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Myocardial infarction (MI), despite optimal reper-

fusion therapy, results in substantial loss of muscle

tissue through apoptosis and necrosis. The repair process

post MI is traditionally divided into consecutive and

partly overlapping inflammation, proliferation, and

maturation phases. The initial phase is characterized by

infiltration of inflammatory cells removing cellular

debris, and formation of new blood vessels. Matrix

metalloproteinases (MMP) and other proteolytic

enzymes secreted by inflammatory cells facilitate these

processes. During the proliferatory phase, fibroblasts

transdifferentiate into myofibroblasts and deposit colla-

gen in the infarct area. This is mediated by a variety of

growth factors, including components of a local renin–

angiotensin–aldosterone system. In the final phase, the

newly formed scar is consolidated through cross-linking

of collagen fibers and other extracellular matrix com-

ponents. The extracellular matrix plays an important role

in the healing process, and an imbalance between matrix

deposition and degradation can lead to adverse

myocardial remodeling spiraling to heart failure.

Excessive collagen deposition beyond the infarct area

contributes to myocardial stiffening and loss of con-

tractile function. On the other hand, inadequate

deposition of collagen or excessive collagen degradation

can lead to infarct expansion, aneurysm formation, left

ventricular (LV) dilation, and even cardiac rupture.

MMP are a group of zinc-dependent enzymes that

degrade a large variety of extracellular matrix proteins.

Approximately 25 MMP have been described and classi-

fied in the functional subgroups gelatinases, collagenases,

stromelysins, and membrane-type MMP. Extensive pre-

clinical work has suggested detrimental effect of the

gelatinases MMP-2 and MMP-9. Genetic knockout of

MMP-91,2 and MMP-23 restricted inflammatory response

and removal of necrotic tissue and collagen deposition

after experimental MI; this was associated with reduction

in LV dilation and incidence of of LV rupture. Moreover,

knockout of endogenous tissue inhibitors of metallopro-

teinases (TIMP) resulted in increased hypertrophy,

dilation, and cardiac dysfunction.4,5 Also, animal studies

have shown that pharmacologic MMP inhibitors reduce

remodeling.6,7 Therapeutic MMP inhibition has not been

successfully translated to clinical efficacy.

Targeting of cardiac MMP activity has been

reported using optical imaging8 and nuclear imaging9–11

probes. A non-invasive SPECT imaging of MMP

activity has been reported in experimental MI in mice

employing Tc-99 m-labeled broad-spectrum MMP

inhibitor RP805.10 When comparing with control mice,

uptake in infarct area was fivefold higher from week 1 to

3, with slight reduction over time. Interestingly, uptake

was also twofold higher in remote area, suggesting that

remote imaging could become feasible. In a follow-up

study by the same group, the same probe was evaluated

in a larger infarct model in porcine experiments.11
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Similar to the murine study, the tracer uptake in the

infarct peaked at 1 week and gradually declined but

remained increased. Uptake in border and remote areas

was also increased at week 1 and 2 but normalized by

week 4. Magnetic resonance imaging (MRI) roughly

paralleled radiotracer uptake with global contractile

dysfunction at 1 week, normalization of remote function

at 2 weeks, and only akinesia and dyskinesia in the

infarct area at 4 weeks. More recently, in vivo targeting

of MMP in mice with MI has been proposed with an

activatable cell-penetrating peptide probe (ACPP).9 The

ACPP consisted of two peptides, one labeled with 177Lu

and the other with 125I, connected by an MMP substrate.

Cleavage of the peptides by MMP resulted in washout of

the 125I-labeled peptide and tissue retention of 177Lu-

labeled peptide. Thus, higher 177Lu to 125I indicated

specific uptake. Using gamma counting and autoradio-

graphy, the investigators observed a tenfold higher

uptake in the infarct over remote area. As this uptake is

more than threefold higher than that reported for the

RP805 studies, this might evolve as an attractive imag-

ing strategy. However, these results are still preliminary

as biodistribution studies revealed considerable uptake

in vasculature and liver, and no in vivo imaging was

performed.

In the current issue of the journal, Kiugel et al.

report targeting of MMP-2 and MMP-9 using the novel

PET probe 68Ga-DOTA-peptide targeting MMP-2/9.

Previously, the same group had selected this protein

from a phage display,12 and described its ability to

specifically inhibit activated MMP-2 and MMP-9 and its

radiolabeling with Gallium-68 and preliminary in vivo

PET imaging of a rat melanoma xenograft model.13

In the current experiment, subgroups of infarcted

rats underwent PET imaging with the tracer at 1 and

4 weeks after MI. Autoradiography demonstrated higher

uptake in the infarct area than in remote area at both

time points. Sham-operated control animals on the other

hand showed low, homogenous uptake. Quantification

of autoradiography revealed a correlation between

uptake and infarct size, macrophage (CD68?) infiltra-

tion and endothelial (CD31?) cells in the infarct.

Blocking experiments substantially reduced radiotracer

uptake, suggesting specificity of the tracer. Regrettably,

the heart/blood ratio was too low to allow for in vivo

PET imaging. The authors ascribed lack of in vivo

imageability to rapid metabolism and slow clearance of

the tracer; they concluded that this particular probe

would be unsuitable for further investigation as a clini-

cally diagnostic entity.

Given its important role in cardiac disease, there is

considerable interest for imaging of the extracellular

matrix. Clinically, MRI is used to detect localized

scarring by late gadolinium enhancement, and detection

of diffuse fibrosis by native T1 mapping is emerging. In

addition, various players involved in extracellular matrix

turnover have been evaluated as targets for molecular

imaging.14 Preclinical studies have shown feasibility of

visualizing avb3 integrin15,16 (on myofibroblasts),

angiotensin-converting enzyme (ACE),17 angiotensin II

receptor type 1 (AT1),18 and coagulation factor XIII.19

Although initial small scale clinical pilot studies have

been performed for some of these tracers,20–22 no

definitive studies have been performed.

For an imaging probe to graduate to the clinical use,

several criteria must be met. The target should be of

sufficient importance to warrant the resource investment

(discriminatory potential); the right imaging platform

should be chosen for the appropriate target (diagnostic

accuracy); and the imaging characteristics should be

adequate (clinical feasibility). In the current study, an

MMP targeting probe was evaluated. Besides a role in

remodeling, MMP play an important role in various

other cardiovascular diseases, including atherosclero-

sis,23–29 calcific aortic valve disease,30 aortic aneurysm

formation,31 and pulmonary inflammation.32 Moreover,

MMP also play a role in non-cardiac diseases, notably

malignancy.33 In the latter setting, MMP contribute to

angiogenesis, tumor invasion, and metastasis, and con-

siderable interest has developed in imaging MMP.34

Thus, as employed in the current study, MMP are a

viable target for development of an imaging probe, and

the label of Gallium-68 offers inherent advantages of

quantification, resolution, and sensitivity. Thus,

although 68Ga-DOTA-peptide targeting MMP-2/9 had

insufficient imaging efficacy to warrant further evalua-

tion for in vivo imaging, this study offers a step forward

toward the development of a probe for imaging the

extracellular matrix.

In the previous preclinical and clinical experiments

for the assessment of post-MI remodeling, investigators

drew similar inferences. The angiotensin axis probes and

integrin characterization did not achieve sufficient tar-

get-to-background ratio to be of immediate clinical

utility. However, these studies confirmed the clinical

observations of large-scale clinical trials that the neu-

rohumoral inhibition must begin very early after the

coronary event for maximal long-term efficacy.35 The

studies also clarified the role of angiotensin inhibition in

prevention of matricial growth in the remote myo-

cardium but at the same time accelerating the collagen

maturation (and hence prevention of infarct expansion

and aneurysm formation) in the infarcted zone.14 This

highlights the importance of molecular imaging

experiments.

We have previously also emphasized36–38 molecular

imaging to be the only strategy that allows assessment of

pathology at the subcellular level in a longitudinal
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fashion in a living organism. Molecular imaging also

allows to infer pathogenesis that may otherwise not be

possible by any other interrogation in the living39. And

that is no small feat. Molecular imaging must be cele-

brated for that. We should play the slots wisely, and

continue to gather gains with an eye on the jackpot. As

discussed above, we need to follow the principles of

higher likelihood of winning including defining the right

target and the right approach in the right circumstance.

After all, thallium (Tl-201), fluorodeoxyglucose (F-18

FDG), and fluoride-minus (F-18 NaF) imaging were no

less than (clinical) jackpots!
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