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KEYWORDSABSTRACT
The integrityof the extracellular matrix is maintained by a balanced interaction
between the matrix metalloproteinases (MMPs) and their tissue inhibitors
(TIMPs). In heart failure the levels of MMPs and TIMPs are altered resulting
in an imbalance. MMPs and TIMPs contribute to various aspects of cardiac
remodeling and function. In the present review the contribution of MMPs
and TIMPs to the development and progression of cardiac diseases will be
discussed. ! 2013 Trade Science Inc. - INDIA

INTRODUCTION

Homeostasis of the extracellular matrix (ECM) is
maintained by a balanced interaction between matrix
metalloproteinases (MMPs) which degrade the ECM
proteins and their inhibitors, the tissue inhibitor of ma-
trix metalloproteinases (TIMPs).

MATRIX METALLOPROTEINASES (MMPs)

Action of MMPs
MMPs are the the predominant enzymes respon-

sible for the degradation of ECM proteins. MMPs are
Cu2+- and Zn2+-activated proteases that are synthethised
as inactive zymogens (pro-MMPs) which are activated
by the removal of the amino-terminal propeptide by
autoproteolysis or byanother MMP or serine protease.
The followingMMPs whichare involvedinmyocardial
remodeling, are identified up till now:MMP-1(intersti-
tial collagenase), MMP-13 (collagenase 3), MMP-8

(neutrophil collagenase),MMP-2(gelatinaseA),MMP-
9 (gelatinase B), MMP-3 (stromelysin), MMP-7
(matrilysin) and a membrane-type MMP (MMP-14).
MMP-1 degrades collagen types I, II, III and base-
ment membrane proteins; MMP-2 and MMP-9 de-
grade collagen types I, III, IV and V. MMP-8 and
MMP-13 act on collagen types I, II and III; MMP-12
on elastin and MMP-14 on fibronectin, laminin-1 and
collagen type I.
MMPs as biomarkers in heart failure

In patients with heart failure the serum concentra-
tion of MMP-1 is higher, lower or unaltered in com-
parison with normal human subjects, while the serum
concentration of MMP-2 and MMP-9 are elevated or
unchanged (TABLE 1).

Increased as well as decreased or unchanged lev-
els of MMP-1, MMP-2 and MMP-9 in serum and left
ventricle are found in patients with dilated and hyper-
trophic cardiomyopathy (DCM, HCM)[11-14]
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Prognostic and predictive value of MMPs in heart
failure

The serum MMP-2 levels are correlated with the
NYHA functional classes[2]. High levels of MMP-2
(>352 ng/ml) independently increase the risk of hospi-
talization for HF, death or both[2]. In moderate HF pa-
tients Jordan et al[5] also found an association between
the serum MMP-1 concentration and clinical endpoints
such as death due to any cause, readmission due to
HF, and heart transplantation.

TISSUE INHIBITORS OF MATRIX
METALLOPROTEINASES (TIMPs)

TIMPS are physiological MMP inhibitors. The hu-
man heart contains 4 TIMP types: TIMP-1, TIMP-2,
TIMP-3 and TIMP-4 are 21-30 kDa proteins. TIMP-
3 is tightly bound to ECM, while TIMP-1, TIMP-2
and TIMP-4 are localized extracellularly in soluble form.

Serum TIMP-1 and heart failure (HF)

The serum concentration of TIMP-1 is higher in pa-
tients with HF in comparison with normal persons (TABLE
2) except in one study[6]. The serum levels of TIMP-1
and TIMP-2 are also significant higher in patients with
dilated and hypertrophic cardiomyopathy[11-13,15] and in
patients with myocardial infarction (MI)[16-18]

Prognostic and predictive value of TIMPs in HF

Frantz et al[7] suggested that TIMP-1 is a strong
predictor of mortality. They found that patients with a
high plasma TIMP-1 level (>1917 ng/ml) have a much
higher all-cause mortality than patients with lower
TIMP-1 levels (<1390 ng/ml). Jordan et al[5] observed
in moderate HF patients that patients with a clinical end-
point such as death due any cause, readmission due to
HF and heart transplantation have a higher serum TIMP-
1 level. An increase in TIMP-1 and hence a reduced
degradation of collagen has a poor prognosis in pa-
tients with moderate HF

For serum TIMP-1 levels, George et al[2] did how-
ever not find a predictive value in moderate HF pa-
tients, when mortality due to to HF as an endpoint was
used..

In patients with an acute myocardial infarction
TIMP-1 is a strong predictor for total and cardiovas-
cular mortality[18].

HIGH VARIABILITY IN MMP/TIMP EX-
PRESSION

The expression of MMPs differs strongly in the vari-
ous cardiomyopathies. For the expression of TIMPs is
the nature of the underlying cause of the cardiac dis-
ease less important. Cardiac remodeling is also a dy-
namic process and the MMP/TIMP activity is also fluc-
tuating in this process. The method for the determina-
tion of MMPs/TIMPs in the aforementioned studies is
also important. The MMPs/TIMPs levels are assayed
by histology and immunohistochemistry in biopsy
samples and by enzyme-linked immunoabsorbent as-

TABLE 1 : MMPs in patients with heart failure (HF)

Main Findings for: 
Reference Studied Condition 

MMP-1 MMP-2 MMP-9 

BARTON et al[1] HF    

 detriorated    

 end-stage =   

GEORGE et al[2] CHF    

 (EF 38±14%)    

LOPEZ et al[3] diast HF (EF>50%)  =  

 syst HF (EF<50%)    

ALLA et al[4] HF (EF<35%)    

JORDAN et al[5] CHF    

MARTOS et al[6] diast HF (EF<50%) =   

FRANTZ et al[7] CHF (EF 36-55%)   = 

GONZALEZ et al[8] HYP = HF    

ZILE et al[9] diast HF (EF<55%)    

KRAMER et al[10] HF rats    

increase decrease = unaltered CHF: congestive heart failure
diast: diastolic syst: systolic EF: ejection fraction HYP:
hypertension

TABLE 2 : Serum TIMP-1 in patients with heart failure (HF)

Reference Studied Condition 
Main Findings 

for TIMP-1 
LINDSAY et al[19] HF  
TIMMS et al[20] HYP + HF  
BARTON et al[1] HF  
GEORGE et al[2] HF  
JORDAN et al[5] HF  
MARTOS et al[6] diast HF = 
KRAMER et al[10] HF  
FRANTZ et al[7] HF  
BIOLO et al[21] HF  
GONZALEZ et al[8] HYP + HF  
ZILE et al[9] diast HF  
increase = unaltered diast: diastolic HYP: hypertension
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says in serum and/or plasma. These assays however
do not discriminate between pro-MMPs, active MMPs
and MMP-TIMP complexes. Only in the study of
Lombardi et al[12] a discrimination is made between
active and free MMP-1. In patients with HCM they
found increased levels of active MMP-2, active MMP-
9 and total TIMP-1, while free MMP-1 and active
MMP-1 were unaltered. Another way of measuring the
MMP activity is to determine the MMP/TIMP ratio.

TIMP-1 IN PATIENTS WITH AN ACUTE
MYOCARDIAL INFARCTION

That TIMP-1 is a predictor of total and cardiovas-
cular mortality is predictable since MI and the subse-
quent wound healing induce a strong turnover of ECM.
Immediately after a MI, the existing ECM structure
degrades and this is accompanied by an increased pro-
tease activity and by a high probability of LV rupture.
Infiltration of inflammatory cells occurs with an early
rise of MMP-8 and MMP-9 activity. This leads to pro-
liferation and maturation of fibroblasts which produce
more collagen resulting in matrix deposition and scar
formation. In the later phase of post-MI remodeling,
inefficient support of newly formed ECM within
(peri)infarct region leads to LV wall thickening resulting
in further infact expansion, LV dilation and eventually
HF. Impaired or insufficient ECM remodeling leads then
to LV rupture. Thus, early prevention of adverse ECM
remodeling in the infarct and surrounding myocard is
critical in the prevention of rupture and the preservation
of the cardiac function after a MI

INHIBITION OF MMPs AND CARDIAC
REMODELING

In a pig model, a selective inhibitor (PGE-530742)
was administered 3 days prior to an induced myocar-
dial infarction and echocardiographic examination at day
10 post-infarction revealed a less increased percent-
age fractional shortening, when compared to placebo[22].

In the PREMIER trial (Prevention of Myocardial
Infarction Early remodeling)[23] 125 patients with a first
ST-segment elevation MI (EF 15-40%) were enrolled
48 ± 24 h after MI and treated with the MMP-inhibitor

PG-116800 for 90 days. Changes in LV diastolic vol-
ume, LV systolic volume, LV ejection fraction, sphe-

ricity index, plus rates of death or reinfarction were not
significantly improved with PG-116800. The reason of
this unsucessfull outcome is probably the timing of the
drug treatment. MMP levels rise within hours of MI,
whereas the rise in TIMPs lags by a few days. The
initial rise in MMPs is responsible for the degradation
of the ECM which is later replaced with scar tissue.

Treatment of mice lacking TIMP-3 with the broad
spectrum MMP-inhibitor PD-166793 for 2 days be-
fore and 2 days after MI markedly improved post-MI
infarct expansion, LV rupture incident, LV dilation and
systolic dysfunction in these mice up to 1 week post-
MI[24]. Hence, MMP inhibition after 48 h of infarction,
such as in the PREMIER trial, is likely unable to block
the initial damaging effects of MMPs on the degrada-
tion of the ECM. The initial rise in MMPs early after
MI is a triggering factor for subsequent LV adverse
remodeling, LV rupture and dilated cardiomyopathy.
Hence, timing is a critical factor in developing a treat-
ment to maintain ECM integrity post-MI.

CONCLUSIONS

Alterations in MMP and TIMP expression are cer-
tainly involved in heart failure. However which MMPs or
TIMPs are involved and which underlying mechanisms
of these alterations are currently not known. TIMP-1
seems however the most promising biomarker in heart
failure[25,26]. In a recent meta-analysis of 30 studies in hy-
pertensive patients Marchesi et al[27] demonstrated that
plasma MMP-9 and TIMP-1 levels are higher in hyper-
tensive patients without HF than normotensive controls.
Plasma TIMP-1 levels are greater in patients with LV
hypertrophy than without, suggesting that TIMP-1 may
reflect hypertensive cardiac remodeling[27]. Plasma
MMP-2 levels are increased in hypertensive patients with
diastolic HF than without, suggesting that MMP-2 may
reflect clinical LV dysfunction in hypertension[27]

.
 Marchesi

et al[27] concluded that TIMP-1, MMP-2 and MMP-9
are probably the best biomarkers of cardiovascular re-
modeling of hypertension.

ACKNOWLEDGEMENTS

Yudi Purnomo received a fellowship of the Sand-
wich-like Ph.D. Program of the Ministery of Education
of Indonesia.



.40 Matrix metalloproteinases and their tissue inhibitors in heart failure

Review
ACB, 2(1) 2013

SOURCE OF FUNDING

This work is supported by a grant of the �Fonds

voor Hartchirurgie� (Brussels, Belgium)

CONFLICT OF INTEREST

The authors report no conflict of interest.

REFERENCES

[1] P.J.Barton, E.J.Birks, L.E.Felkin, M.E.Cuilen,
M.U.Koban, M.H.Yacoub; Increased expression
of extracellular matrix regulators TIMP1 and
MMP1 in deteriorating heart failure. J.Heart Lung
Transpl., 22, 738-744 (2002).

[2] J.George, S.Patal, D.Wexler, A.Roth, D.Sheps,
G.Keren; Circulating matrix metalloproteinase-2 but
not matrix metalloproteinase-3, matrix
metalloproteinase-9, or tissue inhibitor of
metalloproteinase-1 predicts outcome in patients
with congestive heart failure. Am Heart J., 150,
484-487 (2005).

[3] B.Lopez, A.Gonzalez, R.Querejeta, M.Larman,
J.Diez; Alterations in the pattern of collagen depo-
sition may contribute to the deterioration of sys-
tolic function in hypertensive patients with heart
failure. J.Am.Coll Cardiol., 48, 89-96 (2006).

[4] F.Alla, A.Kearney-Schwartz, A.Radauceanu,
S.Das Dores, B.Dousset, F.Zannad; Early changes
in serum markers of cardiac extracellular matrix
turnover in patients with uncomplicated hyperten-
sion and type II diabetes. Eur.J.Heart Fail., 8, 147-
153 (2006).

[5] A.Jordan, V.Roldan, M.Garcia, J.Monmeneu, F.G.de
Burgos, G.Y.Lip, F.Marin; Matrix metalloprotein-
ase-1 and its inhibitor TIMP-1 in systolic heart fail-
ure: Relation to functional data and prognosis.
I.Intern.Med., 262, 385-392 (2007).

[6] R.Martos, J.Baugh, M.Ledwidge, C.O�Loughlin,

C.Conlon, A.Patle, S.C.Donnelly, K.McDonald; Di-
astolic heart failure: Evidence of increased myo-
cardial collagen turnover linked to diastolic dysfunc-
tion. Circulation, 115, 888-895 (2007).

[7] S.Frantz, S.Stork, K.Michiels, M.Eigenthaler, G.Ertl,
J.Bauersachs, C.E.Angermann; Tissue inhibitor of
metalloproteinases levels in patients with chronic
heart failure: An independent predictor of mortal-
ity. Eur.J.Heart Fail., 10, 388-395 (2008).

[8] A.Gonzalez, B.Lopez, R.Querejeta, E.Zubillaga,

T.Echeverria, J.Diez; Filling pressures and collagen
metabolism in hypertensive patients with heart fail-
ure and normal ejection fraction. Hypertension, 55,
1418-1424 (2010).

[9] M.R.Zile, S.M.DeSantis, C.F.Baicu, R.E.Stroud,
S.B.Thompson, C.D.McClure, S.M.Mehurg,
F.G.Spinale; Plasma biomarkers that reflect deter-
minants of matrix composition identify the presence
of left ventricular hypertrophy and diastolic heart
failure. Circ.Heart Fail., 4, 246-256 (2011).

[10] F.Kramer, P.Sandner, M.Klein, T.Krahn; Plasma
concentrations of matrix metalloproteinase-2, Tis-
sue inhibitor of metalloproteinase-1 and Osteopontin
reflect severity of heart failure in DOCA-salt hy-
pertensive rat. Biomarkers., 13, 270-281 (2008).

[11] B.Schwartzkopff, M.Fassbach, B.Pelzer, M.Brehm,
B.E.Strauer; Elevated serum markers of collagen
degradation in patients with mild to moderate di-
lated cardiomyopathy. Eur.J.Heart Fail., 4, 439-404
(2002).

[12] R.Lombardi, S.Betocchi, M.A.Losi, C.G.Tocchetti,
M.Aversa, M.Miranda, G.D�Alessandro, A.Cacace,

Q.Ciampi, M.Chiariello; Myocardial collagen turn-
over in hypertrophic cardiomyopathy. Circulation,
108, 1455-1460 (2003).

[13] C.V.Thomas, M.L.Coker, J.L.Zellner, J.R.Handy,
A.J.Crumbley, F.G.Spinale; Increased matrix
metalloproteinase activity and selective upregulation
in LV myocardium from patients with end-stage
dilated cardiomyopathy. Circulation, 97, 1708-1715
(1998).

[14] F.G.Spinale, M.I.Coker, L.J.Heung, B.R.Bond,
H.R.Gunasinghe, T.Etoh, A.T.Goldberg, J.L.Zellner,
A.J.Crumbley; A  matrix metalloproteinase induc-
tion/activation system exists in the human left ven-
tricular myocardium and is upregulated in heart
failure. Circulation, 102, 1944-1949 (2000).

[15] Y.Noj, M.Shimizu, H.Ino, T.Higashikata,
M.Yamaguchi, A.Nohara, T.Horita, K.Shimizu,
Y.Ito, T.Matsuda, M.Namura, H.Mabuchi; In-
creased circulating matrix metalloproteinase-2 in
patients with hypertrophic cardiomyopathy with
systolic dysfunction. Circ.J., 68, 355-360 (2004).

[16] D.Kelly, S.Q.Khan, M.Thompson, G.Cockeril,
L.L.Ng, N.Samani, I.B.Squire; Plasma tissue in-
hibitor of metalloproteinase-1 and matrix
metalloproteinase-9: Novel indicators of left ven-
tricular remodeling and prognosis after acute myo-
cardial infarction. Eur.Heart.J., 29, 2116-2124
(2008).

[17] C.S.Webb, D.D.Bonnema, S.H.Ahmed,



Paul J.Lijnen et al. 41

Review
ACB, 2(1) 2013

A.H.Leonardi, C.D.McClure, L.L.Clark, R.E.Stroud,
W.C.Corn, L.Finklea, M.R.Zile, F.G.Spinale; Spe-
cific temporal profile of matrix metalloproteinase
release occurs in patients after myocardial infarc-
tion: Relation to left ventricular remodeling. Circu-
lation, 114, 1020-1027 (2006).

[18] C.Manhenke, S.Orn, I.Squire, A.Radauceanu,
F.Alla, F.Zannad, K.Dickstein; The prognostic
value of circulating markers of collagen turnover
after acute myocardial infarction. Int.J.Cardiol.,
150, 277-282 (2011).

[19] M.M.Lindsay, P.Maxwell, F.G.Dumm; TIMP-1: A
marker of left ventricular diastolic dysfunction and
fibrosis in hypertension. Hypertension, 40, 136-141
(2002).

[20] P.M.Timms, A.Wright, P.Maxwell, S.Campbell,
A.B.Dawnay, V.Srikanthan; Plasma tissue inhibi-
tor of metalloproteinase-1 levels are elevated in
essential hypertension and related to left ventricu-
lar hypertrophy. Am.J.Hypertension, 15, 269-272
(2002).

[21] A.Biolo, L.E.Rohde, L.A.Goldraich, M.Masca-
renhas, D.V.Palombini, N.Clausell; Serum
procollagen type III is associated with elevated right-
sided filling pressures in stable outpatients with con-
gestive heart failure. Biomarkers, 14, 438-442
(2009).

[22] K.A.Apple, W.M.Yarbrough, R.Mukherjee,
A.M.Deschamps, P.G.Escobar, J.T.Mingoia,
J.A.Sample, J.W.Hendrick, K.E.Dowdy,
J.E.McLean, R.E.Stroud, T.P.O�Neill, F.G.Spinale;

Selective targeting of matrix metalloproteinase in-
hibition in post-infarction myocardial remodeling.
J.Cardiovasc.Pharmacol., 47, 228-235 (2006).

[23] M.P.Hudson, P.W.Armstrong, W.Ruzyllo, J.Brum,
L.Cusmano, P.Krzeski, R.Lyon, M.Quinomes,
P.Theroux, D.Sydlowski, H.E.Kim, M.J.Garcia,
W.A.Jaber, W.D.Weaver; Effects of selective
matrix metalloproteinase inhibitor (PG-116800) to
prevent ventricular remodeling after myocardial
infarction: Results of the PREMIER (Prevention
of Myocardial Infarction Early Remodeling) trial.
J.Am.Coll.Cardiol., 48, 15-20 (2006).

[24] V.Kandalan, R.Basu, T.Abraham, X.Wang,
A.Awad, W.Wang, G.D.Lopaschuk, N.Maeda,
G.Y.Oudit, Z.Kassiri; Early activation of matrix
metalloproteinase underlies the exacerbated sys-
tolic and diastolic dysfunction in mice lacking
TIMP3 following myocardial infarction.
Am.J.Physiol., 299, H1012-1023 (2010).

[25] S.De Jong, T.A.B.Van Veen, J.M.T.de Bakker,
M.A.Vos, H.V.M.Van Rijen; Biomarkers of myo-
cardial fibrosis. J.Cardiovasc.Pharmacol., 57, 522-
535 (2011).

[26] L.Moore, D.Fan, R.Basu,V.Kandalan, Z.Kassiri;
Tissue inhibitor of metalloproteinases in heart fail-
ure. Heart Fail.Rev., 17, 693-706 (2012).

[27] C.Marchesi, F.Dentali, E.Nicolini, A.M.Maresca,
M.H.Tayebjee, M.Franz, L.Guasti, A.Venco,
E.L.Schiffrin, G.Y.Lip, A.M.Grandi; Plasma levels
of matrix metalloproteinases and their inhibitors: A
systematic review and meta-analysis. J.Hyperte-
nsion, 30, 3-16 (2012).


