag- 
ile and easily tom. These properties of SPARC-null skin could reflect a deficiency 
in dermal-epidermal anchoring or collagen fibril stability. Sections of slun show 
an increased disorganization of the collagen fibrils in SPARC-null relative to wild- 
type tissue. Interestingly, SPARC-null animals have curly tails, a characteristic that 
might additionally reflect defective collagen fibers. Thrombospondin 2-null mice 
also display abnormal collagen fibrils and hyperflexible tails that can be knotted 
(Kyrialudes et al., 1998). 

Excisional wounds made in the dorsa of SPARC-null and wild-type mice were 
measured over time to determine the rates of healing. A significant decrease in the 
size of the SPARC-null wounds was observed at day 4 and was maximal at day 7 
(Bradshaw et al., 2002a). No substantial differences in the amount of granulation 
tissue or in the deposition of specific extracellular matrix components were 
detected in SPARC-null vs wild-type wounds, nor were there significant differ- 
ences in the percentage of proliferating cells. However, SPARC-null dermal cells 
migrated more rapidly than wild-type cells in assays that involved partial removal 
of cell monolayers. As SPARC is known to diminish the levels and/or activity of 
growth factors that enhance dermal healing, as well as certain matrix metallopro- 
teinases implicated in slun repair, the absence of SPARC might provide a more 
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FIGURE 3 Adipose tissue is increased in SPARC-null mice. Although wild-type and SPARC-null 
mice of the same age do not display substantial differences in overall weight, increased fat deposits are 
observed in animals lacking SPARC. The wild-type and SPARC-null mice shown here were 7 months 
of age and weighed 29 g (wild type) and 30 g (SPARC-null), respectively. 

favorable environment for cellular interaction with extracellular matrix that results 
in accelerated healing. 

Increased amounts of dermal fat were observed in SPARC-null mice, a factor 
that might also contribute to their enhanced wound healing. Figure 3 shows 
overviews of wild-type and SPARC-null animals. The substantial increase in 
adipose mass is reflected in the dermal, subdermal, and interorgan fat deposits 
of mice laclung SPARC. Preliminary data show a two-fold increase in circulating 
levels of leptin in SPARC-null animals, but the mice are not overtly obese 
(Fig. 3) (Bradshaw et al., 2002). If SPARC has a role in fat deposition, SPARC-null 
mice could be a model for the regulation of lean body mass that has potentially 
significant implications for angiogenesis (Folkman, 1995). 

At first glance, a relationship among dermal collagen fibrillogenesis, adiposity, 
and cataract formation appears difficult to conceive. The lens is a highly special- 
ized tissue, consisting of one cell type, the lens epithelial cell, which differentiates 
into fiber cells that elongate, lose their nuclei, and become transparent. 
Interestingly, the lens epithelium is a single layer of nucleated cells, which lie 
immediately adjacent to the lens capsule, a well-developed basement membrane 
that controls lens permeability as well as several aspects of lens cell differentia- 
tion. Because the lens lacks blood vessels and lymphatics, the issue of permeabil- 
ity is an important one, as nutrients and growth/differentiation factors present in 
the aqueous and vitreous humors must gain access to the cells of the lens. SPARC 
is present in both humoral compartments, as well as the lens epithelium and lens 
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capsule (Yan and Sage, 1999). Although data have indicated that the proliferation 
of lens epithelial cells during development and in young mice proceeds at similar 
rates in both wild-type and SPARC-null mice, there are substantial changes in the 
shape of the cells and fibers and at the interface between the anterior epithelium 
and the lens capsule (Yan et al., 2002; Norose et al., 2000). Thus, it is possible, 
in analogy to the changes seen in SPARC-null skm, that the lack of SPARC in the 
lens affects (i) the composition of the basement membrane vis a vis type IV colla- 
gen; (ii) the activity and/or the distribution of factors known to affect the differ- 
entiation of the lens, such as FGF-2; or (iii) the adhesion between lens cells and 
the capsule. These possibilities are currently under investigation in our laboratory. 

IV. PERSPECTIVES 

SPARC is a matricellular protein that affects the manner in which cells interact 
with the extracellular matrix, including the growth factors with which the matrix 
is associated. Hence SPARC exerts both counteradhesive and antiproliferative 
effects on cells in vitro, and presumably in vivo. Characteristics of SPARC-null 
mice reflect differences in cell-cell interactions, cell-extracellular matrix inter- 
actions, cell cycle, and/or cell differentiation, some of which appear to be tissue 
specific. Some of the more exaggerated phenotypes in vitro, e g ,  a markedly 
enhanced proliferation relative to wild-type cells, might reflect situations in vivo 
related to injury or disease. A potential role for SPARC in the secretion or assem- 
bly of collagen fibrils also seems worthy of consideration. In this context, abnor- 
mal collagen fibers have been reported in tissues of mice lacking thrombospondin 
2 (Kynakides et al., 1998), decorin (Danielson et al., 19971, and fibromodulin/ 
lumican (Ezura et al., 2000>, all of which resulted in fragile skin with compro- 
mised mechanical properties. Moreover, thrombospondin 2-null mice exhibited 
an increased vasculature in several organs, including skin, a result consistent with 
the known properties of this protein as an angiogenesis inhibitor (Kyrialudes 
et al., 1998). Another, but perhaps related, role for SPARC appears to lie in the 
regulation of adipogenesis. Tartare-Deckert et al. (2001) demonstrated that 
SPARC mRNA is increased in several models of obesity in mice, although further 
experiments are needed to reconcile these findings with those described in 
SPARC-null animals. Disregulated angiogenesis and/or extracellular matrix pro- 
duction, hallmarks of SPARC function, are likely to emerge as influential players 
in the control of adipocyte differentiation, as well as other physiological processes. 
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I. INTRODUCTION 

Hepatic fibrosis is a dynamic process from chronic liver disease to cirrhosis. Both a 
marked increase in production and a decrease in degradation cause excessive accu- 
mulation of extracellular matrix (ECM). In addition, hepatocytes and nonparenchy- 
ma1 cells such as hepatic stellate cells (HSC) (fat-storing cells, lipocytes, Ito cells), 
Kupffer cells, and sinusoidal endothelial cells are deeply involved in the process. 
This chapter emphasizes the microenvironment of hepatic fibrosis and hepatic cells 
responsible for ECM production, focusing on the recent progress in this area. 

11. MICROENVIRONMENT IN THE 
NORMAL LIVER 

ECM components such as collagens, glycoproteins, and proteoglycans are located 
in the liver (Gressner, 1998; Martinez-Hernandez and Amenta, 1993). A number 
of different collagens, including types I, 111, IV, V, and VI, are present in the liver. 
Glycoproteins, including fibronectin, laminin, and tenascin, are also present, as 
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well as proteoglycans such as heparan sulfate, perlecan, and syndecan. Some of 
the proteoglycans bind to hyaluronan, forming molecules with varying molecular 
weights. As shown in Fig. 1, collagens, glycoproteins, and proteoglycans are local- 
ized in connective tissues in the portal tracts and central veins, as well as in the 
Disse spaces. In the subendothelial sites of the Disse spaces in the normal liver, a 
typical basement membrane is not found (Fig. 2 ) .  Type IV collagen and glyco- 
proteins such as fibronectin and proteoglycans are located in the Disse spaces 
(Figs. 1 and 3) .  These components, which are produced by intrahepatic cells such 
as HSC, sinusoidal endothelial cells, and hepatocytes (Fig. 4), are involved in the 
maintenance and function of the intrahepatic cells (Li and Friedman, 1999). In 
addition, sinusoidal endothelial cells produce ECM components such as type IV 
collagen, proteoglycans, and urokinase type plasminogen activator, which acti- 
vates latent type transforming growth factor-p1 (TGF-pi). Fibroblasts, vascular 
endothelial cells, and biliary epithelial cells in portal tracts and myofibroblasts 
around the central veins are known to produce ECM components, including 
basement membrane components (Gressner, 1998) (Fig. 4). 

+Basement membrane 

Interstitial space 

Basement membrane 
Collagen: type IV 
glycoprotein: laminin, nidogen 
proteoglycan: heparan sulphate. perlecan 

Interstitial space 
collagen: type 1. 111, V, VI 
glycoprotein: fibronectin, tenascin 
proteoglycan: heparan sulfate, syndecnn 

Disse space 
collagen: type I, 111, V, V1 
glycoprotein: fibmnectin 
proteoglycan: perlecan 

CV :central vein PV : ponal vein 
B :bileducI D :Disseopacc H : hepalocylr 

HA : hepatic arlrrv 
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FIGURE 1 Extracellular matrix components in normal liver. 
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FIGURE 2 Transmission electron micrographs showing hepatic sinusoidal area in human liver. 
(a) Normal liver. Sinusoidal endothelial cell (E) shows many fenestrae (arrows) without Weibel-Palade 
bodies in the cytoplasm. However, there are no basement membranes on the basal side of the cell. In 
the Disse space, the hepatic stellate cell ( S )  containing some fat droplets in the cytoplasm is shown. 
(b) Cirrhotic liver. Sinusoidal endothelial cells (E) show no fenestrae but contain many Weibel-Palade 
bodies in the cytoplasm (arrowheads) and continuous basal membranes (arrows) on their basal side. 
Disse spaces are filled with collagen fibers. A typical hepatic sinusoidal capillarization is shown. 
51, sinusoid; H, hepatocyte; S, hepatic stellate cell. 

111. LIVER INJURY AND CHANGES IN 
MICROENVIRONMENT 

A. ACCUMULATION OF INFLAMMATORY CELLS IN 

INJURED AREAS 

Liver injury is induced by various agents such as viruses, bacteria, drugs, alcohol, 
and bile, and inflammatory cells containing neutrophils, platelets, lymphocytes, 
and monocytes, including Kupffer cells, are mobilized in injured areas (Fig. 5). 
Kupffer cells are characteristic macrophages (monocytes) in the liver. Activa- 
ted monocytes could be capable of generating monokines such as interleukin-I 
(IL-11, platelet-derived growth factor (PDGF), fibroblast growth factor (FGF), and 
tumor necrosis factor a (TNF-a) (Kovacs, 1991; Nathan, 1984). TNF a and IL-I, 
which are secreted initially, by the inflammatory cells, upregulate adhesion mole- 
cules containing intercellular adhesion molecule- 1 (ICAM- 1) on sinusoidal 
endothelial cells. Thus cell-cell contact between inflammatory cells and sinusoidal 
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FIGURE 3 Immunolocalization of extracellular matrix components in normal human liver. (a) Type 
IV collagen is located along the sinusoidal walls and basement membranes around vessels and the bile 
duct. Furthermore, it is also visible in connective tissues around the portal vein ( ~ 6 4 ) .  (b) Fibronectin. 
Localization of fibronectin, which is one of the glycoproteins, is similar to that of type IV collagen 
(~64 ) .  (c) Laminin is located in accordance with basement membranes around vessels, but is not 
visible along the sinusoidal walls (x64). (d) Proteoglycan is located around a central vein and along 
the sinusoidal walls ( ~ 6 4 ) .  P, portal vein; C, central vein. 
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FIGURE 4 Immunolocalization of prolyl hydroxylase in human cirrhotic liver. Prolyl hydroxylase is 
an important key enzyme, which catalyzes the 4-hydroxylation of proline residues in procollagens. 
Proline residues convert to hydroxyproline residues by prolyl hydroxylase; i.e., cells containing prolyl 
hydroxylase have the potential to produce procollagens. (a) An electron micrograph showing the 
hepatic sinusoidal area. Prolyl hydroxylase is located in the rough endoplasmic reticula of HSC (S), 
endothelial cell (E), and hepatocytes (H). Si, sinusoid. (b) An electron micrograph showing the portal 
area. Prolyl hydroxylase is located in the rough endoplasmic reticula of biliary epithelial cells (B) and 
the fibroblast (F). 

endothelial cells becomes possible (Ohira et al., 1995). In addition, TNF-a seems 
to modulate fibroblast proliferation by increasing the number of cell receptors for 
epidermal growth factor (EGF) (Palomombella et al., 1987) and possibly by includ- 
ing the production of IL-1 (Le et al., 1987). In turn, IL-1 decreases the cell recep- 
tor density for TNF-a rapidly (Holtmann and Wallach, 1987). PDGF and IL-1 have 
concentration-dependent stimulatory effects on HSC proliferation. Furthermore, 
TNF-a also exhibits a similar mitogenic effect (Matuoka et al., 1989). 

B. ECM DESTRUCTION BY INFLAMMATORY CELLS AND 

PROLIFERATION OF ECM PRODUCING CELLS 

Matrix metalloproteinases (MMPs) produced by Kupffer cells among others 
degrade the ECM located in the Disse spaces, allowing inflammatory cells to come 
into direct contact with hepatocytes, which are thus injured by these cells, and 
the outcome is necrosis and apoptosis (Fig. 6). In liver diseases, especially in the 
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FIGURE 5 An electron micrograph showing a hepatic sinusoidal area 1 day after treatment in a 
dimetylnitrosamine-treated fibrosis model rat. Inflammatory cells such as neutrophil (N), monocytes 
(M), and lymphocyte (L) are aggregated in the hepatic sinusoid. H, hepatocyte. 

early stage of liver injury, MMPs 2 and 9 are upregulated (Milani et al., 1994). 
These MMPs belong to a type IV collagenase and digest basement membrane 
components, including type IV collagen. HSC are a key source of MMP-2. They 
also express a tissue inhibitor of metalloproteinases (TIMP)-l and -2 (Fig. 7) 
(Herbst et al., 1997). In fibrogenesis, TIMPs inhibit MMP activities by the forma- 
tion of stoichiometric l: l complexes. MMP-9 is secreted locally by Kupffer cells 
(Fig. 8) (Sujaku et al., 1998). The sources of MMP-1, which plays a crucial role in 
degrading the excess interstitial matrix in advanced liver disease, are Kupffer cells 
and HSC. An increased activity of MMP-1 has been observed in the early stage of 
fibrosis and its activity reduces once the fibrosis has progressed (Maruyama et al., 
1982). Changes in the microenvironment of the Disse spaces result in phenotypic 
changes in all resident liver cells. 

Integrins are the most important adhesion molecules, which mediate 
cell-matrix interactions such as adhesion and migration (Clark and Brugge, 
1995; Torimura et al., 1999). There are at least 16 different a subunits and 8 
different p subunits, and more than 20 different ap combinations have been 
described (Table I). All integrins are heterodimers consisting of a noncovalently 
associated a subunit of 140-180 kDa with a p subunit of 90-110 kDa 
(Hynes, 1992). Each integrin subunit has a large extracellular domain, a single 
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FIGURE 6 An electron micrograph and a micrograph showing an injured liver tissue 4 days after 
treatment in a dimetylnitrosamine-treated fibrosis model rat. (a) Inflammatory cells contact hepato- 
cytes (HI directly. (b) Apoptotic cells (arrows) increase in injured liver tissues. C, central vein ( ~ 5 2 ) .  

FIGURE 7 
TIMP-1 is located in the cytoplasm of HSC (S) and sinusoidal endothelial cells (E). H, hepatocyte. 

An electron micrograph showing TIMP-1 immunolocalization in human cirrhotic liver. 
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FIGURE 8 MMP-9 expression in rat Kupffer cells treated by OK-432, which is a bacterial cell 
preparation manufactured by treating Streptococcus pyrogenes Su strains in the presence of penicillin 
for 24 to 48  h. (a) Northern blot analysis of MMP-9 mRNA and GAPDH mRNA. In OK-432- 
stimulated rat Kupffer cells, MMP-9 mFtNA is detected. However, in OK-432-nontreated Kupffer cells, 
no signals are detected. Lane 1, OK-432 (+); lane 2, OK-432 (-), (b) MMP-9 activity by zymography. 
In OK-432-treated Kupffer cells, 95-kDa and less than 95-kDa bands are detected 24 and 48 h after 
OK-432 treatment. These bands are clearly increased 48 h after OK-432 treatment. In OK-432-non- 
treated Kupffer cells, these bands are hardly detected. 

membrane-spanning region, and a short cytoplasmic domain (Yamada and 
Geiger, 1997). The a-cytoplasmic domains contain highly divergent amino 
acid sequences, whereas the p subunits show partial sequence conservation. 
The P-cytoplasmic domains are necessary and sufficient to target integrins to 
focal adhesions in a ligand-independent manner, whereas the a-cytoplasmic 
domains regulate the specificity of ligand-dependent interactions (LaFlamme 
et al., 1994). 

Integrins are membrane receptors that transduce extracellular signals in 
liver (Torimura et al., 1999). In particular, integrin ligands contain an 
arginine-glycine-aspartate (RGD) tripeptide sequence. The common RGD 
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TABLE 1 The lntegrin Family 
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Subunits LieandP 

CD49a/CD29, VLA-1 
CD49b/CD29, VLA-2 
CD49c/CD29, VLA-3 
CD49d/CD29, VLA-4 
CD49eKD29, VLA-5 
CD49KD29, VIA-6 
CD4Yf/CD 104 

CD5 1 
CDlla/CD18, LFA-1 
CDllb/CD18, Mac-1, CR3 
CDllc/CD18, p150, 95 
CD41/CD61, GPIIb/IIIa 
CD51/CD61, vitronectin receptor 

Collagen, laminin 
Collagen, laminin 
Epiligrin 
VCAM-1, FN(CS-I), MAdCAM-1 
FN(RGD) 
Laminin 
Laminin-5 
Laminin 
FN 
Tenascin 
VN, FN 
ICAM-I, -2, -3 
iC3b, Fbg, FX, ICAM-1 
Fbg, iC3b 
Fbg, FN, vWF, VN 
VN, Fbg, vWF, TSP, FN 
VN 
FN 
VN 
MAdCAM- 1, VACM- 1 
E-Cadherin 

‘FN, fibronectin; VN, vitroectin; VCAM-1, vascular cell adhesion molecule-1; ICAM-1, intercellular 
adhesion molecule-1; Fbg, fibrinogen; FX, factor X; vWF, von Willebrand; TSP thrombospondin; 
MAdCAM-1, mucosal adhesion cell adhesion molecule-1. 

tripeptide sequence at many integrin ligands has raised the possibility of using 
competitive RGD antagonists to block integrin-mediated pathways in fibrogenesis 
(Iwamoto et al., 1998; Li and Friedman, 1999). 

Intracellular regulators modify external integrin ligand-binding properties 
in a process termed “inside-out signaling” (Yamada, 1997). Inside-out signal 
transduction is speculated to be as follows: (1) activation of protein kinase C 
(PKC) following receptor-G-protein interactions; (2) activation of GTP-Rho, 
which is very important for inside-out signaling by activated PKC; (3) activation 
of a serinehhreonine kinase, ROCK-1, or related kinases by activated Rho 
(Yamada, 1997); and (4) activation of integrins by ROCK-1 or related lunases. 
Thus, activated integrins are able to bind to extracellular matrices (Matui 
et al., 1996). 

An even more intriguing item is the identification of discoidin domain recep- 
tor (DDR) 2 mRNA in activated HSC, raising the possibility that this receptor 
may mediate interactions between HSC and the surrounding interstitial matrix 
(O’Toole et al., 1994). Furthermore, local proliferation of Kupffer cells, an influx 
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of blood macrophages (rnonocytes), and aggregation of platelets in necroinflam- 
matory areas follow the initial events in hepatic injury and necrosis. Kupffer cells 
are also important in stimulating the release of retinoids by HSC (Friedman and 
Arthur, 1989). Activated Kupffer cells and platelets regulate HSC proliferation 
through TGF-a, EGF, and PDGF. In addition, HSC transformation into myofi- 
broblast-like HSC is stimulated by TGF-P, TGF-a, and TNF-a (Gressner and 
Bachern, 1994; Gressner and Chunfang, 1995). Platelets mobilized in injured 
liver are a rich source of potentially important mediators such as PDGF, EGF, and 
TGF-P (Gressner, 1998; Li and Friedman, 1999). The ECM producing cells such 
as HSC proliferate in the presence of PDGF and EGF and are induced to produce 
ECM components by TGF-P1. TGF-P1 initiates signaling through heteromeric 
complexes of transmembrane type I and type 11 serinehhreonine kinase receptors. 
Activated TGF-P type I receptor phosphorylates receptor-regulated Smads2 and 3. 
Then, they oligomerize with the common mediator Smad4 and translocate to the 
nucleus, where they direct transcription to affect the response of the cell to 
TGF-P (Heldin et al., 1997). In the nucleus, the CAGA box of the TGF-P response 
element is the binding site of the Smad3/Smad4 complex, and the binding of 
the complex appears to be required for TGF-P-induced collagen upregulation 

FIGURE 9 Immunolocalization of TGF-PI and fibronectin in injured liver tissues 1 day after 
treatment in a dimetylnitrosamine-treated fibrosis model rat, (a) TGF-P1 (arrows) expresses in the 
injured area (day 1). (b) Fibronectin (arrows) also expresses in the injured area and along the 
sinusoidal walls near the injured area (day 2). P, portal vein; C, central vein (X32). 
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(Zhang et al., 2000). In the liver, TGF-P1 enhances collagen accumulation signif- 
icantly and also induces HSC proliferation (Reimann et al., 1997). 

C. CELL SOURCES OF ECM IN HEPATIC FIBROSIS 

In the early stage of liver injury, damaged sinusoidal endothelial cells and HSC 
induce the production of cellular fibronectin (Fig. 9) and enhance the migration 
and proliferation of inflammatory cells and cell-to-cell interactions further. In 
experimental hepatic fibrosis induced by ligation of the biliary duct in rats, mRNA 
expression of the fibronectin isoform EIIIA was detected in sinusoidal endothelial 
cells within 12 h of injury, but was undetectable in normal sinusoidal endothelial 
cells. In contrast, the EIIIB form was restricted to HSC and was expressed only 
after 12-24 h. Both forms were expressed minimally in hepatocytes. EIIIA 
fibronectin was increased markedly within 2 days of injury and showed a sinu- 
soidal distribution, and this component accelerated the conversion of quiescent 
HSC to myofibroblast-like HSC (Fig. 10) (Jarnagin et al., 1994). 

The identification of HSC as the key cellular source of ECM in the liver has 
been a major advance (Housset and Guechot, 1999; Inuzuka et al., 1990; Lang 
and Brenner, 1999; Loreal et al., 1997). The calculated amount of collagen 

FIGURE 10 An electron micrograph showing rat injured liver 4 days after acute injury by a heat 
needle. Numerous myofibroblast-like HSC (S) are visible. Arrows: basement membrane-like structure. 
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synthesized by HSC was 10-fold greater than that produced by hepatocytes and 
over 20-fold greater than that produced by sinusoidal endothelial cells in normal 
rats (Loreal et al., 1997). Highly active and synthetic myofibroblast-like HSC pro- 
duce the majority of the ECM components, such as collagens (types I, 111, IV, V, 
and XIV) (Milani et al., 1990a,b), glycoproteins (fibronectin, laminin, merosin, 
tenascin, nidogen, and so on) (Cenacchi et al., 1983; Van Eyken et al., 1992; 
Weiner et al., 19921, proteoglycans (heparan, dermatan, and chondroitin sulfates, 
perlecan, syndecan, biglycan, and decorin) (Arenson et al., 1988; Gallai et al., 
1996), and hyaluronan (Gressner and G., 1989). Hepatocytes were once thought 
to be the main source of ECM until the 1980s (Diegelmann et al., 1983). However, 
studies using immunohistochemistry, in situ hybridisation, and cell culture have 
clearly established the role of HSC in ECM production. Liver cirrhosis is charac- 
terized by a 2- to 20-fold overall increase of ECM components (Table 11) 
(Tanikawa, 1994). They increase markedly in the hepatic lobules and portal tracts. 

D. ROLE OF APOETOSIS IN HEPATIC FIBROSIS 

Gressner et al. (1996) showed that hepatic myofibroblast-like HSC could partici- 
pate in the process of hepatocyte apoptosis by paracrine feedback loops involving 
TGF-P (Gressner et al., 1996). This is additional evidence for the perpetuation of 
fibrogenesis. They have also shown that activated HSC express Fas/Apo-1 (CD95) 
(Gong et al., 1998). Activated HSC are susceptible to soluble Fas ligand (sFasL), 
and Gressner et al. (1996) related the effects to the expression levels of Fas/Apo-1. 
Activated HSC show a dose-dependent apoptotic reaction upon exposure to 
sFasL. Conversely, in liver tissues allowed to recover from fibrosis spontaneously, 
the number of apoptotic bodies increases (Issa et al., 2001). These results support 

TABLE 11 
between Normal Liver and Cirrhotic Liver 

Comparison in Concentration of Extracellular Matrix Components 

Extracellular matrix Normal (pg/gl Cirrhosis (pdd 

Type I collagen 
Type 111 collagen 
Type IV collagen 
Type V collagen 
Type VI collagen 
Fibronectin 
Heparan sulfate 
Chondroitin sulfate 
Dermatan sulfate 
Hyaluronate 

2000 
2000 

500 
900 

6 
300 

62 
14 
18 
1.5 

15,000 
8,000 
7,000 
2,000 

60 
630 
245 

90 
138 
32 
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the view that myofibroblast-like HSC are a target of Fas ligand-mediated apopto- 
sis in the liver. 

In addition, liver-specific natural hller cells, i. e., pit cells, could play an impor- 
tant role in this process (Vanderkerken et al., 1993). These cells act as the carrier 
of Fas ligand (Oshima et al., 1996). Further studies have to be performed in order 
to determine the molecular details of the switch of apoptotic sensitivity when HSC 
are transformed to myofibroblast-like HSC. It is conceivable that modulation of 
the elimination pathway of myofibroblast-like HSC in injured liver determines the 
fibrogenic response of this organ significantly. 

IV. CONCLUSION 

Recent research has greatly increased our knowledge concerning ECM compo- 
nents, sources, cytokines, and cell-matrix interactions in hepatic fibrosis. 
However, there are still some unanswered questions surrounding the origin of 
HSC or myofibroblast-like HSC, the relationship between retinoids and activation 
of HSC, and the involvement of apoptosis in liver injury and repair, that should 
be resolved. Answers to these questions reached through new techniques such as 
gene therapy and new drug delivery systems will undoubtedly lead to advances in 
treating patients with chronic liver disease and fibrosis. 
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CHAPTER 7 
Different Hepatic Cell 
Populations of the 
Fibroblast Lineage with 
Fibrogenic Potential 
THOMAS KNITEL' 
Department of Internal Medicine, University of Gottingen, 37075 Gbttingen, Germany 

Hepatic stellate cells (HSC) are regarded as the principal matrix-producing cell of 
damaged liver. However, other cell types of the fibroblast lineage might also been 
involved in liver tissue repair and fibrogenesis. This chapter focuses on analysis of 
the phenotypical and functional properties of cells of the fibroblast lineage termed 
rat liver myofibroblasts (rMF) in comparison to HSC. Employing the discrimination 
features defined by these in vitro studies, the localization of HSC and rMF was 
analyzed in normal and acutely as well as chronically carbon tetrachloride-injured 
livers. 

HSC and rat liver myofibroblasts were discernible by morphological criteria 
and growth behavior. While prolonged subcultivation of rat liver myofibroblasts 
was achieved, HSC were maintained in culture at maximum until passage 2. 
HSC were characterized by the expression of glial fibrillary acidic protein (GFAP), 
desmin, and vascular cell adhesion molecule-1, which were almost completely 
absent in rat liver myofibroblasts. With respect to synthetic properties, HSC 
and rat liver myofibroblasts displayed mostly overlapping properties but four 
strilung differences. 

The complement-activating protease P 100 and the protease inhibitor 
a2-macroglobulin were expressed preferentially by HSC, whereas interleukin 
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(IL)-6 coding mRNAs and the extracellular matrix protein fibulin-2 were almost 
exclusively detectable in rat liver myofibroblasts. 

In normal livers, HSC (desmin/GFAP + cells) were distributed in the hepatic 
parenchyma, whereas rMF [desmin/smooth muscle a-actin (SMA) + , GFAP 
negative cells colocalized with fibulin-21 were located in the portal field, the walls 
of central veins, and only occasionally in the parenchyma. Acute liver injury was 
characterized almost exclusively by an increase in the number of HSC, whereas 
the amount of rMF was nearly unchanged. In early stages of fibrosis, HSC and 
rMF were detected within the developing scars. In advanced stages of fibrosis, 
HSC were mainly present at the scar-parenchymal interface, whereas rMF 
accounted for the majority of the cells located within the scar. At every stage of 
fibrogenesis, rMF, in contrast to HSC, were detected only occasionally in the 
hepatic parenchyma. 

Data demonstrate that morphologically and functionally different fibroblastic 
populations, HSC and rat liver myofibroblasts, can be derived from liver tissue, 
suggesting that HSC do not represent the single matrix-producing cell type of the 
fibroblast lineage in the liver. HSC and rMF are present in normal and diseased 
livers at distinct compartments and respond differentially to tissue injury. Acute 
liver injury is followed by an almost exclusive increase in the number of HSC, 
whereas in chronically injured livers not only HSC but also rMF are involved in 
scar formation. As HSC and rat liver myofibroblasts display overlapping but also 
different characteristics with respect to growth behavior and gene expression, 
both cell types should be included into therapeutic strategies targeting matrix- 
producing cells during fibrogenesis. 

I. INTRODUCTION 

A. CELL TYPES OF THE FIBROBLAST LINEAGE 
INVOLVED IN TISSUE REPAIR 

Tissue repair reactions include inflammation, formation of granulation tissue, and 
scar constitution. Granulation tissue develops from the connective tissue sur- 
rounding the damaged area and its cellular components are mainly endothelial 
cells and inflammatory cells, as well as fibroblasts and myofibroblasts 
(Desmouliere and Gabbiani, 1994; Gabbiani, 1996; Schmitt-Graff et al., 1994). 
In normal and diseased tissues, fibroblasts and myofibroblasts are heterogeneous 
with respect to ultrastructural features and expression patterns of cytoskeletal 
proteins. Using the intermediate filaments vimentin and desmin, as well as the 
myofilament smooth muscle a-actin (SMA), Gabbiani and co-workers defined 
four cytoskeletal phenotypes among fibroblast/myofibroblasts: phenotype V, cells 
positive for vimentin only: phenotype VA, cells positive for vimentin and SMA; 
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phenotype VAD, cells positive for vimentin, SMA, and desmin; and phenotype VD 
representing cells positive for vimentin and desmin (Desmouliere and Gabbiani, 
1994; Gabbiani, 1996; Sappino et al., 1990). During wound contraction and fibro- 
contractive diseases, fibroblastic cells express SMA in a temporal or permanent 
manner, thereby acquiring typical myofibroblastic features (Desmouliere, 1995; 
Desmouliere and Gabbiani, 1995). Although the precise origin of myofibroblast 
has not been fully elucidated, they might derive from local fibroblasts, preexisting 
myofibroblasts, or other cell types, which have the potential to acquire a myo- 
fibroblastic phenotype like the mesangial cell of the kidney and hepatic 
stellate cells (Desmouliere and Gabbiani, 1995; Gabbiani, 1996). 

B. HEPATIC STELLATE CELLS AND THEIR ROLE 
DURING LIVER TISSUE REPAIR 

HSC, also designated as Ito cells, fat-storing cells, or lipocytes, are situated in the 
space of Disse and are identified by the presence of intracytoplasmatic lipid vac- 
uoles containing vitamin A (Friedman, 1996; Mathew et al., 1996; Pinzani, 1995; 
Ramadori, 1991). HSC play a major role in vitamin A metabolism and are 
regarded as the principal matrix-producing cell of the liver, thereby playing a 
major role in liver tissue repair and fibrosis. Liver fibrogenesis represents the 
hepatic tissue repair reaction in response to a chronic injury and is characterized 
by an increased and altered deposition of extracellular matrix (ECM) components, 
which results from a shifted balance between connective tissue production and 
degradation (Gressner and Bachem, 1995). Fibrogenesis is initiated by hepatocyte 
damage, leading to a recruitment of inflammatory blood cells and platelets, as well 
as activation of Kupffer cells with the subsequent release of different cytokines. 
HSC seem to be the primary target cells for inflammatory stimuli. During liver 
fibrogenesis, and also during primary culture, HSC proliferate, transform into 
myofibroblast-like cells (activated HSC), and synthesize large amounts of connec- 
tive tissue components, certain enzymes involved in matrix degradation, and 
growth factors such as transforming growth factor-p, platelet-derived growth 
factor (PDGF), or insulin like growth factor-1 (IGF-1) (Gressner and Bachem, 
1995) (Figs. 1 and 2). 

C. CHARACTERISTICS OF HSC WITH RESPECT TO 

THEIR CELLULAR ORIGIN 

HSC exhibit characteristics common to smooth muscle cells and myofibroblasts. 
HSC in primary culture show positive staining reactions to the intermediate 
filaments vimentin (De Leeuw et al., 1984) and desmin (Tsutsumi et al., 1987) 
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Activation of HSC 

In vivo 

In vitro 

liver damage - 
HSC primary culture 

"resting" HSC - "activated" HSC 

Morphology Proliferation (rnitogenic) 

- myofilaments (a-SM actin) Synthetic properties 
- loss of vitamin A droplets 
- cell enlargement 

(fibrogenic) 

- ECM proteins 

- Growth factors 
- enlarged rER - MMPs, TlMPs 

Contractility 

FIGURE 1 
of the activation process of HSC. 

Activation of hepatic stellate cells (HSC): A key event during fibrogenesis. Basic features 

Fate of Activated HSC 
Activation or Deactivation 

TGF R Typ I Rereptor 

ammP PDGF-Rereptor - CD95 Rezeptor 

FIGURE 2 The fate of activated hepatic stellate cells. Activated HSC might undergo a self-perpetua- 
tion of the activation process triggered by an autocrine action of certain growth factors. Alternatively, 
a further activation might be inhibited through an induction of apoptosis mediated by the CD95 
ligand. 
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and, after transition into myofibroblast-like cells after several days of culture 
termed activation, also to the myofilament SMA (Ramadori et al., 1990). This 
in vitro activation process strongly resembles the morphological and functional 
changes observed in HSC in vivo during liver fibrogenesis and therefore HSC 
primary cultures are commonly used as an in vitro model to study the role of those 
cells during hepatic tissue repair (Fig. 1). 

In addition to desmin and smooth muscle a-actin expression, which sug- 
gested a myogenic origin of these cells, HSC have been shown to express cer- 
tain intermediate filaments and adhesion molecules typically found in neural 
cells such as glial fibrillary acidic protein, nestin, and neural cell adhesion 
molecule (Knittel et al., 1996a; Neubauer et al., 1996; Niki et al., 1999). 
Interestingly, GFAP expression is present in resting HSC and is downregulated 
during HSC activation, whereas NCAM and nestin expression are undetectable 
in resting HSC and are induced during the activation process. Altogether, HSC 
display features typically found in fibroblasts and smooth muscle cells, but in 
addition, these cells share several characteristics with neural cells in particular 
with glia cells. 

D. OTHER LIVER CELL TYPES POTENTIALLY INVOLVED 
IN LIVER TISSUE REPAIR 

Although myofibroblast-like (activated) HSC are believed to represent the princi- 
pal fibroblastic cell type involved in liver fibrogenesis, activated HSC might 
undergo programmed cell death (Fig. 2). Therefore, the hypothesis is valid that 
other cell types of the fibroblast lineage, such as portal fibroblasts or vascular 
myofibroblasts, might also have fibrogenic potential and could replace activated 
HSC in the diseased liver. Indeed, as assessed by the expression of SMA and 
desmin and by their ultrastructural morphology, a heterogeneity of phenotypic 
features among myofibroblasts was noted in a few studies analyzing the diseased 
liver (Bhunchet and Wake, 1992; Enzan et al., 1994; Schmitt-Graff et al., 1993; 
Tang et al., 1994; Tuchweber et al., 1996) (Fig. 3). In areas of tissue injury and 
active fibrogenesis, SMA/desmin positive cells and SMA positive, desmin negative 
cells with a myofibroblast-like appearance, as well as typical fibroblasts, were 
detected. However, the identification of these cells was critical because marker 
proteins specific for HSC and other fibroblast-like cells present in the liver were 
not available at that time and therefore SMA positive cells detected in injured liver 
were often classified as activated HSC. Because the synthetic properties of HSC 
have been analyzed thoroughly during the last decade (Friedman, 1996; Pinzani, 
1995; Ramadori, 1991) and because additional cell type-specific marker proteins 
have been identified (Knittel et al., 1996a; Neubauer et al., 1996), a reevaluation 
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Deactivation of HSC 

CD95- 
system 

I Apoptosis I 

+ Origin of (myo-)fibroblasts in 
fibrotic livers? 

in situ 
Heterogeneity of GFAP / Desmin / SMA 

positive cells ("empty" HSC) 
Expansion of portal fibroblasts 

growth of HSC (passaged cells) 
HSC clones: differences in IL-6 Expr. 
"Vitamin A-poor lipocytes" (Desmin-neg.) 

in vitro 

Subpopulation of HSC ? 
Other Liver Fibroblasts ? 

FIGURE 3 
fibroblasts different from HSC might exist in the liver and could be involved in scar formation. 

Origin of myofibroblasts in the fibrotic liver. As activated HSC might undergo apoptosis, 

of the role of HSC in comparison to other hepatic fibroblast populations during 
liver tissue repair became possible. 

11. APPROACHES FOR THE IDENTIFICATION 
AND FURTHER CHARACTERIZATION O F  THE 
DIFFERENT HEPATIC CELL POPULATIONS WITH 
FIBROGENIC POTENTIAL 

Because a differentiation of the cell populations of the fibroblast lineage in situ 
often remains critical, an in vitvo approach was used in recent studies as a first 
step to discriminate these cell populations under phenotypical and functional 
aspects (Knittel et al., 1999~).  Due to the hitherto unknown different growth 
hnetics of HSC and rMF, cultures were established, which were highly enriched 
with the distinct cell populations, in detail, HSC at different stages of differentia- 
tion and different subsets of rMF. As assessed by the expression pattern of dif- 
ferent cytoskeletal proteins, cell surface molecules, ECM proteins, proteases, 
protease inhibitors, and cytokines, HSC and rMF were clearly discernible. 
Employing the discrimination criteria defined by these in vitvo studies (Knittel 
et al., 1996a), localization of the different fibroblast populations was analyzed in 
fibrotic liver illustrating clear differences in the tissue distribution pattern 
(Knittel et al., 1999b). 
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A. ISOLATION AND CULTIVATION OF HSC AND rMF 

HSC were isolated from rat liver and kept in primary culture as described (Knittel 
et al., 1992a,b,c, 1996a,b,c, 1997a,b,c). As assessed by morphology and by the 
expression of SMA of GFAP, HSC were fully “activated” at 7 days of primary cul- 
ture and later, whereas cells cultured for 2 days were classified as “resting” 
HSC/HSC at an early stage of activation (Knittel et al., 1996a,c; Neubauer et al., 
1996). Furthermore, freshly isolated HSC were plated for 7 days, released from cul- 
ture plates by trypsinization, and replated at a 1/4 split ratio. Passaged HSC were 
analyzed at confluency, which usually took place within 7 days (first passage). In 
addition, HSC of passage 1 were subcultured using the same experimental condi- 
tions until passage 2. The purity of freshly isolated cells and cultured cells was 
assessed as stated earlier (Knittel et al., 1992a,b,c, 1996a,b,c, 1997a,b,c). 

Rat liver myofibroblasts were obtained by an outgrowth of primary non- 
parenchymal liver cells cultures. Briefly, the liver was digested enzymatically with 
pronase and collagenase. During stirring in the final enzyme-containing solution, 
the pH was not corrected to physiological levels in order to eliminate HSC. 
Nonparenchymal liver cells were separated by a Nycodenz density gradient, and 
the fraction comprising Kupffer cells and sinusoidal endothelial cells was purified 
further by centrifugal elutriation according to b o o k  et al. (1977) and De Leeuw 
et al. (1982, 1983) as described in detail (Knittel et al., 1999~).  Cells were cul- 
tured in DME supplemented with 15% FCS, 100 U/ml penicillin, 100 pg/ml 
streptomycin and 1% L-glutamine. At confluency, which was usually reached 
within 7-10 days, cells were released from the culture plates by trypsinization and 
were replated at a 1/4 split ratio. rMF were again passaged using the same exper- 
imental conditions at confluency. rMF were subcultured for several passages. 

B. MORPHOLOGICAL FEATURES AND GROWTH 
KINETICS OF HSC AND rMF 

In agreement with previous studies (Knittel et al., 1992b,c, 1996a,b,c, 1997a,c; 
Neubauer et al., 1996; Ramadori et al., 1990, 1991, 1992), HSC at 2 days after 
plating displayed numerous vitamin A-containing vacuoles located around the 
nucleus and had a star-like appearance. At 7 days of primary culture, HSC showed 
a myofibroblast-like morphology characterized by cell enlargement and reduction 
of the size of intracellular vacuoles (Knittel et al., 1999~).  HSC in first passage dis- 
played the phenotypical characteristics of activated cells, whereas HSC of second 
passage were characterised by further cell enlargement, mostly a complete loss of 
vitamin A-containing vacuoles and intracellular condensation, probably of the 
cytoskeleton. HSC were maintained in culture at maximum until passage 2, which 
was terminated by spontaneous cell death, as evidenced by trypan blue staining. 
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Although the split ratio from the first to the second passage was reduced and cells 
were cultured in second passage for several weeks, HSC did not form a confluent 
monolayer but were always present as single giant cells without any proliferation 
capacity (Knittel et al., 1999~).  

In contrast to HSC, prolonged cultivation of rMF was achievable. In previous 
studies we observed that rMF were present in primary cultures of sinusoidal 
endothelial cells and Kupffer cells prepared from rat livers (unpublished observa- 
tion). These rMF appeared after several days of cultivation and showed high pro- 
liferating activity, thereby representing a significant cell population in late-stage 
cultures. To study these cells, primary cultures of nonparenchymal liver cells were 
established from an elutriation fraction, which appeared to be enriched with rMF, 
but which also contained endothelial cells and Kupffer cells. Within a few days, 
rMF were detectable in the cultures and formed a confluent cell layer after pro- 
longed cultivation. Cells in primary culture were not studied in detail because 
these cultures contained significant amounts of Kupffer cells and endothelial cells 
were not present, probably due to the cultivation conditions. rMF were passaged 
several times and were studied in detail between passages 1 and 6. In some cul- 
tures, about 3% Kupffer cells were still present in passage l;  however, starting 
from passage 2, rMF cultures were Kupffer cell free. rMF showed either a fibro- 
blast-like phenotype characterized as spindle-shaped morphology or a myofibro- 
blast-like appearance (Knittel et al., 1999~).  Upon further passaging, cells 
exhibiting the myofibroblast-like phenotype seemed to increase; however, until 
passage 6, both cell types were present within a single culture. In total, three inde- 
pendent rMF cultures were established, which showed similar growth kinetics 
but were slightly different in the amount of cells showing a fibroblast-like or 
myofibroblast-like phenotype. 

C. EXPRESSION OF CYTOSKELETAL PROTEINS BY 

HSC AND rMF 

To characterize the differences of rMF and HSC in more detail, the expression of 
cytoskeletal proteins, namely the intermediate filaments vimentin, desmin, and 
GFAP and the myofilament SMA, was studied by immunocytochemistry (Fig. 4) 
and by Western and Northern blot analyses (Knittel et al., 1999~).  As reported 
(De Leeuw et al., 1984; Neubauer et al., 1996; Ramadori et al., 1990; Tsutsumi 
et al., 1987), activated HSC were vimentin, desmin, and SMA positive and showed 
a weak GFAP-specific immunoreaction (Fig. 4). 

In accordance to the different morphological features, rMF were divergent 
with respect to vimentin, desmin, and SMA expression. In general, three different 
phenotypes were present, classified as rMF-I, rMF-11, and rMF-111. rMF-I were 
vimentin positive but SMA and desmin negative, cells of phenotype I1 were 
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FIGURE 4 Expression of intermediate filaments and myofilaments in HSC and rMF. HSC 7 days 
after plating (HSC 7d) and rMF were incubated with antibodies directed against glial fibrillay acidic 
protein (GFAP), desmin and smooth muscle a-actin (SMA), or mouse Ig as negative controls (data not 
shown). lmmunoreactive material was detected using the APAAP staining method. In the case of 
rMF, three different staining patterns were detected, which were classified as rMF-1 (vimentin + +, 
SMA -, desmin -), rMF-I1 (vimentin + +, SMA +, desmin -), and rMF-I1 (vimentin + +, SMA + +, 
desmin +) (+, positive; + +, strongly positive; -, negative). Bar: 57 pm. 
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vimentin and SMA positive but desmin negative, and rMF-111 were vimentin, SMA, 
and desmin positive. Analyzing three different cell preparations from passage 1 
throughout passage 6, rMF were 100% positive for vimentin (V+), 3-13% of the 
cells were desmin positive ( D f ) ,  and about 50-100% of the rMF were positive 
for SMA (A+). Although some rMF cultures showed the typical myofibroblast-like 
morphology, SMA expression vaned within these cells from low to high expres- 
sion levels, with the latter displaying typical stress fibers. Under all circumstances, 
GFAP expression was undetectable in rMF not only by immunocytochemistry 
(Fig. 41, but also by Western and Northern blotting (Knittel et al., 1999~) .  In an 
attempt to dissect the rMF subpopulations, cells were plated in 96-well plates 
statistically at a concentration of one cell per well. Using this approach, we failed 
to generate rMF clones specific for the individual phenotype mostly because of 
low proliferative activity, but also due to changes in the expression pattern of 
cytoskeletal proteins upon further passaging. 

In conclusion, by immunocytochemistry, V S ,  VA+, and VAD+ cells were 
present in rMF cultures according to the classification proposed by Gabbiani and 
co-workers (Desmouliere and Gabbiani, 1994; Gabbiani, 1996; Sappino et al., 
1990). Under quantitative aspects, the predominant phenotype of rMF was 
reflected by VA+ cells, whereas activated HSC were always VAD+. In addition, 
rMF did not express GFAP, which was detectable at low levels in activated HSC. 
Therefore, desmin and GFAP seem to represent cytoskeletal marker proteins, 
enabling a differentiation between rMF and HSC. 

D. EXPRESSION OF CELL ADHESION MOLECULES BY 

HSC AND RAT LIVER MYOFIBROBMTS 

In addition to cytoskeletal proteins, HSC and rat liver myofibroblasts were classi- 
fied according to their cell adhesion molecule expression, namely I-CAM- 1, 
V-CAM-1, and N-CAM (Knittel et al., 1999~) .  Activated HSC expressed all three 
types of cell adhesion molecules, which were detectable as immunoreactive mate- 
rial located on the cell surface and in form of their specific messengers (Knittel 
et al., 1999~) .  In accordance with previous studies, N-CAM expression by 
HSC was induced during the in vitro activation process, whereas I-CAM-1 and 
V-CAM-1 were already present in resting cells (Knittel et al., 1996a, 1999a). 

Rat liver myofibroblasts were 100% I-CAM-1 positive, and V-CAM-1 was 
detected only in individual, mostly spindle-shaped cells, which account for about 
2% of the rat liver myofibroblast population (Knittel et al., 1999~) .  N-CAM expres- 
sion was undetectable in some rat liver myofibroblasts cultures, whereas others 
expressed N-CAM at low levels as assessed by immunocytochemistry (Knittel 
et al., 1999~).  By Northern blot analysis, rat liver myofibroblasts and HSC 
expressed I-CAM-1-specific messengers at similar quantities, whereas N-CAM, 
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particularly V-CAM-1 coding transcripts, was severalfold lower in rat liver myo- 
fibroblasts compared to HSC (Knittel et al., 1999~) .  Therefore, V-CAM-1 and in 
part also N-CAM provide additional marker proteins to differentiate activated 
HSC and rat liver myofibroblasts. However, the use of V-CAM-1 is limited because 
the antibodies available commercially are only directed against human V-CAM- 1, 
thereby displaying only a weak immunoreactivity with rat material even with rat 
HSC (Knittel et al., 1999~) .  

111. EXPRESSION OF EXTRACELLULAR MATRIX 
PROTEINS, PROTEASES, AND PROTEASE 
INHIBITORS BY HSC AND rMF 

Cells of fibroblastic origin play an essential role in connective tissue metabolism 
through the synthesis of ECM components and enzymes involved in matrix degra- 
dation. Therefore, the expression pattern of the latter proteins was analyzed in 
rMF and HSC, which are known to express several of the genes (Bachem et al., 
1993; Knittel et al., 1992b,c, 1996b,c, 1997b,c; Leyland et al., 1996; Ramadori 
et al., 1991, 1992; Schwogler et al., 1994). 

Both cell populations expressed considerable amounts of transcripts coding for 
structural glycoproteins such as fibronectin, tenascin, thrombospondin-1, throm- 
bospondin-2, laminin, and entactin (Knittel et al., 1999~) .  Furthermore, messen- 
gers specific for proteoglycans, as shown in the case of biglycan and mRNAs 
specific for collagens, namely collagens type I, 111, and IV, were detected in both 
cell populations. In accordance with previous results comparing HSC with skin 
fibroblast and arterial smooth muscle cells (Schwogler et al., 1992), HSC and rat 
liver myofibroblasts contained tenascin-specific messengers of different size 
known to arise from alternative splicing. While HSC expressed tenascin-specific 
mRNAs of 7.2 kb in size, rat liver myofibroblasts contained predominantly mes- 
sengers of 8.7 kb in size and of 7.2 kb only in minor quantities. 

ECM protein-specific messengers were detected in activated HSC and rat liver 
myofibroblasts. However, the expression of proteases and protease inhibitors was 
markedly different (Knittel et al., 1999~).  Although both cell types contained 
mRNAs coding for t-PA, u-PA-specific transcripts were mainly present in HSC. 
In addition, messengers coding for the complement activating protease PI00 and 
a2-macroglobulin were mainly detectable in HSC and present in rat liver myo- 
fibroblasts at levels close to the detection limit. In order to demonstrate that the 
differences observed at the RNA level also hold up on the protein level, rat liver 
myofibroblasts and HSC were labeled endogenously, and a2-macroglobulin, as 
well as ECM proteins fibronectin, tenascin, entactin, laminin, and collagen type IV, 
was immunoprecipitated from cell layer lysates and culture Supernatants (Knittel 
et al., 1999~).  As reported (Andus et al., 1987), a2-macroglobulin synthesis and 
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secretion were present in activated HSC and were only detectable after prolonged 
exposure in rat liver myofibroblasts at low levels. Furthermore, these experiments 
demonstrated that rat liver myofibroblasts in comparison to HSC displayed higher 
levels of fibronectin synthesis, whereas other ECM proteins, such as collagen type IV, 
laminin, and entactin, were detected in both cell populations at similar quantities 
(Knittel et al., 1999~).  In addition, collagen type I expression of HSC and rat liver 
myofibroblasts was studied at the protein level using Western blot analysis 
(Knittel et al., 1999~).  In agreement with previous studies (Knittel et al., 1992b), 
the proal(1) and proa2(1) chains of collagen type I were present in activated HSC 
but also in rat liver myofibroblast-derived samples (Knittel et al., 1999~).  As 
assessed by densitometric analysis of two independent experiments, collagen type I 
production of rat liver myofibroblasts was at least threefold higher compared to 
activated HSC (HSC day 7 after plating). Collectively, immunoprecipitation exper- 
iments and Western blot analysis confirmed Northern blot data and indicated 
that the ECM proteins fibronectin and collagen type I deposited in a fibrillar 
matrix are synthesized in higher amounts by rat liver myofibroblasts compared to 
HSC and that basement membrane proteins, such as collagen type IV, laminin, or 
entactin, are produced by rat liver myofibroblasts and HSC at similar levels. 

IV. EXPRESSION OF CYTOKINES AND CELL 
MEMBRANE RECEPTORS BY HSC AND rMF 

Cells of the fibroblast lineage are cellular targets for a number of cytokines; how- 
ever, these cells are also known to secrete fibrogenic mediators. In particular, HSC 
have been shown to express various cytokines (Gressner, 19961, including 
members of the TGF family, such as TGF-P1 and bone morphogenetic protein-6 
(BMP-6) (Knittel et al., 1997a), and have been suggested to secrete IL-6 testing an 
HSC line developed after spontaneous immortalization of a HSC primary culture 
(Greenwel et al., 1993). 

By Northern blot analysis, TGF-P 1 and BMP-6-specific messengers were 
detected in both cell populations (Knittel et al., 1999c), whereas IL-6-specific 
mRNAs were nearly exclusively present in rMF and were detectable in HSC- 
derived samples only at low levels (Fig. 5). Because IL-6 expression in the liver is 
believed to arise mainly from liver macrophages, Kupffer cells and rMF were corn- 
pared with respect to their IL-6 expression level (Fig. 5). On a microgram RNA 
basis, rMF displayed severalfold stronger IL-6 expression levels compared to 
unstimulated Kupffer cells, illustrating that rMF might represent an important 
cellular source of IL-6 synthesis. In addition, IL-6 expression by rat liver 
myofibroblasts was studied by in situ hybridization in order to clarify whether all 
rat liver myofibroblasts or only a subpopulation of rat liver myofibroblasts express 
IL-6-specific messengers. As shown previously (Knittel et al., 1 9 9 9 ~ )  most of the 
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FIGURE 5 Expression of interleukin-6 by rMF in comparison to other liver cells. Total RNA was 
purified from rMF of passages 2-4 (2.P-4.P), rat HSC at 2 days (21, and 7 days (7d) after plating, rat 
Kupffer cells (KC) at I day (Id) and 3 days (3d) after plating, rat hepatocytes (HEP) cultured with (D) 
or without (C) dexamethasone at 1 day (Id) and 3 days (3d) after plating, human myofibroblast 
(hMF), or freshly isolated rat HSC/KC/HEP (Od). Total RNA (5 pLp) was size selected by 1% agarose 
gel electrophoresis, and filters were hybridized using specific cDNA probes. Note that among the liver 
cells, rMF express large amounts of IL-6-specific messengers. 

rat liver myofibroblasts were labeled heavily by an IL-6 antisense probe; however, 
similar to data on SMA, desmin, or V-CAM-1 expression, a subpopulation of rat 
liver myofibroblasts was IL-6 negative. 

In addition to soluble mediators, the expression of cell membrane receptors 
such as the pl-integrin and the cation-dependent mannose 6-phosphate 
receptor (M-6-P-Rec) was studied (Knittel et al., 1999~) .  At least for these cell 
membrane receptors, no major differences were noted in their expression by 
HSC and rMF. 

V. FIBULIN-2: A NOVEL MARKER FOR 
THE DIFFERENTIATION OF HSC AND 
RAT LIVER MYOFIBROBLASTS 

An additional strilung difference of HSC and rat liver myofibroblasts was noted 
in the case of fibulin-2 expression. Fibulin-2 belongs to the larger family of ECM 
proteins, including fibulin- 1, fibrillins, and latent TGF-@binding proteins, which 
are characterized by long tandem arrays of EGF-like modules (Pan et al., 1993). 
Fibroblasts are regarded as the typical cellular source for biosynthesis in which 
fibulin-2 is deposited with fibronectin into a fibrillar matrix (Sasalu et al., 1996). 

By employing RAP-PCR technology, fibulin-2 was identified through its pres- 
ence in rat liver myofibroblast-derived samples and its absence in HSC-derived 
samples (Knittel et al., 1999~).  By Northern blot hybridization (Knittel et al., 
1999c), fibulin-2-specific messengers were detected as a large band migrating near 
the 28s RNA in accordance with the size of 4.5 kb reported for the mouse system 
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(Pan et al., 1993). Fibulin-2 coding mRNAs were present almost exclusively in rat 
liver myofibroblasts, and HSC displayed only a very weak band in the case of HSC 
in the first passage. Using Western blot analysis (Knittel et al., 1999~1, fibulin-2 
was detected at its expected molecular mass of 180 kDa (Sasaki et al., 1996) solely 
in rat liver myofibroblasts, whereas in HSC, fibulin-2 was below the detection 
limit. By immunofluorescence, rat liver myofibroblasts were clearly fibulin-2 pos- 
itive, which was present as a meshwork (Fig. 6) resembling the deposition of 
fibronectin. In contrast to rat liver myofibroblasts, HSC cultures were almost fibu- 
lin-2 negative (Fig. 6); however, single fibulin-2 positive cells or sometimes even 
clusters of fibulin-2 positive cells (Fig. 6) were detectable in HSC cultures after 
prolonged cultivation (day 7 onward). 

The analysis of other hepatic cell populations, including hepatocytes, 
Kupffer cells, and sinusoidal endothelial cells using Northern blot and immuno- 
fluorescence, indicated that fibulin-2 was not present in the latter cell popula- 
tions, both in their freshly isolated state and on different days after plating 
(Knittel et al., 1 9 9 9 ~ ) .  

Analyzing the cell populations on a single cell level indicated that more than 95% 
of the rat liver myofibroblasts were fibulin-2 positive. Using double immunofluo- 
rescence against desmin and SMA, the fibulin-2 positive rat liver myofibroblasts 
were either desmin positive or desmin negative (Knittel et al., 1999~).  The same was 
true in the case of SMA in that fibulin-2-expressing cells were SMA positive. 
However, the few fibulin-2 negative rat liver myofibroblasts were either desmin 
positive/negative or SMA positive/negative, thereby not allowing a classification of 
the fibulin-2 negative cells as S w d e s m i n  positivehegative cells (Knittel et al., 
1999~).  Analyzing fibulin-2 positive cells in HSC cultures in detail demonstrated 

FIGURE 6 Detection of fibulin-2 in rMF by indirect immunofluorescence. HSC 7 days after 
plating (HSC) and rat liver myofibroblasts (rMF) of passage 2 were incubated with antibodies directed 
against fibulin-2. Immunoreactive material was detected using indirect immunofluorescence. 
“FIB” labeling indicates fibulin-2-positive cells in HSC cultures present as cell clusters. 
Bar: 57 pm. 
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that these cells, as observed in the case of rat liver myofibroblasts, were desmin 
positive or negative and SMA positive or negative (Knittel et a!., 1999~).  

VI. DISTRIBUTION OF HSC AND rMF IN RAT 
LIVER TISSUE 

As demonstrated by the aforementioned in vitro studies, HSC and rMF 
represent morphologically and functionally different cell populations of the 
fibroblast lineage. At present, activated HSC are regarded as the principal 
matrix-producing cell of diseased liver; however, the rMF population might 
also have fibrogenic potential. Therefore, the distribution of activated HSC and 
rMF within fibrotic liver tissue was analyzed, and special attention has been 
paid to the fibrotic septa using marker proteins identified by the cell culture 
experiments (Knittel et al., 1999b). Because secreted proteins, such as pro- 
teases or cytokines, appear to be less suitable in identifying individual cells 
within a tissue by immunohistochemistry, cytoskeletal proteins and adhesion 
molecules were employed in the first step. 

A. DISTRIBUTION OF HSC AND rMF IN NORMAL RAT 
LIVER AS ASSESSED BY CYTOSKELETAL PROTEINS AND 

CELL ADHESION MOLECULES 

In accordance with published data, HSC, identified by the presence of GFAP, 
desmin, or V-CAM-1, were detected in the hepatic parenchyma within the perisi- 
nusoidal space (Knittel et al., 1996a, 1999a; Neubauer et al., 1996) (Table I). In 
addition, a GFAP-specific staining reaction was also noted in the portal field around 
the hepatic artery in colocalization with N-CAM (Knittel et al., 1999b), which might 
correspond to the nerve endings as suggested previously (Knittel et al., 1996a). 
Furthermore, desmin was also detectable in the portal field within the walls of the 
hepatic artery or the portal vein and the portal interstitium (Table I). V-CAM-1- 
specific staining reactions were additionally present in a sinusoidal pattern in the 
parenchyma due to its expression by other sinusoidal liver cells, such as endothe- 
lial cells or Kupffer cells (Knittel et al., 1999a). 

In contrast to GFAP/desmin/V-CAM-1 , SMA and N-CAM-specific immuno- 
reactivity was absent within the hepatic parenchyma (Table I). SMA was local- 
ized within the walls of the portal vein or the hepatic artery (Knittel et al., 
1999b). Occasionally, SMA and also desmin were detectable within the walls 
of major central veins. N-CAM immunoreactivity was noted around the hepatic 
artery and in minor amounts within the wall of the portal vein (Knittel 
et al., 1999b). Bile ducts were negative for all the proteins mentioned earlier, but 



120 11. Cells Responsible for ECM Production 

TABLE I 
Rat Livers with Respect to Their Potential Cellular Counterpart or Tissue Compartment' 

Overall Distribution Pattern of lmmunohistochemical Markers in Normal and Diseased 

~ 

Normal liver Acute liver injury Chronic liver injury 

MF HSC 
HSC portal tract HSC MF parenchyma MF 

Marker Darenchvma central vein necrotic area oortal tract scar interface scar 

Vimentin 
Desmin 
GFAP 
SMA 
V-CAM 
N-CAM 
Fibulin-2 

xxx 
xxx 
xxx 

0 

xx 
0 

X b  

xxx xxx 
xxx MM 

0 xx 
xxx X 

0 xxx 
X X 

xxx 0 

xxx 
xxx 
0 

xxx 
0 

xx 
xxx 

xxx xxx 
xxx xx 
xx XC 

xx XXX 

xx X 

xx xxx 
X b  xxx 

aFor further explanations, see text. Please note that positivity corresponds to the cellular compartment 

bFibulin-2 positivity most likely derived from rMF. 
'GFAP positivity most likely derived from HSC. 

and/or the tissue compartment. xxx, strong positive; xx, positive; x, weak positive; 0, negative. 

were labeled using a vimentin-specific antibody, which was also reactive with 
other nonparenchymal liver cell populations (Knittel et al., 199913). 

As outlined earlier, HSC and rMF analyzed in vitro were different with respect 
to the expression of intermediate filaments, myofilaments, and cell adhesion mol- 
ecules. In detail, resting HSC, which are present in normal liver tissue, were 
GFAP, desmin, and V-CAM-1 positive. The latter proteins were completely absent 
in rMF (GFAP) or detectable only in a small subpopulation of rMF (desmin) or 
single positive cells (V-CAM-1). These in vitro results are in perfect agreement with 
the in situ data mentioned earlier, demonstrating that GFAP, desmin, and V-CAM-1 
positive cells corresponding to HSC are present within the perisinusoidal space 
(Table I). SMA and N-CAM were found in situ in vessels walls and might corre- 
spond to the rMF population, as in vitro rMF were N-CAM and SMA positive, 
whereas resting HSC were N-CAM and SMA negative (Table I). Desmin positivity 
is found in situ in HSC but also in rMF located in the walls of the blood vessels 
and the portal interstitium (Table I). 

B. DISTRIBUTION OF HSC AND rMF IN 

NORMAL LIVER AS AsSEsSED BY FIBULIN-2 AND 
INTERLEUKIN-6 EXPRESSION 

In the former study (Knittel et al., 1999c), the ECM protein fibulin-2 was found 
to be almost exclusively present in the rMF populations and absent in HSC of 
different stages of activation and other liver cell populations. Therefore, the 
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Differences between activated HSC 
and rMF in vitro 

Intermediate filaments and myofilaments 
HSC: +: VAD; G (+) 

Adhesion molecules 
HSC: +: NIV 

ECM proteins 

Proteases and anti-proteases 

Cytokines 

rMF: +: V, VA, VAD; G - 

rMF: I ,  (N), ((V)) 

rMF: Ten. 7.2 + 8.7 kb HSC: Ten. 7.2 kb 
Fibulin-2 neg. Fibulin-2 pos. 

HSC: a2-M +, PlOO + rMF: a2-M -, PlOO - 

* HSC: IL-6 - rMF: IL-6 + 

FIGURE 7 Overview of the differences between HSC and rMF in vitro. V, virnentin; A, smooth 
muscle a-actin; D, desmin; G, glial fibrillaIy acidic protein; I, ICAM-1; V, VCAM-1; N, NCAM; 
Ten, tenascin; a2-M, a2-macroglobulin. +, positive; -, negative. 

distribution of fibulin-2 was studied in normal liver. Fibulin-2 immunoreactivity 
was detectable in the walls of the portal vessels, mostly in the hepatic artery 
(Knittel et al., 1999b), and bile ducts were fibulin-2 negative. In the hepatic 
parenchyma and the walls of central veins (Knittel et al., 1999b), fibulin-2-specific 
immunoreactions were present but at considerable lower quantities compared 
with the portal field. The exclusive nature of fibulin-2 deposition is further under- 
lined by a comparison with fibronectin, which is present in all hepatic compart- 
ments, including bile ducts. 

Double immunofluorescence using desmin and SMA as markers for HSC/rMF 
and von Willebrand factor (vW) as a marker for venous vessels due to its reac- 
tivity with endothelial cells (Knittel et al., 1995) indicated that a colocalization of 
fibulin-2 and arterial and venous vessels was evident (Knittel et al., 1999b). 

Of particular interest appears the observation that the fibulin-2 deposition in 
the parenchyma also colocalized with v W  and, in some cases, also with desmin, 
suggesting that small vessels located within the parenchyma and their surround- 
ing rMF were recognizable by the use of fibulin-2 antibodies. In summary, the 
differences noted for HSC and rMF studied in vitro also hold up when analyzing 
the in situ situation and it has been proposed that fibulin-2 immunoreactivity is a 
highly specific marker for rMF, which are localized within the portal field and the 
hepatic parenchyma, including the central veins (Knittel et al., 1999b). 

A major difference between HSC and rMF in vitro was noted in the case of 
IL-6 expression (Knittel et al., 1999~).  Consequently, the cellular localization of 
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IL-6-specific messengers was studied, as the use of a number of commercially 
available antibodies directed against IL-6 was not successful. In normal liver, 
IL-6-specific transcripts were present in the hepatic parenchyma, probably in 
Kupffer cells, but also in cells present within portal vessel walls and within the 
portal interstitium, most likely corresponding to rMF (Knittel et al., 1999b). 

C. OVERALL DISTRIBUTION OF HSC AND rMF IN 

NORMAL RAT LIVER TISSUE 

It is known that, apart from HSC, other cells of the fibroblast lineage, e.g., myofi- 
broblasts, fibroblasts, and smooth muscle cells, are detectable in normal rat 
within the portal field and around central veins (Bhunchet and Wake, 1992; 
Herbst et al., 1997; Ramadori et al., 1990; Tang et al., 1994; Tuchweber et al., 
1996). In these studies, fibroblast-like cells were identified by the presence of 
desmin or SMA; however, desmin positive/SMA negative subpopulations or 
desmin negative-collagen expressing cells have been described, thereby demon- 
strating a heterogeneity of these fibroblast-like cells (Herbst et al., 1997; Seifert 
et al., 1994; Tang et al., 1994; Tuchweber et al. , 1996). In the hepatic parenchyma 
of normal rat liver, HSC were identified through their positive staining reaction to 
GFAP and/or desmin; however, Niki and co-workers demonstrated that HSC 
positive only for GFAP or desmin were also present, again illustrating a hetero- 
geneity of the HSC population (Niki et al., 1996). 

Altogether, data indicate that in normal liver, a clear differentiation of HSC 
from myofibroblasts, fibroblasts, and smooth muscle cells is only possible through 
their localization within the hepatic lobule. The ECM protein fibulin-2 could be 
helpful in differentiating at least the HSC population from other cells of fibroblas- 
tic origin. In vitro fibulin-2 synthesis was more or less absent in HSC, but present 
in the rMF population (Knittel et al., 1999~).  In situ fibulin-2 colocalized with 
desmin or SMA positive cells in the portal field and around central veins, thereby 
identifymg the rMF population of these compartments even more precisely than 
desmin or SMA alone. Furthermore, fibulin-2 was codistributed in the hepatic 
parenchyma with small vessels identified by vwfldesmin staining. The latter result 
suggests that fibulin-2 represents the first marker protein, which identifies vascu- 
lar rMF present in the hepatic parenchyma and differentiates them from HSC. 

D. DISTRIBUTION OF HSC AND rMF IN ACUTELY 
INJURED RAT LIVER 

During the course of a single liver injury, HSC are known to proliferate and to be 
present in higher amounts in the necrotic area (Friedman, 1996; Hautekeete 
and Geerts, 1997; Pinzani, 1995). By using the CC14 model characterized by 
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hepatocellular necrosis, inflammation, and regeneration, resulting in complete 
restitution, the distribution of HSC (identified as desmin, GFAP, or V-CAM-1 
positive cells) and rMF (identified by SMA, N-CAM, or fibulin-2 positivity) was 
analyzed (Knittel et al., 199910). 

At 24 and 48 h after CC1, application, an increase in the number of either 
GFAP or desmin positive cells was evident in the necrotic area compared to not 
injured tissue regions (Knittel et al., 1999b) in accordance with previous studies 
(Knittel et al., 1996a, 1999a; Neubauer et al., 1996). The same was true in the 
case of V-CAM-1; however, one has to take into consideration that apart from 
HSC, other cells, such as sinusoidal endothelial cells and Kupffer cells, might be 
labeled (Knittel et al., 1999a). A semiquantitative analysis comparing the amount 
of desmin, GFAP, or V-CAM-1 positive cells in injured versus uninjured tissue 
areas was performed at different time points after CC1, application. This analysis 
indicated (Knittel et al., 1999b) that an expansion of desmin, GFAP, or V-CAM-1 
positive cells started at 12 h, reached maximal levels at 24-48 h, and declined 
thereafter to control levels at 96 h as reported (Saile et al., 1997). 

In contrast, only a few N-CAM or SMA positive cells were detectable in the 
necrotic area (Table I). Furthermore, fibulin-2 deposition or single fibulin-2 posi- 
tive cells were not increased significantly in this compartment. Except for a 
stronger immunoreactivity of the vessels against SMA, N-CAM, and fibulin-2, no 
major differences were noted in diseased livers compared to controls throughout 
the complete time span (Knittel et al., 1999b). 

In summary, following a single liver injury comprising tissue necrosis, inflam- 
mation, and regenerative events, an expansion of the GFAP/desmin/V-CAM- 1 
positive, SMA/N-CAM/fibulin-2 negative cell population, thereby matching the 
criteria of HSC, was noted. In contrast, the SMA/N-CAM/fibulin-2 positivity, 
regarded as rMF, was close to the baseline level of normal liver, suggesting that in 
this injury model, primarily an expansion of the HSC population takes place. This 
observation is in agreement with the few studies analyzing the kinetics of desmin 
or SMA positive cells in this particular model (Ballardini et al., 1988; Burt et al., 
1986; Geerts et al., 1991; Ramadori et al., 1990); however, in the case of SMA, 
the results contrast with others (Johnson et a!., 1992). Since in the latter study 
SMA positive HSC were already detected in normal liver, a SMA overstaining 
might have caused the divergent results. 

E. DISTRIBUTION OF HSC AND rMF IN FIBROTIC RAT 
LIVER AS ASSESSED BY CYTOSKELETAL PROTEINS AND 

CELL ADHESION MOLECULES 

Presently, HSC, in particular myofibroblast-like (activated) HSC, are regarded as 
the principal matrix producing cell of diseased liver. Because the rMF population 
might also have fibrogenic potential and because specific marker proteins have 
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been identified to differentiate even activated HSC from rMF ( e g ,  fibulin-2), the 
distribution of HSC and rMF within fibrotic liver tissue was analyzed (Knittel 
et al., 199913). Special attention has been paid to different stages of fibrogenesis 
(advanced fibrosis displaying massive scars versus early stages of fibrogenesis 
displaying small scars) and to fibrotic scars. 

Early stages of fibrogenesis displaying small scars were characterized by the 
presence of SMA, desmin, and N-CAM positive cells within the scar (Knittel et al., 
1999b) and by the presence of desmin, GFAP positive cells located at the 
scar-parenchymal interface, and within the hepatic parenchyma (Knittel et al., 
1999b). In advanced stages of fibrosis displaying larger scars (Fig. 81, desmin and 
GFAP positive cells were located in the liver parenchyma, at the scar parenchyma 
interface but within the scar only in minor amounts (Fig. 8). As expected, SMA 
and N-CAM immunoreactivity was detected predominantly within the scar and in 
the hepatic parenchyma only in minor amounts. However, in contrast to GFAP 
and desmin, antibodies directed against SMA stained the full thickness of the scar 
with equal intensity (Fig. 8, Table I). 

F. DISTRIBUTION OF HSC AND rMF IN FIBROTIC RAT 

AS MARKER PROTEINS 
LIVER USING FIBULIN-2, PIOO, AND INTERLEUKIN-6 

As fibulin-2 appeared to represent the most valuable marker to differentiate 
between HSC and rMF, its localization was analyzed in early and advanced stages 
of fibrogenesis (Knittel et al., 1999b). In developing scars, a fine fibulin-2 posi- 
tivity was noted, which colocalized with vWF, desmin, or SMA using double 
immunofluorescence techniques. However, in the case of desmin, desmin posi- 
tive cells were also detected, which were not codistributed with fibulin-2. 
Fibulin-2 was additionally present in minor quantities in the hepatic 
parenchyma and was also in this compartment in part colocalized with vWF, 
desmin, or SMA positive cells. 

In advanced stages of fibrosis displaying massive scars, fibulin-2-specific 
staining reactions were present mostly throughout the full thickness of the scar 
with more or less equal intensity, sometimes more pronounced in the center of 
the scar. Within this septa fibulin-2 deposition mapped to SMA positive cells, in 
part also to vWF positive material, representing newly formed vessels (Knittel 
et al., 1995). In contrast to SMA, a difference was noted in the case of desmin. 
Desmin positive cells were colocalized with fibulin-2 mainly at the septa1 
parenchymal, whereas in the center of the scar fibulin-2 positivity accompanied 
by desmin immunoreactivity was less evident (Knittel et al., 199913). 

Because IL-6 might be a useful marker protein for rMF, the distribution of 
IL-6-specific transcripts was studied not only in normal but also in fibrotic livers 
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FIGURE 8 Localization of HSC and rMF in chronically damaged (fibrotic) rat livers: Distribution of 
GFAP, SMA, desmin, and N-CAM positive cells. Sections of chronically damaged (fibrotic) rat livers 
were incubated with antibodies directed against GFAP, SMA, desmin, and N-CAM. lmmunoreactive 
material was detected using the APAAP staining method. Bar: 43 pm. Note the fibrotic scar (5) 
present within each section. 

(Knittel et al., 1999b). Nonparenchymal liver cells displaying an IL-6-specific 
hybridization signal were detected in the parenchyma and the fibrotic scars of 
early and advanced stages of fibrogenesis. In the case of pronounced septa, IL-6- 
specific messengers were present in cells located at the septa1 parenchymal inter- 
face, as well as in the center of the scar. However, because monocytes and 
macrophages (ED-1 and ED2 positive cells) are distributed in the latter compart- 
ments, the IL-6 hybridization pattern is not indicative for rMF. 

In addition to the former experiments, the localization of PlOO mRNA posi- 
tive cells was studied, because the in vitro experiments demonstrated that expres- 
sion of PlOO was mainly detectable in HSC and present in rMF at levels close to 
the detection limit. As reported for normal liver (Knittel et al., 1997b), P100- 
specific mRNAs were detectable in chronically damaged livers in hepatocytes 
identified by the size of the cells and nonparenchymal liver cells exhibiting a 
smaller nucleus. Interestingly, PlOO positive cells were noted within the hepatic 
lobule, the scar-parenchyma interface, but were nearly absent within the 
scar (Fig. 9). 
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FIGURE 9 Cellular localization of PlOO mRNA expressing cells. Liver tissue was hybridized with 
35S-labeled P100-specific antisense RNA probes and, to detect unspecific signals, with sense RNA 
probes. Open arrows indicate PlOO positive nonparenchymal liver cells and close arrows show PlOO 
positive hepatocytes, which are also PlOO positive. Triangles illustrate the septal-parenchymal 
interface. S, septum. Bar: 43 pm. 

In conclusion, the analysis of fibrotic liver tissue indicates that desmin/GFAP 
positive, PlOO expressing cells, classified as HSC, were mainly present in the 
hepatic parenchyma and at the scar-parenchymal interface. In contrast, 
SMA/fibulin-Z/IL-6 positive and desmin/GFAP negative, PlOO nonexpressing 
cells, classified as rMF, accounted for the majority of the cells located within the 
scar, thereby displaying clear differences in the tissue distribution of the different 
fibroblast populations (Table I). Collectively, these observations suggest that 
upon chronic tissue injury, apart from HSC, fibroblastic cells present within the 
portal field or around the central veins start to proliferate, expand into the hepatic 
parenchyma, and are thereby deeply involved in scar formation (Fig. 10). Because 
HSC are known to undergo apoptosis following activation in vitro but also in vivo 
(Saile et al., 1997), the rMF population could overtake the scar constitution in 
advanced stages of fibrosis. 

VII. HSC AS A MODEL SYSTEM TO STUDY THE 
ROLE OF CELLS OF THE FIBROBLAST LINEAGE 
DURING TISSUE REPAIR 

The use of HSC to study the functional characteristics and biological role of 
fibroblasts during tissue injury has several advantages. Commonly, cultures of 
fibroblastic cells are established by enzymatic digestion of the tissue or by out- 
growth from small tissue parts. Under both conditions, cells have to be cultured 
for prolonged periods and are often passaged serially until experiments are per- 
formed. In contrast, the experimental model of HSC has the unique advantage 
of isolating fibroblastic cells from a tissue in considerable quantities and in 
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Role of cells of the fibroblast lineage during hepatic tissue repair. For further 

relative purities, sometimes exceeding 90%. Furthermore, in primary culture, 
HSC transform from a so-called resting into a myofibroblast-like (activated) cell 
and display basic characteristics attributed to fibroblastic cells upon tissue 
injury, such as proliferation, activation, differential gene expression, and apop- 
tosis (Friedman, 1996; Knittel et al., 1992b, 1996c, 1997c; Pinzani, 1995; 
Ramadori, 1991; Saile et al., 1997). This in vitro situation strongly resembles the 
morphological and functional changes observed in HSC in vivo during liver 
fibrogenesis. Therefore, HSC primary cultures provide an attractive in vitro 
model to study the role of those cells during hepatic tissue repair and to design 
or to examine novel antifibrotic treatment strategies (Friedman, 1996; Pinzani, 
1995; Ramadori, 1991). 

However, in the future, a clear distinction of the hepatic cell types of the fibro- 
blast lineage studied in vitro has to be performed. The differences in morphology, 
growth behavior, and gene expression between HSC and rat liver myofibroblasts 
are clearly evident (Knittel et al., 1 9 9 9 ~ )  and propose that in a number of reports, 
which were performed on severalfold passaged HSC, not HSC but rat liver myofi- 
broblasts have been analyzed. It seems reasonable to suggest that upon passag- 
ing of these cultures the rat liver myofibroblast population has expanded 
dramatically and became the exclusive cell population present in the severalfold 
passaged cell cultures in the latter reports. However, using the marker proteins 
defined by Knittel et al. (1999c), a clear differentiation should be possible in 
upcoming studies. 
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A. SPECIAL BIOSYNTHETIC PROPERTIES OF HSC 

HSC and rMF were not only discernible by their different morphology, growth 
kinetics, and expression pattern of cytoskeletal proteins, but also by their 
synthetic capacity, suggesting different biological roles in tissue homeostasis. 
Although the majority of the proteins analyzed were so far expressed at similar 
levels, marked differences were noted with respect to the synthesis of IL-6, 
fibulin-2, a2-macroglobulin, and certain proteases, such as u-PA and P100. HSC 
synthesized considerable higher amounts of proteases and of the protease 
inhibitor a2-macroglobulin compared to rMF. Because HSC were located prima- 
rily at the scar-parenchyma interface, an area of active tissue remodeling, HSC 
could fulfil more extended functions in connective tissue metabolism than 
rMF, which were characterized by predominant matrix synthesis and were 
located in the center of the granulation tissue. As indicated by the differential 
expression of a2-macroglobulin, a serum protein with strong cytokine-binding 
properties, the susceptibility to fibrogenic cytokines may also be different among 
the fibroblast populations. Because a2-macroglobulin is known to reduce 
TGF-pl-induced collagen synthesis in fibroblastic cells of the liver (Tiggelman 
et al., 1997), TGF-p1 might induce matrix production severalfold stronger in 
a2-rnacroglobulin negative rMF compared to a2-macroglobulin positive HSC, 
thereby resulting in a preferential matrix deposition around rMF located within 
the granulation tissue. 

B. POTENTIAL ROLE OF rMF WITH REGARD TO 
IL-6 PRODUCTION 

Because IL-6 expression was detectable in rMF cultures, a cytokine regarded as 
one of the major mediators of the acute phase reaction in the liver (Baumann 
and Gauldie, 1994; Heinrich et al., 1990), rMF might play additional biologi- 
cal roles apart from connective tissue metabolism. The significance of this 
finding is further underlined by the fact that rMF expressed IL-6 coding 
messengers even at considerable higher quantities than unstimulated Kupffer 
cells, which are regarded the principal cellular source of IL-6 in the liver. In 
conclusion, these data could propose that hepatic myofibroblasts might trigger 
the acute phase response of the liver through local IL-6 production in response 
to hepatic tissue injury. However, these results also implicate that fibroblastic 
cells present in extrahepatic organs could stimulate the acute phase reaction 
in the case of remote localized inflammation, a hypothesis already proposed 
by some investigators (Gauldie et al., 1990; Okamoto et al., 1997; Xing 
et al., 1993). 
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C .  HETEROGENEITY OF FIBROBLASTS OUTSIDE 
OF THE LIVER 

To our knowledge, extended studies concerning the morphological and functional 
differences of cells of the fibroblast lineage defined by an in vitro culturing model 
in combination with an in vivo model of tissue injury have not been performed yet, 
although several reports illustrated the heterogeneity of the latter cell populations. 
In particular, distinct subpopulations of smooth muscle cells have been identified 
(Bochaton-Piallat et al., 1996; Frid et al., 1994; Giuriato et al., 1995; Kacem et al., 
1996; Majeslq and Schwartz, 1990; Sakata et al., 1990; Shanahan et al., 1993; 
Villaschi et ul., 1994), which were studied in detail showing different expression 
patterns, e.g., of cellular retinal-binding protein-1 (Neuville et al., 19971, of 
PDGF-B chain (Lindner et al., 1995), or proliferation capacity (Wohrley et al., 
1995). In addition to smooth muscle cells, fibroblast derived from spleen (Borrello 
and Phipps, 1996), slun (Desmouliere et al., 1992; Jelaska et al., 1996; Kahari 
et al., 1988; Maxwell et al., 1987; Needleman et al., 1990), gingiva (Hassell and 
Stanek, 1983), muscle (Desmouliere et al., 19921, or ludney (Rodemann et al., 
199 1) also comprise phenotypically or functionally subsets of cells. Furthermore, 
it has been demonstrated that differentiation of cells of the fibroblast lineage is reg- 
ulated by certain soluble mediators. TGF-Pi mostly induced SMA expression in 
these cells, whereas interferon-? exhibited opposite effects, suggesting antifibrotic 
activity (Desmouliere et al., 1992, 1993; Knittel et al., 1997c; Peehl and Sellers, 
1997; Schmitt-Graff et al., 1994; Verbeek et al., 1994). However, the exact mech- 
anisms responsible for differentiation into a particular phenotype according to the 
physiological needs still remain to be clarified (Desmouliere, 1995). 

VIII. OUTLOOK 

In summary, data published so far suggest that morphologically and functionally 
different fibroblast populations are present within a tissue, which are located in 
distinct compartments of the fibrotic tissue, suggesting similar but not identical 
roles during tissue repair reactions. Apart from HSC, rMF have to be regarded as 
an essential cell population involved in liver fibrogenesis, and antifibrotic treat- 
ment strategies in the future should pay high attention to this liver cell population. 
Although some of the differences might reflect special conditions present only in 
liver tissue, it is tempting to speculate that other findings represent common fea- 
tures of tissue repair reactions characterized by granulation tissue formation. 
Furthermore, because HSC and rMF were different in their growth kinetics in vitro, 
this experimental setting offers the unique opportunity to study the mechanisms, 
that control proliferation and apoptosis in different cells of the fibroblast lineage. 
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CHAPTER 8 
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Inflammatory processes are thought to be the consequence of tissue damage 
induced by different toxins and agents. However, while in some cases the dam- 
aging agent itself is able to induce cell death directly, in many cases, cell death 
probably takes place through recruited inflammatory cells. Inflammatory 
processes of the liver are supposed to be different from those of other organs 
because of the special structure of liver sinusoids, which do not possess a base- 
ment membrane, and because of the specialized liver sinusoidal endothelial cells 
(SECs), which are in contact with hepatic stellate cells (HSCs) and are separated 
from the hepatocytes by the space of Disse. We could show that intercellular 
adhesion molecule- 1 (ICAM- 1) gene expression in the liver sinusoid increases 
early after carbon tetrachloride (CC1,) administration before leukocyte function 
antigen-1 (LFA-1) positive inflammatory cells are recruited into the pericentral 
area and before hepatocellular damage occurs. The increase of ICAM-1 expression 
is preceded by an increase of tumor necrosis factor (TNF)-a gene expression in 
the liver. The same cytolune is able to upregulate ICAM-1 expression in isolated 
rat SECs. The expression of another member of the immunoglobulin family of 
adhesion molecules, platelet endothelial cell adhesion molecule- 1 (PECAM- l), is 
crucial for transmigration and is decreased in livers following CC1, administration, 
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as well as in isolated SECs after TNF-a treatment. However, next to SECs, HSCs 
are also capable of responding to TNF-a treatment with increased ICAM-1 
expression. The functional blockage of liver macrophages by the administration 
of gadolinium chloride (GD) prior to CC1, treatment leads to a reduction of the 
number of inflammatory cells and of hepatocellular damage, suggesting an 
important role of Kupffer cells (KC) as a source for TNF-a. In case of chronic per- 
sistence of the damaging agent, some sinusoids become involved in bridging 
necrosis and septa formation. The endothelial cells of those sinusoids modify 
their phenotype and possibly become involved in the so-called capillarization of 
the sinusoid. In fact, we could demonstrate that isolated SECs are able to syr- 
thesize several matrix proteins. The synthesis of matrix proteins by SECs is 
enhanced when cells are isolated from chronically CC1,-treated livers and by the 
treatment of isolated SECs with the main fibrogenic mediator transforming 
growth factor (TGFI-P. In conclusion, sinusoidal endothelial liver cells represent 
an efficient bamer against corpusculate matter under normal conditions. 
Migration of inflammatory cells through the sinusoidal wall seems to happen 
only after activation of SECs and HSCs and probably after the involvement of 
Kupffer cells through messengers released by stressed hepatocytes. Once cellular 
debris has been cleared by recruited inflammatory cells, endothelial cells, 
together with HSCs, can parricipate in the repair process, as well as in scar 
formation. 

I. INTRODUCTION 

Inflammatory processes are characterized by the migration of inflammatory cells 
into areas affected by various noxious agents. Migration induced by chemokines, 
as e g ,  interleulun 11-8 and IP-10 (Masumoto et al., 1998; Patzwahl et al., 2001), 
released at sites of injury is mediated by the interaction of adhesion molecules on 
migrating inflammatory cells and adhesion molecules on resident cells (Butcher 
and Picker, 1996; Garcia-Barcina et al., 1995; Springer, 1994). Four classes of 
adhesion molecules are known; adhesion molecules of the immunoglobulin 
superfamily, selectins, integrins, and cadherins. Members of the immunoglobulin 
(Ig) superfamily are characterized by one or more immunoglobulin domains. The 
immunoglobulin family comprises molecules such as ICAM, VCAM, NCAM, 
MadCAM, and PECAM. Selectins are preferentially involved in the first step of 
cell-cell interaction, the so-called “rolling,” whereas VCAM and ICAM are important 
for later steps, the so-called “sticlung” and “transmigration” (Butcher and Picker, 
1996; Dunon et a[., 1996). 

Inflammatory processes in the liver differ from those taking place in other 
organs. Liver SECs are, in many aspects, different from capillary or large vessel 
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endothelium, e.g., they possess typical fenestrations clustered in sieve plates, 
which freely admit plasma constituents, but not formed blood elements, to the 
surface of hepatocytes. Whereas endothelium of most tissue rests on a basement 
membrane, sinusoids of the liver lack an electron-dense basement membrane. 
Moreover, SECs of the normal liver, in contrast to capillary endothelial cells, were 
suggested not to express certain adhesion molecules, such as most selectins, 
cadherins, CD34, and PECAM-l(CD31) (Couvelard et al., 1993; Scoazec and 
Feldmann, 1991, 1994). 

Due to the restricted set of adhesion molecules expressed by SECs, two 
pathways of cell-cell interaction during inflammatory processes in the liver 
were suggested (Garcia-Barcina et al., 1995). One of them is the interaction 
between ICAM-1 of SECs and its ligands LFA-1 and MAC-1 expressed by 
inflammatory cells; the other pathway involves the VCAM-1 and VLA-4 
interaction. 

However, the first steps leading to the infiltration of the liver with inflam- 
matory cells are still poorly understood. In a model of hepatitis, Ando et al. (1993) 
suggested that after viral infection, hepatocytes have a change of their 
surface antigen(s1, which inflammatory cells recognize. Thereafter these 
inflammatory cells are capable of initiating a cascade of events that finally ends 
up in hepatocellular death. The induction of liver cell damage with the migra- 
tion of inflammatory cells into the pericentral area of the liver lobule after a 
single administration of carbon tetrachloride (CCI,) to the rat represents a 
good model for also studying early steps during liver inflammation. In fact, this 
model offers the almost unique possibility to isolate the different cellular par- 
ticipants of the inflammatory process at different time points before, during, 
and after inflammation and liver damage. Furthermore, these cells can be iso- 
lated from the liver of untreated animals and used to analyze the effects of 
mediators thought to be involved in the inflammatory process. In the CC1, 
model of liver injury used for our studies, we observed the following sequence 
of events. 

11. INTERCELLULAR ADHESION MOLECULE-1 
UPREGULATION ON SINUSOIDAL ENDOTHELIAL 
CELLS PRECEDES INFILTRATION WITH 
INFLAMMATORY CELLS AND DEVELOPMENT 
OF NECROTIC AREAS 

In contrast to other endothelial cells, which only express ICAM-1 after activation, 
ICAM-1 positivity was detected along the sinusoids of normal rat livers as seen by 
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FIGURE 1 Indirect immunodetection of ICAM-1 and LFA-I-positive cells in sections of livers from 
control animals (A,B) or from rats 6 h after CCI, administration (C,D) using the APAAP staining 
method. Sections were stained with a monoclonal antibody directed against rat ICAM-1 (A,C) or with 
a monoclonal antibody directed against rat LFA- 1 (B,D), followed by APAAP immunodetection (orig- 
inal magnification x 250). Big arrows indicate ICAM-I-positive nonparenchymal cells with small 
nuclei along the sinusoids and around the vessels. Vessel walls are ICAM-1 negative. Small arrows 
indicate LFA-1 immunoreactive cells located around the vessels and rarely distributed along the sinu- 
soids. (C) Increased ICAM immunoreactivity along the sinusoids 6 h after treatment, whereas the 
pattern of LFA-1 staining remains unchanged. CV, central vein. Reproduced from Neubauer et al. 
(1998), with permission. 

immunohistological staining of liver sections (Neubauer et al., 1998). However, 
ICAM-1 positivity increased along the sinusoids 3-6 h after CC1, administration 
and finally accumulated in the necrotic areas (24-48 h after the administration) 
(Figs. 1 and 2). The ICAM-1 steady-state mRNA level in liver tissue increased 3-6 h 
after the CCl, treatment and returned to normal levels 48 h after the treatment 
(Fig. 3) as revealed by Northern blot analysis. Increased amounts of ICAM-1-specific 
transcripts could be observed in isolated SECs already 3-6 h after CC1, adminis- 
tration (Fig. 4). Immunohistology of normal rat livers revealed a few LFA-1- 
immunoreactive cells around the vessel walls. Not before 12 h after CC1, 
administration, the number of LFA- 1-immunoreactive cells increased around the 
vessel walls and along the sinusoids and later accumulated in the necrotic area 
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FIGURE 2 Indirect immunodetection of ICAM-1 and LFA-1-positive cells in sections of livers from 
rats 18 h after CCI, administration (A,B) or 48 h after CCl, administration (C,D). Sections were 
stained with a monoclonal antibody directed against rat ICAM-l(A,C) or with a monoclonal antibody 
directed against rat LFA-1 (B,D), followed by APAAP immunodetection. (A,B) Eighteen hours post- 
CCI, administration, the amount of LFA- 1 immunoreactive cells increased around the vessels and 
along the sinusoids and formed accumulations (original magnification x 250). PT, portal tract; CV, 
central vein. Reproduced from Neubauer et al. (1998), with permission. 

(Fig. 2), which suggested an early upregulation of ICAM-1 in liver cells prior to 
the accumulation of LFA-1 expressing cells, prior to the development of necrotic 
areas. 

111. TUMOR NECROSIS FACTOR-a ENHANCES 
INTERCELLULAR ADHESION MOLECULE- 1 
TRANSCRIPT LEVEL IN CULTURE OF 
SINUSOIDAL ENDOTHELIAL CELLS 

As TNF-a has been shown to be upregulated early after CC1, administration 
(Bmccoleri et al., 1997; Knittel et al., 1999), the influence of TNF-a on ICAM-1 
gene expression was analyzed by Northern blot analysis. TNF-a treatment (100 U/ml 
for 8 h) of I-day cultured rat SECs from normal liver increased the ICAM-1- 
specific transcript level (Fig. 5) (Neubauer et al., 2000a). 
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FIGURE 3 Northern blot analysis of total RNA extracted from livers from control animals (c) or from 
CCl,-treated rats (6, 24, 48, and 72 h after a single administration of CCI,). RNA was electrophoresed 
(10 pg of total RNA per lane), blotted, and subsequently hybridized with 32P-dCTP-labeled cDNAs 
specific for 'PECAM-1, ICAM-1, and albumin. Reproduced from Neubauer et af. (2000b), with 
permission 

FIGURE 4 PECAM-1 gene expression in sinusoidal endothelial cells isolated from rat livers after a 
single CCI, administration. Northern blot analysis of total RNA extracted from sinusoidal endothelial 
cells isolated from normal rat livers (c), 6, 24, 48, or 72 h after a single CCl, administration. Three 
rats were treated at each time point. Five milligrams of total RNA was separated on agarose gel, 
blotted, and hybridized with a 32P-dCTP-labeled cDNA probe specific for rat PECAM-1, ICAM-I. 
Normalization was performed with an oligonucleotide specific for the 28s rRNA. Reproduced from 
Neubauer et al. (ZOOOb), with permission. 
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FIGURE 5 Sinusoidal endothelial cells at day 1 after isolation were cultured in the absence or 
presence of TNF-a (1000 U/well) for 8 h under serum-reduced conditions (0.3% fetal calf serum). 
TNF-a causes an increase in the amount of ICAM-1-specific transcripts and a decrease of the PECAM- 
1-specific transcript level. Normalization was performed with an oligonucleotide specific for the 285 
rRNA. Reproduced from Neubauer et al. (2000a), with permission. 

A. KUPFFER CELLS SEEM TO BE RESPONSIBLE FOR 

ENHANCED SYNTHESIS OF TNF-a FOLLOWING CCl, 

PRETREATMENT WITH GADOLINIUM CHLORIDE 
RESULTS IN A REDUCED TNF-a LEVEL AND A 

REDUCTION OF A m  OF NECROSIS 

TREATMENT, AS INACTIVATION OF KUPFFER CELLS BY 

Because Kupffer cells are suggested to be an important source of secreted TNF-a, 
we analyzed the TNF-a transcript level in CCl,-treated livers with or without GD 
pretreatment by Northern blot analysis. These studies indicated that, indeed, 
when livers are treated with gadolinium chloride prior to CCl, treatment, there is 
a reduction of the areas of necrosis and there is a decrease in the TNF-a transcript 
level in liver tissue compared to solely CC1,-treated livers (Fig. 6). These data let 
us take into consideration that CC1, induces a “disturbance” of hepatocytes but 
does not necessarily induce cell death. Hepatocellular necrosis may be a result of 
the interaction of “disturbed” hepatocytes with recruited inflammatory cells. 
Recruitment of inflammatory cells seems to take place after activation of SECs and 
HSCs and after enhanced TNF-a secretion by KC, which could be induced by 
messengers released by stressed hepatocytes. The involvement of Kupffer cells has 
been demonstrated in different T-cell-dependent liver injury in mice. When KC 
were depleted by clodronate liposomes, TNF RNA and protein production were 
strongly attenuated and liver damage was restricted to a few small necrotic areas 
(Schumann et al., 2000). 
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FIGURE 6 Northern blot analysis of total RNA extracted from control livers (c) or from acutely dam- 
aged livers (48 h after the administration of CClJ (a) or from gadolinium chloride-pretreated (24 h 
prior to CCI, treatment) CC1,-treated livers (48 h after the administration of CClJ (Gd). RNA was 
electrophoresed (10 pg of total RNA per lane), blotted, and subsequently hybridized with a 32P-dCTP- 
labeled cDNA specific for TNF-a and actin. 

IV. TRANSMIGRATION 

A. PECAM, WHICH Is CRUCIAL FOR 

TRANSMIGRATION, Is DECREASED FOLLOWING CC1, 
TREATMENT OF RAT LIVERS, As WELL As AFTER 
TREATMENT OF ISOLATED SINUSOIDAL ENDOTHELIAL 
CELLS BY TNF-a 

PECAM-1, another member of the Ig superfamily, plays a crucial role in 
transendothelial migration of leukocytes and monocytes, as transmigration and 
inflammation could be inhibited in vivo and in vitro by applying antibodies directed 
against PECAM-1 (DeLisser et al., 1994; Liao et al., 1997; Muller et al., 1993). 

PECAM-1 is a major constituent of endothelial cell intercellular junctions and 
therefore regulates endothelial cell-cell contact. It is known to be expressed at a 
lower level on the surface of circulating platelets, monocytes, and leukocytes 
(Newman, 1994, 1997). 

Our data revealed PECAM-1 immunoreactivity along the sinusoids of 
normal rat livers in a pattern similar to ICAM-1 staining (Neubauer et al., 
2000b) (Fig. 7) and PECAM-1-specific transcripts were detected in freshly iso- 
lated SECs by Northern blot analysis) (Neubauer et al., 2000b) (Fig. 4). After 
a single CC1, administration, PECAM-1 immunoreactivity did not increase in 
contrast to the increase of ICAM-1 (Fig. 8). Northern blot analysis of livers 
taken at different time points after the administration of CC1, indicated that 
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FIGURE 7 Indirect immunodetection of PECAM-1 and ICAM-1 in sections of normal rat livers using 
the APAAP method. Sections were stained with a monoclonal antibody directed against rat PECAM-I 
(a,b) or with a monoclonal antibody directed against rat ICAM-1 (c,d), followed by APAAP immuno- 
detection. Arrows indicate PECAM-1 positivity along the sinusoids and along the intimal lining of the 
vessels or ICAM-I negativity of the intimal lining. PT, portal tract (a and c original magnification 
~ 4 0 0 ,  b and d original magnification x250). Reproduced from Neubauer et al. (2000b), with 
permission. 

PECAM-1 expression does not increase after a single administration of CCI,, 
whereas the ICAM- 1 steady-state level increased (Fig. 3) .  Furthermore, 
PECAM-1-specific transcript levels in SECs isolated at different time points 
after CC1, administration decreased in parallel to the increase of ICAM-1 tran- 
script levels. The amount of PECAM- 1-specific transcripts was also decreased 
in cultured SECs following the treatment of TNF-a as analyzed by Northern 
blot analysis (Fig. 5). 
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FIGURE 8 Indirect immunodetection of PECAM-I and ICAM-1 in sections from acutely damaged rat 
livers (48 h after a single CC1, administration). Sections were stained with a monoclonal antibody 
directed against rat PECAM-1 (a,c) or with a monoclonal antibody directed against rat ICAM-I (b,d), 
followed by APAAP immunodetection. PT, portal tract; NA, necrotic area. (a and b original magnification 
~ 2 5 0 ,  c and d original magnification x 100). Reproduced from Neubauer et al. (2000b), with 
permission. 

Early production of TNF-a after liver injury could induce increased ICAM-1 
expression and decreased PECAM-1 expression in SECs, which might be essential 
for the transmigration of inflammatory cells into the parenchyma. Our data, in 
combination with the finding that there is no reduced inflammation in the 
PECAM-1 knockout mouse (Duncan et a[., 1999), might indicate that PECAM-1 
may be a member of a group of molecules that have to be inactivated rather than 
activated to allow infiltration during inflammation. 
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B. HEPATIC STELLATE CELLS ARE CAPABLE OF 

EXPRESSING ICAM- 1 AND VCAM- 1, WHICH ARE 
INDUCIBLE UPON STIMULATION WITH TNF-a 
AND IFN-Y 

So far, HSCs have been shown to be the primary source of matrix proteins. HSCs, 
also designated as Ito cells, fat-storing cells, or lipocytes, play a major role in 
vitamin A metabolism. HSCs are situated in the space of Disse between the 
sinusoidal endothelium and hepatocytes and exhibit long cytoplasmic processes 
that underlie the endothelium and embrace the sinusoid but also have contact 
with hepatocytes. 

We tested if HSCs during early culture can contribute to the recruitment of 
inflammatory cells by the synthesis of ICAM-1 and VCAM-1 under conditions of 
inflammation (Knittel et al., 1999). In addition, the regulation of neural cell adhe- 
sion molecule (NCAM, also termed CD56) was analyzed because NCAM, known 
to be expressed by HSC following activation, might be involved in the migration 
of CD56-positive lymphocytes or HSC and in the termination of HSC proliferation 
induced by tissue injury. 

Northern blot analysis of HSCs during early culture, as well as several days 
after isolation, indicated that HSCs express adhesion molecules of the Ig 
family as ICAM-1, VCAM-1, and NCAM. Next to TNF-a, IFN-y had also been 
shown to be involved in liver inflammation, the influence of both cytokines 
on the expression of ICAM-1 and VCAM-1, as well as NCAM in HSCs, was 
studied. TNF-a, as well as IFN-)I, upregulated the expression of ICAM-1 and 
VCAM-1, but decreased the NCAM-specific transcript level in HSCs (Figs. 9 
and 10). 

V. REGENERATION AND SCAR FORMATION 

Liver fibrogenesis represents the uniform response of the liver to toxic, infectious 
or metabolic agents and is characterized by increased synthesis and altered 
deposition of newly formed extracellular matrix components. Deposition of colla- 
gen type IV, laminin, and entactin in the perisinusoidal space results in the 
formation of a complete basement membrane, a process called “collagenization” 
or “capillarization” of the sinusoids. Capillarization of the sinusoids is an early 
event in liver fibrogenesis and seems to be of crucial importance for the liver func- 
tion, as the exchange of macromolecules between sinusoidal blood and hepato- 
cytes is fundamentally affected (Jezequel et al., 1990; Neubauer et al., 2001; 
Schuppan, 1990). 
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FIGURE 9 Expression of cell adhesion molecules by hepatic stellate cells in vitro: Expression of 
ICAM-1, VCAM-1, and NCAM as assessed by Northern blot analysis. Total RNA was purified from 
hepatic stellate cells at these time points: freshly isolated (O), day 2 or 3 (2/3), day 4 or 5 (4/5), 
day 7 (7), and day 9 or 10 (9/10) after plating. RNA (1.25 pg total) recovered from four different 
hepatic stellate cell isolations was pooled and size selected by 1% agarose gel electrophoresis followed 
by hybridization using specific cDNA probes. Reproduced from Knittel et al. (1999), with permission. 

Next to HSCs, a possible contribution of SECs to “capillarization” by the 
synthesis of basement membrane proteins and to septa formation by the synthe- 
sis of extracellular matrix proteins has been hypothesized, as ultrastmctural and 
immunocytochemical data indicate that SECs produce collagen type 111, IV, and 
fibronectin (Clement et al., 1986; Irving et al., 1984). Because SECs are capable 
of endocytosing matrix proteins via the hyaluron, the collagen, and the P 111-NP 
receptor (Smedsrod et al., 1990), these results have been viewed with some 
criticism. Synthesis of cellular fibronectin in SECs was demonstrated by Rieder 
eta[ . ,  (1987). 

As TGF-Pl seems to be the most effective mediator in the stimulation of matrix 
protein synthesis (Czaja et al., 1989; Knittel et al., 19961, we studied the modulation 
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FIGURE 10 Regulation of ICAM-1, VCAM-1, and NCAM expression by TNF-a and IFN-y in hepatic 
stellate cell (HSC) primary culture. HSC cultured for 2 days (2d) were incubated without (Con) or with 
TNF-a (TNF) or IFN-y (IFN) for 20 h. RNA ( 5  pg total) was size selected by 1% agarose gel elec- 
trophoresis, and filters were then hybridized using a cDNA probe specific for ICAM-I, VCAM-1, 
NCAM, or GAPDH. Reproduced from Knittel et al. (19991, with permission. 

of basement membrane proteins collagen type IV, laminin, and entactin expression 
by TGF-P1 in liver SECs (Neubauer et al., 1999). Specific immunoprecipitates 
for the basement membrane (BM) proteins entactin, laminin, and collagen 
type IV and for extracellular matrix (ECM) proteins tenascin and fibronectin 
were detectable in freshly isolated or cultured SECs. The synthesis of all tested 
BM proteins and ECM proteins was stimulated at least threefold by TGF-P1 
(Fig. 11). In SECs isolated from acutely or chronically CC1,-damaged rat 
livers, there was an enhanced transcript level of matrix proteins (fibronectin, 
laminin, collagen type IV, and thrombospondin) as demonstrated by Northern 
blot analysis (Fig. 12). Stimulation of the synthesis of BM proteins by 
TGF-P1 in vitro and accumulation of transcripts for ECM proteins in SECs 
isolated from CC1,-treated livers suggest that SECs are involved in the forma- 
tion of a basement membrane during “capillarization” during liver disease. 
Although HSCs seem to be responsible for the synthesis of matrix proteins 
at later stages of disease, endothelial cells play a role under basal conditions, 
as well as during “capillarization” of the sinusoids at the beginning of 
fibrosis. 
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FIGURE 11 Stimulation of tenascin, entactin, fibronectin, laminin, and collagen type IV synthesis by 
T G F - ~ ~  in primaIy cultured sinusoidal endothelial cells. On day 5 of primary culture, sinusoidal 
endothelial cells were pulse labeled with 100 mCi [35S] methionine in the absence (control) or pres- 
ence of 3 ng of TGF-Pl per well for 24 h. Aliquots of culture medium (3 x lo5 cpm) containing the same 
amount of protein-bound radioactivity were immunoprecipitated with antibodies directed against 
fibronectin, laminin, entactin (a), tenascin, and collagen type IV 6). Samples were subjected to 

SDS-PAGE followed by autoradiography. Reproduced from Neubauer et al. (19991, with permission. 
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FIGURE 12 Matrix protein gene expression in sinusoidal endothelial cells isolated from rat livers 
after a single CCI, administration and after repeated administrations of CCl,. Northern blot analysis 
of total RNA extracted from SECs isolated from normal rat livers (co), 24 h (241, and 48 h (48) after 
a single CCI, administration and 7 days after 10 weekly CCI, administrations (ci). Three rats were 
treated at each time point. Five milligrams of total RNA was separated on an agarose gel, blotted, and 
hybridized with a 32P-dCTP-labeled cDNA probe specific for fibronectin, laminin, collagen type IV, 
and thrombospondin. Experiments were repeated with cells of three different rats. Reproduced from 
Neubauer et ul. (19991, with permission. 
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1. INTRODUCTION 

In normal liver, hepatic stellate cells are perisinusoidal vitamin A-storing cells 
located in the subendothelial space of Disse. Following liver injury, they undergo 
a spectrum of phenotypic changes and transform into proliferative, fibrogenic, 
and contractile myofibroblasts-a processed collectively termed “activation.” This 
chapter reviews the biological characteristics of hepatic stellate cells, addressing 
their functions in injured liver, with special emphasis on the molecular mechanisms 
of stellate cell activation. 

A. FUNCTIONS OF HEPATIC STELLATE CELLS: 
MOLECULAR ASPECTS 

In normal liver, stellate cells plays a major role in maintaining hepatic hemeostatsis. 
Their main functions include (1) production of cytokines and other mediators, 
(2) expression of membrane receptors, (3) cell matrix synthesis and degradation, 
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(4) regulation of hepatic sinusoidal blood flow through their contractility, and 
(5) retinoid storage and metabolism. 

1. Production of Cytokines 

One of the main features of hepatic stellate cells is their versatility in producing a 
rich array of cytokines in the liver. Signal transduction mediated by binding of 
cytokines to their membrane receptors comprises the main mode of cell-cell 
interaction in both normal and injured liver (Friedman, 1999) (Table I). 

TABLE 1 Products and Components of Hepatic Stellate Cells 

Vitamin A-related components and lipids 
Retinoids Retinol, retinyl esters, retroretinoids 
Binding proteins 
Enzymes 
Nuclear retinoid receptors 
Apolipoproteins 

Cytoskeletal markers 
Vimentin, desmin, 

CRBP, CRABP, RBP (controversial) 
Retinyl palmitate hydrolase, acety-CoA: retinyl acyltransferase 
RARa, RARy, ma, RXRP, PPAFG (controversial) 
Apo E, apo A-I, and A-IV (controversial) 

a-SMA, GFAP, nestin 

Extracellular matrix 
Collagens 
Proteoglycans 

Glyconproteins 

Types I, Ill, IV, V, Vl, XIV 
Heparan, dermatan and chrodroitin sulfates, perlecan, 

syndecan-1 , biglycan, decorin 
Cellular fibronectin, laminin, merosin, tenascin, 

nidogedentactin, undulin, hyaluronic acid 

Proteases and inhibitors 
Matrix proteases 
Protease inhibitors TIMP-1, TIMP-2, PAIL1 

Cytokines, growth factors, and inflammatory mediators 
Prostanoids 
Leukocyte mediators M-CSF, MCP-1, PAF 
Acute phase components apacroglobul in ,  IL-6 
Mitogens 
Adhesion molecules I-CAM-1, V-CAM-1, N-CAM 
Vasoactive mediators ET-1, NO 
Fibrogenic compounds 
Others IL-10, CINC 

MMP-2, stromelysin-l (transin), MMP-1, MT-MMP 

Prostaglandin (PG)F,a, PGD2, PGI2, PGEZ; LTC4, LTB4 

HGF, EGF, PDGF, SCF, IGF I and 11, aFGF 

TGF-01, TGF-02, TGF-03, CTGF 

Receptors 
Cytokine receptors 
Others 

PDGF-R, TGFP-R types I, 11, and 111, ET-R, EGF-R, VEGF-R 
Integrin, DDR, thrombin-R, mannose-6-phosphate-R, uPA-R 

Signaling molecules and transcription factors 
Signaling components 
Transcription factors 

Rat raf and MAP kinase 
Spl ,  NFKB, c-myb, Zf9/KLF6 
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Platelet-derived growth factor (PDGF) consists of A and B chains (as AA, AB, 
or BB dimers) and is the most potent stellate cell mitogen described to date 
(Pinzani et al., 1989, 1991, 1992a, 1995). PDGF A chain mEWA has been 
detected in activated human stellate cells (Marra et al., 1994; Win et al., 1993). 
During liver injury, stellate cells produce more PDGF and upregulate PDGF recep- 
tors (Pinzani et al., 1994b, 1996b, Wong et al., 1994). Following ligand binding, 
the PDGF receptor recruits the signaling molecule Ras, followed by activation of 
the protein lunase mitogen-activated 1 (MAP) kinase pathway (Friedman, 1999). 
In addition, phosphoinositol 3 lunase (PUK) and STAT-1 may mediate PDGF 
signaling in stellate cells (Kawada et al., 1997; Marra et al., 1997). 

Stellate cells secrete transforming growth factor-a (TGF-a) and epidermal 
growth factor (EGF), two potent epithelial growth factors that play important 
roles in hepatocyte proliferation during liver regeneration (Bachem et al., 1992; 
Meyer et al., 1990; Mullhaupt et al., 1994). TGF-a and EGF also stimulate mito- 
sis in stellate cells (Meyer et al., 1990; Win et al., 1993), creating an autocrine 
loop for cellular proliferation. Hepatocyte growth factor (HGF) is a more potent 
hepatocyte mitogen produced by stellate cells (Maher, 1993; Schirmacher et al., 
1992); however, its production diminishes during acute liver injury (Maher, 1993). 
Stem cell factor (SCF) was also identified in stellate cells in rats undergoing liver 
regeneration induced by a partial hepatectomy combined with 2-acetoaminofluorene 
(Fujio et al., 1994). In addition, insulin-like growth factors I and I1 (IGF-I and -11) 
and their receptors are also products of stellate cells (Pinzani et al., 1990; Zindy 
et al., 1992). 

Acidic fibroblast growth factor (aFGF) is another mitogenic cytolune that has 
been identified in stellate cells in situ during liver injury, in late hepatic develop- 
ment, and during hepatic regeneration (Marsden et al., 1992). Stellate cells also 
create an autocrine loop for basic FGF (bFGF), which is mitogenic toward culture- 
activated rodent and human stellate cells (Marsden et al., 1992; Pinzani et al., 
1991; Rosenbaum et al., 1995; Win et al., 1993). 

Stellate cells produce macrophage colony-stimulating factor (M-CSF) (Pinzani 
et at., 1992a) and monocyte chemotactic peptide 1 (MCP-1) (Czaja et al., 1994; 
Marra et al., 1993), which regulate macrophage accumulation and growth. MCP-1 
production is stimulated by thrombin, interleulun-la, interferon y, and tissue necro- 
sis factor-a (TNF-a) (Marra et al., 1993, 1995). It is blocked by H-7, an inhibitor of 
protein kinase C (PKC) (Marra et al., 1993), suggesting the involvement of PKC in 
the signaling pathway leading to MCP production. M-CSF synthesis is stimulated 
by PDGF and bFGF(Pinzani et al., 1992a). Secretion by stellate cells of these 
macrophage growth factors may amplify the inflammatory and fibrogenic 
responses during liver injury. 

The neutrophil inflammatory response in injured liver is also amplified by 
stellate cells through the production of platelet-activating factor (PAF). PAF pro- 
motes chemotaxis of neutrophils and stimulates their activation (Pinzani et al., 
1994a). Its production is increased by thrombin, lipopolysaccharide, and calcium 
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ionophores (Pinzani et al., 1994a). In addition to PAF, rat stellate cells also 
produce cytolune-induced neutrophil chemoattractant (CINC), a rat form of 
human interleulun-8 (Maher et al., 1998). The upregulation of CINC expression 
accompanies stellate cell activation both in vivo and in culture (Maher et al., 1998). 

Stellate cells secrete interleulund (IL-6), thereby contributing to the acute- 
phase response (Greenwel et al., 1993; Tiggelman et al., 1995). Lipopolysaccharide, 
interleulun-1 P and tumor necrosis factor-a are potent stimuli of interleulund 
production (Tiggelrnan et al., 1995). However, interleulun-10 (IL-10) is an anti- 
inflammatory cytolune also produced by stellate cells. Upregulation of IL-10 occurs 
in early stellate cell activation (Thompson et al., 1998b; Wang et al., 1998). It has 
prominent antifibrogenic activity by downregulating collagen type I expression 
while upregulating interstitial collagenase. IL- 10 knockout mice develop more 
severe hepatic fibrosis following CC1, administration than wild-type mice, sub- 
stantiating its antifibrotic activity in vivo (Louis et al., 1998; Thompson et al., 
1998a). It is uncertain, however, whether the antifibrotic effect of IL-10 is direct or 
is mediated through immune downregulation. Clinical trials are currently evaluat- 
ing the efficacy of IL-10 in chronic liver fibrosis. 

Stellate cells also express several adhesion molecules, including intercellular 
adhesion molecule 1 (I-CAM-1) (Hellerbrand et al., 19961, vascular adhesion mol- 
ecule l (V-CAM-l) (Knittel et al., 1999), and neural adhesion molecule (N-CAM) 
(Knittel et al., 1996; Nakatani et al., 1996). The expression of I-CAM-1 is 
increased following stellate cell activation and may regulate lymphocyte adher- 
ence to activated stellate cells (Hellerbrand et al., 1996). In situ, both I-CAM-1 and 
V-CAM-1 are upregulated following CCI,-induced liver injury (Knittel et al., 
1999). The peaks of immunoreactivity of these two molecules coincide with maxi- 
mal cell infiltration, and the inflammatory cytokine TNF-a increases the transcripts 
of both CAMS (Knittel et al., 1999). Therefore, it is likely that I-CAM and V-CAM 
are involved in modulating the recruitment of inflammatory cells during liver injury. 
Stellate cells expressing N-CAM lie in close proximity to nerve endings in the 
liver (Nakatani et al., 1996). The function of this adhesion molecule in 
stellate cells is not known. 

Transforming growth factor-p (TGF-P) is one of the most important stimuli of 
hepatic fibrosis. Stellate cells secrete latent TGF-P1 in response to injury, which, 
after its activation, exerts potent fibrogenic effects in both autocrine and paracrine 
patterns. Of these two sources, autocrine activity is the most important (Bissell 
et al., 1995; Gressner, 1995). TGF-Pi expression is increased in experimental and 
human hepatic fibrosis (Castilla et al., 1991; Gressner and Bachem, 1995). 
Upregulation of T G F - ~  in activated stellate cells occurs through multiple mech- 
anisms. Factors including Spl (Ji et al., 1997) and Zf9/KLF6 (Kim et al., 1998) 
transactivate the TGF-Pi promoter through interactions with multiple “GC box” 
motifs. There are also several mechanisms mediating the activation of latent 
TGF-P1, including cell surface activation following binding to the cell surface 
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mannose-6-phosphate/insulin-like growth factor I1 receptor (de Bleser et al., 
1995) and binding to a number of proteins secreted by stellate cells (Gressner and 
Bachem, 1990), including a2-macroglobulin (Andus et at., 1987), decorin, and 
biglycan (Meyer et al., 1992). Local plasminogen activator (PA)/plasmin is particu- 
larly important in activating latent TGF-PI (Imai et al., 1997; Okuno et al., 1997, 
1999). This activity is regulated by metabolites of retinoic acid. The signaling of 
TGF-PI in rat stellate cells involves the activation of Ras, Raf-1, MEK, and MAP 
kmase (Reimann et al., 1997). A family of signaling molecules known as SMAD 
proteins are also involved in TGF-P signaling (Attisano and Wrana, 1998; Heldin 
et al., 1997; Wrana and Attisano, 19961, and their role in stellate cells is under 
study (Dooley et al., 2000). 

Connective tissue growth factor (CTGF) is a cytokine that promotes fibrogen- 
esis in skin, lung, and ludney (Igarashi et al., 1996; Ito et al., 1998; Lasky et al., 
1998). It is strongly expressed by stellate cells during hepatic fibrosis (Paradis 
et al., 1999). Regulation of its expression in stellate cells is not defined, although 
it is a downstream target of TGF-P in other cellular systems (Duncan et al., 1999; 
Grotendorst, 1997). 

Endothelin-1 (ET-1) was originally identified as a potent vasoconstrictor 
produced mainly by endothelial cells (Yanagisawa et al., 1988). More recent 
studies have identified stellate cells as both a major source and a target of this 
cytokine during liver injury (Pinzani et al., 1996a; Rockey et al., 1998). 
Interestingly, stellate cells also produce nitric oxide (NO), a physiological antago- 
nist to ET-1 (Rockey and Chung, 1995) (see Section I,A,4). 

A more recent finding is that activated hepatic stellate cells also secrete leptin, 
which is a 16-kDa peptide hormone critical for regulating fuel stores and energy 
expenditure (Marti et al., 1999; Potter et al., 1998). Leptin decreases appetite and 
thereby food intake, and increases energy expenditure. Expression of leptin was 
demonstrated in culture-activated hepatic stellate cells but not in quiescent stel- 
late cells, and leptin mRNA expression was inhibited by retinoids (Potter et al., 
1998). Because leptin augments both inflammatory and profibrogenic responses 
in the liver caused by hepatotoxic chemicals (Ikejima et al., 2001), it may play a 
role in enhancing fibrogenic activities of stellate cells following liver injury. 
Circulating leptin levels were higher in patients with alcoholic cirrhosis 
(McCullough et al., 1998), but whether stellate cells are a major source of leptin 
in this setting is controversial (Henriksen et al., 1999). 

2 .  Expression of Membrane Receptors 

Cytokines regulate stellate cell behavior through specific, high-affinity binding 
to their cognate membrane receptors. Thus far, several cytokine and extracel- 
lular matrix receptors have been identified in either quiescent or activated 
stellate cells. 
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The PDGF receptor was the first receptor identified in stellate cells. It is com- 
posed of a or p subunits as either homodimers or heterodimers. In rat stellate 
cells, the p subunit is the predominant isoform (Heldin et al., 1991; Pinzani et al., 
1991, 1994131, whereas in human stellate cells, both a and p subunits are 
detectable (Pinzani et al., 1995; Win et al., 1993). 

TGF-P receptors have also been characterized in rat stellate cells. All three 
forms of TGF-P receptors, types I, 11, and 111 (betaglycan), are expressed. TGF-Pl 
binding and responsiveness are enhanced greatly during activation in vivo and 
in vitro (Friedman et al., 1994; Roulot et al., 1995). 

The effects of ET-1 are mediated through two G-protein-coupled receptors. 
Receptor types A and B have been identified in both quiescent and activated stel- 
late cells (Housset et al., 1993; Kawadaet al., 1995). The relative prevalence of ETA 
and ETB receptors changes during stellate cells activation (Pinzani et al., 1996a). 
The ETB receptor is the predominant mediator of stellate cell contraction and 
growth inhibition (Rockey, 1995). In contrast, the proliferative effect of ET-1 in 
quiescent stellate cells is mediated through ETA receptor (Pinzani et al., 1996a). 

The induction of receptors for vascular endothelial growth factor (VEGF) has 
been observed during stellate cell activation both in vivo and in culture (Ankoma- 
Sey et al., 1998). VEGF receptor upregulation is associated with enhanced mito- 
genesis in response to VEGF, which is further synergized by bFGF. Because VEGF 
plays a critical role in angiogenesis, this finding suggests that stellate cells may be 
involved in typical “angiogenic” responses, broadening their potential roles in 
both wound healing and tumor formation. 

Stellate cells express the receptor for thrombin, a serine protease derived from 
prothrombin (Marra et al., 1995). The binding of thrombin to its receptor leads to 
cellular proliferation and increased production of MCP-1. 

In addition to receptors for cytolunes, membrane receptors for matrix mole- 
cules have been characterized in stellate cells. Integrins are a specialized type of 
membrane receptors that transduce signals from the extracellular matrix (ECM) 
to cells (Clark and Brugge, 1995; Iredale and Arthur, 1994; Scoazec, 1995, 1996). 
They are heterodimeric transmembrane proteins composed of a and p subunits 
whose ligands are matrix molecules rather than cytolunes. Several integrins and 
their downstream effectors have been identified in stellate cells, including alpl, 
a2p1, avpl ,  and a6P4 (Carloni et al., 1996, 1997; Imai and Senoo, 1998; 
Jamagin et al., 1994; Racine-Samson et al., 1997). In particular, integrin ligands 
contain an arginine (Arg)-glycine (G1y)-aspartate (Asp) tripeptide sequence. The 
common presence of Arg-Gly-Asp (RGD) within many integrin ligands has raised 
the possibility of using competitive RGD antagonists to block integrin-mediated 
pathways in fibrogenesis (Bruck et al., 1997; Iwamoto et al., 1998). 

A special family of tyrosine lunase receptors called “discoidin domain receptors” 
(DDR) has been identified, whose ligands are fibrillar collagens rather than growth 
factors (Shrivastava et al., 1997; Vogel et al., 1997). The intriguing identification 
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of DDR2 mRNA in activated stellate cells (Ankoma-Sey et al., 1998) raises the pos- 
sibility that this receptor may mediate interactions between stellate cells and the 
surrounding interstitial matrix during progressive liver injury (Olaso et al., 1999). 

3. Involvement in Extracellular Matrix Remodeling 

The extracellular matrix ECM refers to the array of macromolecules that comprise 
the scaffolding of the liver. These macromolecules consist of three main families: 
collagens, glycoproteins, and proteoglycans (Timpl, 19961, with new members of 
matrix molecules being identified continually (Frizell et al., 1995; Milani et al., 
1994a; Musso et al., 1998; Takahara et al., 1995). In normal liver, the subendothe- 
lial space of Disse contains a basement membrane-like matrix, which is composed 
of nonfibril-forming collagens, including types IV, VI, and XV, glycoproteins, 
and proteoglycans (Rescan et al., 1993; Roskams et al., 1995). In contrast, the 
so-called interstitial ECM is largely confined to the capsule, around large vessels and 
in the portal areas. The main components are fibril-forming collagens ( e g ,  types 
I and 111 ), cellular fibronectin, undulin (collagen XV), and other glycoconjugates. 

Studies in recent years have confirmed that hepatic stellate cells are the major 
cellular source of ECM in both normal and injured liver (Friedman et al., 1985; 
Geerts et al., 1989; Kawase et al., 1986). Stellate cells produce a wide array of 
ECM components, including collagens I, 111, IV, V, VI, XIV (Friedman et al., 1985; 
Geerts et al., 19891, and XVIII (Musso et al., 1998); proteoglycans (Arenson et al., 
1988; Schafer et al., 1987): heparan, dermatan, and chondroitin sulfates, per- 
lecan, syndecan-1 (Kovalszky et a/., 1994), biglycan and decorin (Meyer et al., 
1992); glycoproteins: cellular fibronectin (Ramadori et al., 1992), laminin (Maher 
et al., 19881, tenascin (Ramadori et al., 1991), undulin (Knittel et al., 1992), and 
hyaluronic acid (Gressner and Haarmann, 1988). The list of matrix products of 
stellate cells is still expanding and includes virtually every ECM component of the 
normal and injured liver. 

In addition to the synthesis of components of ECM in the liver, stellate cells 
are also the major participant in its degradation. This is carried out through 
the coordinated actions of a family of zinc-dependent enzymes named matrix- 
metalloproteinases (MMPs), their inhibitors (tissue inhibitor of metallo- 
proteinases, TIMPs), and several converting enzymes (see Section 11). 

4. Contractility 

Because of their unique location in the subendothelial space encircling hepatic 
sinusoids, stellate cells have long been proposed as tissue-specific pericytes, 
which regulate blood flow through their perivascular contractility (Sims, 1986; 
Wake, 1988; Wake et al., 1992). Human and rat stellate cells contract in response 
to several vasoconstrictors, including thrombin and angiotensin 11, thromboxane 



162 111. Activation Mechanism of HSC and Signal Transduction 

A, and prostaglandin F,, (Kawada et al., 1993; Pinzani et al., 1992b). Only acti- 
vated stellate cells are fully contractile, whereas quiescent stellate cells are less so 
(Rockey et al., 1993). The contractility of stellate cells appears concomitantly with 
the expression of a smooth muscle actin, but it is unclear whether this protein is 
required for the cell to contract or, alternatively, is simply a nonfunctional marker 
of a contractile phenotype. 

It is uncertain whether quiescent stellate cells are contractile in normal liver. 
Freshly isolated stellate cells from normal rat liver do not contract in collagen gel 
contraction assays (Rockey et al., 1993). However, based on in vivo microscopy, stel- 
late cell-associated fluorescence colocalizes with sinusoidal contraction in response 
to ET-1 (Zhang et al., 1994, 1995). However, this in vivo method is susceptible to 
artifact, making it difficult to distinguish between contractions of different cell pop- 
ulations, such as portal smooth muscle cells, stellate cells, and endothelial cells. 
Nonetheless, considering the strategic position of stellate cells, the abundance of 
endothelin receptors on their surface (see later), and close proximity to nerve end- 
ings containing vasoactive neurotransmitters (Bioulac-Sage et al., 1990; Lafon et al., 
1989), it is quite possible that stellate cells play a role in regulating hepatic micro- 
circulation under physiological as well as pathological conditions. 

Among many factors that induce stellate cell contraction, ET-1 is the most 
potent agonist. Stellate cells express ETA and ETB receptors in both quiescent and 
activated states (Housset et al., 1993; Kawada et al., 1995). They express more ET-1 
receptors than other liver cells, suggesting that this cell type is the main target of 
ET-1 (Housset et al., 1993). Accompanying endothelin-1-mediated contraction is 
an increase in cytoplasmic calcium (Pinzani et al., 199213). Activated stellate cells 
express prepro-ET-1 mRNA (Housset et al., 1993; Pinzani et al., 1996a) and 
release ET-1 in the Supernatant, indicating an autocrine activity of this cytokine, 
in addition to the paracrine action provided by endothelial cells. In cirrhotic liver, 
expression of ET-1 is increased markedly in both endothelial cells and stellate 
cells (Pinzani et al., 1996a). The ET-1 antagonist, bosentan, reduces portal pres- 
sure when perfused into the cirrhotic rat liver with portal hypertension (Rockey 
and Weisiger, 1996). These studies strongly suggest that activated stellate cells 
regulate sinusoidal blood flow during liver injury, possibly via the action of ET-1. 
In cirrhotic liver, the contractility of stellate cells could lead to sinusoidal 
constriction and organ contraction, resulting in portal hypertension. 

The vasoconstrictive effects of endothelin-1 may be counteracted by locally 
produced vasodilators. Prominent among these is nitric oxide (NO), which is pro- 
duced from I-arginine by different forms of NO synthase (NOSs) (Moncada and 
Higgs, 1993). When stimulated with interferon-y, TNF-a, and lipopolysaccharide, 
stellate cells produce NO rapidly (Helyar et al., 1994; Rockey and Chung, 19951, 
largely as the product of the inducible form of NO synthase (Rockey and Chung, 
1995). The endogenously produced NO strongly opposes contractility induced by 
ET-1 (Rockey and Chung, 1995) during liver injury, especially within regions of 
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inflammation. In addition to NO, carbon monoxide, a product of heme cleavage, 
also mediates sinusoidal relaxation in vivo through its effects on stellate cells. 

5. Retinoid Storage and Metabolism 

In normal liver, stellate cells play a key role in the storage and transport of 
retinoids (vitamin A compounds). The biological role of retinoids in regulating 
stellate cell activation remains a puzzle. Although loss of retinoid is a prominent 
feature accompanying stellate cell activation both in vivo (Minato et al., 1983) and 
in culture (Bachem et al., 1992; Friedman et al., 1993), it is unknown whether 
this process is a prerequisite for activation to occur. Reports describing effects of 
retinoids on stellate cells and fibrogenesis are contradictory (Geubel et al., 1991; 
Leo and Lieber, 1983; Mizobuchi et al., 1998; Seifert et al., 1989, 1994; Senoo 
and Wake, 1985). In culture, both retinol and retinoic acid suppress stellate cells 
proliferation, with retinoic acid 1000 times more potent than retinol (Davis et al., 
1990). Studies in rat have documented the effects of 9-cis-RA and 9, 13-di-cis-RA, 
two metabolites of retinoic acid, in porcine serum-induced liver fibrosis (Okuno 
et al., 1997, 1999). Both 9-cis-RA and 9, 13-di-cis-RA promote fibrosis by upreg- 
dating the plasminogen activator, which in turn increases the production and 
activation of TGF-P. This process is mediated by RARa. However, in another 
study using a rat fibrosis model induced by bile duct ligation, the increase in TGF-P 
production has been attributed to diminished RA signaling in stellate cells (Ohata 
et al., 1997). It is likely, therefore, that retinoic acid affects stellate cell fibro- 
genesis through more than one pathway, which may depend on the mechanism 
of liver injury. 

11. MOLECULAR MECHANISM OF STELLATE 
CELL ACTIVATION AND EXTRACELLULAR 
MATRIX REMODELING 

The past two decades have witnessed the rapid elucidation of the role of stellate 
cells in liver injury and fibrosis. In normal liver, stellate cells are quiescent peri- 
sinusoidal vitamin A-storing cells in the subendothelial space of Disse. During 
injury, they undergo a gradient of phenotypic changes collectively called activation 
(sometimes referred to as “transd~erentiation”), through which they transform 
into proliferative, fibrogenic, and contractile myofibroblasts (Friedman, 1993, 
2000). Regulation of their different phenotypes in normal and injured liver is the 
result of interactions with neighboring cells through paracrine and autocrine path- 
ways, as well as the interactions between stellate cells and extracellular matrix 
(Fig. 1). 
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FIGURE 1 Sinusoidal events during fibrosing liver injury. Stellate cell activation leads to accumula- 
tion of the scar (fibril-forming) matrix, which in turn contributes to the loss of hepatocyte microvilli 
and sinusoidal endothelial fenestrae. Kupffer cell (macrophage) activation accompanies liver injury 
and contributes to the paracrine activation of stellate cells. From Friedman (ZOOO), with permission. 

The detailed pathways responsible for maintaining the quiescent phenotype of 
stellate cells in normal liver are unclear. Nonetheless, culture studies have demon- 
strated the importance of the basement membrane-like ECM in this process. 
When cultured on Engelbreth-Holm-Swarm (EHS) murine tumor-derived ECM, 
a gel matrix mimiclung basement membrane-type ECM, stellate cells maintain the 
quiescent phenotype (Friedman et al., 1989), in contrast to the activated pheno- 
type when cultured on uncoated plastic. Individual components of the matrix 
(laminin, type IV collagen, and heparan sulfate proteoglycan) do not replicate the 
activity of the complete gel matrix, suggesting the requirement for complex matrix 
assembly in mediating this effect (Friedman et al., 1989). When stellate cells are 
cultured on type I collagen, TGF-P stimulates the synthesis of collagen types I and 
111, whereas TGF-P has no such stimulating effects when cells are grown on 
type IV collagen (Davis, 1988). 

The role of stellate cells in human liver disease has been clarified greatly. 
Features of stellate cell activation have been observed in viral hepatitis 
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(Enzan et al., 1995; Inuzuka et al., 1990), massive hepatic necrosis (Enzan et al., 
1995), and alcohol-induced liver disease (Hautekeete et al., 1993; Horn et al., 
1986; Minato et al., 1983; Schmitt-Graff et al., 1993). In some diseases, such as 
those associated with iron overload, lipid peroxides stimulate stellate cell activation, 
leading to increased collagen production and liver fibrosis (Bedossa et al., 1994; 
Houglum et al., 1994; Kamimura et al., 1992; Maher et al., 1994; Parola et al. , 1993). 

Activated stellate cells participate in tumor stroma accumulation in hepato- 
cellular carcinoma (Enzan et al., 1994; Torimura et al., 1994). Stellate cell activa- 
tion has also been implicated in a number of other human liver diseases, 
including biliary obstruction (Schmitt-Graff et al., 199 I), hematologic malignancy 
(Schmitt-Graff et al., 1991), vascular disease (Schmitt-Graff et al., 19911, muco- 
polysaccharidosis (Resnick et al., 1994), acetaminophen overdose (Mathew et al., 
1994), leishmaniasis (el Hag et al., 19941, and in drug abusers (Trigueiro de 
Araujo et al., 1993). 

A. A MODEL OF STELLATE CELL ACTIVATION 

Stellate cell activation can be viewed conceptually as a two-stage process: initia- 
tion and perpetuation (Friedman, 1993, 2000). Initiation refers to early changes 
in gene expression and phenotype that render the cells responsive to other 
cytokines and stimuli, whereas perpetuation results from the effects of these stim- 
uli on maintaining the activated phenotype and generating fibrosis. Initiation is 
largely due to paracrine stimulation, whereas perpetuation involves autocrine as 
well as paracrine loops (Fig. 2). 

I. Initiation 

Stellate cell activation is initiated by paracrine stimuli from injured neighboring 
cells, including hepatocytes, endothelial and Kupffer cells, and platelets, as well 
as infiltrating tumor cells in primary and metastatic cancer (Friedman et al., 
1989). Among the most well-studied paracrine stimuli are fibronectin (Jarnagin 
et al., 1994), lipid peroxides (Paradis et al., 1997), and cytolanes, including 
PDGF, TGF-PI, and EGF. In recent years, increasing interest has focused on tran- 
scription factors involved in stellate cell activation, including Spl,  c-myb, NF-KB, 
c-jun/API, and STAT-1 (Kawada et al., 1997) and Zf9/KLF6. 

2. Perpetuation 

After initiation, activated stellate cells undergo a series of phenotypic changes, 
which collectively lead to the accumulation of extracellular matrix. These changes 
include the following. 
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FIGURE 2 Features of hepatic stellate cell activation during liver injury and resolution. Following liver 
injury, hepatic stellate cells undergo “activation,” a transition from quiescent vitamin A-rich cells into 
proliferative, fibrogenic, and contractile myofibroblasts. The major phenotypic changes after activation 
include proliferation, contractility, fibrogenesis, matrix degradation, chemotaxis, retinoid loss, and 
white blood cell OYBC) chemoattraction. Key mediators underlying these effects are shown. The fate of 
activated stellate cells during resolution of liver injury is uncertain, but may include reversion to a qui- 
escent phenotype andlor selective clearance by apoptosis. ECM, extracellular matrix; ET-1, endothelin-1; 
MCP-1, monocyte chemotactic peptide 1; MMP, matrix-metalloproteinase; PDGF, platelet-derived 
growth factor; TGF-01, transforming growth factor-PI. From Friedman (20001, with permission. 

1. Prol$eration. This is partly due to local proliferation in response to 
paracrine and autocrine mediators (Friedman, 19961, including PDGF (Pinzani 
et al., 1994b; Wong et al., 1994), ET-1 (Pinzani et al., 1996a; Rockey et al., 19981, 
thrombin (Marra et al., 1995), FGF (Rosenbaum et al., 19951, IGF (Pinzani et al., 
1990; Skrtic et al., 1997), and TGF-P1 (Pinzani et al., 1998), among others 
(Friedman, 1999; Pinzani et al., 1998). 

2. Contractility. Contraction by stellate cells may be a major determinant of 
early and late increases in portal resistance during liver fibrosis and cirrhosis. A 
key contractile stimulus toward stellate cells is ET-1 (Rockey, 1997). Other con- 
tractile agonists include arginine vasopressin, adrenomedullin, and eicosanoids. 

3. Fibvogenesis. A large number of fibrogenic factors have been identified, 
including interleukm- 1 P, tumor necrosis factor, lipid peroxides, and acetalde- 
hyde, but none is as potent as TGF-Pl (Friedman, 1996; Pietrangelo, 1996). 
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4. Chernotaxis. The accumulation of stellate cells during liver injury may be the 
result of both proliferation and directed migration into regions of injury. PDGF 
and the chemoattractant monocyte chemotactic peptide-1 (MCP-1) have been 
identified as stellate cell chemoattractants (Marra et al., 1997). 

5. Matrix degradation. Quantitative and qualitative changes in the activity of 
MMPs and their inhibitors play a vital role in extracellular matrix remodeling in 
liver fibrogenesis. The net effect is conversion of the low-density subendothelial 
matrix to one rich in interstitial collagens. 

6. Retinoid loss. Activation of stellate cells is accompanied by the loss of their 
characteristic perinuclear retinoid droplets. It is still unknown whether retinoid 
loss is a requirement for stellate cell activation. 

7. Cytokine release. Increased production of cytokines may be critical for the 
perpetuation of stellate cell activation. These cytokines include TGF-Pl , PDGF, 
FGF, HGF, PAF, ET-1, MCP-1 (Marra et al., 1998, 1993), and CINC (Maher et al., 
1998), among others (Friedman, 1999). 

3. Fate of Activated Stellate Cells 

Once activated, the ultimate outcome of these cells is still not clear. It is not 
certain whether activated stellate cells can revert to the quiescent state or are 
cleared selectively by apoptosis, although increasing evidence implicates apopto- 
sis in vivo. During the resolution of liver injury, the percentage of stellate cells 
undergoing apoptosis is increased (Iredale et al., 1998). Interestingly, these cells 
express high levels of TIMP (Iredale et al., 1998). Therefore, their selective clear- 
ance would remove a key molecule preventing the degradation of fibrotic scar by 
interstitial collagenase, unleashing the capacity of the liver to resorb excess ECM. 
Activated stellate cells also display an increased susceptibility to apoptotic signals 
(such as soluble Fas ligand) and decreased expression of the antiapoptotic protein 
bcl-2 (Gong et al., 1998). These findings are consistent with wound healing in 
other tissues such as the kidney and vascular wall (Desmouliere et al., 1997). 

Signals in the hepatic microenvironment responsible for modulating stellate 
cell apoptosis are not yet clarified. The extracellular matrix may play a role in 
regulating apoptosis by providing permissive or inhibitory signals (Shi et al., 1998; 
Sugiyama et al., 1998). Interruption of integrin-mediated interaction between stel- 
late cells and ECM induces apoptosis (Iwamoto et al., 1999) and similar effects 
occur in kidney (Sugiyama et al., 1998). Interestingly, TGF-P and TNF-a inhibit 
apoptosis of activated stellate cells, suggesting that fibrogenic cytokines may 
promote the survival of activated, fibrogenic stellate cells (Saile et al., 1999). 

B. EXTRACELLULAR MATRIX REMODELING 

During chronic liver injury, the matrix phenotype of stellate cells changes both 
qualitatively and quantitatively. Overall, its ECM production increases remarkably, 
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accompanied by a shift in the type of ECM in subendothelial space from the normal 
low-density basement membrane-like matrix to interstitial type (Gressner and 
Bachem, 1990, 1995). 

The accumulation of ECM, especially collagen, is a dynamic process reflecting 
the imbalance between matrix accumulation and degradation. The repertoire of 
factors responsible for ECM remodeling is continually being identified (Arthur, 
1998). These include the MMPs family, their inhibitors (TIMPs), and several con- 
verting enzymes [e.g., MT1-MMP and stromelysin (Takahara et al., 1997; Vyas 
et al. , 1995)l. Although cellular sources of matrix proteases and their regulators 
in liver have not yet been fully elucidated, stellate cells are a key source of MMP- 
2 and stromelysin (Arthur et al., 1992; Milani et al., 1994b; Vyas et al., 1995). 
They also express TIMP-1 and -2 mRNA (Herbst et al., 1997) and produce TIMP- 
1 and MT1-MMP (Theret et al., 1997). MMP-9, which is a type IV collagenase, is 
locally secreted by Kupffer cells (Winwood et al., 1995). The hepatic source of 
MMP-1 (interstitial collagenase, collagenase I), which plays a crucial role in 
degrading the excess interstitial matrix in advanced liver disease, is still uncertain, 
although it is known that upregulation of plasmin and stromelysin-1 can activate 
latent MMPl (Arthur, 1995). 

In human liver diseases, there is a downregulation of MMPl and upregulation 
of MMPZ (gelatinase A) and MMP9 (gelatinase B) (Milani et al., 1994a). Because 
these enzymes have different substrate specificities, the result is the increased 
degradation of the basement membrane collagen and decreased degradation of 
the interstitial type collagen. However, activated MMPs are regulated in part by 
their tissue inhibitors (TIMPs). TIMP1 and TIMP2 are upregulated relative to 
MMPl in progressive experimental liver fibrosis, which may explain the decreased 
degradation of interstitial type matrix observed in experimental and human liver 
injury (Benyon et al., 1996; Herbstet al., 1997; Iredale, 1995, 1996, 1997). In con- 
trast, during the recovery phase of experimental liver injury, the expression of 
TIMP1 and TIMPZ is decreased, whereas the collagenase mRNA level is unchanged 
(Iredale et al., 1998), resulting in a net increase in collagenase activity and 
increased resorption of scar matrix. Increased MT1-MMP (membrane-type 
1-matrix metalloproteinase) has also been described in fibrotic human livers 
(Takahara et al., 1997). MT1-MMP activates latent MMPZ in other tissues and 
might have a similar role in stellate cells. The net result of ECM remodeling 
following chronic liver injury is the diminished basement membrane-type matrix 
and accumulation of interstitial type collagens, which ultimately evolve into thick 
scars seen in a cirrhotic liver. 

111. CONCLUSIONS AND FUTURE PROSPECTS 

Since the early 1980s, the development of modem technologies has enabled us to 
more fully characterize the biological features of hepatic stellate cells. However, 
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mysteries remain. To date, the key genes that initiate stellate cell activation are still 
to be defined, and we have not found any genes that can be called “stellate cell 
specific.” The fate of activated stellate cells during the resolution of liver injury 
needs to be clarified, and more importantly, the factors that determine the 
reversibility of liver fibrosis must be identified. Elucidation of these questions 
will greatly enrich our knowledge about this important cell type and ultimately 
translate into effective therapies for chronic liver disease and fibrosis. 
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I. DEFICIENCY OF RXR AND 9-cis RA IN 
ACTIVATED HEPATIC STELLATE CELLS 

One salient feature of hepatic stellate cell (HSC) activation is the loss of intracel- 
lular vitamin A. This occurs both in vitro (Friedman et al., 1993) and in vivo 
(Tsukamoto et al., 1996). A mechanistic link among vitamin A depletion, HSC 
activation, and liver fibrosis is supported by in vivo findings that treatment of rats 
with retinol ameliorates liver fibrosis induced by carbon tetrachloride (CC1,) 
(Senoo and Wake, 1985), whereas this experimental liver fibrosis is exacerbated 
by vitamin A deficiency (Seifert et al., 1994). In contrast, vitamin A supplementa- 
tion aggravates liver injury and fibrosis caused by CC1, (elSisi et al., 1993) or alco- 
hol (Leo and Lieber, 1983). However, these latter effects likely reflect enhanced 
oxidative injury of hepatocytes via metabolism of retinoids by induced microso- 
ma1 cytochromes. Treatment of cultured HSC with all-trans retinoic acid (RA) 
causes suppression of cell proliferation, collagen, and transforming growth factor 
(TGF)-P production (Davis et al., 1990). Spontaneous activation of cultured HSC 
is associated with the release of retinol into the medium, the process that is 
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enhanced by Kupffer cell-conditioned medium (Friedman et al., 1993). The first 
demonstration of depletion of all-trans and 9-cis RA in in vivo-activated HSC was 
made by Ohata et al. (1997) using cells isolated from rats with cholestatic liver 
fibrosis. These changes were accompanied by decreased mEWA expression of 
nuclear receptors for RA (RARP and RXRa) and suppressed binding of nuclear 
proteins to retinoic acid response element (RARE). Because both RARP and RXRa 
are regulated positively by RARE, these changes are considered molecular conse- 
quences of RA deficiency at the nuclear level in activated HSC. RAR and RXR are 
known to antagonize AP-1 promoters in a RA-dependent manner either through 
direct cross-coupling (Ohata et al., 1997) or dephosphorylation of c-jun by the 
induction of mitogen-activated protein lunase (MAPK) phosphatase-1 (Lee et al., 
1999). Thus diminished RA signaling demonstrated in activated HSC may result 
in reduced negative regulation on AP-1 via these mechanisms and upregulate AP-1 
containing genes such as TGF-Pi and al(1) procollagen, which are implicated 
directly in fibrogenic activation of HSC. However, 9-cis RA (Okuno et al., 1997) 
and 9,13-di-cis RA (Imai et al., 1997) are shown to activate latent TGF-P via upreg- 
ulation of the tissue plasminogen activator. These opposing effects of different RA 
isomers on HSC may reflect complex and multiple regulatory pathways rendered 
by RA (Hellemans et al., 1999). 

11. PPARAND HSC 

RXR is a promiscuous nuclear receptor that heterodimerizes with members of the 
steroid/thyroid hormone receptor superfamily, such as vitamin D receptor, thy- 
roid hormone receptor, peroxisome proliferator- activated receptor (PPAR), liver X 
receptor (LXR), and pregnane X receptor (PXR). It is important to note that RXR 
serves as a ligand-dependent, active partner for PPAR and LXR. This means that 
ligand-activated RXR itself is capable of activating PPAR-RXR or LXR-RXR, and the 
reduced levels of 9-cis RA and RXR seen in activated HSC may limit activities of 
these heterodimeric transcription factors. In particular, we became interested in 
RXR-PPARy activity in activated HSC for the following reasons. First, culture-acti- 
vated HSC are shown to express leptin (Potter et al., 1998), a 16-kDa ob gene 
product, which is expressed predominantly by adipose tissue to suppress food 
intake, increase metabolic rate, and reduce fat depot size (Spiegelman and Flier, 
1996). The deficiency of leptin or its receptor is associated with obesity in 
mice and humans. The finding that leptin is expressed in culture-activated HSC 
suggests the possibility that HSC may share the adipocyte phenotype. In fact, 
quiescent HSC are characterized by the ample intracellular storage of lipids, 
including fat-soluble vitamin A, and activation of HSC causes depletion of lipid 
droplets and transdifferentiation to myofibroblastic cells. These changes resemble 
transdifferentiation of 3T3-Ll cells that possess the potential to differentiate into 
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FIGURE 1 
tiation and HSC activation. 

A schematic diagram depicting an analogy between adipocyte-fibroblast transdifferen- 

the phenotype of either fibroblasts or adipocytes (Fig. 1). Under appropriate cul- 
ture conditions, 3T3-Ll cells undergo adipocyte differentiation driven by two key 
transcription factors, CIEBP and PPARy, which induce adipocyte-specific genes 
(Spiegelman and Flier, 1996). Conversely, suppressed activities of these transcrip- 
tion factors result in the loss of fat storage capacity and fibroblastic differentiation 
similar to HSC activation (Fig. I). Cytokines [tumor necrosis factor (TNF)-a] and 
growth factors (platelate-derived growth factor, PDGF; epidermal growth factor, 
EGF; TGFP) are known to inhibit PPARy activity and adipocyte differentiation 
(Spiegelman and Flier, 1996; Zhang et al., 19961, and the same mediators are also 
implicated in the activation of HSC, again supporting similar transdifferentiation 
mechanisms (Fig. 1). Thus, a natural question from this analogy is whether dimin- 
ished PPARy activity is involved in the activation of HSC as in fibroblastic trans- 
differentiation of adipocytes. This hypothesis was tested by Miyahara et al. (2000) 
and is discussed later. 

PPARyis composed of at least three isoforms (yl, y2, and y3) due to alternative 
splicing. PPARy2 is expressed abundantly in adipose tissue, whereas low levels of 
PPARyl are found in many other tissues. PPARy2 constitutes a “master” regulator 
that facilitates the entire program of adipocyte differentiation via the transcriptional 
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induction of adipocyte-specific genes such as fatty acid-binding protein (aP2), 
acyl-CoA synthase, and phosphoendpyruvate carboxykmase (PEPCK). This is 
highlighted experimentally by the transdifferentiation of fibroblasts into 
adipocytes via ectopic expression of PPARy2 using a viral vector and activation of 
the receptor by ligands (Tontonoz et al., 1994). 

Nonadipogenic effects of PPARy ligands have received much attention. One 
such effect is anti-inflammatory effects on macrophages characterized by inhibi- 
tion of the expression of proinflammatory cytokines and inducible nitric oxide 
synthase (iNOS) via the mechanisms that in part involve the antagonism of tran- 
scriptional factors, AP-I, SAT, and NF-KB (Jiang et al., 1998; Ricote et al., 1998). 
Macrophages also appear to rely on the activity of 12/15-lipoxygenase for the gen- 
eration of 13-hydroxyoctadecadienoic acid (13-HODE) and 15hydroxyeicosate- 
traenoic acid (I 5-HETE) as endogenous PPARy ligands in response to interleulun 
(1L)-4, providing potential feedback regulation involving PPARy (Huang et al., 
1999). In contrast, macrophage differentiation is also promoted by PPARy ligands 
such as 15-de0xy-A~~~'~-prostaglandin J2 (15dPGJ2), which induces the expres- 
sion of macrophagespecific genes, including CD36 (Tontonoz et al., 1998). This 
paradoxical effect seems evident when undifferentiated monocytes or monocytic 
cell lines are exposed to PPARy ligands (Jarrous and Kaempfer, 1994; Tontonoz 
et al., 1998). In fact, Chawla et al. (2001), who used embryonic stem cells with a 
null mutation in PPARy, demonstrated that neither development of the 
macrophage lineage nor anti-inflammatory effects of thiazolidinediones (TZD), 
synthetic PPARy ligands, are dependent of PPARy but that PPARy is an important 
regulator of CD36 expression. Thus, pleiotropic effects of PPARy ligands need to 
be examined carefully as to whether they are really mediated via PPARy. 

111. PPARy IS REDUCED IN ACTIVATED HSC 

Is PPARy activity suppressed in activated HSC analogous to transdifferentiation of 
adipocytes to fibroblasts? This central hypothesis was tested by Miyahara et al. 
(2000). First, we analyzed the expression of PPARy isoforms in HSC by a RNase 
protection assay that is capable of detecting both yl  and y2 isoforms. This 
revealed weak expression of mRNA for the PPARyl isoform but not that for the y2 
isoform in HSC freshly isolated from sham-operated normal rats (HSC-sham, Fig. 2). 
In contrast, HSC from cholestatic liver fibrosis induced by bile duct ligation (HSC- 
BDL) showed no expression of either isoforms (Fig. 2). This result suggested that 
HSC may not share the adipocyte phenotype because they don't express the y2 
isoform but supported our hypothesis that PPARy expression may indeed be sup- 
pressed in activated HSC. To confirm this observation, reverse transcriptase- 
polymerase chain reaction (RT-PCR) was performed, which showed decreased 
mRNA levels of PPARy and expected induction of al(1) procollagen and 
a-smooth muscle actin in HSC-BDL. To directly assess binding of PPARy by nuclear 
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FIGURE 2 RNase protection assay for PPARyl and PPARy2 mRNA in HSC. Note abundant expres- 
sion of both isoforms in the fat tissue. PPARyl expression in this sample IS probably derived from 
mesenchymal cells in the fat tissue. Even though the level of expression is much less, the liver also 
expresses both forms. However, only PPARyl mRNA but not PPARy2 mRNA is expressed in HSC 
isolated from a sham-operated normal rat (HSC-sham), and this expression is diminished in HSC 
isolated from a bile duct-ligated rat (HSC-BDL). From Miyahara et al. (2000). 

extracts, electrophoretic mobility shift assay (EMSA) was performed using a ARE7 
probe (a PPRE of aP2 gene), which preferentially binds PPARy over PPARa Ouge- 
Aubry et al., 1997). This analysis showed clearly decreased PPRE binding of 
nuclear extracts from HSC-BDL as compared to the HSC sham. The specificity of 
the binding was supported by competition with x 500 excess cold probe and a 
supershift assay using antibodies against PPARy, which demonstrated a diminu- 
tion of the DNA binding and the appearance of a supershifted band (arrow, last 
lane, Fig. 3A). At the same time, the same HSC-BDL nuclear extracts were shown 
to have increased NF-KB and AP-1 binding (Figs. 3 B  and 3C) as predicted from 
activated HSC. Thus these results demonstrated that activated HSC from cholesta- 
tic liver fibrosis have reduced PPARy expression and DNA-binding activity. Then 
we tested culture-activated HSC to determine whether they also exhibit the 
same defect. Indeed, culture activation of HSC for 3 to 7 days caused a progres- 
sive reduction in the mRNA level of PPARy. This finding was also supported by 
a study by Galli et al. (ZOOO), who demonstrated a similar progressive inhibition 
in PPRE promoter activation in culture-activated human HSC. 
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FIGURE 3 PPRE binding is diminished in in vivo-activated HSC. (A) Note that PPRE binding is 
decreased in nuclear extracts from HSC isolated from cholestatic liver fibrosis (BDL) as compared to 
those from sham-operated rats (Sham). The supershift assay is shown in the last lane. The same 
nuclear extracts from BDL show increased NF-KB (B) and AP-1 (C) binding. From Miyahara 
et al. (2000). 
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IV. PPARy LIGANDS SUPPRESS ACTIVATION 
OF HSC 

To further assess the cause-and-effect relationship between PPARy and activation 
of HSC, we have treated culture-activated HSC with various PPARy ligands to 
determine whether they were capable of inhibiting HSC activation markers. First, 
the effects of 15dPGJ2 and BRL49653 (rosiglitazone) on DNA synthesis were 
examined. l5dPGJ2 and BRL49653, both at 10 pM, suppressed DNA synthesis 
by 40-50%. We also tested WY14643, which inhibited this parameter at 100 and 
250 pM, concentrations known to activate both PPARa and PPARy. Around the 
same time, Galli et af. (2000) and Mama et af. (2000) also demonstrated inde- 
pendently that PDGF-stimulated proliferation of human HSC was inhibited by 
15dPGJ2 (Galli et al., 2000; Marra et al., 20001, ciglitazone (Galliet af., ZOOO), and 
troglitazone (Marra et af., 2000). In addition, Marra et al. (2000) demonstrated 
that PDGF-induced HSC migration was also inhibited by the ligands. The next 
parameter we tested was collagen production, which was also inhibited by all 
three ligands. To address the specificity of PPARy ligands, particularly 15PGJ2, we 
used a PPAR antagonist (GW9662). The use of this antagonist blocked 15dPGJ2- 
mediated inhibition of HSC collagen synthesis by 70%, suggesting that most of 
the effect by this ligand is mediated by PPAR. Next, we examined the effects of 
15dPGJ2 on mRNA levels of HSC activation markers. The 15dPGJ2 treatment 
decreased the levels of al(1) procollagen, a-smooth muscle actin, and MCP-1. 
These effects were not due to systematic inhibition of HSC functions. The treat- 
ment induced MMP-3 and CD36 expression. The latter encodes a scavenger 
receptodfatty acid translocase, whose promoter contains PPRE (Tontonoz et af., 
1998). These results demonstrated collectively that PPARy ligands suppress mul- 
tiple functional markers of HSC activation in culture and support the importance 
of PPARy in the maintenance of the quiescent HSC phenotype. Inhibition of 
a-smooth muscle actin and MCP-1 expression by PPARy ligands was also shown in 
cultured human HSC by Galli et af. (2000) and Marra et af. (2000), respectively. 

V. PPARy LIGANDS AND COLLAGEN 
GENE EXPRESSION 

We have further examined the mechanisms of PPARy ligand-mediated suppres- 
sion of collagen expression by cultured HSC. Reduced mRNA levels for al(1) 
procollagen suggested the pretranslational effect. A nuclear run-on assay was 
performed to determine whether this effect was transcriptional. Our results 
demonstrated that this was the case (Xiong et al., 2000). We then examined 
whether the effect was due to suppressed promoter activity by cotransfection of 
HSC with an al(1) procollagen promoter (-2.2 kb/ l l6  b)-luciferase and a PPARa 



186 111. Activation Mechanism of HSC and Signal Transduction 

or PPARy expression vector. l5dPGJ2 inhibited the promoter activity in a PPARy- 
dependent manner (Miyahara et al., 2000). 

VI. REMAINING QUESTIONS CONCERNING 
PPARy DEPENDENCE OF ANTIFIBROGENIC 
EFFECTS OF TZD 

In light of the finding of Chawla et al. (2001) on PPARy-independent effects of 
TZD on macrophages, we also need to be aware of the possibility that the effects 
observed on HSC with the ligands still may not be receptor dependent. To address 
this question, we are currently overexpressing PPARy or a dominant-negative form 
of PPARy in cultured HSC. Results from this study should yield insightful infor- 
mation concerning this critical question. The observed anti-inflammatory or 
antifibrogenic effects of TZD on a variety of cell types have led to a possibility that 
these agents may inhibit fibroproliferative pathology in vivo. In fact, several stud- 
ies have already demonstrated that this was the case. Examples include inhibition 
of atherosclerosis (Marra et al., 20001, gromerulosclerosis (Xiong et al., ZOOO), and 
arthritis (Buckingham et al., 1998) in animal models. Even though PPARy- 
mediated improvements in the metabolism of lipids and glucose may have these 
beneficial secondary effects, it is tempting to speculate that TZD treatment has 
direct antifibrotic effects on fibrogenic effector cells, such as smooth muscle cells, 
mesangial cells, and synoviocytes as demonstrated so in vitro (Chen et al., 2001; 
Kawahito et al., 2000; Mam et al., 1998; Okura et al., 2000). In the same vein, 
results from Miyahara et al. (2000) and other studies (Galli et al., 2000; Marra 
et al., 2000) strongly support direct inhibitory effects on activation of HSC and 
suggest that PPARy ligands may be beneficial for liver fibrosis. When testing this 
hypothesis, it is important to differentiate the potential effects of the ligands on 
multiple cell types in the liver. In particular, anti-inflammatory effects of TZD on 
macrophages and endothelial cells are firmly established and may serve as primary 
effects in the liver, rendering secondary effects on HSC. For this reason, testing 
PPARy ligands in liver fibrosis models of different etiology may be important in 
fully understanding the mechanisms of the effects. This ultimate question was 
effectively approached by the most recent study by Galli et al. (2002) who demon- 
strated that TZD treatment ameliorated liver fibrosis in not only dimethylni- 
trosamine and carbon tetrachloride but also bile duct ligation models. 
Confirmation and further extension of this important finding should advance our 
understanding of the therapeutic efficacy of TZD. With respect to the mechanisms 
of the action, critical questions still remain as to whether all the TZD’s effects are 
really mediated by PPARy and whether PPARy exerts anti-fibrogenic effects in a 
ligand dependent or independent manner. Lastly, it is still unknown why PPARy 
becomes depleted in HSC during activation. 
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Eukaryotic gene expression has mainly been studied in the context of trans-acting 
transcription factors and their interaction with regulatory cis elements. A role for 
histone modifications in transcription processes and the remodeling of chromatin 
structure has been established. 

Hepatic stellate cells (HSC) are the major cellular sources of extracellular 
matrix (ECM) synthesis in chronic liver diseases leading to fibrosis. We explored 
the antifibrogenic effect of TSA, a histone deacetylase inhibitor, on HSC in vitro. 
Primary and fully activated HSC were exposed to 10-7-10-9 A4 TSA. Collagens 
type I and 111 and smooth muscle a-actin (a-SMA) were investigated on the 
protein and mRNA steady-state level by performing Northern hybridization and 
de novo immunoprecipitation. The antiproliferative effect was examined by 
[3H] thymidine incorporation and cell counting. Differential mRNA display, 
Northern hybridization, and Western blotting were performed to identify TSA- 
sensitive genes. 

M) was shown to be strongly antifibrogenic and antiproliferative in 
primary HSC when compared to fully activated HSC. TSA affected collagen type 
I11 and a-SMA protein and the mRNA steady-state level, whereas collagen type I 
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Ertracellulnr Matnx and the Lwer 
Copynght 2003, Elsewer Science (USA) All nghts resewed. 189 



190 111. Activation Mechanism of HSC and Signal Transduction 

synthesis was influenced at the posttranscriptional level. These biochemical 
changes were paralleled by an inhibitory effect on the differentiation of primary 
HSC into fully activated HSC. In addition, we identified several cytoskeleton- 
related proteins that were affected by TSA. TSA influenced novel actin filament 
formation by downregulation of two nucleating proteins, Arp2 and Arp3, and by 
upregulation of ADDL70 and gelsolin, two capping proteins. TSA increased the 
steady-state mRNA level of SSeCKS, a cytoskeletal protein with tumor suppressor 
activity. RhoA, a key mediator in the development of the actin cytoskeleton, 
decreased following TSA exposure. In conclusion, TSA inhibits activation of 
primary HSC into fully activated HSC by interfering with the level of hyperacety- 
lation of histones. This coincides with the specific inhibition of ECM components 
and a strong effect on actin cytoskeleton-related proteins. 

1. INTRODUCTION 

During the last decade much effort has been made to find therapeutic agents to 
prevent or treat liver fibrosis and cirrhosis (Li and Friedman, 1999; Lieber, 1999; 
Wu and Zern, 2000; Rockey, 2000). The ultimate goal of fibrosis research is the 
development of a rational basis for effective antifibrotic therapy. Previous research 
has focused on several cellular molecular mechanisms, which lead to fibrosis, 
whereby different signaling transduction pathways have been partially elucidated 
(Pinzani and Gentilini, 1999; Friedman, 1999, 2000). 

A. HEPATIC STELLATE CELIS AND FIBROGENESIS 

In liver, the major fibrogenic cell type is the HSC (previously called lipocyte, Ito 
cell, fat-storing, or perisinusoidal cell). These cells are resident nonparenchymal 
(nonhepatocyte) cells found in the subendothelial space between hepatocytes and 
sinusoidal endothelial cells. These cells undergo activation during liver injury, and 
this process is associated with the induction of key genes that can be influenced 
at transcriptional and posttranslational levels. Several groups have worked at iden- 
tifylng transcription factors, such as c-myb (Lee et al., 19951, GC receptor 
(Raddatz et al., 1996), Stat1 (Kawada et al., 19971, Kruppel-like factor 6 (KLF6) 
(Ratziu et al., 1998), Ets-1 (Knittel et al., 1999), PPAR-y (Galli et al., ZOOO), PPAR-p 
(Hellemans et al., unpublished data), R A M  (Weiner et al., 1992; Ohata et at., 
1997), c-jun/APl (Armendariz-Bomnda et al., 1994), junD (Smart et al., 20011, 
Spl (Rippe et al., 1995), AP2 (Chen et al., 19961, NF-KB (Lee et al., 1995; 
Hellerbrand et al., 1998; Elsharkawy et al., 19991, CREB (Houglum et al., 1997), 
E-box BP (Weiner et al., 1998), and others involved in the transdifferentiation of 
stellate cells (Britton and Bacon, 1999; Rippe, 1999). 
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HSC activation refers to transition from a quiescent vitamin A-rich, stellate- 
shaped cell to a proliferative, fibrogenic, and contractile myofibroblast-like cell 
with a reduced vitamin A content (Friedman, 2000; Geerts, 2001). This transi- 
tion is gradual and occurs through an intermediate stage defined as “transdif- 
ferentiation” (Fig. 1). Activation of HSC can be subdivided in two phases: 
initiation and perpetuation. The first phase, initiation, refers to the earliest 
changes in phenotype that render the HSC more responsive to paracrine growth 
factors (Friedman, 2000). This process of initiation is followed by perpetuation, 
whereby the cells (i) proliferate; (ii) synthesize large quantities of extracellular 
matrix; (iii) increase their secretion of matrix metalloproteinases (MMPs), par- 
alleled by an even stronger increase of secretion of tissue inhibitors of metallo- 
proteinases (TIMPs) (Knittel et al., 1999; Arthur et al., 1999); (iv) secretion of 
a number of growth factors and cytokines, including transforming growth 
factor-@ (TGF-@) (Weiner et al., 1992; Kerstin Mangasser and Gressner, 1999), 
platelet-derived growth factor (PDGF) (Pinzani et al., 1996), endothelin- 1 
(ET-1) (Shao et al., 1999), and monocyte chemoattractant protein-1 (MCP-1) 
(Marra et al., 1999); and (v) the development of contractile properties (Thimgan 
et al., 1999). 

HSC transdifferentiation also occurs in vitro by culturing the cells after isola- 
tion on plastic substratum in the presence of fetal calf serum. The first days after 
isolation HSC show the characteristics of quiescent HSC, whereas later these cells 
transdifferentiate into so-called “transitional cells,” which further differentiate 
into fully activated HSC, also called myofibroblast-like cells. Thus, isolation and 

FIGURE 1 
cell-cell contacts, cell-matrix contacts, and soluble factors secreted in the microenvironment. 

Transdifferentiation of HSC is regulated by three types of local control mechanisms: 
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cultivation of HSC constitute a model system to investigate the process of cell 
differentiation in vitro. 

B. CHROMATIN AND MODIFICATION OF 

HISTONE TAILS 

The DNA template is embedded within a matrix of histone and nonhistone 
proteins termed chromatin, which serves to achieve the enormous compaction of 
the eukaryotic genome (Wade and Wolffe, 1997; Grunstein, 1997). Transcription 
of genes is regulated by chromatin-remodeling events, which can render the DNA 
either more or less accessible to transcriptional factors. To achieve access to the 
DNA while complexed in chromatin, cells have at their disposal modifying 
enzyme complexes, which serve to locally alter the structure of chromatin, facili- 
tating gene-specific release from nucleosomal repression (Felsenfeld, 1992; 
Kornberg and Lorch, 1995). Certain enzymes and protein complexes are now 
known to bring about changes in the state of chromatin by numerous mecha- 
nisms, with resultant effects on gene expression. One major process by which the 
chromatin structure can be modulated concerns posttranslational modifications 
of the core histones, the building blocks of the fundamental structural unit of 
chromatin called the nucleosome. Core histones are susceptible to a wide range 
of posttranslational modifications, including acetylation, phosphorylation, methy- 
lation, ubiquitination, and ADP-ribosylation. Acetylation occurs at the E amino 
groups of evolutionarily conserved lysine residues located in N termini of the core 
histones (Davie and Spencer, 1999). Steady-state levels of histone acetylation in 
core histones result from the balance of the antagonistic activities of histone 
acetyltransferases (HATS) and histone deacetylases (HDACs) (Csordas, 1990; 
Vidal and Gaber, 1991). 

Experimentally, one can interfere with this mechanism of transcriptional regu- 
lation by using specific histone deacetylase inhibitors. Specific pharmacological 
inhibitors of histone deacetylases can be used to further investigate the possible 
working mechanism of HATs and HDACs on influencing the transcriptional 
regulation of specific genes. 

C .  HISTONE DEACETYLASES 

During the last decade, many investigators have focused on the identification of 
HATs (reviewed in Sterner and Berger, 2000; Gregory et a[., 2001), as well as 
HDACs and their inhibitors. At this moment, three classes of HDACs have been 
identified (Table I). Class I HDACs are also called WD3-like HDACs because of 
the strong homology of all members with the RPD3 (HDACs) isolated from yeast. 
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TABLE 1 Different Classes of Histone Deacetylases 

Class 

Class 1 
HDACl (Taunton et al., 1996) 
HDAC2 (Yang et al., 1996) 
HDAC3 (Yang et al., 1996) 
HDAC8 (Hu et al., 2000; B u g y  et al., 2000; Vandenwyngaert et at., 2000) 

HDAC4 (Wang et al., 1999; Miska et al., 1999; Grozinger et al., 1999) 
HDAC5 (Grozinger et al., 1999; Fischle et al., 1999) 
HDAC6 (Wang et al., 1999; Miska et al., 1999) 
HDAC7 (Fischle et al., 1999; Kao et al., 2000) 
Putative HDAC (Dunham et al., 1999) 
Putative HDAC-C (Fischle et al., 1999; Wang et al., 1999; Miska et al., 1999) 

Class 11 

Class III 
SIRTl (Frye, 1999) 
SIRTZ (Afshar and Mumane, 1999; Frye, 1999) 
SIRT3 (Frye, 1999) 
SIRT4 (Frye, 1999) 
SIRT5 (Frye, 1999) 
SIRT6 (Frye, 2000) 
SIRT7 (Frye, 2000) 

These HDACs associate with two core complexes: Sin3 corepressor complexes 
and Mi-Z/Nurd complexes. In addition, HDACs of class I are found to asso- 
ciate with a number of other complexes, including TGIF/Smad (Wotton et al., 
1999), glucocorticoid receptors (It0 et al., 20001, and other important proteins, 
including Blimp-1 (Yu et al., ZOOO), p-catenin (Billin et al., ZOOO), and Spl 
(Doetzlhofer et al., 1999). All four members of this class are sensitive to TSA. 
Class I1 HDACs or HDAl-like HDACs possess a strong homology with the yeast 
HDA1. Members of class II HDACs form large muhiprotein complexes (Grozinger 
et al., 1999; Fischle et al., 1999; Huang et al., 2000). This class of HDACs plays a 
major role in cellular proliferation/differentiation and is TSA sensitive. The his- 
tone deacetylase activity of Sir2-like HDACs or class III of HDACs is shown to be 
NAD' dependent. In contrast to class 1 and class 11, members of class Ill are TSA 
insensitive (Imai et al., 2000). 

In order to identify HDACs in HSC, RNA was extracted from quiescent HSC 
and fully activated HSC. Data from our group showed the existence of HDAC1, 2, 
3, 5, 6, and 7, whereas HDAC8 gene expression was absent. By using RTQ-PCR, 
we could quantify the expression of different HDACs in quiescent HSC versus fully 
activated HSC. All HDACs remained constant during the process of transdiffer- 
entiation of the HSC except the HDAC3 transcript, which was downregulated 
significantly during HSC activation (Geerts et al., unpublished data). 
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D. TSA, A HISTONE DEACETYLASE INHIBITOR 

In 1987, Yoshida and co-workers extracted fungistatic antibiotics trichostatins A 
and C from culture broth of Steptomyces platensis No. 145. These trichostatins 
were found to be potent inducers of differentiation of murine erythroleukemia 
cells. Later, Yoshida and colleagues (1990) demonstrated that R-trichostatin A not 
only induced Friend erythroleukemia cell differentiation, but also inhibited cell 
cycle proliferation in normal rat fibroblasts. These effects were paralleled with an 
accumulation of acetylated histone species caused by the inhibition of histone 
deacetylases O'oshida et al., 1990). Many other investigators identified and syn- 
thesized other histone deacetylase inhibitors. At present, different groups of 
inhibitors are available (Table II). 

11. EFFECT OF TSA ON HEPATIC 
STELLATE CELLS 

In this study we investigated whether TSA affected those proteins that play a 
major role in the process of stellate cell differentiation. Several parameters of tox- 
icity were investigated in vitro and in vivo. Furthermore, TSA-sensitive genes were 
identified, the translation products which were shown to retain the cytoskeleton 
of the primary HSC. 

TABLE 11 Different Structural Classes of Histone Deacetylase Inhibitors 

Short chain fatty acids: Butyrate and derivatives (Newmark et al., 1994; Walczak et al., 2001) 

Hydroxamic acids 
Trichostatin A (Yoshida et al., 1990) 
SAHA (Richon et al., 1998) 
Oxamflatin (Kim eta!. ,  1999) 

Cyclic tetrapeptides containing an AOE moiety 
Trapoxin A (Kijima et al., 1993) 
CHAP1 (Furumai et al., 2001) 

FR901228 (Nakajima et al., 1998) 
Apicidin (Darkin Rattray et al., 1996) 

Benzamides: MS-27-275 (Saito et al., 1999) 

Benzoylamino alkano hydroxamates (Geerts et al., unpublished data) 

Miscellaneous 

Cyclic tetrapeptides not containing an AOE moiety 

Depudecin (Kwon et al., 1998) 
DMBA (Jung et al., 1997) 
Diallyl disulfides (Lea et al., 1999) 
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A. INFLUENCE OF TSA ON DE Novo PROTEIN 
SYNTHESIS OF PRIMARY HEPATIC STELLATE CELLS 

We first examined the effect of TSA on the synthesis of procollagens type I and 
111, the major fibril-forming collagens that predominate in fibrotic livers 
(Schuppan et al., 1990). TSA at M strongly suppressed the synthesis of col- 
lagens type I and 111 by 62 and 70%, respectively (Table 111). 

Inhibition of histone deacetylase activity also suppressed the synthesis of 
a-SMA, an established marker for myofibroblast differentiation (Friedman et al., 
1989). As shown, synthesis of this molecule was inhibited by 84, 46, and 12% of 
the control levels by M TSA (Table 111). Suppression of 
a-SMA expression suggested that TSA blocked the synthesis of collagens type I and 
111 at least partially by preventing the differentiation of primary HSC into myofi- 
broblasts. This assumption was supported by the observation that TSA was less 
effective when tested on cells at day 14, when transition into myofibroblast-like 
cells had already occurred (Niki et al., 1999). 

lops and 

B. INFLUENCE OF TSA ON mRNA SYNTHESIS OF 

PRIMARY HEPATIC STELLATE CELLS 

To explore at which level of collagen synthesis TSA exerted its effects, we per- 
formed Northern hybridization analysis on RNA extracted from primary HSC. TSA 

M) suppressed collagen a,(III) mRNA levels by 61% and a-SMA mRNA 
levels by 75%, which was in keeping with the extent of suppression at the protein 
level (-70%) (Table Ill). In contrast, collagen a,(I) mRNA levels were modestly 
altered by TSA (-21.5%). This suggested that the suppressive effect of TSA on 
collagen type I synthesis occurred mainly at the posttranscriptional level. The 
inhibitory action of TSA was selective for collagens type I, 111, and a-SMA, as 
mRNA levels of collagen a,(IV) and the housekeeping gene GAPDH were not 
altered (Niki et al., 1999). 

TABLE I11 
Cell Proliferation 

Effect of TSA on de Novo Protein Synthesis, mRNA Steady-State Level, and 

lo-’ M TSA 10-8 M TSA 10-9 M TSA 

mRNA Protein Protein Protein 

Collagen al(l) 25% 62% 31% 4% 
Collagen a,(III) 61% 70% 25% 24% 
a-SMA 75% 84% 46% 12% 
Proliferation 89% 1% 2% 
Cell counting 72% 4% 2% 
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C. EFFECT OF TSA ON PROLIFERATION OF PRIMARY 
HEPATIC STELLATE CELLS 

In addition to showing a strong antifibrogenic effect of TSA in primary HSC, we 
also examined the effect of TSA on the proliferation rate of HSC. TSA at lo-’ M 
showed a strong suppressive effect on [3H] thymidine incorporation (-89%); 
lower concentrations were not inhibitory. The suppressive effect of M TSA 
on cell proliferation observed by [3H] thymidine incorporation was confirmed by 
counting cells (Table 111). 

D. TOXICITY OF TSA 

When considering clinical usage, the question whether HDAC inhibitors are toxic 
is important. Skin fibroblasts, HSC, or hepatocytes in vitro did not show any mor- 
phological sign of toxicity when exposed to 100 nM TSA for up to 2-24 h. In pri- 
mary hepatocyte cultures, we found no significant changes of albumin synthesis 
and no increased LDH leakage, epoxide hydrolase activity, or ethoxycoumarine 
0-deethylase activity (Niki et al., 1999). 

No toxicity was observed in an in vivo model of CC1,-induced fibrosis in which 
inbred BALB/c mice were given TSA continuously at a release rate of 0.6 pg/g 
body weight/day for 2 weeks. In this in vivo model, the extent of fibrosis was 
reduced by 65.7% and the number of fully activated HSC by 43% (Geerts et al., 
unpublished data). 

E. IDENTIFICATION OF TSA-SENSITIVE GENES 

Because the antifibrotic effect of TSA was paralleled by maintaining the morphol- 
ogy of primary HSC (Fig. 2), we set out to further identify TSA-sensitive genes. 

By performing RAP-PCR mRNA differential display, we identified TSA-sensitive 
genes, which were investigated further by performing Northern hybridization and 
Western blot analysis. One group of genes that was affected by short exposure to 
TSA was a group of actin cytoskeleton-related proteins (Fig. 3). 

Our data show that TSA influences certain building blocks of the actin 
cytoskeleton. The net effect of these changes is that transdifferentiating HSC retain 
the actin cytoskeleton of primary cells. As a consequence, TSA inhibits the devel- 
opment of a strong cytoskeleton, which is associated with the fully activated HSC. 

One important complex that plays a major role in the polymerization of actin 
filaments is the Arp2/Arp3 complex. The purified Arp2/3 complex binds pointed 
ends, nucleates the formation of actin filaments with free barbed ends, and binds 
preexisting actin filaments, thereby forming a branching network of actin 
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FIGURE 2 Morphology of HSC in vitro. Untreated control cells at day 4 showed intermediate 
morphology between quiescent and activated stellate cells. Cells treated with trichostatin A (lo-’ M )  
at day 4 were slender shaped and retained cytoplasmic extensions. Magnification: 1 2 5 ~ .  

FIGURE 3 Schematic presentation on the identification of TSA-sensitive genes. TSA affects actin 
cytoskeleton-related proteins, Arp2/3 complex, a-SMA, RhoA, SSeCKS, ADDL70, and gelsolin, and 
therefore retains the morphology of the primary HSC. 
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filaments (Machesky et al., 1998; Mullins et al., 1998). A change in gene expres- 
sion was observed for two other capping proteins: ADDL70 and gelsolin. It is 
known that adducin blocks elongation and polymerization of actin filaments by 
its capping capacity at the barbed ends of actin filaments (Kuhlman et al., 1996). 
In contrast, gelsolin blocks actin monomer exchange at the barbed ends of actin 
filaments (Burtnick et al., 1997). SSeCKS, known as Src-suppressed C kmase sub- 
strate (pronounced essex), is a negative mitogenic regulator that modulates the 
actin cytoskeleton. SSeCKS is localized in focal contact sites known to be enriched 
for PKCa and actin-binding proteins. Because SSeCKS is thought to be involved 
in anchoring actin filaments to focal adhesions through GTPase proteins such as 
Rho and Rac (Lin et al., 1995, 1996), we further investigated the role of RhoA 
known to be important in the formation of actin stress fibers and focal adhesions 
(Sastry and Burridge, 2000; Schmitz et al., 2000; Schoenwaelder, 1999; Zohn 
et al., 1998). The inhibitory effect of TSA on RhoA protein expression emphasized 
again the suppressive role of TSA on actin cytoskeleton formation. Further evi- 
dence shows that by influencing the actin cytoskeleton of primary HSC by TSA, 
functions such as migration are impaired, whereas cell adhesion and contraction 
are unaffected by TSA (Rombouts et al., unpublished data). 

111. DISCUSSION 

We have shown that hyperacetylation of core histone H4 has a potent antifibro- 
genic effect on HSC. These cells are the major cellular sources of extracellular 
matrix proteins in fibrotic livers (Pinzani and Gentilini, 1999; Friedman, 2000). To 
our knowledge, this is the first evidence that hyperacetylation of histones has a 
suppressive action on collagen synthesis and other cellular features of fibrogenesis. 

At present we use the following hypothetical workmg model to explain how 
the hyperacetylation of histones could bring about the observed antifibrogenic 
effects (Fig. 4). In healthy liver, the quiescent HSC express a fairly constant array 
of genes. When homeostasis is disrupted, either by liver injury or by isolating and 
subculturing cells, paracrine and autocrine factors (cytokmes, growth factors, 
reactive oxygen species, eicosanoids) induce a new type of repressor complex that 
contains one or more HDACs. This repressor complex binds to promoters of 
genes that are characteristic for the quiescent phenotype. Incubation of cells with 
a selective inhibitor of HDAC will lead to alleviating gene repression and to revert- 
ing activated into quiescent cells. This model is consistent with available experi- 
mental data and is also the leading worlung hypothesis to explain the 
differentiating effect of TSA on promyelocytic leukemia cells (He et al., 1998). 
Whether TSA has other effects in addition to the inhibition of histone deacetyla- 
tion cannot be entirely excluded but is unlikely. Tumor cell lines with mutant 
HDAC are resistant to the antiproliferative effect of TSA if TSA would have other 
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FIGURE 4 
the cells in a quiescent phenotype. 

Hypothetical working model to explain why inhibition of HDACs, in primary HSC, keeps 

effects, they should show up in these mutant cells, which is not the case (Yoshida 
et al., 1987). 

In view of the generally assumed role of histone acetylation in gene regulation, 
how selectivity is achieved needs clarification. In our study, we found that TSA 
affects the expression of collagens type I and 111 and a-SMA strongly, but does not 
alter the gene expression of collagen type IV and GAPDH. A study using differen- 
tial mRNA display analysis has shown that in lymphoid cell lines, TSA affects the 
expression of only 2% of genes analyzed (Van Lint et al., 1996). When applying 
differential mRNA display to primary HSC exposed to TSA, comparable low num- 
bers of genes were affected (Rombouts et al., unpublished observations). The 
selectivity of TSA is brought about by different mechanisms. First, this may be 
explained by the presence of several HDACs that show different sensitivity to 
TSA. Preliminary experiments in our laboratory showed the presence of HDAC 



200 111. Activation Mechanism of HSC and Signal Transduction 

classes I and I1 in HSC (Geerts et al., unpublished data). Neither HATs nor 
HDACs appear to work alone, as both exist in multiprotein complexes. 
Recruitment of these complexes to specific regions of the genome plays a major 
part in creating the spectrum of expressed and silenced genes that characterizes a 
cell type. Second, promoter regions of different genes are organized in different 
ways in nucleosomes. Third, acetylation of nucleosomes varies topographically 
within the nucleus and with time. In general, approximately 10% of nucleosomes 
are acetylated; 90% are not. The latter nucleosomes are located in transcription- 
ally silenced heterochromatin. The degree of acetylation of each individual nucle- 
osome is the result of local action of HATs that increase the level of acetylation 
and of HDACs that decrease the level. Fifth, selectivity in the regulation of tran- 
scription is brought about by the composition of the protein complexes in which 
HDACs are incorporated. Coimmunoprecipitation experiments have shown that 
these enzymes are present in large transcriptional complexes, the composition of 
which is dependent on the cell type and state of differentiation (Hassig et al., 
1997; Roopra et al., 2000; Yu et al., 2000; Park et al., 2000). The latter finding 
supports the results of our study that histone acetylation can be targeted to spe- 
cific promoters by gene-specific activatorlrepressor protein core complexes. Two 
core complexes have been identified: the Sin3 corepressor complex and Mi-2/ 
Nurd complex. HDACs associate with these complexes and direct gene-specific 
transcriptional repression. The composition of these repressor complexes 
depends on the cell type, the target gene, and the state of cellular differentiation 
(Struhl and Moqtaderi, 1998; Dagond et al., 1998; Knoepfler and Eisenman, 
1999; Ng and Bird, 2000; Cress and Seto, 2000). Therefore, identification of the 
HDAC/corepressor complex(es) at the different gene promoters under investiga- 
tion can provide additional information about which HDAC is sensitive to TSA 
and thus responsible for the observed effects (Richon et al., 2000; Maeda et al., 
2000; Yu et al., 2000). Moreover, Huang et al. (2000) have demonstrated the exis- 
tence of multiple HDAC complexes in one cell type; each of these complexes has 
different effects on gene transcription. 

In summary, we found that submicromolar concentrations of TSA inhibited 
strongly (1) synthesis of collagens type I and 111, (2) cellular proliferation, and (3) 
expression of a-Sh4A in primary cultures of rat HSC. These biochemical changes 
were paralleled by inhibition of the morphological changes characteristic for acti- 
vation of these cells. Thus, the histone deacetylase inhibitor TSA may be a prom- 
ising lead compound in the development of novel agents to treat fibroproliferative 
diseases. 
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CHAPTER 12 
Profibrogenic Actions of 
Hepatic Stellate Cells: 
Major Intracellular 
Signaling Pathways 
MASSIMO PINZANI AND FABIO WRRA 

Dzpartimento di Medicina Interna, Unzverszta degli Studi di  Firenze, I-50134, Firenze, Italy 

Following acute or chronic liver tissue damage, hepatic stellate cells (HSC) 
undergo a process of activation toward a phenotype characterized by increased 
proliferation, motility, contractility, and synthesis of extracellular matrix (ECM) 
components. In addition to these changes in the biology of HSC, several factors 
have been shown to play a key role in the promotion of the full-blown picture of 
activated HSC. These include extensive changes in the composition and organi- 
zation of the ECM, the secretion of several growth factors, cytokmes, chemokines, 
products of oxidative stress, and other soluble factors. Indeed, in the presence of 
chronic liver tissue damagehnflammation, clusters of soluble factors, specifically 
directed at different cell targets, are simultaneously active in the tissue and are, 
at least in part, responsible for the fibrogenic outcome of the wound-healing 
process. It is likely that a complex network of interactions occurs between these 
mediators, their targets, and the extracellular matrix. Different groups of profi- 
brogenic soluble factors could be classified according to their prevalent biological 
effect: factors promoting HSC proliferation and/or migration [i.e., platelet-derived 
growth factor (PDGF), basic fibroblast growth factor (bFGF), insulin-like growth 
factor-1 (IGF- 111 ; factors promoting fibrillar ECM accumulation, particularly 
transforming growth factor (TGF)-P 1 (induction of procollagen I/III gene expres- 
sion, induction of TIMP-1 gene expression, inhibition of MMP-1, and increase 
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of MMP-2); factors with a prevalent contractile effect on HSC, such as thrombin 
and ET-1, although both agents may also promote HSC proliferation; 
chemolunes, such as MCP-1, one of the most potent chemoattractant for leuko- 
cytes; cytokines with a prominent anti-inflammatory/antifibrogenic activity, such 
as interleukin (IL)-lO (produced also by HSC) and interferon (IFN)-y. Additional 
important issues to be addressed in this context include the autocrine/paracrine 
action of many of these factors synthesized by activated HSC; the relationship 
occurring between these substances and the rapidly evolving ECM microenviron- 
ment, where they bind and can be stored; and the biological effects of oxidative 
stress-related molecules (ROI and reactive aldehydes). In the past decade a major 
effort has been made in order to elucidate the major intracellular signaling path- 
ways elicited by these factors on HSC. A s  also shown in other cell types showing 
similar features and profibrogenic roles in extrahepatic tissues, signaling pathways 
such as Ras/ERK and PI 3-K have been demonstrated to be indispensable to 
transduce signals leading to cell proliferation and motility in HSC. Similarly, the 
involvement of Sh4AD proteins has been shown to transduce the biologic effects 
of TGF-P1 in these cells, and several other examples are available. In addition to 
the specific signaling elicited by the interaction of a given cytokine with this mem- 
brane receptor, a central key issue concerns the cooperation between cytokme 
signaling and signals originated from the interaction of integrin receptors with 
specific ECM components. This relationship appears indeed to be highly relevant 
for the effective action of several cytolunes. Another emerging key issue is the 
influence of cytoskeletal structures, particularly their assembly and tension, on 
the intracellular signaling of growth factors and cytolunes. In conclusion, an 
increasing body of evidence is becoming available for a more complete under- 
standing of the profibrogenic role of several soluble factors acting on HSC. It is 
hoped that these acquisitions will contribute to design pharmacological and 
biotechnological strategies able to modulate the fibrogenic progression of chronic 
liver diseases. 

I. INTRODUCTION 

Growth factors, cytokines, chemokines, and oxidative stress products play a role 
in the activation of hepatic stellate cells. In the presence of chronic liver tissue 
damage/inflammation, these factors directed at specific cell targets are simultane- 
ously active in the tissue and are, at least in part, responsible for the fibrogenic 
outcome of the wound-healing process (Friedman, 2000; Pinzani, 2000). It is 
important to stress that they do not work alone, rather a complex network of 
interactions occurs between these mediators, their targets, and the ECM. Thus, 
the response to single agonists on cultured HSC does not completely reflect the 
complexity of the in vivo situation. Nevertheless, these approaches are quite 
informative in unearthing key signaling events. 
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The different groups of cytokines can be grouped according to their class of 
receptors, which tend to generate similar intracellular signals within each group: 
factors promoting HSC proliferation, migration, and survival (polypeptide growth 
factor receptors); factors promoting fibrillar ECM accumulation, particularly TGF-P 1 
(TGF-P receptor superfamily); factors with a prevalent contractile effect on HSC, 
such as endothelins, angiotensin 11, vasopressin, and thrombin, although all these 
agents may also promote HSC proliferation (seven transmembrane domain recep- 
tors); and receptors for chemolunes and proinflammatory cytolunes. An impor- 
tant determinant of the biologic response to these ligands is the interaction 
between these substances and the rapidly evolving ECM microenvironment, 
where they bind and can be stored. In this context, the relationship between 
cytolune- and integrin-mediated intracellular signaling is increasingly relevant. 

11. POLYPEPTIDE GROWTH FACTOR RECEPTORS 

Platelet-derived growth factor (PDGF), a dimer of two polypeptide chains referred 
to as A and B chains, is the most potent mitogen for cultured HSC isolated from 
rat, mouse, or human liver (Pinzani et al., 1989; Pinzani et al., 1992a; Pinzani 
et al., 1995). Of the three possible dimeric forms of PDGF (-AA, -AB, and -BB), 
PDGF-BB is most potent in stimulating HSC growth and intracellular signaling, in 
agreement with a predominant expression of PDGF-receptor P (or type B) sub- 
units compared to PDGF-receptor O! (or type A) subunits in activated HSC 
(Pinzani et al., 1995). Codistribution of PDGF with cells expressing PDGF recep- 
tor subunits has been demonstrated following both acute and chronic liver tissue 
damage (Pinzani et al. , 1994b; Pinzani et al., 1996b), thereby confirming an active 
role of this growth factor in liver repair and fibrosis. Figure 1 illustrates the major 
signaling pathways and biologic effects elicited by the interaction of PDGF with 
its membrane receptors, i.e., cell proliferation and migration. PDGF receptors, 
which have intrinsic tyrosine lunase activity, dimerize and become autophospho- 
rylated on tyrosine residues upon binding to their ligand (Claesson-Welsh, 1994). 
Phosphotyrosines on the activated receptor operate as high-affinity-binding sites 
for several molecules involved in the downstream propagation of the signal, which 
bind through src-homology-2 (SH-2) domains or phosphotyrosine-binding (PTB) 
domains (Cohen et al., 1995; Pawson, 1995). Association of the PDGF receptor 
with the adapter protein Grb2 leads to recruitment of the exchange factor mSos 
with the consequent activation of Ras. This event is followed by the sequential 
activation of Raf-1 , MEK, and extracellular signal-regulated kinase (ERK) 
(Marshall, 1995). Nuclear translocation of ERK is associated to the phosphoryla- 
tion of several transcription factors, including Elk-1 and SAP, and represents an 
absolute requirement for triggering a proliferative response (Pages et al., 1993). In 
cultured human HSC, there is activation of the ERK pathway followed by increased 
expression of c-fos in response to PDGF (Marra et al., 1995b, 1996, 1999). 
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FIGURE 1 PDGF signaling. PDGF binds to a receptor with intrinsic tyrosine kinase activity. 
Receptor dimerizarion leads to autophosphorylation with formation of high-affinity-binding sites for 
signaling proteins with SH-2 or PTB domains. The downstream pathways are differentially implicated 
in the regulation of biologic activities of PDGF. For a detailed discussion, see text. 

The activation of this pathway is necessary for PDGF-induced cell proliferation 
and, accordingly, the pharmacological blockade of signaling molecules upstream 
of ERK (e.g., MEK) leads to a dose-dependent inhibition of cell growth. This 
observation is supported by the reduction in the downstream activation of the 
protooncogene c-fos and of the AP-1 complex binding activity that follows the 
inhibition of PDGF-induced ERK activation (Marra et al., 1999). ERK activation in 
rat HSC occurs following in vivo liver injury induced by the acute administration 
of CCl, (Marra et al., 1999). In this model, increased ERK activity temporally pre- 
cedes HSC proliferation and peaks 48 h after the administration of the toxin. 
Remarkably, this time point is associated with maximal availability of PDGF in 
acutely injured liver tissue (Pinzani et al., 199410) and precedes HSC proliferation, 
which begins at 48 h and peaks 72 h after liver damage. 

Phosphatidylinositol 3-kinase (PI 3-K), another molecule that is recruited by 
the activated PDGF receptor, is composed of a 85-kDa regulatory subunit, 
equipped with two SH-2 domains, and a catalytic 110-kDa subunit (Parker and 
Waterfield, 1992). PDGF stimulation leads to the association of PI 3-K with the 
activated receptor and to tyrosine phosphorylation of p85 but not of p110. The 
downstream effectors of PI 3-K activation are only partially known and include 
protein kinase C<, ribosomal S6 kinase, and protein kinase B (c-Akt). 
Nevertheless, this pathway is sufficient to transduce PDGF-dependent 
mitogenic signals (Valius and Kazlaukas, 1993) and to be necessary for cell 



12. Profibrogenic Actions of HSC 211 

chemotaxis (Kundra et al., 1993). Thus, in human HSC cultures, PI 3-K activation 
is necessary for both mitogenesis and chemotaxis induced by PDGF (Marra et at., 
1997). The in vivo relevance of this finding is suggested by the recruitment of the 
p85 subunits by the PDGF receptor and activation of PI 3-K following acute CC1,- 
induced liver damage in the rat. Wortmannin, a fungal metabolite that binds and 
inhibits PI 3-K noncompetitively, induces a dose-dependent inhibition of PDGF- 
BB-induced PI 3-K activation in HSC with a maximal effect at 100 nM. This con- 
centration, which does not affect either PDGF receptor autophosphorylation or 
the physical association between the PI 3-K p85 subunit and the receptor, virtu- 
ally abolishes PDGF-induced mitogenesis and chemotaxis in HSC, indicating a 
functional involvement of this pathway. Similar observations have been made 
with other PI 3-K inhibitors, such as LY294002 (Gentilini et al., 2000). In addi- 
tion, PI 3-K is involved in the activation of the Ras-ERK pathway in human HSC, 
although it is not strictly necessary, as both wortmannin and LY294002 inhibit 
ERK activation only by 40-50% (Gentilini et al., 2000; Mama et a]., 199513). 
Therefore, in HSC, PI 3-K regulates PDGF-related mitogenesis and cell migration 
by pathways that are at least in part independent of ERK activation. 

In addition to the involvement in cell growth and migration, growth factor- 
induced PI 3-K activation may contribute to the downstream signaling that regu- 
lates cell survival. PDGF and insulin-like growth factor-I (IGF-I) provide an 
example of two contrasting paradigms of action. In human HSC, PDGF induces a 
10-fold increase in DNA synthesis and cell migration, whereas the effect of IGF-I 
is in general one-fifth of that of PDGF. Regardless, PDGF and IGF-I are equipo- 
tent in the activation of the Ras/ERK and the PI 3-k pathways, at least at early time 
points (10-15 min) after stimulation (Gentilini et al., 2000). In addition, IGF-I 
acts as a survival rather than a mitogenic growth factor in this cell type (Issa et al., 
2001). Current evidence suggests that the “survival” or antiapoptotic action of PI 
3-K is mediated by the activation of c-Akt (also referred to as protein lunase 
B - PKB), a signaling protein whose activity is regulated by several upstream 
events, and particularly the generation of phoshoinositides by PI 3-K (Datta et al., 
1999). Gentilini and co-workers (2001) have shown that in human activated HSC, 
IGF-I can activate the c-Akt pathway and its downstream targets regulating cell 
survival and to reduce nerve growth factor (NGFI-induced apoptosis. Importantly, 
in these experiments, activation of the c-Akt pathway is a PI 3-K-dependent event 
that is reversed by PI 3-K inhibitors. 

In addition to specific intracellular signaling pathways that involve protein 
phosphorylation, PDGF signaling also relies on changes in [Ca2+Ii and pH. 
In particular, in HSC and other cells, sustained changes in [Ca2+li and intra- 
cellular pH are necessary for the correct articulation of pathways involving protein 
phosphorylation. The mitogenic potential of different PDGF dimeric forms is 
proportional to their effects on [Ca2+], in activated rat and human HSC (Pinzani 
et al., 1991, 1995). The increase in [Ca2+li induced by PDGF in HSC is 
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characterized by two main components: (1) a consistent and transient increase 
(peak increase), due to calcium release from intracellular stores following the acti- 
vation of PLCg and the consequent PIP, hydrolysis, and (2) a lower but longer 
lasting increase (plateau phase) due to an influx from the external medium. 
Accumulated evidence indicates that the induction of replicative competence by 
PDGF is dependent on the maintenance of sustained increase in [Ca2+li due to 
calcium entry rather than from the release from intracellular stores (Kondo et al., 
1993; Wang et al., 1993). Accordingly, stimulation of human HSC with PDGF in 
the virtual absence of extracellular calcium results in an almost complete abroga- 
tion of the mitogenic effect of this growth factor and supports the view that the 
plateau phase of the increase in [Ca2+Ii is essential for eliciting full PDGF- 
induced replicative competence in this cell type (Failli et al., 1995). 

Extracellular calcium entry induced by PDGF was originally ascribed to the 
opening of low threshold voltage-gated calcium channels consistent with a "T" 
type designation (Wang et al., 1993). Subsequently, this channel has been better 
characterized and defined as a PDGF receptor-operated nonselective cation chan- 
nel controlled by the tyrosine kinase activity of the PDGF-R and, particularly, by 
the activation of Ras through Grb2-Sos (Ma et al., 1996). The existence of this 
PDGF receptor-operated channel in activated human HSC is suggested by the 
functional uncoupling between PDGF-R and this calcium channel caused by the 
inhibition of Ras processing following incubation of HSC with GGTI-298, an 
inhibitor of protein geranylgeranylation (Carloni et al., 2000). 

Stimulation with PDGF increases the activity of the Na+/H+ exchanger in rat or 
human HSC with consequent sustained changes in intracellular pH (Di Sario et al., 
1997, 1999, 2001). This increased activity appears to occur through calcium- 
calmodulin and protein lunase C-dependent pathways (Di Sario et al., 1999). 

Inhibition of the activity of the Na+/H+ exchanger by pretreatment with 
amiloride inhibits PDGF-induced mitogenesis, thus indicating that changes in 
intracellular pH induced by this growth factor are essential for its full biologic 
activity (Benedetti et al., 2001). Data suggest that PDGF-induced Na+/H+ 
exchanger activity is linked to the activation of PI 3-K and is blocked by preincu- 
bation with PI 3-K inhibitors. Furthermore, inhibition of the Na+/H+ exchanger 
leads to the interruption of downstream signaling events essential for growth 
factor-mediated cytoskeletal reorganization such as PDGF-induced focal adhesion 
kinase (FAK) phosphorylation (Caligiuri et al., 2001). 

111. TRANSFORMING GROWTH FACTOR-P 
RECEPTOR SUPERFAMILY 

TGF-P are pleiotropic cytolunes that play a pivotal role in the development of 
fibrosis in the liver and in other organs, including the lung and the ludney 
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(Branton and Kopp, 1999). Expression of TGF-P is increased markedly in animal 
models of liver fibrosis and in patients with chronic liver disease (Castilla et al., 
1991; Nakatsukasa et al., 1990). Overexpression of TGF-P is associated with an 
increased deposition of matrix in the target tissue, and neutralization of the bio- 
logic activity of this cytokine ameliorates experimental liver fibrosis (George et al., 
1999; Sanderson et al., 1995). The biologic actions of TGF-P on HSC are in great 
part related to the profibrogenic role of this factor. TGF-P is the most potent 
stimulus for the production of fibrillar and nonfibrillar matrix by HSC and it 
also induces qualitative changes in the matrix by differentially stimulating its 
components (Friedman, 1999). In addition, TGF-P also has effects on matrix 
degradation, which are characterized by mixed actions on matrix metallo- 
proteinases, and by inhibition of tissue inhibitors of metalloproteinases (TIMPs) 
and plasminogen activator inhibitor (PAI). Although TGF-P is a growth inhibitor 
in several cell types, conflicting results have been reported in HSC, where TGF-P 
has no effect (Pinzani et al., 1989), inhibits (Bachem et al., 1992; Saile et al., 
1999), or induces HSC proliferation via production of PDGF-AA (Win et al., 
1993). In addition, prolonged exposure of HSC to this cytolune may increase 
PDGF-dependent DNA synthesis via PDGF receptor upregulation (Pinzani et al., 
1995). Finally, TGF-P behaves as a survival factor for activated HSC, where 
spontaneous apoptosis was downregulated by this cytokine (Saile et al., 1999). 

The receptors for TGF-P are serinethreonine kmases belonging to a superfam- 
ily that includes the receptors for activins, inhibins, bone morphogenetic proteins, 
and other multifunctional cytokmes (Piek et al., 1999). Signal propagation occurs 
via the formation of heteromeric complexes comprising type I and type 11 TGF-P 
receptors. TGF-P and other proteins of this superfamily bind to TGF-P type I1 
receptor (TPRII), which subsequently recruits TGF-P type I receptor (TPRI), lead- 
ing to the formation of a heterotrimeric complex (Fig. 2) (Pieket al., 1999). TPRII 
has a constitutively active serine/threonine lunase, which phosphorylates TPE, 
which in turn is responsible for the propagation of downstream signals through 
the phosphorylation of Smads. Betaglycan, or TGF-P receptor type 111, also binds 
TGF-P with high affinity. This receptor, however, has no role in TGF-P signaling, 
but it may be relevant for the presentation of TGF-P to TPRII, and this interaction 
appears to be particularly important for TGF-P2 (Piek et al., 1999). The signal 
downstream of receptors of the TGF-P superfamily is transduced by the Smad pro- 
teins (Massague, 2000). Smads undergo phosphorylation by type I receptors of 
the TGF-P superfamily and can be divided in three categories depending on the 
ability to be activated by the receptor (R-Smads), to function as common partners 
(Co-Smads), or to inhibit signal (anti-Smads). Following formation of the TGF-P 
receptor complex, Smad2 and Smad3 are activated by the TPRI and thus function 
as R-Smads for this cytokine (Fig. 2). Upon activation by phosphorylation, Smad2 
or Smad3 heterodimerizes with the common partner Smad4 and migrates to the 
nucleus where it regulates transcription. 
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FIGURE 2 TGF-P signaling. TGF-P binds to TPRII, and this binding may be enhanced by the 
presence of TPIII. After binding to TGF-P, TpRII recruits and phosphorylates TPRI, leading to activa- 
tion of h a d 2  and Smad3 (R-Smads). This process is inhibited by Smad7 (anti-Smad). Activated 
Smad2 and Smad3 heterodimerize with Smad4 (co-Smad) and migrate to the nucleus where they 
regulate gene transcription. Smad heterodimers may cooperate with other transcription factors, 
coactivators, or corepressors. 

Transcriptional control occurs not only by direct interaction with a target DNA 
element (Smad-binding element), but also by cooperation with other transcription 
factors, e.g., AP-1, or interaction with coactivators (e.g., CREB-binding protein) or 
corepressors (Massague, 2000). Srnad7 is an inhibitory Smad for TGF-P signaling. 
It binds TPRI efficiently, but lacks the C-terminal phosphorylation motif and there- 
fore behaves as an endogenous dominant negative Smad (Piek et al., 1999). 
Interestingly, a Smad-binding element has been found in the Srnad7 promoter, 
indicating that TGF-P-induced activation of this molecule plays a role in the mod- 
ulation of TGF-f3 signals. h a d 2  and Smad3 are likely to mediate different sets of 
biologic actions, as indicated by the fact that they may mediate antagonistic 
actions and by the different phenotype of knockout mice. While Smad2-deficient 
animals show embryonic lethality, Smad3 knockout mice survive to adulthood and 
may actually display enhanced wound healing (Ashcroft et al., 1999). In addition, 
direct DNA binding of Smad2 has not yet been demonstrated (Piek et al., 1999). 

Although signaling generated by TGF-P has been explored extensively, a 
limited amount of information has been obtained on the pathways that regulate 
matrix production, its activity most relevant to the development of liver fibrosis. 
Signals originating from TPRI and leading to growth inhibition may be differenti- 
ated from those that regulate extracellular matrix synthesis (Saitoh et al., 1996). 
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Quiescent HSC are poorly responsive to TGF-P when maintained in suspension, 
a condition that prevents transition to an activated state (Friedman et al., 1994). 
Accordingly, affinity labeling studies have demonstrated small amounts of TPRIII 
in quiescent cells, whereas all three TGF-P receptors are present after activation. 
Nevertheless, in nonactivated cells, TPRII expression could be demonstrated by 
Western blotting, and mEWA transcripts for TPRII and TPRIII (betaglycan) were 
actually greater than after activation on uncoated plastic (Friedman et al., 1994). 
Decreased mEWA levels for TPRII in activated HSC have been confirmed by 
Roulot et al. (19991, who suggest that the ratio between type I1 and type I recep- 
tors may be critical to differentially mediate the biologic effects of TGF-P, includ- 
ing matrix synthesis or inhibition of cell proliferation. This hypothesis is 
supported by data obtained in the Xenopus laevis, where small changes in the 
amount of signaling can dramatically affect the nature of the cellular response to 
the TGF-P-like factor, activin (Massague, 1998). The biological significance of 
reduced expression of TPNII in activated versus quiescent HSC remains to be 
established. Similar to other TGF-P responsive cells, HSC show phosphorylation 
of Smad2 and Smad3 upon exposure to this cytokine (Dooley et al., 2000). 

Interestingly, compared to early cultured HSC, cells with a fully activated, 
myofibroblast-like phenotype show reduced Smad activation, and this finding is 
associated with lower efficacy of the cytokme in inducing biologic actions in fully 
activated cells (Dooley et al., 2000). It has been hypothesized that altered com- 
partmentalization of TGF-P receptors, with a higher proportion of receptor in the 
intracellular than in the membrane compartment, may explain these findings 
(Dooley et al., 2000). However, these changes are likely to be limited to fully 
activated, myofibroblast-like cells because binding of TGF-P to its receptors, as 
evaluated by affinity binding, is not reduced in HSC isolated after 48 or 72 h after 
acute CC1, intoxication in the rat (Inoue and Thomas, 2000). Interaction between 
activated Smad proteins and other factors may be relevant for the cell specificity 
of TGF-P actions. Spl binding to the promoter of the a2(I) collagen gene medi- 
ates the increased expression by TGF-P in HSC (Inagah et al., 1994), whereas in 
hepatocytes, Sp3 binds the same element, but with little transactivating activity. 
In HSC, but not in hepatocytes, activated Smad3 physically interacts with Spl,  
thus providing a link between TGF-P signaling and matrix upregulation in specific 
cell types (Inagah et al., 200 Ib). Moreover, constitutive phosphorylation and 
nuclear localization of Smad3 were found in a clone of HSC exhibiting high 
levels of collagen and PAL1 expression together with a poor response to TGF-P, 
confirming the relevance of this pathway for the upregulation of extracellular 
matrix production in HSC (Inagalu et al., 2001a). 

On addition to Smads, other signaling pathways are activated by TGF-P in 
HSC, with potential involvement in extracellular matrix synthesis and other activ- 
ities. TGF-P1 induces activation of the ERK pathway through the sequential acti- 
vation of Ras, Raf-1, and MEK (Reimann et al., 1997). Interestingly, in the absence 
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of TGF-P, members of this pathway have divergent actions on collagen gene expres- 
sion. While dominant-negative ERK, which inhibits ERK signaling, reduced pro- 
collagen a1 (I) transcription, dominant-negative raf increased collagen reporter 
gene expression. These results indicate that activation of ras exerts negative sig- 
nals on collagen transcription via a Raf-dependent, EM-independent pathway, 
whereas ERK positively modulates expression of the collagen gene (Davis et al., 
1996). In addition, the action of ERK was dependent on Sp-1- and NF-1-binding 
sites of the proximal 5’-untranslated region of the procollagen al(1) promoter, 
whereas the Raf inhibitory signal was mapped upstream (Davis et al., 1996). 
Other Smad-independent signaling pathways contribute to the biologic effects of 
TGF-P in HSC, in particular the exposure of the cells to reactive oxygen interme- 
diates. TGF-P induction of procollagen al(1) mRNA is mimicked by the addition 
of H,O,, and is prevented by the addition of the antioxidant PDTC, or of catalase 
to cultured HSC. DeBleser and co-workers (1999) have proposed a model accord- 
ing to which glutathione levels on HSC enable the cells to discriminate between 
exogenously produced H,O,, and therefore oxidative stress, and H,O, generated 
as a signaling molecule, such as in response to TGF-P. In particular, exposure to 
TGF-P would be associated with high intracellular levels of H,O,, which could be 
removed efficiently by catalase, yielding high levels of glutathione and allowing 
autocrine secretion of TGF-P. On the contrary, exogenously added H,O,, simu- 
lating a condition of oxidative stress, generates low intracellular levels of H,O,, 
which is catabolied by glutathione peroxidase, resulting in low glutathione levels 
and interruption of a TGF-P autocrine pathway (De Bleser et al., 1999). 

IV. SEVEN TRANSMEMBRANE 
DOMAIN RECEPTORS 

Several factors acting through receptors belonging to the “seven transmembrane 
domain” family are active in HSC. Due to similarities in biologic actions and 
signaling, these receptors may be divided, for the purpose of this review, into two 
subgroups: receptors for “vasoconstrictors” and chemolune receptors. 

Endothelins, angiotensin 11, vasopressin, and thrombin, although generally 
referred to as “vasoconstrictors,” promote profibrogenic actions and are consid- 
ered pleiotropic cytolunes when viewed in the context of the chronic wound- 
healing process. Endothelin (ET)-1, a potent vasoactive 21 amino acid peptide 
secreted by endothelial, as well as other cell types, exerts a multifunctional role in 
a variety of tissues and cells (Simonson, 1993; Simonson and Dunn, 1991; 
Yanagisawa and Masah, 1989). Endothelins (ET-1, ET-2, and ET-3) bind to 
G-protein-coupled receptors, termed ETA, ET,, and to a still not well-characterized 
ET, receptor. The ETA receptor binds ET-1 with a higher affinity than ET-3, the 
ETB receptor displays similar affinity for both peptides, and the ET, receptor 
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exhibits a higher affinity for ET-3 than ET-1. Activation of ET receptors originates 
intracellular signals leading to differentiation, proliferation, growth inhibition, cell 
contraction, and a variety of metabolic effects. However, it is increasingly clear 
that activation of a given ET receptor does not necessarily lead to identical bio- 
logic effects in different cell types. This intriguing and peculiar feature is currently 
explained in terms of receptor structure, as the ET receptor is a typical heptaheli- 
cal G-protein-coupled receptor. In ligand binding to the heptahelical receptor, the 
receptor has two functions, i.e., “address” (address domain: regulates the affinity 
for the ligand) and “message” (message domain: regulates the activation of differ- 
ent G proteins and their downstream effectors). A different part of the ligand 
structure also corresponds to each domain of the receptor. Although ET receptors 
are currently classified according to their affinity for the three known forms of ET, 
it has been proposed that they should be classified according to their message 
domain. Indeed, each Ga protein acts on different target molecules, resulting in 
different responses. In addition, the activation of each Ga protein presumably 
depends on its intracellular level. Therefore, although the same ET-receptor is 
activated by the same ligand, the resulting final response may be different from 
cell to cell (Masaki et al., 1999). This complex organization of ET-related intra- 
cellular signaling may explain at least some of the discrepancies in the biologic 
effects of this class of peptides reported in the literature. 

ET expression in liver tissue is increased markedly during chronic hepatic 
fibrogenic disorders both in humans (Alam et al., 2000; Pinzani et al., 1996a) and 
in animal models (Tieche et al., 2001). Morphological studies have clearly indi- 
cated that ET-1 (both at mRNA and protein levels) is overexpressed in different 
cellular elements present within cirrhotic liver tissue (Pinzani et al., 1996a; 
Rockey et al., 1998). Furthermore, expression of ET-1 and its receptors in liver 
tissue correlates with the severity of the disease and its complications in cirrhotic 
patients (Alam et al., 2000; Leivas et al., 1998). In vitro studies have confirmed 
that both sinusoidal endothelial cells and activated HSC are able to synthesize 
ET-1 (Housset et al., 1993; Pinzani et al., 1996a; Rieder et al., 1991). In activated 
HSC, ET-1 synthesis and release are promoted by agonists such as angiotensin 11, 
PDGF, TGF-P, reactive oxygen species, and ET-1 itself (Gabriel et al., 1998; 
Housset et al., 1993; Leivas et al., 1998; Pinzani et al., 1996a; Rieder et al., 1991; 
Rockey et al., 1998). Moreover, ET-induced ET-1 synthesis in HSC is regulated 
through the modulation of endothelin-converting enzyme-1 (ECE-1) rather than 
by modulation of the precursor pre-proET-1 (Shao et al., 1999). 

Overall, it is increasingly evident that the process of HSC activation and 
phenotypical modulation is characterized by a close and complex modulation of 
the ET system. The ability to synthesize and release ET-1 is associated with a 
progressive shift in the relative predominance of ETA and ET, receptors observed 
during serial subculture: ETA are predominant in the early phases of activation, 
whereas ET, become increasingly more abundant in “myofibroblast-like” cells 
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(Pinzani et al., 1996a; Reinehr et al., 1998). This shift in the relative receptor 
densities may be directed at differentiating the possible paracrine and au tocrine 
effects of ET-1 on HSC during the activation process. Indeed, when HSC are 
provided with a majority of ETA receptors (early phases of activation), stimulation 
with ET-1 causes a dose-dependent increase in cell growth, ERK activity, and 
expression of c-fos. These effects, likely related to the activation of the Ras-ERK 
pathway, are completely blocked by pretreatment with BQ-123, a specific ETA 
receptor antagonist (Pinzani et al., 1996a), and are in agreement with studies 
performed in other vascular pericytes, such as glomerular mesangial cells (Wang 
et al., 1994). Conversely, in later stages of activation, when the number of ET, 
receptors increases, ET- 1 induces a prevalent antiproliferative effect linked to the 
activation of this receptor subtype (Mallat et al., 1995b). In this setting, activation 
of the ET, receptor stimulates the production of PGs, leading to an increase in 
intracellular CAMP, which in turn reduces the activation of both ERK and JNK 
(Mallat et al., 1996). In addition, both CAMP and PGs upregulate ETB-binding 
sites, thus suggesting the possibility of a positive feedback regulatory loop. 

Further studies have clarified that ET-1-induced PGs synthesis in human acti- 
vated HSC is due to an increased enzymatic activity of cycloxygenase (COX)-2 and 
that this increase is dependent on the activation of NF-KB by ET-1 (Gallois et al., 
1998). Additional qualitative and quantitative changes in the expression of 
ET-receptors may be due to the action of proinflammatory and profibrogenic stim- 
uli present in the hepatic tissue microenvironment, including TGF-P 1, reactive 
oxygen species, and endotoxins (Gabriel et al., 1998, 1999; Gandhi et al., 2000). 

Because ET- 1 induces a dose-dependent increase in intracellular-free calcium 
coupled with cell contraction in activated HSC (Pinzani et al., 1992b, 1996a1, an 
autocrine action of this peptide has been postulated, leading to the contraction of 
scar tissue and portal hypertension. At least in human HSC, the ET-1-induced 
(Ca2f]i increase, coupled with cell contraction, occurs at any stage of cellular 
activation (Pinzani et al., 1996a). Because HSC contraction is always blocked by 
ETA receptor antagonists and never reproduced by selective ET, agonists, it is 
conceivable that the signaling pathways regulating HSC contraction require the 
activation of a small number of ETA receptors and/or are somehow divergent from 
those regulating cell growth. As described in other contractile cell types, it is con- 
ceivable that ET- 1-induced HSC contraction occurs through phosphorylation of 
the myosin light chain by Ca'+/calmodulin-dependent myosin light chain kinase. 
Additionally, a portion of ET-1-induced contraction is partially mediated by the 
calcium-independent activation of the small G protein RhoA and of a downstream 
target, Rho-kinase. Accordingly, activation of Rho-kinase by ET- 1 has been 
reported in rat HSC (Tangkijvanich et al., 2001). 

Circulating levels of angiotensin I1 (A-II), a powerful vasoconstrictor, are 
frequently increased in cirrhotic patients and have been implicated in the circula- 
tory disturbances typical of this clinical condition. However, A-11, in addition to 
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its action as a vasoconstrictor, is provided with biologic properties potentially 
relevant for the progression of chronic fibrogenic disorders. These include an 
increase in cell proliferation and cell hypertrophy; accordingly, A-I1 may also be 
considered a pleiotropic cytohne. Bataller and co-workers (2000) reported that 
activated human HSC express A-I1 receptors of the AT1 subtype and that an 
increased expression of this type of receptor may represent a feature of HSC acti- 
vation. Stimulation with A-11 elicits a marked dose-dependent increase in [Ca2+Ii 
concentration associated with rapid cell contraction, in agreement with a previous 
report (Pinzani et al., 1992b). Moreover, A-I1 stimulates DNA synthesis and cell 
growth. The involvement of AT1 receptors in these effects of A-I1 is confirmed by 
their complete abrogation following preincubation with the AT1 receptor antago- 
nist losartan. Although the antifibrogenic effects of pharmacological AT1 receptor 
blockade appear promising in other conditions, i.e., myocardiosclerosis (Lim 
et al., Z O O l ) ,  no information is currently available for hepatic fibrogenesis. 
Analogous effects on HSC biology have been described for arginine vasopressin 
(AVP). Human-activated HSC express V1 receptors, and stimulation with AVP 
elicits a dose-dependent increase in intracellular [Cazf], coupled with cell con- 
traction. Moreover, AVP increases EFX activity, DNA synthesis, and cell growth 
(Bataller et al., 1997). 

The serine protease thrombin (THR) regulates platelet aggregation, endothelial 
cell activation, and other important responses in vascular biology and in acute 
and chronic wound repair. Although THR is a protease, it acts as a traditional hor- 
mone or as a pleiotropic cytokine based on the nature of its receptors, protease- 
activated receptors or PARS. PARS are G-protein-coupled receptors that use a 
fascinating mechanism to convert an extracellular proteolytic cleavage event into 
a transmembrane signal: these receptors carry their own ligands, which remain 
cryptic until unmasked by receptor cleavage (Coughlin, 2000). Four PARS are 
known in mouse and human: human PARl, PAW, and PAR4 can be activated by 
THR, whereas PAW is activated by trypsin and tryptase, as well as by coagulation 
factors VIIa and Xa, but not by THR. Studies by Marra and co-workers have shown 
that the expression of PARl is increased markedly in chronic fibrogenic disorders 
involving liver. In addition, human HSC express PAR1, and this expression 
increases during HSC activation (Marra et al., 1995a, 1998). Stimulation of 
human HSC with THR induces cell contraction (Pinzani et al., 1992b), prolifera- 
tion (Racine-Samson et al., 1997), synthesis, and release of chemokmes such as 
MCP-1 (Marra et al., 1998) or platelet-activating factor (Pinzani et al., 1994a). The 
signaling mechanisms specifically regulating THR action in HSC have not been 
reported thus far. 

The chemokme system is a major modulator of many critical functions, both 
in physiologic and pathologic conditions, including inflammation, development, 
leukocyte traffichng, angiogenesis, and cancer (Rossi and Zlotnik, 2000). In HSC, 
secretion of several chemokines belonging to different subclasses regulates the 
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recruitment of inflammatory cells to sites of damage (Marra, 1999). These find- 
ings demonstrate a first line of interaction between the inflammatory and the 
reparative phases of the wound-healing response. 

However, chemolunes also directly regulate the behavior of cells involved in 
tissue repair. In fact, glomerular mesangial cells, or smooth muscle cells, express 
chemolune receptors, which mediate functional responses that are relevant for 
tissue fibrosis (Gerard and Rollins, 2001; Romagnani et al., 1999). In agreement 
with these observations, the CC chemokine monocyte chemoattractant protein- 1 
(MCP-1) induces concentration-dependent chemotaxis of HSCs (Marra, 1999). 
Interestingly, HSC do not express the receptor CCR2, which mediates the biologic 
responses of this chemokine in leukocytes. Nevertheless, incubation of stellate 
cells with MCP-1 is associated with a rise in intracellular calcium concentration 
and activation of intracellular signaling pathways, including protein tyrosine 
phosphorylation, and activation of PI 3-K, which are necessary to stimulate cell 
migration. The receptor(s) responsible for these effects of MCP-1 has not been 
identified yet, but a possible candidate could be CCRl1, which can bind MCP-1 
with high affinity (Schweickart et al., 2000). The chemokine receptor Q(CR3, 
which binds the ligands IP-10, Mig, and I-TAC, is the first chemokine receptor to 
be identified in HSC. Its expression increases after a few days in culture on 
uncoated plastic, and receptor activation is associated with increased cell migra- 
tion, establishing that CXCR3 is functional in HSC. 

Interaction of Q(CR3 with its ligands leads to activation of the Ras/ERK 
cascade through a Src-dependent pathway and to activation of PI 3-K and its down- 
stream kinase Akt. Interestingly, Q(CR3 activation increases cell proliferation in 
glomerular mesangial cells but not in HSC. This discrepancy in the biologic 
actions elicited by this receptor is accompanied by a different time course of ERK 
activation in the two cell types. Indeed, in HSC, ERK is activated only transiently, 
whereas in mesangial cells, a biphasic activation occurs, including a late peak at 
15-24 h (Schweickart et a]., 2000). The molecular mechanisms underlying this 
different behavior in the two cell types have not yet been elucidated. We have 
obtained evidence for expression of the CCR7 chemokine receptor by activated 
HSC (A. Bonacchi and F. Marra, unpublished observations). The biologic effects 
and downstream signaling triggered by activation of this receptor are currently 
being studied. 

V. TUMOR NECROSIS FACTOR 
RECEPTOR SUPERFAMILY 

The receptors for tumor necrosis factor (TNF) belong to a superfamily that 
includes several transmembrane molecules that bind cytolunes or other ligands 
and orphan receptors and are characterized by similar, cysteine-rich extracellular 
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domains (Ashkenazi and Dixit, 1998). This family may be divided into two large 
subgroups depending on the presence or absence of a “death domain,” which 
allows physical association with molecules containing the same domain. TNFRl, 
Fas, and the p75 receptor for the nerve growth factor belong to the group of 
“death domain” receptors, whereas TNFR2 and CD40 lack this domain 
(Ledgerwood et al., 1999). TNFRl plays a major role in mediating the biologic 
actions of TNF because animals laclung this receptor, unlike those laclung 
TNFR2, are unable to mount inflammatory reactions in response to TNF (Rothe 
et al., 1993). TNF activates pathways that regulate gene transcription and inflam- 
mation, and others leading to cell death. Binding of TNF induces homotrimeriza- 
tion of TNFR-1, which binds to the death domain containing protein TRADD 
(Ledgerwood et al., 1999). Association of TRADD with RIP and TRAF2 is respon- 
sible for the downstream activation of NF-KB and JNK, respectively, leading to the 
regulation of gene transcription. Activation of other members of the MAPK 
family, including ERK1/2 and p38MAPK, is also elicited by TNF. In contrast, cell 
death is mediated by the interaction of TRADD with FADD, which initiates a 
cascade of proteases, known as caspases, leading to the apoptotic effect. It is 
important to note that most cells become sensitive to TNF-induced apoptosis 
only when protein synthesis or RNA transcription is inhibited. 

TNF has many important effects on HSC relevant to the pathophysiology 
of liver fibrosis. TNF participates in the activation process (Knittel et al., 
1997), but has an inhibitory effect on the expression and synthesis of type I 
collagen (Armendanz-Borunda et al., 1992) and on the proliferation of HSC 
(Gallois et al., 1998; Knittel et al., 1997). Remarkably, TNF is a critical factor 
for the “proinflammatory” role of HSC because it upregulates the expression 
and secretion of several cytokines and chemokines (for a review, see Gallois 
et al., 1998). 

Unlike other cytokme receptors, quiescent HSC express mRNA transcripts for 
TNFR1, and TNF efficiently binds to the cell surface (Hellerbrand et al., 1998). 
However, the receptor expressed by quiescent cells seems to be only partially 
functional because exposure of nonactivated cells to the ligand does not result in 
activation of NF-KB due to the inability to degrade the inhibitory protein I-KBCX in 
quiescent cells. Accordingly, increased expression of NF-KB-regulated proteins, 
such as the adhesion molecule ICAM-I, is observed only in activated cells. 
Interestingly, the JNK pathway may be activated by TNF in both quiescent and 
activated HSC, indicating that the block in NF-KB activation in quiescent cells 
occurs at a postreceptor level. Activation of NF-KB plays a pivotal role in 
mediating the proinflammatory effects of TNF on HSC. Interference with NF-KB 
activation by proteasome degradation inhibitors or an I-KB super-repressor 
blocks the expression of several cytokmes, chemokines, and adhesion molecules, 
including interleukin-6, MCP-I, CINC, MIP-2, and ICAM-1 (Efsen et al., 2001; 
Marra, 1999). 
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Interestingly, novel Rel-like proteins may contribute to the NF-KB DNA- 
binding complex observed in activated HSC and upregulated by exposure to TNF 
(Elsharkawy et al., 1999). NF-KB activation is also required to induce cyclo- 
oxygenase 2 (COX-2), which mediates the growth inhibitory effect of TNF-a in 
these cells and contributes to chemokine expression (Efsen et al., 2001; 
Hellerbrand et al., 1998). NF-KB is also an important mediator of cell survival 
(Beg et al., 19951, and exposure of HSC to TNF, together with inhibition of 
NF-KB activation, resulted in apoptosis (Lang et al., 2000). However, when used 
alone, TNF actually protects HSC from apoptosis via the reduction of Fas-ligand 
expression (Saile et al., 1999). However, activation of stress-activated protein 
lunases, such as JNK or p38, may be involved in the phenotypic transition from 
quiescent to activated HSC (Reeves et al., 2000) and in the expression of matrix 
metalloproteinases (Poulos et al., 1997). The inhibition of type I collagen expres- 
sion is mediated by a complex mechanism. Preincubation of HSC with pertussis 
toxin abolishes the inhibitory effects of TNF on procollagen al(1) mRNA expres- 
sion, and ceramide mimicks the effects of this cytolune, indicating the involve- 
ment of a pathway requiring a G protein and sphingomyelin/ceramide 
(Hemandez-Munoz et al., 1997). Moreover, several transcription factors and 
regulatory elements are implicated in the inhibitory effects of TNF, including a 
tissue-specific regulatory region, increased binding of p2OCEBPP and CEBPG, 
and reduced binding of Spl (Hernandez et al., 2000; Houglum et al., 1998; 
Iraburu et al., 2000). 

VI. OTHER CYTOKINE RECEPTORS 

The actions of interleukin-1 on HSC are remarkably similar to those elicited by 
TNF regarding its effects on proinflammatory molecules, and these actions are 
mediated by the activation of NF-KB (Marra, 1999). Similarly, quiescent HSC 
express IL-1 receptors, but the activation of NF-KB is restricted to activated cells 
(Hellerbrand et al., 1998). IL-1 also has inhibitory effects on procollagen al(1) 
expression, which occurs at a posttranscriptional level (Armendariz-Borunda 
et al., 1992), and stimulates HSC proliferation (Matsuoka et al., 1989). However, 
the net effects of this cytolune are profibrogenic because administration of the 
IL-1 receptor antagonist reduces matrix deposition (Mancini et al., 1994). 

Receptors for interferon-y (IFN-y) are ubiquitous, although no studies have 
examined their expression during HSC activation. A critical step in IFN-y signal- 
ing is activation of the latent transcription factor STAT1, which upon dimerization 
migrates to the nucleus where it regulates transcription (Damell, 1997). IFN-y 
downregulates activation, matrix synthesis, and proliferation of HSC in vitro and 
in vivo (Damell, 1997; Mallat et al., 1995a; Ramadori et al., 1992; Rockey and 
Chung, 1994, 1995). In addition, particularly if used in combination with other 
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cytokines or LPS, IFN-y stimulates the expression of inducible NO synthase 
(Rockey and Chung, 1994). However, the molecular mechanisms underlying 
these effects have not been studied. IFN-y upregulates the expression of 
chemokines such as MCP-1 in HSC (Marra, 1999), and this effect is differentially 
regulated as compared to other cytokmes (Efsen et al., 2001). Surprisingly, when 
human HSC are incubated with IFN-y for prolonged periods and exposed to 
mitogens such as serum or PDGF, an increase in cell proliferation is observed, 
which is dependent on the synergistic activation of STATla (Gressner and 
Althaus, 1990; Marra et al., 1996). 

HSC also respond to other cytolunes, including IL-10, IL-6, and oncostatin M 
(Greenwel et al., 1995; Levy et al., 2000; Wang et al., 1998). IL-10 inhibits pro- 
collagen a( 1) expression at the transcriptional level and may have important 
antifibrogenic properties (Wang et al., 1998). Specific information on intracellular 
signals generated by these cytolunes in HSC has not been reported. 

VII. COOPERATION BETWEEN GROWTH 
FACTOR RECEPTOR AND INTEGRIN SIGNALING 

In recent years, studies have begun to address the multiple potential interactions 
of cells with the microenvironment. The major advances reflect elucidation of the 
fine-tuning occurring upon cell adhesion and the consequent cytoskeletal organ- 
ization. Key elements in these responses are (a) the specificity of integrin recep- 
tors and their downstream signaling, (b) the cross talk between integnn and 
cytolune signaling, and (c) the relationship between the aforementioned mecha- 
nisms and the organization and tension of the cytoskeleton. 

Binding of cell to ECM is mediated, at least in part, by cell surface receptors 
belonging to the integrin family. Integrins are heterodimeric transmembrane pro- 
teins that consist of an a subunit and a p subunit. Activated HSC express several 
integrin P1-associated a subunits. A particularly high expression has been 
demonstrated for a lp l  and azPl (Carloni et al., 1996; Racine-Samson et al., 
1997). Protein phosphorylation is one of the earliest events detected in response 
to integrin stimulation, and in particular tyrosine phosphorylation is a common 
response to integrin engagement in many cell types (Burridge et al., 1992; Schaller 
and Parsons, 1993). Several protein tyrosine kmases have been implicated in 
integrin-related signaling events. Focal adhesion lunase (FAK) plays a central role 
in integrin-mediated signal transduction (Schaller et al., 1995). In addition to 
its activation by integrins, FAK is also activated by several growth factors. FAK 
phosphorylation is stimulated by mitogenic neuropeptides such as bombesin and 
vasopressin and by PDGF and ET-1. Indeed, many of the signaling proteins regu- 
lated by integrins are also involved in signal transduction pathways activated by 
growth factor receptors, indicating that synergistic interactions between growth 
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factor and integrin signaling pathways are involved in the regulation of cell prolif- 
eration, adhesion, and migration. For example, PI 3-K coimmunoprecipitates with 
tyrosine-phosphorylated FAK in response to cell adhesion. Tyrosine-phosphorylated 
PLCy may be a transducer molecule in integnn-mediated signaling pathways. 
Adhesion of human HSC to ECM proteins does not result in PLCy tyrosine 
phosphorylation (Carloni et al., 1997). Nevertheless, adhesion of HSC induces 
interactions between PLCy and cellular proteins undergoing tyrosine phosphory- 
lation, one of which has been identified as FAK, suggesting that adhesion of HSC 
is followed by the recruitment of PLCy to phosphorylated FAK. Because PLCy also 
physically associates with the PDGF receptor, there may be cross talk between 
this receptor and proteins of the focal adhesion complex. Indeed, stimulation of 
HSC with PDGF-BB leads to clustering of PDGF-P receptor subunits in areas 
possibly corresponding to focal adhesion complexes. Along these lines on 
autophosphorylation, PDGF receptors are codistributed with FAK, thus suggest- 
ing a potential functional cross talk between these signaling molecules (Carloni 
et al., 2000). In addition, experimental evidence indicates that Ras plays a key 
role in the cross talk between the PDGF receptor and FAK in human HSC (Carloni 
et al., 2000). Therefore, it appears that multiple receptor systems can synergize 
with integrins to regulate biological phenomena such as cell proliferation and cell 
motility, and the signaling proteins activated by these synergistic agents are 
common to different receptor pathways. However, more recent advances indicate 
that cell adhesion and the consequent signaling events are necessary but not suf- 
ficient to provide a complete control of cell functions, and in particular their 
response to growth factors and cytohnes. Indeed, a modem concept, defined in 
its complexity with the term “cellular tensegrity architecture” (Huang and Ingber, 
1999), implies that in the presence of growth factor stimulation and adequate 
adhesion to the substratum, the cell is unable to progress into the cell cycle if 
restricted in its spreading. This view is supported by several observations indicat- 
ing that lack of cytoskeletal tension, obtainable only with full cell spreading, is 
equivalent to cytoskeletal disruption and leads to the inability to enter the cell 
cycle. This general key mechanism appears relevant for the regulation of the 
molecular signaling cascades operating in the context of the structural and 
mechanical complexity of living tissue and their pathophysiological alterations, 
including hepatic fibrogenesis. 
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Increased production of type I collagen is a common hallmark of fibrotic diseases 
in various organs, including the liver. This increase is exerted mainly by tran- 
scriptional upregulation of the genes coding for the a1 and a 2  chains of type I 
collagen, and transforming growth factor-$ (TGF-P) is a key player to stimulate 
type I collagen gene transcription. We have shown previously that the -313 to 
- 183 upstream sequence of the a2(I) collagen gene (COLlA2) is essential for 
basal and TGF-P-stimulated transcription in skin fibroblasts and hepatic stellate 
cells (HSC). We therefore designated this region the TGF-P responsive element 
(TbRE) and revealed that a ubiquitous trans-activator Spl and unknown 
cofactor(s) bind to this region to mediate the stimulatory effect of TGF-P. Smad3, 
an intracellular mediator of TGF-P signal transduction, has been shown to bind 
to the TbRE, and its interaction with Spl has been implicated in TGF-P-elicited 
COLlA2 stimulation. This chapter provides a brief summary of the cell type- 
specific activation of the COLlA2 promoter during hepatic fibrogenesis and 
reveals molecular mechanisms responsible for pathologically accelerated collagen 
gene transcription in activated HSC. 
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I. INTRODUCTION 

Collagens represent a family of proteins involved not only in the maintenance of 
organ architecture and tissue integrity, but also in various physiological condi- 
tions, such as developmental program, tissue repair process, and wound healing. 
There is a dynamic balance between production and degradation of collagen, and 
a disruption of this equilibrium results in either excessive collagen deposition or 
inadequate tissue integrity. Irrespective of the initial stimuli, fibrosis in different 
organs is caused commonly by a chronic and uncontrolled inflammatory and 
repair process leading to excessive deposition of collagen and other components 
of extracellular matrix (ECM) (Diegelmann et al., 1988). The liver is one of those 
organs undergoing progressive fibrosis as a result of chronic repeating inflammation. 

Type I collagen, the major component of extracellular matrix in fibrotic tissues, 
is a heterotrimer composed of two a1 chains and one a 2  chain. They are coordi- 
nately expressed but encoded by the distinct genes, COLlAl and COLlA2, 
respectively. Transforming growth factor-p 1 (henceforth referred to as TGF-P) 
plays critical roles in stimulating type I collagen gene expression mainly at the 
levels of transcription (Ramirez and Di Liberto, 1990). 

During the last decade, we have been worlung on the transcriptional regulation 
of COLlA2 expression, especially on the molecular mechanisms responsible for 
TGF-P-elicited COLlA2 stimulation and its pathological roles during the fibro- 
genic process in the liver. We first identified the cis-acting DNA elements and 
trans-acting nuclear factors essential for basal and TGF-P-stimulated COLlA2 
transcription in slun fibroblasts. Then we used activated hepatic stellate cells, the 
major source of collagen in the liver, and revealed that similar transcriptional 
mechanisms are utilized for COLlA2 transcription in skin fibroblasts and HSC. 
More recently, we have shown that constitutive phosphorylation and nuclear 
localization of Smad3, an intracellular mediator of TGF-P signal transduction, are 
correlated with increased COLlA2 transcription in activated HSC. Experiments 
using transgenic mice harboring the COLlA2 upstream sequence indicated that 
the COLlA2 promoter is activated in a cell type-specific manner during hepatic 
fibrogenesis in vivo. We have revealed that interactions between GC box-binding 
factors (Sp 1/Sp3) and Smad proteins modulate cell type-specific COLlA2 tran- 
scription in the liver. 

11. COLlA2 TRANSCRIPTION IN 
SKIN FIBROBLASTS 

Our initial studies using primary culture of fetal slun fibroblasts have mapped the 
upstream sequence essential for COLlA2 transcription (Boast et al., 1990; Inagaki 
et al., 1994). Cell transfection experiments revealed that the sequence spanning 
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TNF-a TGF-p 

(1 4 bases) 

FIGURE 1 Schematic representation of cis-acting DNA elements and trans-acting nuclear factors 
mediating the effects of TGF-P and TNF-a on COLlA2 transcription in a primary culture of skin 
fibroblasts. Box 5A- and box B-bound unknown factors have been subsequently shown to be 
CAAT/enhancer-binding proteins (C/EBP) and h a d  proteins, respectively (see text). 

from -378 to -183 relative to the transcription start site is necessary for the high 
level of COLlA2 transcription. DNase I footprinting analyses identified at least 
two sites of DNA-protein interaction within this segment: box A and box B 
(Fig. 1). Gel mobility shift assays further divided box A into two overlapping sub- 
regions: box 5A and box 3A. Box 5A was found to be the binding site of an 
unknown repressor, whereas a ubiquitous trans-activator Spl binds to the 3A 
region and interacts with the box B-bound unknown factor@ (Fig. 1). 

Intensive functional assays have indicated that both box 3A-bound Spl and 
box B-bound cofactor(s) are necessary to mediate the stimulatory effects of TGF-P 
on COLIAP transcription (Inagah et al., 1994; Greenwel et al., 1997). However, 
box 5A does not contribute to the promoter response to TGF-P. There is a 14-bp 
distance between box 3A and box B. When box 3A was replaced 60 bp upstream 
from box B, the 3A+B region did not show TGF-P responsiveness, suggesting a 
functional interaction between box 3A and box B in mediating TGF-P stimulation 
of COLlA2 transcription (Fig. I). We therefore designated the 3 A f B  region the 
TGF-P responsive element, TbRE (Inagalu et al., 1994). One of the box B-bound 
cofactors has been subsequently shown to be Smad3, an intracellular mediator of 
TGF-P signal transduction, which is described in detail later in this chapter. 

TGF-P treatment of slun fibroblasts increased the binding of both Spl and box 
B-bound cofactors when using the TbRE as a gel-shift probe (Inagalu et al., 1994). 
However, when using the 3A oligonucleotide or Spl consensus sequence 
as a probe, there was no increase in Spl binding following TGF-P treatment. 
It is therefore suggested that TGF-P stimulates COLlA2 transcription, not by 
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increasing the amount of Spl, but by modifying the interaction between Spl and 
the B-bound cofactors, which in turn increases the binding affinity of Spl to the 
3A region (Fig. 1). 

Our study has also revealed that the counterrepression of COLlA2 tran- 
scription by tumor necrosis factor-a (TNF-a) is mediated through the same 
TbRE as well as by increasing the amount of a repressor protein bound to the 
immediately upstream 5A region (Inagaki et al., 199510) (Fig. 1). It has been 
shown that CAAT/enhancer-binding protein p is the major component of the 
box SA-bound complex and mediates TNF-a-elicited COLlA2 repression 
(Greenwel et al., 2000). Thus, the convergence of the TGF-P and TNF-a signals 
on the same COLlA2 promoter sequence represents an example of combina- 
tonal gene regulation achieved through composite responsive elements (Inagalu 
et al., 1995b) (Fig. 1). 

111. COLlA2 TRANSCRIPTION IN HEPATIC 
STELLATE CELLS 

HSC are sinusoidal cells localized within the space of Disse and are considered to 
be the main producers of type I collagen in both normal and fibrotic liver 
(Friedman, 1990). During the development of hepatic fibrosis, they undergo an 
activation process, which is characterized by a decrease in vitamin A-containing 
fat droplets, increased expression of a-smooth muscle actin, and enhanced 
production of collagen and other ECM components (Mak et al., 1984). However, 
the molecular events responsible for the pathologic activation of collagen 
gene expression in HSC during hepatic fibrogenesis have not been fully 
understood. 

Based on results obtained with skin fibroblasts, we next examined COLlA2 
transcription in cultured HSC. We used two distinct HSC clones, CFSC-2G and 
CFSC-5H cells, derived from a single cirrhotic liver induced by carbon tetrachlo- 
ride injection. These cells express desmin and type I collagen and maintain their 
phenotypes of activated myofibroblasts over a hundred passages (Greenwel et al., 
1993). Cell transfection experiments indicated that the upstream sequence 
between nucleotide -378 and -183 is essential for COLlA2 transcription in 
both HSC clones, as well as in the primary culture of slun fibroblasts (Inagaki 
et al., 1995a). It was also shown that box 5A acts as a negatively cis-acting 
element, as deletion of this region resulted in an increase in transcriptional activ- 
ity. In contrast, substitution of the Spl-bound box 3A sequence with an unrelated 
polylinker sequence reduced COLlA2 transcription, indicating that Spl con- 
tributes to stimulation of gene transcription. It is therefore indicated that similar 
regulatory mechanisms control COLlA2 transcription in two different cell types 
of mesenchymal origin: slun fibroblasts and HSC (Inagalu et al., 1995a). 
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FIGURE 2 Gel mobility shift analyses of protein complexes bound to the TbRE. (A) The same 
amounts of nuclear proteins were prepared from a primary culture of skin fibroblasts (SF) and 
activated HSC clones, CFSC-2G (2G) and CFSC-5H (5H), and were subjected to polyacrylamide 
gel electrophoresis using the 3A+B fragment as a probe. (B) Nuclear proteins were prepared 
from untreated (U) or TGF-P-treated (T) CFSC-2G and CFSC-5H cells and were subjected to gel 
electrophoresis. The identities of nuclear proteins bound to box 3A and box B are indicated on the 
right side of each autoradiogram. 

Nuclear extracts prepared from untreated CFSC-2G and CFSC-5H cells con- 
tained larger amounts of box 3A-bound Spl and the box B-bound cofactor(s) than 
those from a primary culture of skin fibroblasts (Fig. 2). While TGF-P treatment 
of slun fibroblasts significantly increased binding of both Spl and cofactor(s) as 
described earlier, it did not affect protein binding to the TbRE in activated HSC 
(Fig. 2). These results therefore suggested that COLlA2 transcription in activated 
HSC derived from a cirrhotic liver is upregulated via stimulation of the TbRE in 
the promoter (Inagalu et al., 1995a). 

IV. Smad PROTEINS REGULATING COLlA2 
TRANSCRIPTION IN ACTIVATED HEPATIC 
STELLATE CELLS 

How is collagen gene transcription stimulated pathologically in activated HSC? 
Smad proteins are a family of newly identified factors that play important roles in 
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the intracellular signal transduction pathways of the TGF-P superfamily members 
(Heldin et al., 1997). TGF-P first binds to the TGF-P type I1 receptor on the cell 
surface. It subsequently recruits the TGF-P type I receptor, thus forming a het- 
eromeric complex between these two types of receptors. Once the type I receptor 
is phosphorylated by the type I1 receptor kinase, it in turn phosphorylates Smad2 
and/or Smad3, which form heterooligomers with Smad4. They translocate from 
the cytoplasm to the nucleus, where they stimulate or repress gene transcription 
(Nakao et al., 1997b) (Fig. 3A). In contrast to those signal transducing Smads, 
Smad7 is known as an inhibitory Smad: it inhibits TGF-P signaling by interfering 
with the phosphorylation of Smad2 and Smad3 by the type I receptor lunase 
(Nakao et al., 1997a). 

Smad3 has been shown to bind to box B of the TbRE and stimulate COLlA2 
transcription when overexpressed in slun fibroblasts (Chen et al., 1999, 2000). 
More importantly, we have demonstrated that synergistic cooperation between 
Spl and Smad3/Smad4, both of which bind to the TbRE, is critical for mediating 
TGF-P-stimulated COLlA2 transcription (Zhang et al., 2000). However, patho- 
logical roles of Smad proteins and abnormalities in their signaling pathway were 
not revealed in the process of organ fibrosis, where increased production of 
TGF-P and ECM components is observed. We therefore examined the role of Smad 
proteins in regulating COLlA2 transcription in activated HSC. 

We first compared the basal levels of COLlA2 transcription and response to 
TGF-P between an activated HSC clone (CFSC-2G) and a primary culture of slun 
fibroblasts (Inagah et al., 2001a). The basal levels of COLlA2 transcription in 
CFSC-2G cells were 10 times higher than those in the primary culture of slun 
fibroblasts, but less responded to TGF-P (Inagalu et al., 2001a). Then we exam- 
ined the effects of overexpression of Smad proteins on COLlA2 transcription. 
Among the Smad expression plasmids tested, cotransfection with a Smad3 
plasmid exhibited the greatest effect on the basal COLlA2 transcription in pri- 
mary culture of slun fibroblasts. It increased COLlA2 promoter activity 20-fold 
(Fig. 4A). In contrast to skin fibroblasts, and consistent with a low response to 
ligand stimulation, COLlA2 transcription in CFSC-2G cells increased only 2.4- 
fold after cotransfection with a Smad3 expression plasmid (Fig. 4A). However, 
overexpression of Smad2 did not affect the basal COLlA2 transcription in either 
slun fibroblasts or activated HSC (Fig. 4A). Increased COLlA2 transcription in 
CFSC-2G cells was not affected by overexpression of inhibitory Smad7 that inter- 
feres with the Smad3 phosphorylation (Fig. 4A), thus indicating that the increase 
occurred at the level downstream of Smad3 activation. Similar results were 
obtained when we transfected a primary culture of slun fibroblasts and CFSC-2G 
cells with a plasminogen activator inhibitor-1 reporter construct, another TGF-P/ 
Smad responsive gene (Fig. 4B). 

Consistent with the results of transfection assays, Western blot analyses indicated 
constitutive phosphorylation of Smad3 in CFSC-2G cells (Inagalu et al., 2001a). 
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FIGURE 3 Schematic representation of the intracellular signal transduction pathways of TGF-P 
and COLlA2 transcription in a primary culture of skin fibroblasts (A) and activated HSC (B). +1, 
transcription start site. 
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FIGURE 4 Effects of overexpression of Smad proteins on COLlA2 and PAI-1 transcription. A 
primary culture of skin fibroblasts and an activated HSC clone (CFSC-2G) were cotransfected with 
either the -378COLlA2 promoter/reporter construct (A) or the -800PAI-1 promoter/reporter con- 
struct (B), together with cytomegalovirus expression plasmids encoding the indicated Smad proteins. 
Transcriptional activities in each transfectants were expressed relative to the activity in skin fibroblasts 
transfected with the control empty vector (pCMV5). Asterisks indicate that the values are significantly 
higher (*) or lower (**) than that in pCMV5 transfectants. 
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Immunofluorescence studies revealed that, in contrast to Smad2 that translocated 
from the cytoplasm to the nucleus upon TGF-P treatment, Smad3 and Smad4 
were always present in the nucleus irrespective of ligand stimulation (Inagaki 
et al., 2001a). In contrast, both Smad3 and Smad4, as well as Smad2, were 
detected predominantly in the cytoplasm of untreated primary culture of skin 
fibroblasts and translocated into the nucleus following TGF-P treatment (Inagaki 
et ul., 2000a). 

Altogether, the results correlated an alteration in TGF-P/Srnad3 signaling with 
pathologically accelerated collagen gene transcription in activated HSC (Fig. 3B). 
They also indicated that increased COLlA2 transcription in CFSC-2G cells is 
attributed, at least in part, to constitutive activation of Smad3 and increased 
binding of Spl and Smad3 to the TbRE (Fig. 3B). 

Increased collagen gene expression and insensitivity to TGF-P were mimicked 
during the activation process of primary culture of HSC transforming to myofi- 
broblasts (Dooley et al., 2000). In addition, it was reported previously that 
COLlA2 transcription levels in cultured scleroderma fibroblasts are higher than 
those in normal skm fibroblasts obtained from the same patients and that admin- 
istration of exogenous TGF-P into culture media does not increase COLlA2 tran- 
scription in the disease cells (Kikuchi et al., 1992). From these findings, it appears 
that increased collagen gene transcription, which does not respond to exogenous 
TGF-P, is the common feature of pathologically activated collagen-producing 
cells. It would thus be interesting to determine whether ligand-independent 
phosphorylation of Srnad3 was commonly observed during fibrogenic processes 
of various organs such as liver, skin, lung, and kidney. 

V. CELL TYPE-SPECIFIC ACTIVATION OF 
COLlA2 PROMOTER DURING HEPATIC 
FIBROGENESIS IN VIVO 

The results of cell transfection and DNA-binding assays using cultured HSC may 
not be fully applicable to hepatic fibrogenesis in vivo. Because of the obvious lim- 
itations of these in vitro experiments, we sought further confirmation in transgenic 
mice harboring COLlA2 upstream sequences containing the TbW. 

Transgenic mouse lines were generated using the mouse or human a2(I) 
collagen promoter sequence linked to either a luciferase or a P-galactosidase 
reporter gene (Bou-Gharios et al., 1996; Inagaki et al., 1998). One of the two 
constructs contains the -17kb to + 54 sequence of the mouse a2(I) collagen 
promoter linked to a firefly luciferase gene. Strong enhancer activity has been 
found between - 13.5 and - 17 kb of the mouse promoter sequence (Bou-Gharios 
et al., 1996). The other construct contains the -313 to +58 upstream sequence 
of the human a2(1) collagen promoter linked to a bacterial P-galactosidase gene 
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FIGURE 5 Activation of COLlA2 promoter following carbon tetrachloride administration into trans- 
genic mice. Liver tissues of transgenic mice harboring the -17-kb COLlA2 upstream 
sequencefluciferase transgene were obtained after a single (A) or repeated (B) carbon tetrachloride 
(CCI,) injections and subjected to luciferase assays. The asterisk indicates that there is a significant 
difference between the groups. 

(LacZ). Acute and chronic liver injury was introduced by injecting once a week 
0.1 ml/kg body weight of carbon tetrachloride (CClJ intraperitoneally. 

A single or repeated intraperitoneal CC1, administration increased the -1 7-kb 
COLlA2 promoter activity more than 10-fold (Fig. 5). The activity went down in 
parallel with recovery from acute liver injury following a single CC1, injection. In 
contrast, high level of luciferase enzyme activity was constantly observed in chroni- 
cally CCl,-treated mouse liver (Fig. 5). Several transgenic mouse studies have 
demonstrated activation of the COLlAl promoter after CC1, and ethanol adminis- 
tration (Brenner et a!., 1993; Houglum et al., 1995; Walton et al., 1996). It is there- 
fore suggested that continuous activation of both a1 (I) and 1x20) collagen promoters 
plays a critical role in the development of hepatic fibrosis (Inagaki et a!., 1998). 

We next examined activation of the -313 COLlA2 promoter, which had been 
implicated in in vitvo COLlA2 stimulation, in liver tissues following CC1, admin- 
istration. X-Gal staining of liver sections indicated that the promoter seemed to be 
activated mainly in the necrotic areas and around fibrous septa. However, the 
LacZ expression driven by the -313 COLlA2 promoter was rather weak, and it 
was difficult to clearly indicate cellular localization. Thus, the identity of LacZ- 
expressing cells was confirmed by isolating parenchymal and nonparenchymal 
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FIGURE 6 Expression of endogenous a2(I) collagen gene and P-galactosidase transgene in 
parenchymal hepatocytes (HEP) and nonparenchymal cells (NP) freshly isolated from untreated or 
CC1,-treated (CCIJ transgenic mice. Total RNA was prepared from liver tissues of transgenic mice har- 
boring the -3 13COLlA2 promoter@-galactosidase transgene and subjected to Northern blot analysis 
using a2(I) collagen or P-galactosidase cDNA as a probe. The expression levels were semiquantified 
using a densitometer and expressed relative to those in nonparenchymal cells from untreated mouse 
liver. The asterisk indicates that there is a significant difference between the groups. 

cell fractions and by culturing HSC (Inagalu et al., 1998). Results indicated that the 
-313 COLlA2 promoter was utilized only in nonparenchymal cells and that the 
promoter activity was significantly higher in cells from CC1,-treated mice than in 
those from untreated animals (Fig. 6). Interestingly, TGF-P treatment increased 
the promoter activity and the amount of endogenous COLlA2 mRNA in HSC from 
untreated, but not CC1,-treated mice (Inagaki et al., 1998), supporting the results 
of our in vitro study showing insensitivity of activated HSC to TGF-P. From these 
findings, we conclude that the -313 COLlA2 promoter is activated in a cell type- 
specific manner to stimulate gene transcription during hepatic fibrogenesis in vivo. 

VI. MOLECULAR MECHANISMS RESPONSIBLE 

COLlA2 PROMOTER 
FOR CELL TYPE-SPECIFIC ACTIVATION OF 

Type I collagen is produced predominantly in mesenchymal cells such as 
osteoblasts, fibroblasts, and myofibroblasts. In the liver, activated HSC showing 
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the morphological and functional features of myofibroblasts are the main 
producers of type I collagen, whereas parenchymal hepatocytes produce little, if 
any, of this protein during hepatic fibrogenesis (Friedman, 1990). Our transgenic 
mouse study described earlier further confirmed the minor contribution of 
parenchymal hepatocytes to collagen production (Inagaki et al., 1998). However, 
very little was known regarding the molecular mechanisms determining differen- 
tial type I collagen gene expression in activated HSC and parenchymal hepato- 
cytes. We have demonstrated, at the molecular level, that different regulatory 
mechanisms control COLlA2 transcription in activated HSC and parenchymal 
hepatocytes (Inagaki et al., 2001b). 

We first compared the functional activity of the TbRE between activated HSC 
and parenchymal hepatocytes. The results indicated that, unlike in mesenchymal 
cells such as skin fibroblasts and activated HSC, strong enhancer activity of the 
TbRE and response to TGF-P were not observed in primary culture of hepatocytes 
(Inagaki et al., 2001b). Gel mobility shift assays using the TbRE as a probe 
revealed that while Spl was the major box 3A-bound factor in activated HSC, Sp3 
bound predominantly to this GC-rich sequence in parenchymal hepatocytes 
(Inagaki et al., 2001b). 

Transfection of activated HSC with an Sp3 expression plasmid abolished the 
COLlA2 response to TGF-P (Fig. 7A). In contrast, overexpression of Spl in 
parenchymal hepatocytes increased the basal level of COLlA2 transcription and 
conferred TGF-P responsiveness (Fig. 7A). Then we examined the effects of 
cotransfection of either the Spl or the Sp3 expression vector together with an 
expression plasmid encoding Smad3. Overexpression of Smad3 in CFSC-2G cells 
increased COLlA2 transcription significantly (Fig. 7B). While cotransfection with 
an Spl expression plasmid resulted in a further increase in COLlA2 transcription, 
overexpression of Sp3 did not affect the Smad3-stimulated transcription levels 
(Fig. 7B). Functional and physical interactions between Spl and Smad3, but not 
between Sp3 and Smad3, were further demonstrated using the bacterial GAL4 
fusion protein system and immunoprecipitation-Western blot analyses, respec- 
tively (hagah et al., 2OOlb). 

Spl and Sp3 are closely related proteins with very similar structural features 
(Hagen et al., 1994). They bind to the common GC-rich sequence named GC box 
with the same specificity and affinity and regulate gene transcription. However, Sp3 
often acts as a transcriptional repressor by binding competitively to the Sp 1-bound 
GC box sequences (Hagen et al., 1994). It is now recognized that Sp3 can either acti- 
vate or repress transcription of target genes depending on the cell type, the context 
of DNA-binding sites, and interactions with other nuclear factors (Majello et al., 
1997). Our results indicated that the two members of the GC box-binding factor 
family, Spl and Sp3, participate in the regulation of COLlA2 transcription through 
differential interaction with Smad3. They also suggested that predominant binding 
of Sp3, rather than Spl, to the box 3A sequence and a lack of interaction with 
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FIGURE 7 Functional cooperation between GC box-binding factors and Smad3. (A) An activated 
stellate clone (CFSC-2G cells) or a primary culture of hepatocytes was cotransfected with the 
-378COLlA2 promoterheporter constmct and either the Spl or the Sp3 expression plasmid. 
(B) Synergistic stimulatory effects of Smad3 and Spl/Sp3 on COLlAZ transcription were examined by 
cotransfecting CFSC-2G cells with a Smad3 expression vector and either the Spl or the Sp3 expres- 
sion plasmid. Transcriptional activities in each transfectants were expressed relative to the activity in 
CFSC-2G cells cotransfected with the control empty vector (pCMV5). The asterisk indicates that there 
is a significant difference between the groups. 
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FIGURE 8 
COLlA2 transcription and TGF-/3 responsiveness in activated HSC and parenchymal hepatocytes. 

Schematic representation of the molecular mechanisms responsible for differential 

Smad3 may account, at least in part, for relatively low levels of COLlA2 transcrip- 
tion and loss of TGF-P responsiveness in parenchymal hepatocytes (Fig. 8). 

VII. CONCLUSION 

Altogether, our experimental evidence indicates that the upstream sequence of 
the COLlA2 promoter containing the TbRE is responsible for the transcriptional 
upregulation of the gene in activated HSC and is activated in a cell type-specific 
manner during hepatic fibrogenesis in vivo. Our original observation that Smad3 
plays an important role in collagen gene transcription in activated HSC has been 
supported by a study utilizing Smad3 knockout mice (Schnabl et al., 2001). These 
results lead not only to the better understanding of molecular pathogenesis 
underlying hepatic fibrogenesis but also to the development of therapeutic means 
that prevent hepatic fibrosis by suppressing pathologically activated collagen gene 
transcription in HSC. 
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It is now generally thought that proteolytic cleavage of the extracellular matrix 
(ECM) and cell surface molecules is not simply remodeling of the pericellular 
structure, but is itself a component of cellular interactions that have inside-out 
and outside-in signals. From this point of view, this chapter provides advances in 
mechanisms for cell surface localization and activation of matrix metallo- 
proteinases (MMPs), as well as their role in cell migration and cell-cell 
interaction-dependent induction of MMPs. Although the function of a disintegrin 
and metalloproteinase (ADAM) and a disintegrin and metalloproteinase with 
thrombospondin motif (ADAMTS) gene products is unknown, they can poten- 
tially provide both attachment and proteolysis in close topical proximity based on 
their domain structure. Their possible involvement in cell-cell and cell-ECM 
interactions is also discussed. 

I. INTRODUCTION 

The extracellular matrix provides cells with not only mechanical support, but also 
various cellular functions through cell-ECM interactions. Thus, proteolysis of 
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ECM affects both structural remodeling associated with development or repair 
caused by disease processes and diverse physiological events such as cellular 
differentiation, growth, programmed cell death, migration, and invasion in the 
tissue. Cell surface and ECM proteinases play pivotal roles in such interactions 
(Streuli, 1999). 

Matrix metalloproteinases and ADAMs are involved in cell-ECM interactions. 
MMP and ADAM proteases fall within the matrixin and adamalysin/reprolysin 
subfamily of the metzincin superfamily of Zn-dependent metalloproteinases, 
respectively (Stocker et al., 1995). MMPs share two well-conserved domains- 
the prodomain and the catalytic domain-and act on a broad spectrum of ECM 
components (Nagase and Woessner, 1999). The catalytic domain contains an 
active site Zn2+ that binds three conserved histidines in the sequence 
HWMXXGXXH(S/T) (Lohi et al., 2001). Mammalian MMPs are classified into a 
soluble (secreted) type and a membrane type based on their domain structures 
(Fig. 1) (Seilu, 1999). MMPs are all synthesized as prepro enzymes, and soluble- 
type MMPs are secreted as inactive pro-MMPs in most cases, whereas membrane- 
type MMPs (MT-MMPs) are activated intracellularly and are expressed on the cell 
surface as an active enzyme (Nagase and Woessner, 1999; Seiki, 1999). 
Enzymatic activities of both soluble-type MMPs and MT-MMPs are inhibited by 
an endogenous MMP inhibitor, a tissue inhibitor of metalloproteinase (TIMP), 
which contains four members (TIMP-1-TIMP-4). ADAMs are a family of mul- 
tidomain glycoproteins that contain both a disintegrin and a metalloproteinase 
domain and therefore combine features of both cell surface adhesion molecules 
and proteinases (Black and White, 1998; Kaushal and Shah, 2000; Tang, 2001). 
The ADAM family also contains soluble and membrane-type molecules. In typical 

S 

Soluble-type MMPs I 
MT-MMPs 

ADAMTSs 

ADAMs 

FIGURE 1 Schematic representation of the domain stmcture of MMP and ADAM families in mam- 
mals. Soluble-type MMPs and ADAMTSs do not contain transmembrane domains and are secreted, 
whereas MT-MMPs and ADAMs are transmembrane proteins that localize to the cell surface. S, signal 
peptide; P, prodomain; M, catalytic domain; H, hemopexin-like domain; T, transmembrane domain; 
C, cytoplasmic domain; D, disintegrin domain; TS, thrombospondin domain; CR, cysteine-rich 
domain; E, EGF-like domain. 
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ADAMs, an N-terminal signal peptide and a common prodomain are followed by 
metalloproteinase, disintegrin, cysteine-rich, EGF-like, transmembrane, and cyto- 
plasmic tail domains (Fig. 1). New members of the ADAM family, known as 
ADAMTSs, lack the cysteine-rich, EGF-like, transmembrane, and cytoplasmic tail 
domains of ADAMs, but possess a unique thrombospondin domain that is 
responsible for ECM binding (Kaushal and Shah, 2000). ADAMTSs do not con- 
tain transmembrane domains and are therefore secreted, whereas ADAMs are 
transmembrane proteins that localize to the cell surface. Soluble MMPs and 
ADAMTs may show broader accessibility into ECM and play a role in tissue 
remodeling events. However, MT-MMPs and ADAMs are possibly involved in the 
regulation of pericellular environments closely associated with cellular functions, 
including migration and invasion. 

11. SOLUBLE AND MEMBRANE-TYPE MMPs AND 
THEIR ACTIVATION 

To date, 23 different MMPs have been cloned and additional members continue 
to be identified (Nagase and Woessner, 1999; Lohi et al., 2001). Soluble MMPs 
can be further classified into collagenases, stromelysins, gelatinases, matrilysins, 
and others based on substrate specificity (Table I) (Chambers and Matrisian, 
1997). The second group is made of 6 MT-MMPs and CA (cysteine-array)-MMP 
(MMP-23), all of which are expressed as integral membrane zymogens (Seilu, 
1999; Pei et al., 2000). Based on the membrane-anchoring mechanisms, these 
membrane-associated MMPs can be further divided into type I transmembrane 
MMPs (MT1-3, 5-MMPs), glycosylphosphatidylinositol (GP1)-anchored MMPs 
(MT4, 6-MMPs), and a type I1 transmembrane MMP (MMP-23) (Pei et al., 2000). 
MT-MMPs contain a basic motif that can be recognized by proprotein convertases 
(PCs) between pro- and catalytic domains. Therefore, they are supposed to be 
activated intracellularly by PCs and appear on the cell surface as an active form 
(Seilu, 1999). MMP-23 also has a PC motif between its pro- and catalytic 
domains. Because of its topology with an N-terminal signal anchor, however, a 
proteolytic cleavage by PCs would not only activate MMP-23 but also release the 
processed enzyme into the lumen of the secretory pathway for secretion (see 
domain structure of MMP-23 in Table I) (Pei et al., 2000). Thus, although all 
these MMPs contain transmembrane or membrane-anchoring domains, 6 MT- 
MMPs exert their activities on the cell surface, whereas MMP-23 may act like a 
soluble MMP. In this light, MMP-23 may be similar to stromelysin 3 (MMP-11) 
and epilysin (MMP-28), which also contain a PC motif, but not the transmem- 
brane domain, and are presumably activated intracellularly and secreted (Pei and 
Weiss, 1995; Lohi et al., 2001). Two sets of basic motifs have been identified in 
the propeptide region of MT1-MMP, and both furin (one of PCs)-dependent and 
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TABLE I The MMP Gene Family 
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Protein MMP Molecular mass (kDaf Domain structure' 

Soluble-type MMPs 
Collagenase 

Collagenase 1 
Collagenase 2 
Collagenase 3 

Stromelysin 1 
Strornelysin 2 

Gelatinase A 
Gelatinase B 

Matrilysin 1 
Matrilysin 2 

Stromelysin 3 
Epilysin 
No trivial name 
Metalloelastase 
Enamelysin 

Membrane-type MMPs 

Stromelysin 

Gelatinase 

Matrilysin 

Others 

Type I transmembrane type 
MT1-MMP 

MT3-MMP 
MT5-MMP 

MT2-MMP 

GPI type 
MT4-MMP 
MT6-MMP 

Type I1 transmembrane type 

MMP-1 
MMP-8 
MMP- 13 

MMP-3 
MMP- 10 

MMP-2 
MMP-9 

MMP-7 
MMP-26 

MMP-11 
MMP-28 
MMP-19 
MMP- 12 
MMP-20 

MMP-14 
MMP-15 
MMP- 16 
MMP-24 

MMP-17 
MMP-25 

CA-MMP MMP-23 

52/6 1 
85/64 
65/55 

57/45, 28 
56/47, 24 

72/67 
92/67 

28/19 
29/19 

58/28 
56/45 
57 
54/45, 22 
54/43 

66/60 
68/62 
64/55 
73/64 

71/67 
62/58 

- 66 

S+P+M+H 
S+P+M+H 
S+P+M+H 

S+P+M+H 
S+P+M+H 

S+ P+M(Fn) +H 
S+ P+M(Fn) + H 

S+P+M 
S+P+M 

S+ Pbm) +M +H 
S+P(brn) + M+H 
S+P+M+H 
S+P+M+H 
S+P+M+H 

S+P(bm)+M+H+TM+C 
S+P(bm) + M+H +TM+C 
S+P(bm)+M+H+TM+C 
S + P(bm) + M+ H+TM +C 

S+P(bm) + M+H + GPI 
S+ P(bm) +M+H+GPI 

SA+ TM + Pbm) + M + CA+ Ig 

' S ,  signal peptide; P, prodomain; M, catalytic domain; H, hemopexin-like domain; Fn, fibronectin-type 
11 domain; bm, basic motif (RRKR or RRRR) that can be recognized by proprotein convertases; SA, 
signal anchor; CA, cysteine array; Ig, Ig-like domain; GPI, glycosyl-phosphatidyl-inositol anchor signal. 

furin-independent MT1-MMP processing pathways are demonstrated that require 
tethering of the metalloproteinase to the cell surface (Yana and Weiss, 2000). 

A. SOLUBLE-TYPE MMPs 

Most soluble-type MMPs are secreted from the cell as inactive zymogen with the 
prodomain. The prodomain of approximately 80 amino acid residues has a 
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FIGURE 2 Schematic presentation of activation of pro-MMPs. The activation process consists of a 
two-step reaction: initial cleavage at the propeptide bait region, leading to removal of the N-terminal 
polypeptide, and an autoproteolytic reaction that generates the stable active enzyme. 

conserved unique PRCG(V/N)PD sequence. The cysteine residue within this 
sequence (the “cysteine switch”) ligates the catalytic zinc to maintain the latency 
of pro-MMPs (Van Wart and Birkedal-Hansen, 1990; Nagase and Woessner, 
1999). Activation requires the disruption of the cysteine-zinc (cysteine switch) 
interaction possibly by tissue or plasma proteinases, and this process often 
consists of a two-step reaction (Fig. 2) (Nagase et al., 1990; Nabeshima et al., 
1999b). An initial cleavage at the propeptide bait region leads to removal of the 
N-terminal polypeptide, which is followed by the second step, an intra- and inter- 
molecular autoproteolytic reactions that generate the stable active enzyme (Grant 
et al., 1987). Pathophysiological significance of the urokinase-type plasminogen 
activator (uPA)/plasmin system as an activator of pro-MMPs has been suggested 
using transgenic mice deficient in uPA (Carmeliet et al., 1997). This activation 
of pro-MMPs, including collagenases, stromelysins, and matrilysins, can occur 
distant from cells in ECM or at the cell surface through the uPA/PA receptor 
(PAR)/plasminogen cascade for plasmin generation (Murphy et al., 1992). 
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B. MT-MMPs 

The discovery of the first MT-MMP (MT1-MMP) by Sat0 et al. (1994) and subse- 
quent five MT-MMPs (MT2-6-MMP) has strengthened the concept of pericellular 
activation of MMPs. Four MT-MMPs (MT1-3, 5-MMP) have been shown to acti- 
vate progelatinase A (pro-MMP-2), although MT1-MMP activates it most effi- 
ciently (Seiki, 1999). This progelatinase A is known to have a propeptide that is 
not susceptible to proteolytic initiation of activation by serine proteinases (Okada 
et al., 1990). Moreover, gelatinase A is believed to be particularly important for 
tumor invasion of the basement membrane because (i) it degrades type IV colla- 
gen, (ii) it is activated in a tumor-specific manner, and (iii) its activation correlates 
with tumor spread and poor prognosis (Seilu, 1999). Thus, elucidation of proge- 
latinase A activation mechanisms has provided great progress in understanding 
cell migration and invasion that are closely related to the pericellular rearrange- 
ment of ECM. This progelatinase A activation by MT1-MMP expressed on the cell 
surface involves a two-step activation mechanism like the activation of other 
MMPs. MT1-MMP-mediated proteolysis causes an initial cleavage of the N-terminal 
propeptide sequence of progelatinase A, resulting in secondary autoproteolytic 
cleavage and generation of fully active gelatinase A (Fig. 3) (Will et al., 1996). 

FIGURE 3 Schematic presentation of progelatinase A activation by MT1-MMP. Free MT1-MMP 
activates progelatinase A trapped in a trimolecular complex of MT1-MMPDIMP-Z/progelatinase A. P, 
prodomain; M, catalytic domain; H, hemopexin-like domain; PM, plasma membrane; C, C-terminal; 
N. N-terminal. 
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This activation process requires both active MT1-MMP and the TIMP-2-bound 
MT1-MMP. The TIMP-2 in the latter complex binds, through its C-terminal 
domain, to the hemopexin domain (GelA PEX) of progelatinase A, which is 
assumed to localize the zymogen close to the active MT1-MMP (Strongin et al., 
1995; Butler et al., 1996; Kinoshita et al., 1998; Nagase and Woessner, 1999). In 
other words, MT1-MMPnIMP-2 can act as a mechanism to concentrate the sub- 
strate on the cell surface, where the activator enzyme is available (Kinoshita et al., 
1998). It is reported that MT1-MMP can also activate procollagenase 3,  although 
it is not at all clear whether this process also requires the presence of TIMP-2 
(Knauper et al., 1996). Moreover, because collagenase 3 activates progelatinase B, 
the cell surface activation cascade that is initiated by MT1-MMP may exist 
(Knauper et al., 1997). 

In addition to activation of progelatinase A, MT1-MMP can directly degrade 
broad-spectrum ECM proteins, such as type I, 11, and 111 collagens, fibronectin, 
laminin 5, aggrican, and others (Ohuchi et al., 1997). This direct effect on ECM 
might be important, as MTI-MMP-deficient mice cause impaired endochondral 
ossification and osteopenia, despite the fact that gelatinase A-deficient mice show 
almost normal phenotypes (Itoh et al., 1998; Holmbeck et al., 1999; Zhou et al., 
2000). GPI-anchored MT4-MMP cleaves a peptide corresponding to the 
ectodomain cleavage site of protumor necrosis factor (TNF)-a and sheds pro- 
TNF-a when cotransfected in COS-7 cells (English et al., 2000). MMP-1 and 
MMP-9 also cleave the human pro-TNF-a peptide. MMPs and MT-MMPs may be 
involved in pericellular signal networks via cleavage of non-ECM substrates. 
Furthermore, because GPI-anchored proteins are concentrated into the 
microdomains (lipid rafts) on the living cell surface in a GPI moiety-dependent 
manner, MT4-MMP may cooperate with other GPI-anchored proteins, such as 
uPAR (Itoh et al., 1999). 

111. ADAMs AND ADAMTSs 

As mentioned earlier, ADAMs are transmembrane proteinases, whereas ADAMTSs 
are soluble extracellular matrix proteinases. There are fundamental differences 
between these two types of enzymes. The known substrates of ADAMs are other 
transmembrane proteins, and those of ADAMTs are other extracellular matrix pro- 
teins (Primakoff and Myles, 2000). Most ADAM and ADAMTS family members 
have a furin cleavage motif at the end of the propeptide (Tang, 2001). Thus, they 
are generally thought to be activated intracellularly by PCs and expressed on the 
cell surface or secreted as an active form. However, secretion and deposition of 
ADAMTS-1 in two forms, a larger precursor form with the prodomain and a 
smaller mature form without it, have been reported (Kuno and Matsushima, 
1998). More interestingly, the prodomain in conjunction with the proteinase 
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domain has ECM-binding capacity, as the precursor form of a deletion mutant 
with only these domains intact could still be found in the ECM. 

A. ADAMs 

The ADAM gene family has 29 members to date, although the function of most 
ADAM gene products is unknown (Primakoff and Myles, 2000; Tang, 2001; 
White et al., 2001). Among them, 17 have a metalloproteinase catalytic site with 
the correct amino acid sequence (HESGHXXGXXHD) and thus are predicted to be 
active proteinases [ADAMs 1, 8-10, 12, 13 (33), 15-17, 19-21, 24-26, 28, and 
301 (Table 11). The other ADAMs are believed to lack proteinase activity, as their 
amino acid sequences reveal one or more residues in the active-site region that are 
incompatible with metalloprotease activity (Primakoff and Myles, 2000; White 
et al., 2001). ADAM proteases are inhibited by EDTA and o-phenanthroline, 
which both chelate Zn2+ ions, but not by TIMP-1, an endogenous MMP inhibitor, 
as far as we know (Black and White, 1998). Three active ADAM proteinases, 
ADAM 17/TACE, ADAM lO/Kuzbanian, and ADAM 9/MDC9, have been identi- 
fied to be sheddases (secretases), which cleave and thereby release the extra- 
cellular domain of plasma membrane-anchored cytokines, growth factors, 
receptors, adhesion molecules, and enzymes. The other predicted proteinases lack 

TABLE 11 Features of ADAM and ADAMTS Proteinsa-b 

ADAMs 
Identification in human 
Active metalloproteinase 

Sheddase 
Cell fusion related 
Binding to integrin 

Testis-specific expression 

Known physiological substrates 
ADAMTSs 

Tissue development 
Tumorigenesis 
Antiangiogenesis 

ADAM 1-3, 7-12, 15, 17-23,28-30, and 33 (human 13) 
ADAM I ,  8-10, 12, 13 (331, 15-17, 19-21, 24-26, 28, 

ADAM 9 (MDC9), 10 (Kuzbanian), 17 (TACE) 
ADAM 1, 2 (fertilin a, p), 12 (meltrin a) 
ADAM 2-integrin a 6 p 3  
ADAM 15 (metargidinl-integrin avp3 
ADAM 2, 3, (9, (61, 16, 18, 20, 21, 24-26, 29, and 30 

and 30 

ADAMTS2 (procollagen N-proteinase); ADAMTS4 and 

ADAMTS 1 
ADAMTSl (colon carcinoma); ADAMTS4 (glioma) 
ADAMTSl (METH-1) and 8 (METH-2) 

5/11 (aggrecanase-l and -2) 

‘Resources to track current and new ADAM and ADAMTS family members include http:// 
m.people.virginia.edu/-jag6~whitelab.html; http://w.uta.W-loika; and http://www.gene.ucl.ac.uW 
agi-bin/nomenclature/searchgenes.pl? 
bTerms in parentheses are aliases. 
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an identified endogenous substrate. ADAM 17 proteolytically cleaves a 26-kDa 
membrane-anchored TNF-a protein and releases the soluble and active 17-kDa 
form, acting as a TNF-a converting enzyme (TACE) (Moss et al., 1997). TACE 
knockout mice also cannot release embryonic transforming growth factor a 
(TGF-a), resulting in embryonic lethality. Moreover, functional TACE has been 
shown to be responsible for shedding of the TNF receptor, the adhesion molecule 
L-selectin, and amyloid protein precursor (APP), suggesting that TACE is a shed- 
dase with multiple substrates (Peschon et al., 1998; Primakoff and Myles, 2000). 
ADAM 10, also called Kuzbanian, releases a soluble form of Delta, a Notch ligand 
(Qi et al., 1999). ADAM 10 can also cleave Notch, but this cleavage does not 
result in release of the Notch extracellular domain (Artavanis-Tsakonas et al., 
1999). Proper formation of the central nervous system (CNS) requires that only a 
limited number of cells with potential for neural differentiation actually become 
mature neurons: surrounding cells are prevented from adopting this fate by the 
process of lateral inhibition (Black and White, 1998). The Notch-Delta system 
and thus also ADAM 10 are involved in this lateral inhibition and consequent 
normal development of the CNS. ADAM 9/MDC9 (metalloprotease disintegrin 
cysteine-rich 9) sheds the heparin-binding EGF-like growth factor (Izumi et al., 
1998). For these shedding processes, it is possible that the ADAM might initially 
adhere to its substrate using its disintegrin domain and subsequently cleave the 
substrate proteolytically. To date, however, this has not been shown yet (Primakoff 
and Myles, 2000). Based on the domain structure of ADAMs, their participation 
in cell adhesion is also expected. ADAM 12/meltrin a promotes myoblast fusion 
into myotubes, a cell-cell fusion process that occurs after myogenesis begins, 
through its disintegrin domain (Yagami-Hiromasa et al., 1995). Another example 
is the sperm surface protein fertilin, which is a heterodimer that contains two sub- 
units, ADAM 1 and 2 (also called fertilin a and b, respectively). It has been 
hypothesized that a fertilin disintegrin domain, especially that of ADAM 2, could 
act to bind sperm to the egg (Primakoff et al., 1987; Primakoff and Myles, 2000). 
In this process, sperm ADAM 2 and egg integrin a 6 p l  are suggested to be adhe- 
sion partners (Chen and Sampson, 1999). Additionally, the disintegrin domain of 
ADAM 15/Metargidin is also shown to bind integrin avp3 (Zhang et al., 1998). 
ADAM 15 is the only ADAM that has an RGD sequence in its predicted disinte- 
grin domain active site. Because integrins have signaling domains on both sides, 
involvement of ADAMs in bidirectional signaling is possible. 

B. ADAMTSs 

Eleven members of the ADAMTS family are currently known according to the 
human genome organization (HUGO) gene nomenclature committee (HGNC) 
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family resources (http://www.gene.ucl.ac.uk/nomenclature/). All the ADAMTS 
described to date have the catalytic site concensus of a Zn-binding peptidase 
H W M ,  and therefore are presumed to be catalytically active (Tang, 2001). 
However, physiological substrates have been identified only for ADAMTS2, 4, and 
5/11 (Table 11). ADAMTS2 is known as a procollagen N-proteinase, which prote- 
olytically removes amino peptides in the processing of type I and type 11 procol- 
lagens to collagens (Colige et al., 1997). Because collagen is synthesized as 
precursors in the form of procollagen triple helices flanked at the N terminus and 
C terminus by propeptides, the removal of these propeptides by specific pro- 
teinases is necessary for the subsequent assembly of collagen fibrils in the ECM 
(Tang, 2001). In accordance with this, deficiency of ADAMTS2 is responsible for 
the inherited connective tissue disorder, type VIIC Ehlers-Danros syndrome 
(Colige et at., 1997). Although ADAMTS3 is very homologous to ADAMTS2, it is 
unknown at present if it has procollagen N or C proteinase activity (Tang, 2001). 
ADAMTS4 and ADAMTSll (the alias for ADAMTSS) have been identified as 
aggrecanase-1 and -2 (Tortorella et al., 1999; Abbaszade et al., 1999). Aggrecan is 
a proteoglycan that maintains the mechanical properties of cartilage, and its 
depletion due to increased proteolytic cleavage is responsible for arthritis. 
Aggrecan contains two N-terminal globular domains, G, and G,, separated by a 
proteolytically sensitive interglobular domain, followed by a glycosaminoglycan 
attachment region and a C-terminal globular domain, G,. Cleavage of aggrecan 
has been shown to occur at Asn341-Phe342 and G 1 ~ ~ ~ ~ - A l a ~ ~ ~  within the inter- 
globular domain, and cleavage at the latter site is suggested to be responsible for 
the increased aggrecan degradation observed in inflammatory joint disease 
(Abbaszade et al., 1999). While cleavage at Asn341-Phe342 has been shown by sev- 
eral MMPs (MMP-1, 2, 3, 7, 8, 9, and 13) (Sandy et at., 1991), only aggrecanase-1 
and -2 have been responsible for the cleavage at G 1 ~ ~ ~ ~ - A l a ~ ~ ~  so far (Tortorella 
et al., 1999; Abbaszade et al., 1999), indicating their pivotal role in arthritis. The 
thrombospondin motif of aggrecanase-1 is shown to be critical for substrate recog- 
nition and cleavage: the thrombospondin motif binds to the glycosaminoglycans 
(GAG) of aggrecan, and aggrecanase-1 is not effective in cleaving GAG-free 
aggrecan. Furthermore, aggrecanase- 1 with the thrombospondin motif deleted 
was not functional (Tortorella et al., 2000). To date, no physiological substrates 
have been identified for ADAMTSl, although its biological role is well shown 
through the study on the phenotype of the ADAMTSl knockout mouse (Shindo 
et al., 2000). The knockout exhibited significant growth retardation, with uretero- 
pelvic junction obstruction due to fibrosis there and consequent hydronephrosis. 
The severity of this phenotype of the ADAMTSl knockout mouse contrasts 
those of the soluble MMP knockouts, which are rather mild (Shapiro, 1998; Tang, 
2001). This may indicate nonredundant and thus essential roles of ADAMTS in 
tissue development. In this light, identification of specific physiological substrates 
is awaited. Other suggested functions are shown in Table 11. 
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IV. MMP INDUCTION BY CELL-CELL 
INTERACTION: A ROLE FOR EMMPRIN 

In addition to extracellular and intracellular regulation by proteolytic activation of 
the proenzyme and by the inhibitory effects of TIMPs, MMPs are also regulated 
transcriptionally as a result of the action of various cytolunes, growth factors, and 
hormones (Nabeshima et al., 1999b). However, studies suggest that not only 
these soluble factors but also cell-cell or cell-matrix interactions play a key role. 
These direct interactions are mediated by integrins, nonintegrin cell adhesion 
molecules, and other transmembrane proteins. For example, the a5pl 
integrin-fibronectin interaction upregulates gelatinase B expression in 
macrophages (Xie et al., 19981, and cellular interaction with reconstituted type I 
collagen through a2P l  integrin mediates MT1-MMP expression in endothelial 
cells (Haas et al., 1998) and fibroblasts (Seltzer et al., 1994). Regulation by non- 
integrin type cell adhesion molecules is observed during interactions between 
lymphoid and endothelial cells: (i) induction of gelatinase B in T lymphoma cells 
by adhesion to endothelial cells via interaction between leukocyte function- 
associated antigen- 1 (LFA- 1) and intercellular adhesion molecule- 1 (ICAM- 1) 
(Aoudjit et al., 1998) and (ii) induction of gelatinase A in T cells through very late 
antigen 4 (VLA-4)-vascular cell adhesion molecule- 1 (VCAM- 1)-mediated adhe- 
sion to endothelial cells (Romanic and Madri, 1994). Nonce11 adhesion molecule 
type transmembrane proteins include emmprin (for extracellular matrix metallo- 
proteinase inducer), which was discovered by the Biswas laboratory via a func- 
tional approach and shown to be a surface molecule on tumor cells that 
stimulates nearby fibroblasts to produce MMP-1, 2, and 3 (Biswas, 1982; Biswas 
et al., 1995; Nabeshima et at., 199913). It has been suggested that emmprin also 
stimulates the production of pro-MMP-2 activators, MT1- and MT2-MMP, by 
fibroblasts (Fig. 4) (Sameshima et al., 2000a). Thus, at the invasion front where 
tumor cells contact fibroblasts, emmprin stimulates pericellular proteolysis of 
ECM through the activation of progelatinase A on the cell surface. 

A. EMMPRIN IN TUMORIGENESIS 

Upregulation of emmprin has been demonstrated in urinary bladder (Muraoka 
et al., 1993), breast (Polette et al., 1997; Caudroy et ul., 1999; Dalberg et al., 
2000), lung (Polette et al., 1997; Caudroy et al., 19991, and oral squamous cell car- 
cinomas Bordador et al., ZOOO), malignant melanoma in the early invasive phase 
van den Oord et al., 1997), gliomas (Sameshima et al., 2000b), and malignant 
lymphomas (K. Nabeshima and J. Suzumiya, unpublished results) compared with 
their normal counterparts. In gliomas, its expression levels correlate with astro- 
cytoma progression (Sameshima et al., 20OOb). Furthermore, a role for emmprin 
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FIGURE 4 Induction and activation of MMPs via emmprin-dependent cancer cell-fibroblast 
interaction. uPA, urokinase-type plasminogen activator; uPAR, uPA receptor; Pg, plasminogen; 
PgR, plasminogen receptor; GeL4, gelatinase A; BM, basement membrane. 

in cancer progression has been shown by implantation of breast cancer cells that 
are transfected with emmprin cDNA into mouse mammary tissue: the transfected 
cancer cell clones were considerably more tumorigenic and invasive than plasmid- 
transfected cancer cells (Zucker et al., 2001). Upregulation of emmprin is not 
restricted to neoplasms, but it also occurs in an inflammatory process such as 
rheumatoid arthritis (Konttinen et al., 2000). 

The cDNA for human emmprin encodes a 269 amino acid residue polypeptide 
that includes a signal peptide of 21 amino acid residues and a 185 amino acid 
extracellular domain consisting of two regions characteristic of the immunoglob- 
ulin (Id superfamily (EC-I and 11) (Fig. 4), followed by a 24 amino acid residue 
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transmembrane domain and a 39 amino acid cytoplasmic domain (Biswas et al., 
1995). The functional site for the metalloproteinase stimulatory activity of emm- 
prin is supposed to be localized in the Ig domain I (EC-I) region, as the mutated 
emmprin protein laclung EC-I lost reactivity with El lF4,  which is an activity- 
bloclung monoclonal antibody (Biswas et al., 1995). Additionally, posttransla- 
tional glycosylation of the protein is critical for emmprin activity because 
recombinant emmprin (r-emmprin) produced by bacteria, which has a molecular 
mass of -29 kDa and is not glycosylated, is functionally inactive, whereas r-emmprin 
isolated from Chinese hamster ovary cells transfected with emmprin cDNA, which 
is highly glycosylated and has a molecular mass of -58 kDa, successfully stimu- 
lates the production of MMP-1-3 (Biswas et al., 1995; Guo et al., 1997). We have 
found that synthetic peptides carrying sequences of this active domain of emm- 
prin (EC-I) effectively inhibit the emmprin-dependent stimulation of MMP pro- 
duction in cocultured glioma cells and fibroblasts. Especially, the peptide carrying 
the sequence that contains a putative N-glycosylation site (Asn44) was the 
most effective inhibitor. On the contrary, the whole EC-I, substituted with sugars 
[a chitobiose unit; (GlcNAc),] , stimulated the production and activation of proge- 
latinase A by fibroblasts (T. Sameshima, K. Nabeshima, T. Inoue, H. Hojo, 
Y. Nakahara, B.P. Toole, Y. Okada, manuscript in preparation). Specific inhibition 
of emmprin activity may give us a new approach to suppress MMPs that are 
upregulated under pathological conditions, including tumors and inflammation. 

V. ROLE OF METALLOPROTEINASES IN 
CELL MIGRATION 

Cell migration plays a key role in a plethora of biological events, including mor- 
phogenesis, wound healing, and tumor metastasis (Murphy and Gavrilovic, 
1999). Based on studies in many systems, degradation of ECM by MMPs is 
assumed to be a prerequisite for the cells to migrate into native or provisional tis- 
sue matrix (Stetler-Stevenson, 1993): cell migration can be enhanced by the over- 
expression of MMPs (Deryugina et al., 1997), whereas overexpression of TIMPs or 
use of MMP inhibitors results in reduced migration (George et al., 1998; Hiraoka 
et al., 1998). Moreover, analysis in knockout mice for MMPs has shown alter- 
ations in some migration-related processes, such as pathologic inflammatory reac- 
tions, reduced angiogenesis, or delayed tumor progression in injection or 
implantation models, supporting a function of individual MMPs in cell motility 
(Shapiro, 1998; Itoh et al., 1998). ADAMs are also important candidate molecules 
for the integration of cell adhesion and migration, and related matrix remodelling 
(Fried1 and Brocker, 2000). In the nematode Caenorhabditis elegans, gonad shape 
and size are determined by the migration of a leader cell, which is at the tip of the 
growing gonad arm. A metalloprotease (GON-1, similar to murine ADAMTS1) 
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secreted by the leader cell has been found essential for this process, preparing the 
way for migration of the cell via modification of ECM (Moerman, 1999). In this 
migration of distal tip cells (DTC), another murine ADAMTS1-like metallopro- 
teinase, MIG-17, is necessary for their correct migration. The MIG-17 protein is 
secreted from muscle cells of the body wall and localizes in the basement mem- 
branes of the gonad along the migration path. This localization is dependent on 
the disintegnn-like domain of MIG-17 and its catalytic activity. These results indi- 
cate that MIG-17 is not required for DTC migration per se, but rather influences 
the route of migration (Nishiwaki et al., 2000). Regulation of MMPs, including 
their expression and localization, is different according to the type of cell migra- 
tion (Nabeshima, 2001). We first describe the types of cell migration and then 
mechanisms for cell surface localization of MMPs that lead to their activation on 
the cell surface and pericellular reorganization of ECM. 

A. TWES OF CELL MIGRATION 

There are two types of cell migration: single-cell locomotion (SCL) and cohort 
migration (Nabeshima et al., 1999a). The latter is cell movement en mass, keep- 
ing cell-cell contact with one another. The mechanisms by which cells move 
have been investigated predominantly using in vitro models in which cells move 
as single cells (Stoker and Gherardi, 1991; Nabeshima et al., 1999a). However, 
in human surgical specimens, carcinoma cells, especially those of well to mod- 
erately differentiated types, frequently invade the stroma as coherent cell nests 
rather than as single cells (Strauli and Weiss, 1977; Nabeshima et al., 1999a), 
suggesting that there is a way by which carcinoma cells move together as coher- 
ent cell clusters. We have called this type of movement “cohort migration” and 
demonstrated that carcinoma cells can actually move en mass, keeping cell-cell 
contact with each other in vitro (Nabeshima et al., 1995a,b). After our proposal, 
cell movement in well-differentiated squamous cell carcinoma of the esophagus 
(Sanders et al., 1998), malignant melanoma (Li et al., 20011, and uterine cervical 
carcinoma cells (Wong et al., 2001) has been referred to cohort migration. 
Being compared with SCL, one characteristic feature of cohort migration is com- 
partmentalized release from cell-cell adhesion: cells extend leading lamellae to 
move via this release while keeping cell-cell contact in other portions 
(Nabeshima et al., 199510, 1997). However, the most important feature that 
clearly differentiates cohort migration from SCL is the fact that migrating cells 
regulate expression and localization of MMPs via cell-cell contact within migrat- 
ing cell sheets. In our model, MT1-MMP and gelatinase A are expressed and 
localized specifically at the front pathfinder cells of the migrating cell sheets, 
and reorganization of gelatin matrix by these MMPs is essential for this type of 
migration (Nabeshima et al., 2000). 
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B. COORDINATED EXPRESSION OF MMPs AND 

MIGRATING CELLS DURING COHORT MIGRATION 
ITS REGULATION VIA CELL-CELL CONTACT AMONG 

In two-dimensional cohort migration assays, when migration of colon carcinoma 
cells was induced with hepatocyte growth factor/scatter factor (HGF/SF), MT1- 
MMP and gelatinase A were expressed only at the front cells of migrating cell 
sheets, with the following migrating cells being negative (Nabeshima et al., 2000). 
In contrast, when cell scattering was induced by stimulating cell migration in the 
presence of the anti-E-cadherin antibody, the front cell-specific pattern of expres- 
sion observed during cohort migration was lost: individual Scattering cells 
expressed both MT1-MMP and gelatinase A in their leading edges and cytoplasm 
(Fig. 5). This pattern, expression in front cells during cohort migration and in 
individual cells during scattering, was also the case in MT1-MMP mRNA expres- 
sion that was demonstrated by in situ hybridization (Nabeshima, 20011, suggest- 
ing regulation at the gene expression level. When cohort migration was induced 
on gelatin-coated substratum, these MMPs expressed in the front cells degraded 
the gelatin matrix in a very organized manner, leaving the radially arrayed gelatin 
matrix at the sites of leading edges. Inhibition of this organized lysis with BB94, 
a synthetic inhibitor specific to MMPs, TIMP-1 and -2, and GelA PEX suppressed 

FIGURE 5 Cell surface expression of MT1-MMP in single cell locomotion (SCL) and cohort-type 
migration. Each migrating cell expresses MT1-MMP preferentially at the leading edges in SCL, whereas 
the protease is expressed at the leading edges of the front pathfinder cells of migrating cell sheets in 
cohort migration. 
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migration on gelatin matrix, indicating that the organized lysis by front cell MMPs 
is essential for cohort migration (Nabeshima et al., 2000). 

Although the precise mechanisms involved in the front cell-specific localization 
of these MMPs are currently unknown, gene expression of MT1-MMP in the 
following cells of migrating cell sheets appears to be downregulated via cell-cell 
contact among migrating cell sheets when considering its different expression pat- 
terns in cohort migration and scattering. Similarly, gene expression of MT1-MMP 
is reported to decrease in confluent cultures of mouse mammary gland epithelial 
cells compared with their sparse cultures (Tanaka et al., 1997). The cellular bind- 
ing of gelatinase A also reduces in confluent cultures compared with that in sparse 
ultures of breast carcinoma cells (Menashi et al., 1998). However, expression of 
MT1-MMP and gelatinase A in the front pathfinder cells may be related to abun- 
dant interaction with ECM there. Fibronectin (FN) is one of the candidate ECM 
components, as FN is preferentially produced and deposited extracellularly by 
migrating cells during cohort migration (Nabeshima et al., 1998; Shimao et al., 
1999; Inoue et al., 2001) and that culturing of colon carcinoma cells on FN 
substratum stimulates production and activation of gelatinase A (K. Nabeshima, 
unpublished results). Taken together, the presence of abundant cell-cell contact 
within migrating cell sheets as in confluent cultures seems to suppress MT1-MMP 
expression and gelatinase A binding, whereas specialized cell-ECM contact may 
facilitate expression of these enzymes in the front pathfinder cells. 

C. CELL SURFACE LOCALIZATION OF MMPs AND 

THEIR CONCENTRATION TO LEADING EDGES 

Studies on several different cell migration systems indicate that there are two 
mechanisms at the protein level for MMP localization: (i) a mechanism for cell 
surface association of MMPs and (ii) that for localization of MMPs to leading 
edges (Table HI). The first mechanism that focuses MMP activity at the cell sur- 
face would appear to be the most logical mechanism to efficiently affect and reg- 
ulate cell movement through ECM (Murphy and Gavrilovic, 1999). A relatively 
major function for the cell-bound enzyme in comparison to soluble MMP has 
been shown (Deryugina et al., 1998). In human glioma and fibrosarcoma cells 
transfected with cDNA encoding MT1-MMP, their ability to contract collagen lat- 
tices was shown to be dependent on the MT1-MMP-mediated activation of prog- 
elatinase A and cell surface association of activated gelatinase A. Soluble 
gelatinase A failed to affect gel contraction. In cohort migration, this cell surface 
association mechanism also depends on MT1-MMP. In our study, GelA PEX effec- 
tively inhibited cohort migration on the gelatin matrix. GelA PEX, the carboxyl- 
end domain of gelatinase A, is involved in the trimolecular complex formation of 
MT1-MMP, TIMP-2, and gelatinase A on the cell surfaces as mentioned earlier and 
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TABLE 111 Mechanisms for Cell Surface Localization of MMPs 

MMP Bindine cell surface molecules 

Binding to cell surface 
MMP- 1 a2 integrin subunit 

Gelatinase A 

Gelatinase B CD44 

Emmprin (to a3pl integrin?) 
MT1-3, 5-MMP (MT1-MMPnlMP-2 complex) 
avj33 integrin 

Localization to leading edges or 
invadopodia 

MT1-MMP 
Gelatinase A 
Gelatinase B 

CD44 (to actin cytoskeleton) 
Via MT1-MMP 
CD44 
transported through actin-dependent pathway 

competitively inhibits gelatinase A activation by MT1-MMP (Strongin et al., 1995; 
Deryugina et al., 1998). Thus, gelatinase A that is bound to and activated by MT1- 
MMP on the cell surfaces seems to play a major role during cohort migration. 
Effective inhibition by both TIMP-1 and TIMP-2 also supports this hypothesis 
because gelatinase A is known to be inhibited by these TIMPs, whereas MT1-MMP 
is inhibited by TIMP-2 but not by TIMP-1 (d’Ortho et al., 1998). Other cell 
surface localization mechanisms include integrins. Integrin avp3  mediates cell 
surface binding of gelatinase A, and the a 2  integrin subunit mediates that of 
MMP-1 (Brooks et al., 1996; Murphy and Gavrilovic, 1999; Dumin et al., 1999). 
Gelatinase A can be localized in a proteolytically active form on the surface of inva- 
sive melanoma cells, based on its ability to bind directly integrin avp3 via Gel A 
P M  (Brooks et al., 1996). In tissue sections, colocalization of gelatinase A and inte- 
grin avp3 was shown on angiogenic blood vessels and invading melanoma cells. 
MMP-1 was shown to bind to the A domain of a 2  integrin in a cation-dependent 
manner (Murphy and Gavrilovic, 1999; Dumin et al., 1999). MMP-1 and type I 
collagen may bind at two independent sites on the a 2  integrin, as the mutated A 
domain, which no longer binds type I collagen, can still bind to MMP-1. The trans- 
membrane protein other than integrins can also bind MMPs. For example, emm- 
prin forms a complex with MMP-1 at the tumor cell surface (Guo et al., 2000). 
Because emmprin is reported to form a complex with a3pl integrin (Berditchevski 
et al., 1997), the emmprin-MMP-1 complex may bind a3pl integrin if the bind- 
ing sites do not compete each other. Through these bindings of MMPs to integrins, 
an extracellular pool of latent MMPs may be recruited into focal contacts and 
released by competing ECM ligands, thereby increasing the pericellular proteolytic 
potential close to relevant ECM interactions (Olson et al., 1998). 

On the cell surface, more specific localization of MMPs to the leading portions 
of invading tumor cells has been reported to be essential for migration. In human 
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melanoma cells, the presence of active gelatinase A just on the cell surfaces was 
not enough, but its more specialized localization, together with MT1-MMP, to the 
invasion front of cells (invadopodia, specialized membrane extensions into the 
FN-coated gelatin matrix) was needed for their invasion (Nakahara et al., 1997). 
Active gelatinase B was also found in association with the CD44v3,8-10 splice 
variant on the invadopodia of a breast cancer cell line (Bourguignon et al., 1998). 
Similarly, localization of MMP to leading edges of migrating cells are reported 
to be necessary for cell migration in two-dimensional systems (Murphy and 
Gavrilovic, 1999). Cytoplasmic doclung systems supporting these localizations 
are not yet fully understood, but binding of MT1-MMP to CD44 by its extracel- 
Mar domain has been reported (Kajita et al., 2001). CD44 and MT1-MMP colo- 
calize at the leading edge of the motile cells, and MT1-MMP acts as a processing 
enzyme for CD44 there, shedding CD44H from the cell surface. This processing 
event stimulated cell motility. Because CD44 are connected to actin cytoskeleton 
of cells, CD44 may link the MT1-MMP to the cytoskeleton. Because accumulation 
of gelatinase B through an actin-dependent pathway to the leading edges is 
observed in migrating airway epithelial cells (Legrand et al., 1999), a similar 
transportation system may also be present for MT1-MMP. 

D. REORGANIZATION OF ECM BY MIGRATING CELLS 

In general, ECM is thought to be a lund of bamer for tumor cell invasion, and 
more or less its cleavage and removal are necessary for tumor cells to migrate 
(Stetler-Stevenson, 1993). At the same time, however, ECM components provide 
cells with good substrate to move on. Studies, including ours, suggest that the 
proteolytic degradation of ECM is not just a path-clearing mechanism, but a way 
of reorganizing the matrix to facilitate cellular interactions. Additionally, this 
reorganization of ECM is done by each migrating cells in SCL, whereas it is done 
preferentially by front pathfinder cells in cohort migration. 

Studies have demonstrated an essential role of enzymatic modification of the 
basal lamina of the endoneurium for peripheral nerve regeneration following 
injury. The neurite-promoting activity of endoneurial laminin is inhibited by a 
Schwann cell-derived chondroitin sulfate proteoglycans (CSPGs). Treatment of 
peripheral nerve sections with gelatinase A resulted in the removal of CSPGs and 
exposure of epitopes of laminin permissive for neurite extension (Zuo et al., 
1998). In cohort migration, removal of the gelatin matrix at the leading edges of 
the front cells of migrating cell sheets was not random or complete. Instead, it was 
performed in a very coordinate and organized manner, leaving the radially arrayed 
gelatin matrix at the frontmost part. This limited and organized clearing of gela- 
tin matrix was essential for cell migration because MMP inhibitors efficiently 
inhibited migration. Thus, an important role of MMP is not just to remove ECM, 
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but to rearrange it to suit cell migration. This is the same for SCL. In three- 
dimensional matrix-based models, fibroblastic-type tumor cells are reported to cause 
initial fiber traction at the leading edge followed by radial fiber alignment toward the 
cell, which then favors persistent migration in the direction of maximal traction 
(Fried1 and Brocker, 2000). Moreover, it is suggested that binding of integrins to this 
kind of prestressed ECM fibers would strengthen the linkage between those recep- 
tors and the force-generating cytoskeleton at that side of cells, thereby causing the 
cell to migrate along the direction of the rigid substrate (Sheetz et al., 1998). 

VI. CONCLUSIONS 

The reorganization of ECM plays an important role in many aspects of cellular 
functions, including cell movement, through the change of cell-ECM interactions. 
Thus, inhibition of cell surface or pericellular metalloproteinase activities will lead 
to control of pathological conditions related to such activities. However, it is 
known that MMP inhibitors cause some side effects at the same time. In this light, 
regulation mechanisms for metalloproteinase localization at the cell surface, 
specifically to leading edges of pathfinder cells in the case of cell migration, will 
be another target. In addition, investigation of new roles of cell surface proteinases 
other than cleavage of ECM may give us more opportunities. Furthermore, eluci- 
dation of interplays or coordinated actions among MMP and ADAM family mem- 
bers will contribute to the understanding of and a new therapeutic approach to 
some pathological disorders. 
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I. INTRODUCTION 

Matrix metalloproteinases (MMPs) are a family of enzymes that, collectively, 
degrade all components of the extracellular matrix (Table I). There are at least 26 
members of this family: all are active at neutral pH, require CaZf for activity, and 
contain a central zinc atom as part of their structure. Most MMPs are secreted into 
the extracellular space in a latent form, requiring proteolytic cleavage in order to 
be enzymatically active. However, one subgroup of MMPs is anchored in the 
membrane (membrane-type MMPs; MT-MMPs), and these enzymes are activated 
intracellularly by a furin-like mechanism. MMP-11 (stromelysin 3)  is the only 
nonmembrane-bound MMP that is also activated intracellularly (Hotary et al., 
2000; Nagase and Woessner, 1999; Nelson et al., 2000; Ohuchi et al., 1997; 
Parsons et al., 1997; Pei, 1999; Velasco et al., 2000; Vincenti et al., 1996). 

Most cells in the body can express MMPs, although the expression of certain 
enzymes is often associated with a particular cell type. For example, MMP-2 and 
MMP-9, gelatinases A and B, respectively, preferentially degrade the type IV 
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TABLE I Human Matrix Metalloproteinases 

Name MMP No. Matrix substrates 

Collagenase 
Collagenase 1 

Neutrophil collagenase 
Collagenase 3 
MT1-MMP 

Stromelysins 
1 

2 
3 

Gelatinases 
A 

8 

Membrane-type MMPs 

Others 
Matrilysin 
Macrophage metalloelastase 

Enamelysin 

MMP-1 

MMP-8 
MMP-13 
MT1-MMP 

MMP-3 

MMP-10 
MMP-I 1 

MMP-2 

MMP-9 

MT2-MMP 
MT3-MMP 
MT4-MMP 
MTS-MMP 
MT6-MMP 

MMP-7 
MMP-12 
MMP-19 
MMP-20 

None MMP-23 

Collagens I, 11, 111, VII, X, gelatins, 

Collagens I, 11, 111, aggrecan, link protein 
Collagens I, 11, I11 
Collagens I, 11, I11 fibronectin, pro-MMP-1 

aggrecan, entactin 

Collagens 111, IV, IX, gelatins, aggrecan, 
fibronectin, laminin, pro-MMP-1 

Collagen IV, aggrecan, fibronectin, elastin, laminin 
Gelatin, collagens I, IV, V, VII, X, fibronectin, 

laminin, elastin, aggrecan, vitronectin 

Gelatin, collagens IV, V, XIV, elastin, 

Collagen IV, gelatins, aggrecan, fibronectin. 

Pro-MMP-2 
Pro-MMP-2 
Not known 
Not  known 
Not known 

aggrecan, vitronectin 

elastin, laminin, elastin, pro-MMP-l 

Gelatins, fibronectin, pro-MMP-l 
Elastin 
Not known 
Amelogenin 
Not known 

collagen in the basement membrane and are usually expressed by endothelial 
cells, even though other cells, e.g., stromal fibroblasts, macrophages, and tumor 
cells, also synthesize these MMPs (Hotary et al., 2000; Nagase and Woessner, 
1999; Nelson et al., 2000; Ohuchi et al., 1997; Parsons et al., 1997; Pei, 1999; 
Velasco et al., 2000; Vincenti et al., 1996). In normal cells, expression of MMPs is 
constitutively low, and this low level of basal expression probably contributes to 
the normal physiology of most tissues and to connective tissue remodeling 
(Benbow and Brinckerhoff, 1997; Borden and Heller, 1997; Borden et al., 1996; 
Vincenti et al., 1996). 

However, in pathologic conditions, the level of MMP expression increases con- 
siderably, often resulting in aberrant connective tissue destruction (Basset et al., 
1997; Brinckerhoff et al., 2000; Chambers and Matrisian, 1997; Curran and 
Murray, 1999; Koblinski et al., 2000; McCawley and Matrisian, 2000; 
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Westermark and Kahari, 1999). Inflammatory cytokines and growth factors and 
malignant transformation lead to a marked increase in MMP expression (Borden 
and Heller, 1997; Westermarck et al., 1998, 2000). Excess MMP production is, 
therefore, associated with many diseases, including periodontitis, atherosclerosis, 
tumor invasion and metastasis, and arthritic disease, and several MMPs may be 
involved in the pathophysiology of any of these diseases (Basset et al., 1997; 
Brinckerhoff et al., 2000; Chambers and Matrisian, 1997; Curran and Murray, 
1999; Koblinski et al., 2000; McCawley and Matrisian, 2000; Westermark and 
Kahari, 1999). Increasingly, it is evident that the mechanisms regulating expres- 
sion of these enzymes under normal conditions and in the various diseases 
are complex, permitting both the coordinate expression of some MMPs and the 
tissue-specific expression of others. Posttranscriptional mechanisms, i.e., changes 
in mRNA stability, are used for controlling MMP gene expression (Vincenti et al., 
1996). Indeed, the 3‘ UTR of many MMPs contains the AUUUA motif, which is 
associated with modulating the half-life of mRNAs. In the absence of inducers, 
this motif enhances the turnover rate of several MMPs, but in response to induc- 
ers, such as interleukin (1L)-1 and phorbol esters, these mRNAs become stabilized 
(Vincenti et al., 1996). However, regulation of gene expression at the level of tran- 
scription appears to play the major role in regulating these genes, and therefore 
this chapter focuses on the cis-acting sequences within the MMP promoters and 
the trans-acting factors that regulate transcription of the MMPs in different cell 
types and tissues. 

11. REGULATION OF MMP TRANSCRIPTION 

Many MMPs share similar sequences in their promoters (Fig. 1) and yet in the 
same cells, e.g., within the same transcriptional environment, some MMPs are 
expressed whereas others are not (Benbow and Brinckerhoff, 1997; Borden and 
Heller, 1997; Vincenti et at., 1996). Thus, there must be intricate pathways 
and mechanisms that specifically control the expression of each MMP within a 
particular cell. These mechanisms may include both “cis” and “trans,” as mani- 
fested by the presence (or absence) of activating and repressor elements within 
the promoter, allowing appropriate transcription factors to bind to these elements 
(Benbow and Brinckerhoff, 1997). Chromatin structure and methylation status of 
DNA also play a role in regulating gene transcription (Singh et al., 2000). 

Generally, stimuli such as inflammatory cytokines (interleukin-1 and tumor 
necrosis factor a) and growth factors (fibroblast growth factor, platelet-derived 
growth factor, epidermal growth factor) increase MMP transcription (Benbow and 
Brinckerhoff, 1997; Borden and Heller, 1997; Westermark and Kahari, 1999). 
This increase is initiated by the interaction of the ligand (growth factor or 
cytolune) with its cognate receptor. The interaction results in a conformational 



280 IV. Basic Science of MMPs and TIMPs 

MMP-I 
(menlitial collagenase) 

MMP-I3 
(coilagenase-3) 

MMP-3 
(stramelysin- I 1  

MMP-I0 
(atromelyrin-2) 

MMP-2 
(gelalinase A) 

MMP-9 
(geiamase B) 

MMP-7 
(matrilyam) 

MMP-I2 
(metalloelaslase) 

MMP-I4 
(MTI-MMP) 

FIGURE 1 Model 
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of MMP-1 promoter constructs. cis-acting elements known to participate 
in transcription are indicated. The Y indicates functional polymorphisms in MMP promoters. AP-1, 
activator protein-1 site; P W ,  polyomavirus enhancer A-binding protein 3 site; TIE, TGF-fi inhibitoly 
element; GC, Sp-I-binding site; OSE-2, osteoblast-specific element (also referred to as Runx-2 and 
Cbfal). 

change in the structure of the receptor on its cytoplasmic side, causing either 
autophosphorylation of the receptor or recruitment of secondary factors (adaptor 
molecules) to the site. There, they begin the SignaVtransduction cascade that cul- 
minates in the activation of transcription factors in the nucleus. 

Mitogen-activated protein kinases (MAP&) facilitate the SignaVtransduction 
pathways, and these lunases include c-Jun-N-terminal kinases (INK), extracellular 
signal-regulating kinases (ERK1/2), and p38 kinases Westermarck et al., 1998, 
2000; Westermark and Kahari, 1999). Interestingly, the relative contribution of 
each of these pathways to MMP gene expression vanes considerably among cell 
types and inductive stimuli (Barchowsky et al., 2000; Brauchle et al., 2000; 
Westerrnarck et al., 1998, 2000). For example, JNK has a central role in IL-1- 
induced MMP-1 gene expression in cultured synovial fibroblasts, where induction 
is completely blocked with a chemical inhibitor specific for JNK, suggesting that 
this pathway is critical (Barchowsky et al., 2000). However, in animal studies with 
the same inhibitor, there is only partial inhibition of collagenase mRNA, indicating 
that other pathways, such as p38, are involved (Mengshol et al., 2000, 2002). 
Indeed, MMP-1 expression in IL- 1-stimulated fibroblasts and chondrocytic cells 
and in squamous cell carcinoma is mediated by both p38 and JNK (Brauchle et al., 
2000; Westermarck et al., 1998, 2000). Thus, this cross talk among pathways 
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is complex, and it is possible that repression of one pathway may result in 
the recmitment/activation of an alternative path in order to accomplish gene 
activation. 

Furthermore, the MEK/ERK pathway was thought to only transduce growth 
factor-dependent proliferative signals, as these enzymes phosphorylate and acti- 
vate Elk-1, a transcription factor that transactivates serum response elements 
(Westermark and bhari ,  1999). However, the ERK pathway can be blocked with 
the chemical inhibitor PD98059, which also blocks MMP-1 gene expression in 
A2058 melanoma cells (Tower et al., 2002) and in IL-1-stimulated fibroblasts 
(Brauchle et al., 2000; Mengshol et al., 2002). In contrast, the p38 inhibitor 
SB203580 has no effect on MMP-1 expression in the melanoma cells, whereas it 
blocks expression in IL-1-stimulated fibroblasts (Barchowsky et al., 20001, again 
emphasizing the complexity and diversity of these pathways in controlling MMP 
gene expression. 

Once the signal has been transduced to the nucleus, it acts on the cis-acting 
sequences in the promoters of the MMP genes to alter transcription (Benbow and 
Brinckerhoff, 1997; Borden et al., 1996; Vincenti et al., 1996). These elements 
include the activator protein-1 site (AP-1; 5’-TGAG/CTCA-3’), located at about 
-70 bp in all the promoters, except MMP-2 (gelatinase A), MMP-11 (stromelysin-3), 
and MMP-14 (MT1-MMP). This site binds dimers of the Fos and Jun families and 
has a major role in both basal and induced transcription. Although earlier studies 
focused almost exclusively on the importance of the proximal AP-1 site, later stud- 
ies emphasized that this site does not function alone. Rather, it must cooperate 
with a variety of cis-acting sequences found in the upstream regions of the MMP 
promoters. For instance, MMP-9 (gelatinase B) contains a series of upstream- 
cis-acting elements (AP-1, ETS, Spl, and NF-KB), all located within 670bp of 
promoter DNA, and depending on the stimulus, transcriptional induction requires 
cooperation between the proximal AP-1 site and the Sp-1 site or the NF-KB site 
(Sato et al., 1993; Sat0 and Seih, 1993). In addition, induction of MMP-1 by 
IL-1 in rabbit fibroblasts requires interaction between the AP-1 site at -77 bp and 
an NF-KB-like element located upstream at -3300bp (Vincenti et al., 1998). 
Perhaps it is the particular partnerships between the AP-1 site and the other 
elements upstream that help confer the specificity of MMP expression. 

The MMP-13 (collagenase-3) promoter also contains a proximal AP-1 site. 
In contrast to many MMPs, this gene exhibits a pattern of expression that is 
considerably restricted, normally being limited to developing cartilage and bone. 
Mechanisms controlling this restricted expression are still unclear, but may 
involve the transcription factor Cbfal/Runx-Z/OSFZ, which appears to be 
expressed almost exclusively in these developing tissues (Jimenez et al., 1999; 
Mengshol et al., 200 1). 

Among the MMPs, a Runx-2-binding site is unique to the MMP-13 promoter, 
and thus, the presence of Runx-2 protein in cartilage and bone may contribute to 
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the tissue-specific expression of this gene, as induction of MMP-13 expression in 
chondrosarcoma cells requires AP-1 and Rum-2 (Porte et al., 1999). 

Additional AP-1 sites are scattered throughout MMP promoters and may 
participate in MMP gene expression. A second AP-1 site is found in the promot- 
ers of MMP-1 (collagenase), MMP-3 (stromelysin-l), MMP-7 (matrilysin), 
MMP-11 (stromelysin-2), and MMP-9 (gelatinase B) (Benbow and Brinckerhoff, 
1997). Perhaps the best characterized is the AP-1 site (5’-7TAATCA-3’) at 
-186 bp in rabbit and human MMP-1 promoters. In contrast to the AP-1 site at 
- -70bp, which has a major role in basal transcription, this site has only a 
modest effect on basal transcriptional activity, but it does increase transcriptional 
induction by phorbol esters substantially. These findings suggest distinct roles 
for these two AP-1 elements, which may be related to the differential binding of 
AP-1 family members to each site (Benbow and Brinckerhoff, 1997; Chamberlain 
et a]., 1993; White and Brinckerhoff, 1995). Further, sequence analysis of 
4400 bp of human MMP-1 promoter DNA revealed several AP-1 sites, located 
between -2300 and -1600bp, and at least one of these has been implicated in 
the transcriptional regulation of this gene (see later). 

Multiple PEA3/ETS sites, which bind a wide assortment of transcription factors 
belonging to the Ets family (Wasylyk et al., 1991), are also present in all the 
promoters, except MMP-2 (gelatinase A). However, the number of these sites 
and their spatial arrangement differ among the MMP family members, and these 
differences probably influence how the MMP genes are regulated. For example, 
there are two ETS sites at -217 and -200 bp in the MMP-3 promoter, and muta- 
tions in either of these reduce transcription, indicating a critical role for these 
elements (Buttice and Kurkinen, 1993). Initially, (Wasylyk et al., 1990) demon- 
strated that AP-1 and adjacent ETS sites act cooperatively and suggested that this 
cooperativity is essential for transcription. Later studies have only corroborated 
this early finding (see later). In addition, the sequences immediately adjacent 
to the core ETS sequence, 5’-GGA-3’, probably influence which Ets family mem- 
bers bind (Benbow and Brinckerhoff, 1997). This differential binding may, 
in turn, contribute to transcriptional regulation due to differences in binding 
affinities of the proteins for DNA and variations in the partnering of different 
transcription factors. 

The promoters of MMP-2 (gelatinase) and MMP-14 (MT1-MMP) differ from 
other MMPs in that they lack proximal AP-1 and ETS sites, as well as the 
traditional TATA box that is usually located at --30 bp from the transcription 
start site (Benbow and Brinckerhoff, 1997; Lohi et al., 2000). The TATA box 
is a core transcriptional unit, which binds a group of general transcription factors 
that help initiate transcription by RNA polymerase. Its absence may con- 
tribute to the constitutive expression of these genes. Indeed, the fact that these 
enzymes are constitutively expressed and not usually subject to regulation has 
led to the suggestion that MMP-2 is a “housekeeping” gene (Benbow and 
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Brinckerhoff, 1997). Nonetheless, these MMPs have crucial roles in connective 
tissue metabolism (See later). 

111. SINGLE NUCLEOTIDE POLYMORPHISMS IN 
MMP PROMOTERS 

DNA polymorphisms are naturally occumng variations in the DNA sequence 
of a gene, resulting in more than one allele. Polymorphisms have a frequency 
in the normal human population of >1% and are estimated to be found in 
every 1000 bp throughout the genome (Sherry et al., 1999). The vast majority 
of these polymorphisms are single nucleotide polymorphisms (SNPs) because 
of single base substitutions or deletions. Some SNPs either create or delete a 
restriction site, making them convenient markers for restriction fragment 
length polymorphisms (RFLPs), which may be helpful diagnostic markers for 
certain diseases. However, SNPs need not be associated with a RFLP, and these 
are detected by DNA sequence analysis. While most SNPs are functionally 
inert and do not contribute to gene expression, a few directly affect either the 
regulation of gene expression or the function of the encoded protein (Sherry 
et al., 1999). 

A number of SNPs have been described in four MMPs: MMP-1 (Rutter et al., 
1998) , MMP-3 (de Maat et al., 1999; Humphries et al., 1998; Terashima et al., 
1999; Ye et al., 1996; Yoon et a]., 1999), MMP-9 (Peters et al., 1999; Shimajiri 
et al., 1999; Yoon et al., 1999; Zhang et a!., 1999), and MMP-12 (Jormsjo et al., 
2000). Interestingly, these SNPs are found in the promoters of the genes, rather 
than in the coding region, perhaps because of the importance of strictly main- 
taining the amino acid sequence of the functioning enzymes. The SNP in the 
MMP-9 gene may be either a C +T substitution at -1562 bp (Peters et al., 1999) 
or the presence of a microsatellite repeat of (CA), at -90bp (Peters et al., 1999; 
Shimajiri et al., 1999; Zhang et al., 1999). The former appears to be associated 
with coronary atherosclerosis (Peters et al., 19991, whereas the latter has been 
linked to intracranial or abdominal aortic aneurysms (Shimajiri et al., 1999; Zhang 
et al., 1999). The microsatellite polymorphism is multiallelic, with a varying 
number of repeats. The (CAI14 repeat has only 50 to 60% of the transcriptional 
activity in esophageal carcinoma cells and human fibroblasts, as do the (CAI21 
and (CA)23 repeats, respectively (Shimajiri et al., 1999; Yoon et al., 1999). 
The SNP substitution at -1562 bp results in a decrease in the binding of nuclear 
proteins and an increase in transcriptional activity in DNA containing the T allele 
(Peters et al., 1999). Because MMP-9 is involved in the degradation of type IV 
collagen in the basement membrane, an increase in MMP-9 gene expression may 
facilitate the ability of vascular smooth muscle cells to migrate and proliferate 
during atherogenesis (Galis, 1994; Yoon et al., 1999). 
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The insertion/deletion polymorphism (5N6A polymorphism) at -1612 bp in 
the MMP-3 promoter has also been connected to atherosclerosis. The track of 
5 adenosines (5A) has greater promoter activity than the 6A track in both fibro- 
blasts and vascular smooth muscle cells (Ye et al., 1998). Gel mobility shift assays 
and DNase protection studies suggest the binding of two transciption factors to 
this site, one of which binds with higher affinity to the 6A allele (Ye et al., 1998). 
These data have led to the suggestion that one protein may be a repressor that 
binds preferentially to the 6A allele. Although the identity of these transcription 
factors is unknown, it is possible that they contribute to the regulation of 
MMP-3 expression and to the pathophysiology of cardiovascular disease. For 
example, MMP-3 is present abundantly in atherosclerotic plaques where rupture 
is detected, and the A5 allele may heighten MMP-3 expression, thereby facilitat- 
ing plaque rupture (Galis, 1994; Henney et al., 1991; Ye et al., 1998). Indeed a 
case-controlled study of acute myocardial infarctions in a population of more 
than 600 Japanese revealed that the frequency of the 5A allele was significantly 
higher (P < 0.0001) in patients vs controls, with 48.8% of patients harboring the 
5A allele compared to 32.7% of controls (Terashima et al., 1999). In contrast, the 
6A allele has been associated with the accelerated growth of coronary atheromas, 
suggesting that decreased MMP-3 expression may contribute to plaque growth 
(Galis, 1994; Henneyet al., 1991; Ye et al., 1998). 

In the MMP-12 gene, the SNP at -82 bp results from an A -+ G substitution 
(Jormsjo et al., 2000). This SNP is adjacent to the proximal AP-1 site, and gel shift 
analyses have demonstrated that this sequence change affects the binding affinity 
of AP-1 proteins. The A allele binds nuclear proteins with greater affinity and also 
has higher transcriptional activity in several macrophage cell lines in response to 
phorbol esters and insulin, and the A allele may be associated with increased 
narrowing of the coronary artery in diabetic patients who also have heart disease 
Oormsjo et al., 2000). 

The SNP in the MMP-1 promoter is located at -1607 bp and is represented by 
the presence or absence of an extra guanine (G) at this site (Rutter et al., 1998). 
Initially, several papers reported an ETS consensus site (5’-GGAA-3’) at -1607 bp 
in the human MMP-1 promoter (Aho et al., 1997; Rutter et al., 1997, 1998). 
However, an additional clone isolated from a human leukocyte genomic library 
failed to contain this site, having the sequence 5’GAA-3’ instead. Thus, the 
presence/absence of the extra guanine (GI at -1607bp suggested the presence of 
a SNP at this position, and subsequent analysis of DNA from normal individuals 
revealed a distribution of approximately 25% 1G homozygotes, 25% 2G homo- 
zygotes, and 50% 1G/2G heterozygotes. This 1G/2G variation is, therefore, a true 
SNP and not a rare mutation (Rutter et al., 1998). 

The 2G SNP is located just upstream from an AP-1 site at -1602bp, and 
it was hypothesized that these sites might cooperate to enhance transcription. 
To test this hypothesis, 4372bp of MMP-1 promoter DNA containing either 
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1G or 2Gs linked to the luciferase reporter was tested for transcriptional activity 
in normal fibroblasts and in several tumor cell lines, which constitutively 
expressed MMP-1 (Rutter et al., 1998). The only difference between DNAs in 
these constructs was the presence or absence of an extra G at -1607 bp. The 2G 
allele was expressed consistently at a higher level than the 1G allele in both 
normal fibroblasts and in tumor cells (Rutter et al., 1998; Tower et al., 2002). 
Furthermore, DNA/protein interactions, measured in gel mobility shift assays, 
revealed that the 2G DNA bound more nuclear proteins than 1G DNA and that 
this binding was of higher affinity. Taken together, these data indicate that the 2G 
allele heightened transcription of the MMP-1 gene. 

Quite possibly, then, the 2G allele could contribute to the pathophysiology 
of diseases where MMP-1 plays a role, and indeed, this suggestion has received 
substantial support. Initially, it was reported that patients with colorectal or 
esophageal cancers whose tumors expressed MMP-1 had a poorer prognosis than 
patients with tumors not expressing MMP-1 (Murray et al., 1996, 1998). Thus, 
there was an inverse correlation between MMP-1 expression and patient survival. 
More recently, five reports have associated the 2G polymorphism with aggressive 
cancers: ovarian (Kanamori et al., 1999) endometrial (Nishioka et al., ZOOO), lung 
(Zhu et al., ZOOl), and melanoma (Rutter et al., 1998; Ye et al., 2001). In ovarian 
cancer, the number of patients either homozygous or heterozygous for the 2G 
allele was significantly greater than that observed in 150 individuals without this 
cancer (P = 0.028). In addition, the level of MMP-1 protein expressed in cancer 
tissues from patients carrying the 2G allele was increased significantly (P = 0.038) 
compared to 1G homozygotes (Kanamori et al., 1999). Similarly, a study of 
endometrial cancers revealed an increased frequency of the 2G allele in 100 
Japanese cancer patients compared to 150 normal individuals: 91% vs 80% 
(P = 0.019). By stimulating degradation of the extracellular matrix, increased 
production of MMP-1 appears to increase the incidence of these two cancers, 
at least in Japanese women (Kanamori et al., 1999; Nishioka et al., 2000). 

Another study links the 2G allele in the MMP-1 promoter to enhanced 
susceptibility to lung cancer (Zhu et al., 2001). These investigators tested the 
hypotheses that individuals with the 2G/2G genotype would (a) be an increased 
risk for lung cancer and (b) the risk would be elevated in smolung individuals. 
Genotyping 494 patients with lung cancer (404 Caucasian, 43 Mexican- 
Americans, 47 African-Americans) and 402 frequency-matched controls revealed 
a significant difference (P < 0.05) in the 2G/2G genotype distribution by ethnic- 
ity in controls, with 36.1% of Caucasians, 52.9% of Mexican-Americans, and 
22.22% of African-Americans having this genotype. Overall there was a significant 
risk for lung cancer between the 2G/2G genotype in African-Americans, if the 
individuals were smokers, but not in Causcasians or Mexican-Americans. Thus, 
these data demonstrate the association of the MMP-1 polymorphism with the 
development of lung cancer in the presence of carcinogenic exposure. 
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Also reported is the influence of 2G SNP on the invasive behavior of cutaneous 
malignant melanoma (Rutter et al., 1998; Ye et al., 2001). The MMP-1 genotype 
was determined in 139 Caucasian patients with this disease. It was found that 
the insertion allele (the 2G allele) was associated with invasive disease and, thus, 
with a poorer prognosis (P = 0.0333), suggesting that the invasive behavior of 
melanoma is influenced by the increased level of MMP-1 expression that accom- 
panies the presence of the 2G allele. 

Finally, malignant melanoma was also used to study the frequency of the 2G 
allele in metastatic disease (Noll et al., 2001). Loss of heterozygosity (LOH) at the 
MMP-1 locus (11q22.23) is a common occurrence in malignant melanoma 
(Herbst et al., 1999, ZOOO), and this study tested the hypothesis that the 2G 
allele would be more frequent in metastatic tumors (Noll et al., 2001). It was 
hypothesized that although loss of either the 1G or the 2G allele from 1G/2G 
heterozygotes is random, if the transcriptionally more active 2G allele were 
retained, this would favor tumor invasion and metastasis. Consequently, a higher 
proportion of metastases would contain the 2G genotype, compared to the 1G 
genotype. In fact, in 31 individuals with metastatic melanoma who were 1G/2G 
heterozygotes, 12 showed LOH in their metastatic tumors and 10 of these (83%) 
had undergone LOH with retention of the 2G allele, compared to one individual 
who retained the 1G allele (P= 0.04). Taken together, all of these reports 
strongly implicate 2G SNP in the MMP-1 promoter as playing a substantial role 
in cancer biology. 

IV. BIOLOGY OF MMP GENE EXPRESSION 

As our knowledge of the molecular biology of MMP gene expression increases, 
we are also learning more about the role of these enzymes in both normal physi- 
ology and in disease pathology. Once thought to have only limited functions, 
it is now apparent that MMPs are expressed ubiquitously and that they contribute 
to numerous biologic processes, such as development, wound healing, angio- 
genesis, and reproduction (Nagase and Woessner, 1999; Nelson et al., 2000; 
Ohuchi et al., 1997; Parsons et al., 1997; Pei, 1999; Velasco et al., 2000; Vincenti 
et al., 1996). 

Targeted disruption of specific genes in mice (“knockout” mice) and trans- 
genic mouse technologies have been used to understand the biologic significance 
of MMP gene expression (Engsig et al., 2000; Itoh et al., 1998; Masson et al., 
1998; Mudgett et al., 1998; Vu et al., 1998). Interestingly, most of these knock- 
out mice display little, if any, phenotype. For example, even though there is 
increased expression of MMP-3 in rheumatoid and osteoarthritis, MMP-3- 
deficient mice have no detectable phenotype. These mice develop normally, and 
even when challenged with an experimental model of arthritis, the knockout mice 
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have the same severity of arthritic disease and cartilage degradation as wild-type 
mice (Mudgett et al., 1998). 

The gelatinases (MMP-2, MMP-9) have also been knocked out in mouse mod- 
els (Itoh et al., 1998; Masson et al., 1998; Vu et al., 1998). The MMP-9-deficient 
mouse shows abnormal vascularization of the growth plate that is overcome in 
adult mice (Engsig et al., 2000; Vu et al., 1998). The MMP-9 deficiency is also 
associated with a delay in osteoclast recruitment into hypertrophic cartilage 
(Engsig et al., 2000) and reduced angiogenesis and tumor progression (Itoh et al., 
1998). Mice without the MMP-2 also develop normally but display reduced angio- 
genesis and tumorigenesis (Masson et al., 1998). MMP-11 (stromelysin 3) dele- 
tion showed no apparent phenotype but did show a decrease in tumor “takes.” 
In a syngeneic tumor model of MMP-11 knockout mice, injection of cancer cells 
did not affect neoangiogenesis or cell proliferation, but there was an increase in 
malignant cell death (Boulay et al., 2001). All in all, the mild phenotypes suggest 
that these MMPs are not critical during development and that redundancies in 
MMP expression may be an important compensatory mechanism, with other 
MMP family members rescuing the enzymatic deficiencies. 

In contrast, however, the MT1-MMP knockout mouse shows a severe phenotype. 
These mice develop dwarfism, osteopenia, and arthritis with a prominent fibrotic 
synovitis (Holmbeck et al., 1999). They also have aberrant bone growth and 
angiogenesis (Zhou et al., 2000). It is not known whether this phenotype results 
from the lack of activation of MMP-2, MMP-9, and MMP-13, which is accom- 
plished by MT1-MMP, or to the loss of direct collagenolytic activity due to the 
absence of this enzyme. Although the phenotype seen in these studies is dramatic, 
it is possible the major effects of MT1-MMP loss are restricted to development, 
and thus the deficiency may not be so devastating in adults. A mouse with a 
conditional knockout of MT1-MMP could be an important tool for increasing our 
understanding of this novel MMP family member. 

Transgenic mice have demonstrated a role for MMP-13 (interstitial collagenase 3 )  
in the pathophysiology of arthritis. Overexpressing a constitutively active form of 
this enzyme in the hyaline cartilage of mice resulted in joint erosions resembling 
those seen in osteoarthritis, where type 11 collagen degradation is confined to 
cartilage and bone (Neuhold et al., 2001). It has also been found in some cancers, 
particularly squamous cell carcinomas of the head and neck, and in some breast 
cancers Oohansson et al., 1999; Kahari et al., 1998; Tsukifuji et al., 1999; Uitto 
et al., 1998). MMP-13 is the major interstitial collagenase in mice and rats, as the 
genome of these animals does not contain MMP-1. As such, it is possible that the 
regulation of MMP-13 in these animals differs from that seen in humans, where 
both interstitial collagenases are present. 

In humans, MMP-1 (collagenase-1) is the most ubiquitously expressed of the 
interstitial collagenases (Vincenti et al., 1996). Most cells produce low basal levels, 
which contribute to normal physiology, and expression is increased readily and 
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substantially upon exposure to growth factors and inflammatory cytokmes 
(Vincenti et al., 1996). MMP-8 (collagenase-2; neutrophil collagenase) is primarily 
the product of polymorphonuclear leukocytes, where it is synthesized and pack- 
aged in granules that are released in response to inflammatory stimuli. However, 
more recently, its expression has also been seen in osteoarthritic chondrocytes, and 
future studies may reveal new biologic roles for this enzyme (Shlopov et al., 1997). 

With its ubiquitous expression, MMP-1 has a role in the pathophysiology of 
many diseases. These include periodontal disease, rheumatoid and osteoarthritis, 
atherosclerosis, and tumor invasion/metastasis (Benbow and Brinckerhoff, 1997; 
Brinckerhoff et al., 2000; Vincenti et al., 1996). The contribution of MMP-1 to 
joint destruction in both rheumatoid and ostseoarthritis has been recognized for 
some time, but, more recently, attention has turned to the role of MMP-1 in 
tumor biology (Benbow et al., 1999a,b; Brinckerhoff et af., 2000; Durko et al., 
1997; Inoue et al., 1999; Itoet al., 1999; Murrayet al., 1996, 1998; Schoenermark 
et af., 1999). Even though the degradation of type IV collagen in the basement 
membrane is an essential component of tumor invasion, this is not the only 
bamer that must be broken down. The stromal collagens, types I and 111, are the 
major proteins in our body and must also be degraded if tumor cells are to migrate 
to other sites. Furthermore, because it is usually not the primary tumor that is 
lethal, the invasive potential of tumor cells becomes an important component of 
cancer biology. Increasingly, it is apparent that heightened production of MMP-1 
is associated with progressing and advancing tumors, whether the enzyme is 
produced by the tumor cells and/or by the surrounding stromal cells (Benbow 
et al., 1999a, b; Brinckerhoff et al., 2000). 

The specific role of MMP-1 in the degradation of stromal collagen by tumor 
cells and by stromal fibroblasts has been investigated in malignant melanoma 
(Benbow et al., 1999a) and in breast cancer (Benbow et al., 1999b). These stud- 
ies have utilized an in vitro invasion assay, which quantitates the ability of the 
tumor cells to traverse a layer of type I collagen. These investigations were camed 
out with A2058 melanoma cells and MDA231 breast cancer cells, both of which 
have the 2G genotype and which produce copious amounts of MMP-1. 
Furthermore, MMP-1 is the predominant MMP synthesized by these cells, again 
emphasizing the role of this MMP in aggressive tumors. Although both of these 
cancer cells readily invade a matrix of type I collagen, they do so by different 
mechanisms. Despite the presence of large amounts of MMP-1, A2058 melanoma 
cells failed to invade the collagen matrix, probably because these cells did not 
produce MMP-3, an enzyme needed for the maximal activation of pro-MMP-1. 
However, when the tumor cells were cocultured with normal stromal fibroblasts 
or with conditioned medium derived from these fibroblasts, invasion occurred. 
Subsequent experiments demonstrated that the stromal cells produced MMP-3, 
which then activated pro-MMP-1, allowing invasion to proceed (Benbow et al., 
1999a). In contrast, the MDA-23 1 breast cancer cells invaded the collagen 
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FIGURE 2 Invasion of type I collagen by MDA231 breast cancer cells. Cells were seeded on a 
collagen type I matrix. Scanning electron microscopy images were taken after (A) 8, (B) 24, and 48 
in the absence (C) or presence of all-trans retinoic acid (D). In the absence of all-trans retinoic acid, 
invasion into the collagen type I matrix was observed after 24 h. After 48 h, cells completely invaded 
the matrix. In the presence of all-trans retinoic acid, invasion into the collagen layer was inhibited. 

readily without the aid of stromal cells (Fig. 2). Experiments with Aprotinin, an 
inhibitor of serine proteinases, demonstrated that the cells secreted serine 
proteinase and activated the latent MMP-1. It is important to point out that even 
though the breast cancer cells invaded the collagen on their own, the degree of 
invasion was enhanced by the presence of stromal cell-conditioned medium 
(Benbow et al., 1999b). This finding underscores the potential role of host cells in 
mediating the invasive behavior of tumor cells. 

V. MMPs AS THERAPEUTIC TARGETS 

Because overexpression of MMPs is directly linked to the pathology of numerous 
diseases, these enzymes represent attractive targets for therapies that block 
either their activity or their synthesis. Inhibiting enzyme activity with synthetic 
compounds has represented a substantial research effort. However, difficulties 
associated with inhibiting only a specific MMP, with delivery of the drug, with 
rates of clearance, and with achieving clinically effective concentrations have 
hampered progress (Greenwald et al., 2000; Vincenti et al., 1994). 
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Suppressing MMP synthesis by inhibiting the expression of MMP genes at the 
level of transcription is another approach (Borden and Heller, 1997; Schroen 
et al., 1997; Vincenti et al., 1996). The multifunctional growth factor, transform- 
ing growth factor P (TGF-P), glucocorticoid hormones, and vitamin A analogs all 
inhibit MMP synthesis (Benbow and Brinckerhoff, 1997; Heimbrook and Oliff, 
1998; Kerr et al., 1990; Mauviel et al., 1996). Although these compounds can 
block MMP gene expression, difficulties associated with the goal of blocking 
expression of a particular MMP, rather than all of them, has been problematic. 
Perhaps some of these difficulties can be attributed to the fact that in contrast to 
transcriptional activation, which seems to depend on interaction of the proximal 
AP-1 site with numerous other elements, this AP-1 site plays a prominent role in 
repression by each of these agents. 

TGF-P inhibits MMP-1 and MMP-3 gene expression by Fos- or Jun-dependent 
mechanisms, which operate at the AP-1 site and at a cooperating upstream motif 
(Kerr et al., 1990; Mauviel et al., 1996; White et al., 2000). This motif is the 
TGF-P inhibitory element (TIE; 5’-GAGTTGGTGA-3’), located at - 709 bp in the 
rat MMP-3 promoter and at -245 bp in both rabbit and human MMP-1 promot- 
ers. Treatment of cells with TGF-P alters the complex of proteins binding to the 
AP-1 site in the human MMP-1 promoter to include CREB (Kramer et al., 1991). 
It also induces several nuclear proteins, including JunB (Kramer et al., 1991), an 
AP-1 protein that antagonizes transactivation by c-Jun (Deng and Karin, 1993). 
However, despite the presence of a specific TIE, a sequence that can mediate 
repression of MMPs, the wide range of other effects of TGF-P on cells has 
precluded its successful use as an anti-invasive agent. 

Glucocorticoid hormones also inhibit MMP gene expression, and these 
compounds are often used as therapeutic agents in rheumatoid arthritis, where 
several MMPs are overexpressed and can contribute to the pathophysiology of this 
disease (Heimbrook and Oliff, 1998). Because the promoters of MMPs do not 
contain a GW, the suppressive action of these hormones is mediated by an 
indirect effect. The hormones bind to Fos and Jun proteins, which are complexed 
at the proximal AP-1 site, causing a conformational change in these proteins, with 
a subsequent reduction in transcription. However, glucocorticoids also have 
pleotropic effects on many cells, and although they may be effective therapeuti- 
cally, there are serious concerns about side effects and toxicities associated with 
their use in long-term chronic conditions. 

Similarly, the vitamin A analogs, retinoids (Schoenermark et al., 1999; Schroen 
et al., 1997; Spom et al., 1994; Vincenti et al., 1996), have numerous effects on 
cells, including the inhibition of MMP synthesis, which results, for example, in the 
inhibition of tumor invasion (Fig. 2) (Schroen et al., 1997; Spanjaard et al., 1997; 
Spom et al., 1994). In contrast to untreated tumor cells, which migrate through 
the collagen, tumor cells treated with all-trans retinoic acid fail to invade and 
remain on top of the collagen (Benbow et al., 1999b; Schoenermark et al., 1999). 
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Retinoids bind to the nuclear hormone receptors, retinoic acid receptors (RARs) 
and retinoid X receptors (RXRs), which are members of the steroid hormone 
receptor superfamily (Schroen et al., 1997; Sporn et al., 1994). RAWRXR het- 
erodimers or RXR homodimers, in turn, bind to several retinoic acid response 
elements (RARE), with the motifAG[G/T]TCA. However, because most MMP pro- 
moters do not contain an RARE (Schroen et d. ,  1997; Westermark and Kahari, 
1999), retinoid-mediated repression occurs indirectly by a number of mecha- 
nisms. These include (a) induction of RAR mRNAs, (b) suppression of Fos and 
Jun mRNAs and protein, and (c) binding of RAWRXR heterodimers to proteins 
complexed at the proximal AP-1 site in the promoter (Schroen et al., 1997; Spom 
et al., 1994). Despite the broad range of target genes affected by RARs and RXRs, 
retinoids have a history of successful repressors of several lands of malignancy, 
including squamous cell carcinoma of the head and neck and acute promyelocytic 
leukemia. Nonetheless, toxicity and teratogenicity have limited the enthusiasm 
for retinoids as therapeutic agents that reduce MMP gene expression. 

Given the difficulties associated with TGF-P, glucocorticoid hormones, and 
retinoids, it is not surprising that novel therapeutic strategies are emerging. 
Among these are inhibitors of the signal/transduction pathways involved in MMP 
gene expression (Mengshol et al., 2000a; Rowinsky et al., 1999; Westermark and 
Kahari, 1999). Several of these therapies are in clinical trials where they may block 
MMP gene expression and halt cell proliferation as well. One important 
signal/transduction cascade involved in MMP gene expression is the Ras/mitogen- 
activated protein kinase (MAPK) pathway (Mengshol et al., 2000, 2002; Rowinsky 
et al., 1999; Westermark and Kahari, 1999). These novel inhibitors prevent far- 
nesylation and geranylgeranylation of Ras that are required for its location in 
plasma membrane where it transduces signals through the pathways involved in 
the transcriptional regulation of oncogenes and MMPs (Buolamwini, 1999; 
Heimbrook and Oliff, 1998; Rowinsky et al., 1999). In addition, inhibitors of 
MEK/ERK1/2 prevent the phosphorylation/activation of these signal/transducers, 
with subsequent inhibition of MMP gene expression (Mengshol et al., 2000, 2002; 
Rowinsky et al., 1999; Westermark and Kahari, 1999). 

VI. CONCLUSION 

Perhaps the best hope for successful therapies against MMPs lies in the use of 
combination therapies, where several drugs are used together. For example, an 
inhibitor of MMP activity has been used together with conventional chemother- 
apy to halt tumor progression (Zucker et al., 2000). In addition, the development 
of compounds that inhibit MMP activity based on our knowledge of the crystal 
structure of the enzyme may permit the desired specificity. Similarly, the avail- 
ability of ligands that are targeted to specific RARs or RXRs reports (“designer 
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retinoids”) may provide a means for successful therapies directed at inhibiting 
MMP synthesis (Schadendorf et at., 1996; Schoenermark et al., 1999; Spanjaard 
et al., 1997). Our ever-increasing knowledge of mechanisms controlling MMP 
gene expression and of the roles of MMPs in physiology suggests that our ability 
to apply this information in beneficial ways will only increase. MMPs will become 
part of molecular medicine for the 2 1st century. 
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1. INTRODUCTION 

Matrix metalloproteinases (MMPs) are believed to play pivotal roles during devel- 
opment, organogenesis, and tissue remodeling. Excessive or inappropriate 
expression of MMPs may contribute to the pathogenesis of many tissue destruc- 
tive processes, such as arthritis, chronic pulmonary obstractive disease, and 
tumor progression. 

Many experimental observations have been reported in which MMP activity is 
modulated in culture. A drawback of these studies is that they rely on an 
inhibitor-based approach, yet most of the inhibitors are not completely specific to 
MMPs. In addition, the function discerned for an MMP in the isolated context of 
in vitvo studies may not be reflective of its true function in the complex environ- 
ment of the whole animal. Analysis of transgenic mice that have a gain-and-loss 
of function of MMPs has given insights into the biological roles that these 
enzymes play in developmental and pathological processes. 
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11. TARGETED DISRUPTION OF 
MMP GENES IN MICE 

Since the late 1990s, many of the MMPs have undergone gene-targeting experi- 
ments, and at least seven MMP genes have been disrupted individually (Table I). 

MMPs, usually undetectable in cells under normal circumstances, are 
expressed prominently during a variety of biological processes, such as reproduc- 
tion (Fata et al., 2000). On the maternal side, MMP expression is associated 
with menstruation, ovulation, uterine implantation, parturition, and postpartum 
uterine and mammary gland involution (Hulboy et d., 1997). 

Development of the placenta starts with the invasion and migration of 
trophoblasts into the maternal tissue to establish connection with the maternal 
circulation. MMPs are believed to be required not only for trophoblast implan- 
tation, but also for embryonic growth and tissue morphogenesis. However, 
none of the individual MMP mutant mice generated to date has had an embry- 
onic lethal phenotype. MMP-9 is highly expressed during embryonic develop- 
ment by trophoblast cells at implantation (Alexander et al., 19961, but 
homozygous mice with a null mutation in the MMP-9 gene are viable (Vu et al., 

TABLE 1 Phenotypes of MMP-Deficient Mice 

Gene Phenotwes (results) Reference 

MMP-2 gelatinase A 

MMP-3 stromelysin-1 

MMP-7 matrilysin 

MMP-9 gelatinase B 

MMP-11 stromelysm-3 

MMP-12 macrophage 
elastase 

MMP-14 MT1-MMP 

Unaltered secretion of P-amyloid 

Reduced angiogenesis and 

No effect on collagen-induced arthritis 

Decreased intestinal tumorigenesis 

Impaired primary angiogenesis in 

Resistant to bullous pemphigoid 
Reduced keratinocyte hyperproliferation and 

incidence of invasive tumors 

Decreased chemical-induced mutagenesis 

Impaired macrophage recruitment and 
protection from emphysema 

Craniofacial dysmorphism, 
dwarfism, osteopenia 

precursor protein 

tumor progression 

bone growth plates 

ltoh et al. (1997) 

ltoh et al. (1998) 

Singer et al. (1997) 

Wilson et af. (1997) 

Vu et al. (1998) 

Liu et al. (2000) 
Coussens et al. (2000) 

Masson et ul. (1998) 

Hautamaki et al. (1997) 

Holmbeck et al. (1999) 
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1998). All MMP-deficient mice to date are capable of delivering and nurturing 
healthy pups. 

111. POSTNATAL DEVELOPMENT OF KNOCKOUT 
MICE OF MMPs 

MMP-9- or MMP-14-deficient mice demonstrate morphologic abnormalities 
during postnatal development, especially in bone development (Vu et al., 1998; 
Holmbeck et al., 1999). Bone is created by both endochondral ossification in 
which there is a chondroid phase and membranous ossification in which there is 
a direct transformation of fibrous tissue into bone. In the typical tubular bone, 
length is created by endochondral ossification, but the shape is formed circum- 
ferentially by periosteal (membranous) new bone formation. Bones that are 
formed predominantly by periosteal new bone formation or membranous bone 
formation are the bones of the skull, the scapula, and the ilium. There are subtle 
differences in these two types of mineralization. In the epiphyseal growth plate of 
long bone, the epiphyseal cartilage matrix consists mostly of proteoglycan and 
type I1 collagen. In the osteoid calcification that occurs in periosteal new bone 
formation, the osteoid consists principally of type I collagen with lesser amounts 
of noncollagenous proteins (Vigorita, 1999). 

Homozygous mice with MMP-9 gene disruption exhibit an abnormal 
pattern of skeletal growth plate vascularization and ossification. Although 
hypertrophic chondrocytes develop normally, apoptosis, vascularization, and 
ossification in the angiogrowth plate are delayed, resulting in progressive 
lengthening of the growth plate. After 3 weeks postnatal, aberrant apoptosis, 
vascularization, and ossification compensate to remodel the enlarged growth 
plate and ultimately produce an axial skeleton of normal appearance. The 
major defect in MMP-9-deficient mice is delayed long bone growth and devel- 
opment. Growth plates from MMP-9 null mice in culture also show a delayed 
release of an angiogenic activator. MMP-9 is required to initiate primary angio- 
geneisis in the carrilage growth plate, probably through generation of an angio- 
genic signal (Vu et al., 1998). However, the substrate for MMP-9 in modulating 
angiogenesis has not been identified. Interestingly, abnormal degradation of a 
structural or adhesive matrix protein was not obvious in MMP-9-deficient 
mice, observed in other MMP-deficient mice generated, except MMP-14- 
mutated mice. 

MMP-14-deficient mice show the strongest phenotype among MMP mutant 
mice generated to date. MMP-14 is a membrane-bound matrix metalloproteinase 
(MT-MMP) capable of mediating pericellular proteolysis of extracellular matrix 
components. MMP-14 is therefore thought to be an important molecular tool for 
cellular remodeling of the surrounding matrix. 
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MMP- 14 deficiency causes craniofacial dysmorphism, arthritis, osteopenia, 
dwarfism, and fibrosis of soft tissues due to ablation of a collagenolytic activ- 
ity that is essential for the modeling of skeletal and extraskeletal connective 
tissues. MMP- 14 plays pivotal roles in connective tissue metabolism (Holmbeck 
et al., 1999). 

During kidney organogenesis, many kinds of MMP are expressed, but no 
differences between MMP-9-deficient and control kidneys were detected and 
renal function was normal in MMP-9 mutants. In addition, embryonic kidneys 
of MMP-9 mutants developed normally in organ culture (Andrews et al., 
2000). 

N. MMP KNOCKOUT MICE AND DISEASE 

A. WOUND HEALING 

Healing of a slun wound requires several processes similar to development, such 
as cell migration, extracellular matrix (ECM) production and degradation, and 
tissue reorganization. Keratinocytes at the edge of the wound migrate to reepithe- 
lialize the wound surface. The dermis also contributes by new vascularization and 
contraction to facilitate wound closure. In animal studies, MMP activity is impli- 
cated in keratinocyte migration and dermal neovascularization and contraction 
(Okada et a]. ,  1997). Direct evidence for a role of MMPs in wound healing comes 
from studies of MMP-3 null mice. 

Excisional wounds in MMP-3-deficient mice failed to contract and healed 
more slowly than those in wild-type mice. Cellular migration and epithelial- 
ization were unaffected in stromelysin-1-deficient animals. The functional 
defect in these mice is failure of contraction during the first phase of healing 
because of inadequate organization of actin-rich stromal fibroblasts (Bullard 
et al., 1999). Wound healing in MMP-2-deficient mice was also slower than 
in wild-type mice, but in this case, cellular migration and epithelialization 
were affected and granulation tissue formation was very poor (Okada et al., 
unpublished data). 

B. PULMONARY EMPHYSEMA 

A major component of obstructive pulmonary disease is destruction and enlarge- 
ment of peripheral air spaces of the lung. Cigarette smoking is the most com- 
monly identified correlate with chronic bronchites during life and extent of 
emphysema at postmortem. Prolonged cigarette smolung leads to inflammatory 
cell recruitment and activation with release of elastases. in excess of inhibitors. 
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ECM degradation coupled with abnormal repair results in lung destruction char- 
acteristic of emphysema. The contribution of neutrophil elastase is thought to be 
most important; however, it is possible that other neutrophil proteinases or 
enzymes form the more abundant macrophages also contribute to lung damage 
associated with prolonged cigarette smohng. In macrophage elastase (MMP-12)- 
deficient mice exposed to cigarette smoke, in contrast to wild-type mice, there are 
no increased numbers of lung macrophages and the animals do not develop 
emphysema in response to long-term exposure. Smoke-exposed MMP- 12- 
deficient mice that received monthly intratracheal instillations of monocyte 
chemoattractant protein- 1 accumulated alveolar macrophages but did not develop 
air space enlargement (Hautamaki et al., 1997). Thus, macrophage elastase is 
probably sufficient for the development of emphysema that results from chronic 
inhalation of cigarette smoke. Additionally, MMP-12-deficient mice failed to 
recruit monocytes into their lungs in response to cigarette smoke. However, the 
concept that proteolytically generated elastin fragments mediate monocyte 
chemotaxis was first shown more than a decade ago. MMP-12 produced by 
macrophages cleaves elastin. This positive feedback loop could perpetuate 
macrophage accumulation and lung destruction. 

Neutrophil influx into the alveolar space in metalloelastase-deficient animals 
was reduced to approximately 50% of that observed in parent strain mice follow- 
ing the induction of injury by immune complexes. In addition, lung permeability 
in metalloelastase-deficient mice was approximately 50% of that of injured parent 
strain animals with normal levels of metalloelastase. This was correlated with 
histological evidence of less lung injury in metalloelastase-deficient animals. 
Metalloelastase decreased neutrophil influx into the alveolar space (Warner et al., 
2001b). MMP-3 and MMP-9 are involved in the development of experimental 
acute lung injury, but the mechanisms by which these individual MMPs function 
appear to differ (Warner et al., 2001a). 

C. RHEUMATOID ARTHRITIS 

It has long been proposed that MMP-3 is one of the major degradative matrix 
metalloproteinases responsible for the loss of cartilage in rheumatoid arthritis and 
osteoarthritis. However, knockout mice deficient in MMP-3 developed collagen- 
induced arthritis, as did the wild-type mice. Histologic analyses demonstrated no 
significant differences between wild-type and knockout mice in loss of articular 
cartilage and proteoglycan staining. Also, aggrecanase, which is distinct from 
MMPs, cleaves aggrecan at the MMP site (Singer et al., 1997). 

The disease gene for multicentric osteolysis with carpal and tarsal resorption, 
crippling arthritic changes, marked osteoporosis, and palmar and plantar subcu- 
taneous nodules is localized to 16q12-21 where the gene locus encoding MMP-2 
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is found. No MMP-2 enzymatic activity in the serum or fibroblasts of affected fam- 
ily members was detected (Martignetti et al., 2001). As mice deficient in MMP-2 
do not show such a phenotype, other gene mutations may be necessary. 

D. CEREBRAL ISCHEMIA 

MMPs are elevated after cerebral ischemia. After inducing cerebral ischemia 
in mice, ischemic lesion volumes were reduced significantly in MMP-9 knockout 
mice compared with wild-type littermates in male and female mice. In wild- 
type mice, the broad-spectrum MMP inhibitor BB-94 (batimastat) also reduced 
ischemic lesion size significantly. However, BB-94 had no detectable protective 
effect when administered to MMP-9 knockout mice subjected to focal cerebral 
ischemia (Asahi et al., 2000). 

E. CANCER 

Tumor growth involves alterations in the stromal ECM, and malignant tumors 
often induce a fibroproliferative response in the adjacent stroma, characterized by 
an increased expression of type I and I11 procollagens. The formation of tumor 
stroma is often viewed as a nonspecific host attempt to wall off the tumor, and it 
is thought to have a negative influence on tumor progression. During the process 
of metastasis formation, malignant cells detach from the primary tumor, invade 
the stromal tissue, enter the circulation, arrest at the peripheral vascular bed, 
extravasate, invade the target organ interstitium and parenchyma, and form a 
metastatic colony (Stetler-Stevenson et al. , 1993). Tumor-induced angiogenesis is 
essential for growth of the primary tumor and metastases, and new blood vessels 
are also frequent sites for tumor cell entry into the circulation. 

MMPs are believed to promote tumor progression by initiating carcinogenesis, 
enhancing tumor angiogenesis, disrupting local tissue architecture to allow 
tumor growth, and breaking down basement membrane bamers for cancer 
invasion and metastasis. Some MMPs, such as MMP-7 or MMP-13, are expressed 
by tumor cells. 

MMP-7 is expressed in a high percentage of early stage human colorectal 
tumors and in mouse benign intestinal tumors of a mouse having a nonsense 
autosomal-dominant germline mutation in the adenomatous polyposis coli gene, 
the Min mouse. MMP-7 gene-targeted mice were generated and mated to Min 
mice. The absence of matrilysin resulted in a reduction in mean tumor multiplic- 
ity in mice of approximately 60% and a significant decrease in the average tumor 
diameter. These results may conclude that MMP-7 has a function in a capacity 
independent of matrix degradation (Wilson et al., 1997). 



16. Knockout Mice of MMP Genes 305 

MMPs are produced predominantly by surrounding host stromal and inflam- 
matory cells in response to factors released by tumor cells. MMPs may then bind 
to tumor cells and angiogenic endothelial cells, advancing tumor progression. For 
example, MMP-2 binds through its carboxy-terminal domain to avP3 integrin on 
melanoma cells and angiogenic blood vessels, enhancing tumor growth. Autolytic 
processing of MMP-2 with release of the carboy-terminal domain competes with 
cell surface binding of the enzyme, inhibiting angiogenesis and tumor growth 
(Brooks et al., 1998). 

Mice devoid of MMP-2 generated by gene targeting develop normally, except 
for a subtle delay in their growth, thus providing a useful system to examine the 
role of MMP-2 in the cleavage and secretion of P-amyloid precursor protein 
(APP) in vivo. APP is cleaved within the P-amyloid region and secreted into the 
extracellular milieu of brain and cultured fibroblasts without MMP-2 activity. 
Therefore the cleavage and releasing process are not dependent upon MMP-2 
(Itoh et al., 1997). 

MMP-2-deficient mice exhibit impaired primary tumor growth and decreased 
experimental metastases of B16-BL6 melanoma and Lewis lung carcinoma (LLC) 
cells (Itoh et al., 1998). 

MMP-11 is also a MMP expressed in mesenchymal cells located close to 
epithelial cells during physiological and pathological tissue remodeling 
processes. In human carcinomas, high MMP-11 levels are associated with a poor 
clinical outcome. MMP-1 1-deficient mice were fertile and did not exhibit obvi- 
ous alterations in appearance and behavior, but the lack of MMP-11 altered 
malignant processes. Specifically, the absence of MMP-11 results in a decreased 
7,12-dimethylbenzanthracene-induced tumorigenesis in MMP-1 1-deficient 
mice. Also, MMP-1 1-deficient fibroblasts have lost the capacity to promote 
implantation of MCF7 human malignant epithelial cells in nude mice (Masson 
et al., 1998). 

Mice lacking MMP-9 show reduced keratinocyte hyperproliferation at all 
neoplastic stages and a decreased incidence of invasive tumors. However, those 
carcinomas that do arise in the absence of MMP-9 exhibit a greater loss of 
keratinocyte differentiation, indicative of a more aggressive and higher grade 
tumor (Coussens et al., 2000). 

While MMPs commonly facilitate tumor progression, proteolytic cleavage 
products of MMPs may inhibit angiogenesis, limiting tumor progression. 
Angiostation, a plasminogen cleavage product containing kringle domain 1-4, 
inhibits endothelial cell proliferation and was isolated from the urine of mice with 
LLC cells. It inhibits endothelial cell proliferation and is believed to be responsi- 
ble for maintaining LLC lung metastases in a dormant state (O’Reilly el al., 1994). 
Generation of angiostatin in primary LLC tumors correlated with the presence of 
macrophages and macrophage elastase (Dong et al., 1997). Several other MMPs 
are also capable of generating angiostatin (Cornelius et al., 1998) and another 
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antiangiogenic fragments of plasminogen. Thus, MMP may benefit the host or the 
tumor dependent on spatial expression, proteolytic capacity, and binding affinity 
for matrix and tumor cells. 

V. CONCLUSION 

Transgenic technology offers the possibility of determining whether MMPs 
contribute directly to developmental and pathological processes, and some phe- 
notypes of MMP knockout mice have uncovered bonafide biological functions of 
MMPs. However, the transgenic technology sometimes has limitations. First, loss 
of a protein might alter many physical processes by compensation. Second, muta- 
tion of a gene may mask the real biological function of the gene product. Third, 
because of species differences, the results may be not generalized to human 
biology. Limitations of these techniques and powerful applications on the horizon 
are also presented as we embark on an era where controlled experiments can be 
performed in complex mammalian models. We must recognize these limitations, 
while utilizing transgenic technology as an effective tool. 
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CHAPTER 17 
Structures and Functions of 
Tissue Inhibitors of 
Metallopro teinases 
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Tissue inhibitors of metalloproteinases (TIMPs) are secreted proteins that control 
the integrity of the extracellular matrix (ECM) through their inhibitory activities 
on matrix metalloproteinases (MMPs). The four members of the TIMP family dif- 
fer in structure, biochemical properties, and expression, indicating that they have 
distinct physiological roles. The inhibitory spectra of the TIMP family, however, 
overlap each other, suggesting a double and triple security for their MMP inhibition. 
X-ray and nuclear magnetic resonance (NMR) studies have revealed two struc- 
tural features: (1) the wedge-shaped inhibitor fits into the active site cleft of the 
MMP catalytic domain and (2) their N-terminal domains are folded into a 
&barrel structure common to oligosaccharide/origonucleotide binding (0B)-fold 
proteins. In addition to their primary functions as intrinsic inhibitors of MMPs, 
TIMPs, especially TIMP-1 and TIMP-2, exert cell growth-modulating activity. Both 
TIMP-1 and TIMP-2 are identical to erythroid potentiating activity (EPA). TIMP-1 
is also identical to embryogenesis-stimulating activity (ESA), and its complex with 
procathepsin L is identical to steroidogenesis-stimulating protein (STP). TIMP-1 
and TIMP-2 protect cells from apoptosis, but TIMP-3 promotes apoptosis. 
It was found that both TIMP-1 and TIMP-2 directly stimulate the bone-resorbing 
activity of osteoclasts. 
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I. INTRODUCTION 

Matrix metalloproteinases are a large family of Ca’+-requiring zinc metallo- 
endopeptidases that collectively degrade most of the extracellular matrix compo- 
nents (Nagase, 1996; Woessner, 1998; Woessner and Nagase, 2000). MMPs play 
a pivotal role in both normal development and remodeling and in many patho- 
logical conditions, such as cancer invasion and metastasis, arthritis, glomeru- 
lonephritis, atherosclerosis, tissue ulceration, and periodontal diseases. The 
activity of MMPs is specifically controlled by their intrinsic inhibitors, called tis- 
sue inhibitors of metalloproteinases (Woessner and Nagase, 2000; Edwards et al., 
1996; Gomez et al., 1997; Murate et al., 1999). In addition to having potent 
inhibitory activity against MMPs, TIMPs have also been shown to have multiple 
functions represented by cell growth-modulating activity. The first half of this 
chapter covers the general aspects of structures and functions of TIMPs, especially 
putting weight on recent findings, and the second half focuses on unique func- 
tions of TIMPs, which are independent of their MMP-inhibitory activities. 

11. GENERAL ASPECTS OF THE TIMP FAMILY 

A. STRUCTURES OF TIMPs 

To date, four members of the human TIMP family (TIMP-1, TIMP-2, TIMP-3, and 
TIMP-4) are known (Table I). Some structural features are common to all four 
TIMPs. One of the important features is the special conservation of 12 cysteine 
residues that form intramolecular disulfide bonds folding the proteins into 
two domains, i.e., the large N-terminal domain (126 amino acids in the case of 
TIMP-1) and the small C-terminal domain with three loops in each domain, as 
shown in Fig. 1. It has been demonstrated that the N-terminal domain of 
TIMP-1 contains the inhibitory site for MMPs. The first 22 amino acids of the 
N-terminal domain of mature forms of all TIMPs are highly conserved (Fig. 2) and 
are known to be critical for MMP inhibitory activity. 

X-ray studies of both MMP-3-TIMP-1 (Gomis-Ruth et al., 1997) and MMP-14- 
TIMP-2 (Tuuttila et al., 1998; Femandez-Catalan et al., 1998) complexes revealed 
two important structural features of those TIMPs: (1) the N-terminal seg- 
ment (Cysl-Pros) and a part of the C-connector loop (Ala65-Cys70 in TIMP-1 
or Ala66-Cys72 in TIMP-21, which are linked by Cysl-Cys70 or Cysl-Cys72 
disulfide bridge in TIMP-1 or TIMP-2, respectively, form a wedge-shaped edge and 
fit into the active site cleft of MMP catalytic domain; and (2) the N-terminal 
domain of either TIMP-1 or TIMP-2 is folded into a five-stranded P-pleated 
sheet rolled into a p barrel of conical shape common to the oligosaccharide/ 



TABLE I TIMP Family 

Chromosome 
Gene structure 
mRNA 
Protein size 
Amino acids 

Signal peptide 
Mature form 

Sequence homology 

TIMP-1 TIMP-2 TIMP-3 TIMP-4 

Xp 11.2-11.4 17q 23-25 22q 12.1-13.2 3 p 2 5  
5 exons and 4 introns (4.3 kb) ? 

1.4 kb 0.9 kb 3.5, 1.0 kb 
25-36 kDa (20,6859 20-24 kDa (21,600a) 27, 24 kDa (21,689'1 (22.442a) 

? 5 exons and 4 introns (30 kb) 
5.0 (2.4, 2.2) kb 

23 26 23 29 
184 195 

38% 
1 5 0 %  1 

Glycosylation + (two sites) 
Localization mode Diffusible 
Complex with proMMP pro-MMP-9 

2, I" 

- + (one site) 
Diffusible ECM bound 
pro-MMP-1, pro-MMP-2 ? 

? 
? 

pro-MMP-2 
~~ ~ 

aCalculated from their amino acid sequences 
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-, N-terminal domain 
-n, C-terminal domain 

FIGURE 1 Schematic representation of the two-dimensional structure of TIMP. Six loop structures 
are described. C denotes a conserved cysteine residue. N terminus and C terminus are described as 
NH3+ and COO-, respectively. 

origonucleotide-binding fold (OB-fold) also found in certain DNA-binding 
proteins (Williamson et al., 1994; Callebaut and Mornon, 1997). 

NMR studies on both TIMP-1 and TIMP-2 in solution have revealed some 
features of the interaction between TIMP and MMP. An extended AB P-hairpin, 
which is a feature of TIMP-2, has a key role in the binding of TIMP-2 to MMPs 
(Muskett et al., 1998; Williamson et al., 1999). TIMP-1 exhibited a localized 
induced fit in the recognition of MMPs (Wu et al., 2000) and underwent micro- 
second to millisecond motions at the site of MMP-induced fit (Gao et al., 2000). 

B. FUNCTIONS OF TIMPs 

A principal physiological role of TIMPs is to regulate degradation of the basement 
membrane and extracellular matrix by MMPs during development and tissue 
remodeling. TIMP family members inhibit activated MMPs by binding in a 1 : l  
stoichiometry and in a noncovalent fashion. These complexes do not dissociate 
by gel filtration, indicating a fairly tight binding. For half-maximal inhibition, 
TIMP-1 was more effective than TIMP-2 at inhibiting MMP-1 (Howard et al., 
1991; Ward et al., 1991) and MMP-3 (Nguyen et al., 1994). TIMP-2, however, 
was more effective than TIMP-1 at inhibiting MMP-9, but conflicting results 
regarding these inhibitors with respect to MMP-2 have been reported Ward et al., 
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FIGURE 2 
described. C (red) denotes 12 conserved residues. Letters in blue show conserved amino acids. 

Primary structure of the human TIMP family. Amino acid sequences of human TIMPs are 

1991; Nguyen et al., 1994). There was no significant difference between TIMP-1 
and TIMP-3 at inhibiting MMPs-1, -2, -3, and -9 (Apte et al., 1995). Both TIMP-1 
and TIMP-3 were about five-fold more effective than TIMP-2 at inhibiting MMP-13 
(Knauper et al., 1996). Interestingly, MT1-MMP was inhibited by TIMP-2 and 
TIMP-3, but was essentially not affected by TIMP-1 (Kinoshita et al., 1996; Will 
et al., 1996). 

TIMP-2 (Lombard et al., 1998) and TIMP-3 (Smith et al., 1997) have been 
shown to inhibit the shedding of tumor necrosis factor (TNF)-a receptors in 
human colon adenocarcinoma cell lines, Colo 205 and DLD, respectively. So far, 
it has been accepted to be one of the criteria for a proteinase to be designated as 
a member of the MMP family that the proteinase activity should be inhibited by 



314 IV. Basic Science of MMPs and TIMPs 

TIMP (Nagase et al., 1992). However, TIMPs are no longer known solely as intrin- 
sic inhibitors of MMPs but also as having inhibitory activity against other zinc 
metalloendopeptidases, ADAM family, as shown by other studies; i.e., TIMP-3 
inhibited TACE (ADAM-17) (Amour et al., 1998) and both TIMP-1 and TIMP-3 
inhibited ADAM-10 (Amour et al., 2000). TIMP-3 also inhibited the secreted 
soluble form of human ADAM-12 (ADAM 12-9, but its inhibitory activity was 
very weak (Loechel et al., 2000). Furthermore TIMP-3 was found to be a potent 
inhibitor of ADAM-TS4 (aggrecanase 1) (Hashimoto et al., 2001; Kashiwagi et al., 
200 1) and ADAM-TS5 (aggrecanase 2) (Kashiwagi et al., 200 1). 

Another feature of TIMP-1 and TIMP-2 is that, in addition to inhibiting MMP 
activity by binding to the active form of the enzymes, TIMP-1 could bind to pro- 
MMP-9 (Murphy et al., 1989; Wilhelm et d., 1989), and TIMP-2 could bind to 
pro-MMP-1 (DeClerck et al., 1991) and pro-MMP-2 (Goldberg et al., 1989; 
Stetler-Stevenson et al., 1989) in a 1:l stoichiometry and in a noncovalent fash- 
ion. The physiological significance of these complexes has been revealed: both 
TIMPs inhibited the intramolecular autoactivation of the proenzymes (Howard 
et al., 1991; Okada et al., 1992). Either TIMP complexed with proenzyme still had 
the capability to inhibit active MMPs, suggesting formation of a tertiary complex. 
It has been demonstrated that TIMP-4 could also make a complex with pro- 
MMP-2 in a fashion closely similar to the TIMP-2-pro-MMP-2 interaction (Bigg 
et al., 1997). TIMP-4 could not promote but did competitively reduce pro- 
MMP-2 activation by MT1-MMP ( B i g  et al., 2001; Hernandez-Barrantes 
et al., 2001). 

As shown in Table I, TIMP-3 is distinguished from other TIMPs by its tight 
binding to the ECM (Anand-Apte et al., 1996). Glycosaminoglycans, such as 
heparin, heparan sulfate, chondroitin sulfates A, B, and C, and sulfated com- 
pounds, such as suramin and pentosan, have been demonstrated to make a sta- 
ble complex with TIMP-3 through the p structure (A and B strand) of the 
N-terminal domain of the inhibitor. The colocalization of heparan sulfate and 
TIMP-3 has also been found in the endometrium subjacent to the lumen of the 
uterus (Yu et al., 2000). These results are, however, inconsistent with the results 
of Langton et al. (1998), whose data suggested that TIMP-3 bound to ECM 
through its C-terminal domain. 

Interestingly, mutations in the human TIMP-3 gene were found to be respon- 
sible for a dominantly inherited, adult-onset blindness called Sorsby’s fundus dys- 
trophy (SFD) (Anand-Apte et al., 1996). In addition to five different mutations 
(S181C-, Y168C-, G167C-, G166C-, and S156C-TIMP-3) of this gene, a novel 
C-terminal truncated TIMP-3 mutant (F139X-TIMP-3) has been identified 
(Langton et al., 2000). All of these mutant molecules were expressed and exhib- 
ited characteristics of the normal protein, including inhibition of MMPs and bind- 
ing to ECM. However, unlike wild-type TIMP-3, they all formed dimers. These 
observations, together with the finding that the expression of TIMP-3 is increased, 
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rather than decreased, in the eyes of SFD patients, provide compelling evidence 
that dimerized TIMP-3 plays an active role in the disease process by accumulat- 
ing in the eye (Langton et al., 2000). However, an SFD family without a mutation 
in the TIMP-3 gene has been found (Assink et al., 2000). 

Campbell et al. (1991) have defined serum and phorbol ester responsive 
elements lying just upstream of the major transcription start sites of the TIMP-1 
gene that are binding sites for transcription factors AP-1 (Fos/Jun) and P M ,  a 
member of the c-ets protooncogene family (Edwards et a)., 1992; DeClerck et al., 
1994). Interestingly, the mouse TIMP promoter contains an AP-1 site and can be 
activated transcriptionally by many of the same agents that activate collagenase or 
stromelysin. This suggests that AP-1 is a critical factor that may serve to coordi- 
nate the responses of MMP and TIMP genes to diverse stimuli. Why would both 
a protease and its inhibitor be coordinately induced? The enzyme could digest 
the substrate to a very limited extent before being inactivated by the inhibitor, 
tightly controlling the extent of ECM degradation. Alternatively, there may be a 
slight difference in kmetics of the induction of enzymes and inhibitors that may 
also allow limited ECM degradation. A novel transcription factor, ssT, identified 
to be important in the basal transcription of murine TIMP-1 has been found 
(Phillips et al., 1999). Also discovered were new elements named upstream 
TIMP-1 element-1 (UTE-1) in the human TIMP-1 promoter, which interacts with 
a 30-kDa nuclear protein (Trim et al., 20001, and a repressive element within the 
TIMP-1 promoter and intron 1, which binds Spl, Sp3, and an unidentified Ets- 
related factor to suppress the transcription of human TIMP-1 (Dean et al., 2000). 

The in vivo patterns of expression of the three TIMP genes in mice are distinct. 
In the mouse, the expression of TIMP-1 has been localized to areas of active ECM 
remodelling, such as sites of osteogenesis in the developing embryo and in the 
uterus and ovaries of adult females (Nomura et al., 1989). TIMP-2 showed a dis- 
tinctive accumulation in the placenta just prior to birth (Waterhouse et al., 1993). 
However, TIMP-3 transcripts were found at high levels in certain adult tissues that 
lacked the expression of other TIMPs, e g ,  the hdney and brain (Apte et al., 
1994). In the developing mouse embryo, TIMP-3 transcripts were abundant in the 
surface epithelia of organs such as the developing bronchial tree, kidney, colon, 
and esophagus (Apte et al., 1994). These data support the notion that the indi- 
vidual TIMPs perform specific and noninterchangeable tasks. 

The expressed protein of the rnig-5 gene found in WI-38 fibroblasts and HL-60 
myeloid cells was demonstrated to be identical to TIMP-3, and its expression was 
not only induced in response to mitogenic stimulation, but was also expressed 
maximally at the mid-GI phase of cell proliferation (Wick et al., 1994). 

In initial studies, no significant distinguishing differences were observed in 
TIMP-1 knockout mice with respect to embryonic development, viability, or 
fertility. Knockout mice at 4 months showed a significant ( p  < 0.05) increase in 
left ventricular (LV) mass, LV end-diastolic volume, and wall thickness compared 
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with wild-type controls in comparative echocardiographic studies (Roton et al., 
2000). However, LV systolic pressure, ejection performance, and LV myocyte 
cross-sectional area were unchanged in the two groups of mice, but the myocar- 
dial fibrillar collagen content was reduced in the knockout mice. These findings 
suggest that constitutive TIMP-1 expression participates in the maintenance of 
normal LV myocardial structure. TIMP-1 knockout mice further showed a sig- 
nificant decrease in the length of the estrus period, significantly lower levels of 
uterine TIMP-3 mRNA expression, altered uterine morphology, significantly 
higher serum estradiol levels, and significantly lower serum progesterone levels 
compared with their wild-type counterparts (Nothnick, 2000). 

111. MULTIPLE FUNCTIONS OF TIMPs 

Although MMP inhibition is the primary function of TIMPs, accumulating studies 
have demonstrated a wide variety of other TIMP functions (Fig. 31, some of which 
have been known to be independent of their MMP inhibitory activities. 

A. ERYTHROID POTENTIATING ACTIVITY (EPA) 

The primary structure of human TIMP-1 deduced from its cDNA cloning 
(Docherty et al., 1985) is known to be identical to that of EPA (Gasson et al., 
1985>, which stimulated the growth of erythroid progenitor cells (BFU-E and 
CFU-E) (Westbrook et al., 1984) and human erythroleukemia cell line K-562 cells 

MMP inhibition 
Oactive MMPs (all TIMPs) 
Oautoactivation of proMMP-2 PIMP-2) 

and proMMP-9 (TIMP-I) 
Stimulation of erythroid 
proliferation and differentiation 

OEPA PIMP-I & 2) 
BFU-E & CFU-E 

Cell-growth modulation Osuppression PIMP-I & 2) 
Opromotion (TIMP-3) 

Ocell-growth stimulation 

Ohhibition of TKR-growth 
PIMP-1 & 2) 

Others 
Stimulation of gonadal steroidogenesis OproMMP-2 activation (TIMP-2) 

Odetachment of cells from ECM VIMP-3) 
Ostimulation of MMP-1 secretion PIMP-1) 

OSTP (TIMP-1-procathepsin L complex) 
Leydig & ovarian granulosa cells 

FIGURE 3 Multiple functions of the TIMP family. 
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(Avalos et al., 1988). Hayakawa et al. (1990) demonstrated that TIMP-1 produced 
by human bone marrow stromal cell line KM 102 had both EPA activity and 
MMP inhibitory activity and proposed a bifunctional role for TIMP-1/EPA in the 
hematopoietic microenvironment, i.e., the maintenance of the integrity of 
the bone marrow matrix and the proliferation of erythroid progenitor cells in the 
matrix. Later, TIMP-2 was also reported to have EPA activity (Stetler-Stevenson 
et al., 1992). N-terminal TIMP-1 point mutants (H7A-, Q9A- and H7A/ 
Q9A-TIMP-1) lacking MMP inhibitory activity showed full EPA (BFU-E) activity 
equal to that of unmutated TIMP-1 (Chesler et al., 1995) suggesting that 
both MMP inhibitory and EPA activities are distinct physically and functionally. 
C-terminal-truncated TIMP-1 (AC128-TIMP-1), however, showed fully both MMP 
inhibitory and EPA activities. The p38 MAP kinase pathway has been suggested 
to be involved in TIMP-1-induced erythroid differentiation (Petitfrkre et al., 2000). 
From results of a study on mouse erythroleukemia cell line ELM-1-1-3, we sug- 
gested the entity of EPA to be the combined function of the proliferating activity 
of TIMP-1 and the differentiating activity of erythropoietin on erythroid progeni- 
tor cells (Murate et al., 1993). 

B. CELL GROWTH-MODULATING ACTIVITY 

TIMP-1 has been demonstrated to be mitogenic for a wide range of human and 
bovine cells, including fibroblasts, keratinocytes, hematopoietic cells, and various 
carcinoma cell lines (Bertaux et al., 1991; Hayakawa et al., 1992, 1994; Yamashita 
et al., 1996; Nemeth et al., 1996; Kikuchi et al., 1997; Murate et al., 1997; 
Saika et al., 1998; Luparello et al., 1999), showing a maximal stimulation at approx- 
imately 100 ndml (3.6 nM) (Hayakawa et al., 1994). Human TIMP-2 also had a 
potent cell growth-promoting activity for various types of human, bovine, and mouse 
cells, having an optimal concentration of 10 ndml(O.46 nM), i.e., about 10 times 
lower than that of TIMP-1 (Hayakawa et al., 1994; Nemeth and Goolsby, 1993). 

Neither TIMP-1 complexed with pro-MMP-9 nor TIMP-2 complexed with 
pro-MMP-2, both of which have fully inhibitory activity against active forms 
of MMPs (Kolkenbrock et al., 1991; Ward et al., 1991), showed any cell 
growth-promoting activity (Hayakawa et al., 1994). On the contrary, both reduc- 
tively alkylated TIMPs, having no MMP inhibitory activity, showed appreciable 
cell-proliferating activity. Even forming a stable (1: 1) complex with MMP-2, a vari- 
ant with an alanine appended to the amino terminus (Ala + TIMP-2) was inac- 
tive as an MMP inhibitor, but active as a growth factor to cause the proliferation 
of human slun fibroblasts (Hs 60) and also to inhibit the cell growth factor activ- 
ity of basic fibroblast growth factor (bFGF) (Wingfield et al., 1999), which is 
discussed later. These findings strongly indicate that the cell growth-modulating 
activity of TIMPs is independent of their MMP inhibitory activity. 
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The cell growth-promoting activity of both TIMPs is suggested to be a direct 
cellular effect mediated by a cell surface receptor. Avalos et al. (1988) demon- 
strated the presence of EPA/TIMP-1 receptors on K-562 cells, with a Kd of 62 
(50-152) nM and a receptor number of 60,000 sites/cell. They also identified a 
32-kDa receptor protein by using a cross-linker, disuccinimidyl suberate. 
Bertaux et al. (1991) reported that human keratinocytes had a TIMP-1 receptor 
with a Kd of 8.7 nM and a receptor number of 135,000 sites/cell. By using 
Raji cells, which express neither TIMP-1 nor TIMP-2, we demonstrated the 
presence of both high (Kd = 0.15 nM)- and low (35 nM)-affinity-binding sites for 
TIMP-2 with receptor numbers of 2.0 x lo4 and 1.4 x lo5 sites/cells, respectively 
(Hayakawa et al., 1994). 

Elevation of CAMP levels following activation of adenylate cyclase by a 
G-protein-coupled mechanism is suggested to be the signaling pathway involved 
in the mitogenic effects of TIMP-2 on human Hs68 fibroblasts and HT1080 
fibrosarcoma cells (Corcoran and Stetler-Stevenson, 1995). However, we showed 
that H89, H7, bisindolylmaleimide, and K-252a, known to be potent inhibitors of 
protein kinase A, C, and myosin light chain hnase, had essentially no inhibitory 
effect on the mitogenic activity of TIMP-2 on human osteosarcoma cell line 
MG-63 cells stimulated with either TIMP, and we further demonstrated the 
crucial role of tyrosine hnase and the significant elevation of mitogen-activated 
protein (MAP) lunase activity in TIMP-dependent growth signaling Ramashita 
et al., 1996). One obvious difference between the aforementioned two studies was 
in the TIMP-2 concentration used; i.e., they used 0.5-1 pg/ml TIMP-2, which is 
500-1,000 times higher than the level we used. Tahng into account the presence 
of both high- and low-affinity-binding sites on the cell surface, as mentioned 
earlier, we were loolung at signal transduction evoked through TIMP-2 binding 
to high- affinity binding sites, whereas Corcoran and Stetler-Stevenson (1 995) 
studied another pathway involving transduction through low-affinity-binding 
sites. TIMP-3, which has been proposed to be a matrix-bound TIMP, as already 
mentioned, was reported to stimulate the proliferation of growth-retarded, non- 
transformed cells maintained under low serum conditions (Yang and Hawkes, 
1992). These findings led us to conclude that cell growth-promoting activity is a 
common feature of members of the TIMP family. 

Now we know that both TIMP-1 and TIMP-2 are constitutive components in 
human serum and also in fetal calf serum (FCS) (Hayakawa et al., 1994; Kodama 
et al., 1989; Fujimoto et al., 1993). We demonstrated that cell proliferation was 
suppressed remarkably in TIMP-free FCS and was significantly recovered by the 
addition of TIMPs, suggesting that both TIMPs are newly recognized potent 
growth factors in serum (Hayakawa et al., 1992, 1994). 

Although several chemically defined synthetic media have been developed, the 
requirement for serum still remains for many vertebrate cell lines, hinting that one 
or more unknown serum factors may play key roles in regulating in vivo cell 
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maintenance and proliferation. TIMPs may be such factors. The growth depend- 
ency on both TIMPs in FCS was, however, different from one cell line to another 
(Hayakawa et al., 1994). Growth might depend on the amount of TIMPs that 
those cell lines produce by themselves, which would stimulate growth by an 
autocrine mechanism. It might also depend on the characteristics of the receptors 
of each cell line. TIMP-2 was found to inhibit the in vitro proliferation and migra- 
tion of human microvascular endothelial cells stimulated with bFGF (Murphy 
et al., 1993). As neither TIMP-1 nor a synthetic MMP inhibitor, BB-94, could take 
the place of TIMP-2, this ability of TIMP-2 seemed to be independent of its MMP 
inhibitory activity. In addition to its effect on bFGF, TIMP-2 was found to supress 
the mitogenic response to other tyrosine lunase-type growth factors, such as EGF 
and PDGF, inducing a decrease in phosphorylation of EGFR and a concomitant 
reduction of Grb-2 association (Hoegy et al., 2001). However, talung into account 
that a fairly high concentration of TIMP-2 was required for the suppression, there 
is skepticism with respect to the in vivo significance of this inhibitor. 

C. EMBRYOGENESIS-STIMULATING ACTIVITY (ESA) 

ESA, which is essential for the early in vitro development of bovine embryos, was 
found in serum-free conditioned media of bovine granulosa and oviductal epithe- 
lial cells as two molecular species. The primary structure of embryogenin-1, low 
molecular weight (30 K) ESA, determined by cDNA cloning, was found to be iden- 
tical to that of bovine TIMP-1 (Satoh et al., 1994). A conflicting result was 
reported showing that the elimination of TIMP-1 by immunoprecipitation from a 
bovine oviduct-conditioned medium did not affect the ESA activity of this 
medium (Vansteenbrugge et al., 1997). 

D. STEROIDOGENESIS-STIMULATING PROTEIN (STP) 

A 70-kDa protein complex designated as STP was isolated from the medium of rat 
Sertoli cell cultures. The complex, composed of 28- and 38-kDa proteins, was 
shown to be identical to TIMP-1 and the pro-form of cathepsin L, respectively, 
and to stimulate steroidogenesis by Leydig cells and ovarian granulosa cells in a 
dose-dependent and CAMP-independent manner (Boujrad et al., 1995). TIMP-1 
appeared to be responsible for the bioactivity, but procathepsin L was indispen- 
sable for maximal activity. Thus, a TIMP-1-procathepsin L complex is a potent 
activator of steroidogenesis and may regulate steroid concentrations and thus 
germ cell development in both males and females. TIMP-1-deficient mice were 
utilized to examine the STP activity of TIMP-1, but no evidence was found for the 
regulation of steroidogenesis in vivo (Nothnick et al., 1997). 
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It has already been reported that cultured rat granulosa cells produced TIMP-1 
and that this inhibitor acted in part to control the site and extent of follicular con- 
nective tissue remodeling associated with ovulation (Mann et al., 1991). TIMP-1 
together with TIMP-2 and TIMP-3 were demonstrated in vivo in pigs to be present 
in large and small follicles and to be produced by both granulosa and theca cells. 
Furthermore, an in vitro study suggests that TIMP-1 may regulate steroidogenesis 
in addition to controlling tissue remodeling (Shores and Hunter, 2000). 

TIMP-1 is known to be expressed in the uterus of essentially all species. 
Mature female TIMP- 1 null mice showed a significant decrease in the length of the 
estrus period, significantly high serum estradiol levels, and significantly lower 
serum progesterone levels compared with their wild-type counterparts. Also, dur- 
ing the estrus period, these null mice expressed significantly lower uterine TIMP- 
3 mRNA and showed altered uterine morphology (Nothnick, 2000). These results 
allow the conclusion that TIMP-1 has a mutifaceted role in regulating the murine 
reproductive cycle at both uterine and ovarian levels. 

E. APOPTOSIS-SUPPRESSING OR PROMOTING ACTIVITY 

It has been revealed that TIMP-1 suppressed apoptosis in Burkitt’s lymphoma cell 
line inducing expression of Bcl-X, but not Bcl-2 as well as decreased NF-KB activ- 
ity as comparted with controls (Guedez et al., 1998a,b) and human breast epithe- 
lial cells possibly through constitutive activation of cell survival signaling path 
ways (Li et al., 1999) and that TIMP-2 also suppressed that in B16F10 melanoma 
cells (Valente et al., 1998). It was reported previously that transgenic mice over- 
expressing the TIMP-1 gene protected against the apoptosis of mammary epithe- 
lial cells differentiated during normal development of the mammary gland 
(Alexander et al., 1996). Barasch et al. (1999) reported that TIMP-2 secreted by 
ureteric bud (UB) cells rescued metanephric mesenchymal cells from apoptosis as 
a metanephric mesenchymal growth factor. The growth factor activity of TIMP-2 
seems to be independent of MMP inhibitory activity because ilomastat, a synthetic 
MMP inhibitor, had no effect on mesenchymal growth action. On the contrary, 
TIMP-3 was shown to induce cell death by stabilizing TNF-a receptors on the 
surface of human colon carcinoma (Smith et al., 1997). It was further demon- 
strated that apoptosis in a human colon carcinoma cell line (Bian et al., 19961, 
melanoma cells (Ahonen et al., 1998), rat vascular smooth muscle cells through 
WAF 1 induction (Baker et al., 1998), and several other cancer cell lines (Baker 
et al., 1999) was induced by overexpression of TIMP-3. It was also demonstrated 
that the pro-death function of TIMP-3 was located within the N-terminal three 
loops and that the presence of functional MMP inhibitory activity was associated 
with the induction of apoptosis (Bond et al., 2000). Formerly, one of the surv- 
ival factors promoting the survival of a somatotropic cell line was purified from 
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the conditioned medium of a mouse folliculo-stellate cell line culture and was 
identified to be TIMP-2 (Matsumoto et al., 1993). The function of TIMP-2 as a 
survival factor might be ascribed to the antiapoptotic activity of TIMP-2. 

F. TIMPs STIMULATE OSTEOCLA~TIC 
BONE RESORPTION 

As both TIMP-1 and TIMP-2 have been reported to inhibit bone (Witty et al., 
1996; Shimizu et al., 1990; Hill et al., 1993), Shibutani et al. (1999) examined 
whether TIMP-1 and/or TIMP-2 in FCS, with which the culture medium was sup- 
plemented, would affect osteoclastic bone resorption in vitro. Contrary to their 
expectation, significant suppression of osteoclastic bone resorption was observed 
in a rabbit bone marrow culture system when TIMP-1 and TIMP-2 were removed 
from the FCS. Bone resorption was, however, almost fully restored by the addition 
of recombinant TIMPs. Using a mature osteoclast population with more than 95% 
purity, Sobue et al. (2001) revealed that both TIMPs directly stimulated the bone 
resorbing activity in a dose-dependent manner at concentrations less than 50 ng/ml, 
which is the same level as that for their cell growth-stimulating activity (Hayakawa 
et al., 1992, 1994; Yamashita et al., 1996; Nemeth et al., 1996; Kikuchi et al., 
1997; Murate et al., 1997; Saika et al., 1998; Laparello et al., 1999). In contrast, 
significantly higher concentrations (-pg/ml) were required to inhibit osteoclastic 
bone resorption (Witty et al., 1996; Shimizu et al., 1990; Hill et al., 1993). The 
stimulating effects of TIMPs were abolished by the simultaneous addition of anti- 
TIMP antibodies. At higher concentrations, the stimulation of bone resorption 
decreased reversely to the control level. The magnitude of the stimulatory effect of 
TIMP-2 was more than that of TIMP-1. Metalloproteinase inhibitors, such as 
BE16627B and R94138, could not replace TIMPs with respect to the bone- 
resorbing activity, suggesting that the osteoclast-stimulating activity of TIMPs 
was independent of the inhibitory activity toward MMPs. The stimulatory signals 
from both TIMPs for osteoclastic bone resorption were demonstrated to be trans- 
duced through the tyrosine lunase/MEK/ERK pathway, which is also the pathway 
used for the cell growth-stimulating activity of both TIMPs (Yamashita 
et al., 1996). Some TIMP-2 binding proteins on the plasma membrane of osteo- 
clasts were detected by a cross-linking experiment. These findings demonstrate 
that TIMPs directly stimulate the bone-resorbing activity of isolated mature osteo- 
clasts at their physiological concentrations and that the stimulatory action of 
TIMPs is likely to be independent of their activities as inhibitors of MMPs. As 
mentioned previously, TIMPs are so-called growth-modulating factors, and the 
osteoclast-stimulating activity of both TIMPs can also be included in this category 
as a novel function. Northern blot analysis demonstrated that osteoblasts/stromal 
cells expressed high levels of both TIMPs but that osteoclasts expressed only trace 
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amounts of them. These facts suggest that osteoblasts/stromal cells stimulate 
mature osteoclasts in a paracrine fashion through the expression of both TIMPs, 
newly recognized mediators of osteoclast stimulation, besides via RANKL 
(Teitelbaum, 2000). 

G. OTHER FUNCTIONS 

TIMP-3 appeared to accelerate the detachment of transforming cells from the 
ECM and their morphological changes CYang and Hawkes, 1992). These peculiar 
functions of TIMP-3 might be related to the metastasis of cancer cells. 

Clark et al. (1994) showed that TIMP-1 stimulated the secretion of MMP-1. 
The concentration of TIMP-1 needed to significantly stimulate MMP-1 release 
ranged from 1 to 8 pg/ml, which is sometimes achieved in some body fluids, such 
as amniotic fluid, at 16-18 weeks, gestation, sera after parturition, and synovial 
fluids from rheumatoid arthritis or osteoarthritis patients. 

TIMP-2 was essential for the activation of pro-MMP-2 by MT1-MMP anchoring 
pro-MMP-2 on the cell surface (Nagase, 1998). 

IV. CONCLUSIONS AND FUTURE PERSPECTIVES 

TIMPs are really very amazing proteins, as they have many unique functions 
independent of their MMP inhibitory activities and those functions still continue 
to be discovered. As we already introduced, some binding studies have found evi- 
dence for specific, saturable binding of either TIMP-1 or TIMP-2 to high-affinity 
cell surface receptors (Avalos et al., 1988; Bertaux et al., 1991; Hayakawa et al., 
1994). However, trials to isolate and identify their receptor proteins have been 
unsuccessful so far. This is one of the big issues that should be addressed in the 
near future with relation to cell growth factor activity. 

We have demonstrated that TIMP-1 accumulates in the nucleus of human 
gingival fibroblasts (Gin-1 cells) in accordance with the S phase of their cell 
cycle (Li et al., 1995; Zhao et al., 1998). This observation is of importance in 
suggesting an entirely new concept of TIMP-1 being possibly involved in cell 
growth processes. It was further reported later that TIMP-1 bound to the cell 
surface and was translocated to the nucleus of human MCF-7 breast carcinoma 
cells (Ritter et al., 1999) and also that TIMP-1 was expressed constitutively in 
the nucleus of Sertoli cells, which expression was stimulated by 8-CPTcAMP 
(Gr~nning et al., 2000). Although we have no evidence at this moment to 
explain what TIMP-1 is doing in these cell nuclei, one possibility is that 
TIMP-1 might be functioning in the nucleus as an MMP inhibitor, and another 
possibility is that TIMP-1 might bind to DNA, like a transcription factor, 
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through its P-barrel structure as mentioned earlier (Gomis-Ruth et al., 1997; 
Tuuttila et al., 1998). 
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TERUMI TAKAHARA, YUTAKA YATA, LI PING ZHANG, AND AKIHARU WATANABE 
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Toyama 930-01 94, Japan 

I. INTRODUCTION 

During liver fibrosis, there is a pathologic accumulation of the extracellular matrix 
(ECM), which reflects alterations in the synthesis of matrix proteins, their degra- 
dation, or both (Arthur, 1995a,b, 2000). Matrix metalloproteinases (MMPs) 
specifically degrade extracellular matrix proteins and are involved in tissue remod- 
eling during fibrotic and/or inflammatory processes. In addition, a number of 
studies have provided evidence for the involvement of MMPs and their inhibitors 
in various processes, including ovulation, embryogenic growth and differentia- 
tion, or tumor invasion and metastasis (Nagase, 1999; Parks and Mecham, 1998). 
Many different enzymes are involved in degrading extracellular matrix of the liver. 
Molecular biological progress has shown that several metalloproteinases in the 
liver share certain characteristics, such as some degree of sequence homology, a 
catalytic mechanism that depends on zinc, activation of the secreted zymogen 
form by proteolytic cleavage, and inhibition of the activated form by tissue 
inhibitors of metalloproteinases (TIMPs)(Brew et al., 2000). The activity of MMPs 
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may be regulated at the level of gene transcription, during proenzyme activation, 
or during binding of the proenzyme or active enzyme to specific inhibitors TIMPs 
(Birkedal-Hansen et al., 1993). More than 23 MMPs (Nagase, 1999; Llano et al., 
1999; Pei, 1999; Park et al., 2000) and 4 TIMPs (Brew et al., 2000) have been 
identified thus far, and among them, MMP-1, -2, -3, -7, -8, -9, -10, -13, -14, -15, 
and -16 are expressed in the liver, especially in stellate cells, which are well known 
as main cell source of extracellular matrix, MMPs, and TIMPs (Friedman,l985; 
Arthur, 1995a,b, 2000; Knittel et al., 1999, 2000). Moreover, the balance of 
MMPs and TIMPs is important, especially in the narrow spaces such as the 
pericellular or Disse's space. This chapter focuses on MMP expression in acute 
and chronic liver injury. 

11. ACUTE LIVER INJURY 

Wistar rats were given 50% CC1, in olive oil at a dose of 2 ml/kg of body weight 
via gastric tube and were sacrificed at 6 h, 12 h, 1 day, 2 days, 3 days, 5 days, 
and 7 days. The livers were examined routinely by light microscopy, and immuno- 
histochemistry of type I collagen, type 111 collagen, type IV collage, and desmin 
was examined. The expression of collagens, MMPs, TIMPs, and transforming 
growth factor (TGF)-Pl genes was also studied by in situ hybridization and 
Northern blotting. 

As  reported previously (Takahara et al., 1988, 1995b), sequential acute liver 
injury was detected, hepatocyte ballooning began 12 h after the intoxication 
around central veins, and hepatic necrosis occurred adjacent to the central veins. 
Zonal necrosis with infiltrating cells, such as macrophages and lymphocytes, was 
observed at 2 and 3 days around central veins. The necrotic change was dimin- 
ished at 5 days and returned to normal at 7 days. Reticulin fibers were increased 
around the central areas at 3 days and decreased at 5 days. Many studies have 
been done to clarify the extracellular matrix-producing cells in acute liver injury 
and most implicate stellate cells, which are increased in number in the necrotic 
area. We have also detected the ECM in stellate cells by immunoelectron 
microscopy (Takahara et al., 1988, 1992) and by in situ hybridization (Takahara 
et al., 1995b; Nakatsukasa et al., 1990). 

We have also clarified the matrix degradation system because increased 
ECM all disappeared 7 days following acute liver injury. We extracted 
poly(A)+ RNA from the liver, and Northern blotting was performed as 
described previously using 32P-dCTP-labeled cDNA probes (Takahara 
et al., 1995a,b). Figure l a  shows the time course of MMP and TIMP expres- 
sion in acute liver injury induced by CC1,. The relative mRNA expression is 
shown in Fig. lb.  At 6 h after the intoxication, the expression of MMP-13 
(collagenase 3), which was seldom detected in normal liver, was clearly 
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FIGURE 1 (a) Detection of MMPs, TIMPs, type IV collagen, and TGF-P mRNAs in liver specimens 
by Northern hybridization. poly(A)+-enriched RNA was isolated from the liver of untreated control 
animals (C left), from animals treated with olive oil as controls (oil), or from animals subjected to acute 
CCI, injury and taken at the time points indicated. RNA (20 pg per lane) was electrophoresed, and 
the filters were hybridized with the indicated cDNAs. GAPDH was used as the internal control. 
(b) Relative abundance of each mRNA to control livers treated with olive oil only. Values are expressed 
as a fold increase compared to the control (cont). 
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increased, continued at 12 h, and decreased at 1 day. MMP-13 is known as 
a representative collagenase in rats because MMP-1 (collagenase 1) does not 
exist in this species. Then, MMP-2 (72 kDa type 4 collagenase, gelatinase A) 
is increased at 2 days, peaks at 3 days, and gradually decreases to the basal level 
at 7 days. MMP-14 (MT1-MMP) expression did not change during acute liver 
injury but was detected, constantly apart from a slight increase 6 h after intoxica- 
tion. In addition, the expression of TIMP-1 and TIMP-2 was also increased in 
acute liver injury. Figure 1 shows the different time courses of expression between 
these two TIMPs. TIMP-1 was clearly detected 6 h after intoxication and peaked 
at 1 day and then decreased quickly at 3 days. In contrast, TIMP-2 was increased 
at 2 days with sustained expression until 5 days. Thus, in acute CC1, liver injury 
following a single dose, there was sequential induction of MMP-13, TIMP- 1, 
MMP-2, and TIMP-2. 

We also examined extracellular matrix components and TGF-P1, which is the 
principal fibrogenic cytohne in liver. Based on published data, ECM expression 
is increased at 2 and 3 days, together with TGF-P1. Our results also confirmed a 
parallel increase of type IV collagen expression at 2 days together with TGF-P1. 
The most severe inflammation and necrotic changes were observed 2 and 3 days 
following acute liver injury, and morphological changes of stellate cells were also 
detected at the same time. The increase of MMP-2, TIMP-1, TIMP-2, type 1V 
collagen, and TGF-Pl during inflammation and recovery phases of acute liver 
injury resembles MMPKIMP expression patterns and stellate cell morphology in 
chronic liver injury. 

In contrast, early induction of tumor necrosis factor (TNF)-a was detected 
6 and 12 h in acute CC1,liver injury (data not shown). We also detected early 
expression of TNF-a in acute galactosamine-induced liver injury, followed by 
the early induction of MMP-13 (Yata et al., 1999). The induction of MMP-13 
expression by TNF-a is also seen in cultured liver cells (Knittel et al., 1999). 
In addition, the promotor of MMP-13 has a TPA responsive element, which is 
upregulated by TNF-a (Pendas et a)., 1997; Gutman et al., 1999). The quick 
induction of MMP-13 after acute liver injury suggests that MMP-13 might be 
involved in liver regeneration and proliferation of hepatocytes. Iimuro et al. (1999) 
reported that adenoviral-mediated gene therapy of MMP- 1 in rats increased 
hepatocyte proliferation, suggesting that collagenase may trigger hepatocyte 
proliferation. Thus, MMP- 13 is expressed dramatically at an early stage, followed 
by MMP-2, which is reasonable because MMP-2 can degrade gelatin that is first 
generated by collagenase digestion. Thus, MMPsDIMPs may be involved in the 
reconstitution of liver architecture in acute liver injury after destruction and 
absorption accompanying zonal necrosis and following regeneration associated 
with the degradation of excess ECM and hepatocyte proliferation. We have also 
examined MMP/TIMP expression in galactosamine-induced acute liver injury 
(Yata et al., 1999), which resembles that of CCl,. 
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111. REGENERATION AFTER 
PARTIAL HEPATECTOMY 

To compare the changes of MMPKIMP expression of acute liver injury with those 
of liver regeneration after partial hepatectomy, we examined the expressions of 
MMPs and TIMPs in liver regeneration. Wistar rats underwent 70% partial 
hepatectomy according to Higgins and Anderson (1931). poly(A)+ RNA was 
extracted from the regenerated liver, Northern blotting was performed, and the 
expression was compared to sham-operated liver at 6 h, 12  h, 1 day, 2 days, 3 
days, 5 days, 7 days, 10 days, and 14 days after hepatectomy. As already reported 
(Wolf et al., 1992), hepatocyte proliferation was measured by immunostaining 
of PCNA, and the peak was at 36 h, with 25% of all cells positive. The liver 
weight was almost normal at 7 days, and liver histology was restored to normal 
at 14 days. 

As shown in Fig. 2, MMP-13 expression was detected transiently at 6 h and 
disappeared afterward. When the same amount of mRNA of the liver in acute 
CC1, liver injury (6 h) and hepatectomy (6 h) was examined by Northern blotting, 
the relative expression of MMP-13 was almost 4-fold greater in acute liver injury 
(data not shown). MMP-2 expression was constant after hepatectomy, but it was 
increased %fold at 5 days and was sustained afterward. However, MMP-14 was 
increased dramatically during regeneration, peaking at 12  h and then decreasing 
gradually. The expression pattern of MMP- 1 4  in hepatectomized liver was differ- 
ent from that in acute liver injury because MMP-14 did not change in acute liver 
injury. TIMP- 1 expression was also increased transiently and then decreased, and 
the peak was at 2 days. However, the relative expression of TIMP-I in hepatec- 
tomy to acute CCI, liver injury is also quite low. TIMP-2 expression was constant 
after hepatectomy, and the expression was increased to only 1.5-fold after 7 days. 
In this respect, the sequential expression of MMPs/TIMPs during the regenerative 
process lacking necrosis and inflammation was almost similar with that in acute 
liver injury, but expression was relatively lower in hepatectomized liver, in agree- 
ment with the report of Knittel et al. (2000). The expression of MMP-14 and 
MMP-13, although MMP-13 was rather low, was increased transiently at an early 
stage of regeneration, which might be important for proliferative signaling in 
hepatic cells. Reports indicate that MMP-14, apart from its role in MMP-2 activa- 
tion, can directly degrade a number of matrix macromolecules at high efficiency. 
MMP-14 present on the cell surface focal degrades gelatin films (Dortho et al., 
1998). In addition, MMP-14 can activate MMP-13 (Knauper et al., 1996). 

The urolunase-type plasminogen activator (uPA) is an important factor for 
regeneration at early stages because it is expressed very rapidly after hepatectomy, 
and uPA knockout mice have impaired hepatic regeneration (Roselli et al., 1998;  
Li et al., 2001). uPA also activates latent prohepatocyte growth factor (pro-HGF) 



338 V. MMPs and TIMPs in Liver Fibrosis 

(b) 70 % partial hepatectomy 

FIGURE 2 (a) Detection of MMPs, TIMPs, laminin B2, and HGF mRNAs in liver specimens by 
Northern hybridization. poly(A)+-enriched RNA was isolated from the liver of untreated control 
animals (C left), sham-operated animals (sham), or from animals subjected to 70% partial hepatectomy 
and taken at the time points indicated. RNA (20 pg per lane) was electrophoresed, and the filters were 
hybridized with the indicated cDNAs. GAPDH was used as the internal control. (b) Relative 
abundance of each mRNAs to sham operation. Values are expressed as a fold increase compared to 
the control (cont). 

to the active factor (Shimizu eta)., 2001). In addition, uPA can activate pro-MMPs 
(Nagase, 1997). 

We examined the expression of extracellular matrix molecules during liver 
regeneration, and Fig. 2 shows laminin B2 as an example. The expression of 
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laminin B2 was increased 6 and 12 h after hepatectomy. Compared to other 
extracellular matrix molecule, such as type I collagen and type 111 collagen, 
increased laminin expression was observed at an early stage of regeneration, 
possibly because laminin is an early signal for hepatocyte proliferation 
(Martinez-Hernandez and Amenta, 1995; Kim et al., 1997). We also examined the 
expression of HGF, which was increased at 1 day. 

IV. CHRONIC CCl, LIVER INJURY 

Male Wistar rats, weighing 200 g, were subjected to chronic liver injury by 
subcutaneous injections of CCl+lolive oil (1:l) twice weekly for 7, 9, or 12-14 
weeks at a dose of 2 ml/kg of body weight and were sacrificed 7 days after the last 
injection. Liver histology and MMPDIMP expression were examined using the 
same method as in acute CCl+liver injury. To evaluate gelatinase activity, liver 
samples were homogenized and the Supernatants were examined by gelatin 
zymography as described previously (Takahara et al., 1995a). 

The animals showed fibrotic change at 7 weeks, and nodule formation was 
established at 12 weeks as reported previously (Takahara et aI., 1988, 1995). 

Hybridizations with MMP-2, -13, -14 (MT-1-MMP), -15 (MT-2-MMP), and -16 
(MT-3-MMP) cDNAs are shown in Figs. 3 and 4. During liver fibrosis, the expres- 
sions of MMPs except MMP-13 were increased and higher in intermediate stages 
than at early and late stages. The relative expression of MMP-2 was 7- to 12-fold 
higher than the control. Relative mRNA levels of MMP-14, -15, and -16 were also 
increased, as shown in Fig. 4. In contrast, the expression of MMP-13 is different 
from other MMPs. MMP-13 expression was increased at 7 and 9 weeks; however, 
it was suppressed at 12 weeks. Biochemical analyses of collagenase activity have 
been performed, and many studies described decreased collagenase activity dur- 
ing liver fibrosis (Maruyama et al., 1982; Perez-Tamayo et al., 1987), which coin- 
cides with MMP-13 gene expression. In comparison with MMP-13, TIMP-1 and 
TIMP-2 expression was increased during liver injury. So, the relative ratio of 
MMPs to TIMPs becomes lower during the process of liver fibrosis, and fibrosis is 
progressive in part through the net reduction in ECM degradation (Benyon et al., 
1996; Iredale, et al., 1996). 

In addition, gelatinase expression was examined by zymography (Takahara 
et al., 1995a). Gelatinolytic activities at 92, 65, or 62 kDa were detected, which 
correspond to latent MMP-9, latent MMP-2, and active MMP-2, respectively. Total 
gelatinase expression rates were elevated from 13 to 28 times during the process 
of fibrosis. However, the amount of active 62-kDa gelatinase, which was not 
detected in control livers, increased during fibrosis and was maximal at 9 weeks. 
The ratio of 62 kDa/65 kDaf62 kDa was maximal at 9 weeks (-30%) and was 
decreased at 14 weeks (- 16%). These results indicate that degradation due to the 
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FIGURE 3 Detection of MMPs, TIMPs, and type I collagen in liver specimens by Northern hybndiza- 
tion. poly(A)+-enriched RNA was isolated from the liver of control animals treated with olive oil 
(C left) or from animals subjected to chronic CC1, injury and taken at the time points indicated. RNA 
(20 pg per lane) was electrophoresed, and the filters were hybridized with the indicated cDNAs. 
GAPDH was used as the internal control. 

active MMP-2 was maximal at the intermediate stage of fibrosis and was decreased 
in the cirrhotic stage. 

We have shown that the expressions of three different membrane type MMPs, 
MMP-14, MMP-15, and MMP-16, are all increased during liver fibrosis. Figure 5 
shows the expression of MMP-14, MMP-15, and MMP-16 in primary hepatic cells 
derived from normal rat liver. MMP-14 was expressed in stellate cells and Kupffer 
cells, MMP-15 in hepatocytes, and MMP-16 in stellate cells. However, it is not 
known which cell types are responsible for the expression of these genes during 
liver fibrosis. 

V. LOCALIZATION OF MMP-2 AND MMP-14 IN 
HUMAN LIVER 

Human liver samples of chronic hepatitis and liver cirrhosis were examined by 
in situ hybridization or immunohistochemistry as described previously (Takahara 
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FIGURE 4 Detection of MMP-14, MMP-15, and MMP-16 in liver specimens by Northern hybridiza- 
tion as shown in Fig. 3.  RNA (20 pg per lane) was electrophoresed, and the filters were hybridized 
with the indicated cDNAs. 

et al., 1997). In situ hybridization was performed using cRNA probes labeled with 
,*S-UTP. Antisense and sense probes were developed by in vitro transcription of 
MMP-2 and MMP-14 using T, and T, polymerase-binding sites of the cloning 
vector and an in vitro transcription lut. When in situ hybridization was combined 
with immunohistochemistry, sections were also incubated with a smooth muscle 

FIGURE 5 Detection of MMP-14, MMP-15, and MMP-16 in primary cultured cells from normal 
liver of Wistar rats. Cells were obtained by pronase/collagenase digestion and separated by density 
cushions using Nicodenz (Zhang et al., 1999). H, hepatocyte; S, stellate cell; K, Kupffer cell. 
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actin (a-SMA) and were processed routinely using the ABC method. For immuno- 
electron microscopy, immunostained frozen sections were postfixed further in 
glutaraldehyde and OsO,, dehydraded, and mounted in Epon. These samples 
were examined by transmission electron microscopy without staining. 

In control liver sections, MMP-2 transcripts were not detected by in situ 
hybridization. However, silver granules of MMP-2 transcripts were observed in 
CH and LC in the elongated cells seen in the periportal and portal fibrous areas 
(Figs. 6a and 6b). Signals were clearly seen in fibrous septa of LC in elongated 
cells comprising fibers and around proliferating bile ducts and on capillary 
endothelial cells (Fig. 6a). In the lobules and periportal areas, positive granules 
were also detected in elongated cells (Fig. 6b). Combined in situ hybridization 

FIGURE 6 In situ hybridization of MMP-2 and MT1-MMP in liver sections using a 35S cRNA probe. 
Silver granules are considered positive signals for transcripts. (a,b) Antisense probe for MMP-2, (c,d) 
antisense probe for MT1-MMP, (a$) Fibrous septa in LC, (b,d) periportal area of fibrotic liver. 
(a) MMP-2 gene transcripts are distributed on elongated cells around bile ducts (BD) and in the 
fibers (arrowheads). Signals are also detected on capillary endothelial cells (END). (b) Positive MMP-2 
signals are found in many elongated cells (arrows) seen in the lobules and periportal areas. 
(c) MTI-MMP gene transcripts are clearly distributed on elongated cells (arrowheads), around bile 
ducts, and within fibers. Bile duct cells (BDC) are also positive for MT1-MMP. (d) Positive MT1-MMP 
signals are found in many elongated cells (arrows) and proliferating bile ducts (arrowhead) in fibrotic 
septa. Elongated cells in the lobules and periportal areas are also positive. PT, portal tract. 
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followed by immunohistochemistry simultaneously demonstrated MMP-2 mRNA 
and a-SMA in cells of the lobules, periportal areas, and fibrous septa, suggesting 
that these cells may represent stellate cells of the lobules and periportal areas. 

Examination of normal liver by in situ hybridization for MMP-14 demonstrated 
only few specific granules in bile duct cells and elongated cells of portal tracts. 
However, MMP-14 transcripts were clearly found in CH and LC specimens. Silver 
granules were typically observed on the elongated cells found in and around 
portal fibers and periportal areas, on bile duct cells, and around bile duct cells 
(Figs. 6c and 6d). In addition, substantial staining was found on the elongated 
cells of the lobules and periportal areas (Fig. 6c). Combination in situ hybridiza- 
tion and immunohistochemistry also demonstrated that the MMP-14-positive 
elongated cells of the lobules and periportal area simultaneously expressed 
a-SMA, indicating that these cells may be stellate cells. Immunoelectron 
microscopy localized both MMP-2 and MMP-14 widely in sinusoidal cells, fibro- 
blasts, and activated stellate cells. In addition, MMP-14 was clearly detected on the 
surface of extending processes of cytoplasm, suggesting MMP-2 activation on the 
surface of these cells (Nakahara et al., 1997). 

VI. REGULATION OF MMPs 

Molecular biological studies have characterized promoter sequences of MMPs, 
which point to potential regulatory mechanisms genes by transcriptional factors 
downstream of cytolune or growth factor signaling. Many MMP promoters (except 
MMP-2 or MMP-14) have a TATA box and TPA responsive element (TFE). 
Activating protein (AP)-l families such as cJun and c-Fos bind to the DNA-binding 
site of TRE, and its binding activities can be upregulated by inflammatory 
cytolunes such as interleukin (IL)-l, TNF-a, and TGF-b1. In addition, these 
promoters have binding sites of Ets families (Ets-1, Ets-2, Egr, Elk-1, SP-1, ElAF), 
which regulate gene expression of MMPs together with AP-1 factors. 

MMP-1 and MMP-13, which both degrade interstitial collagen, have similar 
promoter sequences (Angel et al., 1987; Gutman et al., 1990; Pendas et al., 1997). 
However, MMP-1 contains a TGF-P inhibitory element (TIE), which suppresses the 
expression of MMP-1, whereas MMP-13 is upregulated by TGF-P because its pro- 
moter lacks this element, and AP-1 families are activated by TGF-p (Uria et al., 1998). 

A s  noted, the promotors of MMP-2 and MMP-14 do not have TATA box/TRE, 
as is observed in housekeeping genes, which are expressed universally in normal 
organs and many cell types. MMP-2 expression is not upregulated by TPA, but is 
expressed universally in many mesenchymal cells because expression is sup- 
pressed by epithelial cell-specific silencer elements (Frisch et al., 1990). The 
MMP-14 promoter also does not have TATA box/TRE but a Egr-1-binding site; 
however, its role has not yet been clarified (Haas et al., 1999). 
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VII. CONCLUSIONS 

We have characterized the expression of MMPs/TIMPs in acute and chronic liver 
injury. During liver fibrosis, the relative ratio of MMPs to TIMPs is decreased. 
Thus fibrosis may be progressive because of a decrease in matrix degradation. 
Because chronic liver injury is caused by repeated tissue injury events, it is possi- 
ble that the TGF-P-driven induction of MMP-2 and TIMPs dominates the tissue 
repair reaction, which lacks an appropriate TNF-mediated induction of MMP, as 
observed in the early phase of the single CC1, injury model. Activated stellate cells 
in fibrotic liver show a low expression of MMPs (except MMP-2) and a high 
expression of TIMPs and respond to TGF-P1 with further upregulation of TIMP, 
reflecting the MMPsflIMPs expression pattern detected in fibrotic livers. 
However, expression of MMP-13 or MMP-14 during liver fibrosis has not been 
completely clarified. Further studies will elucidate the mechanisms of matrix 
degradation in liver fibrosis. 
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Liver fibrosis is characterized by the activation of hepatic stellate cells (HSC) with 
an increased synthesis of matrix proteins and decreased extracellular matrix 
degradation. Matrix metalloproteinases (MMPs) are the principal family of 
enzymes involved in the cleavage and degradation of matrix proteins. Because of 
their ability to destroy normal matrices and cause tissue injury, the extracellular 
activity of MMPs is carefully regulated. They are secreted initially as proenzymes, 
which are converted by a number of mechanisms to active forms following cleav- 
age of a C-terminal propeptide. Active MMPs can be inhibited by the action of tis- 
sue inhibitors of metalloproteinases (TIMPs), which bind to their catalytic site. 
Studies of culture-activated HSC have demonstrated that these cells are a major 
source of TIMP-1 and TIMP-2 and that their secretion leads to net inhibition of 
MMP activity. Studies in human liver disease and in animal models of liver fibro- 
sis indicate that TIMPs play a major role in regulating matrix degradation in the 
liver. Alteration of the balance between TIMPs and MMPs contributes significantly 
to the progression of liver fibrosis. In animal models of regression of liver fibrosis, 
improvement occurs because of the combination of apoptosis of activated hepatic 
stellate cells and by the increased degradation of the fibrillar liver matrix. 
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Current evidence suggests that matrix degradation occurs as a consequence of a 
decreased expression of TIMP-1, which permits MMPs with activity against fibril- 
lar collagens (collagenases) to exert their degradative action. Because of the impor- 
tance of HSC-derived TIMP-1 in the pathogenesis of liver fibrosis, we have 
performed detailed studies of TIMP-1 gene regulation in these cells. We have 
found that the persistent upregulation of this gene observed in activated HSC is 
mediated via a combination of a Jun-D homodimer binding to an AP-1 site and 
also to an as yet uncharacterized transcription factor binding to a nearby novel 
regulatory element in the promoter region that we have named upstream TIMP 
element-1 (UTE-1). Taken together, these observations suggest that manipulating 
pathways of matrix degradation in liver offers a novel potential therapeutic 
strategy for the treatment of liver fibrosis. 

I. TISSUE INHIBITORS OF METALLOPROTEINASES 

The tissue inhibitors of metalloproteinases are a family of low molecular weight 
glycoproteins that play a critical role in regulating the extracellular activity of the 
MMP family of matrix-degrading enzymes. There are now four TIMPs described 
(TIMP-1 to TIMP-4), each encoded for by a separate gene. There is significant 
nucleotide sequence homology between the different members of the TIMP gene 
family, with each giving rise to a polypeptide of approximately 21 kDa with con- 
servation of 12 cysteine residues, which via the formation of disulfide bridges lead 
to a characteristic six loop structure. The different TIMPs are then glycosylated 
to different degrees, giving rise to molecular masses ranging up to 28 kDa for 
TIMP-1. The sequence variation and the glycosylation profile confer the differing 
properties observed for each of the TIMPs. 

The most important property of TIMPs is their ability to bind with 1:l  stoi- 
chiometry to the active catalytic site of MMPs and inhibit their ability to degrade 
the matrix in extracellular space. With some exceptions, all TIMPs are able to 
bind noncovalently to and inhibit all metalloproteinases with differing inhibitory 
constants. This binding is reversible under physiological conditions. TIMP-1 is 
particularly important in the inhibition of MMP-1 and MMP-9, whereas TIMP-2 
is important in the inhibition of MMP-2. One exception to this rule is the inabil- 
ity of TIMP-1 to inhibit some of the membrane-type MMPs, including MT1-MMP, 
MT2-MMP, and MTS-MMP (Will et al., 1996). This may have some importance 
for matrix degradation in fibrotic liver, as MT1-MMP is able to function as an 
interstitial collagenase (see later). 

In addition to regulating the activity of MMPs, TIMPs have a diverse range of 
other biological functions and are involved in many different aspects of cell and 
matrix biology (for a detailed review, see Brew et al., 2000). Their other key 
functions and properties include an ability to bind to matrix proteins ( e g ,  TIMP-31, 
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involvement in the activation of some prometalloproteinases ( e g  , TIMP-2 and 
pro-MMP2) or prevention of pro-MMP activation (e.g., TIMP-1 inhibition of 
pro-MMPI activation by stromelysin/MMP3), regulation of cell proliferation 
(TIMP-1, TIMP-2), inhibition or promotion of apoptosis (TIMP-1 and TIMP-3, 
respectively), and inhibition of angiogenesis. 

With this wide range of properties, TIMPs therefore play a key role in impor- 
tant physiological events, such as tissue remodeling, revascularization, and 
repair, and they have been widely implicated in the pathogenesis of a wide 
variety of inflammatory, fibrotic, and neoplastic disease processes. This chapter 
provides an update on the current state of knowledge of the role of TIMPs in the 
progression and regression of liver fibrosis and describes progress in our under- 
standing of the regulation of TIMP-1 gene expression in hepatic stellate cells. 
Evidence for the involvement of TIMPs in liver fibrosis has been gathered from 
studies in cell culture, in animal models of liver disease, and in the study of 
human liver disease. 

11. TIMP EXPRESSION IN CULTURED HEPATIC 
STELLATE CELLS 

In primary culture, both rat and human HSC undergo a major phenotypic change 
(over the first 7-14 days) and develop the characteristic features of myofibro- 
blasts. The culture-activated cells closely resemble those described in fibrotic liver 
in vivo, in animal models of liver fibrosis, and in human liver disease. These cells 
express a smooth muscle actin and demonstrate major increases in their expres- 
sion of procollagen al. From previous studies, it is also clear that these cells can 
(under certain conditions) express a number of metalloproteinases, including 
MMP-2, MMP-3, MMP-9, MMP-1/MMP-13, and MT1-MMP (Arthur et al., 1989; 
Benyon et al., 1999; Iredale et al., 1995, 1996; Theret et al., 1999; Vyas et al., 
1995), as well as their activation systems (Benyon et al., 1999; Leyland et al., 
1996). HSC, particularly in their activated myofibroblastic phenotype, therefore 
have the potential ability to degrade extracellular matrix in the liver. 

This cell culture model of hepatic stellate cell activation has been used to 
study their ability to regulate extracellular matrix degradation through the 
expression of TIMPs. In freshly isolated and early cultured HSC, TIMP-1 and 
TIMP-2 mRNA is initially undetectable, but expression of both TIMP-1 and 
TIMP-2 increases progressively as the cells become culture activated (Benyon 
et al., 1996; Iredale et al., 1992). In contrast, interstitial collagenase mRNA 
(MMP-13 in rat, MMP-1 in human) was detectable in freshly isolated and early 
cultured cells, but decreased significantly with HSC activation. Both TIMP-1 and 
TIMP-2 proteins could be detected by reverse zymography in Supernatants of 
culture-activated HSC, and this combination of events led to a profound overall 
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net inhibition of metalloproteinase activity. If TIMPs were separated by affinity 
chromatography from their respective MMPs, metalloproteinase activity was 
demonstrated to increase 25-fold in HSC culture media. These data give a clear 
indication of the overall importance of TIMP secretion in regulating matrix 
degradation by these cells. These results have led to the hypothesis that TIMPs 
released by activated HSC contribute significantly to the progression of liver 
fibrosis (see Fig. 1). 

In culture-activated HSC, TIMP- 1 gene expression is regulated in response 
to a number of exogenous cytokmes and growth factors. The most important is 
probably transforming growth factor-p (TGF-P1), which increases TIMP-1 but 
decreases TIMP-2 mRNA in cultured HSC (Herbst et al., 1997). In other systems, 
TGF-PI has been shown to simultaneously increase the expression of TIMP-1 and 
collagen I, while decreasing the expression of MMP-1 and MMP-3, thus favoring 
the net accumulation of fibrillar interstitial matrix in tissues (Edwards et al., 
1987; Mackay et al., 1992; Overall et al., 1989). The growth regulatory cytolune 
oncostatin-M has also been described to increase the TIMP-1 mFWA content of 
cultured human HSC (Levy et al., 2000). In chronically injured liver, the influence 
of these cytokines and growth factors in regulating HSC TIMP and collagen gene 
expression relative to expression of MMPs has a key influence on the progression 
of liver fibrosis. 

FIGURE 1 Hypothesis: Following activation to a myofibroblastic phenotype, hepatic stellate cells 
synthesize and secrete TIMP-1, which inhibits matrix degradation and contributes to the progression 
of liver fibrosis. 
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111. TIMP EXPRESSION BY HEPATOCrrES AND 
KUPFFER CELLS 

Hepatocytes have also been reported to synthesize and release TIMPs, particularly 
in response to acute phase stimuli (Kordula et al., 1992; Roeb et al., 1993, 
1994). TIMP-1 synthesis has been reported for HepG2 cells (a hepatoblastoma- 
derived cell line) in response to TGF-P, and interleulun-6 with similar observa- 
tions subsequently reported in cultured primary rat 'hepatocytes. TIMP-3 
expression has also been reported for hepatocytes (Knittel et al., 1999), but this 
study confirmed that HSC were the major source of TIMP-1, whereas TIMP-2 
could be found in cultured Kupffer cells. These data suggest that the expression 
of TIMPs can occur in other liver cells, but the current concensus is that in 
chronic liver disease and in progressive liver fibrosis, activated HSC are the most 
important source of TIMPs, particularly TIMP-1. Regulation of MMP activity in 
the pericellular space of HSCs, i.e., the space of Disse, is likely to be of key impor- 
tance in determining the fate of freshly synthesized and secreted collagens and 
other matrix proteins in injured liver. 

IV. ROLE OF TIMPs IN THE PROGRESSION OF 
LIVER FIBROSIS 

Studies of the role of TIMPs in liver fibrosis have examined their expression in 
both human liver disease and in animal models of liver injury. In human liver 
disease, we have described a 3- to 5-fold increase in mRNA for TIMP-1 and 
TIMP-2 in total hepatic RNA prepared from fibrotic compared to normal liver in 
primary biliary cirrhosis, sclerosing cholangitis, biliary atresia, and autoimmune 
chronic active hepatitis (AICAH) (Benyon et al., 1996; Iredale et al., 1995). 
Changes in TIMPs were not accompanied by any significant change in the levels 
of mRNA for MMP-1 (interstitial collagenase), with the exception of AICAH. 
TIMP-1 protein levels measured in whole liver homogenates by ELISA were also 
increased 3- to 5-fold in these liver diseases. Other groups have found similar 
results; in needle biopsy specimens of chronic active hepatitis, the hepatic TIMP- 1 
level reflected the stage of disease with reported increases of 2.2-fold in stage 2A 
disease, 2.9-fold in stage 2B, and 4.1-fold in cirrhosis (Murawaki et al., 1997). 
Increased mRNA for TIMP-1 and TIMP-2 has also been detected in fibrotic 
human liver by in situ hybridization, with the majority of transcripts detected in 
sinusoidal liver cells, which were probably HSC (Herbst et aI., 1997). These 
results support the hypothesis that the increased expression of TIMPs by 
activated HSC leads to net inhibition of degradation of fibrillar matrix proteins 
(collagen types I and 111) and that this is most evident in the more advanced 
stages of human liver disease. 



352 V. MMPs and TIMPs in Liver Fibrosis 

Studies in animal models of liver fibrosis provide additional information about 
the temporal pattern of expression of TIMPs in the early stages of liver injury and 
as liver fibrosis progresses. We have examined the expression of TIMP-1, 
MMP-13 (rat interstitial collagenase), and procollagen I in total RNA prepared 
from rat models of liver injury (Iredale et al., 1996). The models examined 
included both carbon tetrachloride liver injury (8 weeks of repeated CC1, expo- 
sure) and the bile duct ligation model of biliary injury and fibrosis. Similar results 
were found in both models, with an increase in hepatic TIMP-1 mRNA content 
detected within 6 h of injury, becoming markedly increased 72 h after injury, and 
remaining elevated throughout the time course under study. In the CC1, model, 
increased TIMP expression was still evident after 8 weeks of intermittent exposure 
(CCl, given every 72 h). Throughout the time course, there was no significant 
increase in the expression of MMP-13 in either model. In both models, the 
increase in expression of TIMP-1 preceded the observed increase in the expres- 
sion of procollagen I, which occurred at day 3. Using the same models (CC1, and 
bile duct obstruction), others have studied TIMP-1 and TIMP-2 mRNA transcripts 
in liver by in situ hybridization (Herbst et al., 1997). Results of these studies were 
similar, with increased detection of TIMP-1 and TIMP-2 as early as 1-3 h after 
CCl, exposure, with the majority of transcripts located in activated HSC. TIMP-1 
and TIMP-2 expression were increased significantly at 72 h and remained 
detectable throughout the time course of the study. 

The expression of TIMP-2 and TIMP-3 has also been studied in the rat bile 
duct ligation model of liver fibrosis using Northern analysis (Kossakowska et al., 
1998). In this study, mRNA for TIMP-2 and TIMP-3 became detectable 10 days 
after bile duct ligation, whereas mRNA for TIMP-1 was detectable by day 2 and 
increased progressively to day 10. In this study, TIMP activities could not be 
detected in whole liver homogenate by reverse Zymography, but this is a difficult 
technique to perform in complex biological samples and this result is difficult to 
interpret . 

Other studies have performed experimental manipulations to increase the 
expression of TIMPs to determine if they accelerate the progression of liver fibrosis. 
In the first of these, CC1, treatment was combined with repeated (weekly) 
episodes of induction of the acute-phase response (APR) (Greenwel and Rojkmd, 
1997). This resulted in the APR-mediated induction of both procollagen I and 
TIMP-1 gene expression and led to accelerated development of liver fibrosis in 
this model. Compelling evidence for a key role for TIMP-1 in the pathogenesis of 
progressive liver fibrosis is provided by studies of transgenic mice that overexpress 
TIMP-1 in liver (Yoshiji et al., 2000). In these mice, TIMP-1 gene expression was 
specifically driven in hepatocytes by use of a construct that incorporated the albu- 
min promoter. In the absence of liver injury, there was no significant phenotype 
in these mice compared to their wild-type counterparts. Following administration 
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of CCl,, however, liver fibrosis occurred more rapidly and was more extensive in 
the TIMP-1 transgenic mice. This demonstrates that increased matrix synthesis 
(following CClJ and increased inhibition of matrix degradation (mediated by 
the TIMP-1 transgene) combined in this model to promote matrix deposition 
following liver injury. Although this is accentuated in this transgenic model, the 
implication is that similar mechanisms are relevant to progressive liver fibrosis 
in general. 

The combined evidence from all of the studies reported to date suggest that in 
the progressive phase of liver fibrosis, matrix proteins are synthesized and 
secreted into an environment where the balance between TIMPs and MMPs favors 
inhibition of matrix degradation. The majority of evidence points to a key role for 
TIMP-1, but this may just reflect the fact that this molecule has been studied more 
frequently than TIMP-2 or TIMP-3. In studies that have included these latter mol- 
ecules, similar results have been found and the relative importance of the differ- 
ent TIMPs in the pathogenesis of liver fibrosis remains to be determined. The field 
now requires careful analysis of mice in which TIMP genes have been deleted. Our 
initial attempts to study TIMP-1 null mice failed to find any significant phenotype 
after CCI, liver injury 0. P. Iredale and M. J. P. Arthur, unpublished observations), 
but in these mice there was significant upregulation of TIMP-2 in the liver. We 
speculate that this may reflect a compensatory mechanism confemng a survival 
advantage following the TIMP-1 gene deletion. On current evidence, it appears 
that further progress will require the development of conditional knockout mice 
in which the TIMP gene deletion may be affected after birth and following normal 
embryonic development. 

V. ROLE OF TIMPs IN THE REGRESSION OF 
LIVER FIBROSIS 

In recent years there has been increasing recognition of the dynamic nature of 
liver fibrosis and a clearer understanding of the fact that liver fibrosis may regress 
when liver injury is halted. Studies in patients with viral hepatitis who have 
responded to antiviral therapy and in patients undergoing surgical correction of 
biliary obstruction have shown that this can be an important aspect of human 
liver disease (Hammel et al., 2001; Kweon et al., 2000). We and others have there- 
fore studied the mechanisms involved in the regression of liver fibrosis in animal 
models of reversibility of liver fibrosis. 

In rat CC1, liver injury (doses administered 3x per week), there is significant 
fibrosis by the 4th week of exposure and this progresses such that early cirrhosis 
is established by 6 to 8 weeks. If, however, the exposure to CC1, is halted, liver 
fibrosis reverses and liver histology returns to normal. We have examined this 
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series of events in rat liver after exposure to repeated doses of CCI, for 4 weeks, 
followed by a +-week period of experimental observation (Iredale et al., 1998). 
In this model of reversible liver fibrosis, there is a rapid reduction in the hepatic 
content of hydroxyproline and significant improvement in the histological extent 
of liver fibrosis within 10 days. By day 28, liver histology and hydroxyproline 
content have returned to near normal. 

The observed regression of liver fibrosis is mediated by two interrelated mech- 
anisms. First, the activated hepatic stellate cells undergo apoptosis within a short 
period after cessation of liver injury. Within 3 days of stopping CC1, treatment, 
the number of activated HSC was reduced by 50%, and by 10 days, the number 
of activated HSC was nearly back to the control level. In these studies, apoptosis 
was evaluated by counting apoptotic bodies in the fibrous bundles and by demon- 
strating TUNEL staining in a smooth muscle actin-positive-activated HSC. 
Second, the regression of liver fibrosis occurred as a result of increased matrix 
degradation, which was mediated by an alteration in the balance between TIMPs 
and MMPs. Our studies demonstrated that mRNA for procollagen I and TIMP-1 
was reduced significantly by day 3 of recovery and was barely detectable by day 
10. In contrast, MMP-13 (rat interstitial collagenase) mRNA continued to be 
detectable throughout the time course of the regression of liver fibrosis. These 
changes in the balance between TIMPs and MMPs were accompanied by a five- 
fold increase in hepatic collagenase activity, measured in whole liver homogenate. 

Watanable and colleagues (2000) have also studied mechanisms of matrix 
degradation during the regression of liver fibrosis. Using a combination of poly- 
merase chain reaction (RT-PCR) and in situ hybridization, they also demonstrated 
a decrease in the expression of TIMP-1, but found an increase in the expression 
of MMP-13 for a limited time window (days 2-5) in association with cells at the 
interface between fibrotic septae and adjacent liver parenchyma. While some of 
these cells may have been HSC, their work (see Chapter 20) suggests that MMP-13 
may also be derived from liver stem cells. 

The mechanisms by which TIMP-1 expression decreases in this rat model of 
regression of liver fibrosis are of considerable interest. As TIMP-1 is expressed pre- 
dominantly by activated HSC, the explanation may rest in the observation that 
these cells are rapidly disappearing as a consequence of apoptosis. The possibil- 
ity that altered TIMP-1 expression and HSC apoptosis are interrelated is raised by 
studies in other systems, which have shown that TIMP-1 can inhibit apoptosis in 
B lymphocytes (Guedez et al., 1998) and breast epithelial cells (Li et d., 1999). 
This raises the possibility that the decreased HSC expression of TIMP-1 (in 
response to cessation of liver injury) may be part of the mechanism that promotes 
the subsequent apoptosis of HSC and contributes to the resolution of liver 
fibrosis via this dual effect. These possibilities are currently under investigation by 
Iredale and colleagues in Southampton, with preliminary data indicating that 
TIMP-1 can act as a survival factor for hepatic stellate cells. 
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VI. REGULATION OF TIMP-1 GENE EXPRESSION 
IN ACTIVATED HEPATIC STELLATE CELLS 

Because the accumulated evidence indicates that TIMP-1 derived from HSC plays 
a key role in the inhibition of matrix degradation in liver, we have examined the 
regulation of TIMP-1 gene expression in these cells. We initially mapped a mini- 
mal promoter using a strategy of transient transfection of primary HSC cultures 
with a series of TIMP-1 promoter-CAT constructs (Bahr et al., 1999). These 
studies described a minimal promoter to -120 bp that contained a critical AP-1- 
binding site between -80 and -120. We have subsequently concentrated on 
nuclear transcription factors derived from activated HSC that are not present in 
quiescent cells and that bind to this AP-1 site in the TIMP-1 promoter. Initial 
studies revealed that nuclear extracts prepared from activated HSC (days 5-14) 
contained AP- 1-binding activities of high mobility when analyzed by the electro- 
mobility shift assay (EMSA) that were not due to either c-Fos or c-Jun. The 
observed binding was sequence specific for the AP-1 site, and a combination of 
supershift and Western analyses indicated that the bound complex contained a 
combination of Jun-D and Fra-2 transcription factors. In fact, the only Jun family 
member detected in activated HSC nuclei was Jun-D. Mutation of the AP-1 site 
also led to a marked inhibition of promoter activity in transiently transfected HSC, 
indicating that this site was of key importance for TIMP-1 gene transcription. 
In subsequent work (Smart et al., ZOOl), we have further characterized the role 
of Jun-D in TIMP-1 gene transcription in activated HSC. We have shown that 
activated HSC cotransfected with expression vectors for Jun family proteins 
demonstrate increased TIMP-1 promoter activity with Jun-D, but not with either 
cJun or Jun-B. The addition of a dominant-negative Jun-D, which is engineered 
to lack the transactivation domain and which competes with the native Jun-D, led 
to significant inhibition of TIMP-1 promoter activity in activated HSC. We also 
demonstrated that cotransfection with an engineered Jun-D homodimer (two Jun-D 
molecules bound together via EB 1 homerization domains) led to significant 
increases in TIMP-1 promoter activity. These studies point to a key role for the 
Jun-D transcription factor in the regulation of TIMP-1 gene transcription in acti- 
vated HSC. This observation that TIMP-1 gene regulation differs in activated HSC 
compared to previous reports in fibroblasts (Logan et al., 1996) led us to search 
for other novel regulatory mechanisms. Using DNase I footprinting, we have iden- 
tified a novel regulatory element in the minimal TIMP promoter, which we have 
called upstream TIMP element -1 (Trim et al., 2000). Our studies have shown that 
the UTE-1 sequence is essential for TIMP-1 gene regulation in activated HSC, that 
this effect is sequence specific, and that in activated HSC it is mediated by bind- 
ing of a 30-kDa nuclear protein (detected by UV cross-linking and Southwestern 
analysis), which we are currently in the process of characterizing further. Using 
the UTE-1 sequence in EMSA studies, we have shown that nuclei from several 
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FIGURE 2 An overview of the key mechanisms of TIMP-1 gene regulation in activated hepatic 
stellate cells. The combination of the Jun-D homodimer binding to an AP-I site and a binding protein 
(yet to be characterized) on the UTE-1 site is the key mechanism driving increased and persistent 
TIMP-I gene expression in activated hepatic stellate cells. 

different cell types (e.g., Jurkat T cells) are also able to form various protein-DNA 
complexes of several different mobilities, including some that match those found 
in activated HSC. These data demonstrate that UTE-1-binding is likely to be 
universally important in TIMP-1 gene regulation. We have also found a UTE-1- 
binding complex of lower mobility in the nuclei of quiescent HSC. This observa- 
tion and the results obtained in other cells suggest that there are likely to be a 
number of different nuclear proteins that bind to UTE-1, which raises the possi- 
bility of a family of binding proteins that could act as either repressors or 
promoters of TIMP-1 gene regulation. 

These studies of TIMP-1 gene regulation in HSC have therefore led to a 
number of novel observations that have shed light on TIMP-1 gene regulation 
in general. Our current overview of the transcriptional regulation of TIMP-1 gene 
expression in activated HSC is shown in Fig. 2. These studies open up the 
possibility of interfering with these TIMP-1 regulatory pathways as a potential 
therapeutic strategy for liver fibrosis. 

VII. CONCLUSIONS 

In chronic liver injury, liver fibrosis occurs as a consequence of both increased 
matrix synthesis and decreased matrix degradation. Current evidence indicates 
that decreased matrix degradation is of major pathological importance in pro- 
gressive liver fibrosis and that this is mediated by an alteration in the balance 
between TIMPs and MMPs in the liver. TIMP-1, TIMP-2, and TIMP-3 have all 
been implicated. Although the majority of work points to a key role for TIMP-1, 
it is also possible that TIMP-2 and TIMP-3 also play a significant role. The major 
cellular source of TIMP-1 is activated HSC, but other liver cells (hepatocytes and 
Kupffer cells) may also participate. The overall importance of TIMPs is empha- 
sized by the analysis of animal models of regression of liver fibrosis, in which 
matrix degradation occurs rapidly following a profound reduction in TIMP-1 gene 
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expression. Finally, studies of TIMP-1 gene regulation in activated HSC have led 
to the finding that the persistent expression of TIMP-1 is mediated by a combi- 
nation of transcription factors that bind to the AP-1 site and a novel binding ele- 
ment that we have identified and named UTE-1. These advances in our 
understanding of the role of altered matrix degradation in liver fibrosis lead to the 
possibility of novel therapeutic strategies for the treatment of chronic liver disease. 
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The reversibility of hepatic fibrosis has been doubted. However, Perez-Tamayo 
(1965) described an interesting case in his review as follows: “Regression of 
human cirrhosis is not adequately documented although it can occur. Through 
the courtesy of Dr. Bennett I have examined a surgical biopsy specimen from a 
patient with hemochromatosis and advanced cirrhosis who was treated with 
repeated bleeding and P32. A new surgical biopsy 10 years later revealed com- 
pletely normal hepatic structure. The patient died later, however, with primary 
carcinoma of the liver, and at autopsy there was no cirrhosis.” His description 
stimulated us to study the mechanism of the degradation of extracellular matrix 
in the fibrotic liver. Even today it is an interesting question whether liver cirrho- 
sis is reversible or not, because liver cirrhosis is defined as irreversible fibrosis 
with distorted structure of the liver (Okuda, 2001). 

This chapter describes a mechanism that underlies the degradation of newly 
formed fibrous bands in CCl+-induced liver fibrosis and cirrhosis and demon- 
strates that neural progenitor cells derived from hematopoietic stem cells express 
interstitial collagenase in the recovery phase of experimental cirrhosis. The avail- 
ability of hematopoietic stem cells for the treatment of human liver fibrosis or 
cirrhosis is also discussed. 

Extracellular Matm and the Liver 
Copynghr 2003, Elsevier Science (USA) All nghrs resewed 36 1 
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I. REVERSIBILITY OF HEPATIC FIBROSIS 

The reversibility of liver fibrosis has been observed experimentally (Hutterer et al., 
1964; Jacques and McAdams, 1957; Morrione and Levine, 1967; Okazalu et al., 
1974; Quinn and Higginson, 1965; Takada et al., 1967) since Cameron and 
Karunaratne (1936) reported this phenomenon in the carbon tetrachloride- 
induced cirrhosis model after removal of the toxic agent. Hepatic fibrosis induced 
by thioacetamide (Quinn and Higginson, 19651, a-naphthylisothiocyanate 
(Momone and Levine, 1967), ethionine (Hutterer et al., 19641, and a choline- 
deficient diet (Takada et al., 1967), as well as by the ligation of bile duct (Jacques 
and McAdams, 1957; Zimmerman et al., 1992), have been demonstrated to be 
reversible after removal of the causative agent. 

The reversibility of liver fibrosis has also been observed after effective ther- 
apy among patients with alcoholic liver disease (Rubin and Hutterer, 19671, 
hemochromatosis (Perez-Tamayo, 1965; Rojkind and Dunn, 19791, primary 
biliary cirrhosis (Kaplan et a]., 1997; Poupon et al., 19911, secondary biliary 
cirrhosis (Bunton and Cameron, 1963; Hammel et al., 20011, hepatitis B 
virus (HBV)-related chronic hepatitis and cirrhosis (Maruyama et al., 1981; 
Schiff et al., ZOOO), hepatitis C virus (HCV)-related hepatitis and cirrhosis 
(Arai et al., 1996; Bonis et al., 1997; Dufour et al., 1998; Lau et al., 1998; 
Poynard et al., 2000; Shiffman et aI., 1999; Shiratori et al., 2000; Sobesky 
et al., 1999), hepatitis D virus (HDVI-related hepatitis (Lau et al., 19991, 
autoimmune hepatitis (Dufour et al., 19971, and other liver diseases (Rojkind 
and Dunn, 1979). 

The reversibility of liver fibrosis in patients with alcoholic cirrhosis and 
alcoholic fatty liver with fibrosis has been observed after alcohol abstinence 
(Rubin and Hutterer, 1967). Maruyama et ul. (1992) reported that the histologi- 
cally documented reversibility of liver fibrosis in alcoholic liver diseases was 
closely correlated with a decrease in serum fibrosis markers of type IV collagen. 
This work investigated patients who were hospitalized in an intensive care setting 
in the National Alcohol Treatment Center in Japan. Among out-clinic patients, 
however, regression of fibrosis due to alcohol consumption has not been clearly 
demonstrated (Lieber, 1999). 

Rojkmd and Dunn (1979) described 18 cases that recovered from liver cirrhosis. 
These included 15 patients with hemochromatosis treated with bleeding and P32, 
1 patient with Wilson’s disease with cirrhosis, 1 patient with galactosemia with 
cirrhosis, and 1 patient with cirrhosis after intestinal bypass. In these cases, diag- 
nosis and improvement of cirrhosis were confirmed by needle biopsy or surgical 
wedge biopsy or autopsy. Recovery of histologically documented cirrhosis to 
absent or minimal fibrosis with normal architecture still has several questions, 
including sampling error and claims on some cases. Rojkind and Dunn concluded 
that at least three cases showed complete cure of cirrhosis even takmg these 
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caveats into account. Because the period of observation was less than 5 years, the 
degradation of fibrosis seemed to occur in a surprisingly short time if the causes 
were removed. 

In cases of liver fibrosis occumng in association with chronic pancreatitis and 
stenosis of the common bile duct, the regression of liver fibrosis was reported after 
biliary drainage (Hammel et al., 2001). Recovery was also reported in an infant 
with cirrhosis in congenital biliary atresia after surgery (Bunton and Cameron, 
1963). Reversibility of hepatic fibrosis and cirrhosis have been reported in some 
patients with primary biliary cirrhosis who respond to treatment (Kaplan et al., 
1997; Poupon et al., 1991). 

The authors demonstrated the disappearance of liver fibrosis during recovery 
from HBV-positive subacute hepatitis with massive fibrosis (Maruyama et al., 
1981). The improvement of fibrosis in patients with chronic hepatitis B after 
successful long-term lamivudine administration has also been reported in a larger 
cohort (Schiff et al., 2000). 

Clinical experience with a-interferon therapy for HCV antibody-positive 
chronic hepatitis and cirrhosis has documented the regression of hepatic fibrosis 
in many cases (Bonis et a]., 1997; Dufour et al., 1998; Lau et al., 1998; Poynard 
et al., 2000; Shiffman et al., 1999; Shiratori et al., 2000; Sobesky et al., 1999). The 
close correlation between the histologically documented grade of liver fibrosis and 
the serum type IV collagen levels has been reported in patients who responded to 
interferon therapy (Arai et al., 1996; Capra et al., 1993; Ishibashi et al., 1996; 
Teran et al., 1994). The authors observed higher serum matrix metalloproteinase 
(MMP)-l levels and the higher ratio of MMP-1 to tissue inhibitors for MMPs 
(TIMP)-l or TIMP-2 in patients who responded well to interferon therapy than 
those of nonresponders (Arai et al., 1996). The effect of interferon on the recov- 
ery of liver fibrosis is not only due to the eradication of HCV, but may also result 
from a direct and indirect action of this cytokine on fibrogenesis (Arai et al., 
1996). That is, interferon itself decreases the production of collagen (Czaja et al., 
1989; Jimenez et al., 1984) and attenuates the fibrogenic activity induced by 
transforming growth factor (TGF)-P (Castilla et al., 1991; Varga et al., 1990). 
Interferon can also induce collagenase activity (Berman and Duncan, 1989; 
Duncan and Berman, 1989). 

It is now generally accepted that reversibility of liver fibrosis or cirrhosis occurs 
under some conditions if the cause of liver damage is removed or adequately 
treated. 

11. EXPERIMENTAL MODEL 

The experimental model the authors used for elucidation of the mechanism 
of spontaneous recovery from liver fibrosis is based on the original method 
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described by Cameron and Karunaratne (1936). Wistar male rats were injected 
intraperitoneally with 1 mdkg of a 30% solution of CC1, in olive oil twice a 
week for 8 or 12 weeks. These rats were sacrificed at 48 h, 5 days, and 7 days after 
the last injection of CC1, treatment for 8 or 12 weeks. Control rats were injected 
with the same amount of olive oil intraperitoneally. Hematoxylin and eosin stain- 
ing, Azan Mallory staining, and silver staining were applied for the histological 
examination. 

At 48 h after the last injection of 8-week CCl,intoxication, the liver showed 
moderate fibrosis, linking neighboring tracts completely and separating the lob- 
ules into small sublobules. In some portions, the newly formed fibrous bands 
connecting the neighboring portal triads extended within lobules with multiple- 
branched bands, which connected to the perihepatocellular fibrosis. Regenerative 
nodules were not seen (Okazaki et al., 1974, 1982; Okazaki and Maruyama, 
1974, 1980; Watanabe et al., 2000, 2001). 

Five days after the last injection of the 8-week treatment, the newly formed 
fibrous bands became thin or almost disappeared, and the hepatocytes recovered 
from fatty metamorphosis. The resorption of fibrous bands seemed to start at the 
side of perihepatocellular fibrosis. Enlargement of the portal triad still remained, 
but the extended multiple branched bands within lobules changed into fine 
needle-like bands or disappeared around hepatocytes without fatty metamor- 
phosis. Fibrous bands during the resolution process showed a characteristic 
feature, somewhat like a pencil with a long needle. The findings at 7 days after the 
last injection of the 8-week treatment were almost the same as those at 5 days 
described earlier, although it is remarkable that the fibrous tissue decreased with 
the recovery of hepatocytes (Okazakt et al., 1974, 1982; Okazaki and Maruyama, 
1980; Watanabe et al., 2000, 2001). 

At 48 h after the last injection of 12-week CCl, intoxication, advanced fibrosis 
with regenerative nodules surrounded by thick fibrous bands was seen (Fig. 1A) 
(Okazaki et al., 1973, 1974, 1982; Okazaki and Maruyama, 1974, 1980; 
Watanabe et al., 2000, 2001). At 5 and 7 days after the last injection of 12-week 
CC1, intoxication, the spontaneous resolution of newly formed fibrous bands was 
observed even if the distortion of the liver structure with various sizes of regener- 
ative nodules was still present (Fig. IS) (Okazaki et al., 1974, 1982; Okazah and 
Maruyama, 1974, 1980; Watanabe et al., 2000, 2001). 

To quantitate the degree of fibrosis, the content of hydroxyproline in the 
homogenate of rat liver was estimated (Okazaki et al., 1982), and Azan- 
stained sections were used for morphometric analysis (Watanabe et al., 2000, 
2001). The hydroxyproline content and fibrotic rates in the rat liver on days, 
5 and 7 in the recovery phase in both 8- and 12-week CC1, intoxication 
decreased significantly. 
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FIGURE 1 Azan staining of rat liver at day 2 (A) and at day 5 (B) after the last injection of CCL, 
for 12 weeks. Newly formed broad bands and regenerative nodules are seen (A), but remarkable 
resolution of fibrous bands is seen after the discontinuation of toxic reagents (B). Original magni- 
fication: 25x. 
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111. COLIAGENASE IN RECOVERY FROM 
LIVER CIRRHOSIS 

Reversibility of liver fibrosis means the destruction of newly formed fibrous bands 
in the liver. Since Gross and Lapiere (1 962) discovered tadpole collagenase, inter- 
stitial collagenase has been isolated from skm, uterus, granulocytes, macrophages, 
and other organs and cells (Hams and Krane, 1974; Okazaki and Maruyama, 
1980). This enzyme is synthesized de now, is excreted extracellularly, and attacks 
the collagen molecule at three-quarters distance from the amino-terminal end 
under neutral pH. This collagenase plays an important role in remodeling the 
extracellular matrix in growth, inflammation, tumor development, and other 
physiological and pathological conditions (Hams and Krane, 1974; Okazaki and 
Maruyama, 1980). The authors had postulated the presence of interstitial colla- 
genase in the liver and demonstrated collagenase activity in experimental liver 
fibrosis for the first time (Okazalu and Maruyama, 1974). Specifically, collagenol- 
ysis was identified around the explant of a slice of rat fibrotic liver on a collagen 
gel film (Fig. 2 ) ,  demonstrating the typical collagenase attack pattern against 
neutral salt-extracted collagen by disc electrophoresis of the sample collected 
from the reacted collagen gels (Okazaki and Maruyama, 1974). This disc gel 
revealed PA (3/4-length of P chain), a* (3/4-length of a chain), and aB (1/4-length 
of a chain) products, which are the typical products of limited collagen degradation 
by mammalian collagenase on polyacrylamide gels. 

Using this tissue culture technique and a semiquantitative assay, the authors 
measured collagenase activity in the recovery from liver fibrosis and cirrhosis. 
Contrary to our expectations, the activity decreased at days 5 and 7 after 4-, 8-, 
and 12-week CCI, intoxication (Maruyama et al., 1976). 

FIGURE 2 Collagenolysis by tadpole tail skin (left) and rat liver at day 2 after the last injection of 
CC1, for 3 weeks (right) on collagen film on which they were cultured for 3 days. Methods reported 
previously (Matuyama et al., 1978; Okazaki and Matuyama, 1974). 
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In the following study, the authors used type I collagen that had been purified 
from acid-soluble collagens extracted from rabbit slun (Maruyama et al., 1981, 
1982). The enzyme source was the liver homogenate of baboons fed an alcohol- 
containing diet. The reaction mixture containing type I collagen as a substrate, the 
homogenate of baboon liver as an enzyme, and 3 mM p-chloromercuribenzoate to 
inhibit thiol proteinase activity and to convert procollagenase into the active form 
was incubated under neutral pH at 27"C, assayed by viscometer, and monitored 
by disc electrophoresis (Maruyama et al., 1981). Levels of the reaction products 
of PA and aA and their ratio showed the predicted degradation pattern of inter- 
stitial collagenase. Using this assay method and the same substrate, the authors 
demonstrated increased activity of interstitial collagenase in the early stage of 
hepatic fibrosis in baboons that had been fed alcohol chronically (Maruyama 
et al., 1981, 1982) and in patients with alcoholic hepatic fibrosis (Maruyama 
et al., 1982). 

The authors also measured the level of collagenase activity in the liver of rats 
fed alcohol chronically (Okazaki et al., 1977, 1983) and in rats that had been 
treated chronically with carbon tetrachloride (Okazalu et al., 1982). However, the 
level of collagenase activity in these rats was quite low and there was a slight, but 
not significant, increase in collagenase activity in the early stage of fibrosis. Other 
researchers subsequently demonstrated the presence of increased collagenase 
activity in the early stage of liver fibrosis and reduced collagenase activity in 
advanced fibrosis (Carter et al., 1982; Lindblad and Fuller, 1983; Montfort et al., 
1990). The activity, however, in the recovery phase from liver fibrosis and cirrho- 
sis was not accompanied by upregulation of interstitial collagenase even by this 
sensitive and quantitative assay (Okazalu et al., 1982). 

IV. GENE EXPRESSION OF MMPs AND TIMPs IN 
RECOVERY FROM LIVER CIRRHOSIS 

The metabolism of extracellular matrix is regulated by matrix metalloproteinases 
in close association with tissue inhibitors for MMPs. In the case of rats, sequence 
homology analysis revealed that except for human MMP-13, there is no sequence 
in rats that shows more than 90% similarity with the sequence of MMP-1 in 
humans (Freije et al. , 1994; Knauper et al., 1996). As the cDNA of rat MMP-1 has 
not yet been cloned, rat interstitial collagenase should be considered to be the rat 
homologue of human MMP-13. MMPs other than MMP-1, MMP-8, and MMP-13 
cannot degrade type I collagen, which is very stable, and a net deposition of type I 
collagen has been observed in progressive hepatic fibrosis (Arthur, 1995, 2000; 
Friedman, 1993, 1997; Okazalu et al., 1998, 1999, 2000, 2001; Rojkmd, 1999). 

Arthur et al. (1989, 1992) reported that hepatic stellate cells secrete a neutral 
metalloproteinase that can degrade type IV collagen (a component of the 
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basement membrane), which appears to be MMP-2. Both MMP-2, a potent gelati- 
nase, and membrane type 1 (MTlI-MMP, an activator of MMP-2, can cleave native 
type I collagen (Aimes and Quigley, 1995; Ohuchi et al., 1997), but with less 
efficiency than MMP-1 (Aimes and Quigley, 1995). Interstitial collagenase is a key 
enzyme involved in the degradation of fibrosis, and its expression may be impor- 
tant in the recovery phase of liver fibrosis. The authors have examined whether 
the interstitial collagenase gene is upregulated in the recovery phase. The second 
question has been to identity cells expressing interstitial collagenase even if the 
participation of this enzyme in the recovery of liver fibrosis is less than that of 
MMP-2 and MT1-MMP in total activity. The authors succeeded in answering these 
questions by clarifying the cells expressing MMP-13 mRNA in the recovery from 
liver fibrosis and cirrhosis. 

A. GENE EXPRESSION OF MMP-13 

The authors have demonstrated upregulation of MMP-13 mRNA at day 5 after the 
last injection of 8-week CC1, intoxication, i.e., in the early recovery phase of liver 
fibrosis, by reverse transcription-polymerase chain reaction (RT-PCR) (Watanabe 
et al., 20001, whereas downregulation of MMP-13 is noted with the progress of 
liver fibrosis (Watanabe et al., 2000) (Figs. 3A and 3B). Transcripts of MMP-13 
were analyzed by RT-PCR, followed by Southern blot analysis. Although the 
downregulation of MMP-13 in the progress of liver fibrosis has been reported by 
Iredale et al. (1996, 1998), the authors’ report is the first to demonstrate the 
upregulation of MMP-13 in the very early recovery phase, i.e., at day 5 after the 
last injection of CC1, for 8 weeks. Iredale et al. (1996, 1998) did not observe any 
increase in MMP-13 mRNA transcription but demonstrated an increase in TIMP 
mRNA transcripts in rat hepatic fibrosis induced by chronic CC1, intoxication. 
They hypothesized that the increase of TIMPs relative to MMP-13 may lead to the 
deposition of type I collagen. In the recovery phase, they did not observe 
increased MMP-13 gene expression. They postulated the importance of this 
balance of the downregulation of TIMPs without any increase in MMP-13. 
Differences in both the method and the time schedule used to detect MMP-13 
mRNA between their experiment and ours may have affected the results. First, 
because the level of MMP-13 expression was quite low, we used RT-PCR analysis 
instead of conventional Northern blot hybridization or ribonuclease protection 
assay to detect the transcripts. Second, the authors examined the rat liver at day 
5 after the last injection of 8-week CCl, intoxication, but they did not examine 
the gene expression at that time point. Intriguingly, the time course study of the 
gene expression of MMP-13 during the recovery phase is quite similar to our 
previous histochemical demonstration on lysosomal enzyme activities, showing a 
dramatic upregulation of enzyme activity at day 5 after discontinuing CC1, intox- 
ication (Maruyama et a]., 1978; Okazalu et al., 1974). 
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FIGURE 3 MMP-13 mRNA expression in the progressive and recovery phases of liver fibrosis. Gene 
expression was analyzed by RT-PCR followed by Southern blot hybridization. In the aggressive phase 
of fibrosis, MMP-13 mRNA was increased in the liver of rat treated with CC1, for 4 weeks (A). In the 
recovery phase of fibrosis, transcripts of MMP-13 increased markedly at 5 days after the last injection 
of 8-week (8) or 12-week (C) CCl, treatment. 

The authors observed the intense gene expression at day 5 after the last 
injection of 12-week CC1, intoxication (Fig. 3C). It is very interesting why the 
intense gene expression of MMP-13 appears in the recovery from liver cirrhosis. 
As discussed later, this intense expression may be related to the appearance of 



FIGURE 4 In situ hybridization of MMP-13 mRNA in CCI,-treated rat liver. Liver samples were obtained at day 2 (A, B) and at day 5 (C) after the last 
injection of 8-week CC1, treatment or at day 2 (D) and at day 5 (El after 12-week CCI, treatment. Few signals of MMP-13 mRNA were observed at day 2 
with the antisense probe (A, D) but not with the sense probe (B). Increased gene expression of MMP-13 was observed at day 5 after the last injection of 
8-week (C) or 12-week (E) CCl, treatment. MMP-13 mRNA-positive cells were located along the border between the resolving fibrous band and the 
parenchyma. In particular, the liver of rats obtained 5 days after the last injection of 12 weeks of intoxication intense signals was observed along or within 
the newly formed fibrous bands (El. Original magnification: 5 0 ~ .  
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hepatic stem cells. These cells may appear in rat liver cirrhosis more frequently 
than in liver fibrosis. 

In the normal rat liver, no signal for MMP-13 mRNA was observed by in situ 
hybridization. In rats treated with CC1, for 8 weeks, signals for MMP-13 mRNA 
were observed in a few cells lining the fibrous septa (Figs. 4A and 4B). Some of 
these cells were stained with the a smooth muscle actin (a-SMA) antibody 
(Watanabe et al., 2000). However, in the cirrhotic liver of rats treated with CC1, 
for 12 weeks, very weak signals of MMP-13 mRNA in stellate cells were observed 
(Fig. 4D). No hepatocyte in the liver revealed MMP-13 mRNA transcripts regard- 
less of the length of CCI, treatment. These data were consistent with the results 
of RT-PCR described earlier. 

The authors demonstrated that MMP-13 expression was enhanced during the 
recovery phase of liver fibrosis, and cells positive for MMP-13 were observed 
mainly at the interface between the resolving fibrous septa and the parenchyma 
by in situ hybridization (Fig. 4C). The original paper (Watanabe et al., 2000) was 
based on the findings at days 5 and 7 after the last injection of 8-week CC1, intox- 
ication. The authors found very intense signals for gene expression of MMP-13 at 
day 5 after the last injection of 12-week CC1, intoxication. This was consis- 
tent with the results of RT-PCR described earlier. In particular, cells expressing 
MMP-13 at day 5 after 12-week CC1, treatment were seen in the marginal cells of 
the nodules interfaced with the resolving fibrous bands (Fig. 4E). 

Overlapping the images of in situ hybridization and immunohistochemical 
staining revealed that some, but not all, of the MMP-13-positive cells were stellate 
cells that were stained with the a-SMA antibody. This is the first report providing 
direct evidence of definite MMP-13 gene expression during the recovery phase, 
which is in contrast with the downregulation of MMP-13 expression during the 
progression of fibrosis mentioned earlier. 

Most MMP-13-positive cells in the recovery phase were albumin negative, 
a-fetoprotein negative, a-SMA negative, and ED2 negative. It is reasonable that 
some of the MMP-13-positive cells in the recovery phase could be stem cells. 
In the present study, it was confirmed that some stem cells express MMP-13 
mRNA (see later). 

B. GENE EXPRESSION OF MMP-2 AND MT1-MMP 

The enzymatic characteristics of MMP-2 are quite different from those of MMP-1 
and MMP-13. Not only are there differences in substrate specificity (Yu et a[., 
19951, but also the expression of these MMPs is differentially regulated. That is, 
phorbol esters (TPA), interleulun-1 P, tumor necrosis factor (TNF)-a, and basic 
fibroblast-growth factor stimulate MMP-1 expression (Yu et al., 1995); TGF-P1, 
interleukin (IL)-8, and concanavalin A induce MMP-2 expression (Bar-Eli, 1999; 
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Gervasi et al., 1996; Hanemaaijer et al., 1993; Steams et al., 1999). p53 upregu- 
lates MMP-2 expression, but downregulates MMP-1 expression (Bian and Sun, 
1997; Sun et al., 1999). 

Upregulation of MMP-2 (Takahara et al., 1995, 1997; Theret et al., 1999) and 
MT1-MMP (Preaux et al., 1999; Takahara et al., 1997) has been reported during 
the remodeling of the extracellular matrix in experimental animal and human liver 
fibrosis. Ikeda et al. (1999) reported that MMP-2 is necessary for the proliferation 
and infiltration of hepatic stellate cells in the process of liver fibrosis. Therefore, 
MMP-2 has been thought to be a fibrogenic MMP, which acts in the formation of 
liver fibrosis (Arthur, 2000; Li and Friedman, 1999; Okazaki et al., 2000, 2001). 

The authors observed the upregulation of MMP-2 mRNA and MT1-MMP 
mRNA in the progressive phase of liver fibrosis followed by their downregulation 
in the recovery phase of liver fibrosis by RT-PCR as shown in Fig. 5 (Watanabe 
et al., 2001). The results are very different from that for MMP-13, which showed 
downregulation in the progressive phase and upregulation in the recovery phase 
as mentioned previously. The upregulation of both MMP-2 mRNA and MT1-MMP 
mRNA in the progressive phase is consistent with the reports mentioned earlier. 
In the recovery phase, however, Takahara et al. (1995) showed that after the dis- 
continuation of chronic CCl, treatment, there was increased MMP-2 expression 
on days 3 and 7 and reduced expression on day 14. These findings are not 
consistent with ours and are probably due to the different experimental design 
and the different probes of MMPs. 

The authors initially assumed that MMP-2 does not participate in the recovery 
from liver fibrosis because both MMP-2 and MT1-MMP gene expression decreased 
during the process of fibrolysis in the liver. Against our expectation, however, data 
indicate that both MMP-2 and MT1-MMP play some role in fibrolysis, although 
their gene expression decreases in the recovery phase (Watanabe et al., 2001). 

In the livers of rats treated with CCI, for 8 or 12 weeks, cells positive for MMP-2 
mRNA were mainly observed around the fibrous bands, and some positive cells 
were scattered in the lobules at day 2 after the last injection of CCI, (Figs. 5A and 
5B). On day 5, MMP-2 mRNA-positive cells were seen exclusively along or within 
the resolving fibrous septa (Fig. 5C). That is, fewer MMP-2 mRNA-positive cells 
were seen in the lobules at day 5 than those at day 2. Seven days after the last 
injection, the positive signals were still identifiable, scattered in the mesenchymal 
cells, including Kupffer cells, within the lobules (Fig. 5D). Surprisingly, these 
dynamic changes in the distribution of cells expressing MMP-2 mRNA occurred 
in the very early days of recovery. The same dynamic change in cells expressing 
mRNA was seen in MT1-MMP, TIMP-1, and TIMP-2, but not in MMP-13. 

The findings of MT1-MMP mRNA in all of the 8- and 12-week-treated groups 
were essentially the same as the findings for MMP-2 mRNA, although the level of 
MT1-MMP mRNA was lower than that of MMP-2 mRNA (Watanabe et al., 2001). 
Cells expressing MMP-2 mRNA were almost the same as cells expressing 



FIGURE 5 In situ hybridization of MMP-2 mRNA in CC1,-treated rat liver. Intense signals were seen in rat liver obtained 2 days after the last injection of 
8-week CC1, treatment with the antisense probe (A) but not with the sense probe CB). At day 5, MMP-2 mRNA-positive cells were seen along or within fibrous 
septa (C). At day 7, MMP-2-positive cells were seen in the lobules (D). Hepatocytes also expressed MMP-2 mRNA (El. In situ hybridization using antisense 
and sense probes was done in a serial section (A, B). Original magnification: A-D, 2 5 ~ ;  E, 1OOX. 



374 V. MMPs and TIMPs in Liver Fibrosis 

MT1-MMP mRNA at day 5. Both enzymes seem to degrade the newly formed 
fibrous bands in the recovery phase. Therefore, MMP-2 and MT1-MMP may play 
some role in the recovery from liver fibrosis. 

MMP-2, a potent gelatinase, and MT1-MMP, an activator of MMP-2, can cleave 
native type 1 collagen (Aimes and Quigley, 1995; Ohuchi et al., 1997), but with 
less efficiency than MMP-1 (Aimes and Quigley, 1995), as mentioned earlier. In 
addition to the colocalization of MMP-2-positive and MT1-MMP-positive cells 
around the fibrous bands at day 5, TIMP-2-positive cells also localized in the same 
area. Kinoshita et al. (1998) noted that TIMP-2, which is an inhibitor of MT1- 
MMP, paradoxically promotes activation of progelatinase A through MT1-MMP. 
From these results it is suggested that colocalized MT1-MMP and TIMP-2 can 
activate pro-MMP-2 around fibrous bands to resolve extracellular matrix. 

At day 7, MMP-2- and/or MT1-MMP-positive cells were observed diffusely in 
the lobules, implying a role in the degradation of perihepatocellular fibrosis. 
Advanced liver fibrosis is associated with the appearance of perihepatocellular 
fibrosis, which contributes to the formation of sinusoidal capillarization (Okazaki 
et al., 1973; Pooper and Udenfriend, 1970). Intralobular shunt vessels between 
portal vein tributaries and hepatic vein tributaries are formed, and it has been 
believed that there is no metabolic exchange of the blood with hepatocytes, lead- 
ing to the irreversibility of liver fibrosis. The authors previously confirmed the 
reversibility of sinusoidal capitalization that appeared in the experimental liver 
fibrosis of rats induced by chronic CCl, intoxication (Maruyama et al., 1976; 
Okazaki et al., 1973). The authors also previously developed a method to assay 
type IV collagenase in the liver and demonstrated the reduced activity of type IV 
collagenase in human liver cirrhosis (Maruyama et al., 1987, 1991; Okazalu et al., 
1998). Although the gene expression of both enzymes was downregulated, they 
may both participate in the destruction of perihepatocellular fibrosis, resulting in 
the recovery from liver fibrosis. Biological type IV collagenase activity includes net 
activities of MMP-2, MMP-3, and MMP-9 under the influence of their specific 
inhibitors, or TIMPs. Although the reports of Herbst et al. (1991), Vyas et al. 
(1995), and Winwood et al. (1995) showed that MMP-3 and MMP-9 are involved 
in perihepatocellular fibrosis, no study has reported gene expression of MT1- 
MMP and other MMPs in the context of fibrolysis in the liver. 

Gelatinase activity of MMP-2 increased in the recovery phase of 8-week-treated 
rat liver by gelatin Zymography, as shown in Fig. 6B (Watanabe et al., 2001). An 
increase in gelatinase activity in the recovery phase is consistent with the obser- 
vation of Takahara et al. (1995), except for the recovery phase of 12-week-treated 
rats, which they did not observe. A decrease in gelatinase activity in the recovery 
phase of 12-week-treated rats may reflect slow recovery from cirrhosis (Fig. 6B). 
The authors observed some discrepancy during mRNA expression and enzymatic 
activity in both progressive and recovery phases of liver fibrosis. Because gelati- 
nase activity depends on a balance between MMP-2 and their inhibitors, the 
authors are now investigating this question. 
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FIGURE 6 Detection of gelatinase activity by Zymography. In the aggressive phase of liver fibrosis, 
liver samples obtained at 2 days after 8- and 12-week-CC14-treated rats showed elevated gelatinase 
activity (A). In the recovery phase of 8-week treatment, gelatinolytic activity increased at 5 and 7 days 
(8). In the recovery phase of 12-week treatment, however, gelatinolytic activity gradually decreased. 

During the recovery phase of liver fibrosis, most of the cells positive for MMP-2 
mRNA were negative for desmin and a-SMA OnJatanabe et al., 2001). Most of the 
cells positive for MT1-MMP mRNA were also negative for desmin and a-SMA 
(Watanabe et al., 2001). Some MMP-2 mRNA-positive cells seemed to be hepato- 
cytes, although they did not express albumin. Both mesenchymal cell (mainly 
hepatic stellate cells) and Kupffer cells were major sources of MMP-2 production 
during the recovery phase of liver fibrosis, although they did not express charac- 
teristic cell markers. A few hepatocytes within the fibrous bands also produced 
MMP-2 (Fig. SE). 

The size of cells expressing both enzymes seems to be larger than those 
positive for MMP-13, and the authors assume that both enzymes, in particular 
MMP-2 at least, may participate in the proliferation of hepatocytes, stellate cells, 
and Kupffer cells. 

C. GENE EXPRESSION OF TIMP-1 AND TIMP-2 

Iredale et al. (1996) and Roeb et al. (1997) demonstrated that TIMP-1 mRNA 
increased during the early phase of CC1, treatment and then decreased and 
remained at a low level during the recovery from liver fibrosis (Iredale et al., 
1998). The net activity of MMPs is determined by the balance between the 
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activities of the MMPs and their inhibitors. Herbst et al. (1997) revealed that high 
levels of TIMP-1 and TIMP-2 transcripts were present in all fibrotic rat and human 
livers, predominantly in stellate cells. 

The authors also observed upregulation of TIMP-1 and TIMP-2 mRNA in the 
progressive phase and downregulation in the recovery phase by RT-PCR. In situ 
hybridization showed strong signals for TIMP-1 and TIMP-2 mRNA in cells 
expressing MMP-2 and/or MT1-MMP at the interface between the newly formed 
fibrous bands and the parenchyma in the progressive phase. 

In the recovery phase of liver fibrosis, gene expression of TIMPs gradually 
decreased. In situ hybridization revealed that the localization of TIMP-1- and 
TIMP-2-positive cells changed drastically over 5 and 7 days after discontinuance 
of chronic CC1, treatment. That is, at 5 days, mRNAs for both TIMPs were 
observed mainly in the parenchymal cells along the resolving fibrous bands, 
whereas weak signals of TIMPs were observed mainly in the hepatocytes at 7 days. 
Gene expression of TIMPs in hepatocytes may promote the proliferation of 
hepatocytes. These results indicate that TIMPs may participate in the recovery 
from liver fibrosis. 

D. COMPARISON OF MMPs AND TIMPs GENE 
EXPRESSION IN THE RECOVERY PHASE WITH THOSE IN 

THE WOUND-HEALING PROCESS 

In the recovery phase, i.e., at days 5 and 7 after the last injection of CCl, treat- 
ment for 8 or 12 weeks, gene expression of MMP-13 was upregulated dramatically 
(Watanabe et al., ZOOO), whereas the gene expression of MMP-Z/MTl-MMP 
decreased during these periods (Watanabe et al., 2001). Although data are not 
shown, gene expression of TIMPs also decreased. 

The reported gene expression of MMPs and TIMPs (Agren, 1999; Madlener 
et al., 1998; Okada et al., 1997; So0 et al., 2000; Vaalamo et al., 1999) was 
compared as shown in Fig. 7B. Although the results were not consistent, the same 
tendency is seen if both the progressive and the recovery phases of liver fibrosis 
are considered to be part of the wound-healing process. 

V. STEM CELLS EXPRESSING MMP-13 IN 
RECOVERY FROM LIVER CIRRHOSIS 

As described earlier, cells expressing MMP-13 mRNA by in situ hybridization 
appeared along the interface between the resolving fibrous bands that were newly 
formed and the parenchyma at day 5 after the last injection of CC1, for 8 or 12 weeks. 
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FIGURE 7 Comparison of MMP and TIMP gene expression in the recovery from liver fibrosis with 
those in wound healing. (A) Expression levels of MMP and TIMP mRNA in the aggressive (left) and 
recovery (right) phases of liver fibrosis. This diagram is presented by the permission of the Japanese 
Society of Hepatology [originally appeared in Acta Hepatol. Jpn. 41, 741-753 (ZOOO)]. (B) Expression 
levels of MMP and TIMP mRNA in wound healing. The diagram is modified from So0 et af. (2000). 
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In particular, strong gene expression was observed at day 5 after the 12-week 
treatment. Some cells were confirmed to be hepatic stellate cells showing positive 
staining of a-SMA, but most cells did not show positive staining for a-SMA, 
albumin, a-fetoprotein, and ED2 immunohistochemically. From these results, the 
authors investigated whether cells expressing MMP- 13 mRNA in the spontaneous 
resolution of liver fibrosis were stem cells, because recent evidence indicated that 
hematopoietic stem cells migrate in the liver and can differentiate into hepatic 
epithelium (Lagasse et al., 2000). 

The authors used antibodies specific for Musashi-1, nestin, and CD34. 
Musashi-1 protein, which is recognized as a neural RNA-binding protein, is 
involved in the development of neurons and glia by regulating gene expression at 
the posttranscriptional level (Sakakibara et al., 1996). Nestin is an intermediate 
filament, which appears transiently in neural progenitor cells (Kawaguchi et al., 
2001). Neuronal-positive cells for Musashi-1 and nestin are considered to be 
progenitor cells in the central nervous system (Kawaguchi et al., 2001; Roy et al., 
2000; Sakalubara et al., 1996). These cells have not previously been observed in 
normal liver. 

Putative stem cells showing expression of the aforementioned three markers 
were observed within the resolving fibrous bands as well as at the interface 
between the resolving fibrous bands and the parenchyma at day 5 after the last 
injection of 12-week CCl, intoxication, in the early phase of the recovery process 
of liver fibrosis (Watanabe et al., submitted). The Musashi-1-positive cell was also 
positive for CD34, and the nestin-positive cell was positive for both CD34 and 
MMP-13 in serial sections (Figs. 8A-8D). By in situ hybridization, in mirror image 
sections paired with immunohistochemical studies, some MMP- 13-positive cells 
expressed Musashi-1 (Figs. 8E-8G). Few putative stem cells were seen in both 
progressive and recovery phases of liver fibrosis after 8-week treatment. These 
cells may differentiate into hepatic stellate cells, although they did not express 
a-SMA at this time. 

It has been reported that some hepatic stellate cells are stained with GFAP, 
nestin, and neural cell adhesion molecules (Knittel et al., 1996, 1999; Neubauer 
et al., 1996; Niki et al., 1999). Therefore, putative stem cells expressing both 
MMP-13 and Musashi-1 may differentiate into hepatic stellate cells. 

VI. HYPOTHESIS AND PROPOSAL OF 
A NEW STRATEGY FOR THE TREATMENT OF 
LIVER CIRRHOSIS 

Neural progenitor cells that can be derived from hematopoietic stem cells express 
interstitial collagenase in the recovery phase of experimental liver cirrhosis. 



FIGURE 8 Photomicrographs showing the presence of stem cell markers detected by immunohistochemical staining and the gene expression of MMP-13 
by in situ hybridization, Samples were obtained 5 days after the last injection of 12-week CCI, intoxication. Detection of Musashi-1 (A) CD34 (B), and nestin 
(C) by immunohistochemical staining and MMP-13 (D) by in situ hybridization in serial sections. Musashi-1-positive cells also express CD34 (arrow). Some 
nestin-positive cells express CD34 and MMP-13 (arrowhead). lmmunohistochemical detection of Musashi-1 and detection of MMP-13 mRNA by in situ 
hybridization in mirror-image sections. In situ hybridization using the digoxigenin-labeled antisense RNA probe specific for MMP-13 (E) was performed in a 
mirror-image section paired with immunohistochemical detection of Musashi-1 (R, and the images were overlapped on the computer (GI; positive 
signals for Musashi-1 were changed to green). Some of the cells expressing MMP-13 mRNA were positive for Musashi-1 (arrow). Scale bars: 50 pm, 
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We hypothesize that spontaneous resolution of experimental liver fibrosis and 
cirrhosis induced by chronic CCI, intoxication in rats occurs to be as follows. 

Step 1. The preexisting liver cells (hepatocytes, stellate cells, endothelial cells, 
and Kupffer cells) recover, and stem cells derived from hematopoietic system, 
mainly bone marrow, appear. In particular, neural progenitor cells express 
MMP-13 mFWA. 

Step 2. Stem cells with MMP-13 mRNA proliferate and differentiate into 
hepatocytes, stellate cells, and other cells. 

Step 3. Some stem cells change phenotype and express MMP-2 and MT1- 
MMP, followed by weak expression of TIMPs. MMP-2, MT1-MMP, and an ade- 
quate amount of TIMP participate in the destruction of the extracellular matrix. 
MMP-2, MT1-MMP, and TIMPs proliferate liver cells, particularly hepatocytes and 
stellate cells. 

Step 4. Hepatocyte growth factor (HGF) promotes the gene expression of 
MMP-13 as well as the proliferation of liver cells. 

MMP-13 transcription in the recovery phase is transient, and stem cells 
expressing MMP-13 mRNA may differentiate into hepatocytes, stellate cells, and 
other cells. The authors did not observe cells expressing both MMP-13 mRNA and 
MMP-2 in the progressive and recovery phases of liver fibrosis. Most of the cells 
expressing MMP-2 and/or MTI-MMP mRNAs were not stained with albumin, 
a-fetoprotein, a-SMA, and ED2. Therefore, these cells could also be hepatic 
progenitor cells. 

HGF is known to reduce experimental liver fibrosis (Ueki et al., 1999; Yasuda 
et ul., 1996). Uelu et al. (1999) showed that in dimethylnitrosamine-induced liver 
fibrosis, HGF downregulated TGF-P expression, followed by the disappearance of 
predeposited fibrous tissue. Okazaki et al. (1999) proposed that HGF induces 
MMP-1 expression in LI 90 (cell line of human stellate cells) via Ets-1 in the 
promoter region of MMP-1. The recovery from liver fibrosis by external HGF 
treatment indicates that fibrolysis induced by increased collagenase activity could 
be related to regeneration of the liver. 

The authors’ results raise the possibility that hematopoietic stem cells could be 
used for the treatment of human liver fibrosis or cirrhosis. The authors are now 
investigating the possibility of gene therapy to expand stem cells in the liver and 
to express the MMP-1 gene in stem cells with or without transfusion of stem cells 
derived from bone marrow in patients with liver cirrhosis. 

The most important problems to be resolved are whether stem cells with 
MMP-13 mRNA transdifferentiate into cancer cells and whether HGF promotes 
this process. The authors reported previously that the transient expression of 
interstitial collagenase was observed in differentiated, very early hepatocellular 
carcinomas (less than 2 cm), but not in moderately or undifferentiated hepato- 
cellular carcinomas (Okazalu et ul., 1997). 
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The authors investigated previously the mechanism of collagenase production 
in liver cells using a monolayer culture of fibroblasts derived from the rabbit liver 
(Okazah et al., 1981, 1983, 1985). Different mechanisms of collagenase produc- 
tion were observed among fibroblasts derived from the synovium, gastric mucosa, 
and liver of the same rabbit. All fibroblasts used in this experiment were fourth 
passage cells in order to exclude macrophages and to obtain uniform cell lines. 
Synovial fibroblasts secreted a low level of collagenase without any treatment, and 
those treated with phorbol myristate acetate (PMA) produced a high level of col- 
lagenase. Gastric mucosal fibroblasts produced a high level of collagenase without 
any treatment. Upon treatment with PMA, MMP-1 production increased dramat- 
ically. Liver fibroblasts did not produce collagenase, even with PMA treatment 
(Okazah et al., 1985). The authors succeeded in inducing MMP-1 expression by 
coculturing fibroblasts and hepatocytes at a cell number ratio of 3: 1. After a long 
latent period, a remarkably high level of collagenase synthesis was observed 
(Maruyama et al., 1983; Okazah et al., 1985). The large quantity of collagenase 
produced by fibroblasts contributes to massive necrosis or tissue breakdown 
in vivo. As hepatic stellate cells can express high levels of MMP-l/MMP-13, 
MMP-l/MMP-13 production should be considered to be related to the activation 
of stellate cells. 

The relationship between the activation process of hepatic stellate cells and the 
mechanism of production of MMP-1/MMP-13 has not been clarified. Activated 
stellate cells producing extracellular matrix seem not to express MMP-l/MMP-13 
from the authors’ observation (Watanabe et al., 2000). Therefore, the mechanism 
of MMP-l/MMP-13 gene expression in stellate cell should be investigated. 
Moreover, the molecular mechanism of the transcriptional regulation of the 
MMP-1/MMP-13 gene has not been studied in hepatic stellate cells. Inflammatory 
cytohnes such as tumor necrosis factor-a and interleuhn-lp are known to be 
involved in the activation of hepatic stellate cells. Most such cytokines activate the 
retrovirus-associated DNA mitogen-activated protein hnase (Ras-MAPK) signaling 
pathway, including c-Jun NH2-terminal kinase (JNK) and extracellular signal- 
regulated hnase (ERK), which in turn activate the transcription of early genes 
such as clfos and c-jun. The Fos and Jun proteins contribute to the induction of 
MMP-1 gene transcription by their binding to proximal AP-1 sites of the promoter 
in fibroblasts and immortalized cells (Grumbles et al., 1997; Newberry et al., 
1997; Vincenti et al., 1996). In addition to the role of AP-1, Vincenti et al. (1998) 
reported on the role of NF-KB in the induction of rabbit MMP-1 expression in ILl- 
treated synovial fibroblasts. TNF-a and IL-lp increase h4APK activity, including 
JNK and ERK in rat hepatic stellate cells, thereby stimulating AP-1 activity in 
hepatic stellate cells (Poulos et al., 1997). Activation of hepatic stellate cells is also 
closely related to NF-KB activity (Elsharkawy et al., 1999). 

Activation of transcriptional factors such as AP-1 and NF-KB activity may also 
contribute to gene regulation of MMP-1 in hepatic stellate cells. The molecular 
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mechanisms of the regulation of MMP-1 expression are still unknown. It should 
be determined how such transcriptional factors as NF-KB or AP-1 may be involved 
in MMP-1 gene expression in hepatic stellate cells. Hozawa et al. (2000) reported 
that Racl GTP may direct transcriptional induction of MMP-1 expression by 
TNF-a predominantly via NF-KB in human hepatic stellate cells. The authors 
hope that transfusion of stem cells derived from bone marrow should express 
MMP-1 using these mechanisms. 

VII. CONCLUSION 

When the authors started work on the relationship between lysosomal enzyme 
activity and the recovery from liver fibrosis, the histochemical finding of the 
lysosomal enzyme on the liver at day 5 after the last injection of 8- or 12-week 
CC1, treatment revealed a recovery of lysosomal enzyme in all hepatocytes 
(Okazaki et al., 1974; Okazalu and Maruyama, 1980). Since then, three questions 
have been raised: (1) how the recovery occurs so early, (2) how hepatocytes 
participate in the recovery, particularly in the destruction of newly formed fibrous 
bands, and (3) whether the recovery from fibrosis is different from recovery from 
cirrhosis. The recovery may occur on any day in the progressive phase of liver 
fibrosis, but the process following the recovery does not continue. Hepatocytes 
expressing MMP-2 mRNA, MT1-MMP mRNA, and TIMPs mRNA were demon- 
strated by the authors (Watanabe et al., 2001), and MMP-2 and MT1-MMP may 
participate in the degradation of the extracellular matrix. Cytoprotective treatment 
for hepatocytes has been used experimentally. This treatment may be effective to 
proliferate stem cells expressing MMP-13 mRNA and hepatocytes with MMP-2 
and/or MT1-MMP mRNAs. Gene therapy, however, should be developed in order 
to reverse liver cirrhosis more effectively. 
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CHAPTER 2 1  

Retinoids in Liver Fibrosis: 
Induction of Proteolytic 
Activation of Transforming 
Growth Factor-P by 
Retinoic Acid and Its 
Therapeutic Control by 
Protease Inhibitors 
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HISATAKA MORIWAKI* 

Retinoic acid (RA, an active metabolite of vitamin A) has anti-inflammatory and 
scar formation effects in the process of wound healing. These multifunctional 
actions of RA may be linked to the controversy over its effects on liver fibrosis, 
depending on the models examined. RA exacerbates liver fibrosis induced by 
porcine serum that is not accompanied by hepatic necroinflammation. In this 
model, RA seems to act directly on hepatic stellate cells (HSCs); it enhances plas- 
minogen activator/plasmin levels and thereby induces proteolytic activation of 
latent transforming growth factor-p (TGF-P) on the cell surface. The resultant 
TGF-P, in turn, autostimulates the production of collagen by the cells. This mech- 
anism may provide a clue for the therapy of liver fibrosis. We have developed a 
protease inhibitor, camostat mesilate, to inhibit such TGF-P activation. The pro- 
tease inhibitor suppresses TGF-p activation and thereby inhibits the transforma- 
tion of HSCs in culture, leading to a reduction in matrix production by the cells. 
The compound is also effective in preventing hepatic fibrosis induced by porcine 
serum in rats when administered orally. Moreover, camostat mesilate reduces 
hepatic fibrosis even when it is given after the establishment of the fibrosis. 

Extracellular Mat% and the Liver 
Copynghr 2003. Elsevler Science (USA) All rights resemed 39 1 
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Thus, proteolytic activation of TGF-P may be an important target for the therapy 
of hepatic fibrosis. 

I. INTRODUCTION 

Hepatic stellate cells (HSCs) play central roles in the storage of retinoids (vitamin 
A and its analogs) in the quiescent phase as well as in fibrogenesis of the liver in 
the activated phase (Friedman, 2000; Okuno et al., 2000). During the progression 
of liver fibrosis, HSCs lose retinoid-containing lipid droplets from the cytoplasm, 
transform into myofibroblast-like cells, and start to produce a significant amount 
of extracellular matrices (ECMs). Thus, it is of great interest to understand the 
relationship between the loss of retinoids and the production of ECM in HSCs. 
However, there have been some controversies regarding the effects of retinoids on 
liver fibrosis. Some have shown an antifibrotic effect of retinoids, but others 
reported their fibrogenic action. For example, administration with retinyl palmi- 
tate (a storage form of vitamin A) suppressed experimental hepatic fibrosis in rats 
produced by carbon tetrachloride (CCl,) and by porcine serum (Senoo and Wake, 
1985). In support of this, vitamin A deficiency was shown to promote CC1,- 
induced liver fibrosis (Seifert et al., 1994). However, others have reported that 
vitamin A supplemented with ethanol stimulated the progression of liver fibrosis 
and cirrhosis in rats (Leo and Lieber, 1983). Furthermore, the incidence of 
human hepatic fibrosis was correlated with the amount of vitamin A intake by 
patients with vitamin A hepatotoxicity (Geubel et al., 1991). In addition, advances 
in molecular biology have shown a suppression of some matrix-degrading enzyme 
gene promoters, including stromelysin and collagenase, by retinoic acid, an active 
metabolite of vitamin A (Nicholson et al., 1991; Pan et al., 1995), which may link 
to the fibrosis-enhancing effect. Thus, conflicting effects have been observed in 
the effect of retinoids on liver fibrosis depending on the experimental conditions. 
So far, it is not yet known if retinoid loss is required for HSC activation and which 
retinoid might accelerate or prevent hepatic fibrosis (Friedman, 2000). Moreover, 
it is also uncertain how retinyl esters (mostly retinyl palmitate) are lost and if 
retinyl esters might be converted to a certain retinoid metabolitek) that may affect 
HSC activation. 

This chapter discusses the ECM-producing effect of RA in HSCs. Generation of 
a certain isomer of RA may provoke HSC activation in culture and during liver 
fibrosis in vivo. This RA enhances proteolytic activation of TGF-P, a strong fibro- 
genic cytokme, by upregulating the plasminogen activator (PA)/plasmin system. 
Active TGF-P autostimulates its own synthesis by HSCs and enhances ECM pro- 
duction. This sequence of mechanisms of RA may suggest a clue to use protease 
inhibitors to sever an autoinduction of TGF-P. We have developed a drug that sup- 
presses proteolytic activation of TGF-P and thereby inhibits hepatic fibrosis in rats. 
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11. RETINOIC ACID AND LIVER FIBROSIS 

A. STIMULATION OF TGF-P ACTIVATION BY RA 

In the rat liver fibrosis model induced by porcine serum, pure fibrosis is generated 
without causing hepatic inflammation or parenchymal necrosis. A stable analog of 
RA exacerbated liver fibrosis in this model by enhancing the function of TGF-P 
(Okuno et al., 1997). It has been reported that interstitial collagen and/or TGF-P 
production is increased, unchanged, or reduced by the exposure of rat HSCs to 
all-trans-RA or TGF-P (Davis et al., 1987, 1990; Davis, 19881, implying that the 
difference(s1 in the experimental conditions may account for the opposing effects 
of RA on liver fibrosis. We have demonstrated the ECM-producing effect of 
RA occurs via activating the most potent fibrogenic cytokme, TGF-P. 

TGF-P is a major cytohne implicated in the pathogenesis of liver fibrosis and 
cirrhosis (Border and Noble, 1994). TGF-P stimulates HSCs to transform into 
myofibroblast-like cells, enhances their production of ECM proteins, and 
suppresses degradation of the ECM (Friedman, 2000; Okuno et al., 2000). Three 
subtypes of TGF-P (TGF-01, 4 2 ,  and -P3), whose biological properties are nearly 
identical, are found in mammals (Roberts and Spom, 1990). TGF-P is synthesized 
and secreted in a biologically latent form (latent TGF-P), which needs to be acti- 
vated to acquire binding capacity to their cognate receptors and to perform bio- 
logical activities (Flaumenhaft et al., 1993). Activation releases the 25-kDa TGF-P 
homodimetric molecule from the latent large complex. Plasmin-mediated activa- 
tion occurs under physiological conditions, such as in the cocultures of vascular 
endothelial and smooth muscle cells (Sato et al., 1990). In this system, activation 
occurs on the cell surface by plasmin generated from serum plasminogen by the 
action of PA (Kojima et al., 1991). 

The diverse activities of RA are mediated primarily by two families of nuclear 
receptors: RA receptors (RARs) and retinoid X receptors (RXRs) (Mangelsdorf et al., 
1994). They are ligand-dependent transcription factors that bind to cis-acting 
DNA sequences, called RA responsive elements or retinoid X responsive elements 
in the promoter region of the target genes. RARs bind to RA responsive elements 
in response to both all-trans-RA and 9-cis-RA, whereas RXRs bind to retinoid X 
responsive elements in response to 9-cis-RA only. Retinoids enhance the produc- 
tion of both PA in many cell types (Gudas et at., 1994). In bovine vascular 
endothelial cells, the elevation of cell surface PA/plasmin levels by RA causes the 
formation of active TGF-P; this TGF-P subsequently mediates some of the effects 
of RA on the endothelial cells (Kojima et al., 1993; Kojima and Rifkm, 1993). 

We have demonstrated that RA also stimulates the formation of active TGF-P 
in rat HSC cultures via plasmin-mediated proteolytic cleavage of latent TGF-P on 
the cell surface (Fig. 1) (Okuno et al., 1997). The resultant active TGF-P stimu- 
lates its own synthesis, resulting in the generation of a considerable amount of 
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Hepatic Stellate Cell 

Plasminogen 

FIGURE 1 Schematic illustration of retinoic acid (MI-induced promotion of liver fibrosis via 
TGF-P activation and its therapeutic control by a protease inhibitor, camostat mesilate. RA upregulates 
plasminogen activator (PA)/plasmin levels in hepatic stellate cells (HSCs) (1). This increase elaborates 
the release (2) and the activation (3) of latent TGF-P UTGF-P) on the cell surface. The active TGF-P (aTGF- 
P) generated then stimulates the activation (or transformation) of HSCs (41, promotes its own synthesis 
(5 )  and increase in the amount of extracellular matrix (61, resulting in a cycle of TGF-P-extracellular 
matrix overexpressions and an exacerbation of liver fibrosis. Camostat mesilate inhibits this proteolytic 
activation of TGF-P and thereby prevents liver fibrosis. From Okuno et al. (2001), with permission. 

TGF-P. In addition, TGF-P suppresses collagenase activities in HSC cultures. 
In keeping with the culture experiments, an in vivo liver fibrosis model induced 
by porcine serum also demonstrated an increased concentration of TGF-P in liver 
tissues as well as the exacerbation of hepatic fibrosis by the administration with 
RA. However, RA-treatment alone (without porcine serum) does not cause the 
increase of hepatic TGF-P nor liver fibrosis. Thus, the RA does not directly cause 
liver fibrosis by itself, but rather exacerbates the fibrosis induced by the other 
stimulus such as porcine serum. In other words, HSCs may need to be activated 
by some stimuli before they become sensitive to RA-treatment. 

B. AN ENDOGENOUS RA IN FIBROTIC LIVER 

Because the effect of RA on TGF-P activation has been examined by administer- 
ing exogenous RA to the animals (Okuno et al., 19971, the effect of endogenously 
produced RA remained to be elucidated. It is well known that retinylpalmitate 
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contents, a storage form of retinoids in HSCs, decrease with the development of 
fibrosis (Blomhoff and Wake, 1991). This implies the possibility that the loss of 
retinylpalmitate in the fibrotic liver might be ascribed, in part, to the result of con- 
version of retinylpalmitate to some other metabolites, including RA. In support of 
this hypothesis, we have discovered an increase in 9,13-di-cis-RA generation, a 
major isomer of RA, in rat fibrotic livers induced by porcine serum (Okuno et al., 
1999b). Because 9,13-di-cis-RA is a major product arising from the in vivo 
isomerization of 9-cis-RA (Horst et al., 1995; Kojima et al., 1994) and has been 
suggested to be an indicator of preexisted 9-cis-RA (Amhold et al., 19961, the 
elevation of hepatic 9,13-di-cis-RA concentration suggests that 9-cis-RA might be 
generated during the development of fibrosis. In addition, we have found that 
9,13-di-cis-RA itself can induce activation of latent TGF-P in a plasmin-dependent 
manner and enhance TGF-P biosynthesis (Fig. 2) (Imai et al., 1997). This biolog- 
ical action of 9,13-di-cis-RA seems to be mediated by a nuclear RA receptor, 
RARa. However, a contradictory observation has also been reported, showing that 
RA contents as well as its signaling were diminished in the fibrotic liver induced 
by cholestasis (Ohata et al., 1997). The reason for this discrepancy still remains 

FIGURE 2 Changes in mRNA levels of retinoic acid receptor (RAR) a, P. y, tissue plasminogen 
activator (tPA), TGF-P1, - 0 2 ,  433, and type I procollagen following the exposure of human hepatic 
stellate cells to 9,13-di-cis-retinoic acid (9,13dcRA). Cell cultures were incubated either with vehicle 
(control; lane 1) or with 1 pM 9,13dcRA (lanes 2-8) for up to 72 h. Total RNA was isolated from each 
cell sample, fractionated through 1% agarose-formaldehyde gels, transferred to nylon membranes, and 
hybridized with a 32P-labeled probe for RAR a, P, y, tPA, plasminogen activator inhibitor-1 (PAI-l), 
TGF-P1, 4 2 ,  $3, pro-a2(I) collagen, or GAPDH. The radioactivity of each band was detected on an 
imaging analyzer 
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to be elucidated; however, the difference in the animal models (immunologic 
stimulus by porcine serum vs cholestatic stimulus by bile duct ligation) might 
influence the retinoid absorption and metabolism in distinct manners, resulting 
in the difference in the experimental outcome. 

111. PROTEASE INHIBITORS 

A. BLOCKADE OF TGF-P ACTIVATION 

Our studies demonstrate a fibrogenic aspect of RA in the liver via enhancing 
proteolytic activation of TGF-P. These studies may provide a clue for a novel 
therapy against liver fibrosis. Because the induction of TGF-P by RA in HSCs was 
initiated by the activation of latent TGF-P on the cell surface, this TGF-P activa- 
tion can be a primary target for therapeutic strategy, and inhibitors of PNplasmin 
could be potent antifibrogenic agents. In fact, the plasminDGF-P activation 
cascade has been shown to take place in human hepatic fibrosis (Inuzuka et ul., 
1997). Interestingly, in previous studies, protease inhibitors and an inhibitor of 
surface plasmin have been used episodically as cytoprotective agents to prevent 
hepatic necrosis (Gressner and Bachem, 1995). 

This idea led us to examine which protease inhibitors would be effective in 
suppressing TGF-P generation, employing cultured HSCs in vitvo (Okuno et ul., 
1998). Rat primary HSCs, isolated and cultured for 7 days, were incubated 
with plasmin in the absence and presence of each of 20 different protease 
inhibitors. Thereafter, concentrations of both active and total (active plus 
latent) TGF-P present in the culture medium were determined. To our surprise, 
all protease inhibitors tested significantly suppressed activation and generation 
of TGF-P. Similar results were obtained with HSCs stimulated by either RA or 
basic fibroblast growth factor (basic FGF), reagents that increase endogenous 
plasmin levels in the cells. Among 20 compounds examined, we selected one 
chemical, camostat mesilate (Fig. 3), and examined its effect on the activation 

Camostat Mesilate 

MW494.53 
FIGURE 3 Chemical structure of carnostat mesilate. From Okuno et al. (2001), with permission. 
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(or transformation) of HSCs. Currently, camostat mesilate is used for the ther- 
apy of pancreatitis and reflux esophagitis, and its drug safety is widely confirmed 
from clinical experiences (Sugiyama et a]., 1997; Kobayashi et al., 1998). Rat 
primary HSCs, cultured for 1 day after isolation, were incubated with camostat 
mesilate and cultured for an additional 7 days in the absence or presence of 
the compound. Camostat mesilate suppressed cell surface plasmin levels and 
thereby reduced the activation of TGF-P as well as its autoinduction (Fig. 4). 

1 

T 

Control Camostat Plasminogen Plasminogen 
Mesilate + 

Camostat 
Mesilate 

1 2 3 4 

FIGURE 4 Suppression by camostat rnesilate of both cell surface plasmin levels and TGF-P genera- 
tion in primary rat HSC cultures. HSCs were isolated from a normal rat and cultured for 7 days in the 
absence or presence of 500 pM camostat mesilate, 0.44 pLM plasminogen, or their combination. The 
plasmin activity in the cell surface extracts (slashed column) and the amounts of active (closed 
column) and total (closed plus open columns) TGF-P in the conditioned medium were determined. 
Sample I ,  no reagent (control); sample 2, camostat mesilate; sample 3 ,  plasminogen; and sample 4, 
plasminogen + camostat mesilate. Each value represents the mean ? SD (n = 5). An asterisk 
indicates a significant difference ( P  < 0.01) obtained by a comparison between the indicated pairs. 
Note that TGF-P activation as well as its autoinduction paralleled with cell surface plasmin levels that 
were enhanced by the inclusion with plasminogen in the medium. Camostat mesilate suppressed the 
plasmin levels and thereby reduced TGF-P activation in both control and plasminogen-included 
media. From Okuno et al. (20011, with permission. 
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Moreover, the compound inhibited morphological changes of HSCs ( e g ,  loss of 
lipid droplets from the cytoplasm), downregulated the expression of a smooth 
muscle actin, a marker of activated HSCs, and inhibited cellular proliferation 
(Okuno et al., 2001). Thus, camostat mesilate inhibited not only the generation 
of active TGF-P, but also transformation of HSCs. 

B. PREVENTION OF HEPATIC FIBROSIS 

These results suggest that the protease inhibitor may also be useful in vivo, 
suppressing the generation of TGF-P in the liver and subsequent development of 
hepatic fibrosis. Oral administration with camostat mesilate suppressed HSC 
activation and prevented porcine serum-induced fibrosis without causing any 
obvious adverse effects at the same dose range administered to humans (Fig. 5) 
(Okuno et al., 2001). Plasmin has been believed to be antifibrogenic because it 
dissolves ECM directly or indirectly via activation of prometalloproteinases 
(Leyland et al., 1996; Benyon et al., 1999). 

* 
F-h(%) 4.82 f 0.99 1.91 f 1.01 

* 
210f116 

FIGURE 5 Prevention of porcine serum-induced hepatic fibrosis by carnostat mesilate. Rats were 
injected with porcine semm intraperitoneally for 16 weeks. Half of the rats were fed a diet containing 
2 mp/g carnostat mesilate. Liver tissues were stained according to the method of Azan-Mallory. 
(a) Porcine serum and (b) porcine serum plus oral administration of camostat mesilate. Scale bar: 
100 pm. The percentage area of fibrotic tissues was determined by an image analyzer. Tissue contents 
of hydroxyproline were also measured. An asterisk indicates a significant difference ( P  < 0.05) 
between the groups. From Okuno et al. (20011, with permission. 
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Expression of PA increases at the early stage of fibrosis; however, the expres- 
sion of PA inhibitor-1 (PAI-1) is enhanced and overwhelms PA expression in the 
late phase, leading to a decrease in net fibrinolytic potential (Selu et al., 1996; 
Zhang et al., 1999). We reported that in the hepatic fibrosis model induced by 
porcine serum, plasmin exerts a fibrogenic effect in the early stage because it 
releases latent TGF-P from surrounding matrices and converts it to the active 
form (Okuno et al., 1997, 2001). We have shown consistently that hepatic plas- 
min activity increases along with the development of hepatic fibrosis. Similar to 
in vitro data, camostat mesilate suppressed the increases in hepatic plasmin 
levels and TGF-P production probably by inhibiting TGF-P activation in HSCs 
(Okuno et al., 2001). Based on these results, we suggest that camostat mesilate 
may inhibit both proteolytic release and activation of latent TGF-P also in vivo, 
leading to the reduction in the hepatic TGF-P content, thereby contributing to 
the maintenance of HSCs in a quiescent phenotype and to the prevention of 
hepatic fibrosis (Fig. 1). 

Because camostat mesilate is a broad-spectrum protease inhibitor, the result 
might also suggest that this protease inhibitor blocked the activity not only of 
plasmin but other unknown proteases capable of generating TGF-P. To examine 
this possibility, we enhanced hepatic plasmin levels by in vivo transfection with 
the urokmase-type PA gene and examined if this treatment to enhance hepatic 
plasmin levels neutralizes the antifibrotic effect of carnostat mesilate. In fact, 
upregulation of the plasmin levels abolished the suppressive effects of camostat 
mesilate on TGF-P contents and on fibrosis. We therefore concluded that the 
antifibrotic effect of camostat mesilate is dependent on its antiplasmin activity. 
Present data suggest that some other protease inhibitors that suppress TGF-P 
activation might also be beneficial for the therapy of liver fibrosis. 

It may be possible that camostat mesilate might suppress matrix degradation 
via a direct and/or indirect inhibition of matrix-degrading enzymes, such as 
matrix metalloproteinase 2 (Leyland et al., 1996; Benyon et al., 1999), and 
therefore, the compound might be ineffective in the treatment of estab- 
lished hepatic fibrosis. However, we have confirmed the therapeutic (or 
fibrosis-reducing) effect of camostat mesilate by administering the compound to 
rats after hepatic fibrosis was established by porcine serum injection (Okuno 
et al., 2001). Thus, the drug may have the potential not only to prevent but also 
to reduce hepatic fibrosis. 

An advantage of camostat mesilate is that it can be administered orally. This 
advantage will be particularly favorable for long-term treatment for the patients 
with chronic liver diseases. It is of interest to test the synergistic effect of a 
combination of camostat mesilate with other antifibrotic agents. In addition, as 
TGF-P is known to be involved in fibrogenesis not only in the liver but also in 
other organs, such as the lung, kidney, and slun, we expect that camostat 
mesilate might also be effective in fibrogenesis in these organs. 
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IV. CONCLUSIONS 

Based on our present and previous results, we hypothesize the following two 
possibilities regarding controversy about the effects of retinoid on liver fibrosis 
(Okuno et al., 1999a). First, the overloading of retinylesters to HSCs may cause 
the excess accumulation of lipid droplets in the cytoplasm and would interfere 
with protein synthesis including ECM. RA administered would directly modulate 
certain gene expression through the interaction with RARs to stimulate ECM pro- 
duction. Second, the apparent discrepancy between hepatic fibrosis models might 
be ascribed to the presence or absence of inflammation in the liver. Because RA 
is known to suppress inflammation and accelerate scar formation in wounded 
tissues, it may inhibit fibrosis indirectly via modulating hepatic inflammation. 
These anti-inflammatory and subsequent antifibrotic effects were seen in the 
CC14-induced cirrhotic liver in rats, in which parenchymal necroinflammation is 
accompanied (Okuno et al., 1990). RA may also possess a potential to stimulate 
hepatic fibrosis, particularly when it acts directly on HSCs. This effect may be 
observed in the pure fibrosis model, such as the one induced by porcine serum, 
in which hepatic inflammation is absent (Okuno et al., 1997, 1999b). In the 
latter condition, RA seems to act directly on HSCs and induces the plasmin- 
dependent activation of TGF-P. Moreover, we propose that a protease inhibitor, 
camostat mesilate, can prevent as well as reduce hepatic fibrosis via suppressing 
TGF-P activation in an animal model. Our findings support the utility of orally 
administered, nontoxic protease inhibitors as a potential new therapy for patients 
with chronic liver disease. 

In addition, another important function of TGF-P is to suppress hepatic 
parenchymal regeneration. Thus, the protease inhibitor might also be useful for 
the therapy of impaired liver regeneration often encountered after the surgical 
resection of cirrhotic livers. We have extended our idea and have obtained 
preliminary results supporting such beneficial effects of the compound. The 
compound restored hepatic regeneration after partial hepatectomy in rats, which 
was suppressed by the action of TGF-P secreted from HSCs by the stimulation 
of lipopolysaccharide (K. Ahta et al., 2002). Thus, activation of latent TGF-P is 
a key event for the pathogenesis of hepatic fibrosis, as well as impaired liver 
regeneration, and may be an important target for the therapy of such pathologic 
states. 
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CHAPTER 22 

Role of Growth Hormone 
Resistance and Impaired 
Insulin-like Growth Factor-I 
Bioavailability in the 
Pathogenesis of Cirrhosis 
and Its Complications 
ANTHONY J. DONAGHY 
A. W. Morrow Gastroenterology and Liver Center, Royal Prince Alfred Hospital, 
Camperdown, 2050 New South Wales, Australia 

Growth hormone (GH) and insulin-like growth factor-I (IGF-I) are ubiquitous and 
potent growth factors that have a central role in cellular proliferation and differ- 
entiation, somatic growth, and the regulation of body composition in adult life. 
Stress, disease, and organ failure may lead to a state of acquired GH resistance 
that has deleterious effects on whole body homeostasis. The liver is the central 
organ of the endocrine GH:IGF:IGF-binding protein (BP) axis, and the develop- 
ment of cirrhosis has been associated with profound changes in this axis, which 
result in significant impairment of IGF-I bioavailability to its tissue receptors. This 
chapter reviews the reported changes in the GH:IGF:IGFBP axis in cirrhosis and 
their relationships to the pathogenesis of cirrhosis and the complications that 
influence the significant morbidity and mortality of this disease state. 
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I. LIVER AND THE GH:IGF:IGFBP AXIS 

A. INTRODUCTION 

The somatomedin hypothesis of Salmon and Daughaday (1957) established that 
the majority of growth-producing effects of pituitary-derived growth hormone 
were produced by the somatomedins, later termed insulin-like growth factors 
(IGFs). Under hypothalamic control, GH is secreted by the anterior pituitary 
gland, transported in the circulation by the high-affinity growth hormone-binding 
protein (GHBP), and acts through the hepatic GH receptor to regulate the pro- 
duction of the potent mitogenic growth factor IGF-I (Fig. 1). Although multiple 
tissues synthesize IGF-I, there is much evidence to support the liver as the pri- 
mary source of circulating levels (D’Ercole et al., 1984): biologically reactive 
IGF-I is secreted by perfused livers (Schalch et al., 1979) (Schwander et al., 19831, 
by cultured liver explants, and by normal hepatocytes in primary culture (Scott 
et al., 1985a,b). Furthermore, estimated hepatic rates of IGF-I production are 
sufficient to account for the known turnover of IGF-I in the circulation 

FIGURE 1 Schematic of the central role of the liver in the GH:IGF:IGFBP axis 
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(Schwander et al., 1983). Additionally, levels of IGF-I mRNA in liver are 50- to 
100-fold greater than in most other tissues (Murphy et al. 1987). 

IGF-I is an anabolic peptide that is vital to cell proliferation and differentia- 
tion in virtually every organ (Jones and Clemmons, 1995). IGF-I stimulates cel- 
lular differentiation and proliferation; is an essential cofactor for the progression 
through the cell cycle from phase G to S (Jones and Clemmons, 1995); is a dom- 
inant regulator of somatic growth before puberty (Guler et al., 1988); and, after 
epiphyseal closure, plays an important role in the maintenance of body compo- 
sition (Ho and Hoffman, 1993). The biologic role of IGF-I1 remains uncertain, 
although roles in fetal development and in tumor development have been 
defined. In addition to their functions as endocrine growth factors, IGFs are 
thought to exert growth-promoting effects at the local tissue level through 
paracrine and autocrine mechanisms. 

B. IGF-BINDING PROTEINS 

IGFs are not secreted and stored in a specific organ, but circulate bound to 
insulin-like growth factor-binding proteins, of which six have been characterized 
and cloned (IGFBP-1 to -6) (Baxter, 1993). IGFBPs bind greater than 95% of cir- 
culating IGFs with less than 5% existing free in the circulation. IGFBPs have a 
major influence on the bioactivity of IGFs at the level of their tissue receptors by 
prolonging IGF half-life in the circulation, controlling the release of IGFs from the 
vascular to the extracellular space, and modulating the presentation of IGF to its 
receptor (Jones and Clemmons, 1995). 

The largest proportion of serum IGF-I circulates in a 150-kDa heterotrimeric 
complex thought to comprise IGF-I, IGFBP-3, and an acid-labile subunit (ALS) 
(Baxter, 1990). The liver is thought to be the dominant source of the ALS, with 
hepatocytes the only cell type capable of producing ALS protein in primary cell 
cultures of rat (Scott and Baxter, 1991; Dai et al., 1994; Scharf et al., 1996) 
and human hepatocytes (Scharf et al., 1995). This contrasted to the intrahepatic 
cellular distribution of IGFBP-3, which was documented in portal venous and 
sinusoidal endothelial cells and not in hepatocytes or other nonparenchymal cells, 
such as Kupffer or Ito cells (Chin et al., 1994). Moser et al. (1992) had shown pre- 
viously that IGFBP-3 is produced from endothelial cells in primary culture. These 
findings support the intrahepatic compartmentalization concept: different hepatic 
cellular sources of IGF-I and ALS (hepatocytes) and IGFBP-3 (nonparenchymal 
cell) allow only intravascular ternary complex formation and prevent intracellular 
formation of the circulating ternary complex, which, because of its large size (150 
kDa), would not be able to leave the cellular cytoplasm and reach the circulation. 

The ternary complex is thought to be restricted to the vascular space and 
extends the serum half-life of IGF-I from minutes to 12-18 h (Guler et al., 1989). 
Approximately 20-30% of total serum IGF is bound to a smaller 40- to 50-kDa 
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complex, which can leave the vascular compartment and has a much shorter 
halflife of 20-30 min (Guler et al., 1989). All of the proteins of the circulating 
ternary complexes, i.e., IGF-I, IGFBP-3, IGFBP-5, and ALS, have been demon- 
strated to be GH dependent (Rajaram et al., 1997). 

Less than 1% of total serum IGF-I is thought to circulate in the free form, 
although this form may be the most biologically active and levels may vary in 
response to changes in metabolic variables through their impact on circulating 
IGFBP-1 levels (Lee et at., 1997). IGFBP-1 was the first IGFBP to be identified and 
characterized (Lee et al., 1993). Brinkman et al. (1988) identified a single 1.5-kb 
mRNA species in human fetal liver but not in any other fetal organ tissues. In 
adult humans, IGFBP-1 mRNA has been identified in only liver, placental mem- 
brane, and decidua (Brewer et al., 1988). Insulin is the dominant regulatory influ- 
ence on IGFBP-1 and has been shown to be a potent inhibitor of IGFBP-1 mRNA 
levels (Powell et al., 1991). In most in vitvo studies, IGFBP-1 has an inhibitory 
effect on IGF activity, and in vivo studies have shown an inverse relationship 
between IGF-I and growth. Many studies have suggested that a central role for 
IGFBP-1 might be limitation of the considerable hypoglycemic and growth- 
promoting potential of free IGF-I during periods of low substrate availability. 

The IGFBP-1 gene is one of the most highly expressed immediate early genes 
in regenerating liver (Mohn et al., 1991). Transcription is increased at 30 min, and 
IGFBP-1 mRNA is increased 250-fold 1 to 4 h after partial hepatectomy in 
rats pretreated with cycloheximide. In situ hybridization studies by Ross and 
co-workers (1996) showed the widespread presence of IGFBP-1 mRNA through- 
out the hepatic sinusoids in normal human liver but that expression was limited 
to hepatocytes in regenerative nodules of human cirrhotic liver. 

C .  IGFBPs AND THE REGULATION OF 

IGF BIOAVAIIABILITY 

Studies have broadened the possible range of functions for these proteins 
(Rosenfeld et al., 1999). Most IGFBPs bind IGF-I with greater affinity than the 
IGF receptor, thereby preventing the activation of intracellular signaling pathways. 
Posttranscriptional modifications such as proteolysis and phosphorylation 
have been shown to modify the binding affinities of the IGFs for their IGFBPs 
and may increase the quantity of free IGF-I available to the IGF-I receptor. In addi- 
tion to modifying the access of IGFs to IGF receptors, several of the IGFBPs 
may be capable of increasing IGF action and some may be capable of 
IGF-independent regulation of cell growth. IGFBPs may associate with cell 
membranes or membrane receptors, and some IGFBPs have nuclear recognition 
sites and may be found within the cell nucleus (Jones and Clemmons, 1995; 
Rosenfeld et al., 1999). 
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11. THE STATE OF ACQUIRED GROWTH 
HORMONE RESISTANCE 

A. DEFINITION OF ACQUIRED GH RESISTANCE 

GH resistance is classically defined as low circulating levels of IGF-I in the 
presence of increased secretion of GH from the anterior pituitary gland. It implies 
a failure of the target organ to respond fully to the stimulus of high circulating 
levels of GH. It also implies the absolute or relative failure of a target organ to pro- 
duce “normal” quantities of IGF or other GH-dependent proteins in response to 
GH stimulation. The liver is the main source of circulating levels of IGF-I and as 
such is considered the main target organ determining the bioavailability of IGF-I 
as an endocrine growth factor. However, IGF-I is produced by most tissues, and 
while our knowledge of tissue production is far more limited, it is believed that 
IGF-I exerts powerful growth stimulatory influences locally via paracrine and 
autocrine mechanisms. 

B. EVOLUTIONARY ADVANTAGE OF GH RESISTANCE 

Acquired GH resistance is a commonly recognized feature of protein catabolic 
states, in which breakdown of lean body mass results in changes in body compo- 
sition, loss of muscle strength, and impaired immune responses. It is considered 
to be a secondary adaptive response, contrasting with inherited conditions of 
“primary GH resistance,” such as Laron dwarfism in which there is GH receptor 
deficiency or loss of function (Laron et al., 1993). It is apparent in acquired GH 
resistance that there is a shift from the indirect growth-promoting actions of GH 
that are largely mediated by the IGFs to direct GH actions, such as lipolysis and 
insulin antagonism (Phillips and Unterman, 1984). In the setting of catabolism 
induced by injury or severe illness, these changes might provide substrates essen- 
tial for short-term fuel needs but might be counterproductive in the mid- and 
longer term with respect to the maintenance of body composition. 

111. THE GH:EGF:IGFBP AXIS IN 
THE PATHOGENESIS OF CIRRHOSIS 

The pathogenesis of GH resistance in cirrhosis is multifactorial with contributions 
from hepatic factors such as hepatocyte loss, portosystemic shunting, and insulin 
resistance interplaying with extrahepatic factors such as nutritional intake and 
alcohol. Development of the cirrhotic lesion appears central to the pathogenesis 
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of GH resistance, as patients with chronic, noncirrhotic liver disease do not 
exhibit such profound changes in the GH:IGF:IGFBP axis (Stewart et al., 1983). 
Etiological relationships between changes in the GH:IGF:IGFBP axis and the 
development of cirrhosis, i.e., fibrogenesis, have been more difficult to define. The 
following section reviews the influence of both hepatic and extrahepatic factors on 
the GH-resistant state of cirrhosis, followed by a review of the evidence to date 
suggesting a direct link between low IGF bioavailability and liver injury, particu- 
larly the pathophysiological process of liver fibrosis. 

A. ETIOLOGICAL FACTORS IN THE PATHOGENESIS OF 

GH RESISTANCE IN CIRRHOSIS 

1. Hepatocyte Loss 

a. Hypothalamic and Pituitaty Regulation of GH Secretion 

Many authors have speculated that high serum GH levels are secondary to dimin- 
ished feedback to the pituitary and perhaps also to the hypothalamus from low 
levels of hepatically produced IGF-I (Moller and Becker, 1992). Abnormalities 
at the hypothalamic-pituitary level of the GH:IGF axis in cirrhosis have been 
suggested by studies demonstrating abnormal GH responses to the growth 
hormone-releasing hormone (GHRH) (Salem0 et al., 19871, thyrotrophin-releasing 
hormone (TRH) (Zanobi et al., 1983), and hyperglycemia (Muggeo et al., 1979). 
Santolaria et al. (1995) demonstrated raised serum GH levels in 24 hospitalized 
alcoholic cirrhotics but noted that GHRH levels were not altered significantly. 
Stewart et al. (1983) showed that GH levels were increased in alcoholic cirrhosis 
but not in alcoholic hepatitis, suggesting that the development of cirrhosis was 
central to the development of GH resistance in these patients. Moller et al. (1993) 
described significantly elevated urinary GH levels in alcoholic cirrhotics reflecting 
the integrated serum GH concentration. Cuneo and colleagues (1995) docu- 
mented increased frequency of GH secretory bursts, increased total daily GH 
secretion rates, and markedly impaired endogenous GH clearance in adult 
cirrhotic patients. 

b. SerumGHBP 

Earlier studies had demonstrated low serum levels of the high-affinity GHBP in 
cirrhosis, with decrements correlating with the degree of hepatocellular dysfunc- 
tion (Baruch et al., 1991; Hattori et al., 1992). In contrast, the later study of 
Cuneo et al. (1995) demonstrated only a slight decrease in serum GHBP levels in 
their cirrhotic cohort. This discrepancy may be explained by the smaller number 
of subjects in this study group or by the different GHBP methodology used. 
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c. Hepatic GH Receptor Gene Expression and Labeled GH Binding 

The high-affinity circulating GHBP is thought to be derived from the extramem- 
branous domain of the GH receptor in humans (Bamard et al., 1989) and it has 
been speculated that decreased GHBP levels might indicate influences of liver 
disease directly on the GH receptor. An early study by Chang et al. (1990) demon- 
strated decreased GH binding to cirrhotic liver by a radioreceptor assay. In a study 
of children with cirrhosis secondary to extrahepatic biliary atresia, Holt and 
co-workers (1997b) showed for the first time that hepatic GH receptor mRNA 
levels, measured by quantitative reverse transcriptase polymerase chain reaction, 
were reduced by 59% in cirrhotic liver. 

d. Hepatic IGF-1 Gene Expression 

Gene expression studies in human cirrhotic liver have yielded somewhat conflict- 
ing results. Ross et al. (1996) identified multiple transcripts for IGF-I in cirrhotic 
liver by Northern analysis, with the 7.5-kb transcript dominant with smaller tran- 
scripts seen at 4 and 1.5 kb. This group found that IGF-I mRNA levels were highly 
variable in adult cirrhotic liver but not significantly different from that of normal 
liver. In contrast, the study of pediatric cirrhotic patients by Holt et al. (1997b) 
showed markedly reduced IGF-I gene expression. Possible explanations for this 
difference may have been that the latter group used an RNase protection assay 
and had a significantly larger number of control liver samples. 

e. Serum IGF-1 

The liver is thought to be the major source of circulating levels of IGF-I 
(Schwander et al., 19831, and many historical studies have documented low 
levels of IGF-I in patients with liver disease of both alcoholic and nonalcoholic 
etiology (Russell, 1985). The lack of negative feedback of low IGF-I levels is 
thought to contribute to the high GH levels in this state of acquired GH resistance 
(lenkns and Ross, 1996). The critical importance of the functional hepatocyte 
mass to the hepatic production of IGF-I has been demonstrated most dramatically 
in studies showing that low serum levels of IGF-I and IGFBP-3 retum to control 
levels after successful orthotopic liver transplantation in children (Holt et al., 
1996) and adults (Schalch et al., 1998). 

Moller et al. (1993) showed markedly reduced serum IGF-I levels in alcoholic 
cirrhotics with IGF-I levels reflecting the degree of hepatic insufficiency. Our 
group has confirmed low serum levels of IGF-I in patients with a broad range of 
liver disease etiologies and severities, and we have demonstrated a correlation 
with the Childs Pugh score as a measure of disease severity (Donaghy et al., 1995) 
(Fig. 2). Scharf and co-workers (199613) confirmed low levels of both total and free 
IGF-I in adult cirrhotic patients. This group also demonstrated that the increase 
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FIGURE 2 Semm levels of GH and the ternary complex proteins IGF-I and IGFBP-3 and ALS in 
cirrhosis. Box and whisker plots depict median, 25, and 75 percentiles and range. Data are depicted 
for controls and each of the Childs Pugh prognostic groups, with the Childs Pugh group C having the 
most severe disease. 

in IGF-I levels in cirrhotic patients after GH injection was reduced markedly 
in patients with more severe disease (Childs groups B and C), reflecting a strong 
relationship between disease severity and this dynamic marker of GH resistance. 

f. Hepatic IGFBP-3 Gene Ekpression 

Ross et al. (1996) described the finding of a single 2.4-kb mRNA transcript for 
IGFBP-3 in both normal and cirrhotic human liver by Northern analysis. This 
group noted that IGFBP-3 mRNA levels tended to be higher in cirrhotic than nor- 
mal liver but that this difference was not statistically different. In the study of 
pediatric cirrhosis, Holt et al. (1997b) did not detect any difference in IGFBP-3 
mRNA levels between normal and cirrhotic liver by Northern analysis. 

g.  Serum IGFBP-3 

In contrast to the findings of unchanged IGFBP-3 gene expression in cirrhotic 
liver, most authors have described significantly decreased serum levels of IGFBP-3. 
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The earliest report came from Zapf et al. (1980), who described significantly 
decreased IGF-binding activity, pointing to the liver as the site of production of 
the major IGF carrier protein later identified as IGFBP-3. Subsequent studies have 
confirmed low serum IGFBP-3 levels by immunoassay, and we and others have 
shown strong correlations with both clinical (ascites) and laboratory (albumin, 
INR) indicators of liver disease severity (Donaghy et al., 1995; Scharfet al., 1996; 
Shaarawy et al., 1998). 

The study of Scharf made further important observations about IGFBP-3 
pathophysiology in cirrhosis. The significant increase in serum IGFBP-3 levels 
after a single dose of GH confirmed the growth hormone dependence of IGFBP-3. 
This group also noted profound alterations in IGF-binding protein complexes by 
gel filtration experiments. A reduction in the 150-kDa or ternary circulating 
complex was observed together with an increase in the 30- to 40-kDa or binary 
complex(es). GH injection did not alter ternary complex levels, but did increase 
those of the binary complex(es). These authors suggested that a decrease in serum 
ALS levels might be rate limiting for ternary complex production. 

IGFBP-3 has been shown to undergo posttranslational modification, namely 
proteolysis, in states of human illness (Cwyfan et al., 1992). However, two stud- 
ies have failed to demonstrate IGFBP-3 proteolysis in cirrhosis (Moller et al., 
1995; Ross et al., 1996). These studies, together with those showing undimin- 
ished IGFBP-3 gene expression in cirrhosis, have suggested that low IGFBP-3 
serum levels may be due to increased clearance of IGFBP-3 from the circulation 
rather than proteolytic degradation. 

h. Acid-Labile Subunit 

ALS gene expression in cirrhotic human liver has not been described to date. 
Holt et al. (1998) showed that serum ALS levels were decreased significantly in 
children with end stage liver disease and, interestingly, remained low after liver 
transplantation. We have shown that serum levels of ALS are reduced significantly 
in cirrhosis and that ALS levels demonstrated the strongest correlation with dis- 
ease severity of all of the components of the circulating ternary complex (unpub- 
lished data). 

i. IGFBP-1 Gene Expression 

The first report of IGFBP-1 gene expression in cirrhotic liver came from Ross et al. 
(1994), who described a single mRNA transcript at 1.5 kb in both cirrhotic and 
control liver samples. This group found IGFBP-1 mRNA levels to be highly vari- 
able in cirrhotic liver but not significantly different from controls. Serum insulin 
levels were also high in the cirrhotic group without the usual inverse relationship 
between insulin and IGFBP-1 mRNA levels. A later study from that group showed 
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abundant IGFBP- 1 gene expression in hepatocytes of regenerative nodules by 
in situ hybridization, providing possible further evidence, as has been suggested 
by in vitro studies, of increased IGFBP-1 mRNA levels in liver regeneration. In the 
study of pediatric cirrhotic liver, Holt et al. (1997b) also found no difference in 
IGFBP-1 mRNA levels between cirrhotic and control liver. 

j .  Serum IGFBP-I 

The majority of reported studies have demonstrated increased serum levels of 
IGFBP-1 in cirrhosis (Ross et al., 1994; Donaghy et al., 1995; Holt et al., 1996, 
199713). Ross et al. (1997) showed increased serum levels of IGFBP-1 in adult 
patients undergoing liver transplantation. These patients also had elevated serum 
insulin levels with a lack of the usual inverse relationship between insulin and 
IGFBP-1, suggesting hepatic insulin resistance (Donaghy et al., 1995). Holt and co- 
workers (199713) showed markedly increased serum IGFBP-1 levels in children with 
cirrhosis complicating extrahepatic biliary atresia. In a separate study, the same 
group showed that IGFBP-1 levels fell after liver transplantation and that the inverse 
correlation with insulin was restored only after transplantation (Holt et al., 1996). 

2 .  Portosystemic Shunting 

The finding of low levels of serum IGF-I in hepatic schistosomiasis (a postinfec- 
tive illness characterized by portal hypertension but normal hepatocyte function) 
(Assaad, 1990) suggested that portosystemic shunting might be a significant fac- 
tor in the pathogenesis of the GH resistance of cirrhosis. In an elegant study, 
Moller et al. (1995) found strong correlations between the wedged hepatic venous 
pressure (a measure of portal hypertension) and high GH, low IGF-I, and low 
IGFBP-3 levels in a group of alcoholic cirrhotics. These findings suggested that the 
shunting of nutrient-rich blood from the portal vasculature away from the hepatic 
sinusoids had at least an additional effect to the hepatocyte loss of cirrhosis. A 
possible explanation for these findings may come from the early work of Baxter 
and Turtle (1978) demonstrating in a rat model that significant concentrations of 
insulin are required for optimal binding of GH to hepatocyte GH receptors. 

3 .  Nutritional Intake 

Jackson-Smith et al. (1995) showed that short-term caloric or protein restriction 
in normal humans resulted in decreased levels of IGF-I and IGFBP-3 in associa- 
tion with a deterioration in nitrogen balance. The pattern of dietary intake in 
cirrhotic patients, particularly those patients with alcoholic cirrhosis, is often 
altered substantially. With increasing alcohol intake, the percentage of energy 
derived from protein, fat, and carbohydrate decreases and the nutritional quality 
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of the diet declines. Mendenhall et al. (1984) observed a direct correlation 
between the prevalence of malnutrition and daily total energy intakes in patients 
with alcoholic liver disease (ALD). Sarin et al. (1997) showed that intakes of pro- 
tein and carbohydrate estimated by dietary recall were significantly lower in 
patients with ALD than controls, although they were not significantly lower than 
the intakes of nonalcoholic cirrhotics or alcoholics without liver disease. This 
study also demonstrated that patients with severe alcoholic hepatitis had the low- 
est intakes of protein, carbohydrate, and fat. 

4. Alcohol 

Alcohol has been shown to exert direct and deleterious effects on the 
GH:IGF:IGFBP axis separate and in addition to those seen in patients with the 
pathological lesion of cirrhosis. A number of animal studies have shown that both 
acute and chronic ethanol administration decreases circulating IGF-I levels. 
Sonntag and Boyd (1989) showed that chronic ethanol exposure decreased 
plasma IGF-I concentrations compared to either pair-fed or ad libitum-fed 
animals, but that this was not caused by a further reduction in overall GH secre- 
tory dynamics. In a later study, Xu et al. (1995) showed that ethanol inhibited 
GH-induced protein synthesis and IGF-I gene expression in rat liver slices, but did 
so without changing GH receptor number or the affinity of GH for its receptor. 
These findings importantly suggested that ethanol directly suppressed GH- 
induced signal transduction. Srivastava et al. (1995) showed that chronic ethanol- 
fed rats showed a significant decrease in serum IGF-I levels with a parallel 
decrease in the expression of hepatic IGF-I mRNA. 

IGFBPs influence IGF bioavailability by regulating the delivery and binding 
of IGFs to tissue IGF receptors. Block et al. (1997) demonstrated that levels of a 
39- to 42-kDa IGFBP, likely IGFBP-3, were decreased in a chronic ethanol rat 
model, suggesting the possible impact of ethanol on longer term IGF bioavail- 
ability through decreased levels of the circulating ternary complex and therefore a 
decreased IGF-I half-life. 

Lang et al. (1998) showed that chronic alcohol feeding decreased serum IGF-I 
levels and IGF-I mRNA levels in liver and skeletal muscle of rats. In addition, this 
group demonstrated increased IGFBP-1 concentrations in plasma, liver, and 
skeletal muscle in the alcohol-consuming animals and that these changes were 
independent of changes in insulin, GH, or glucocorticoid levels. Flyvberg et al. 
(1997) showed that acute oral ethanol administration increased liver IGFBP-1 
gene expression by 218% with a concomitant rise in circulating levels of IGFBP-I 
identified by immunoprecipitation and Western ligand blotting. Ethanol may 
increase levels of cyclic AMP, which is a potent transcriptional regulator of IGFBP-1 
(Babajko, 1995). In a study of acute alcohol ingestion in nine healthy volunteers, 
Knip et al. (1995) demonstrated a dose-dependent increase in serum levels of 
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IGFBP-1, despite simultaneous hyperinsulinemia. Insulin is usually a potent 
inhibitor of IGFBP-1 gene transcription (Powell et al., 1991), with these findings 
implying that ethanol has a direct stimulatory effect on hepatic IGFBP-1 synthesis. 
In a study of alcohol withdrawal in noncirrhotic humans Passilta et al. (1999) 
showed that, in addition to a rise in serum IGF-I levels, serum IGFBP-1 levels 
decreased by 59% and that this change correlated inversely with a rise in insulin 
levels. This study elegantly demonstrated the effects of alcohol on the regulation 
of IGF bioavailability and that inhibitory regulation of IGFBP-1 by insulin was 
maintained during the alcohol withdrawal period. High levels of IGFBP-1 may 
bind increasing quantities of free or bioavailable IGF-I, thereby inhibiting tissue 
growth and anabolism. 

A number of studies have demonstrated that ethanol may inhibit the IGF-I 
receptor, through which IGF-I exerts its cellular mitogenic and proliferative prop- 
erties. Most cells in primary culture require the interaction of IGF-I with the IGF-I 
receptor to enter the S phase of the cell cycle. Ethanol has been shown not to 
interfere with the binding of IGF-I to its receptor but to cause profound interfer- 
ence with ligand-mediated tyrosine autophosphorylation of the IGF-I receptor in 
a 3T3 fibroblast cell line (Resnicoff et al., 1993) and in C6 rat glioblastoma cells 
(Resnicoff et al., 1994). Tyrosine autophosphorylation of the IGF-I receptor is 
essential for its mitogenic function. The targeting of ethanol to the IGF-I receptor 
was further emphasized by the findings of inhibition of downstream targets 
for IGF-I receptor tyrosine kinase, such as insulin-related substrate-1 and 
phosphatidylinositol 3-kinase (Resnicoff et at., 1994). In these studies, the 
ethanol-induced effects on IGF-I signal transduction affected profound decreases 
in IGF-I-mediated cell growth. These important findings imply an important inter- 
active role for IGF-I in the deleterious effects of ethanol on important physiologi- 
cal processes, such as fetal development, hepatocellular regeneration, and the 
maintenance of lean body mass. 

B. DIRECT INFLUENCES OF GH:IGF-I ON 

LMR GROWTH 

1. Normal Liver Growth 

The impaired growth of normal liver in GH-deficient transgenic mice is only 
partially corrected by overexpression of IGF-I in double transgenic animals, sug- 
gesting the importance of GH in the maintenance of normal liver growth, possi- 
bly mediated in an autocrine/paracrine manner by hepatic IGF-I that is expressed 
in response to circulating GH (Behringer et al., 1988). Normal human liver has 
virtually no IGF-I-binding sites, but Car0 et al. (1988) have demonstrated signifi- 
cant increases in IGF-I binding to hepatocytes from both fetal and regenerating rat 
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liver, suggesting autocrine regulation of liver growth by IGF-I during physiologi- 
cal and pathological conditions of growth. 

2. Liver Regeneration 

GH and IGF-I influence normal liver growth with transgenic mouse studies show- 
ing the liver to be hypoplastic in GH-deficient mice (Behringer et al., 1988). GH 
and IGF-I have also been shown to have significant effects on liver regeneration in 
experimental models. Unterman and Phillips (1986) showed that liver regenera- 
tion was retarded in hypophysectomized rats, and GH has been shown to accel- 
erate liver regeneration, possibly by promoting the early initiation of hepatocyte 
growth factor gene expression (Ekberg et al., 1992). 

3. Fibrogenesis 

A direct link between the GH:IGF-I axis and liver fibrogenesis has been more 
difficult to define; however, recent interesting studies have important implied 
direct relationships. In a study of IGF-I receptor numbers in stellate cells, 
Brenzel and Gressner (1996) showed that hepatocyte-generated IGF-I or 
IGFBPs might mediate stellate cell activation during the initial transformation 
to myofibroblasts. Svegliati-Baroni et al. (1999) showed that both IGF-I and 
insulin-stimulated hepatic stellate cell (HSC) proliferation in a dose-dependent 
fashion with IGF-I was five times more potent than insulin. IGF-I increased 
type I collagen gene expression and accumulation in HSC culture media 
through a P13-K- and ERK-dependent mechanism. These studies have sug- 
gested a direct role for IGF-I in stellate cell activation, proliferation, and 
collagen production. 

In an experimental model of cirrhosis, Castilla et al. (1997a) showed that 
IGF-I had hepatoprotective effects by improving liver function and reducing 
oxidative liver damage and fibrosis in rats with compensated or advanced cir- 
rhosis. This particular decrease in prooxidant liver injury and resulting fibro- 
genesis might be extremely important in conditions such as alcoholic cirrhosis 
where oxidative liver damage is a major pathogenic mechanism. A further 
recent study from that group showed that IGF-I reduced all of the studied 
parameters of fibrogenesis in cirrhotic rats: hydroxyproline content, prolyl 
hydroxlase activity, and collagen al(1) and a1 (111) mRNA expression 
(Muguerza et al., 2001). IGF-I treatment was also associated with a decreased 
number of transformed myofibroblasts. These findings indicate that IGF-I 
appears to have opposite effects on fibrogenesis at either the cellular or the 
whole body level and raise the possibility that IGF-I therapy at the whole body 
level may induce other changes, such as in IGF-binding protein levels, that 
may alter IGF bioavailability significantly. 
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IV. GH:IGF:IGFBP PATHOPHYSIOLOGY AND 
CIRRHOSIS COMPLICATIONS 

A number of studies have suggested that low levels of IGF-I, particularly in 
association with changes in the profiles of the IGFBPs, which further reduce 
IGF-I bioavailability, may play an important role in the pathogenesis of the 
complications of cirrhosis (Table I). 

A. STARVATION METABOLISM 

The impaired capacity of the cirrhotic liver to store glycogen contributes to a 
metabolic state in cirrhosis resembling starvation with early recruitment of alter- 
native fuel stores during periods of fasting. Indeed the glycogen stores of the cir- 
rhotic liver may be depleted in less than 6 h of fasting compared to 36-48 h in 
normals, necessitating the breakdown of tissue fat and protein stores to provide 
fuel substrates for gluconeogenesis (Owen et al., 1983). Resistance to the actions 
of the anabolic growth factors GH and insulin is central to the pathogenesis of this 
starvation metabolism. An early study by Freemark et al. (1985) showed that 
somatomedin C, now known as IGF-I, was 20-fold more potent than insulin in 
stimulating hepatic glycogen formation. This interesting and infrequently quoted 
finding begs the speculation that low levels of bioavailable IGF-I may have a direct 
pathogenic role in the impairment of hepatic glycogen storage capacity, which is 
arguably the dominant metabolic lesion of cirrhosis. 

B. GROWTH RETARDATION 

Liver transplantation is now an established therapy for advanced liver disease in 
children, many of whom are significantly growth retarded. IGF-I is the dominant 
regulator of somatic growth before puberty, and reduced IGF bioavailability is 
believed to play a dominant pathogenic role. Quirk et al. (1994) showed that 
plasma levels of IGF-I and IGFBP capacity were reduced significantly in growth- 
retarded children with end stage liver disease compared to normally growing, age- 
matched children with cystic fibrosis. A number of studies have shown that serum 
levels of IGF-I, IGFBP-3, and IGFBP-1 can return to control values in the pos- 
torthotopic liver transplantation (OLT) period in children and adults (Holt et al., 
1996; Schalch et al., 1998). OLT, however, did not normalize all components of 
the GH:IGF:IGFBP axis with, in particular, serum ALS levels not reaching control 
levels post-OLT (Holt et al., 1997a). 

Infante et al. (1998) showed an increase in height 4 years post-OLT in associ- 
ation with the increase in serum IGF-I levels and that catch-up growth was highly 
significant, particularly in the first year posttransplantation (Infante et al., 1998). 
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TABLE I 
Axis in Disease Pathogenesis and Cirrhosis Complications 

Summary of Pathogenic Factors Involving the GH:IGF:IGFBP 

Pathogenesis 
Hepatocyte loss 
Portosystemic shunting 
Nutritional intake 
Alcohol 
Starvation metabolism 
Growth retardation 

Complications 
Protein calorie malnutrition 
Insulin resistance 
Osteoporosis 

Holt et al. (1997a) showed that serum levels of IGFBP-1 and IGFBP-2 correlated 
negatively with pretransplant nutritional status as measured by anthropometry. 
This study also noted that growth postorthotopic liver transplantation correlated 
positively with serum IGF-I and negatively with IGFBP-1. These findings overall 
strongly suggest that OLT may reverse the GH-resistant state of cirrhosis and that 
this improvement is integral to the catch-up growth observed in these patients. 

C. PROTEIN CALORIE MALNUTRITION 

The prevalence of protein calorie malnutrition has been reported to be as high as 
100% in ALD (Mendenhall et al., 1995), and the adverse impact of malnutrition 
on clinical outcome has been highlighted in many studies (Mendenhall et al., 
1986; Shaw et al., 1985). In the Veterans Affairs Study of alcoholic hepatitis, low 
levels of IGF-I were noted but, interestingly, partial correlation analysis showed 
that malnutrition correlated with IGF-I independently of liver dysfunction and 
histopathological alterations (Mendenhall et al., 1989). This finding has suggested 
that IGF-I levels might be regulated more dominantly by nutritional factors than 
liver function in ALD. 

However, a later study of 64 hospitalized alcoholic patients (Caregaro et al., 
1997), while demonstrating a diminished 2-year survival in patients with a low 
IGF-I 4 score, did not note any significant correlation of IGF-I with anthropometric 
indices. These findings might be explained by the increased disease severity seen 
in hospitalized alcoholics, but probably highlight the multipathogenesis of the 
low IGF-I levels seen in advanced cirrhosis. 

Inaba and colleagues (1999) have shown that disturbances in the GH:IGF axis 
can contribute to the disturbed protein metabolism observed in patients after 
hepatectomy. In this study, perioperative IGF-I levels were lower in those patients 
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who developed postoperative complications, and the postoperative serum IGF-I 
level showed a positive correlation with the whole body protein turnover rate. 

D. INSULIN RESISTANCE 

The insulin resistance of alcoholic cirrhosis is of multifactorial pathogenesis and 
remains incompletely understood. While the current major deficit is thought to 
be of nonoxidative glucose disposal, i.e., impaired glycogen synthesis in skeletal 
muscle, there are many other suggested contributing factors (Petrides et al., 
1992), including high circulating levels of the counterregulatory hormones 
glucagon, cortisol, and GH. Studies have suggested a pathogenic role for the 
GH:IGF axis both directly and indirectly through relationships of malnutrition to 
insulin resistance. 

Shankar et al. (1988) showed that suppression of GH with somatostatin in 
euglycemic clamp studies resulted in significantly improved insulin sensitivity. 
This study of alcoholic cirrhotic patients suggested a direct pathogenic role of 
high GH levels in the insulin resistance of these patients. However, in a later 
study, Shmueli et al. (1994) could not show any significant effect of GH suppres- 
sion on whole body glucose uptake, forearm glucose uptake, or insulin sensitivity. 
The differences in these study findings may have been at least partially explained 
by the ongoing alcohol intake of the patients in the earlier study. 

Shmueli et al. (1996) also showed that high serum IGFBP-1 levels seen in their 
alcoholic cirrhotic group showed a strong inverse correlation with insulin sensi- 
tivity. Serum levels of IGFBP-1 fluctuate in response to metabolic variables, 
predominantly insulin and substrate availability (Lee et al., 1993), with high 
IGFBP-1 levels believed to decrease IGF-I bioavailability. This finding further 
strongly suggests the potential significance of low IGF-I bioavailability to the 
insulin resistance of cirrhosis. 

Wahl et al. (1992) showed strong correlations of serum markers of protein 
energy malnutrition (PEM) to insulin sensitivity as measured by euglycemic 
insulin clamping. The finding that nutritional support improved insulin sensitiv- 
ity in these alcoholic cirrhotic patients gives further evidence of a relationship of 
PEM to insulin resistance in this patient group. The close relationship of low 
IGF-I bioavailability to PEM suggests a possible additional indirect role for low 
IGF-I levels in the insulin resistance of cirrhosis. 

E. OSTEOPOROSIS 

Significant decreases in bone mineral density have long been described in patients 
with cholestatic liver disease, with malabsorption of vitamin D thought to be 
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pathogenic. However, more recent studies have demonstrated osteopenia and 
osteoporosis in cirrhosis of noncholestatic etiology, suggesting that the cirrhotic 
lesion itself may be etiological. Gallego-Rojo et al. (1998) found low serum IGF-1 
levels in patients with cirrhosis complicating chronic viral hepatitis and noted that 
those patients with osteoporosis had the lowest serum IGF-1 levels. These find- 
ings suggest that low serum IGF-I levels might play a role in the bone mass loss 
in these patients. 

V. GROWTH HORMONE AND IGF-I As 
THERAPY IN CIRRHOSIS 

In severe catabolic illness, including cirrhosis, a number of studies have demon- 
strated that aggressive nutritional support alone does not prevent significant loss 
of lean body mass (Streat et al., 1987). Recombinant human GH therapy has been 
shown to improve protein anabolism and to have an impact on short-term 
morbidity after abdominal surgery (Ward et al., 1987), major trauma and severe 
sepsis (Douglas et al., 1990), and severe bums (Hemdon et al., 1990). GH and 
IGF-I therapy have been reported in human and experimental cirrhosis (Table 11). 

A. GH INTERVENTION IN HUMAN CIRRHOSIS 

1. Effects on the GH:IGF:IGFBP Axis 

In the first reported study of GH therapy in human liver disease, Moller et al. 
(1994) showed significant increases in serum levels of IGF-I in a group of 
male alcoholic cirrhotics treated with recombinant human GH for 6 weeks. 

TABLE I1 
Therapeutic Studies in Human and Experimental Cirrhosis 

Summary of Outcomes Assessed in GH:IGF-I 

Human 
GH:IGF:IGFBP axis 
Body composition 
Somatic growth 
Nitrogen retention and food efficiency 
Immunity and anabolism 

Animal 
Glucose metabolism 
Immunity and anabolism 
Osteopenia 
Hypogonadism 
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Serum IGFBP-3 levels increased in both treatment and placebo groups, whereas 
no changes in serum IGFBP-1 levels were seen. In a study designed to assess 
the responses of GH:IGF:IGFBP parameters to a single dose of rhGH in adult 
cirrhotic patients, Scharf et al. (1996b) demonstrated that GH affected significant 
increases in serum levels of free and total IGF-I and IGFBP-3. 

2. Nitrogen Balance and Body Composition 

We have examined the therapeutic effect of high-dose exogenous GH therapy in 
a group of 20 patients of varying liver disease etiology and severity. We observed 
an attenuated but significant increase in serum levels of all of the ternary complex 
proteins (Fig. 3). We also observed a significant improvement in cumulative nitro- 
gen balance in the GH-treated group, suggesting that the acquired GH resistance 
of cirrhosis could at least be partially overcome and that the improvement in IGF 
bioavailability could affect an improvement in nitrogen retention (Donaghy et al., 
1997). N o  significant side effects of GH therapy were observed in this study. 

In a study of adult cirrhotics treated with rhGH for 1 month, Wallace and 
co-workers (1997) confirmed the GH-induced increases in IGF-I and IGFBP-3 
shown in the previous adult cirrhosis study. This group also demonstrated that 
GH affected improvement in lean body mass as measured by total body potassium 
counting. Total body weight and body water were also increased in association 
with clinically significant fluid retention. This study also showed that hepatocyte 
function, as measured by the MEGX (Lignocaine extraction) test, was not altered 
by GH therapy. 

3. Somatic Growth 

In a placebo-controlled, double-blind, crossover study, Greer et al. (1998) saw no 
effect of high-dose rhGH therapy on the GH:IGF:IGFBP axis, anthropometry, or 
body composition measurements in 12 pediatric cirrhotic patients. In this study, 
it would appear that the degree of severity of the liver disease and therefore of the 
GH resistance in these children may have prevented a hepatically produced 
growth factor response in these patients. In contrast, Maghnie et al. (1998) 
showed a two- to threefold increase in growth rate in a group of two children with 
inherited liver disease treated for 1 year with high-dose rhGH therapy, but there 
was no control group in this study. 

In a study of rhGH therapy for 1 year in eight growth-retarded children 
postliver transplantation, Sama and colleagues (1996) reported significant 
increases in serum IGF-I and IGFBP-3 levels in association with accelerated 
growth rates. The change in the height standard deviation score correlated signif- 
icantly with the serum IGF-I level at 6 months. While these findings stress the 
integral relationship between growth and the GH:IGF:IGFBP axis, there was no 
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FIGURE 3 Impact of exogenous GH therapy on serum levels of IGF-I, IGFBP-3, and cumulative 
nitrogen balance in cirrhosis. Serum IGF-I (&her) levels rose significantly in the active GH treatment 
group with no significant change seen in the placebo group. However, this rise was attenuated 
markedly compared with a historical group of normals. Serum IGFBP-3 (mg/liter) levels rose signifi- 
cantly in the active GH treatment group with no significant change seen in the placebo group. Total 
cumulative nitrogen balance increased significantly only in the GH-treated group with placebo arm 
patients remaining in net neutral nitrogen balance. 
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control group in this study to allow accurate comparison with unstimulated 
growth rates in these posttransplant children. 

Studies of IGF-I therapy in human cirrhosis have not been reported, likely 
because of the risks of IGF-I-induced hypoglycemia in patients predisposed to this 
problem because of impaired glycogen storage. 

B. GH AND IGF-I THERAPY IN ANIMAL MODELS 

1. Nitrogen Retention and Food Efficiency 

Picardi et al. (1997) demonstrated that low doses of IGF-I improved nitrogen 
retention and food efficiency in rats with early stage cirrhosis. Exogenous IGF-I 
therapy was associated with increased food intake and improved nutrient utiliza- 
tion, confirmed by the enhancement of the incorporation of labeled nitrogen into 
gastrocnemius muscle. In this study, possible mechanisms of IGF-I action 
included enhancement of appetite and improvements in substrate utilization for 
energy generation and muscle protein metabolism. This study also made the inter- 
esting observation that mild but statistically significant muscle wasting was 
already present in nonascitic cirrhotic rats, suggesting that protein calorie malnu- 
trition might develop early in the evolution of cirrhosis independently of the 
cirrhotic complications of ascites, variceal hemorrhage, and sepsis, which 
undoubtedly contribute to its progression. 

2. Immunity and Anabolism 

Mendenhall and co-workers (1997) showed that both exogenous GH and IGF-I 
therapy partially reversed the weight loss seen in severely dietary-restricted, 
undernourished, alcohol-fed rats. This group also demonstrated that IGF-I but 
not GH produced significant improvements in immune parameters such as thy- 
mus and splenic T lymphocyte counts. An interesting further finding in this study 
was that neither GH nor IGF-I could restore the functional status of splenic T lym- 
phocytes in the presence of ongoing caloric restriction and alcohol intake. The 
previously noted direct suppression by alcohol on IGF-I signal transduction might 
explain these findings. 

3. Glucose Metabolism 

In a well-designed intervention study, using the euglycemic clamp methodology 
in cirrhotic rats, Petersen et al. (1997) showed that IGF-I was able to improve the 
parameters of insulin resistance. In particular, during the IGF-I clamp, glucose 
turnover was increased threefold, rates of muscle glycogen synthesis were 
increased 7.4 times higher than during insulin stimulation, and endogenous 
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hepatic glucose production was suppressed significantly in the cirrhotic rats. 
These findings strongly suggest an integral role for low IGF-I levels in the insulin 
resistance of cirrhosis. 

4. Osteopenia 

In a rat model of cirrhosis, Cemborain et al. (1998) noted significant reductions 
in bone weight, bone density, and markers of bone resorption. Twenty-one days 
of recombinant IGF-I therapy improved these parameters significantly and 
restored bone mass partially. These experimental findings are confirmatory of 
those described previously in human studies wherein the most severe osteo- 
porosis was seen in those patients with the lowest IGF-I levels (Gallego-Rojo 
et al., 1998). 

5. Hypogonadism 

A provocative study by Castilla et al. (1997a) reported that low doses of IGF-I 
were able to revert the testicular atrophy seen in rats with advanced cirrhosis. 
IGF-I therapy also partially restored gonadal hormone levels to control. 

While the number of reported studies in humans remains small, the demon- 
stration that GH-induced improvements in nitrogen balance in the short term can 
lead to improved nutritional status with prolonged therapy holds significant 
promise. Further studies of longer duration are required to assess the impact on 
clinical outcome in severely malnourished cirrhotics, many of whom succumb 
while awaiting liver transplantation. The improvements in indices of cirrhotic 
complications such as protein catabolism, insulin resistance, osteoporosis, and 
hypogonadism seen in IGF-I intervention studies in animal models of cirrhosis 
strongly support the role of reduced IGF-I bioavailability in their pathogenesis. 
Further studies are required to elucidate the role of changes in IGF bioavailability 
in the pathogenesis of fibrogenesis in cirrhosis. 
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I. INTRODUCTION 

The total number of deaths in Japan is currently about 1,000,000 per annum, 
with hepatocellular carcinoma (HCC) accounting for more than 30,000 of these 
deaths. Studies conducted since the early 1980s indicate that hepatitis type B and 
type C account for 18 and 59% of the total number of cases of HCC, respectively. 
A further study at the University of Tokyo conducted in the early 1990s indicated 
that hepatitis type B and type C accounted for 11 and 83% of the total number of 
cases, respectively, indicating an increase in the ratio of type C to type B. These 
data underscore the importance of the hepatitis viruses as etiological factors in 
the pathogenesis of HCC, with 94% of tumors involving viral infection (Shiratori 
et al., 1995). 

In Japan, the populations of patients with type B and C viral infections are each 
estimated to number 1,500,000, although there is an 8 to 1 ratio for type C to 
type B regarding the incidence of HCC. It is obvious that the incidence of HCC is 
caused mostly by the type C hepatitis virus at present. 
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The natural history of chronic hepatitis C virus (HCV) infection suggests a 
sequential but slow progression from acute HCV infection to chronic infection 
and cirrhosis, leading to death from either liver failure or HCC (Di Bisceglie 
et al., 1991; Fattovich et al., 1997; Seeff et al., 1992; Takano et al., 1995; Tong 
et al., 1995). 

Thus, it should be clarified how the disease progresses to hepatocellular 
carcinoma in those with hepatitis B and C infections. 

11. STEPWISE PROGRESSION OF HEPATIC 
FIBROSIS TOWARD HCC 

In order to elucidate the course from chronic hepatitis to HCC, we undertook a 
clinical follow-up study in our outpatient clinic (Takano et al., 1995). Typically, 
patients were healthy Japanese with an average age of 40 who felt subjectively 
well. However, they exhibited slightly abnormal liver function tests, such as an 
elevated transaminase (GPT) level of about 100. These patients underwent a liver 
biopsy with pathological examination revealing chronic hepatitis (not cirrhosis) 
and were subsequently followed up (Fig. 1). One hundred and twenty-seven 
patients had chronic hepatitis type B and 124 had chronic hepatitis type C. In 
about 6 years of follow-up, HCC was noted in 5 type B patients and 13 type C 
patients (Fig. 1). 

The calculated annual rates of carcinogenesis for 100,000 people were 647 
patients with type B and 1723 with type C. Ninety-six to 97% ofJapanese citizens 
are thought not to be infected with the hepatitis viruses. In those persons with- 
out infection, the incidence rate could be assumed 1000-fold lower at about 1.7 
cases per 100,000 people. The relative risk of pulmonary carcinoma for smokers 
is only 10 times that for nonsmokers. It is therefore apparent that HCC will 
be reduced drastically if the hepatitis virus could be eliminated effectively. 
Interestingly, a report of a vaccination program against type B hepatitis performed 
in Taiwan indicated that the incidence of HCC between the ages of 6 and 17 had 
fallen dramatically and became comparable to that of rare cerebral neoplasms 
(Chang et al., 1997). As a single parameter, this figure thus represents the highest 
rate of carcinogenesis. The degree of fibrosis of the liver biopsy is now classified as 
slight (Fl), moderate (FZ), and severe (F3) (Desmet et al., 1994). Thirty-six 
patients with type C were classified as F1 (slight) and only 1 patient developed 
carcinoma after 9.5 years (Fig. 1). The 45 patients in the F3 subgroup had a 
much higher rate of HCC, with 8 individuals developing the neoplasm after 
short periods of follow-up. Predictably, patients in the F2 (moderate fibrosis) 
subgroup exhibited a moderate incidence of HCC. This trend results from the 
proposed pathway of development of HCC from chronic hepatitis. This can be 
envisioned as a stepwise model with progression from mild fibrosis (Fl) to 
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F1 F2 F3 
(n=53) (n=38) (n=36) 

(10.4) 
Type c 

L (8.9) (9.9) 

(95) (8.6) (8.2) 

F1 F2 F3 
(n=36) (n=43) (n=45) 

Liver cirrhosis was present when hepatocellular carcinoma developed 

* No cirrhosis was present when hepatocellular carcinoma developed 

FIGURE 1 
hepatitis and occurrence of hepatocellular carcinoma. 

Follow-up study of 124 patients with C-wral and 127 patients with B-viral chronic 

hepatic cirrhosis (F4) and eventual HCC (F5). This model is applicable to type C 
but not type B. Indeed, 3 of the 53 type B patients in the chronic hepatitis with 
mild fibrosis (Fl) subgroup developed HCC, whereas only 1 of 36 type B patients 
with severe fibrosis (F3) developed carcinoma. There are two potential mecha- 
nisms underlying the development of HCC with type B hepatitis. Tumors may 
develop following repeated bouts of necrosis, inflammation, and fibrosis, culmi- 
nating in cirrhosis and cancer or, alternatively, tumors may occur independently 
of fibrosis. In type C, the onset of carcinoma is thought to occur after the devel- 
opment of fibrosis (cirrhosis) lasting over decades. Indeed, cirrhosis or hepatic 
fibrosis is typically present in liver specimens containing carcinomatous tissue. 
For example, of the 124 patients with type C, 13 developed carcinoma, 12 of 
whom exhibited cirrhosis (F4) (Fig. 1). Of the five patients with type B hepatitis, 
2 patients (40%) did not exhibit cirrhosis when they developed tumors (Fig. 1). 
Therefore, the course of carcinogenesis for types B and C differs substantially. 

The annual rates of carcinogenesis per 100,000 patients are about 1700 and 
600 for all type C and type B with chronic hepatitis patients, respectively. The cor- 
responding figures for the F1, F2, and F3 subgroups of type C are 457, 1450, and 
3005. Thus, expressing the annual rate of carcinogenesis per 100,000 patients as 
a percentage yields respective numbers of 0.45, 1.5, and 3%. Because the average 
age of these patients is 45, one can calculate the estimated lifetime risk of devel- 
oping hepatocarcinoma, in approximately 30 years. The annual rate of 3% in the 
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“severe” chronic hepatitis subgroup (F3) gives an estimated lifetime rate of car- 
cinogenesis of 90% (3 x 30). Conversely, the “slight” chronic hepatitis subgroup 
(Fl) has a carcinogenesis rate of 13% (0.45 x 3.0), such that 87% of patients will 
not develop a tumor. Liver function tests such as alanine aminotransferase (ALT) 
cannot be used to identify individuals who are predisposed to the development of 
cancer in their lifetime. However, if the degree of hepatic fibrosis can be ascer- 
tained by analysis of a liver biopsy, then it may be possible to estimate the risk of 
developing carcinoma over a period of 30 years in patients with type C hepatitis. 

In contrast, in type B patients, it remains difficult to predict who will develop 
carcinoma even following analysis and assessment of a liver biopsy. 

Introduction of the F classification [for fibrosis classification: F1 (slight), F2 
(medium), F3 (severe), and F4 (cirrhosis)] could be regarded as an appropriate 
classification for the multistep model toward cancer in patients with chronic 
hepatitis C virus infection that now predominate in clinical practice. 

111. INTERFERON TREATMENT AND 
ITS RESPONSE 

After the introduction of interferon (IFN) for patients with chronic hepatitis C in 
the mid-1980s with beneficial effects (Hoofnagle and Di Bisceglie, 19971, factors 
predictive of sustained response to IFN have been studied extensively (Hoofnagle 
and Di Bisceglie, 1997; Lau et al., 1993; Poynard et al., 1996; Shiratori et al., 
1997). Early studies used biochemical response to assess the efficacy of IFN ther- 
apy, but the biochemical response during and after IFN administration cannot 
predict sustained response, and virological evaluation was found to be superior to 
biochemical response in long-term follow-up studies (Lindsay, 1997). 

Long-term follow-up studies revealed that patients who tested negative for 
HCV RNA 6 months after treatment remained in remission with normal liver func- 
tion and improved histological features, and they may have been cured of infec- 
tion (Yokosuka et a/., 1995). Since 1992, approximately 200,000 patients were 
treated by interferon in Japan, and 30% of those cleared HCV (VSR, virological 
sustained response). 

IV. HISTOLOGICAL RESPONSE 

Histology offers more important insight into disease prognosis and treatment 
response. Our previous study revealed that biochemical and virological responses 
to IFN therapy are associated with a significant improvement in liver histology 
during and shortly after IFN therapy (Omata et al., 1981; Yokosuka et al., 1995). 
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The short-term (less than 2 years after the end of IFN therapy) histological 
improvement indicates changes in inflammatory activity grade, especially in 
sustained responders (Manesis et al., 1997; Reichard et al., 1995). However, 
longterm effects on histological changes in fibrosis in particular remained unclear. 

V. HISTOLOGICAL EVALUATION 

Histological approaches to the assessment of IFN response have several limi- 
tations: factors influencing the interpretation of histological findings include 
sample variation, different or inconsistent definition of pathological findings, 
intra- and interobserver variations in evaluation of histology, and evaluation of 
an ordinal scale with nonconstant intervals in case of paired biopsies. Despite 
these difficulties, histological changes after IFN therapy have become important 
assessments of the treatment effect using several simple scoring systems. 

The histologic response has been evaluated according to validated scoring 
systems, mostly using the semiquantitative score proposed by Knodell et al. (1981) 
or Scheuer (1991). Four categories are assessed according to Knodell: piecemeal 
necrosis and bridging necrosis, intralobular necrosis, portal inflammation, and 
fibrosis. Three categories were assessed in the scoring system of Scheuer: 
portaVperiporta1 activity, lobular activity, and fibrosis. Instead of the complexed 
scoring systems using several categories, histological features of chronic hepatitis 
have been classified simply into two categories (necroinflammatory activity and 
fibrosis) based on the distinction of necroinflammatory activity (the grade of 
disease) from the fibrosis (the stage of disease) (Bedossa and Poynard, 1996; 
Desmet et al., 1994; The French METAVIR Cooperative Study Group, 1994). The 
simple scoring systems proposed by the METAVIR group (Bedossa and Poynard, 
1996) and by Desmet et al. (1994) offer more reproducibility than the use of a global 
numerical index in terms of intraobserver and interobserver variation. In Japan, 
we have modified our Inuyama classification to new Inuyama by incorporating the 
numerical scoring system (Omata, 1996). 

VI. NATURAL COURSE OF 
FIBROSIS PROGRESSION 

Using these simple semiquantitative scoring systems (activity grade from A0 to 
A3, fibrosis stage from FO to F4), Poynard et al. (1997) evaluated the natural 
course of the fibrosis progression rate in patients with chronic hepatitis C as 
O.l33/year (Table I). They clarified that the fibrosis progression rate was much 
higher in patients who were alcohol drinkers (0.167 unit/year) and male. 
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TABLE I Fibrosis Progression Rate in Relation to Host Factor 

Fibrosis progression rate 
Factor (unitiyear) 

Poynard et al. (1996) 
All cases with HCV infection 
Alcohol > 50 gday 
Alcohol < 50 gday 
Nonalcohol 
Male 
Female 

Mathurin et al. (1998) 
Patients with normal ALT 

Shiratori et al. (2000) using paired biopsy 
Nonalcohol 

0.133 
0.167 
0.143 
0.125 
0.154 
0.111 

0.050 

0.095 

In contrast, Mathurin et al. (1998) showed that persistently normal ALT levels are 
correlated with the slow progression rate of fibrosis (0.05 unit/year). These values 
are based on a single, unpaired biopsy and a suspected (rather than proven) dura- 
tion of infection from the patients’ history, but we calculated the fibrosis pro- 
gression rate using paired biopsy samples, which were obtained with a remote 
time interval (Shiratori et al., ZOOO), indicating that the natural fibrosis progres- 
sion rate calculated as the change of fibrosis staging per year is approximately 
0.10 unit/year in untreated patients, except alcoholics (Table I). 

VII. LONG-TERM EFFECT OF IFN ON 
HISTOLOGICAL IMPROVEMENT 

The impact of treatment on the history of such a slowly progressive disease can- 
not be ascertained by evaluating results at the completion of treatment. Instead, 
the effect of treatment should be evaluated on a long-term basis, even though 
questions may arise as to the appropriateness of liver biopsy after treatment to 
evaluate the effects of therapy and to determine the progression/regression of liver 
disease. It is possible that repeated liver biopsies performed at remote time inter- 
vals from the completion of treatment may provide qualitative and quantitative 
information about the long-term response and may serve to define the extent of 
progression or regression in responders and nonresponders. Although Sobesky 
et al. (1999) showed amelioration of the fibrosis progression rate in 185 IFN-treated 
patients (calculated as 0.000 midyear) in comparison with 102 untreated patients 
(0.13 midyear), especially in the IFN responders, the interval of the paired biopsy 
was too short (20 months) to evaluate the long-term histological changes. 
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However, sustained regression of the necroinflammatory process was persist- 
ently observed in patients with a sustained virological response after 3-10 years, 
and Lau et al. (1998) showed histological improvement of activity and fibrosis in 
five sustained responders 6 to 13 years after IFN therapy, and Marcellin et al. 
(1997) showed loss of detectable intrahepatic HCV RNA and histological 
improvement in sustained virological responders at 1 to 7.6 years after IFN 
therapy. However, these reports were fragmentary. Therefore, we decided to 
analyze a larger number of patients with a longer duration of follow-up. 

VIII. IMPROVEMENT OF HEPATIC FIBROSIS AND 
INHIBITION OF HEPATOCARCINOGENESIS BY 
INTERFERON THERAPY STUDY 

In 1994, we initiated a nationwide control trial to see whether interferon therapy 
could reduce the incidence of HCC (Shiratori et a]., 2000; Yoshida et al., 1999). 
We enrolled 2890 biopsy-proven patients (2400 treated and 490 untreated) 
(Fig. 2). The treated group showed half the incidence of the untreated group 
(Fig. 3). Of these 2890, we studied paired biopsy in 593 patients with an average 
interval of 5 years. In contrast to the plus (worsened) 0.10 fibrosis progression 
rate per year in 106 untreated patients, 183 virus-eradicated patients (VSR) 

Biopsy Proven 2890 
I 

I Treated 2400 I ]Untreated 4901 

VSR : Virological Sustained Response 

N-VSR : Non-VSR 

HCC : Hepatocellular Carcinoma 
FIGURE 2 
The virological sustained response is equivalent to the complete response. 

Inhibition of hepatocarcinogenesis by the interferon therapy study, started in 1994. 
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FIGURE 3 Incidence of HCC over time in control (n = 490) and interferon-treated (n = 2400) groups. 

showed minus (improved) 0.28 units (Table 10, clearly indicating that two to 
three times rapid resolution of hepatic fibrosis may occur if HCV were eradicated 
(Shiratori et al., 2000). This may give us the overview of how HCV-related liver 
fibrosis progresses and could be regressed by treatment (Fig. 4). 

Our biggest concern was whether the degree of resolution of hepatic fibrosis 
could occur similarly in mild and advanced, e.g., F4 cirrhotic, stages in patients 
who cleared HCV. Therefore, we analyzed the fibrosis progression (in this case, 
rather regression) rate per year. It turned out that fibrosis regression occurs simi- 
larly even in patients at the F4 stage if the virus was eradicated by interferon 
treatment (Table 111). This indicates that even cirrhosis could be cured by antiviral 
treatment. 

TABLE I1 
Hepatic Fibrosis Progression 

Treated Cases and the Rate of the Natural Course of 

GIOUD 
Fibrosis progression rate 

oer veaP 

106 untreated f0.10 2 0.22 
183 eradicatedb -0.28 * 0.33 
304 noneradicatedc +0.02 2 0.36 

a +,worsened; 2,improved. 
bviral elimination group WSR). 
'Viral nonelimination group (n-VSR). 
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FIGURE 4 Histological examination of paired biopsy samples in our IHIT study (Shiratori et al., 
2000; Yoshida et al., 1999) gives an idea of how hepatic fibrosis progresses when untreated and 
how it regresses when the virus is eradicated. Step up: natural course of type C chronic hepatitis as 
seen with a liver biopsy. Step down: speed of fibrosis amelioration following virus elimination with 
interferon treatment. 

IX. CONCLUSION 

Chronic hepatitis C is a common disease that is often asymptomatic and mild, but 
which may slowly progress to cirrhosis and eventually to hepatocellular carci- 
noma. We clarified the speed of hepatic fibrosis progression if left untreated, and 
also of resolution by virus eradication. We demonstrated an inhibition of HCC 
development with IFN therapy due to the attenuation of advanced hepatic fibro- 
sis and even cirrhosis could be cured. A more effective therapy for patients with 
HCV infection might induce a more drastic reduction of HCC. 

TABLE I11 
Elimination Classified by Extent of Fibrosis (F4-FI) 

Speed of Abatement of Fibrosis in Cases of Viral 

Improvement in VSRa 

From F4 (n = 24) 
From F3 (n = 45) 
From F2 (n = 69) 
From F1 (n = 42) 

-0.283 
-0.374 
-0.284 
-0.152 

‘Virological sustained response 
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CHAPTER 24 
Possible Gene Therapy for 
Liver Cirrhosis 
JIRO FUJIMOTO AND TAKAHIRO UEKI 
First Department ofsurgely, Hyogo College of Medicine, Nishinomiya 663-8501, Japan 

Liver cirrhosis is the irreversible end result of chronic liver disease, characterized 
by diffuse disorganization of the normal hepatic structure by fibrous scaring and 
hepatocellular regeneration. It is a major cause of morbidity and mortality world- 
wide, with no effective therapy. The ideal strategy for the treatment of liver cirrho- 
sis should include prevention of fibrogenesis, stimulation of hepatocyte mitosis, 
and reorganization of the liver architecture. We have developed a novel gene 
therapy approach for rat liver cirrhosis by the muscle-directed gene transfer of 
hepatocyte growth factor (HGF). In rats with lethal liver cirrhosis produced by 
dimethylnitrosamine (DMN), repeated transduction of the HGF gene into skeletal 
muscle induced a high plasma level of HGF and tyrosine phosphorylation of the 
c-Met/HGF receptor. HGF gene transduction inhibited fibrogenesis and hepatocyte 
apoptosis and also produced resolution of fibrosis in the cirrhotic liver. Thus, HGF 
gene therapy may be useful for the treatment of patients with liver cirrhosis. 

I. INTRODUCTION 

Various factors induce liver cirrhosis, including excessive alcohol intake, viral 
hepatitis, drug-induced hepatic injury, prolonged biliary obstruction, and the late 
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stages of some parasitic diseases and some genetically transmitted metabolic 
disorders, such as Wilson’s disease and hemochromatosis. Liver cirrhosis, the 
irreversible end result of fibrous scamng and hepatocellular regeneration, is a 
major cause of morbidity and mortality worldwide with no effective therapy. 
Hepatic dysfunction, esophageal varices, ascites, and liver cancer are the most 
serious complications and are often fatal (Cohn et al., 1992). Cirrhosis can best 
be defined in terms of what is pathoanatomically certain. Cirrhosis is a chronic 
disease of the liver in which diffuse destruction and regeneration of hepatic 
parenchymal cell have occurred and in which a diffuse increase in connective 
tissue has resulted in disorganization of the lobular and vascular architecture. 
Therefore, ideal strategies for the treatment of liver cirrhosis should include 
resolution of fibrosis, stimulation of hepatic mitosis, and reorganization of the 
liver architecture. 

11. LIVER FIBROSIS/LIVER CIRRHOSIS 

A. TRANSFORMING GROW~H FACTOR (TGF)-P 1 

TGF-Pi is a cytokine whose widespread actions in promoting the production 
and deposition of extra cellular matrix are essential to normal tissue repair 
following injury (Spom et al., 1992). However, overproduction of TGF-P1, in 
response to injury or disease, is thought to be a major cause of tissue fibrosis in 
animals and in humans, especially in liver cirrhosis (Friedman, 1993; Blomhoff 
et al., 1991). 

B. ACTIVATION OF TGF-P1 IN LIVER FIBROSIS 

Key events in liver fibrosis include the accumulation of extracellular matrix 
components, caused predominantly by the phenotypic transition from hepatic 
stellate cells to proliferating myofibroblast-like cells, which enhance the pro- 
duction of extracellular matrix components (Border et d., 1994) and attenuate 
the degradation of extracellular matrix proteins (Nakamura et al., 1986). 
Studies indicate that TGF-Pi plays a crucial role in the pathogenesis of liver 
cirrhosis/fibrosis (Friedman, 1993; Blomhoff et al., 1991). TGF-Pi induces the 
phenotypic transition of hepatic stellate cells to proliferating myofibroblast-like 
cells and enhances their production of extracellular matrix components 
(Border et al., 1994; Sanderson et al., 1995). TGF-P1 is a potent growth 
inhibitor of epithelial and endothelial cells, including hepatocytes (Nakamura 
et al., 19851, while it induces apoptotic cell death in hepatocytes (Oberhammer 
et al., 1992) (Fig. 1). 
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FIGURE 1 The mechanism of liver fibrosis. PAI, plasmin activator inhibitor; TMP, tissue inhibitor 
of metalloproteinase; MMP, matrix metalloproteinase; uPa, urokinase type plasmin activator; PDGF, 
platelet-derived growth factor. 

ZIT. HEPATOCYTE GROWTH FACTOR 
GENE THERAPY 

A. HEPATOCYTE GROWTH FACTOR 

During the past decade, hepatocyte growth factor, originally identified and cloned 
as a potent mitogen for hepatocytes (Nakamura et al., 1984, 1989; Russell et al., 
19841, has been found to have mitogenic, motogenic, and morphogenic activities 
for a wide variety of cells (Boros et al., 1995; Michalopoulus et al., 1997; 
Matsumoto et al., 1997). Several approaches, including transgenic animals, as 
well as in vivo infusion of HGF into animals, have revealed that HGF plays an 
essential role for both the development and the regeneration of liver (Boros et al., 
1995; Michalopoulus et al., 1997; Matsumoto et al., 1997; Schmidt et al., 1995), 
and HGF has antiapoptotic and cytoprotective activities on hepatocytes (Baraelli 
et al., 1996; Okano et al., 1997). We hypothesized that overexpressed HGF could 
show such a beneficial effect on hepatocytes and counteract biological activities 
of TGF-Pl in cirrhotic liver (Fig. 2). 

B. c-MET/HGF RECEPTOR 

The HGF receptor is a tyrosine kinase receptor encoded by the c-met protoonco- 
gene (Bottaro et al., 1991). This protooncogene product (c-Met) is expressed by 
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FIGURE 2 Processing of HGF and biological activity 

both normal and malignant epithelial cells, as well as by several other cell 
types (Di Renzo et al., 1991). The c-Met/HGF receptor is a heterodimer of two 
disulfide-linked chains, 50 kDa a and 145 kDa p subunits, that are generated by 
cleavage of a single 190-kDa precursor (Gonzatti-Haces et al., 1989). Binding of 
HGF induces activation of the kinase and auto/transphosphorylation of specific 
tyrosine residues in the receptor p subunit (Bottaro et al., 1991; Matsumoto and 
Nakamura, 1996). 

C. HGF GENE THERAPY FOR RAT LIVER CIRRHOSIS 

We have developed a novel gene therapy approach for rat liver cirrhosis by 
muscle-directed gene transfer of HGF (Ueki et al., 1999). 

1. Expression of HGF by in Vivo Gene Transfer to Muscle 

Liver cirrhosis induced by dimethylnitrosamine mimics characteristics of liver 
cirrhosis in humans (Jezeqiul et al., 1989; Pritehard et al., 1989) and this model 
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FIGURE 3 (a) Schedule of DMN administrations and HGF-HVJ liposome or PBS injection: DMN 
was administrated intraperitoneally 3 consecutive days for 7 weeks or until death on days indicated 
by arrowheads. HGFIHVJ-liposome or PBS was injected into skeletal muscles once a week after the 
4 weeks of DMN treatment, as indicated by open arrowheads. (b) Survival of DMN-treated rats with 
or without HGF/Hq-liposome injection. Survival of rats in a control group that were injected with PBS 
or rats in a control group that were injected with HGF-HVJ liposomes containing 20 or 40 mg of HGF 
DNA. Life table analyses presented as a Kaplan-Meier plot. (c and d) Change in the accumulation of 
fibrotic components in DMN-treated rat liver. Azan-Mallory staining liver section obtained from a rat 
treated with DMN for 6 weeks, not given (c, x100) or given repetitive injection of HGF/HVJ-liposome 
containing 40 pg DNA (d, ~ 1 0 0 ) .  Azan-Mallory staining revealed that fibrous tissue components were 
hyperaccumulated in Glisson’s sheath and reticulin fibers spread radically throughout the liver. 

has been widely used. Following the initiation of DMN treatment, histological 
changes show progression of liver injury and liver cirrhosis/fibrosis (Fig. 3c). To 
achieve in vivo HGF gene expression in cirrhotic rats, we used the well-described 
method of combining DNA with a mixture of hemagglutinating virus of Japan 
(HVJ)-liposome (Kaneda et al., 1989; Morishita et al., 1997; Hirano et al., 1998). 
Four weeks after DMN treatment, the HVJ-liposome containing the expression 
vector for human HGF (HGF/HVJ-liposome) was injected into skeletal muscle 
once a week (Fig. 3a). 

Following a single injection of HGF/HVJ-liposome, human HGF protein was 
expressed in muscle tissue from 1 day after until 9 days after injection. Human 
HGF was specifically detected in the plasma of rats treated with HGFIHVJ- 
liposome 1 day after injection, and the level was maintained for 1 week, indicat- 
ing secretion of human HGF from muscle to bloodstream. Moreover, repetitive 
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injection of HGF/HVJ-liposome increased human HGF concentration in plasma. 
In phosphate-buffered saline (PBS)- injected control rats, plasma rat HGF reached 
the maximum value 1 week after the initial DMN treatment, while it then 
decreased even after continued DMN treatment. However, the plasma rat HGF 
value increased gradually in rats given HGF/HVJ-liposome, and the values reached 
a maximum 6 weeks after the initial DMN treatment. Results imply that the 
endogenous expression of rat HGF might be upregulated in an autocrine manner 
by the human HGF transgene product. Together with this increased endogenous 
HGF, total plasma HGF levels in rats given the HGF/HVJ-liposome were main- 
tained six times higher than in rats without the transgene. 

2. Expression and Phosphorylation of c-MedHGF Receptor 

Expression of c-Met was detected faintly by Western blotting in normal liver, 
while it increased along with DMN treatment, and relatively strong expression 
was seen in injured liver 4 weeks after DMN treatment. In control rats without 
transfection of the HGF gene, c-Met expression thereafter decreased, whereas 
c-Met expression increased markedly after the repetitive injection of HGF/ 
HVJ-liposomes. Interestingly, it has been reported that an upregulation of c-Met 
mRNA was observed after cell stimulation by HGF (Hayashi et al., 1996). Taken 
together, it is possible that c-Met expression might be enhanced after its ligand 
binding in HGFIHVJ-liposome-treated rat liver, and these results implicate an 
autoamplified cellular response after HGF binding, and subsequent c-Met activa- 
tion may occur in vivo, as well as in vitro. 

Because biologic activities of HGF depend on the tyrosine phosphorylation of 
c-Met, we analyzed the tyrosine phosphorylation of c-Met in the livers. Tyrosine 
phosphorylation of c-Met was not detected in normal livers and livers of rats 
subjected to DMN treatment for 2, 4, and 6 weeks without HGF/HVJ-liposome 
injection. In contrast, tyrosine phosphorylation of c-Met was seen in the liver of 
rats injected with HGF/HVJ-liposome. Our results indicate that the human HGF 
transgene product derived from skeletal muscle, as well as endogenously upregu- 
lated rat HGF, probably binds and activates the c-Met receptor in the cirrhotic 
livers, whereas activation of c-Met rarely occurs in rat livers without an HGF/ 
HVJ-liposome injection. 

3.  Suppression of TGF-01 Expression and Abrogation of Fibrosis in Liver 

TGF-01 is a major cytolune implicated in the pathogenesis of liver fibrosis and 
cirrhosis (Friedman, 1993; Blomhoff et al., 1991). TGF-01 stimulates hepatic 
stellate cells to transform into myofibroblast-like cells. It strongly enhances the 
production of extracellular matrix proteins, while it attenuates the degradation of 
extracellular matrix proteins (Friedman, 1993; Blomhoff et nl., 1991). In cirrhotic 
liver, desmin-positive hepatic stellate cells are increased in the fibrotic regions and 
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FIGURE 4 (a) Change in TGF-P1 mRNA expression in livers of normal and DMN-treated rats. 
RNAs were obtained from normal rat liver (lane 1) and livers of rats given DMN treatment 2 (lane 2 ) ,  
4 (lane 3), and 6 (lane 4) weeks and from livers of rats given DMN treatment for 6 weeks and repetitive 
injection of HGF/HVJ-liposome containing 20 (lane 5)  or 40 (lane 6) pg DNA. 0, and c) 
Immunohistochemical staining of TGF-P 1 in liver tissues. Liver sections were obtained from rats given 
DMN treatment for 6 weeks@, ~ 2 0 0 )  and rats given DMN treatment for 6 weeks and repetitive 
injection of HGF/HVJ-liposome containing 40 pg DNA(c, X200). (d) Change in a-SMA expression in 
livers of normal and DMN-treated rats given or not given the repetitive injection of HGF/HVJ- 
liposome. Liver extracts were obtained from a normal rat (lane 1) and rats given DMN treatment for 
2 (lane 2 ) ,  4 (lane 3 ) ,  and 6 (lane 4) weeks and from rats given DMN treatment for 6 weeks and repet- 
itive injection of HGF/Hv-liposome containing 20 or 40 (lanes 5 and 6 )  pg DNA. a-SMA expression 
was analysed by Western immunoblotting. 

most of them coexpress a-smooth muscle actin (a-SMA), a marker of myofibro- 
blast (Takahashi et al., 1995), indicating phenotypic transition of hepatic stellate 
cells into myofibroblast-like cells. We analyzed expression of TGF-p 1 and a-SMA 
in the cirrhotic rat liver. In normal rat liver, TGF-p1 mRNA was scarcely 
detectable, but it was strongly induced 2 weeks after DMN treatment, and 
enhanced transcription was noted during the progression of liver cirrhosis 
(Fig. 4a, lanes 1-4). Expression of TGF-p1 mRNA decreased markedly in the liver 
of rats that received HGF/HVJ-liposome injections (Fig. 4a, lanes 5 and 6). 

Consistent with a change in TGF-p1 mRNA expression, immunohistochemical 
analysis identified few TGF-pl-positive cells in normal rat liver, whereas many 
TGF-pl-positive cells were distributed in the livers of DMN-treated control 
rats without transfection of the HGF gene (Fig. 4b). However, the number of 
TGF-p 1-positive cells decreased markedly after the HGF/HVJ-liposome injections 
(Fig. 4c). Moreover, the expression of a-SMA, as detected by Western blotting 
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and immunohistochemistry, correlated well with the expression of TGF-Dl : 
a-SMA expression was not detected in normal rat livers, but was induced 2 weeks 
after DMN treatment and increased further as the progression of liver cirrhosis 
(Fig. 4d, lanes 1-4). In the liver of rats given HGF/H\ilj-liposome, a-SMA expres- 
sion was decreased markedly and faintly detectable (Fig. 4d, lanes 5 and 6). 
Consistently, only a few cells located in the periportal area were positive for a-SMA 
in normal livers, whereas the number of a-SMA-positive cells increased markedly 
in cirrhotic livers. Transfection of the HGF gene, however, decreased markedly the 
number of a-SMA-positive cells in DMN-treated rat livers. Thus, expression of the 
transgene for HGF suppressed the expression of TGF-P 1, which might inhibit tran- 
sition from hepatic stellate cells to myofibroblast-like cells and/or suppress the 
expression of a-SMA in the affected organ. However, HGF may upregulate matrix 
metalloproteinase (MMP) production (data not shown), which contributes to 
fibrolysis in the liver. 

Consistent with the molecular and cellular events leading to liver cirrhosis, 
fibrous connective tissue components accumulated in Glisson’s sheath and the 
formation of pseudolobules was obvious in the rat liver 6 weeks after DMN 
treatment (Fig. 3c). In contrast, repetitive HGF/HVJ-liposome treatment 
decreased the accumulated connective tissue components dramatically and the 
fibrous regions largely disappeared (Fig. 3d). The quantitative analysis for fibrous 
regions indicated that the fibrous components in HGF/HVJ-liposome-treated 
livers were reduced by more than 70% compared to control cirrhotic livers. 

4. Prevention of Apoptosis and Promotion of Mitosis in Hepatocytes 

Apoptosis in the liver was investigated by the TdT-mediated dUTP-biotin nick end 
labeling (TUNEL) method, which detects in situ DNA fragmentation. The liver 
section revealed no apoptotic liver cells in the normal liver, but a number of 
TUNEL-positive cells were present in DMN-treated cirrhotic liver and most of 
these cells were hepatocytes (Fig. 5a). Notably, few cells were seen undergoing 
apoptosis in the liver of rats given repetitive HGF gene therapy (Fig. 5b). 

In normal rat livers, only a few mitotic hepatocytes were observed, as detected 
by immunohistochemical staining for proliferative cell nuclear antigen (PCNA), 
but several cells were stained with PCNA in DMN-treated rat liver. The number 
of PCNA-positive hepatocytes was much higher in the livers of rats given HGF 
gene therapy, and the labeling index showed that more than 45% of hepatocytes 
were in mitosis (Fig. 5c). 

5 .  Abrogation of Lethality 

Rats began to die 4 weeks after DMN treatment because of liver cirrhosis, and 
finally all rats died of hepatic dysfunction within 45 days (Fig. 3b). However, the 
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FIGURE 5 Distribution of apoptotic and mitotic cells in normal and DMN-treated rat livers. (a and 
b) Distribution of apoptotic cells in the liver (~100).  Liver sections were obtained from rats given DMN 
treatment for 6 weeks without (a) or with repetitive injection of HGWHW-liposome containing 40 pg 
DNA 6). (c) Change in labeling index of hepatocytes in normal and DMN-treated rats livers. The 
labeling index was determined by counting more than 2000 nuclei of hepatocytes using PCNA-stained 
tissue sections. Each value represents mean +- standard deviation. 

survival rate was increased by HGF/HVJ-liposome treatment. Depending on the 
dosage of the HGF gene, the survival rate increased to as much as 45% in rats 
transfected with 20 pg DNA/rat. Of note, transfection with 40 pg DNA/rat 
completely abrogated mortality (Fig. 3d). 

D. THE POSSIBILITY OF GENE THERAPY FOR 

LIVER CIRRHOSIS 

The first successful trial of transgene expression in muscle involved the direct 
injection of DNA encoding various marker proteins and resulted in gene expres- 
sion in the muscle fibers for more than 2 months (Woff et al., 1990). 
Unfortunately, attempts in large animals revealed a low transfer efficiency in 
comparison with that obtained in mice. However, because the hemagglutinating 
virus of Japan (HVJ)-liposome-mediated gene transfer to muscle has shown a 
much higher efficiency than that obtained by naked DNA injection, the extension 
of this approach to large animals should be investigated further. Although the 
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FIGURE 6 Proposed mechanisms of HGF gene therapy using naked plasmid DNA of the HGF gene. 
Naked HGF plasmids are delivered via the hepatic artery, and efficient HGF gene expression can be 
obtained in the liver using this approach. Nonparenchymal cells produce pro-HGF and secrete it into 
the sinusoid and the space of Disse. After conversion into the mature form, HGF acts on liver cells. 

mechanism is not well understood, transduction of the HGF gene into skeletal 
muscle boosts endogenous HGF in rats. Gene therapy results in sustained plasma 
HGF levels about three times higher than normal, as the product of both trans- 
ferred and endogenous HGF genes. HGF is a heparin-binding heterodimer related 
to plasminogen; it binds avidly to heparan sulfate, a glycosaminoglycan that forms 
proteoglycans along with the core protein. Proteoglycans are found on the surface 
of epithelial cells, including hepatocytes. Thus, HGF accumulates in the liver by 
binding to proteoglycans and is cleaved proteolytically from a single-chain pre- 
cursor to generate the mature molecule. It has been reported that naked plasmid 
DNA in a large volume of physiological saline could achieve high levels of foreign 
gene expression in vivo (Zhang et al., 1999). We have found that infusion of 
the naked HGF plasmid vector into the hepatic artery results in efficient HGF 
expression in a cirrhotic dog model (Fig. 6). This approach may also be clinically 
feasible because it is simple and no viral vector is needed. 

Tumorigenicity has been reported in transgenic mice overexpressing HGF, in 
which the level of expression was more than 50-fold higher than in normal mice 
(Takayama et al., 1997). We did not find any evidence of tumor formation in rats 
that received HGF gene therapy. Also, in transgenic mice that expressed HGF at 
levels similar to those used in our current experiment (two to three times higher 
than normal), the development of tumors was inhibited (Santoni-Rugiu et al., 
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1996). Thus, these transgenic animal studies suggest that HGF shows an anti- 
tumor effect at levels below 10 times normal and with transient expression. 
Because of its profound effects on cell motility, HGF has been implicated in the 
invasion and metastasis of tumor cells. Whether or not HGF shows a motogenic 
effect on tumor cells in vivo should be addressed in the future. 

We have developed a novel approach for liver cirrhosis using HVJ-liposome- 
mediated HGF gene therapy. It is simple and safe and can be performed without 
causing substantial inflammation or activation of cellular and humoral immunity. 
Another new approach, infusion of naked plasmid DNA via the hepatic artery, 
is also safe and can be performed without eliciting a strong host immune response. 
With these newly developed methods, HGF gene therapy may eventually be 
translated into a useful clinical regimen for the treatment of patients with liver 
cirrhosis, which is otherwise fatal and unresponsive to conventional therapy. 
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role of 

cytokines, 135- 136, 156-1 59 
HSC, 145 
ICAM-1/ SEC interaction, 137-139 
PECAM-1, 142-144 

scar formation, 145-147 
transformation, 142-145 

accumulation, hepatic, 91-93 
effects on ECM, 93-99 

Insulin-like growth factor-I 
binding proteins, 407-408 
bioavailability, regulation of, 408 
characterization, 405 
function, 407 
gene expression, role in cirrhosis, 41 1 
-GH, effects on 

Inflammatory cells 

fibrogenesis, 41 7 
liver regeneration, 417 
normal liver growth, 416-417 

anabolism, 424 
food efficiency, 424 
glucose metabolism, 424-425 
hypogonadism, 425 
immunity, 424 
nitrogen balance, 424 
osteopenia, 425 

in cirrhosis, complications 
insuhn resistance, 420 

-GH cirrhosis therapy, animal models 

-GH:IGFBP axis 
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Insulin-like growth factor-I (continued) 
osteoporosis, 420-42 1 
protein calorie malnutrition, 419-420 
starvation metabolism, 418 

in cirrhosis, pathogenesis, 409-410 
hepatic IFGBP-3, role in cirrhosis, 412 
IGFBP gene expression, role in cirrhosis, 

regulation of IGF bioavailability, 408 
serum, role in cirrhosis, 411-412 
serum IFGBP-1, role in cirrhosis, 414 
serum IFGBP-3, role in cirrhosis, 412-413 

Insulin resistance, cirrhosis-associated, 420 
Integrins 

41 3-41 4 

characterization, 94, 96 
collagen recognizing, 12-13 
function, 12, 96-97 
ligand-binding properties, 97 
signalin&rowth factor receptors, 

cooperation, 223-224 
Intercellular adhesion molecule-I 

HSC expression by, 145, 221 
SEC, transcript levels, 139 
upregulation on SEC, 137-139 

therapy, for hepatitis C 
Interferon 

evaluation, 435 
fibrosis progression and, 435-436 
hepatocarcinogenesis and, 437-438 
improvement, long-term, 436-437 
long-term studies, 434 
response, 434-435 

effects on HSCs, 145 
function, 223 
receptors, 222-223 

Interleukins, IL-6 
HSC distribution, 120-122, 124-126 
HSC expression, 116-1 17 
rMF distribution, 120-122, 124-126 
rMF expression, 116-117, 128 

Interferon y 

J 
JNK. see c-Jun-N-terminal kinases 

K 
Kupffer cells, TIMP expression, 351 

L 
Lad-expressing cells, 242-243 
Laminins, 9 
Leiomyomatosis, 26 
Liver 

chronic CCI, injury, MMP expression, 

cirrhosis (see Cirrhosis) 
ECM function, 55-56 
endothelial cells, hyaluronan levels, 69 
ET expression in, 2 17 
fibrogenesis 

339-340 

COLlM promoter activation during, 

description, 145-146 
GH:IGF-I axis and, 417 

characterization, 347 
HSC distribution 

2 4 1-2 43 

fibrosis 

cell adhesion molecules markers, 

cytoskeletal protein markers, 123-124 
fibulin-2 markers, 124-126 
11-6 markers, 124-126 
PlOO as marker, 124-126 

123-124 

prevention, 398-399 
progression, role of TIMP, 351-353 
regression, role of TIMP, 353-354 
reversibility, experimental model, 363-364 
reversibility, in associated diseases, 

rMF distribution 
362-363 

cell adhesion molecule markers, 

cytoskeletal protein markers, 123-124 
fibulin-2 markers, 124-126 
11-6 markers, 124-126 
PlOO as marker, 124-126 

role of apoptosis, 101-102 
TGF-P activation, effects of 

exogenous RA, 394-395 
protease inhibitors, 396-399 
RA, 393-394 

123-124 

injury, acute 
inflammatory cell accumulation, 91-93 
role of collagens, 334-336 

MMP-2 expression, 371-372, 374-375 
MMP-13 expression, 368-369, 371 
TIMP expression, 375-376 

injury, CCl+-induced 
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MMP-2 location, 340 
MMP-14 location, 340 
MMP-2/MMP-14 localization, 340-343 
myofibroblasts, rat 

cell adhesion molecule expression, 

cell membrane receptor expression, 

cultivation, 11 1 
cytokine expression, 116-1 17 
cytoskeletal protein expression, 112-1 14 
differentiation, fibulin-2 as marker, 

distribution in hepatic tissue 

114-1 15 

116-117 

117-119 

acutely injured tissue, 122-123 
cell adhesion molecules analysis, 

cytoskeletal proteins analysis, 119-120 
fibulin-2 analysis, 120-122 
IL-6 analysis, 120-122 
normal tissue, 122 

119-120 

ECM protein expression by, 115-116 
growth kmetics, 11 1-1 12 
isolation, 11 1 
morphological features, 11 1-1 12 
protease inhibitor expression by, 115-1 16 

ECM, 15 
growth, effects of GH:lGF-I, 416-417 
HSC distribution, 106 
microenvironment, 89-90 

normal 

partial hepatectomy, regeneration, 337-339 
regeneration, effects of GH:IGF-I, 417 
reticulin fiber 

CSDS proteoglycans, role in 
GAG compostional changes, 66-67 
principal cellular site identification, 

spheroid formation, 61-63 
63-66 

tissue 
HSC distribution in 

acutely injured tissue, 122-123 
cell adhesion molecule analysis, 

cytoskeletal proteins analysis, 119-120 
fibulin-2 analysis, 120-122 
IL-6 analysis, 120-122 
normal tissue, 122 

acutely injured tissue, 122-123 

119-120 

rMF distribution in 

cell adhesion molecules analysis, 

cytoskeletal proteins analysis, 119-120 
fibulin-2 analysis, 120-122 
IL-6 analysis, 120-122 
normal tissue, 122 

desmin cells, 109-1 10 
HSC, 107 
SMA cells, 109-110 

119-120 

tissue repair, role of 

M 
MACITS collagens, 8 
Macrophage colony-stimulating factor, 157 
Malnutrition, cirrhosis-associated, 414-415, 

Mannose-binding lectin, 13 
Mannose-binding proteins, 13 
MAPKs. see Mitogen-activated protein kinases 
Matrix metalloproteinases. see also ADAMs; 

419-420 

ADAMTs 
in acute hepatic injury, 336 
cell-cell interaction, in migrating cells, 

cell surface localition, 266-268 
characterization, 2 5 1-2 52 
classification, 253-254 
effects on inflammatory cells, 93-94 
expression, 277-279 
function, 277 
gene expression, biology of, 286-289 
HSC secretion, 367-368 
induction by cell-cell interaction, 261 
knockout mice 

265-266 

cancer, 304-305 
cerebral ischemia, 304 
postnatal development, 301-302 
pulmonary emphysema, 302-303 
wound healing in, 302 

localization in human liver, 340-343 
MMP-1 

cell surface localization, 267 
deficiency, associated diseases, 285, 

effects on collagen, 368 
expression, role of TlMPs, 322 
expression in liver injury, 336 
IGF-P inhibition, 290 
promoters, 282 

287-289 
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Matrix metalloproteinases (continued) 
SNPs, 283-284 
stem cells expression, 380-381 

deficiency, associated diseases, 287 
effects on collagen, 368 
expression 

MMP-2 

cancer and, 304 
CC1, liver injury, 339 
liver injury, 336 
liver regeneration, 337 

function, 277 
gene expression, 371-372, 374-375 
location in liver, 340 
promoters, 282-283 
regulation, 343 

in arthritis, 286-287 
in cardiovascular disease, 284 
deficiency, rheumatoid arthritis and, 303 
deficiency, wound healing and, 302 
IGF-P inhibition, 290 
promoters, 282 
SNPs, 283-284 

expression, cancer and, 304-305 
promoters, 282 

deficiency, associated diseases, 287 
in embryonic development, 300-301 
function, 277 
promoters, 282 
SNPs, 283 

expression, cancer and, 304 
promoters, 282 

deficiency, emphysema and, 302-303 

MMP-3 

MMP-7 

MMP-9 

MMP- 11 

MMP-12 

SNPs, 283-284 
MMP-13 

deficiency, associated diseases, 287 
expression 

CCI, liver injury, 339 
liver injury, 336 
liver regeneration, 337 
stem cells, 376, 378 

gene expression, 36€&369, 371 
regulation, 343 
Rum-2 binding site, 281-282 
in wound healing, 376 

MMP-14 
in embryonic development, 301-302 
expression in CCI, liver injury, 339 
expression in liver regeneration, 337 
location in liver, 340 
promoters, 282-283 
regulation, 343 

MT type, characterization, 256-257 
MT type, gene expression, 371-372, 

promoters, characterization, 279-283 
promoters, single nucleotide polymorphisms 

in, 283-286 
regulation, 343 
regulation of ECM, 367 
soluble type, characterization, 254-255 
targeted mutagenesis, 300 
as therapeutic targets, 289-291 

MBL. see Mannose-binding lectin 
MBP. see Mannose-binding proteins 
MCP-1. see Monocyte chemoattractant protein-1 
M-CSF. see Macrophage colony-stimulating 

Melanoma, role of MMP-I, 288 
Mesangial cells, 81 
MIG-17, 264 
Mitogen-activated protein lunases, 

280-281 
Mitosis, hepatocyte, 450 
MMPs. see Matrix metalloproteinases 
Monocyte chemoattractant protein-1, 220 
Multiplexin collagens, 7-8 
Musashi-1 protein, 378 
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cell membrane receptor expression, 

cultivation, 11 1 
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cytoskeletal protein expression, 112-1 14 
differentiation, fibulin-2 as marker, 

distribution in hepatic tissue 

116-117 

1 17-1 19 

acutely injured tissue, 122-123 
cell adhesion molecule markers, 

cytoskeletal protein markers, 119-120 
fibulin-2 markers, 120-122, 124-126 

119-120 
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IL-6 markers, 120-122 
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ECM protein expression by, 115-116 
growth kinetics, 11 1-1 12 
isolation, 11 1 
morphological features, 11 1-1 12 
protease inhibitor expression by, 115-1 16 
role in IL-6 production, 128 

N 
Nail patella syndrome, 27 
N-Cam. see Neural adhesion molecule 
Nestin, 378 
Neural adhesion molecule, 158 
NF-KB, 221-222 
Nidogens, 9-10 
Nitrogen balance, cirrhosis-associated, 422 
Nitrogen retention, cirrhosis-associated, 424 

0 
Oseonectin. see Secreted protein acidic and rich 

Osteoporosis, cirrhosis-associated, 420-42 1 
in cysteine 

P 
P100, 124-126 
~ 2 0 0 ,  14-15 
PAF. see Platelet-activating factors 
PCP. see Procollagen C-proteinase 
PDGF. see Platelet-derived growth factors 
PECAM-1. see Platelet endothelial cell adhesion 

Peroxisome proliferator-activated receptor y 
molecule-I 

characterization, 180 
effects on collagen, 185-186 
effects on HSC activation, 185 
function, 181 
isoforms, 181-182 
reduction in HSC, 182-183 

PI 3-K, 211 
Pituitary gland, GH regulation, 410 
Platelet-activating factors, 157-1 58 
Platelet-derived growth factors 

FAX cross talk, 224 
identification, 160 
production in HSC, 157 

role in HSC, 98, 209-212 
Platelet endothelial cell adhesion molecule-1, 

Polymorphisms, 283-286 
Portosystemic shunting, 414 
PPAR y. see Peroxisome proliferator- 

activated receptor y 
Procollagen C-proteinase, 10-1 1 
Protease inhibitors 

effects of TGF-0 activation, 

HSC expression, 115-116 
rMF expression, 115-116 

Proteins. see also specijic proteins 
calorie malnutrition, cirrhosis-associated, 

eoglycans, 59 

characterization, 56 
CS/DS, in hepatic reticulin fiber 

142-144 

396-399 

41 4-4 15, 4 19-420 

Proteoglycans 

GAG compositional changes, 66-67 
principal cellular site identification, 

spheroid formation, 61-63 
63-66 

description, 10 
functions, 58-60 

Pulmonary emphysema, 302-303 

R 
RA. see Retinoic acid 
Remodeling, ECM, 161, 163-164 
Reticulin fiber 

hepatic 
CS/DS proteoglycans, role in 

GAG compostional changes, 66-67 
principal cellular site identification, 

spheroid formation, 61-63 
63-66 

Retinoic acid. see also Vitamin A 
characterization, 391 
exogenous, effects on RA activation in 

in TGF-P activation 
fibrosis, 394-395 

effects of protease inhibitors, 396-399 
mechanism, 393-394 

9-cisRetinoic acid, 179-180 
Retinoic acid response elements, 291 
Retinoids. see also Vitamin A 

inhibition of MMPs, 290-291 
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Re tinoids (continued) Stem cell factor, 157 
Steroidogenesis-stimulating protein, 3 19-320 X receptors, deficiency in activated HSCs, 

X receptors, inhibition of MMPs, 291 
179-180 STP. see Steroidogenesis-stimulating protein 

Rheumatoid arthritis, 303 
RhoA protein, 198 
rMF. see under Myofibroblasts 

S 
Scar formation, 145-147 
SCF. see Stem cell factor 
Schistosomiasis, hepatic, 41 4 
Secreted protein acidic and rich in cysteine 

function, 75, 76-77 
gene family, 77-78 
null mice, 80-83 
structure, 77 

SECs. see Sinusoidal endothelial cells 
SFD. see Sorsby’s fundus dystrophy 
Short chain collagens, 6 
Shunting, portosystemic, 414 
Single-cell locomotion, 264 
Single nucleotide polymorphisms, 283-286 
Sinusoidal endothelial cells 

capillarization, 145-147 
effects of TNF-cr treatment, 142-144 
-1CAM-1 interaction, 137-139 

Skeletal muscle cells, 47-49 
Smad proteins, 237-238, 241 
Smad2 proteins, 213-214 
Smad3 proteins, 213-214 
Smooth muscle cells 

aortic, on collagen IV aggregates 
characterization, 4 1-43 
physicochemical property changes, 46-47 

Smooth muscle a; actin 
effects of fibulin-2, 118-119 
HSC expression, 112-114 
rMF expression, 112-114 
role in hepatic tissue repair, 109-1 10 

Somatic growth, cirrhosis-associated, 424 
Somatomedin hypothesis, 406-407 
Sorsby’s fundus dystrophy, 314-315 
SPARC. see Secreted protein acidic and rich in 

Src-suppressed C kinase substrate, 198 
SSeCKS. see Src-suppressed C kmase substrate 
Starvation, cirrhosis-associated, 418 
Stellate cells. see Hepatic stellate cells 

cysteine 

T 
Tenascin C, 11-12 
Thiazolidinediones, 186-187 
THR. see Thrombin 
Thrombin, 160, 219 
Tissue inhibitor of metalloproteinases 

apoptosis activity, 320-321 
binding property, 348 
biological functions, 348-349 
cell growth-modulating activity, 3 17-3 19 
characterization, 252-253 
embryogenesis-stimulating activity, 3 19 
erythroid potentiating activity, 316-317 
expression in 

CCI, treated livers, 375-376 
cultured HSC, 349-351 
hepatocytes, 351 
HSC, regulation of, 355-356 
kupffer cells, 351 
wound healing, 3786 

family members, 309 
functions, 309, 312-316 
in HSC, 347-348 
osteoclastic bone resorption activity, 321-322 
role in hepatic fibrosis progression, 351-353 
role in hepatic fibrosis regression, 353-354 
steroidogenesis -stimulating activity, 3 19-320 
structures, 310, 312 

HSC distribution in 
Tissues, hepatic 

acutely injured tissue, 122-123 
cell adhesion molecule markers, 119-120 
cytoskeletal protein markers, 119-120 
fibulin-2 markers, 120-122 
IL-6 markers, 120-122 
normal tissue, 122 

analysis, HSC as model system, 126-127 
HSC 

repair 

as analysis model, 126-127 
associated biosynthetic properties, 128 
IL-6 production, 128 
rMF role, 128 
role of, 107 



Index 467 

rMF distribution in 
acutely injured tissue, 122-123 
cell adhesion molecules 

analysis, 119-120 
cytoskeletal proteins analysis, 119-120 
fibulin-2 analysis, 120-122 
IL-6 analysis, 120-122 
normal tissue, 122 

TRADD, 221 
Transforming growth factor-a, 157 
Transforming growth factor-p 

activation in fibrosis, effects of 
cirrhosis, 444 
exogenous RA, 394-395 
protease inhibitors, 396-399 
RA, 392,393-394 

in acute hepatic injury, 336 
COL1 A2-associated 

characterization, 160 
effects of proteoglycans, 59 
effects on collagen, 51, 235-236 
HSC expression, 116-117 
production in HSC, 158-159 
rMF expression, 116-1 17 
role of Smad, 237-238 
transfection, 244 

functions, 444 
inhibition of MMPs, 290 
RA-activated, mechanism, 392 
role in 

HSC activation, 212-216 
HSC regulation, 98 
inflammatory process, 136 

suppression by HGF gene therapy, 448 
Transforming growth factor-p COLlA2- 

associated role of Smad, 241 
Transmembrane domain receptors, 216-220 
Trichostatins A 

characterization, 189- 190, 194 

effects on primary HSC 
mRNA synthesis, 195 
proliferation, 196 
synthesis, 195 
toxicity, 196 

TSA. see Trichostatins A 
Tumorigenesis, 261-263 
Tumor necrosis factor-a 

HSC-sensitive genes, identification, 196-198 

effects of TIMP-2, 313-314 
effects on 

collagen, 236 
ICAM-1 transcription levels, 139 

inflammatory process, 135-136 
MMP-13 expression, 336 
SECs, 142-144 

role in HSC activation, 221 
secretion, injured liver, 91-92 
superfamily, 220-222 

TZD. see Thiazolidinediones 

ICAM-1NCAM-1, 145 

V 
Vascular adhesion molecule-1, 145, 158 
Vascular endothelial growth factor, 160 
VEGF. see Vascular endothelial growth factor 
Vimentin, 112-114 
Vitamin A 

containing vacuoles, 11 1-1 12 
effects on liver injury, 179 
inhibition of MMPs, 290 
metabolism, role of HSCs, 145 
storage, role of HSC, 392 
transport, role of HSC, 163 

W 
Wound healing, 302, 376 
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