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Abstract——The extracellular matrix (ECM) con-
sists of numerous macromolecules classified tradition-
ally into collagens, elastin, and microfibrillar proteins,
proteoglycans including hyaluronan, and noncollag-
enous glycoproteins. In addition to being necessary
structural components, ECM molecules exhibit impor-
tant functional roles in the control of key cellular
events such as adhesion, migration, proliferation, dif-
ferentiation, and survival. Any structural inherited or
acquired defect and/or metabolic disturbance in the
ECM may cause cellular and tissue alterations that
can lead to the development or progression of disease.
Consequently, ECM molecules are important targets
for pharmacotherapy. Specific agents that prevent

theexcess accumulation of ECM molecules in the vas-
cular system, liver, kidney, skin, and lung; alterna-
tively, agents that inhibit the degradation of the ECM
in degenerative diseases such as osteoarthritis would
be clinically beneficial. Unfortunately, until recently,
the ECM in drug discovery has been largely ignored.
However, several of today’s drugs that act on various
primary targets affect the ECM as a byproduct of the
drugs’ actions, and this activity may in part be bene-
ficial to the drugs’ disease-modifying properties. In
the future, agents and compounds targeting directly
the ECM will significantly advance the treatment of
various human diseases, even those for which efficient
therapies are not yet available.

I. Introduction

The extracellular matrix (ECM1) is composed of colla-
gens, elastin, proteoglycans (including hyaluronan), and
noncollagenous glycoproteins and forms a complex,
three-dimensional network among the cells of different
tissues in an organ-specific manner. The ECM was ini-
tially considered an inert, space-filling material that

provided only mechanical strength to tissues and or-
gans. Today we understand that the ECM is a dynamic
structure that interacts with cells and generates signals
through feedback loops to control the behavior of cells.
Thus, ECM macromolecules are bioactive and modulate
cellular events such as adhesion, migration, prolifera-
tion, differentiation, and survival (Daley et al., 2008). It
is important to realize that structurally very different
ECM components possess these activities. It is also im-
portant to understand that the ECM molecules are
strictly organized and that this organization determines
the bioactivity of the ECM. Even minor alterations such
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as a single amino acid substitution in a single ECM
component can lead not only to altered physicochemical
properties of the tissues but also to changes in the cel-
lular phenotype and in cell-matrix interactions. These
changes in tissue function ultimately lead to develop-
ment of a disease. There is presumably no disease with-
out quantitative and/or qualitative changes in the ECM.
However, it is necessary to distinguish between ECM
changes that cause the disease and ECM changes that
result from the disease because therapeutic strategies
will differ depending on primary or secondary causation.

II. Extracellular Matrix Molecules, Their
Functions and Related Diseases

In general, ECM components are classified as fiber-
forming and non–fiber-forming (interfibrillar) mole-
cules. Certain collagen species and elastin are typical
fiber-forming ECM molecules, whereas the proteogly-
cans and glycoproteins are generally considered interfi-
brillary ECM molecules. Quite recently, the term “ma-
tricellular proteins” has been applied to a group of ECM
molecules, including thrombospondin-1 and -2, SPARC
(secreted protein, acidic and rich in cysteine), tenas-
cin-C, and osteopontin, that do not function as structural
elements but modulate cell-matrix interactions and cell
functions such as in tissue repair (Bornstein and Sage,
2002; Kyriakides and Bornstein, 2003).

During the last 2 decades, the number of individually
characterized ECM molecules has expanded markedly.
Today, nearly 30 different collagen types involving more
than 40 distinct polypeptide chains (� chains) are known
in humans, and more than 20 other proteins contain
collagen-like domains (Myllyharju and Kivirikko, 2004;
Ricard-Blum and Ruggiero, 2005). There are also more
than 30 different proteoglycans, most of which reside in
the ECM (Järveläinen and Wight, 2002; Schaefer and
Iozzo, 2008). The molecular multiplicity is true for ma-
trix glycoproteins as well. For example, in mammals at
least 15 different laminins have been detected (Sasaki et
al., 2004; Miner, 2008) and, in the case of fibronectin,
alternative splicing of the V-region has been shown to
generate up to 20 fibronectin isoforms in humans (White
et al., 2008). The individual ECM molecules, their iso-
forms, and even some of their proteolytic fragments,

such as endostatin, a 20 kDa C-terminal cleavage prod-
uct of collagen type XVIII (O’Reilly et al., 1997) and
related polypeptides from other basement membrane
associated collagens, mediate specific functional effects
to control and regulate cell behaviors including those
required for angiogenesis (Ingber and Folkman, 1989). It
can be expected that all ECM molecules have some role
in the normal functions in cell biology. The ECM mole-
cules must act in concert in a finely regulated manner to
maintain proper cellular function within tissues and
organs (Lukashev and Werb, 1998). In this respect, it is
interesting to note that the synthesis of ECM molecules
is controlled by specific growth factors, among which the
transforming growth factor-�s (TGF-�s) are the most
prominent (Border and Noble, 1994; Verrecchia and
Mauviel, 2007). Furthermore, the life of the ECM mole-
cules is determined by proteases, especially matrix met-
alloproteases (MMPs) (Visse and Nagase, 2003). Thus,
growth factor signaling and control of ECM turnover by
proteases are potential targets for new pharmacothera-
pies.

A long list of human diseases exhibit disturbances in
the ECM. Changes in the ECM are especially distinct in
the monogenic disorders of the connective tissue, such as
osteogenesis imperfecta (Glorieux, 2008), Ehlers-Danlos
syndrome (Mao and Bristow, 2001; Parapia and Jack-
son, 2008), Marfan’s syndrome (Dietz et al., 1994; Keane
and Pyeritz, 2008), and other genetic disorders of the
ECM. Changes in the ECM are also prominent in a large
variety of more common, acquired human diseases or in
combination with polygenic inheritance, such as coro-
nary heart disease, which is the number one cause of
death in the Western world (Katsuda et al., 1992; Na-
kashima et al., 2008; Wight, 2008). Here, components of
the ECM bind and trap lipoproteins, causing lipid
build-up and atherosclerotic plaque formation (Williams
and Tabas, 1995). Maintaining the integrity of the ECM
in the vessel wall seems critical to either preventing or
treating cardiovascular disease (Wight and Merrilees,
2004). Another common cardiovascular disease, hyper-
tension, is characterized by stiffer blood vessels, and
heart failure by altered cardiac muscle microenviron-
ments that do not support cardiomyocyte survival
(Tayebjee et al., 2003; Fedak et al., 2005; Berk et al.,
2007). Pulmonary diseases such as asthma and chronic
obstructive pulmonary disease are characterized by
ECM changes that lead to loss of tissue elasticity and
compliance and eventually to fibrosis (Postma and Ti-
mens, 2006; Merrilees et al., 2008). Furthermore, he-
patic diseases, in particular liver cirrhosis, involve pro-
gressive accumulation of scarring proteins (fibrosis) in
response to subtle or overt inflammatory reactions (Wal-
lace et al., 2008). Inflammatory bowel diseases (IBDs)
ulcerative colitis, and Crohn’s disease also exhibit
marked organ-specific changes in the composition and

1 Abbreviations: 5HT, 5-hydroxytryptamine; AA-4500, clostridial
collagenase; ACE, angiotensin-converting enzyme; ADAMTS, disin-
tegrin and metalloproteinase with thrombospondin motifs; CTGF,
connective tissue growth factor; ECM, extracellular matrix; FG-
3019, a human CTGF-specific monoclonal antibody; MMP, matrix
metalloprotease; PI-88, phosphomannopentose sulfate; SB431542,
4-(5-benzo(1,3)dioxol-5-yl-4-pyridin-2-yl-1H-imidazol-2-yl)benz-
amide; SD-208, 2-(5-chloro-2-fluorophenyl)-4-[(4-pyridyl)amino]p-
teridine; SM305, an activin-like receptor kinase inhibitor 5 (ALK5);
SPARC, secreted protein, acidic and rich in cysteine; TFO, triplex-
forming oligonucleotide; TGF, transforming growth factor; TIMP,
tissue inhibitors of MMP; TNF, tumor necrosis factor.
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organization of the ECM. An interesting link between
the ECM and IBDs and inflammation is highlighted by
a series of studies that show that hyaluronan accumu-
lates in IBDs and promotes the adhesion and activation
of inflammatory cells such as monocytes (de La Motte et
al., 1999, 2003). Chronic kidney diseases, including glo-
merulosclerosis and tubulointerstitial fibrosis, mainly
manifest as abnormal build-up of ECM components
leading to loss of function (Liu, 2006). Rheumatoid ar-
thritis and osteoarthritis are manifested by breakdown
of the joint ECM components (Roach et al., 2007; Mel-
rose et al., 2008). In neurodegenerative diseases such as
Alzheimer’s disease, heparan sulfate proteoglycans, es-
pecially perlecan, are involved in the formation and sta-
bilization of amyloid fibrils (Castillo et al., 1997). Fur-
thermore, in malignancies, alterations of ECM
composition have occasionally been claimed to be the
main promoter of carcinogenesis (Marastoni et al.,
2008). For example, hyaluronan and versican are in-
creased in a number of human tumors and are believed
to contribute to a permissive microenvironment for the
growth and metastasis of the tumor cells (Toole, 2002;
Theocharis, 2008; Ricciardelli et al., 2009). In a recent
study, versican was identified as a factor promoting
metastasis in a Lewis lung carcinoma model (Kim et al.,
2009). In addition, there is a striking difference in the
expression of a small proteoglycan decorin between hu-
man malignant and benign vascular tumors. Within Ka-
posi’s sarcoma and angiosarcoma, the expression of
decorin lacks completely, whereas within hemangiomas,
decorin is expressed in abundant amounts (Salomäki et
al., 2008). Such results suggest that decorin is likely to
possess a suppressive effect on human tumor angiogen-
esis. Similar results have been obtained using experi-
mental models (Grant et al., 2002). In addition to its role
in disease, the ECM can variously function as a media-
tor for innate and acquired drug resistance (Vincent and
Mechti, 2005; Bonacci et al., 2006). Also the side-effects
of drugs and diagnostic agents are often due to alter-
ations in the ECM. For example, a recently discovered
side effect of the use of gadolinium-based contrast
agents leads to scleroderma-like fibrotic lesions in the
kidneys (Grobner, 2006).

A summary of the main ECM molecules, some of their
known functions, and examples of genetic and other
diseases related to them are presented in Table 1. Al-
though the table is not comprehensive, it illustrates the
vast molecular multiplicity and functional complexity of
the ECM as well as the diversity of diseases related to
ECM molecules.

In the next parts of this review, we discuss the effects
of current drugs on the ECM and thereafter focus on the
potential future ECM-targeted pharmacotherapies and
the challenges that ECM-targeted agents place to drug
discovery and development processes.

III. Do Currently Used Drugs Target the
Extracellular Matrix?

To date, only limited progress has been taken place in
the specific targeting of ECM components. Perhaps the
best known examples are the drugs that target the ma-
jor cellular receptors for ECM components, the inte-
grins. These drugs include abciximab (used to treat
acute coronary syndrome), efalizumab (used to treat pso-
riasis), and natalizumab (used to treat multiple sclerosis
and Crohn’s disease) (Rosove, 2004; Baker, 2007; Schön,
2008). Except for the above protein drugs, practically no
others are primarily targeted at the ECM. Nevertheless,
several of today’s drugs have been shown to influence
ECM metabolism and subsequently modulate the com-
position and organization of the ECM. Table 2 lists ex-
amples of currently available drugs affecting the ECM
beyond their primary targets. The effects of these drugs
on the ECM are often, albeit not always, beneficial in the
treatment of various human diseases.

A. Current Anti-Inflammatory and Immunomodulatory
Drugs with Beneficial Disease-Modifying Properties on
the Extracellular Matrix

Evidence is available indicating that many of the cur-
rent drugs exert their beneficial disease-modifying prop-
erties, at least in part, via their pleiotropic effects on the
ECM. This is true for glucocorticoids and certain other
anti-inflammatory and immunomodulatory drugs, such
as infliximab, a chimeric monoclonal antibody that
blocks the action of tumor necrosis factor-� (TNF-�).
Such drugs have been shown to effectively modulate the
ECM when used in the treatment of specific fibrotic
diseases exhibiting overt inflammation, such as Riedel’s
thyroiditis and Crohn’s disease (Moulik et al., 2004;
Sorrentino et al., 2007). The effect of glucocorticoids on
the ECM dates back almost 20 years, when it was shown
that the inhibitory effect of these drugs was not related
to their anti-inflammatory activity (Cutroneo et al.,
1990). Glucocorticoids are now known to decrease the
synthesis of type I collagen and prevent scarring by
decreasing the binding of the TGF-� activator protein
complex to TGF-� element in the distal promoter of the
proa1 type I collagen gene (Cutroneo and Sterling Jr,
2004). Glucocorticoids may also affect collagen synthesis
by reducing prolyl hydroxylase activity (Oikarinen and
Hannuksela, 1980), an important rate-limiting enzyme
of collagen synthesis (Kivirikko and Risteli, 1976; Myl-
lyharju, 2008). Furthermore, glucocorticoids have been
shown to repress collagen synthesis by increasing the
degradation of collagen mRNAs (Nuutinen et al., 2001).
As summarized in Table 2, besides collagens, several
other ECM molecules are also targeted by glucocorti-
coids. These include elastin (Del Monaco et al., 1997);
proteoglycans decorin and biglycan (Kähäri et al., 1995);
hyaluronan (Saarni and Hopsu-Havu, 1978); noncollag-
enous glycoproteins, particularly fibronectin, laminin,
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and tenascin (Dean et al., 1988; Simo et al., 1992; Ek-
blom et al., 1993); and certain ECM-degrading MMPs
(DiBattista et al., 1991; Sadowski and Steinmeyer,
2001) as well as their inhibitors [i.e., tissue inhibitors of
MMPs (TIMPs)] (Sadowski and Steinmeyer, 2001). The
effects of glucocorticoids on these molecules are also
likely to play a role in their antifibrotic property (Scho-
epe et al., 2006), although the mechanisms whereby
glucocorticoids regulate these ECM genes are far less
understood. However, certain MMPs are regulated by
glucocorticoids via interference with the binding of the
transcription factor activator protein-1, the major en-
hancer factor of the collagenase promoter (Jonat et al.,
1990). Infliximab and other TNF-� antagonists can also
act on the ECM by stimulating MMP activity and, there-
fore, ECM degradation (Wendling et al., 2008; Di Sa-
batino et al., 2009).

Nonsteroidal anti-inflammatory drugs, which primar-
ily inhibit cyclooxygenase enzymes and thereby prevent
the synthesis of prostanoids, are able to ameliorate fi-
brotic processes via influencing TGF-� synthesis (Liu et
al., 2007). Furthermore, nonsteroidal anti-inflammatory
drugs have been shown to affect the ECM through sup-
pression of MMP expression, synthesis, and activity (Sa-
dowski and Steinmeyer, 2001; Pavlovic et al., 2006).
This mechanism of action has also been described for
antimicrobial tetracycline analogs such as doxycycline
(Golup et al., 1998; Ahuja, 2003; Clark et al., 2008) and
minocycline (Sutton et al., 2005; Machado et al., 2006)
when used in the treatment of abdominal aortic aneu-
rysm and neurodegenerative diseases, respectively (Ab-
dul-Hussien et al., 2009; Kim and Suh, 2009).

It has recently been discovered that cyclosporine A, a
widely used immunosuppressant and an inhibitor of the
mitochondrial permeability pore, is a curative agent for
congenital collagen type VI myopathies (i.e., Ullrich con-
genital muscular dystrophy and Bethlem myopathy)
(Merlini et al., 2008a). That is, cyclosporine A corrects
mitochondrial dysfunction and muscle apoptosis that
are characteristic features in these patients (Merlini et
al., 2008a). This discovery is of great importance, be-
cause it demonstrates that an unexpected collagen type
VI/ mitochondrial connection forms the basis of the
pathogenesis of collagen type VI myopathies (Maraldi et
al., 2009). Furthermore, it also represents a proof of the
principle that hereditary diseases, including hereditary
ECM diseases, can be treated with proper drugs down-
stream of the genetic lesion, if the pathogenetic mecha-
nism is understood (Olsen, 2008). Besides being a cura-
tive agent for Ullrich congenital muscular dystrophy
and Bethlem myopathy, cyclosporine A can beneficially
contribute to ECM remodelling by regulating the activ-
ity of specific MMPs (Chiu et al., 2009; Saygili et al.,
2009). These examples highlight the point that the
mechanisms driving fibrogenesis are not necessarily the
same as those regulating inflammation (Wynn, 2007,
2008; Sivakumar and Das, 2008) and that there is a

specific need to develop drugs targeting the ECM be-
sides developing better drugs for various inflammatory
diseases.

B. Other Current Drugs with Beneficial Disease-
Modifying Properties on the Extracellular Matrix

In addition to anti-inflammatory and immunomodu-
latory drugs, there are several other drug classes that
have been shown to influence the ECM in a beneficial
way beyond their primary targets. This is true for anti-
hypertensive agents, particularly angiotensin-convert-
ing enzyme (ACE) inhibitors, angiotensin receptor
blockers, and calcium channel blockers, which all pos-
sess marked antifibrotic properties via their ability to
reduce collagen production (Roth et al., 1996; Sugiura et
al., 2000; Tayebjee et al., 2003; Duprez, 2006). ACE
inhibitors such as captopril primarily block angiotensin
II-converting enzyme (Johnston and Jackson, 1983) and
limit ECM expansion in numerous models of acute and
chronic renal disease (Taal and Brenner, 2000). Angio-
tensin receptor blockers, including losartan, inhibit the
effects of angiotensin by selectively blocking angiotensin
II type 1 receptor (Gavras and Salerno, 1996). As a
result, antifibrotic action is also evident. Both of the
angiotensin II-blocking drugs act on the ECM by reduc-
ing sustained overexpression of TGF-� (Peters et al.,
1999). The combination of angiotensin II blockade and
straight inhibition of TGF-� with antibodies has proven
to be a promising therapeutic strategy to slow down
fibrotic diseases (Yu et al., 2002, 2004). Angiotensin II
blockade by angiotensin II type 1 receptor blockers in
patients with Marfan’s syndrome has been found to sig-
nificantly slow the rate of progressive aortic-root dila-
tion (Brooke et al., 2008). In addition, calcium channel
blockers such as nifedipine and amlodipine, which block
the L-type calcium channel (Mason et al., 2003), have
been proposed to act on the ECM via suppressing TGF-�,
thereby resulting in reduced matrix accumulation (Sug-
iura et al., 2000). However, this finding has been dis-
puted in some published work (Campistol et al., 2001).
On the other hand, calcium channel blockers have also
been reported to modulate the activity/expression of
MMPs and TIMPs, but the mechanisms of action are
still unclear (Roth et al., 1996; Wada et al., 2001). Cho-
lesterol-lowering drugs, the statins, can reduce tissue
fibrosis (Louneva et al., 2006) by their ability to inhibit
angiotensin-induced connective tissue growth factor pro-
duction (CTGF) (Rupérez et al., 2007). Statins inhibit
the conversion of HMG-CoA to mevalonate, which is
required for the post-translational modification of Rho
family and Ras GTPases (Jackson et al., 1997). Rho
family GTPases Rac1 and Cdc42 have been shown to be
the principal mediators of the TGF-�-stimulated expres-
sion of CTGF in human gingival fibroblasts, and CTGF
expression can be reduced significantly with lovastatin
(Black and Trackman, 2008). The use of pravastatin has

208 JÄRVELÄINEN ET AL.



also been reported to inhibit the Rho/CTGF/ECM cas-
cade in human fibrosis explants (Haydont et al., 2007).

Other examples of current drugs that are able to mod-
ulate ECM metabolism in a way that can be regarded
beneficial for disease-modifying processes include sev-
eral newer agents, such as levosimendan, a calcium
sensitizer used for patients with decompensated heart
failure (Ng, 2004; Tziakas et al., 2005). Levosimendan
use reduces the serum level of MMP-2 in these patients
(Tziakas et al., 2005). In contrast, bosentan, an endothe-
lin ETA- and ETB-receptor antagonist, increases the se-
rum MMP-9 without affecting TIMPs when used in pa-
tients with pulmonary arterial hypertension (Giannelli
et al., 2005, 2006). Thus, bosentan favors proteolytic
imbalance by increasing the turnover of ECM proteins.
Sirolimus, an effective antimitotic agent used in stent
restenosis therapy, blocks the accumulation of hyaluro-
nan and the adhesion of monocytes to ECM produced by
vascular smooth muscle cells (Gouëffic et al., 2007). Of
course, numerous other examples of drugs and pharma-
ceutical agents influencing the ECM in a potentially
beneficial way exist. However, the problem with all the
mentioned drugs is that their effects on the ECM are
rather weak and unspecific.

C. Deleterious Effects of Current Drugs on the
Extracellular Matrix

The effects of current drugs on the ECM are not al-
ways desired. A classic example is peritoneal fibrosis
and a wide variety of skin lesions after the use of the
�-adrenergic-blocking drug practolol (Brown et al.,
1974), although the mechanism whereby practolol
causes peritoneal fibrosis and cutaneous lesions is, un-
fortunately, not known. Methysergide, a receptor antag-
onist for the 5-hydroxytryptamine (5HT) receptor 2C,
earlier prescribed for prophylaxis of migraine, has also
caused retroperitoneal fibrosis (Utz et al., 1965). It is
noteworthy that the antiobesity drugs dexfenfluramine
and fenfluramine, which act by releasing 5HT and also
partially via conversion to the active metabolite norfen-
fluramine, directly stimulate 5HT2B-receptors and have
been associated with hyperplastic valvular and endocar-
dial lesions with increased ECM via TGF-�-mediated
mechanisms (Gardin et al., 2000; Jian et al., 2002; Roth-
man and Baumann, 2002). Because of this side effect,
these agents were voluntarily withdrawn from the mar-
ket in 1997. Furthermore, dopamine receptor agonists of
the ergot-derivative class used in the treatment of Par-
kinson’s disease and prolactin-producing pituitary gland
tumors have caused valvular diseases, possibly via their
effects on 5HT2B-receptors (Antonini and Poewe, 2007).
Antineoplastic agents bleomycin and cyclophosphamide
represent additional well known drugs with side effects
on the ECM that include fibrosis (Lazo and Hoyt, 1990).
Bleomycin seems to mediate fibrosis by increasing the
expression and synthesis of TGF-�1 (Cutroneo et al.,
2007). Methotrexate, a first-line antirheumatic drug by

the European League Against Rheumatism (EULAR)
and the American College of Rheumatology (ACR), pri-
marily inhibits the metabolism of folic acid. Because of
its first-pass metabolism in the liver, it may cause liver
fibrosis (Salliot and van der Heijde, 2008; Lindsay et al.,
2009). The underlying mechanisms for methotrexate-
induced liver cell damage are still incompletely under-
stood. However, the activation of complement pathway
within the liver tissue has been suggested to play an
important role (Belinsky et al., 2007). Gingival enlarge-
ment due to an increase in the ECM of the gingival
connective tissue has been traditionally recognized as an
adverse effect of phenytoin and L-type calcium channel
blocker therapies as well as cyclosporin use (Bonnaure-
Mallet et al., 1995; Brunet et al., 1996). Evidence is
available indicating that in the case of phenytoin,
TGF-�1 and also platelet-derived growth factor-BB are
closely associated with this aesthetic side effect (i.e.,
gingival enlargements) (Kuru et al., 2004). The under-
lying mechanisms whereby L-type calcium channel
blockers cause gingival hyperplasia remains to be fully
understood. The proposed mechanisms include defective
collagenase activity that was due to decreased uptake of
folic acid (Brown et al., 1990) as well as up-regulation of
TGF-�1 and other factors responsible for the production
of a fibrous scaffold in the gingiva (Lafzi et al., 2006).

Recently discovered deleterious effects of drugs on the
ECM are tendinopathies associated with the use of st-
atins (Marie et al., 2008) and fluoroquinolones (Conforti
et al., 2007). Furthermore, skeletal consequences (par-
ticularly increased risk of bone fractures in the appen-
dicular skeleton in women with type 2 diabetes, caused
by thiazolidinediones, an antidiabetic drug class) has
been noticed (Grey, 2008). Statin and fluoroquinolone-
induced tendinopathies have mainly been attributed to
the ability of these two drug classes to modulate the
activity of specific MMPs in tendon cells (Corps et al.,
2002, 2005; Pullatt et al., 2007). The side effects of
thiazolidinediones on bones are thought to be mainly
due to the proadipocytic and antiosteoblastogenic effects
of these drugs on pluripotent mesenchymal stem cells
(Lecka-Czernik et al., 2002; Shockley et al., 2009). How-
ever, reduction in ECM production via inhibited TGF-�1
or CTGF expression may be of equal importance (Peng et
al., 2006; Gao et al., 2007) in defining the efficacy of
these drugs. The new biological anti-inflammatory and
immunomodulatory drugs, such as tumor necrosis factor
inhibitors and the interleukin-1 inhibitor anakinra, may
also cause adverse side-effects on the ECM, particularly
in the skin (Deng et al., 2006; Regula et al., 2008). In
clinical practice, glucocorticoids are probably the most
well known drugs that cause marked side-effects via
their influence on the ECM. Systemic use of glucocorti-
coids for a longer period of time in the treatments of
chronic inflammatory disease processes is almost inevi-
tably harmful to healthy tissues (McDonough et al.,
2008), particularly bones, by causing premature or ex-

TARGETING EXTRACELLULAR MATRIX MOLECULES IN PHARMACOTHERAPY 209



aggerated osteoporosis (Ton et al., 2005; Canalis et al.,
2007), and skin, by inducing its thinning (Schoepe et al.,
2006; Zöller et al., 2008). Recent developments in bone
biology have markedly advanced our understanding of
how glucocorticoids affect the receptor activator of the
nuclear factor-�B–ligand–osteoprotegerin system and
the Wnt-catenin signaling pathway (Berris et al., 2007;
Canalis et al., 2007) and via these effects favor osteoclas-
togenesis instead of osteoblastogenesis. Glucocorticoids
can also inhibit osteoblast-driven synthesis of type I
collagen, the major component of the bone ECM, with a
consequent decrease in bone matrix available for miner-
alization (Canalis, 2005). Additional mechanisms
whereby glucocorticoids induce osteoporosis include en-
hanced expression of selected MMPs by osteoblasts
(Delany et al., 1995) and effects on the synthesis or
receptor binding of growth factors (Canalis et al., 2007).
However, the exact mechanisms of glucocorticoid-in-
duced osteoporosis are still incompletely understood.
The molecular mechanisms of glucocorticoid-induced
skin atrophy are similarly complicated. Glucocorticoids
are known to regulate the gene expression of a number
of ECM molecules and other molecules in cutaneous
cells via many and diverse genomic and nongenomic
mechanisms, including TGF-� signaling pathway as de-
scribed in section III.A (Cutroneo and Sterling Jr, 2004;
Schoepe et al., 2006). To avoid the harmful effects of
glucocorticoids on healthy tissues, site-specific targeting
using modified glucocorticoids is desired (Joner et al.,
2008). Therefore, the involvement of ECM proteins
should be more often considered as possible targets in
the mechanistic toxicology during drug development
when possible side-effects are sought to be avoided.

IV. Potential Future Pharmacotherapies
Targeting the Extracellular Matrix

As discussed above, several of the currently available
drugs can modulate ECM metabolism and assembly be-
yond their primary targets. However, their effects on the
ECM are often neither potent nor specific enough. Fur-
thermore, several drugs can have deleterious effects on
the ECM. Therefore, novel drugs influencing the ECM in
a more direct way are still desired. In recent years, the
number of drug development projects aiming to primar-
ily target the ECM has increased (Huxley-Jones et al.,
2008). In these projects, cell- and gene-based strategies,
particularly gene and antisense therapies as well as
RNA interference and recombinant technologies, are
used (Huxley-Jones et al., 2008). Although these ap-
proaches offer fascinating new ways to treat various
human diseases (Isner et al., 1996; Ye at al., 2007), they
have not yet been put into clinical practice. The multi-
plicity and functional complexity of the ECM molecules
and the diversity of diseases related to the ECM offer
significant challenges for future targeting strategies.
However, the overwhelming evidence, some of which has

been presented in this review, indicates a need to target
specific components of the ECM to prevent or treat a
variety of diseases. On the other hand, the molecular
complexity of diseases suggests that agents targeting
not only a single ECM molecule but concomitantly sev-
eral aspects of the ECM will also have an important
position in future drug development. The widespread
targeting has already been successfully applied in the
development of the second-generation tyrosine kinase
inhibitors used for the treatment of cancers (Baselga,
2006). In the following chapters, potential future phar-
macotherapies targeting primarily the synthesis, degra-
dation, or signaling of the ECM will be discussed. A
summary of these drugs is presented in Table 3. Fur-
thermore, a schematic illustration of the ECM and its
outside-in signaling pathways as well as the sites of
potential future pharmacotherapeutics targeting the
ECM are shown in Fig. 1.

A. Targeting the Synthesis of the Extracellular Matrix

Fibrosis, characterized as a relative increase in the
amount of fibrous connective tissue, is a hallmark of
numerous human diseases, most of which exhibit an
inflammatory component in their pathogenesis. How-
ever, as discussed above, current anti-inflammatory and
immunomodulatory drugs as well as certain other drugs
have only a limited efficacy in preventing fibrotic pro-
cesses. Much evidence is available indicating that the
molecular family of transforming growth factor-�s (here
grouped as TGF-�) are essential mediators of fibrosis.
Indeed, TGF-� has been implicated in the fibrotic disor-
ders of heart, kidney, liver, lung, skin, and several other
organs (Gordon and Blobe, 2008). Therefore, TGF-� is a
highly potential target for antifibrotic therapy. Current
understanding of the signaling pathways of TGF-� pro-
vides three main strategies for blocking pathological
TGF-� responses in the treatment of fibrotic processes:
1) blocking the TGF-� ligand by neutralizing antibodies
[such as metelimumab (Denton et al., 2007) and lerde-
limumab (Cordeiro, 2003)], soluble TGF-� receptors, re-
ceptor mimetics, or natural TGF-�-binding proteins
such as decorin; 2) blocking TGF-� receptor activation
and downstream signaling by orally active small-mole-
cule TGF-� receptor kinase inhibitors such as SB431542
(Mori et al., 2004), SD-208 (Uhl et al., 2004), and SM305
(Ishida et al., 2006); and 3) selective inhibition of intra-
cellular signal transduction by interfering with Smads
by physiological endogenous inhibitor Smad7 or with
coactivators by aptamers (thioredoxin A-Smad anchor
for receptor activation) (Varga and Pasche, 2008). How-
ever, because TGF-� blockade has not yet translated
into an effective and safe therapy in human patients,
additional growth factors or cytokines involved in fi-
brotic processes have also been explored as potential
targets for the treatment of fibrosis. These molecules
include interleukin-6, interleukin-13, CC and CXC fam-
ily of chemokines, bone morphogenetic protein-7 and
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CTGF (Nguyen and Goldschmeding, 2008; Sivakumar
and Das, 2008). For example, FG-3019 (Aikawa et al.,
2006) is an IgG1 antibody that can bind specifically to
domain 2 of CTGF and block angiotensin II and ad-
vanced glycation end product-induced fibronectin pro-
duction by vascular smooth muscle cells (Occleston et
al., 2008). This drug reduces or inhibits fibrosis in lung,
liver, and kidney in vivo. As such, it has already been
used in phase I/II clinical trials for treatment of idio-
pathic pulmonary fibrosis, and trials for treatment of
focal segmental glomerulosclerosis and other fibrotic
diseases are planned (Occleston et al., 2008). On the
other hand, TGF-�3, which is present in high levels in
developing embryonic skin and thus also in embryonic
wounds, is known to be involved in wound healing with
no scar. Therefore, recombinant human TGF-�3 called
avotermin has been developed and tested for scar for-
mation in adults (Durani et al., 2008; Ferguson et al.,
2009). Avotermin has been postulated to promote the
regeneration of normal skin and to improve scar appear-
ance by reducing the deposition of ECM components
such as collagen and fibronectin and by influencing the
organization of the newly deposited ECM in the
wounded dermis (Occleston et al., 2008). Ilodecakin, a
recombinant interleukin-10 (Marshall, 1999), is another
example of a cytokine drug modulating ECM metabo-
lism in a way that creates an environment conducive for
degenerative wound healing (Moroguchi et al., 2004;
Peranteau et al., 2008). Which of the above agents will
finally translate into clinical practice remains to be seen.
However, recent results with avotermin are encourag-

ing: in three double-blinded, placebo controlled studies,
avotermin administered intradermally to both margins
of skin incisions, before wounding and 24 h later, has
shown an accelerated and permanent improvement in
scarring without any substantial adverse events (Fergu-
son et al., 2009).

Besides interfering with the activity of profibrotic
growth factors and cytokines, the synthesis of ECM mol-
ecules can be regulated more directly by targeting their
promoters and enhancers. A series of triplex-forming
oligonucleotides (TFOs) have been developed for inhib-
iting the transcription of �1(I) collagen gene (Ye et al.,
2005). Furthermore, bioconjugation of oligonucleotides
with other molecules such as lipids, sugars, or peptides
makes the site-specific delivery of TFOs possible (Ye et
al., 2007). This kind of targeted delivery of TFOs pro-
vides a whole new area for antifibrotic drugs in pharma-
cotherapy. On the other hand, it is also possible to in-
fluence the synthesis of ECM molecules at the post-
translational level. For example, inhibition of type I
collagen prolyl-4-hydroxylase generates scurvy-like un-
stable collagen fibrils and results in reduced collagen
production (Rocnik et al., 1998). In contrast, overexpres-
sion of the � subunit of type I collagen prolyl-4-hydrox-
ylase is associated with excess collagen production (John
et al., 1999). Thus, collagen prolyl-4-hydroxylases, and
especially their � subunits, can be regarded as attractive
targets for pharmacological inhibition to control exces-
sive collagen accumulation in fibrotic diseases and se-
vere scarring (Myllyharju, 2008). Here, organ-specific
targeting is still an unresolved problem. Collagen is the

TABLE 3
Examples of potential future pharmacotherapies targeting the synthesis, degradation, or signaling of the ECM

Drug Mechanism of action

Drugs targeting the synthesis of the ECM
Cytokine inhibitors

Lerdelimumab (Cordeiro, 2003) Antibody to TGF-�2
Metelimumab (Denton et al., 2007) Antibody to TGF-�1
GC-1008 (Grütter et al., 2008) Antibody to TGF-�1
SB431542 (Mori et al., 2004) Inhibits TGF-� signaling through selective

interference with ALK5-mediated Smad
activation

SD-208 (Uhl et al., 2004) TGF-� receptor I kinase inhibitor
SM305 (Ishida et al., 2006) Inhibits TGF-� signaling through selective

interference with ALK5-mediated Smad
activation

FG-3019 (Aikawa et al., 2006) Antibody to CTGF
Cytokines Recombinant TGF-�3

Avotermin (Durani et al., 2008)
Ilodecakin (Marshall, 1999) Recombinant interleukin-10

Drugs targeting the degradation of the ECM
Tanomastat (Hirte et al., 2006) MMP inhibitor
Cipemastat (Trocade) (Ishikawa et al., 2005) Collagenase and MMP-14 inhibitor
FR255031 (Ishikawa et al., 2005) Broad-spectrum MMP inhibitor
Balicatib (Desmarais et al., 2008) Selective cathepsin K inhibitor
Odanacatib (Gauthier et al., 2008) Selective cathepsin K inhibitor
PI-88 (McKenzie, 2007) Inhibits heparanase activity
AA-4500 (Occleston et al., 2008) Collagenase stimulator

Drugs targeting the signaling of the ECM
Etaracizumab (Delbaldo et al., 2008) Antibody to �v/�3 integrin
Vedolizumab (MLN0002) (Feagan et al., 2008;
Behm and Bickston, 2009)

Antibody to �4/�7 integrin

Volociximab (Ricart et al., 2008) Antibody to �5/�1 integrin
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main component of all fibrous connective tissues from
skin to bone or tubular organs. When type I collagen
synthesis is targeted, side effects are expected to be
noted in all organs synthesizing collagen.

Although the inhibition of ECM synthesis is desired in
the treatment of fibrotic diseases, there are also numer-
ous situations in which drugs capable of increasing ECM
production are useful. These situations include degener-
ative diseases of intervertebral disc and articular carti-
lage, impaired wound healing, and nerve basement
membrane regeneration (Wang et al., 2004; Roughley et
al., 2006; Armstrong et al., 2007). Nutraceuticals, in
particular glucosamine, have been used as a treatment
option in degenerative diseases of cartilage. It has been
proposed that glucosamine leads to an increased glycos-
aminoglycan production by chondrocytes, because it is
the basic building block of glycosaminoglycan molecules.
However, the results have been controversial (Bassleer
et al., 1998; Mroz and Silbert, 2004). Nevertheless, glu-

cosamine, when used in combination with chondroitin
sulfate, has been claimed to be effective in the subgroup
of arthrotic patients with moderate-to-severe knee pain
(Clegg et al., 2006). A plausible explanation as to why
these agents reduce pain is that they possess anti-in-
flammatory activities rather than anabolic properties to
replace joint fluid (Sakai et al., 2006). However, ap-
proaches to develop nutraceuticals for the treatment of
degenerative cartilage diseases may still be worthwhile,
even though targeted delivery of TFOs, as well as
growth factors stimulating ECM production or mole-
cules inhibiting matrix degradation, is likely to provide
a more practical and potent remedy for various degen-
erative diseases including those of the cartilage.

B. Targeting the Degradation of the Extracellular
Matrix

Proteolytic degradation of ECM components is a
pathognomic feature, not only of well known degenera-

FIG. 1. Schematic illustration of the ECM and potential targets in pharmacotherapy in the future. 1, targeting the synthesis of the ECM by
blocking of specific growth factors such as TGF-�, their receptor molecules, or intracellular signal transduction. 2, controlling of the degradation of
ECM by interfering with enzymes involved in ECM remodelling (e.g., MMPs, ADAMTS, cathepsins) and/or their inhibitors. 3, interfering with the
ECM signaling pathways (e.g., via integrins) either by blocking the ECM and integrin interactions or subsequent signal transduction. 4, influencing
the transcription of specific ECM molecules (e.g., by TFOs). BM, basement membrane; PM, plasma membrane.
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tive diseases such as osteoarthritis (Smith, 1999; Koba-
yashi et al., 2005) but also in cardiovascular pathologies
(Raffetto and Khalil, 2008), malignancies (Ingber, 2008),
and several other diseases. Numerous enzymes are able
to degrade individual ECM components. However, ECM
degradation is primarily under the control of specific
MMPs and their inhibitors (i.e., TIMPs) (Visse and Na-
gase, 2003), disintegrin and metalloproteinase with
thrombopondin motifs (ADAMTS) family of proteinases
(Tang, 2001), and cysteine protease cathepsins (Chap-
man et al., 1997). Thus, strategies for the prevention of
proteolytic matrix degradation have mainly focused on
these enzymes. Synthetic broad-spectrum MMP inhibi-
tors such as batimastat, ilomastat, and marimastat, as
well as more selective MMP inhibitors, particularly ta-
nomastat and trocade, have been developed and tested
in clinical trials, foremost to treat cancer (Overall and
Kleifeld, 2006). Unfortunately, the results from these
trials have been disappointing (Coussens et al., 2002;
Hirte et al., 2006). The reasons for the failures of the
above synthetic MMP inhibitors are not exactly under-
stood, but it has been thought that they cover too wide a
spectrum and so more selective MMP inhibitors are still
required (Hu et al., 2007). In line with this idea, evi-
dence is available suggesting that efforts to inhibit MMP
activity should be directed at therapies exploiting endog-
enous MMP inhibitors, TIMPs (Ramirez-Correa et al.,
2004; Zacchigna et al., 2004), or monoclonal antibodies
against individual MMPs (Martens et al., 2007). Expe-
riences from animal studies indicate that ADAMTS in-
hibitors are likely to have a position as future drugs. For
example, inhibition of specific ADAMTS, namely AD-
AMTS-4 and -5, by a flavonoid called nobiletin, has been
found to decrease aggrecan degradation in cartilage and
subsequently to prevent cartilage destruction (Imada et
al., 2008). The most promising results of the potential
utility of targeting matrix degradation in pharmacother-
apy come from studies using cathepsin inhibitors, par-
ticularly cathepsin K inhibitors. There are two cathepsin
K inhibitors, odanacatib (Gauthier et al., 2008) and bali-
catib (Desmarais et al., 2008), both of which have been
demonstrated to inhibit bone resorption and to increase
bone mass in patients with osteoporosis (Stoch and Wag-
ner, 2008). It can be expected that cathepsin K inhibitors
will be the first targeted agents getting approval to be
used for ECM therapy, especially for osteoporosis. Ca-
thepsin K inhibitors also are promising strategies for
targeting proteolytic degradation of the ECM for use in
pharmacotherapy. It remains to be seen whether in the
future there will be specific drugs that inhibit ECM
degradation within vascular wall and through this
mechanism prevent acute coronary syndromes and
other aneurysmatic processes in the vasculature (Kim et
al., 2005; Senzaki, 2006; Hu et al., 2007).

In addition to targeting the enzymes that degrade the
ECM, a number of other potential candidate enzymes
and their inhibitors have to be evaluated for drug dis-

covery. For example, inhibition of hyaluronidases, the
enzymes that degrade hyaluronan, provides an attrac-
tive pharmacological tool to be used in physiological
processes ranging from fertilization to aging and in
pathological processes such as malignancies (Girish and
Kemparaju, 2007). Furthermore, the finding that
heparanase is elevated in a wide variety of tumor types
and is subsequently linked to the development of patho-
logical processes has led to an explosion of therapeutic
strategies to inhibit its enzyme activity. So far at least
one compound, the sulfated oligosaccharide PI-88, which
both inhibits heparanase activity and has effects on
growth factor binding, has reached clinical trials, where
it has shown promising efficacy (McKenzie, 2007). A
molecule named AA-4500 that can stimulate collagenase
activity has demonstrated efficacy in phase III trial
when administered locally to treat Dupuytren’s contrac-
ture (Occleston et al., 2008). On the other hand, pu-
trescine, inhibitor of tissue transglutaminase (required
for crosslinking of collagen with other ECM proteins),
has shown no greater efficacy than placebo in phase II
trial when evaluated as treatment for hypertrophic scar-
ring (Occleston et al., 2008).

C. Targeting the Signaling of the Extracellular Matrix

The altered assembly of connective tissue, whether it
is a result of the synthesis or degradation of the matrix
components, can markedly modify cell-matrix interac-
tions by activating various signaling pathways that reg-
ulate cell behavior particularly growth, differentiation,
motility and viability of the cells (Lukashev and Werb,
1998; Larsen et al., 2006; Grzesiak et al., 2007; Maras-
toni et al., 2008). The effects of individual matrix mole-
cules on the cells are primarily transmitted through
specific cell-surface receptors called integrins that are
transmembrane heterodimeric glycoproteins composed
of one � and one � subunit (Hynes, 2002). So far, 18 �
and 8 � subunits have been identified in mammals, and
these subunits can form at least 24 different combina-
tions, each able to specifically bind one or several ECM
molecules. Because integrins usually recognize only rel-
atively short peptide motifs in a molecule (Ruoslahti and
Pierschbacher, 1987; Hynes, 2002), it is possible to tar-
get the integrin recognition peptide motifs of the ECM
molecules by using specific blocking antibodies and
through this mechanism influence interactions between
the remodelled matrix and the integrins. This approach
has successfully been used with cytokines such as
TNF-�, whose receptor binding and activity can be
blocked [e.g., with a monoclonal chimeric antibody in-
fliximab, a fully human monoclonal antibody adali-
mumab, or a PEGylated Fab� fragment of a humanized
TNF-� inhibitor monoclonal antibody certolizumab
(Bourne et al., 2008)]. However, strategies for generat-
ing antibodies against ECM molecules and using them
for therapies have not gained much favor (Huxley-Jones
et al., 2008). Instead, strategies for generating monoclo-
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nal antibodies against integrins have been under inten-
sive investigation. As mentioned earlier, there are al-
ready a few anti-integrin antibodies in clinical practice
used for acute coronary syndrome, psoriasis, multiple
sclerosis, and Crohn’s disease (Rosove, 2004; Baker,
2007; Schön, 2008). Although the use of these anti-inte-
grin antibodies as drugs has not always been completely
safe (Baker, 2007; Schön, 2008; Tamhane and Gurm,
2008), each of them has clearly verified that this ap-
proach is very useful in drug discovery. For example,
vedolizumab (MLN0002), a humanized antibody target-
ing the �4�7 integrin, has exhibited a beneficial effect on
active Crohn’s disease (Feagan et al., 2008) and ulcer-
ative colitis (Behm and Bickston, 2009) by virtue of its
highly selective capacity to block lymphocyte migration
to inflamed areas of the gut. Vedolizumab specifically
interferes with the interaction between the �4�7 inte-
grin on lymphocytes and its principal ligand, mucosal
addressin cell adhesion molecule-1, on endothelial cells
(Berlin et al., 1993). It is noteworthy that �4�7 integrin
can also bind fibronectin (Rüegg et al., 1992), suggesting
that, in the future, vedolizumab may have a wide spec-
trum of application in the treatment of pathological con-
ditions such as atherosclerosis, cardiac hypertrophy,
and tumorigenesis (Astrof and Hynes, 2009). Volocix-
imab, a chimeric humanized monoclonal antibody that is
a high-affinity function inhibitor of the �5�1 integrin,
has been applied in clinical phase II trials for solid
tumors in renal cell carcinoma, metastatic melanoma,
and pancreatic cancer (Huveneers et al., 2007). The ra-
tionale of using volociximab in cancer therapy can be
based on the fact that integrin �5�1, which binds fi-
bronectin, is expressed mainly on vascular endothelial
cells and up-regulated together with fibronectin in tu-
mor vasculature (Astrof and Hynes, 2009). As such, vo-
lociximab has a potential to inhibit tumor angiogenesis,
without which tumors cannot grow. It remains to be
seen whether volociximab might also provide a cure for
a large number of nonmalignant human diseases that
are dependent on angiogenesis (Folkman, 2007). On the
other hand, as mentioned earlier, angiogenesis is also
under regulation of a number of other integrins, partic-
ularly the �v integrin subfamily, several ECM molecules
(including some of their proteolytically released cleavage
products such as endostatin), and different soluble fac-
tors (i.e., growth factors and cytokines) (Ingber and
Folkman, 1989; Hynes, 2007). Therefore, it is likely that
in most situations, volociximab alone is not potent
enough to repress angiogenesis, and developing antian-
giogenic therapies based on the other molecules men-
tioned above would be vital.

Besides generating anti-integrin antibodies, it is pos-
sible to generate specific small-molecule compounds,
peptidomimetics, to block integrin signaling pathways
that are activated by the remodelled ECM. Indeed, this
approach has been recognized to be an important area in
drug discovery (Huveneers et al., 2007; Huxley-Jones et

al., 2008). Eptifibatide, a synthetic cyclic peptide with a
Lys-Gly-ASP (KGD) sequence that antagonizes �v�3 in-
tegrin, is an example of the small-molecule integrin an-
tagonists. Eptifibatide acts at the final common step of
the platelet aggregation pathway and has already been
in use for years for patients with acute coronary syn-
drome and/or undergoing percutaneous coronary inter-
vention (Curran and Keating, 2005). A number of other
small-molecule integrin antagonists, both peptide and
nonpeptide peptidomimetics, inhibiting different inte-
grins have been developed for use in treating various
human diseases such as cancer, rheumatoid arthritis,
osteoporosis, asthma, and ulcerative colitis (Huveneers
et al., 2007; Woodside and Vanderslice, 2008). Targeting
nonintegrin ECM receptors may also have therapeutic
value. For example, blocking antibodies to CD44, which
is the main receptor for hyaluronan but interacts with a
number of other ECM components, induces resistance to
developing type 1 diabetes in a mouse model (Weiss et
al., 2000). Administration of hyaluronan oligosaccha-
rides, which interfere with CD44 polyvalent binding to
hyaluronan, are effective inhibitors of several tumor
types in vivo, such as mammary and lung carcinomas
and melanoma (Zeng et al., 1998; Toole et al., 2008).
Similar to other future drugs discussed above, it re-
mains to be seen whether and when these compounds
are ready for clinical use. Currently, a major drawback
with the above potential future therapies may be the
lack of their oral use. In addition, there are huge diffi-
culties in developing therapies that are not only site-
specific but also have few side effects.

V. Conclusions

Our aim has been to convince the reader that many,
and perhaps most, human diseases have some connec-
tion to the remodelling of the ECM and tissue pathology.
However, currently available drugs are neither specific
nor potent enough to target ECM molecules and prevent
tissue destruction due to diseases. The approach that we
have reviewed is both complex and complicated. Success
has been achieved at targeting the receptors for many of
the ECM components. Targeting the cytokines, en-
zymes, and signaling molecules involved in the synthe-
sis, accumulation, and degradation of the ECM is an-
other approach that is showing encouraging results.
Less attention has been given to targeting specific indi-
vidual ECM components as a means of interfering with
specific diseases. However, a growing number of exam-
ples show that specific ECM components have a dra-
matic effect on several disease phenotypes, so this ap-
proach may be a fruitful area for drug development in
the future. What is certain is that the ECM has been a
neglected target for drug pharmacotherapy in the past
but promises to be an important target to consider in the
future.
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Díez J, González A, López B, and Querejeta R (2005) Mechanisms of disease:
pathologic structural remodeling is more than adaptive hypertrophy in hyperten-
sive heart disease. Nat Clin Pract Cardiovasc Med 2:209–216.

Dietz HC, Ramirez F, and Sakai LY (1994) Marfan’s syndrome and other microfi-
brillar diseases. Adv Hum Genet 22:153–186.

DiBattista JA, Martel-Pelletier J, Wosu LO, Sandor T, Antakly T, and Pelletier JP
(1991) Glucocorticoid receptor mediated inhibition of interleukin-1 stimulated
neutral metalloprotease synthesis in normal human chondrocytes. J Clin Endo-
crinol Metab 72:316–326.

Di Sabatino A, Saarialho-Kere U, Buckley MG, Gordon JN, Biancheri P, Rovedatti L,
Corazza GR, Macdonald TT, and Pender SL (2009) Stromelysin-1 and macrophage
metalloelastase expression in the intestinal mucosa of Crohn’s disease patients
treated with infliximab. Eur J Gastroenterol Hepatol doi: 10.1097/
MEG.0b013e3283293d0f.

Douglas D, Hsu JH, Hung L, Cooper A, Abdueva D, van Doorninck J, Peng G,
Shimada H, Triche TJ, and Lawlor ER (2008) BMI-1 promotes ewing sarcoma
tumorigenicity independent of CDKN2A repression. Cancer Res 68:6507–6515.

Dudhia J (2005) Aggrecan, aging and assembly in articular cartilage. Cell Mol Life
Sci 62:2241–2256.

Duprez DA (2006) Role of the renin-angiotensin-aldosterone system in vascular
remodeling and inflammation: a clinical review. J Hypertens 24:983–991.

Durani P, Occleston N, O’Kane S, and Ferguson MW (2008) Avotermin: a novel
antiscarring agent. Int J Low Extrem Wounds 7:160–168.

Edgell CJ, BaSalamah MA, and Marr HS (2004) Testican-1: a differentially ex-
pressed proteoglycan with protease inhibiting activities. Int Rev Cytol 236:101–
122.

Ehnis T, Dieterich W, Bauer M, Kresse H, and Schuppan D (1997) Localization of a
binding site for the proteoglycan decorin on collagen XIV (undulin). J Biol Chem
272:20414–20419.

Eickelberg O, Pansky A, Koehler E, Bihl M, Tamm M, Hildebrand P, Perruchoud AP,
Kashgarian M, and Roth M (2001) Molecular mechanisms of TGF-(beta) antago-
nism by interferon (gamma) and cyclosporine A in lung fibroblasts. FASEB J
15:797–806.
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Stahn C, Löwenberg M, Hommes DW, and Buttgereit F (2007) Molecular mecha-
nisms of glucocorticoid action and selective glucocorticoid receptor agonists. Mol
Cell Endocrinol 275:71–78.

Stoch SA and Wagner JA (2008) Cathepsin K inhibitors: a novel target for osteopo-
rosis therapy. Clin Pharmacol Ther 83:172–176.

Stone EM, Braun TA, Russell SR, Kuehn MH, Lotery AJ, Moore PA, Eastman CG,
Casavant TL, and Sheffield VC (2004) Missense variations in the fibulin 5 gene
and age-related macular degeneration. N Engl J Med 351:346–353.

Stuhlmeier KM (2006) Aspects of the biology of hyaluronan, a largely neglected but
extremely versatile molecule. Wien Med Wochenschr 156:563–568.

Sugiura T, Imai E, Moriyama T, Horio M, and Hori M (2000) Calcium channel
blockers inhibit proliferation and matrix production in rat mesangial cells: possi-
ble mechanism of suppression of AP-1 and CREB activities. Nephron 85:71–80.

Sussmann M, Sarbia M, Meyer-Kirchrath J, Nüsing RM, Schrör K, and Fischer JW
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Väisänen T, Väisänen MR, Autio-Harmainen H, and Pihlajaniemi T (2005) Type XIII
collagen expression is induced during malignant transformation in various epi-
thelial and mesenchymal tumours. J Pathol 207:324–335.

Wada Y, Kato S, Okamoto K, Izumaru S, Aoyagi S, and Morimatsu M (2001)
Diltiazem, a calcium antagonist, inhibits matrix metalloproteinase-1 (tissue col-
lagenase) production and collagenolytic activity in human vascular smooth muscle
cells. Int J Mol Med 8:561–566.

Wallace K, Burt AD, and Wright MC (2008) Liver fibrosis. Biochem J 411:1–18.
Waller JR, Brook NR, Bicknell GR, and Nicholson ML (2004) Differential effects of

modern immunosuppressive agents on the development of intimal hyperplasia.
Transpl Int 17:9–14.

Wang HJ, Pieper J, Schotel R, van Blitterswijk CA, and Lamme EN (2004) Stimu-
lation of skin repair is dependent on fibroblast source and presence of extracellular
matrix. Tissue Eng 10:1054–1064.

Wang IJ, Chiang TH, Shih YF, Hsiao CK, Lu SC, Hou YC, and Lin LL (2006) The
association of single nucleotide polymorphisms in the 5�-regulatory region of the
lumican gene with susceptibility to high myopia in Taiwan. Mol Vis 12:852–857.

Wapstra FH, Navis GJ, van Goor H, van den Born J, Berden JH, de Jong PE, and de
Zeeuw D (2001) ACE inhibition preserves heparan sulfate proteoglycans in the
glomerular basement membrane of rats with established adriamycin nephropathy.
Exp Nephrol 9:21–27.

Warman ML, Abbott M, Apte SS, Hefferon T, McIntosh I, Cohn DH, Hecht JT, Olsen
BR, and Francomano CA (1993) A type X collagen mutation causes Schmid me-
taphyseal chondrodysplasia. Nat Genet 5:79–82.

Warren RB, Chalmers RJ, Griffiths CE, and Menter A (2008) Methotrexate for
psoriasis in the era of biological therapy. Clin Exp Dermatol 33:551–554.

Watkins G, Douglas-Jones A, Bryce R, Mansel RE, and Jiang WG (2005) Increased
levels of SPARC (osteonectin) in human breast cancer tissues and its association
with clinical outcomes. Prostaglandins Leukot Essent Fatty Acids 72:267–272.

Weigell-Weber M, Sarra GM, Kotzot D, Sandkuijl L, Messmer E, and Hergersberg M
(2003) Genomewide homozygosity mapping and molecular analysis of a candidate
gene located on 22q13 (fibulin-1) in a previously undescribed vitreoretinal dystro-
phy. Arch Ophthalmol 121:1184–1188.

Weiss L, Slavin S, Reich S, Cohen P, Shuster S, Stern R, Kaganovsky E, Okon E,
Rubinstein AM, and Naor D (2000) Induction of resistance to diabetes in non-obese
diabetic mice by targeting CD44 with a specific monoclonal antibody. Proc Natl
Acad Sci U S A 97:285–290.

Wendel M, Sommarin Y, and Heinegård D (1998) Bone matrix proteins: isolation and
characterization of a novel cell-binding keratan sulfate proteoglycan (osteoad-
herin) from bovine bone. J Cell Biol 141:839–847.

Wendling D, Cedoz JP, and Racadot E (2008) Serum levels of MMP-3 and cathepsin
K in patients with ankylosing spondylitis: effect of TNFalpha antagonist therapy.
Joint Bone Spine 75:559–562.

White ES, Baralle FE, and Muro AF (2008) New insights into form and function of
fibronectin splice variants. J Pathol 216:1–14.

Whitelock JM, Melrose J, and Iozzo RV (2008) Diverse cell signaling events modu-
lated by perlecan. Biochemistry 47:11174–11183.

Wight TN (2008) Arterial remodeling in vascular disease: a key role for hyaluronan
and versican. Front Biosci 13:4933–4937.

Wight TN and Merrilees MJ (2004) Proteoglycans in atherosclerosis and restenosis:
key roles for versican. Circ Res 94:1158–1167.

Williams KJ (2001) Arterial wall chondroitin sulfate proteoglycans: diverse mole-
cules with distinct roles in lipoprotein retention and atherogenesis. Curr Opin
Lipidol 12:477–487.

Williams KJ and Tabas I (1995) The response-to-retention hypothesis of early
atherogenesis. Arterioscler Thromb Vasc Biol 15:551–561.

Williams S, Ryan C, and Jacobson C (2008) Agrin and neuregulin, expanding roles
and implications for therapeutics. Biotechnol Adv 26:187–201.

Winterpacht A, Hilbert M, Schwarze U, Mundlos S, Spranger J, and Zabel BU (1993)
Kniest and Stickler dysplasia phenotypes caused by collagen type II gene
(COL2A1) defect. Nat Genet 3:323–326.

Wlazlinski A, Engers R, Hoffmann MJ, Hader C, Jung V, Müller M, and Schulz WA
(2007) Downregulation of several fibulin genes in prostate cancer. Prostate 67:
1770–1780.

Woodside DG and Vanderslice P (2008) Cell adhesion antagonists: therapeutic po-
tential in asthma and chronic obstructive pulmonary disease. BioDrugs 22:85–
100.

Wynn TA (2007) Common and unique mechanisms regulate fibrosis in various
fibroproliferative diseases. J Clin Invest 117:524–529.

Wynn TA (2008) Cellular and molecular mechanisms of fibrosis. J Pathol 214:199–
210.

Wälchli C, Koch M, Chiquet M, Odermatt BF, and Trueb B (1994) Tissue-specific
expression of the fibril-associated collagens XII and XIV. J Cell Sci 107:669–681.

Xu J, Rodriguez D, Petitclerc E, Kim JJ, Hangai M, Moon YS, Davis GE, Brooks PC,
and Yuen SM (2001) Proteolytic exposure of a cryptic site within collagen type IV
is required for angiogenesis and tumor growth in vivo. J Cell Biol 154:1069–1079.

Yabkowitz R, Mansfield PJ, Ryan US, and Suchard SJ (1993) Thrombospondin
mediates migration and potentiates platelet-derived growth factor-dependent mi-
gration of calf pulmonary artery smooth muscle cells. J Cell Physiol 157:24–32.

Yamada M, Li AW, and Wall JR (2000) Thyroid-associated ophthalmopathy: clinical
features, pathogenesis, and management. Crit Rev Clin Lab Sci 37:523–549.

Yamada H, Tajima S, Nishikawa T, Murad S, and Pinnell SR (1994) Tranilast, a
selective inhibitor of collagen synthesis in human skin fibroblasts. J Biochem
116:892–897.

Yamaguchi Y (1996) Brevican: a major proteoglycan in adult brain. Perspect Dev
Neurobiol 3:307–317.

Yamaguchi Y, Mann DM, and Ruoslahti E (1990) Negative regulation of transform-
ing growth factor-beta by the proteoglycan decorin. Nature 346:281–284.

Yan Q and Sage EH (1999) SPARC, a matricellular glycoprotein with important
biological functions. J Histochem Cytochem 47:1495–1506.

Yanagisawa H, Davis EC, Starcher BC, Ouchi T, Yanagisawa M, Richardson JA, and
Olson EN (2002) Fibulin-5 is an elastin-binding protein essential for elastic fibre
development in vivo. Nature 415:168–171.

Yao HW, Li J, Chen JQ, and Xu SY (2004) Inhibitory effect of leflunomide on hepatic
fibrosis induced by CCl4 in rats. Acta Pharmacol Sin 25:915–920.

Ye Z, Cheng K, Guntaka RV, and Mahato RI (2005) Targeted delivery of a triplex-
forming oligonucleotide to hepatic stellate cells. Biochemistry 44:4466–4476.

Ye Z, Houssein HS, and Mahato RI (2007) Bioconjugation of oligonucleotides for
treating liver fibrosis. Oligonucleotides 17:349–404.
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