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Abstract Matrix metalloproteinase (MMPs) are long

understood to be involved in remodeling of the extracel-

lular matrix. However, over the past decade, it has become

clear that one of the most ubiquitous MMPs, MMP-2, has

numerous intracellular targets in cardiac myocytes. Nota-

bly, MMP-2 proteolyzes components of the sarcomere, and

its intracellular activity contributes to ischemia–reperfu-

sion injury of the heart. Together with the well documented

role played by MMPs in the myocardial remodeling that

occurs following myocardial infarction, this has led to great

interest in targeting MMPs to treat cardiac ischemic injury.

In this review we will describe the expanding under-

standing of intracellular MMP-2 biology, and how this

knowledge may lead to improved treatments for ischemic

heart injury. We also critically review the numerous pre-

clinical studies investigating the effects of MMP inhibition

in animal models of myocardial infarction and ischemia–

reperfusion injury, as well as the recent clinical trials that

are part of the effort to translate these results into clinical

practice. Acknowledging the disappointing results of past

clinical trials of MMP inhibitors for other diseases, we

discuss the need for carefully designed preclinical and

clinical studies to avoid mistakes that have been previously

made. We conclude that inhibition of MMPs, and in

particular MMP-2, shows promise as a therapy to prevent

the progression from ischemic injury to heart failure.

However, it is critical that the full breadth of MMP-2

biology be taken into account as such therapies are

developed.
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Introduction

Ischemic heart disease is one of the leading causes of

death in industrialized and developing countries. The first

considerations of the involvement of matrix metallopro-

teinases (MMPs) in ischemic heart disease came from

their roles in atherosclerotic plaque growth and stability,

as well as the remodeling of the heart following myo-

cardial infarct [41, 105]. At the time these hypotheses

were made, MMPs were only considered to be secreted

enzymes, activated by proteolytic removal of their pro-

peptide domain, and their only considered targets were

extracellular matrix proteins. This thinking was not only

limited to cardiovascular medicine, as in the 1990s several

pharmaceutical companies had MMP inhibitor programs

developing anti-cancer and anti-arthritic drugs by virtue of

the role of MMPs in tumour cell metastasis and joint

inflammation/degradation, respectively. What has hap-

pened since then? It is now clear that MMP-2, a highly

ubiquitous MMP, is also localized inside cardiac myo-

cytes, can be directly and rapidly activated (within sec-

onds) directly by peroxynitrite (Fig. 1), and has specific

proteolytic targets within these cells (Fig. 2). In this

review, we will, from this new perspective, interpret
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preclinical studies and clinical trials targeting MMPs in

ischemic heart disease.

MMPs are a family of zinc metalloproteinases that were

initially described primarily as extracellular proteases. The

first members of what would eventually become known as

the MMP family were discovered in 1962 as a collageno-

lytic activity released from tadpoles undergoing meta-

morphosis [50]. In 1975, a 33 kD protein with

collagenolytic activity was purified from human tissue

[120] and the sequence of human fibroblast collagenase,

later termed MMP-1, was published in 1986 [47]. In the

following years numerous proteins were found to share

significant sequence homology with the catalytic domain of

MMP-1 and were grouped into the MMP family, with 23

different human MMPs currently known [reviewed by 84].

Although they are sometimes referred to by their original

names, referring to the extracellular matrix substrate with

which they were associated (e.g., MMP-1 = collagenase 1,

MMP-2 = gelatinase A), these names are misleading

since, as will be described below, the different MMPs, and,

in particular, MMP-2, have a wide repertoire of both

intracellular and extracellular substrates that they are

capable of proteolyzing.

MMP-2 has been widely studied due to its ubiquitous tissue

distribution [31]. It is found in all cells of the heart, including

cardiomyocytes [29, 118]. A large number of studies over the

last decade have greatly enriched our knowledge of the

functional roles of MMP-2, especially regarding the role of

MMP-2 in the pathology of ischemic heart disease [4, 63].

From an experimental perspective, MMP-2 is also an

Fig. 1 Activation of intracellular isoforms of MMP-2. The Zn2?

bound to the catalytic site of native MMP interacts with a cysteine

residue in the N-terminal propeptide domain, inhibiting proteolytic

activity. MMP-2 secreted from the cell can interact with MMP-14 and

TIMP-2 which catalyze the proteolytic removal of the propeptide

domain, yielding an active protease. The portion of MMP-2 which is

not secreted, as well as the N-terminally truncated MMP-2NTT-50 and

MMP-2NTT-76 isoforms lacking a signal peptide, can be exposed to

RONS produced under pathophysiological conditions such as I/R

injury. In the example here, peroxynitrite (ONOO-) and GSH interact

with MMP-2, resulting in the S-glutathiolation of the propeptide

cysteine residue leading to its dissociation from the catalytic Zn2?,

and, therefore, allowing for proteolytic activity. MMP-2 is natively

phosphorylated, and dephosphorylation by protein phosphatase 2A

(PP2A) can further increase its proteolytic activity
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attractive target since it is readily measurable in tissue samples

using gelatin zymography.1 We will, therefore, focus this

review on the role of MMP-2 in ischemic heart injury and

disease. As several excellent reviews cover the actions of

MMPs in extracellular matrix remodeling in the heart [107,

115], here we will interpret the preclinical and clinical liter-

ature of MMP-2 with an eye towards elucidating the intra-

cellular roles of MMP-2 in ischemic heart disease.

Regulation of MMP-2 activity and intracellular

isoforms

To prevent unwanted proteolytic activity, MMPs are tightly

regulated at both levels of gene expression as well as via

post-translational modifications and interactions [86].

MMP-2 was previously regarded as a constitutive enzyme

due to its widespread tissue distribution, as well as the

absence of proximal N-terminal promoter regions [26, 106].

However, MMP-2 gene expression is dynamically regulated,

as it can be up-regulated by endothelin-1, angiotensin II and

interleukin-1 beta, and its gene has a functional AP-1 ele-

ment required for hypoxia-induced expression located 1 kb

upstream from the MMP-2 N-terminus [2, 13].

MMPs are transcribed as an inactive zymogen consisting

of an N-terminal signal sequence which can target proteins to

the ER lumen for secretion, a propeptide domain containing

an inhibitory cysteine residue, the eponymous Zn2?-binding

metalloproteinase catalytic domain, a linker domain, and a

hemopexin domain involved in substrate recognition. MMP-

2 (and the closely related MMP-9) are distinguished from

other MMPs by the presence of three fibronectin type II motif

repeats in the catalytic domain. The activity of an MMP is

controlled by a ‘‘cysteine switch’’ mechanism, in which

Zn2? in the catalytic domain can form a hydrogen bond with

the propeptide cysteine sulphydryl residue, blocking the

active site and preventing MMP activity [114]. The pro-

peptide domain can be removed by plasmalemmal and

extracellular proteases, often other MMPs, to yield an active

Fig. 2 Intracellular localization

of MMP-2 and proteolytic

targets relevant to ischemic

heart injury. MMP-2 has been

found to be associated with the

cardiomyocyte sarcomere,

mitochondria, mitochondria-

associated membrane (MAM),

cytoskeleton, nucleus, and

caveolae, as well as a soluble

protein in the cytosol. Proteins

identified as substrates of MMP-

2 within each cellular

compartment are also indicated.

Those substrates for which the

relevance to ischemic heart

injury has not been firmly

established are indicated by a

question mark

1 In gelatin zymography, proteins are separated on a SDS-PAGE gel

co-polymerized with gelatin. The SDS is subsequently removed by

incubation of the gel in a non-denaturing detergent, re-activating

gelatinolytic MMPs which then degrade gelatin in their vicinity.

Coomassie blue staining reveals zones of gelatinolytic activity as

clear areas against a stained background. Gelatin zymography allows

for unambiguous differentiation of MMP-2 from other MMPs,

without the requirement for immunological detection. Furthermore,

this method can also detect changes to MMP-2 activity due to post-

translational modifications [60].
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protease. For example, membrane-bound MMP-14 (also

known as MT1-MMP) cleaves the propeptide domain from

MMP-2 [119].

The last decade of research has markedly expanded the

view of MMP activation mechanisms beyond proteolysis

(Fig. 1). It was recently discovered that the signal sequence

of MMP-2 inefficiently targets the protein for secretion,

such that nearly half of MMP-2 remains cytosolic [6]. We

also found an N-terminally truncated splice variant lacking

the first 50 amino acids, comprising the signal sequence as

well as part of the N-terminal propeptide domain (MMP-

2NTT-50) [6]. In addition, another MMP-2 isoform, MMP-

2NTT-76, expressed only following oxidative stress, was

identified in cardiac mitochondrial fractions [78]. Thus,

there are at least three different intracellular MMP-2 iso-

forms: canonical MMP-2 (henceforth referred to as

‘‘MMP-2’’), MMP-2NTT-50 and MMP-2NTT-76.

Original thought held that removal of the N-terminal

propeptide domain was necessary for MMP activation (i.e.

72 kD MMP-2 being cleaved to a 64 kD enzyme). However,

it was long recognized that any mechanism which disrupts

the cysteine-Zn2? bond results in MMP activity [114]. This

is demonstrated in vitro via the SDS-mediated activation of

MMP-2 that allows for 72 kD MMP-2 to be detectable with

gelatin zymography. The cysteine switch of MMPs can also

be triggered by endogenous stimuli, notably by reactive

oxygen–nitrogen species (RONS) (Fig. 1) [51, 60, 88, 116].

Treating the zymogen form of MMP-2 with sub-micromolar

concentrations of peroxynitrite, a highly reactive product of

superoxide and nitric oxide, results in increased proteolytic

activity. Conversely, higher levels of peroxynitrite (greater

than approximately 100 lM) decreases its activity [116]. In

the presence of glutathione, peroxynitrite S-glutathiolates

the cysteine-switch motif in the propeptide domain. This 303

Dalton increase in molecular weight is detected by mass

spectrometry, but cannot be resolved by SDS-PAGE [116].

This S-glutathiolated 72 kD MMP-2 is proteolytically active,

and cleaves both artificial and endogenous substrates (i.e.,

OmniMMP fluorescent MMP substrate and troponin I,

respectively) [60, 116].

MMP-2 activity can be further modulated by its phos-

phorylation (Fig. 1) [60, 95, 96]. Native MMP-2 expressed

in human cells is phosphorylated on at least five residues.

As these residues are on the surface of the enzyme and

some are near the catalytic cleft, they are predicted to

affect substrate docking and/or access to the cleft.

Although the protein kinases regulating MMP-2 ability

in vivo are as of yet unknown, protein kinase C can

phosphorylate it in vitro [96]. Dephosphorylation with

alkaline phosphatase increases human recombinant MMP-2

activity in vitro [96], or endogenous MMP-2 in rat heart

homogenates [95]. Treatment of isolated rat hearts sub-

jected to I/R injury with okadaic acid, a serine/threonine

phosphatase inhibitor, at a concentration which inhibits

protein phosphatase 2a, but not phosphatase 1 activity,

maintained MMP-2 in a more phosphorylated state, and

decreased the I/R-induced impairment of contractile func-

tion and loss of troponin I [95]. This is consistent with

in vitro results showing that the native phosphorylation

state of MMP-2 is required for the peroxynitrite-induced

increase in activity [60]. The phosphorylation status of the

MMP-2NTT-50 and MMP-2NTT-76 isoforms is yet unknown.

Important regulatory proteins controlling MMP activity

include the tissue inhibitors of metalloproteinases (TIMPs)

(reviewed in [85]). Mammals have four TIMPs (TIMP-1

through TIMP-4) that typically interact with MMPs with

1-to-1 stoichiometry, binding to the MMP active site and

thereby inhibiting proteolytic activity. With the exception

of TIMP-1, all TIMPs appear to be capable of inhibiting all

MMPs. TIMP-1, -2 and -3 are expressed across most

mammalian tissues, with TIMP-4 having a more restricted

distribution, including the heart. We found that TIMP-4 is

localized to the thin myofilaments of cardiomyocytes, and

is released from hearts subjected to I/R injury, allowing for

a further increase of MMP-2 activity during reperfusion

[99]. Of note, TIMPs themselves can be inactivated by

peroxynitrite, as was shown for TIMP-1 [40] and TIMP-4

[33].

Synthetic MMP inhibitors

The finding of an association between MMPs and tumor

cell invasiveness [16, 97] and inflammatory disease states

such as osteoarthritis [15] led to a great effort to develop

and bring into clinical practice small molecule MMP

inhibitors for these conditions [reviewed by 39].

The earliest pan-MMP inhibitors to reach clinical trials

in the early 1990’s were hydroxamate based (e.g. marim-

astat and ilomastat/GM6001). These drugs bind the cata-

lytic Zn2?, resulting in inhibitory action against several

MMPs, including related metalloproteinases such as

ADAMs and TACE. Furthermore, at this time the large

number of existent MMPs was not apparent, and which of

the known MMPs to target was unclear. Nothing was

known then about intracellular MMP activity and targets,

nor MMP-2 isoforms or post-translational modifications,

including the ability of RONS to directly activate MMP-2.

Despite success in preclinical studies treating animal

models of disease, the clinical trials of the time were

unsuccessful. Across multiple trials, many patients suffered

from unexpected side effects (musculoskeletal syndrome–

described as joint pain, stiffness, edema and reduced

mobility) severe enough that some MMP-inhibitor treated

patients requested to be removed from the study. Conse-

quently, the dosages were often lowered to the point where
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they were less than what was used in preclinical studies.

The non-specificity of MMP inhibitors was believed to

account for these unexpected and trial limiting side effects.

So-called ‘‘third generation’’ MMP inhibitors were

designed to spare certain other metalloproteinases and

MMPs from inhibition, typically MMP-1, whose inhibition

was hypothesized (but never conclusively established) to

be a cause of the musculoskeletal syndrome. Despite the

lack of success in clinical trials, the research and devel-

opment of novel MMP inhibitors with increased specificity

is on-going [34].

All the tested MMP inhibitors were designed based on

the smaller size and structure of proteolytically activated

MMPs, as peroxynitrite-activated, intracellular MMPs

were then unknown. From the perspective of rational drug

design, the differences between extracellular and intracel-

lular MMPs invoke the ‘apples to oranges’ comparison.

Finally, also unrecognized was the fact that MMP-2 also

has other post-translational modifications, such as phos-

phorylation, with consequences on its three dimensional

structure and proteolytic activity [60, 96]. These factors

together likely resulted in the failure and unexpected off-

target actions of these poorly targeted MMP inhibitors.

Although the idea to target MMPs was fundamentally a

good one, it was at least 20 years ahead of its time.

One positive aspect of the extensive research attempts to

develop MMP inhibitors is that there is a large selection of

inhibitors available for experimental use. These range from

Zn2? chelators such as 1,10-phenanthroline, broad-spec-

trum MMP inhibitors such as GM6001 (ilomastat), and

inhibitors with selective activity against only some MMPs,

such as ONO-4817, with an IC50 for MMP-1 approxi-

mately 20009 higher than for MMP-2 [121].

Some members of the tetracycline class of antibiotics

inhibit MMPs at sub-microbial doses, with doxycycline

being the most potent of these [48]. This inhibitory action has

been attributed to chelation of the catalytic Zn2? or of pro-

tease-associated Ca2?, resulting in conformational changes

to the protease [44, 102, 103]. Interestingly, doxycycline

inhibits MMP-1 to a much lesser extent than other MMPs

[102]. Due to its well-characterized safety profile and effi-

cacy, a sub-antimicrobial formulation of doxycycline is the

only MMP inhibitor approved for clinical practice for the

treatment of periodontal disease [22] and rosacea [14]. It is

no doubt for these reasons that doxycycline is the most

commonly used pharmaceutical treatment in preclinical and

clinical studies, as reviewed below.

Ischemic heart disease

Ischemic heart disease is the result of a reduction in blood

flow to heart muscle (ischemia), commonly induced by

atherosclerotic plaques in the coronary arteries, thrombo-

sis, or coronary vasoconstriction. Acute ischemia, if pro-

longed, results in a myocardial infarct (MI).

Cardiomyocytes are especially sensitive to oxygen-depri-

vation due to their extensive dependence on oxidative

phosphorylation for the production of ATP to drive con-

tractile function. The result of an MI is a myocardial lesion,

containing necrotic tissue, and contractile dysfunction.

Over the past several decades, short-term survival rates

for victims of MI have improved dramatically, in sub-

stantial part due to the recognition of the importance of the

rapid restoration of blood flow to the infarcted tissue, now

recognized as a critical clinical step in patients presenting

with MI [125]. However, the restoration of blood flow and

the consequent reoxygenation paradoxically cause addi-

tional tissue damage (reperfusion injury), and short-term

death rates after MI are still approaching 10 %, with a

chance of long-term cardiac failure of 25 % [64, 125]. The

underlying causes of reperfusion injury remain unclear but

several important factors have been identified [125]. One

pronounced and very short-term consequence of reoxy-

genation is oxidative stress, mediated by a burst of RONS

that occurs within seconds to minutes upon reperfusion [18,

124]. In addition to the direct activation of MMP-2, RONS

have been shown to be a potential mediator of other factors

implicated in I/R injury, such as intracellular and mito-

chondrial Ca2? overload and opening of the mitochondrial

permeability transition pore [125].

Despite great biomedical and clinical interest, there are

still no pharmacological treatments capable of decreasing

reperfusion injury. This has been the subject of a great deal

of research since reperfusion is a procedure that normally

occurs after hospital admission and, therefore, there is

much more scope for direct pharmaceutical intervention

than there is for preventing the original MI, which would

require identification of susceptible individuals followed

by chronic administration of drugs, coupled with lifestyle

changes.

Following MI, the myocardium undergoes a series of

compensatory structural changes, collectively termed

‘‘myocardial remodeling’’, ultimately contributing to heart

failure [54]. Left ventricle (LV) remodeling results in an

enlargement and dilation of the LV, along with wall thin-

ning. Long-term post-MI ventricular remodeling continues

to be a significant cause of heart failure in these patients,

resulting in significant mortality. These structural changes

have, at their base, both intra- and extracellular roots. The

relationship between extracellular MMP activity, the

extracellular matrix, and myocardial function has been

extensively studied (reviewed in [107]), and has driven an

interest in using MMP inhibitors as a treatment to prevent

the progression of MI to heart failure. However, the unique

biological actions of intracellular MMP-2, especially its
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activation by oxidative stress, suggest that its inhibition

could also reduce some of the damage induced by

reperfusion.

Novel targets and roles of MMP-2 in ischemic heart

injury

There is now substantial evidence that MMP-2 plays a

critical role as an intracellular mediator of cardiac I/R

injury, also prior to the occurrence of remodeling. MMP-2

contributes to the acute, reversible mechanical dysfunction

that occurs immediately following reperfusion (stunning

injury) [27]. MMP-2 activity is decreased with pre- and

postconditioning [10, 32, 72], which provide cardiopro-

tection against I/R injury [53]. However, it has yet to be

shown if decreased MMP-2 plays a causative role in the

cardioprotection phenomena observed with pre- and post-

conditioning. MMP-2 is located in or co-localized with

several subcellular organelles of cardiac myocytes and

other cells (Fig. 2), including the sarcomere [5, 29, 118],

cytoskeleton [109], nuclei [69], caveolae [28], mitochon-

dria [57, 77, 118], and the mitochondria-associated mem-

brane [57].

The best, thus far, characterized intramyocyte targets of

MMP-2 in I/R injury are specific sarcomeric proteins

(Fig. 2). Troponin I (TnI), a regulator of actin–myosin

interaction, is readily proteolyzed by MMP-2. The presence

of TnI and its fragments in the circulation is widely recog-

nized as a biomarker for cardiac injury. In isolated rat hearts

subjected to I/R injury, cardiac TnI levels are decreased and

MMP inhibitors prevented TnI loss and decreased the

severity of the post-I/R contractile dysfunction that is

characteristic of myocardial stunning [118]. Titin, the

molecular spring of the sarcomere which determines both

systolic and diastolic function, is also proteolyzed by MMP-

2 in I/R injury; this could be prevented by MMP inhibition or

by genetic ablation of MMP-2 [3]. In addition, myosin light

chain-1, which is degraded in cardiac I/R injury [112], and

a-actinin, which plays an important role in maintaining

sarcomere structure and contractile force conductance, can

also be proteolyzed by MMP-2 [98, 109]. MMP-2 localizes

to these proteins in both thin and thick myofilaments, as well

as to the Z-line region of titin. In addition, TIMP-4 is asso-

ciated with the myofilaments and is lost during reperfusion

[99]. The full spectrum of intracellular MMP-2 targets rel-

evant to ischemic heart disease will undoubtedly grow with

further study. Indeed a review of unbiased, degradomics-

based data of putative and confirmed intracellular targets for

multiple MMPs suggests that 99 out of 120 of these are

targets of MMP-2 [23].

Hearts from transgenic mice expressing heart-specific,

constitutively active MMP-2 (by single point mutation),

exhibit functional impairments, including a significantly

decreased LV ejection fraction, as well as histological

abnormalities including myocyte hypertrophy, sarcomeric

and mitochondrial disorganization, and myofilament lysis

[12]. Their hearts were more sensitive to I/R injury,

resulting in greater impairment of contractile function

associated with impaired mitochondrial function and larger

infarct size [128]. MMP-2 was also found to be physically

associated with intracellular TnI, and TnI levels were also

reduced. Hearts from mice expressing cardiac-specific

MMP-2NTT-76 which, as described above localizes to

mitochondria, develop spontaneous systolic heart failure

associated with cardiac hypertrophy and inflammation.

Like MMP-2 transgenics, they exhibit increased sensitivity

to I/R injury. However, MMP-2NTT-76 hearts show little

evidence of myofilament lysis, consistent with different

isoforms of intracellular MMP-2 having different effects

[77, 78].

This very rapid remodeling of the susceptible intracel-

lular sarcomeric and cytoskeletal protein targets (the

‘‘intracellular matrix’’) by MMP-2 results in defects in both

systolic and diastolic contractile function. In addition we

predict that the cleavage fragments of these proteins have

their own biological activities, which include ‘‘non-self’’

recognition of fragments, activation of the immune

response and inflammation, which are all part of the tran-

sition to failing myocardium. This contrasts with the tra-

ditional view of MMP involvement in extracellular matrix

remodeling which generated great interest in the use MMP

inhibitors to prevent adverse remodeling and thus the

longer-term progression to heart failure. An important

point of comparison is to consider the role of MMP-2 in

myocardial stunning versus that which may cause irre-

versible injury to muscle cells (necrosis, apoptosis) as a

result of myocardial infarct. We will, therefore, interpret

both the preclinical and the clinical literature on ischemic

heart injury from the perspective that MMP-2 could con-

tribute to both these types of injury by proteolysis of both

intracellular and extracellular protein targets.

Preclinical studies of MMP-2 in ischemic heart disease

For the purpose of this review, we identified 37 preclinical

studies which used animal models to determine the effect

of MMP inhibition on cardiac ischemic injury. Two main

methodologies were used: (a) induction of MI in an anes-

thetized animal (in vivo) and (b) induction of global

myocardial ischemia in isolated perfused hearts (ex vivo).

For in vivo studies, MI was typically induced by sur-

gical ligation of the left anterior descending coronary artery

in an anesthetized animal. This was most commonly

practiced without a subsequent reperfusion phase (i.e.
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coronary artery occlusion was initiated, the chest was

closed and the animal was left to recover). The involve-

ment of MMPs was evaluated in MMP-2 knockout (KO)

mice (Table 1), or pharmacologically by the use of MMP

inhibitors (Table 2). For ex vivo studies (Table 3), the

heart is rapidly removed from an anesthetized animal and

promptly perfused with a glucose-containing, oxygenated

buffer which supports physiological contractile function.

Typically, a Langendorff heart preparation is used, where

the perfusate is applied in a retrograde fashion into the

aorta, resulting in closure of the aortic valves and perfusion

of the heart via the coronary circulation. Global ischemia is

induced by complete blockage of flow of the perfusate,

followed by reperfusion triggered by the resumption of

perfusate flow.

To facilitate comparison between studies, we classified

results from each study as to whether the tested drugs

decreased infarct size, improved cardiac contractile per-

formance, decreased mortality, or decreased LV remodel-

ing. In every study the measurements in question were

worsened by ischemic injury relative to uninjured controls.

Contractile performance was measured in terms of LV

pressure and/or heart rate (ex vivo), or, typically, hemo-

dynamic measures via echocardiography (in vivo). Mor-

tality observed was the result of acute injury suffered

during, or, in the immediate aftermath of in vivo MI,

mostly occurring during the days immediately following

MI induction (although some studies followed animals for

up to 2 months post-MI, no additional mortality was

reported). LV remodeling was determined via measures of

LV geometry (such as hypertrophy and wall thinning). This

is only an incomplete measure of remodeling, since it does

not incorporate the molecular events (such as intracellular

and extracellular matrix protein remodeling) through which

MMPs are expected to act. However, LV remodeling can

proceed even when extracellular matrix components are

protected from degradation by MMP inhibition or genetic

ablation of MMP-2 [79].

The most commonly used species were rats and mice,

together accounting for more than three-quarters of studies

analyzed. Other animals used were pigs, rabbits, and Syrian

hamsters. All animals used were young, healthy, adults,

with the exception of one study which fed one group of rats

a cholesterol-rich diet prior to ex vivo I/R [45]. Strikingly,

the great majority of studies were conducted in male ani-

mals (30 studies). Of the remainder, the sex used was either

not specified or both sexes were analyzed together. It has

been reported that male mice suffer much greater mortality

than females following in vivo MI relative to females [55].

This is consistent with what has been reported for humans,

with increased resistance of the female heart to I/R injury,

both in terms of acute injury and remodeling post-MI [89].

This is, therefore, a potentially important factor that has

been overlooked. It is also worthy to note that none of the

studies reported any adverse effects of MMP inhibition.

However, no studies specifically looked for evidence of the

musculoskeletal syndrome which plagued past clinical tri-

als of MMP inhibitors.

Given the relatively recent appreciation of the impor-

tance of intracellular MMP-2 biology, many preclinical

studies on the efficacy of MMP inhibitors were designed to

test the action of MMPs on LV remodeling by focusing on

changes to the extracellular matrix. The majority of these

studies consisted of the induction of MI, and examining the

effects of this over time intervals of days to months

(Table 2).

In vivo MI–MMP-2 knockout mice

Given the current lack of pharmacological MMP inhibitors

that are specific towards MMP-2, genetic ablation of

MMP-2 represents one method of disentangling the effects

of different MMPs (Table 1). Two studies reported the

response of MMP-2 KOs to in vivo MI [52, 79]—both

reported decreased mortality rates in the week following

MI, but only one found protective effects in terms of

hemodynamic performance or remodeling [52]. Interest-

ingly, even where genetic ablation of MMP-2 did not

prevent LV enlargement, it did prevent the degradation of

ECM structural components (laminin and fibronectin)

observed in control hearts [79].

In vivo MI–MMP inhibitors

The most commonly assessed endpoint when MMP

inhibitor drugs were used to treat animals subjected to

in vivo MI was myocardial remodeling, typically in terms

of LV geometry (Table 2). Most studies (14 out of 16) that

assessed remodeling found evidence of a protective effect

of MMP inhibition. This was observed in all studies (5) that

started treatment prior to infarct induction, and most (9 out

of 11) that started treatment at or after MI induction.

Table 1 The effect of MMP-2 genetic ablation on cardiac ischemia

injury using in vivo MI models (assessing myocardial Performance,

Infarct size, Mortality, and LV Remodeling)

Study Species Sex Post-MI

(days)

P I M R

Matsumura

et al. [79]

Mouse M 3 =

7 = 1 =

28 = 1 =

Hayashidani

et al. [52]

Mouse M 3 = = =

28 1 1 1

= no statistically significant effect relative to control, 1 protective

effect
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Positive effects were observed with the broad-spectrum

MMP inhibitor doxycycline as well as with a TIMP-4 viral

transgene, expected to inhibit most MMPs, but also with

the third generation MMP inhibitors PD166793 (selective

for MMP-2, -3 and -13 over MMP-1, -7 and -9), PGE-

530742 (selective for MMP-2, -3, -8, -9, -13 and -14 over

MMP-1 and -7; re-named to PG-116800, as used in the

PREMIER clinical trial described below), CP-471474

(selective for MMP-2, -3, -9 and -13 over MMP-1) and

ONO-4817 (selective for MMP-2, -8, -9, -12 and -13 over

MMP-1 and -7). One study used what was claimed to be a

specific inhibitor of MMP-2 (TISAM), which did not show

a protective effect on remodeling [79]. No evidence for the

specificity or efficacy of this inhibitor was presented and

we were unable to identify any in the published literature.

Thus, as a whole, these studies are consistent with MMP-2

having a detrimental role in post-MI ECM remodeling.

LV remodeling is most significant in that it can ulti-

mately progress to heart failure. Since overt heart failure in

rats undergoing coronary artery occlusion and MI does not

become apparent until 3–4 months post-MI [90], shorter-

term studies such as those described here must rely on

Table 2 The effect of MMP

inhibition on cardiac ischemia

or reperfusion injury using

in vivo MI models (assessing

myocardial Performance, Infarct

size, Mortality, and LV

Remodeling)

= no statistically significant

effect relative to control, 1
protective effect, 1* dose-

dependent protective

effect, ~1 protective effect for

some, but not all, measures
a 2 days pre-MI, 1.5 days

afterwards
b Gene therapy
c Treatment starting 3 days

post-MI
d First day of reperfusion only
e Days 2–7 of reperfusion only
f First 10 days of reperfusion

only
g Highest dose ineffective when

treatment started pre-MI, but

required for cardioprotection for

post-MI treatment start

Study Species Sex I/R time Treatment P I M R

Treatment initiated pre-MI (days)

Yarbrough et al. [123] Swine ? 10 PGE-530742 = = ~1

Apple et al. [7] Swine ? 10 PGE-530742 ~1 = 1

Camp et al. [21] Rat M 28 Doxycycline 1 1 1

Koskivirta et al. [66] Mouse M 7 PD166793 =

Kryzhanovskii et al. [68] Rat M 3–60 min Doxycycline = 1

Villarreal et al. [117] Rat M 14 Doxycyclinea = ~1

28 Doxycyclinea = = 1

Treatment initiated at- or post-MI

Lindsey et al. [75] Rabbit M 7 CP-471,474 =

14 CP-471,474 =

21 CP-471,474 1

28 CP-471,474 = = 1

Matsumura et al. [79] Mice M 3 TISAM =

7 TISAM = 1 =

28 TISAM = 1 =

Mukherjee et al. [82] Swine ? 14 PD166793 1 ~1

56 PD166793 1 1

Yarbrough et al. [123] Swine ? 10 PGE-530742 ~1 = ~1

Rohde et al. [92] Mouse M 4 CP-471,474 1 = 1

Jayasankar et al. [61] Rat M 42 TIMP-1b 1 1

Ikonomidis et al. [58] Mouse M/F 14 PD166793 = ~1

Krishnamurthy et al. [67] Mouse ? 14 PD166793c ~1 = ~1

Garcia et al. [43] Rat M 42 Doxycyclined = = ~1

Doxycyclinee = = 1

Takai et al. [110] Hamster M 1 ONO-4817 1 = 1

Tessone et al. [111] Rat M 28 Doxycyclinef = = =

Zavadzkas et al. [127] Mouse M/F 5 TIMP-4b 1 = = 1

21 TIMP-4b 1 = = 1

Treatment initiated pre-MI, followed by reperfusion (h)

Griffin et al. [49] Rat M 0.5/48 Doxycycline 1

Romero-Perez et al. [94] Rat M 0.75/48 Doxycycline 1

Bencsik et al. [11] Rat M 0.5/2 GM6001 1*g

Treatment initiated post-MI, at reperfusion

Bell et al. [9] Mouse M 0.5/2 GM6001 1

Bencsik et al. [11] Rat M 0.5/2 GM6001 1*g

Yan et al. [122] Rat ? 1/504 TIMP-3b 1 1 1
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predictors such as hemodynamic performance (e.g. ejection

fraction). It is striking that of the 14 in vivo MI studies

reporting hemodynamic data, only 7 found evidence of a

protective effect of MMP inhibition. These were distrib-

uted across studies initiating treatment both prior to- and

post-MI, and among treatment with broad spectrum or third

generation MMP inhibitors, as well as among both short- or

longer-term treatment periods. The same broad distribution

of experimental conditions is present among studies not

showing a protective effect. MMP inhibition decreased

infarct size and mortality in a minority of the studies in

which they were reported (2 out of 11 and 1 out of 7

studies, respectively).

The majority of studies were done using rats and mice.

However, a small number of studies used swine, which,

as a large animal model, may be more clinically repre-

sentative. These studies used the MMP-1-sparing inhibi-

tors PD166793 [82] or PGE-530742/PG-116800 [7, 123].

To replicate the likely clinical scenario of post-MI

treatment, PD166793 was given starting 5 days post-MI

and was found to reduce infarct size at 2 and 8 weeks

post-MI. PGE-530742 was started 3 days prior- or 3 days

post- MI. Measures of LV geometry suggested a decrease

in LV remodeling for both treatments, but infarct size was

only decreased in PD166793-treated animals. Measures of

myocardial performance were not reported for PD166793,

but LV contractile performance was improved in animals

treated with 1 mg/kg PGE-530742 starting 3 days prior to

MI [7]. Interestingly, treatment with 10 mg/kg did not

show this protective effect [123]. However, treatment

with this dosage starting 3 days post-MI was protective

[123].

In vivo–I/R

Prompt reperfusion is currently understood to be an

important therapeutic response to MI, meaning that reper-

fusion injury is a common clinical phenomenon. These

Table 3 The effect of MMP

inhibition on cardiac I/R injury

using ex vivo isolated heart

models

= no statistically significant

effect relative to

control, 1 protective effect, 1*

dose-dependent protective

effect, ~1 protective effect for

some, but not all, measures
a Cholesterol-fed
b Different concentrations used
c First 2 min of reperfusion

only
d First 15 min of reperfusion

only

Study Species Sex I/R time

(min)

Treatment Performance Infarct

size

Treatment initiated prior to ischemia

Cheung et al. [27] Rat M 20/30 MMP-2 Ab 1

1,10-phenanthroline 1

Doxycycline 1*

Wang et al. [118] Rat M 20/30 Doxycycline 1

1,10-phenanthroline 1

Sawicki et al. [98] Rat M 25/30 1,10-phenanthroline 1

Doxycycline 1

Giricz et al. [45] Rat M 30/120 GM6001 1*

Rata M 30/120 GM6001 1*

Fert-Bober et al. [37] Rat M 20/30 Phenathroline 1

Doxycycline 1

Romero-Perez et al. [93] Rat M 20/30 PY-2b 1*

1,2-HOPO-2 1

CGS27023A ~1

PD-166793 ~1

Ali et al. [3] Rat M 25/60 ONO-4817 1

Cadete et al. [19] Rat M 20/30 Doxycycline 1*

Singh et al. [101] Rat M 30/30 Doxycycline 1

Cadete et al. [20] Rat M 20/30 Doxycycline 1*

Müller et al. [83] Rat M 45/30 Doxycycline ~1

Gao et al. [42] Rat M 30/30 Doxycycline 1

30/120 Doxycycline 1

Agrawal et al. [1] Rat M 20–25/30 PY-2b =

1,2-HOPO-2 1

PY-2; 1,2-HOPO-2 1

Treatment initiated during reperfusion

Donato et al. [32] Rabbit M 30/180 Doxycyclinec = 1*

Bell et al. [9] Mouse M 35/30 GM6001d 1
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preclinical studies (Table 2) induced MI by coronary artery

ligation for a short duration (30–60 min) followed by re-

opening the blocked artery to allow for reperfusion

(2–48 h; in one study animals were retained for 21 days).

MMP inhibitors were applied either prior to surgery or

starting during the reperfusion phase. These studies pri-

marily used infarct size as an end point, and, in contrast to

the in vivo MI studies described above, which largely

focused on MMP-1 sparing inhibitors, the drugs used in

these studies were the broad-spectrum MMP inhibitors

GM6001 and doxycycline. These studies reported a con-

sistent protective effect of MMP inhibition on infarct size.

This was observed with both pre-treatment with inhibitors

and when treatment was initiated at the time of surgery.

Only one study reported effects on contractile performance

and remodeling, finding a protective effect of TIMP-3 gene

delivery on both, after a 1-h occlusion followed by a

21-day treatment period [122].

Ex vivo I/R studies

These studies (Table 3) were primarily designed to

investigate the intracellular actions of MMP inhibition on

I/R-induced myocardial stunning injury, with LV con-

tractile function measured via an inserted balloon. MMP

inhibitors were added to the perfusate starting either prior

to ischemia or at the start of reperfusion. Protective effects

on cardiac performance were consistently observed, with

the broad-spectrum MMP inhibitor 1,10-phenanthroline (4

studies), doxycycline (9 studies), the third generation

inhibitors ONO-4817 and PD166793 (1 study each), as

well as for a small number of novel inhibitors (2 studies)

and a neutralizing antibody against MMP-2 (1 study). In

addition, infarct size was decreased by the broad-spectrum

MMP inhibitor GM6001 in hearts from rats that had been

fed either regular chow or a high-cholesterol diet [45].

Notably, this was the only study we identified that

attempted to account for the prevalence of other patho-

logical conditions, such as atherosclerosis, in the target

patient population.

The initiation of treatment prior to induction of ischemia

means that this would be most applicable to predicted I/R

events, such as that which occur during cardiopulmonary

bypass, explanted heart preservation or coronary angio-

plasty procedures. Two studies (one on rat hearts, the other

on rabbit hearts) examined the effect of initiating MMP

inhibition at the onset of reperfusion only (using doxycy-

cline and GM6001, for the first 2 and 15 min of reperfusion

only, respectively). Strikingly, both found that infarct size

was decreased by this very short-duration treatment [9, 32].

However, only one of these studies measured LV function

and showed that it was not improved by a 2 min treatment

with doxycycline [32].

Neonatal asphyxia and cardiac hypoxia-reoxygenation

injury

Asphyxia is a common cause of neonatal mortality and

morbidity of which ischemic injury to the myocardium

plays a significant role in overall outcome, and the injury

to the heart can extend from stunning to infarction. A

recent study determined the dose-dependent effects of

doxycycline in hypoxia–reoxygenation injury to the heart

[70]. In this clinically translatable model of injury, where

piglets were subjected to 2 h of hypoxia followed by 4 h

of reoxygenation, doxycycline was administered intrave-

nously (at 3, 10 or 30 mg/kg) 5 min into the reoxygena-

tion period. Post-resuscitation administration of

doxycycline improved cardiac and stroke volume indices,

systemic arterial pressure, and systemic oxygen delivery

and consumption. This was associated with decreased

MMP-2 activation, enhanced myocardial TnI and reduced

plasma TnI levels, and reduced myocardial lactate and

lipid hydroperoxide levels. Dose-dependent protective

effects of doxycycline were seen at 10 and 30, but not

3 mg/kg [70].

Preclinical studies–summary

It is clear that treatment with MMP inhibitors prior to

induction of MI has a protective effect on LV remodeling.

However, other measurements of clinical relevance, such

as myocardial performance, mortality or infarct size were

affected to a lesser extent. On the other hand, infarct size

was consistently reduced by MMP inhibition when a short

period of in vivo ischemia was followed by reperfusion,

and this was true even when treatment was not initiated

until the onset of the reperfusion stage. Furthermore,

myocardial stunning induced by ex vivo I/R injury was

consistently ameliorated by MMP inhibition.

Because the drugs used are not specific to any one

MMP, it is not currently possible to ascribe protective

effects only to the inhibition of MMP-2. Genetic ablation

of MMP-2 did result in some protective effects in mice

subjected to MI, notably of acute mortality. However, LV

remodeling was not impacted as consistently as was the

case for pharmaceutical MMP inhibition. Similar studies

have been performed using other MMP KO mice. Post-MI

LV remodeling was unaffected in MMP-7 KO mice [73],

but decreased in MMP-9 KO mice [35, 74] and MMP-14

heterozygote KO mice (MMP-14 homozygous KO mice

are non-viable) [65, 126]. However, a disadvantage of

genetic KO mice is that they have been subjected (and thus

adapted) to the effects of the genetic manipulation since

birth (or before, in the case of homozygous mothers),

increasing the possibility of confounding variables. For

example, MMP-2 KO mice exhibit smaller birth weights
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and delayed growth [59] as well as reduced embryonic

survival rates (Mosig RA, Schulz R, Kassiri Z, Martignetti

J, submitted for publication) relative to wild-type mice.

The development of inducible KOs would allay this

concern.

Clinical studies of MMP-2 in ischemic heart disease

MMP-2 as a clinical biomarker of ischemic heart

disease

Given the association of secreted MMPs with myocardial

remodeling there has been considerable interest in devel-

oping MMPs as clinical biomarkers for ischemic heart

injury and heart failure [36]. Nilsson et al. [87] investigated

the diagnostic value of plasma MMP-2 levels with final

infarct size and ventricular dysfunction in ST-segment

elevation acute MI (STEMI) patients. Fifty-eight patients

receiving primary percutaneous coronary intervention

(PCI) had their blood sampled immediately prior and

12–48 h afterwards. Infarct size, LV dysfunction and

remodeling were measured by cardiac magnetic resonance

imaging 5 days and 4 months after their infarct. Plasma

MMP-2 at both 0 and 12 h showed a consistent and sig-

nificant correlation with infarct size and LV dysfunction at

both time points after their infarct, and this also correlated

well with serum TnI levels. Interestingly, neither MMP-8,

MMP-9 nor myeloperoxidase activity was consistently

correlated with the outcome measures. Thus, monitoring

plasma MMP-2 activity as early as possible in STEMI

patients may be helpful to assess the extent of myocardial

damage and guide the stratification of clinical management

to reduce the consequences of ischemic heart injury.

Matasunga et al. [80] studied the activity of plasma MMP-2

14 days after STEMI, finding that acute STEMI patients

with higher MMP-2 activity had a greater increase in LV

end diastolic and systolic volume indices 6 months after

STEMI.

Squire et al. [108] measured MMP-2 and -9 by ELISA in

plasma samples from acute STEMI patients, sampling the

blood within 6–12 h of the onset of symptoms and after the

delivery of thrombolytic therapy, and then every 24 h for

the first 5 days post-MI. Echocardiographic parameters

were measured upon admission and 6 weeks later. These

authors found a significant negative correlation between

peak MMP-2 levels and LV volumes, whereas there was a

positive correlation between peak MMP-9 and LV vol-

umes. Interestingly, higher plasma levels of MMP-2 were

observed after inferior compared to anterior acute MI,

suggesting that there may be a greater induction of MMP-2

activity in surviving myocardium than is possible when the

infarct is anterior, the latter resulting in larger infarcts.

Changes in MMP-2 from I/R as a result of cardiac

surgery

We examined coronary artery bypass graft patients

(CABG) undergoing elective cardiopulmonary bypass

(CPB) surgery for evidence of MMP-2 activation in the

heart [71]. Fifteen patients with stable angina were exam-

ined. During CPB the stilled heart undergoes mild ischemic

injury as a result of cardioplegia and then is subjected to

reperfusion injury once the repair is complete and the aortic

cross-clamp is removed, reestablishing normal blood flow

through the coronary circulation. MMP-2 and MMP-9

activities (measured by gelatin zymography) were mark-

edly elevated in right atrial biopsies obtained within

10 min of aortic cross-clamp release, compared to samples

obtained immediately after the start of CPB, but before

cardioplegia. There was a significant inverse correlation

between atrial MMP-9 and MMP-2 activities in the rep-

erfused myocardium and LV stroke work index 3 h post-

surgery, at the time point when cardiac function was most

severely depressed during the first 24 h post-surgery. A

positive correlation between atrial biopsy MMP-2 or

MMP-9 activities and the aortic cross-clamp duration, but

not the duration of CPB, was also observed. Thus, MMPs

are activated in the human heart within 10 min of ischemia,

and the timing of their maximum activation correlates with

the nadir of contractile function 3 h after reperfusion.

Interestingly, in similar patients, a transient increase in

MMP-9 activity was observed in myocardial interstitial

fluid during the onset of CPB and was enhanced after

reperfusion [106].

This prompted us to perform the first randomized,

double-blinded, placebo-controlled trial to evaluate whe-

ther sub-antimicrobial dosing of doxycycline could,

therefore, reduce myocardial stunning injury in the first

24 h in patients undergoing primary elective CABG sur-

gery with CPB [100]. Forty-two patients were randomized

to receive either a sub-antimicrobial dosage of doxycycline

(20 mg, twice a day orally) or matching placebo pill,

beginning at least 2 days prior to surgery, on the day of

surgery, and for the first 3 post-operative days. Right atrial

biopsies were collected as above to measure MMP-2

activity and TnI levels. Blood was collected for measuring

plasma TnI and the inflammatory markers IL-6 and

C-reactive protein. Atrial biopsy MMP-2 activity was

lower upon reperfusion in the doxycycline group, and the

increase in MMP-2 in the placebo group due to reperfusion

did not occur in the doxycycline group. However, TnI

levels were not significantly altered in atrial biopsies or

blood samples upon reperfusion, suggesting that cardiac

injury was minimal. Thus, the severity of the temporary

and reversible cardiac dysfunction seen in these patients

was modest. Doxycycline did not affect ventricular stroke
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work index following reperfusion, nor the CPB-CABG

induced increase in plasma MMP-9 activity, IL-6 or

C-reactive protein levels. However, it is possible that

MMP-2 and TnI in right atrial biopsies may not reflect

those seen in the LV. Together with the lack of changes in

TnI levels in both tissue and plasma, it may not be sur-

prising that doxycycline did not show any protective effect,

at least on a parameter which is more indicative of systolic

function, given that left ventricular stroke work index does

not estimate diastolic dysfunction which occurs post-CPB,

and which may be more reflective of myocardial perfor-

mance [38]. Other limitations of this study include: (a) the

small sample size, (b) the dose of doxycycline may have

been too low, or the use of a loading dose should have been

considered, and (c) the impact of doxycycline use during

cardiac surgery on longer-term outcomes following CPB-

CABG should also be considered. Importantly, doxycy-

cline was well tolerated and not associated with any

adverse events.

Acute coronary syndrome

MIDAS (MMP Inhibition with sub-antimicrobial doses of

Doxycycline to prevent Acute coronary Syndromes). The

MIDAS trial determined the effect of sub-antimicrobial

doxycycline (20 mg twice daily) in angina patients [17].

This prospective, double-blinded, placebo-controlled trial

started patients on either placebo or doxycycline within

2 weeks of the onset of symptoms and followed them for a

total of 6 months. Doxycycline reduced the plasma level of

MMP-9 and other inflammatory markers, including

C-reactive protein (the primary biochemical outcome) but

showed no benefit in the composite clinical endpoint

comprised of sudden death, fatal or non-fatal myocardial

infarct, or troponin-positive unstable angina. However, this

trial was likely underpowered, with only 2 out of 50 par-

ticipants meeting any of the clinical endpoints. However,

as C-reactive protein is a strong predictor of cardiovascular

disease morbidity and mortality [113], this trial shows an

important beneficial effect of doxycycline over a relatively

short study period.

Myocardial infarct

Moving from myocardial stunning and angina we now

consider two clinical trials of MMP inhibitors to prevent

detrimental ventricular remodeling following myocardial

infarct. This remodeling results in excessive LV dilatation

which increases the risk of further complications including

congestive heart failure, aneurysm formation, and cardiac

rupture. Both of the studies follow successful preclinical

studies in which short-term use of third generation pro-

prietary MMP inhibitors [62] or doxycycline [49, 117],

administered around the time of experimental infarction,

reduced infarct size and preserved left ventricular structure.

PREMIER (PREvention of Myocardial Infarction Early

Remodeling). This prospective, double-blind, placebo-

controlled, multi-center study investigated the use of an

MMP-1-sparing MMP inhibitor, PG116800 (identified as

PGE-530742 in the studies cited in Table 2), in STEMI

patients who showed an immediate and severe reduction in

LV ejection fraction of \40 % [56]. The drug or placebo

treatment began within 48 h of MI and continued for

3 months. PG116800 treatment resulted in no benefit in

any clinical outcomes or left ventricular remodeling.

Beyond the already discussed problems that this drug was

designed as a pan-specific MMP inhibitor, without

knowledge of which MMPs to inhibit or not to inhibit, nor

of intracellular MMP-2 biology, this trial had a major

limitation severely limiting its interpretation [104]. In

consideration of possible undesired side effects seen in

previous trials (i.e. musculoskeletal syndrome), the dose

used was one quarter of that used in preclinical studies in

swine, and this was lowered even further in some patients

in the midst of the study. Other limitations of this study

were that MMP inhibition was likely started too late (mean

54 h post-MI) to counteract infarct expansion, a major

determinant of the remodeling process, and was likely too

prolonged, potentially resulting in adverse effects on LV

remodeling.

TIPTOP (Tetracycline (Doxycycline) In Patients with

large acute myocardial infarction TO Prevent left ventric-

ular remodeling). In this single site, open-label, random-

ized, phase II trial, 110 STEMI patients with LV ejection

fraction of \40 % were given 100 mg doxycycline or

placebo immediately after primary percutaneous coronary

intervention, and then every 12 h for 7 days, in addition to

standard therapy [25]. Following them for 6 months the

authors found that doxycycline patients had a significantly

reduced increase in LV end-diastolic volume index (0.4 vs

13.4 %), infarct size (5.5 vs 18.8 %) and infarct severity as

determined by echocardiography or single photon emission

computed tomography. Despite the fact that the trial was

not powered for clinical endpoints, they also reported a

statistically significant 50 % reduction in the composite of

death, myocardial infarct, congestive heart failure and

stroke, with the majority of the effect stemming from the

difference between the incidence of fatal and non-fatal

heart failure. Although well designed and executed, limi-

tations of the study include that it was designed as an open

label study and not all baseline characteristics were evenly

matched (notably, more women and diabetics in the control

versus the doxycycline groups). It is important to note that

the study evaluated the use of an antimicrobial dose of

doxycycline. Interestingly, a post hoc analysis found that

doxycycline improved myocardial function and decreased
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remodeling in MI patients with a pre-intervention occluded

infarct-related artery (with a thrombolysis in myocardial

infarction (TIMI) flow grade of B1), but had no effect in

MI patients with an open infarct-related artery with a TIMI

flow grade of 2–3 [24].

Without doubt this promising study, which shows the

effectiveness of a short-term course of doxycycline, an

inexpensive drug with a well-understood and excellent

safety profile, needs to be proven in a large, multi-center,

placebo-controlled trial. A key consideration in such a trial

is the dose to be used, as the widespread use of broad

spectrum antibiotics can contribute to the development of

antibacterial resistance. Whether sub-antimicrobial dosing

would be effective in such studies is unknown. We rec-

ommend that this point be given very special consideration

in the design of future trials of doxycycline in the treatment

of ischemic heart disease.

Implications

Of four published clinical trials testing the efficacy of

MMP inhibitors for ischemic heart disease, one had design

issues which prevented a meaningful interpretation (PRE-

MIER), one showed efficacy of sub-antimicrobial doxy-

cycline medium-term treatment for angina in terms of

biochemical endpoints but had insufficient power to assess

its clinical endpoints (MIDAS), one demonstrated efficacy

of short-term treatment with doxycycline in preventing

adverse clinical outcomes in patients who had suffered MI

(TIPTOP), and another failed to show therapeutic benefits

for short-term treatment with sub-antimicrobial doxycy-

cline in patients undergoing CPB-CABG.

Generalizing across these multiple clinical scenarios of

myocardial ischemia, doxycycline exerted beneficial effects

with conventional, antimicrobial doses over the short-term

(1 week), whereas a sub-antimicrobial dose was only effec-

tive over the medium-term (6 months), and not in the short-

term. Given the predicted lack of serious side effects, we,

therefore, recommend that future clinical trials adopt one of

the two former dosage regimes. The potential for side effects

from other MMP inhibitors would seem to contraindicate the

use of these drugs in clinical trials until these issues are

resolved, especially since there is currently little evidence of

increased effectiveness of these drugs over doxycycline.

In the context of trials testing doxycycline for ischemic

heart disease, a retrospective epidemiological study from

the UK must be mentioned. This study examined the

hypothesis that bacterial infection contributes to coronary

artery disease leading to MI. The records of more than

16,000 primary practice patients were examined to deter-

mine if there was a relationship between antecedent use of

any antibiotic drug and the risk of a first-time acute MI.

They found that patients who took tetracyclines, but not

any other class of antibiotics, showed a lower incidence of

MI [46, 81]. Given that several tetracyclines but not any

other classes of antibiotics are capable of inhibiting MMP

activity, it is tempting to speculate that sub-antimicrobial

dosing of doxycycline could be used to reduce the risk of

MI in susceptible patient populations.

When comparing the above clinical trials with preclin-

ical studies investigating the effects of MMP inhibition

(Tables 1, 2, 3), one is struck by the absence of preclinical

studies that recapitulate clinical scenarios. Numerous

studies investigated the effects of MMP inhibition on ani-

mals subject to short- to medium-term MI, but most of the

examined studies did not include typical clinical events

such as myocardial reperfusion via thrombolytic therapy or

primary percutaneous coronary intervention (Table 2).

There are substantial differences in outcome between MI

with and without subsequent reperfusion, with reperfusion

decreasing infarct expansion and mortality rate and

improving some hemodynamic measures of LV function

[76]. Four studies did follow-up short periods of MI

(30–45 min) with reperfusion and treatment with doxycy-

cline or GM6001, and all found that treatment decreased

infarct size [9, 11, 49, 94]. Although promising, none of

these studies followed the animals for more than 2 days

post-MI, or reported measurements of myocardial perfor-

mance. However, protective effects on myocardial perfor-

mance, infarct size and remodeling after a 21 day

reperfusion period following 1 h MI were shown for

administration of TIMP-3 via gene delivery [122]. We

recommend that such an experiment should be performed

using clinically viable agents such as doxycycline.

Disconnects between preclinical and clinical studies

have been noted before, both in the context of earlier

clinical trials of MMP inhibitors for cancer or inflamma-

tory diseases [30, 91], as well as more generally for

treatments of cardiac I/R injury [125]. In that context (and

in addition to differences between species in the response

to myocardial ischemia [53]) there are a number of likely

characteristics of patient populations that are rarely re-

capitulated in preclinical studies [54, 125]:

(a) Likely suffering from the effects of aging and the

presence of other comorbidities, notably metabolic

syndrome, atherosclerosis and diabetes.

(b) Likely consumption of additional medications.

(c) A duration of ischemia (3–12 h) that is not com-

monly used in preclinical studies.

(d) Relevant outcomes are long-term (such as the

incidence of subsequent heart failure and mortality

over months to years).

(e) Inflammatory origins of infarct (e.g.,

atherosclerosis).
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(f) Variable timing of reperfusion relative to infarct

duration.

(g) Infarct regions of a smaller relative size.

Resolution of these issues via improvements to the ani-

mal models used can, admittedly, be challenging from

logistical and financial (and possibly ethical) points of view.

However, given the expense and potential medical risks

undergone by patients during clinical trials, it is important

that attempts are made to increase their odds of success.

There are also issues that are relatively simple to address,

such as the rarity of female animals in preclinical studies

(Tables 1, 2, 3). The bias in biomedical research towards

male animals has been previously noted [8], but it seems to

be particularly egregious among the studies examined here.

An alternative approach suggested by Yellon and Hau-

senloy [125] is to design clinical trials that better reflect the

findings and limitations of existent preclinical studies. For

example, one could only include patients who have suf-

fered MI without any subsequent pharmacological or sur-

gical reperfusion. An example of a preclinical study of

direct clinical relevance is that of neonatal hypoxic injury

[70], described above. This is especially well suited for

clinical trials since few extrapolations need to be made in

the translation to human treatment.

Conclusions

MMPs, and MMP-2 in particular, remains a very promising

target for the management of ischemic heart disease. Issues

we have discussed here include preclinical studies that

should be more representative of clinical scenarios

encountered in human patients, and, of great importance,

include both sexes. More attention needs to be paid to the

proper design of future clinical trials, in particular to

experimental power and dosage. Doxycycline, with a well-

understood safety profile, should be a subject of future

clinical trials utilizing either short-term antimicrobial or

long-term, sub-antimicrobial doses. The design of

improved, safer, and more specific MMP inhibitors needs

to continue. A key issue is that no drug has yet been shown

or specifically designed to inhibit intracellular MMP-2 or

its isoforms. These future inhibitors will need a thorough

evaluation in well-designed preclinical studies.
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