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Abstract

Matrix metalloproteinases (MMPs) are a family of functionally related zinc-
containing enzymes that denature and degrade fibrillar collagens and other com-
ponents of the extracellular matrix. Myocardial extracellular matrix remodelling
and fibrosis regulated by MMPs are believed to be important contributors to the
progression of heart failure. The role of MMPs in cardiac fibrosis and the pro-
gression of heart failure, along with the possibility of halting the progression of
heart failure by modulating extracel lular matrix remodelling areimportant i ssues
under intense study.

MMPs are increased in the failing hearts of both animal models and patients
with heart failure. MMP inhibition may therefore modulate extracellular matrix
remodelling and the progression of heart failure. It is a great advantage that
variousMMPinhibitorshave been developed initially for the treatment of cancer,
arthritis and other diseases believed to be associated with increased MM P activ-
ity. Severa preclinical studieshave shown that treatment of heart failurein animal
models with MM P inhibitors results in less collagen matrix damage, favourable
extracellular matrix remodelling, and improved cardiac structure and function.
The results suggest that modulation of MMP activity can prevent myocardial
dysfunction and the progression of heart failure through alterations in the
remodelling process of extracellular matrix and the |eft ventricle.

Although these promising results suggest potential benefitsof MMPinhibition
for human heart failure, no clinical data evaluating MMP inhibitorsin heart fail-
ure have been reported. As the preclinical evidence continues to grow and the
potential of MM P inhibition for the treatment of heart failure continuesto unfold,
MMP inhibition may prove to be an effective treatment for heart failure.

Each year nearly half a million patients are
diagnosed with heart failure in the US. Left ven-
tricular (LV) remodelling and dilation contribute
to the progression of chronic heart failure and have
been associated with increased morbidity and mor-
tality.[Y] Myocardial extracellular matrix (ECM)
remodelling accompanied by LV remodelling may

play apermissiverolein LV dilation. Changesin myo-
cardial ECM structure and properties, such as col-
lagen type shifting,[23! collagen cross-linking,4°]
and collagen denaturation,[®7 are important fea-
turesof ECM remodelling and one of the pathogno-
monic findings in the failing heart.

Matrix metall oproteinases (MMPs) in the myo-
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cardium are capable of degrading all the ECM
components including fibrillar collagens. It has
recently been shown that MMPs are increased in
the failing heart of both animal models and hu-
mans.[%8101 However, despite increased activities
of MMPs, the failing heart usually has increased
collagen content which may be ascribed to matrix
fragments (matrikines)-induced collagen expres-
sion. Therefore, modulation of MMP activity may
alter myocardial ECM remodelling processes, car-
diac dilation and eventually myocardial function.
The activity of MMPs can be regulated through
gene expression, proenzyme activation,[*1 endog-
enous physiological inhibitors such astissueinhib-
itors of metalloproteinases (TIMP) and a,-macro-
globulin,l*2 and by pharmacological agents such
as batimastat (BB-94), PD-166793 and CP-
471474. In this review, we discuss new insights
into the role of MMPs in the progression of heart
failure and therapeutic implications of new phar-
macol ogical agentswhich modulate MM P activity.

1. Matrix Metalloproteinases (MMPs)
and Extracellular Matrix (ECM) in
the Myocardium

MMPs are a family of functionally related zinc
containing enzymes that cleave ECM components
resultinginfibrillar collagen denaturation and deg-
radation, and the synthesis of new fibrous tis-
sue.[1013-20] M Ps are secreted by fibroblasts, smooth
muscle cells, endothelia cells and adult mamma-
lian myocytes?!l as aproenzyme, or zymogen, and
are activated by proteolytic cleavage to yield the
active MMPs. In the rat myocardium, indirect im-
munofluorescence localised proMMPSYMMPs to
the endothelium and subendothelial space of the
endocardium and throughout the interstitial space
found between groups of muscle fibres.[22]

The various MMPs are differentiated by their
structure and specificity for substrateswith the col -
lagenase (MMP-1) degrading fibrillar collagens,
the stromelysin (MM P-3) degrading proteoglycans
and glycoproteins, and the gelatinases (MMP-2
and MMP-9) degrading denatured collagens and
basement membrane collagens. Currently thereare
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more than 20 MMPs in this family and there are
undoubtedly still more to be identified in the fu-
ture.

Common molecular structural features of
MM Ps have been identified and used for structure-
based inhibitor design.[?3l The conserved iso-
structural sequence (HEXXHXXGXXH) createsa
common locus for active site zinc atom and an
exceptionally large and deep S1' pocket as part of
the extended binding site for collagen-like sub-
strates.[24.25]

The activity of MMPs can beregulated at multi-
plelevels. The expression of MM Ps can beregulated
at levelsincluding transcription, translation and post-
translational modification by anumber of chemical
agents, neurohormones and cytokines,[1418,20.21,26,27]
After secretion, theproMM Pshind to variousECM
components, which may serve as ameans of extra-
cellular storage for rapid activation and mobilisa-
tion upon stimulation. The activation processing of
proMMPs by proteases, organomercurials and
plasmin plays an important role in regulating their
activity. In most cases, the activation of proMMPs
involves the ‘ cysteine-switch’ mechanism.[28] The
final control of MMP activity is by physiological
inhibitors, the TIMPs and az-macroglobulin.
TIMPs not only inhibit MMPs directly, but also
form complexes with proMMPs to control MMP
activation and stability.[2230 However, this tight
regulation seems to get lost during the develop-
ment of several diseases including cancer,[31:32]
chronic liver disease,[33 arthritis,[34 atherosclero-
sig3 and heart failure.[9:36-38]

MM Ps not only play arolein the degradation of
matrix components but may also modulate colla-
gen synthesis, which may be accomplished by reg-
ulating the formation of matrikines,193% such as
Glycyl-Histidyl-Lysine, and releasing biologically
activefactorsfrom the ECM (including transform-
ing growth factor-f31, insulin-like growth factor
and fibroblast growth factor).l“l The end result is
often an increase in MMPs accompanied by in-
creased fibrosis, such as that seen in the failing
heart, and decreased MMP activity accompanied
by reduced fibrosis.[6:41-43]
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The ECM is a fibrillar network composed of
collagens, basement membrane, fibronectin, pro-
teoglycans, laminin, MMPs and growth factors.
The most important components of the ECM are
fibrillar collagens which are aso the major com-
ponents of fibrous tissue. Type | and Ill are the
major collagensin the myocardium with type | be-
ing predominant in the adult heart.[44 The collagen
matrix provides the support essential for maintain-
ing alignment of myofibrils within the myocyte as
well as for maintaining myocyte alignment within
the myocardium.[45461 Under normal conditions
the ECM is an important determinant of cardiac
mechanics:; (i) it maintainsthe structural alignment
of myocytesand prevents myocyte slippage during
contraction; (ii) during systole it transduces force
that facilitates re-lengthening; and (iii) it is the
main determinant of diastolic stiffness.!”]

That remodelling of the ECM is of critical im-
portance to cardiac remodelling and to the devel-
opment of heart failureissupported by alarge body
of evidence in both animal models and patients
with heart failure. Individual myocyte function is
preserved during aging; however, myocyte loss
and replacement by ECM contributes substantially
toventricular dilation, diminished LV function and
reduced ejection fraction.[4748] The direct diges-
tion of collagens is an essential part of matrix
remodelling. MMP-1 initiates the digestion of col-
lagens by hydrolysing the peptide bond following
aGly residue located at a distance of three-fourths
of the collagen molecule length from the amino
terminus.[*® The resulting %4 and Y4 fragments are
completely degraded by MMP-2 and MMP-9 in
addition to MMP-1 and MMP-3.

Using scanning electron microscopy, Rossi et
al.[*9 demonstrated that the myocardial collagen
matrix is a 3-dimensional structure that supports
individual myocytes. Breaks in the overall struc-
ture of the ECM would therefore result in aloss of
continuity and integrity of this 3-dimensional sup-
port and in so doing alter myocardial function.!5%!

0 Adis International Limited. All rights reserved.

2. MMPs and ECM in Heart Failure

2.1. Ventricular Remodelling in the
Progression of Heart Failure

The myocardium of most animal models of
heart failure as well as patients with heart failure
commonly demonstrates increased content and ac-
tivity of MMPs.[9.1051] The activated MM Ps have
been suggested to contributeto ECM remodelling,
progressive LV remodelling and dilation, and the
progression of heart failure.[6:50-5% |n ischaemic
cardiomyopathy, latent myocardial MMPs are ac-
tivated which in the absence of inhibitors degrade
ECM and lead to ventricul ar dilation and dysfunc-
tion.[%8! In coronary artery ligation-induced myo-
cardial infarction, collagen degradation exceeds
synthesis during the early phase of repair at the
infarct sitewhich coincideswithincreasesin MM P
gelatinolytic activity.I57 Although various mecha-
nisms may account for the regulation of MM P ac-
tivity, one potential mechanism for the increased
myocardial MMP activity in the failing heart is a
loss of endogenous inhibition by TIMPs or other
physiological inhibitors.[?]

In the rapid pacing-induced pig heart failure
model, MMP-1, MMP-2 and MM P-3 areincreased
after 7 days of rapid pacing.[38l MMP-1 appears to
increase in a time-dependent manner, increasing
by 150% after 7 days and 360% after 21 days.
MMP-2 and MMP-3 |levelsincrease by 200% after
7 days of rapid pacing and plateau with longer du-
rations of rapid pacing. Consistent with these find-
ings, the gelatinolytic activity of MMPs aso in-
creases after 7 days and remains increased at 14
and 21 days of rapid pacing.[3¢! This change in
MM Ps was assumed to contribute to the decreased
myocardia collagen confluence and content, which
may occur asearly aswithin 24 hours of pacing,[58!
in animalswith rapid pacing-induced heart failure.
The change in myocardial collagen is similar to
that found in acute myocardial ischaemia,l>® but
differs from that seen in other forms of heart fail-
ure,[347.60.61] jn which an increasein MM P activity
is associated with normal or increased collagen
content. Thus, the regulation of collagen expression

Drugs 2001; 61 (9)



1242 Li & Feldman
-200
MMP-9 -97.4
=
o
QD
MMP-2 -68
-43

d O wild type
5. O TNFL6

*
’_U? N :[
Q
X
o
o
8
o 31
—
R
@
o
<
8 24 *
4
>
£
8
]
(O
0 ]
MMP-2 MMP-9
12-week

MMP-2  MMP-9
48-week

Fig. 1. Increased matrix metalloproteinase (MMP)-2 and MMP-9 in the TNF1.6 mouse heart. Gelatin zymography of ventricular extracts
of (A) neonates, (B) 12-week-old and (C) 48-week-old wild-type (WT) and TNF1.6 mice; (d) summary of the quantitative data of
MMP-2 and MMP-9 in 12- and 48-week-old mouse heart (n = 4 each). * p < 0.01 compared with respective wild-type. After Li et al.,[®!
with permission. TNF1.6 = transgenic mice overexpressing tumour necrosis factor-a.

is highly complex and may involve multiple en-
zymes, matrix proteins and regulatory pathways.
In mice with heart failure induced by cardiac-
specific overexpression of tumour necrosis factor-
a (TNFa; TNF1.6 mice),[662 progressive ventric-
ular hypertrophy and dilation are accompanied by
a significant increase in MMP-2 and MMP-9, an
increase in collagen synthesis, deposition and de-
naturation, and a decrease in undenatured soluble

0 Adis International Limited. All rights reserved.

collagens (figs 1, 2).I¢l Theincreasein MMP-2 and
MMP-9 could be demonstrated from the initial
postnatal period (fig. 1). In young TNF1.6 mice,
the changesin the ECM are associated with marked
diastolic dysfunction as demonstrated by signifi-
cantly reduced transmitral Doppler echocardio-
graphic E/A wave ratio.[®!

During LV remodelling after myocardial infarc-
tioninrats, MMP up-regulation evolves over time.

Drugs 2001; 61 (9)
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MMP-2, MMP-9 and MMP-13 were significantly
elevated during the first week post-infarction and
MMP-14 was elevated at approximately 16 weeks
post-infarction.[38] In spontaneously hypertensive
rats (SHR), MMP-2 and MMP-9 gelatinolytic ac-
tivity wasincreased in both 9-month-old rats at the
stage of compensatory hypertrophy and 13-month-
old rats at the stage of decompensated failure.[63!
There was an age-related progressive increase in
the active forms of MMP-2 and MM P-9 compared
with age-matched controls. Similarly, MMP-13
protein levels were also increased in the failing
heart. Concomitant changes in collagen synthesis
and deposition werealso observed inthisheart fail-
ure model. Both collagen transcripts (type | and
I11) and collagen volume fraction were elevated in
9- and 13-month-old rats.[6®]

The potential importance of MMPs in ECM
remodelling and in the progression of heart failure
has been further demonstrated by transgenic myo-
cardial overexpression of MMP-1 in mice.[41.64
Myocardial overexpression of MMP-1 produces
LV hypertrophy and hypercontractility in young
mice, and ventricular dilation and failure in old
mice. The 6-month-old MMP-1 transgenic mice
had increased cardiac type |11 collagen concentra-
tioninthe myocardium. Prolonged overexpression
of MMP-1 produced loss of cardiac collagens co-
incident with deterioration of systolic and diastolic
function at 12-months of age.[*!! By contrast, tar-
geted deletion of the MM P-9 genein mice hasbeen
shown to decrease collagen accumulation in the
myocardium and attenuate LV enlargement after
experimental myocardial infarction.[53 However,
knockout of MMP-3, MMP-9 or MMP-12 genes
had no effect on collagen accumulation in the in-
farct area,[42 suggesting an essential role of MM Ps
in collagen deposition and a different mechanism
in collagen depositionintheinfarct areafrom areas
remote to the infarction.

Cardiac fibrosis is defined not only as an in-
crease in the concentration of matrix collagensin
the interstitium, but also changes in collagen
type,[23l organisation, 668 cross-linking(4% and
denaturation.[6.66] Myocardial ECM is not a pas-

0 Adis International Limited. All rights reserved.
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Fig. 2. Changes in collagens in the TNF1.6 mouse heart. Colla-
gens excessively exposed to active metalloproteinases (MMPs)
may denature and lose their normal functions. After solubilisa-
tion, undenatured soluble collagens were measured with the
Sircol collagen assay based on their property of quantitatively
binding picrosirius red, and the denatured collagens and newly
synthesised collagens not quantitatively binding picrosirius red.
Total soluble collagens were measured with hydroxyproline as-
say. (a) Reduction in undenatured soluble collagen in TNF1.6
mice was partially prevented by AdTNFRI treatment; (b) Total
soluble collagen content was increased in TNF1.6 mouse heart,
and the increase was prevented by AdTNFRI treatment in 12-
week-old TNF1.6 mice (n = 8 in each group). * p < 0.05 com-
pared to wild-type; T p < 0.05 compared to TNF1.6. After Li et
al.,[®l with permission. AdTNFRI = an adenoviral vector allowing
systemic overexpression of a similar human tumour necrosis
factor receptor-a type I-murine IgG fusion protein; Ilg =immuno-
globulin; TNF1.6 = transgenic mice overexpressing tumour ne-
crosis factor-a.
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sive structural support but a metabolically reactive
entity.[67 Various changes in the composition of
collagen types and cross-linking during the devel-
opment of cardiac fibrosisin different animal mod-
els as well as in patients with heart failure have
been reported.[36870 |n the ischaemic failing hu-
man heart, multiple foci of reactive fibrosis account
for more than two thirds of the fibrous tissue,
whereas the infarct scar constitutes only one
third.[7 In fibrotic myocardium, the normal colla-
gens are denatured and degraded by increased
MMPs, and the collagen chains are fractured and
replaced by poorly structured bands and sheets of
collagen or more soluble matrix components,
which leads to ventricular dilation.[4851] Because
myocardial compliance (AV/AP) is directly af-
fected by the concentration as well as the ratio of
different types of collagensin the heart,!372 these
changes may lead to alterations in the mechanical
properties of the tissue. Therefore, active MMPs
play an essential rolein cardiac ECM remodelling,
cardiac dilation and the progression of heart fail-
ure.

Fig. 3. Modulation of metalloproteinases (MMPs) in the TNF1.6
mouse heart by anti-TNFa gene therapy. Gelatin zymography
demonstrates that AdTNFRI treatment abolished MMP-9 after 2
weeks (lane 5), and reduced MMP-2 to wild-type level after 6
weeks (lane 6). Controls are negative without known MMPs
(lane 1), FVB wild-type (lane 2), TNF1.6 (lane 3), and TNF1.6
treated with AdLacZ control vector (lane 4). After Li et al.,l®! with
permission. AdTNFRI = an adenoviral vector allowing systemic
overexpression of a similar human TNFa receptor type I-murine
IgG fusion protein; FVB = an inbred mouse strain commonly
used for transgenic studies; TNFa = tumour necrosis factor-a;
TNF1.6 = transgenic mice overexpressing TNF-a.

0 Adis International Limited. All rights reserved.

2.2. Rationale for MMP Inhibition in the
Treatment of Heart Failure

Currently, thereisincreasing interest in attenu-
ating mal adaptive cardiac remodelling and dilation
through the modulation of ECM remodelling.
Modulation of the renin-angiotensin-aldosterone
system by ACE inhibitors, angiotensin |1 receptor
antagonists or aldosterone antagonists, aters the
progression of myocardial fibrosis, although the
mechanisms involved are poorly defined.[’374 As
discussed in section 2.1, MMP-mediated myocar-
dial ECM remodelling contributes to the dilation
and dysfunction of the failing heart, and so MMPs
may also be regarded as viable targetsin heart fail-
uretherapy.[4851.75] Because the constant remodel |-
ing of the ECM isregulated by MMPs, 67 whichin
turn areregulated by growth factors, cytokines, ac-
tivators and inhibitors,[7677] modulation of either
of these regulators may change the course of ECM
remodelling and therefore the outcome of heart
failure.

We have shown previously that LV assist device
support reduces MMP levels and brings about fa-
vourable changesin collagensin the failing human
heart,[43] which may be mediated by alterationsin
TNFa expression.[78 Therefore, modulation of the
myocardial remodelling process and ultimately
myocardial function might be achieved by chang-
ing the activity of MMPs either through anti-cyto-
kine treatment or direct MMP inhibition.

Indeed, anti-TNFa treatment with etanercept
(p75 TNF receptor Fc fusion protein) has been re-
ported to cause regression of LV remodelling and
dilation in humans with heart failure.[”® To exam-
inethe mechanismsof the beneficial effectsof anti-
TNFa therapy, we studied the expression of MMPs,
extent of collagen deposition and denaturation, and
cardiac function after inoculation with an adenovi-
rus allowing systemic overexpression of a similar
human TNF receptor type |-murine immunoglobu-
lin (1g)G fusion protein (AdTNFRI) inthe TNF1.6
heart failure model. Not surprisingly, we have
demonstrated that anti-TNFa therapy with Ad-
TNFRI reduced both MMP-2 and MMP-9 (fig. 3),
prevented further collagen synthesis, deposition
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and denaturation (fig. 2), and preserved myocar-
dial diastolic function in young TNF1.6 mice. The
results suggest acritical role of TNFa and MMPs
in myocardial matrix remodelling and functional
regulation, and support the hypothesis that both
TNFa and MM Ps may serve as potential therapeu-
tic targets at an appropriate time point in the treat-
ment of heart failure.l8! However, it isimportant to
point out that these salutary effects were not seen
in older animals with well-established disease.

Because MMPs are significantly reduced after
anti-TNFa therapy (fig. 3),!%! we hypothesised that
these beneficial effects might come from reduced
levels of MMPs. Indeed, we have demonstrated in
the same heart failure model that MMP inhibition
using batimastat (BB-94) recapitul ated the mol ec-
ular, histochemical and functional changesin Ad-
TNFRI treated TNF1.6 mice.l8% In addition, direct
modulation of physiological regulatory system has
also been shown to change collagen deposition in
the heart. Either uPA knockout or adenoviral me-
diated TIMP-1 or plasminogen activator inhibitor
(PALI) overexpression reduces collagen deposition
ininfarcted heart.[42

The above results suggest that MM P activation
playsakey rolein modulating myocardial function
through the regulation of ECM remodelling. Thus,
the MM Psrepresent an attractive therapeutic target
for heart failure.

3. Preclinical Studies

MMP inhibition has been studied for the treat-
ment of cancer,[3132 arthritis,[34 chronic liver dis-
eases,[3 cardiovascular diseases including ab-
dominal aortic aneurysm,8182 coronary artery vein
graft failurel® and atherosclerosis.[83-87] There are

many potential ways to inhibit MMPs,[22] includ-
ing suppressing MMP gene expression, blocking
the MMP activation pathways, inhibiting MMPs
by enhancing TIMP gene expression or by admin-
istering synthetic MMP inhibitors (MMPIs).

Although etanercept anti-TNFa therapy in
heart failureis aimed at TNFa, it may act through
the down-regulation of MMP expression. This
strategy may eventually prove to be aviable alter-
native for heart failure treatment. Currently, there
are no data on the modulation of the activation
pathways of MMPsin vivo.

Enhancing TIMP gene expression may be
achievable in the future when gene therapy tech-
niques mature.[33 However, administration of
TIMPs has not proven suitable for pharmacologi-
cal applications, although TIMP-1 has been shown
to completely protect mice against cardiac rupture
after experimental myocardial infarction.[42]

A series of low molecular weight MMPIs (table
1), with varying efficacy and specificity of MMP
inhibition, have been developed and evaluated in
animal modelsaswell asin humansfor thetreatment
of cancer or other conditions such as abdominal
aortic aneurysm with promising results,[32:88-90]

Chemically modified tetracyclines were the
first to obtain approval for clinical use in anti-
MMP therapy of periodontal diseases.[®!!

Recently, severa of the synthetic MMPIs have
been evaluated in the treatment of experimental
heart failure. The initial results in modulating
ECM remodelling are promising. MMPIsimprove
cardiac pump function and block the progression
of heart failure in different models of cardiac dys-
function.[55.63.80]

Table I. Matrix metalloproteinase (MMP) 50% inhibitory concentrations (ICso) as nmol/L of MMP inhibitors

Batimastat Marimastat CP-471474 PD-166793 Prinomastat Tanomastat Doxycycline
MMP-1 3 5 1170 6100 8.3 >5000 15000
MMP-2 4 6 0.7 47 0.05 11
MMP-3 20 230 16 12 0.03 134
MMP-7 6 16 8100 54 -
MMP-9 10 3 13 9900 0.26 301 <50000
MMP-13 0.9

0 Adis International Limited. All rights reserved.
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3.1. PD-166739

PD-166739 is a broad-spectrum MMPI but is
not active against endothelin- or angiotensin con-
verting enzymes, neutral endopeptidase or TNFa
convertase.l% |t appears to be most potent in in-
hibiting MMP-2 and MMP-3 (table I).

Administration of PD-166739 during the devel-
opment of rapid pacing heart failureresulted inin-
creased and thicker collagen weaves.[5] The treat-
ment al so increased endocardial shorteningand LV
myocardial stiffness, reduced end-diastolic dimen-
sion, LV wall stress and myocyte length. The re-
duced LV dilation and increased myocardia stiff-
ness observed with concomitant MMP inhibition
during rapid pacing were assumed to be the result
of increased collagen content and improved ECM
support.[5592 This study confirms the concept that
the use of MMPI during the development of heart
failureisbeneficial to the preservation of ECM in-
tegrity and cardiac function.

PD-166739 has also been evaluated in SHR.[63
In this model, PD-166739 treatment of 9-month-
old rats for 4 months reduced myocardial MM P-2,
MMP-9 and MMP-13. MMP-2 mRNA expression
was also reduced by PD-166739. In addition, PD-
166739 reduced LV dilation and preserved systolic
function. In contrast to pacing-induced heart fail-
ure, these beneficia effects of MMPI were associ-
ated with reduced collagen volume fraction, al-
though PD-166739 had no effect on collagen
mMRNA levels.[63]

It is well established that inhibition of ACE is
effectivein preventing fibrosis and improving sur-
vival of patients with heart failure.[9394 The bene-
ficia effects of ACE inhibition and MMP inhibi-
tion have been compared in both the rapid pacing
heart failure and SHR models.[5392 Both ACE in-
hibition and MMP inhibition blocked ventricular
dilation and improved cardiac function in both
models of heart failure. Both ACE inhibition and
MMP inhibition reduced myocardial fibrosis in
SHR heart. However, in rapid pacing heart failure,
concomitant administration of ACE inhibitor did
not prevent collagen damage, whereas PD-166739
did.[®2 The discrepancies in collagen matrix

0 Adis International Limited. All rights reserved.

changes in these two heart failure models may be
due to different pathophysiology during the devel-
opment of heart failure.

3.2. CP-471474

CP-471474 selectively inhibits MMP-2 and
MMP-13, but less potently inhibits other MMPs
(tablel). Administration of CP-471474 attenuated
early LV dilation after experimental myocardial in-
farction in mice.[%! The treatment also prevented
worsening of fractional shortening in the mice. Fur-
thermore, the effects of CP-471474 on end-systolic
and end-diastolic areas are most prominent in ani-
mals that had greater initial LV dilation.

However, because of the dissimilarity of acute
ischaemia- or pacing-induced heart failurein terms
of aterationsin ECM to the clinical forms of heart
failure of other aetiology, such as chronic isch-
aemia and hypertension, the results derived from
those models may not be generalised without ex-
tensive testing of MMPIs in other animal models
of heart failure that mimic heart failurein humans.

3.3. PNU-171829

PNU-171829, a broad-spectrum MMPI, was
tested in rats with aorto-caval fistulainduced heart
failure.l%! Treatment with PNU-171829 for 4
weeks increased gjection fraction and reduced car-
diac hypertrophy (heart weight/body weight ratio).
However, the treatment had no effect on end-systolic
and end-diastolic volume.

3.4. Batimastat and Marimastat

Batimastat (BB-94) was the first synthetic
MMP inhibitor with a collagen-mimicking
hydroxamate structure that worked by competitive,
potent but reversible inhibition, and was the first
MMPI in its class evaluated to treat human dis-
eases.[97-99 Batimastat inhibits MMPs with 50%
inhibitory concentration (I1Csg) vaues in the low
nanomolar range and has broad specificity for
members of the MMP family but little activity
against ACE or enkephalinase (table 1).[100
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We have evauated the effect of batimastat on the
development of heart failurein TNF1.6 mice.[62:80
Four- and 40-week-old TNF1.6 micewereinjected
intraperitoneally with batimastat or the vehicle 3
times a week for 8 weeks. The treatment signifi-
cantly reduced myocardial expression of typel and
type 111 collagens and total collagen content, in-
creased the ratio of undenatured collagen to total
collagen, prevented myocardial hypertrophy and
dilation, and improved diastolic function in 12-
week-old TNF1.6 mice. Furthermore, the treat-
ment significantly improved cumulative survival
of TNF1.6 mice.[8 The results suggest that MMP
inhibition therapy with batimastat significantly
ameliorates the heart failure phenotype and im-
proves survival of TNF1.6 mice.

The usefulness of batimastat has been limited
by extremely poor water solubility, which requires
intraperitoneal administration of adetergent emul-
sion of thedrug. Phaselll trialsin cancer treatment
were initiated, but closed soon afterward because
of slow accrual, local tissue reaction (peritonitis)
and the development of water soluble marimastat
(BB-2516).

Marimastat is similar to batimastat in potency
and spectrum in MMP inhibition. In contrast to
batimastat, marimastat is orally available and cur-
rently in Phaselll trialsfor thetreatment of various
cancers.[19U However, it has not been tested in the
treatment of heart failure. The successful use of
marimastat in cancer treatment may imply that it
could be the most promising MMPI for clinical
testing in heart failure treatment.

3.5. Other MMPIs

Various other MMPIs have been synthesised
and many have been tested in the treatment of can-
cer, arthritisand aortic aneurysm. By defining their
efficacy and adverse effects from those studies,
one may infer their potential usefulness in future
tests in heart failure treatment. The following are
several potential candidates.

RS-113456 is a competitive wide spectrum
MMP inhibitor that limits flow-mediated arterial
enlargement in a dose-dependent fashion,[102.103]

0 Adis International Limited. All rights reserved.

Prinomastat (AG-3340) has a molecular structure
similar to CP-471474 that selectively inhibits
MMP-2, MMP-3, MMP-9and MM P-14.190.104] |t has
ashort half-life of 3 hoursand muscul oskeletal ad-
verse effects such asarthralgiaand body achespre-
sumably due to the inhibition of MM P-1.[105.106]
Those adverse effects may also present in patients
receiving other wide spectrum MMPIs including
batimastat. More selective MMPIs that spare
MMP-1 may have fewer adverse effects[106-108] For
example, tanomastat (BAY-129566) selectively
inhibits MMP-2, MMP-3, and MMP-9. It isorally
available, has a long half-life of 5 to 7 days and
reportedly showed no signs of muscul oskel etal ad-
verse effects in phase 2 clinical trials.[1%9 Never-
theless, a clinical trial of tanomastat for cancer
treatment has been discontinued because of con-
cerns about efficacy.[32 The newly discovered se-
lective MMP-2 inhibitor ABT-770 sparesMMP-1.
It is orally bioavailable and effective in an in vivo
model of tumour growth.[119 [t may also hold great
promse in the treatment of heart failure.

Doxycycline noncompetitively inhibits MMPs
with much lower potency compared to other
MMPIs. Doxycycline 50 pmol/L completely in-
hibits the phorbol myristate acetate-mediated in-
duction of MMP-8 and MM P-9.[111] |t inhibits not
only the activity of MMP-8 and MMP-9 but also
the synthesis of MMPs in human endothelial cells
and abdominal aortic aneurysm tissues.[112]

4. Potential Therapeutic Implications

As discussed above MMPIs have been used in
various experimental animal models of heart fail-
ure with promising results.[55:63.80.92] A|though the
resultsvary possibly because of the different selec-
tivity in MMP inhibition and use of different ani-
mal models, acommon finding is the preservation
of collagen matrix integrity and myocardial func-
tion and, to different degrees, cardiac structureand
geometry. In situations in which MMP inhibition
did not alter collagen content, the beneficial effect
may liein the improvement of the quality of colla-
gens and the integrity of ECM.[113] The relative
abundance of different typesof collagens, collagen
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cross-linking, alignment, maturation and denatur-
ation al contribute to the strength and integrity of
ECM. However, these findings must be evaluated
with great care. For example, MMPs are critical in
the healing process associated with myocardial in-
farction, and the strutting afforded by the ECM
may require acertain fluidity during cardiac stress.

In general, synthetic MMPIs can be adminis-
tered at very high doseswithout significant toxicity
or lethality in animal studies. It should be noted
although that the specificity of MMPIs may be
dose-dependent, at extreme doses synthetic MMPIs
will inhibit other proteinases and induce untoward
side effects. The mechanism of high dose MMPI-
induced tendonitis may be caused by the inhibition
of MMP-1 or TNFa convertase, but no evidenceis
availableto addressthis. Most of the hydroxamate-
based MMPIs are nonspecific and may induce
muscle and joint pain attributable to tendonitis
which can be alleviated by discontinuing the drug
for aperiod of time and re-starting the treatment at
reduced dosages.[114115] More selective MMPIs
usually do not have such adverse effects. Thus, the
development of more selective MMPIs will be of
most significance in the long term treatment of
heart failure. We can expect improved inhibitors
with increased specificity based on radiographic
structures.

One should also consider vascular remodelling
in heart failure and during treatment with MMPIs.
A recent study has shown that rats treated with ei-
ther doxycycline or adenoviral vector carrying hu-
man TIMP-1 had higher pulmonary artery pressure
and agreater level of right ventricular hypertrophy,
which were associated with increased muscul arisa-
tion and periadventitial collagen accumulation in
distal arteries.[1l In contrast, oral marimastat in-
duced favourable changes by inhibiting constric-
tive arterial remodelling in favour of both neutral
and expansive remodelling in pigs who had under-
gone balloon dilation of peripheral arteries.[117]

5. Conclusion

Myocardiad ECM remodelling regulated by MM Ps
isimplicated in LV remodelling and the progres-

0 Adis International Limited. All rights reserved.

sion of heart failure. Theincreased levelsof MM Ps
in thefailing heart, and their potential rolein ECM
remodelling and the progression of heart failure
make MMP inhibition a reasonable strategy in
heart failure treatment. It has been shown that in-
hibition of MMPs in the failing heart, either di-
rectly or through factors that affect MMP activity,
alters the ECM remodelling process and slows the
progression of heart failure. While there is great
potential for MMP inhibition in the treatment of
heart failure, thereis still much to belearned about
the exact role of MMPs in the development of the
heart failure phenotype. Because the field is new
and emerging, and there is a significant overlap in
substrate specificity among MMPs, further study
will be needed to test more promising MMPIs, in-
cluding more selective ones, for the treatment of
heart failure.
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