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Abstract

Matrix metalloproteinase-9 (MMP-9) is robustly elevated in the first week post-myocardial 

infarction (MI). Targeted deletion of the MMP-9 gene attenuates cardiac remodeling post-MI by 

reducing macrophage infiltration and collagen accumulation through increased apoptosis and 

reduced inflammation. In this study, we used a translational experimental design to determine 

whether selective MMP-9 inhibition early post-MI would be an effective therapeutic strategy in 

mice. We enrolled male C57BL/6J mice (3–6 months old, n = 116) for this study. Mice were 

subjected to coronary artery ligation. Saline or MMP-9 inhibitor (MMP-9i; 0.03 μg/day) treatment 

was initiated at 3 h post-MI and the mice were sacrificed at day (D) 1 or 7 post-MI. MMP-9i 

reduced MMP-9 activity by 31 ± 1% at D1 post-MI (p < 0.05 vs saline) and did not affect survival 

or infarct area. Surprisingly, MMP-9i treatment increased infarct wall thinning and worsened 

cardiac function at D7 post-MI. While MMP-9i enhanced neutrophil infiltration at D1 and 

macrophage infiltration at D7 post-MI, CD36 levels were lower in MMP-9i compared to saline, 

signifying reduced phagocytic potential per macrophage. Escalation and prolongation of the 

inflammatory response at D7 post-MI in the MMP-9i group was evident by increased expression 

of 18 pro-inflammatory cytokines (all p < 0.05). MMP-9i reduced cleaved caspase 3 levels at D7 
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post-MI, consistent with reduced apoptosis and defective inflammation resolution. Because 

MMP-9i effects on inflammatory cells were significantly different from previously observed 

MMP-9 null mechanisms, we evaluated pre-MI (baseline) systemic differences between C57BL/6J 

and MMP-9 null plasma. By mass spectrometry, 34 plasma proteins were significantly different 

between groups, revealing a previously unappreciated altered baseline environment pre-MI when 

MMP-9 was deleted. In conclusion, early MMP-9 inhibition delayed inflammation resolution and 

exacerbated cardiac dysfunction, highlighting the importance of using translational approaches in 

mice.
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1. Introduction

Myocardial Infarction (MI) caused by coronary artery occlusion results in remodeling of the 

left ventricle (LV) that includes altered LV size, shape, structure, and function [1]. While the 

remodeling process post-MI is not completely understood, an exacerbated inflammatory 

response and excess extracellular matrix (ECM) degradation are associated with increased 

risk of progression to heart failure [2]. Matrix metalloproteinases (MMPs) are zinc 

dependent enzymes that regulate the wound healing cascade initiated after cardiac injury by 

cleaving ECM substrates to remove damaged and necrotic tissue and by cleaving non-ECM 

substrates to regulate protein function [3,4]. To date, 11 MMPs and 4 tissue inhibitors of 

metalloproteinases (TIMPs) have been measured post-MI [3,5]. Of these, MMP-9 has been 

the most extensively evaluated [4,6,7].

MMP-9 (92 kDa type IV collagenase or gelatinase B) is activated early in both permanent 

occlusion and ischemia/reperfusion MI models, and concentrations remain elevated over the 

first week post-MI in mice, rabbits, dogs, pigs, and humans [4,8]. Targeted deletion of the 

MMP-9 gene attenuates LV remodeling and improves survival post-MI [6,9,10]. MMP-9 

deficient mice have reduced cardiac rupture rates, reduced macrophage infiltration rates, and 

increased neovascularization [6,9,10]. We have recently identified a novel mechanism by 

which MMP-9 regulates cardiac remodeling through proteolytic processing of CD36, a 

member of the class B scavenger receptor family [11]. In the absence of MMP-9, intact 

CD36 stimulates neutrophil apoptosis and enhances macrophage phagocytic potential 

promoting an early resolution of inflammation [11].

While MMP-9 gene deletion has proven beneficial post-MI in mice, macrophage-specific 

transgenic overexpression of MMP-9 also improves LV function by attenuating the post-MI 

inflammatory response, suggesting that timing and concentration of MMP-9 may dictate 

divergent mechanisms of response [7]. MMP-9 is secreted by a wide number of post-MI 

relevant cell types, including neutrophils, macrophages, myocytes, and fibroblasts [4]. It is 

possible that neutrophil-derived and macrophage-derived MMP-9, for example, have distinct 

roles.
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First generation MMP inhibitors lacked specificity and selectivity, leading to less effective in 

vivo use and inconclusive results [12]. The Fields laboratory has developed a potent and 

highly selective MMP-9 inhibitor (MMP-9i) [13]. This triple-helical peptide inhibitor has a 

sequence of (Gly-Pro-Hyp)4-Gly-mep-Flp-Gly-Pro-Pro-GlyΨ(PO2H-CH2)Val-Val-Gly-Glu-

Gln-Gly-Glu-Gln-Gly-Pro-Pro-Gly-mep-Flp-(Gly-Pro-Hyp)4-NH2. At 37 °C, this inhibitor 

has greater inhibitor capacity for recombinant active MMP-9 (Ki of 0.98 ± 0.09 nM) 

compared to recombinant active MMP-2 (Ki of 2.24 ± 0.11 nM) [13]. An in vivo dose of 

0.03 μg/kg was selected for MMP-9 inhibition, with dosing for 7 days. The objective of this 

study was to use a translational research approach to explore the therapeutic potential of 

inhibiting MMP-9 during early post-MI LV remodeling.

2. Materials and methods

A detailed description of the materials and methods is available in the Supplemental 

methods.

2.1. Mice

All animal procedures were performed based on the “Guide for the Care and Use of 

Laboratory Animals” (Eighth Edition) and were approved by the Institutional Animal Care 

and Use Committees at the University of Texas Health Science Center at San Antonio and 

the University of Mississippi Medical Center. In this study, 3- to 6-month old C57BL/6J 

male mice were purchased from The Jackson Laboratory and housed within the university 

animal facilities. LV function was evaluated with the Vevo 2100™ system (VisualSonics, 

Toronto, Ontario, Canada). Infusion of the MMP-9i (0.03 μg/day) was initiated at 3 h post-

MI by implantation of osmotic mini-pumps, and inhibition continued through 7 days. Day 

(D) 0 no MI mice were used as negative controls and saline treated MI mice were used as 

positive MI controls [3,13].

2.2. Tissue harvest and infarct area evaluation

The heart was collected as described before [3,13,14]. Infarct area was calculated as the 

percentage of infarct area to total LV area using Adobe Photoshop [15].

2.3. MMP-9 activity assay

MMP-2 and MMP-9 activities were measured in D1 plasma samples from saline or MMP-9i 

treated mice using a selective MMP-2/MMP-9 fluorogenic triple-helical substrate (EMD 

Millipore, CBA 003) [16].

2.4. Protein extraction and immunoblotting

The LV was homogenized and total protein extracted into two fractions: soluble and 

insoluble. Protein levels were quantified by Bradford assay (BioRad, Hercules, CA). Total 

protein from the soluble and insoluble fractions was immunoblotted onto nitrocellulose 

membranes (Bio-Rad). Protein intensities were quantified by densitometry using the IQ-TL 

image analysis software (GE Healthcare, Waukesha, WI).
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2.5. Gelatin zymography

Samples (25 μg soluble fraction total protein) were loaded onto nondenaturing 10% 

polyacrylamide gels containing 0.1% gelatin, electrophoresed, renatured, and developed as 

described previously [17]. Gel images were acquired and inverted, and densitometry was 

measured using the IQ-TL image analysis software (GE Healthcare, Waukesha, WI) to 

quantify activity.

2.6. Real time RT2-PCR

Gene array for inflammatory cytokines and receptors (Qiagen, PAMM-011A, Qiagen, 

Valencia, CA, USA) and for ECM and adhesion molecules (PAMM-013A) were performed 

to quantify gene expression.

2.7. Immunohistochemistry

The middle section of the LV was paraffin-embedded and sectioned at 5 μm for 

quantification of neutrophils or macrophages by immunohistochemistry and collagen by 

picrosirius red staining, as described previously [11,13,14,18,19]. Images were captured at 

40× magnification with Image-Pro software (Media Cybernetics, Bethesda, MD, USA) and 

quantification was calculated as the percentage of positively stained area to total section 

area.

2.7.1. Plasma proteomics—The samples were digested with trypsin, and N-linked 

glycopeptides were isolated using the solid phase extraction of glycopeptides (SPEG) 

method as previously reported [20,21]. The purpose of using the SPEG approach was to 

eliminate albumin and other highly prevalent nonglycosylated proteins commonly found in 

plasma. Peptides were analyzed by LC-MS/MS using a Q Exactive mass spectrometer 

(Thermo Fisher, Waltham, MA, USA). MS/MS spectra were searched with SEQUEST using 

Proteome Discoverer. Identified proteins were included in the analysis if the peptide 

contained an NXT/S motif and the protein had a membrane or extracellular localization 

consensus sequence [11, 22]. The volcano plot was constructed with Metaboanalyst 3.0 

software (www.metaboanalyst.ca/) using peak intensity values [23–26].

2.8. Statistical analyses

Data are presented as mean ± SEM. Survival rates were analyzed by Kaplan-Meier survival 

analysis and compared by log-rank test. Rupture rates were analyzed by Fisher's exact test. 

Two group comparisons were analyzed by Student's t-test. Multiple group comparisons were 

analyzed using one-way ANOVA, two-way ANOVA, or nonparametric Kruskal-Wallis test 

with appropriate post-test.

3. Results

3.1. MMP-9i reduced MMP-9 activity early post-MI without affecting MMP-2 or MMP-9 
expression

Since MMP-9 levels increase early post-MI, we initiated MMP-9i treatment at 3 h post-MI, 

a time that would be clinically relevant. At D1 post-MI, plasma from the MMP-9i group 
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showed 31 ± 1% reduction in MMP-9 recruitable activity (Fig. 1A). In the saline group, 

MMP-9 gene levels were elevated at D1 post-MI and returned to baseline by D7, and this 

pattern was not affected by MMP-9i (Fig. 1B). No significant differences were observed in 

MMP-9 gene expression among MMP-9i and saline groups at D1 and D7 post-MI. This 

result indicates that MMP-9i did not affect gene levels, which was expected since the 

inhibitor is a transition state analog inhibitor that binds to active MMP to block catalysis 

[27].

As MMP-9i can also inhibit MMP-2 at higher doses, we measured MMP-2 gene expression 

and protein production [27]. MMP-2 gene and protein (Fig. 2A) levels significantly 

increased in both saline and MMP-9i groups compared to D0 in the infarcted LV (LVI) at D7 

post-MI (all p < 0.05), demonstrating that MMP-9i did not affect MMP-2 concentrations. To 

determine if the dose of MMP-9i used was also inhibiting MMP-2 activity, we measured the 

formation of cleavage products of two MMP-2 and MMP-9 substrates (collagen I and 

fibronectin) by in vivo substrate hydrolysis assessment. Both MMP-2 and MMP-9 

proteolytically process collagen I to generate a 30 kDa fragment, which is then further 

cleaved by MMP-9 but not by MMP-2 [8]. By immunoblotting, the fragment pattern 

observed (increased intensity of the 30 kDa fragment in MMP-9i group compared to saline 

group) was indicative of inhibition of MMP-9 activity only (Fig. 2B). Both MMP-2 and 

MMP-9 cleave fibronectin. MMP-2 generates fragments with molecular weights of 180 kDa, 

160 kDa, 90 kDa, and 65 kDa [28]. MMP-9 generates fragments with molecular weights of 

166 kDa, 120 kDa, and 70 kDa [29]. We observed increased levels of full length fibronectin 

in both LVI groups and increased levels of the 180 kDa fragment in the MMP-9i group 

compared to saline group, indicating MMP-2 activity was preserved in the MMP-9i group 

while MMP-9 was inhibited (Fig. 2C). Because fibronectin is readily soluble and found in 

high concentrations in the circulation, observing full length fibronectin in the soluble 

fraction and increased amounts of fibronectin fragments in the insoluble fraction may 

indicate that the fragments are locally produced and sequestered in the ECM. In addition, 

gelatin zymography demonstrated that while both LVI groups showed increased pro and 

active MMP-9 activity compared to day 0, there were no significant differences in MMP-9 

activity between the MMP-9i and saline infarct groups, confirming that administration of the 

MMP-9 inhibitor did not produce a compensatory increase in MMP-9 protein and that 

reduced MMP-9 activity was due to binding of the inhibitor to the protease (Fig. 3). 

Combined, these results demonstrated that the dose of MMP-9i given was sufficient to 

inhibit MMP-9 and not MMP-2.

3.2. MMP-9 inhibition does not affect survival rate, cardiac rupture rate, or infarct area

A total of 12 out of 36 saline treated mice survived 7 days after MI (33%), and 12 out of 44 

MMP-9i treated mice survived 7 days after MI (27%; p = 0.56; Fig. 4A). This result is in 

contrast to MMP-9 deletion, which improves survival rate post-MI [9]. Cardiac rupture 

occurred between 3 and 7 days post-MI, consistent with previous reports, and was similar 

among the groups (Fig. 4B; p = 0.87) [30,31]. Infarct areas were similar between saline and 

MMP-9i in both D1 and D7 MI groups (Fig. 4C, p = 0.50), an expected result since the 

inhibitor was started at 3 h post-MI, a time beyond significant myocardial salvage. This 

demonstrates that both groups of mice were given similar ischemic injuries. Of note, the 
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infarct areas for the MI groups was approximately 55%, which may explain the observed 

survival rates [14,32,33].

3.3. MMP-9 inhibition increased infarct wall thinning and exacerbated LV dysfunction at D7 
post-MI

Post-MI infarct wall thinning was increased and ejection fraction was reduced in both saline 

and MMP-9i groups, and these effects were greater with MMP-9i (p < 0.05, Table 1). This 

suggests that MMP-9 functions early post-MI include a blend of detrimental and 

cardioprotective roles. Worsened LV function with MMP-9i is in contrast to MMP-9 null 

mice studies, where global gene deletion attenuated LV enlargement [34].

3.4. MMP-9 inhibition regulated ECM remodeling at D7 post-MI

Since significant differences in LV function were observed, we evaluated ECM gene and 

protein levels. A total of 84 ECM genes were analyzed in the infarcts at D1 and D7 post-MI 

and compared to D0 LV. There were 65 genes at D1 and 60 genes at D7 statistically different 

between treatment groups (all p < 0.05, Table 2, Supplemental Table S2, Supplemental Fig. 

1).

Collagens, including Col1a1, Col2a1, Col3a1, Col4a1, Col4a2, and Col5a1, were increased 

in both saline LVI and MMP-9i LVI at D7 post-MI compared to D0 controls. Of the 6 

collagen genes that were significantly different in both groups, Col 3a1, 4a1, 4a2, and 5a1 
were significantly upregulated in MMP-9i LVI compared to saline LVI at D7 post-MI, 

indicating that MMP-9 inhibition may alter scar formation properties (Table 2). Since gene 

levels were significantly elevated in the MMP-9i group, we evaluated collagen deposition. 

By picrosirius red staining, collagen deposition was 21% decreased in the MMP-9i LVI at 

D7 post-MI, compared to saline MI (p < 0.05, Fig. 5A). The reduced collagen deposition in 

the MMP-9i group in the presence of increased gene expression signifies a feedback loop 

between collagen protein and gene expression, impaired collagen crosslinking, or increased 

collagen degradation by other MMPs. This data is consistent with findings in the MMP-9 

null mice, where reduced collagen deposition was observed with MMP-9 deletion at D7 

post-MI compared to wild type infarcts [34].

MMP deletion results in the elevation of other MMPs as a compensatory mechanism [34]. 

Of the 12 MMPs and 3 TIMPs measured to evaluate possible compensatory mechanisms 

with MMP-9 inhibition, Mmp1a, Mmp7, Mmp12, Mmp14, and Timp1 gene expression was 

blunted in the MMP-9i group at D1 post-MI. At D7 post-MI, Mmp8, Mmp12, and Mmp14 
levels increased in the MMP-9i group, indicative of increased ECM degradation and 

consistent with reduced collagen deposition and increased wall thinning observed at D7 

post-MI [3,35,36].

3.5. MMP-9 inhibition increased inflammatory cytokine expression at D7 post-MI

Since progression and resolution of the inflammatory response influences overall LV 

remodeling and function, we measured 84 inflammatory genes to monitor the post-MI 

inflammatory response at D1 and D7. At D1 post-MI, 16 genes increased and 11 genes 
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decreased in response to MI (compared to D0), indicating responses that were independent 

of MMP-9i (all p < 0.05, Table 3, Supplemental Table S3, Supplemental Fig. 2).

MMP-9i blunted the expression of Ccl4, Ccl25, Ccr8, Cxcl10, Il1f6, Lta, Il-10 and Tgfβ1, 

and exacerbated the levels of Il16, compared to the saline D1 group. A total of 4 genes 

(Cxcl11, Il3, Tnfrsf1a, and Xcr1) showed no change in the saline MI group and significantly 

changed in the presence of MMP-9i (all p < 0.05). Of note, Cxcl10, Cxcl11, Il3, and Tgfβ1 
are known to be expressed by neutrophils. The inflammatory gene profiles observed at D1 

post-MI suggested that neutrophil numbers may be elevated in the infarcts of the MMP-9i 

group [37].

At D7 post-MI, 4 genes increased (Cx3cl1, Cxcr3, Il1r1, and Il10ra) and 7 genes decreased 

(Ccl11, Ccl24, Ccr9, Il10rb, Il15, Scye1, Tollip) in response to MI in both saline and 

MMP-9i MI groups (all p < 0.05). Expression of 3 genes (Casp1, Il16, Lta) was blunted and 

expression of 3 genes (Abcf1, Il6ra, Il18) was intensified by MMP-9i compared to the saline 

group. A total of 21 genes showed no change with MI in the saline group and significantly 

increased in the presence of MMP-9i, of which 18 were pro-inflammatory (including Itgam, 

Itgb2, and Spp1, all p < 0.05). The inflammatory gene profiles observed at D7 post-MI were 

consistent with a prolonged inflammatory response in the infarct region and indicated 

delayed resolution of inflammation with MMP-9 inhibition. Overall, our results suggest that 

inhibition of MMP-9 early post-MI exacerbated inflammation at both D1 and D7 post-MI, 

which is in contrast to MMP-9 null mice studies where MMP-9 gene deletion decreased the 

inflammatory response. Of note, Ccl9, Itgam, Itgb2, Pf4, and Spp1 are known to be 

expressed by macrophages [38–40]. The increase in macrophage produced cytokines 

indicated a change in the macrophage population or phenotype at D7 in the MMP-9i group.

3.6. MMP-9 inhibition increased neutrophil infiltration at D1 post-MI

Since MMP-9i induced overexpression of inflammatory genes post-MI and MMP-8, −12 
and −14 are associated with leukocyte function, we evaluated neutrophil numbers at D1 and 

D7 post-MI. By immunohistochemistry, there was a 33% increase in neutrophil numbers in 

the MMP-9i group at D1 post-MI compared to saline (Fig. 5B). Increased neutrophil 

infiltration is associated with worsened cardiac function [41].

3.7. MMP-9 inhibition increased macrophage infiltration at D7 post-MI

We further investigated MMP-9i effects on macrophage recruitment and function. We 

quantified macrophage numbers in the LVI, and MMP-9i treatment resulted in 50% higher 

macrophage numbers at D7 post-MI, compared to the saline MI control (Fig. 6A). Levels of 

the leukocyte extravasation facilitator CD18 (Itgb2, β2 integrin) were elevated at d7 post-MI 

in the MMP-9i LVI compared to saline MI, at both the gene (161%) and protein (66%) 

levels (Table 2 and Fig. 6B), which explained the enhanced leukocyte infiltration. These 

results give evidence of prolonged inflammation and are in contrast to global MMP-9 

deletion that resulted in decreased macrophage infiltration at D5 post-MI in mice [6].

CD36 is a phagocytic marker in macrophages and an MMP-9 substrate [11]. CD36 was 

significantly reduced in the saline group at D7 post-MI and was reduced 37% further in the 

MMP-9i group, indicating reduced phagocytic potential of individual macrophages (Fig. 
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6C). This is in contrast to MMP-9 null mice where CD36 levels were higher post-MI 

compared to wild type [11].

3.8. MMP-9 inhibition reduced apoptosis at D7 post-MI

Elevated leukocyte numbers and prolonged inflammatory response in the MMP-9i group at 

D7 post-MI raise the possibility of reduced clearance of apoptotic cells. We measured levels 

of the apoptosis marker caspase 3 in the LVI and found that it was elevated by 58% in the 

MMP-9i group compared to saline MI (Fig. 7A). The accumulation of full length caspase 3 

was likely due to reduced caspase 3 cleavage, as confirmed by immunohistochemistry (Fig. 

7B). TUNEL assay further confirmed that MMP-9i reduced apoptosis by 63% (Fig. 7C). The 

combined results are consistent with a reduced apoptosis rate at D7. Increased leukocyte 

accumulation in the infarct would delay inflammation resolution to worsen cardiac function 

in the MMP-9i group. These results were in contrast to MMP-9 gene deletion studies where 

apoptosis rates increased at D7 post-MI leading to a blunted inflammatory response [11].

3.9. MMP-9 deletion alters the baseline environment

Since we observed dramatic differences between our MMP-9 inhibitor results and previous 

studies using MMP-9 null mice, including differences in leukocyte infiltration that suggested 

systemic differences, we compared the baseline (D0 no MI) plasma proteomes of MMP-9 

null and WT mice. A total of 359 unique N-linked glycopeptides that had both an NXT/S 

motif and membrane or extracellular protein localization were quantified by mass 

spectrometry (Supplemental Table S1). A total of 34 glycoproteins showed significant 

changes in MMP-9 null plasma compared to WT plasma (all p < 0.05). Of these, 21 

glycoproteins were at least two-fold changed (up or down). Notably, the top 3 significant 

ECM proteins depicted by volcano plot were Ecm1, periostin, and fibronectin, all 3 of which 

are known MMP-9 substrates (Fig. 8) [29,42,43]. For fibronectin, all five peptides identified 

showed null to WT ratios of <1.0, indicating reduced expression in the absence of MMP-9. 

The mean ratio of the five peptides was 0.53 ± 0.10 (one sample t-test p value of 0.01). We 

have previously used PNGase F treatment to confirm in vivo post-MI glycosylation for 

several of the proteins identified, including fibronectin, γ-sarcoglycan, and periostin [11]. 

MMP-9 total gene deletion, therefore, altered the baseline environment even before MI 

occurs, which could explain the downstream mechanistic differences observed between early 

MMP-9 inhibition and global MMP-9 deletion studies. While previous studies have 

suggested that the absence of MMP-9 has little effect in the absence of MI, this experiment 

revealed that MMP-9 null mice have under-appreciated proteome changes that may alter the 

MI response.

4. Discussion

The goal of this study was to evaluate the therapeutic applicability of using a selective 

MMP-9 inhibitor following MI. Our findings show that while early MMP-9 inhibition had 

no effect on infarct size or survival, MMP-9i enhanced infarct wall thinning and worsened 

cardiac dysfunction at D7 post-MI. MMP-9i treatment increased expression of Mmp8, 

Mmp12, and Mmp14, and decreased collagen deposition at D7 post-MI, indicating 

decreased efficiency of scar formation and enhanced matrix degradation. MMP-9i treatment 
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increased neutrophil numbers at D1 post-MI and macrophage infiltration at D7 post-MI, 

revealing strong MMP-9 effects on leukocyte functions. Combined, our results reveal that 

using a selective translational approach to inhibit MMP-9 results in effects that diverge 

greatly from those seen with global MMP-9 deletion.

A comparison of results from MMP-9 null and MMP-9i MI studies is shown in Table 4. 

Similar to MMP-9i phenotype, MMP-9 null mice display reduced collagen deposition post-

MI, albeit through different mechanisms [44]. In contrast to the findings of the current study, 

MMP-9 null mice have reduced rupture, improved survival, and improved LV remodeling 

post-MI [11,34]. The MMP-9i MI phenotype also includes increased and prolonged 

inflammatory response and reduced apoptosis rates [11,34]. We observed reduced levels of 

the macrophage marker CD36 with MMP-9 inhibition. Reduced CD36 indicates reduced 

phagocytosis and potentially explains the elevated number of macrophages to compensate 

for an individual cell reduction in phagocytic potential [45]. In addition, CD36 regulates 

apoptosis and, consistent with this, MMP-9i reduced leukocyte apoptosis at D7 post-MI 

[46]. The net results of MMP-9 inhibition, therefore, were prolonged inflammation.

There are several reasons that may explain the differences in MMP-9 deletion versus 

inhibition phenotypes. First, MMP-9 deletion removes the entire MMP-9 component, while 

MMP-9i reduced MMP-9 activity by 30%. Thus, partial blockade may result in a different 

phenotype. Evidence for this being a relevant mechanism is seen with fibronectin cleavage. 

MMP-9 deletion dramatically prevents fibronectin cleavage, resulting in downregulation of 

synthesis to result in reduced full length protein concentrations. MMP-9i, in contrast, 

partially prevented fibronectin cleavage, resulting in a negative feedback loop that instigated 

new fibronectin synthesis, resulting in increased fibronectin gene expression (Table 2). 

Second, global MMP-9 deletion induced before gestation yields a background environment 

in the LV that has not been previously appreciated. This is corroborated by the plasma 

proteomic analysis, which showed Ecm1, periostin, and fibronectin (all key MMP-9 

substrates) are differentially expressed in an already altered baseline environment. In 

addition to changing ECM substrate profiles, MMP-9 deletion also changes the MMP and 

TIMP landscape. MMP-9 null mice showed increased expression of MMP-2, MMP-13, and 

TIMP-1 in the LV infarct region at day 15 and pre-MI animals show increased levels of 

MMP-3 and MMP-13 at baseline [34]. While these differences do not result in a 

physiological difference in the D0 LV, it does likely change the response to MI sufficiently 

to alter the process of LV remodeling. Third, pharmacological interventions may affect 

alternative targets resulting in pleiotropic effects. Fourth, differences in drug penetration 

may yield local drug gradients, which may lead to regional differences in the extent of 

MMP-9 inhibition, particularly in the first day post-MI when infarct perfusion is low. 

Overall, whether gene deletion needs to be global and from the time of development to have 

such effects, or whether transient or conditional gene deletion strategies may also impair the 

baseline pre-MI LV should be evaluated in future experiments. In addition, extensive testing 

of a broad range in vivo dose response of the MMP-9 inhibitor may yield further insights.

In conclusion, we have shown that early pharmacological MMP-9 inhibition yields a much 

different post-MI response than seen with global MMP-9 deletion. The implications of the 

present study are that pharmacological MMP-9 inhibitors that block partial activity after the 
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onset of MI do not recapitulate gene deletion models. While both models provide 

mechanistic insight, the findings of the pharmacological inhibition strategy may provide 

more translational relevance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
MMP-9 inhibitor (MMP-9i) treatment reduced MMP-9 activity early post-MI without 

affecting MMP-9 gene expression. (A) MMP-9 activity was reduced by 31 ± 1% in the 

inhibitor treated group, compared to saline MI. n = 10/group. (B) RT2-PCR analysis showed 

increased MMP-9 expression levels in both saline and MMP-9i LV infarct (LVI) compared 

to D0. n = 6/group. *p < 0.05 vs D0, #p < 0.05 vs saline.

Iyer et al. Page 14

J Mol Cell Cardiol. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
MMP-9i inhibited MMP-9 but not MMP-2. (A) MMP-2 gene expression at D7 post-MI was 

evaluated by RT2-PCR. MMP-2 gene levels were not significantly different between 

MMP-9i and saline treated LV infarct (LVI) groups. MMP-2 protein increased in the 

insoluble fraction of both saline and MMP-9i LVI compared to D0. (B) The production of 

the 30 kDa collagen I cleavage fragment, which is generated by both MMP-2 and MMP-9 

but only degraded by MMP-9, was higher in the soluble fraction of the MMP-9i LVI 

compared to saline LVI. (C) Full-length fibronectin was higher in the soluble fraction (left) 

of both LVI groups, compared to the D0 control. The 180 kDa fibronectin cleavage fragment 

(arrow) was higher in the insoluble fraction (right) of the MMP-9i LVI compared with the 

saline treated LVI. Recombinant fibronectin was used as the positive control (labeled as +). n 

= 6/group. *p < 0.05 vs D0, #p < 0.05 vs saline.
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Fig. 3. 
By gelatin zymography, MMP-9 recruitable activity increased post-MI in both saline and 

MMP-9i treated groups. (A) Representative gelatin zymogram (inverted image) showing pro 

and active MMP-9 in the D7 post-MI LV infarct. No significant difference in MMP-9 

activity was observed between MMP-9i and saline MI groups. n = 6/group. *p < 0.05 vs D0.
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Fig. 4. 
MMP-9 inhibition does not affect survival, cardiac rupture, or infarct area. (A) Survival was 

similar between saline and MMP-9i treated mice. (B) Cardiac rupture rates were similar 

between saline and MMP-9i treated mice. In the saline group, 19 out of 24 non-surviving 

mice had ruptured hearts; whereas in the MMP-9i group, 24 out of 32 non-surviving mice 

had ruptured hearts. (C) Infarct areas were similar between saline and MMP- 9i treated mice 

at D1 and D7 post-MI. n = 12/group.
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Fig. 5. 
MMP-9 inhibition reduced collagen deposition at D7 post-MI and increased neutrophil 

infiltration at D1 post-MI. (A) Collagen deposition in the infarct area was decreased in the 

MMP-9i group at D7 post-MI compared to saline mice. (B) Neutrophil infiltration into LVI 

was increased in MMP-9i group at D1 post-MI compared to saline mice. Arrows depict 

positive staining. Scale bar is 200 μm. n = 12/group. #p < 0.05 vs saline.
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Fig. 6. 
MMP-9 inhibition increased macrophage extravasation, prolonged inflammation, and 

reduced phagocytic potential at D7 post-MI. (A) Macrophage numbers in the D7 LVI 

increased with MMP-9 inhibition, suggestive of prolonged inflammation. Arrows depict 

positive staining. Scale bar is 200 μm. n = 12/group. (B) CD18 was upregulated in the 

insoluble LVI fraction of the MMP-9i group compared to saline at D7 post-MI, indicating 

increased macrophage extravasation. n = 6/group. (C) CD36 was downregulated in the 

soluble fraction of the MMP-9i LVI compared to saline at D7 post-MI, giving evidence of 

reduced phagocytosis. Peritoneal macrophages were used as a positive control (labeled as +). 

n = 6/group. *p < 0.05 vs D0 and #p < 0.05 vs saline.
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Fig. 7. 
MMP-9 inhibition reduced apoptosis at D7 post-MI. (A) MMP-9i increased protein 

expression of full length caspase 3, an apoptosis marker, in the soluble fraction of the LVI. n 

= 6/group. (B) Cleaved caspase 3 expression was reduced in the MMP-9i LVI at D7 post-MI 

compared to saline LVI. Arrows depict positive staining. Scale bar is 200 μm. n = 12/group. 

(C) MMP-9i reduced TUNEL-positive staining at D7 post-MI. Arrows depict positive 

staining. Scale bar is 20 μm. n = 12/group. Overall, these data suggest compromised 

clearance of inflammatory cells. *p < 0.05 vs D0 and #p < 0.05 vs saline.
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Fig. 8. 
MMP-9 global deletion changes the baseline ECM profile in mice. Extracellular matrix 

protein 1 (ECM1), fibronectin, and periostin were key ECM protein differences identified 

between wild type and MMP-9 null plasma at baseline. Important feature analysis visualized 

with a volcano plot showed the ECM1 and fibronectin were lower and periostin was higher 

in MMP-9 null plasma from day 0 (no MI) mice. The y threshold was set at 1.3 fold change 

(red line intersecting the y-axis). The x threshold was set at −0.5 and +0.5 (black line 

intersecting the x-axis). The pink circles represent features outside the threshold points. Both 

fold change and p value are log transformed. Proteins in red (Ecm1 and fibronectin) were 

significantly decreased in MMP-9 null compared to wild type mice (p < 0.05). Proteins in 

black (periostin and sulfhydryl oxidase 1a) were significantly increased in MMP-9 null 

compared to wild type mice (p < 0.05). n = 10/group.
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Table 1

MMP-9 inhibition worsens function of the post-myocardial infarction (MI) left ventricle (LV).

Day 0 Day 7 MI
saline

Day 7 MI
MMP-9i

Body weight; g 30 ± 1 28 ± 1 28 ± 1

LV mass/body weight; mg/g 3.2 ± 0.1 4.4 ± 0.3* 4.0 ± 0.1*

Wet lung weight/body weight; mg/g 5.0 ± 0.5 10.0 ± 1.0* 8.0 ± 1.0*

Infarct wall thickness (systolic; mm) 1.06 ± 0.03 0.55 ± 0.03* 0.45 ± 0.03*#

LV remodeling index 0.44 ± 0.04 1.41 ± 0.07* 1.33 ± 0.12*

End diastolic volume; μl 45 ± 1 168 ± 7* 149 ± 14*

End systolic volume; μl 14 ± 1 148 ± 7* 141 ± 13*

Ejection fraction; % 69 ± 1 12 ± 1* 5 ± 1*#

Values are presented as mean ± SEM, n = 12/group.

*
p < 0.05 vs D0, and

#
p < 0.05 vs saline treatedmice. Remodeling Index = end diastolic volume / LV mass. LV - left ventricle; MI - myocardial infarction.
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Table 2

ECM and adhesion gene expression changes between infarcted LV (saline or MMP-9i groups) and no MI (D0 

LV controls) as well as between MMP-9i treated and vehicle control LV infarct (MMP-9i vs saline). The 

increase, decrease, and no change were based on quantitative measurements that were statistically different 

based on RT2-PCR analysis for n = 6 LV/group (see Supplemental Table 2 for quantitative data on all 84 

genes). Qualitative directions of change for each group are shown here. Out of 84 genes measured, the 65 

genes at D1 and 60 genes at D7 shown below were significantly different among groups (all p < 0.05).

Saline
vs Day 0

MMP–9i
vs Day 0

MMP–9i
vs Saline Interpretation

Day 1 post–MI

Adamts2, Col2a1, Ctgf, Itgam, Itgb3, Mmp3,
Mmp8, Mmp9, Mmp10, Sele, Sell, Selp, Spp1,
Thbs1, Tnc, Vcan

↑ ↑ ↑ with MI

Ctnna2, Cdh1, Cdh3, Hapln1, Hc, Icam1, Itga3,
Itga5, Itgae, Itgb1, Lama1, Mmp1a, Mmp7, Mmp1.
Mmp14, Ncam2, Spock1, Syt1, Timp1

↑
MI effect
blunted by
MMP–9i

Itgav ↑ ↑
MI effect
exacerbated
by MMP–9i

Adamts1, Cd44 ↑ MMP–9i effect

Adamts5, Ctnna1, Ctnnb1, Cdh4, Col4a3, Fbln1,
Itgax, Lama2, Lama3, Lamb2, Lamb3, Lamc1,
Mmp2, Mmp11, Mmp15, Sgce, Sparc, Thbs2,
Thbs3, Timp2, Vtn

↓ ↓ ↓ with MI

Cdh2, Col3a1, Vcam1 ↓
MI effect
blunted by
MMP–9i

Col6a1 ↓ ↓ ↓
MI effect
exacerbated
by MMP–9i

Col5a1, Itga4 ↓ MMP–9i effect

Day 7 post–MI

Col1a1, Col2a1, Hapln1, Itgae, Itgav, Ncam1,
Postn, Timp1, Timp2, Timp3, Thbs1, Thbs2, Thbs3 ↑ ↑ ↑ with MI

Ctnna2 ↑ MI effect
blunted by MMP–9i

Adamts2, Cd44, Cdh1, Cdh3, Col4a2, Ctgf, Ecm1,
Emilin1, Fn1, Hc, Itga2, Itga4, Itgam, Itgb2, Itgb3,
Lama1, Mmp8, Mmp12, Mmp14, Sell, Selp, Sparc,
Spp1, Tgfbi, Tnc, Vcam1, Vcan

↑ MMP–9i effect

Adamts1, Col3a1, Col4a1, Col5a1, Icam1, Itga5,
Itgb1 ↑ ↑ MMP–9i effect

Cdh4, Itgax, Lamb3, Mmp15, Vtn ↓ ↓ ↓ with MI

Ctnnb1, Itga3, Lamb2, Pecam1, Sele ↓ MI effect
blunted by MMP–9i

Ctnna1, Cdh2 ↓ ↓ ↓
MI effect
exacerbated
by MMP–9i

Arrows depict direction of change. D - day. MI - Myocardial infarction. The bold black line separates the genes with increased expression fromthe 
genes that showed decreased expression at D1 and D7 post-MI. Gene names are provided in the Supplemental methods.
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Table 3

Inflammatory gene expression changes between infarcted (saline orMMP-9i groups) and no MI (D0 controls), 

as well as between MMP-9 inhibitor treated and vehicle control groups (MMP-9i vs saline). The increase, 

decrease, and no change were based on quantitative measurements that were statistically different based on 

RT2-PCR analysis for n = 6 LV infarct/group (see Supplemental Table 3 for quantitative data on all 84 genes). 

Qualitative directions of change for each group are shown here. Out of 84 genes measured, only these 40 

genes at D1 and 38 genes at D7 were significantly different among groups (all p < 0.05).

Saline vs
Day 0

MMP–9i
vs Day 0

MMP–9i
vs Saline Interpretation

Day 1 post–MI

(a): Cxcl5, Il11
(p): Ccl2, Ccl3, Ccl7, Ccl9, Ccr1, Cxcl1, Il1b,
Il1r1, Il1r2, Il2rg, Il6st, Il8rb, Itgam, Spp1

↑ ↑ ↑ with MI

(a): Il10
(p): Ccl4, Ccr8, Il1f6, Lta ↑

MI effect
blunted by
MMP–9i

(a): Il3
(p): Xcr1 ↑ MMP–9i effect

(a): Bcl6, Il10rb
(p): Abcf1, C3, Ccl11, Cxcl9, Ccr10, Il15, Mif,
Scye1, Tollip

↓ ↓ ↓ with MI

(p): Ccl25 ↓
MI effect
blunted by
MMP–9i

(a): Tgfb1
(p): Cxcl10 ↑ ↓

MI effect
blunted by
MMP–9i

(p): Il16 ↓ ↓ ↓
MI effect
exacerbated
by MMP–9i

(p): Cxcl11, Tnfrsf1a ↓ MMP–9i effect

Day 7 post–MI

(a): Il10ra, Ccl17
(p): Il1r1, Cx3cl1, Cxcr3 ↑ ↑ ↑ with MI

(p): Casp1, Lta ↑
MI effect
blunted by
MMP–9i

(p): Il18, Il6ra ↑ ↑ ↑
MI effect
exacerbated
by MMP–9i

(a): Il11
(p): Ccl4, Ltb, Ccl8, Ccr5, Itgam, Itgb2, Spp1,
Pf4

↑ MMP–9i effect

(a): Ccl6
(p): Ccl2 ↑ MMP–9i effect

(a): Cxcl5
(p): Cxcr5, Ccl12,Ccl7, Ccl9, Ccr1, Ccr2, Ccr3,
Tnfrsf1b

↑ ↑ MMP–9i effect

(a): Il10rb, Tollip
(p): Ccl11, Ccl24, Il15, Ccr9, Scye1 ↓ ↓ ↓ with MI
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Saline vs
Day 0

MMP–9i
vs Day 0

MMP–9i
vs Saline Interpretation

(p): Il16 ↓ ↑
MI effect
blunted by
MMP–9i

(p): Abcf1 ↓ ↓ ↓
MI effect
exacerbated
by MMP–9i

Arrows depict direction of change. (a) - anti-inflammatory; D - day; MI-myocardial infarction; (p) - pro-inflammatory. The bold black line 
separates the genes with increased expression from the genes that showed decreased expression at D1 and D7 post-MI. Gene names are provided in 
the Supplemental methods.
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Table 4

Comparative analysis of events pre- and post-MI between MMP-9 null and wild type MMP-9i treated group 

[6–9,11,18,29,34,43].

MMP-9 null MMP-9 inhibitor

Infarct area ↔ ↔

Survival rate ↑ ↔

LV remodeling Improved Worsened

Rupture rate ↓ ↔

Collagen deposition ↓ ↓

Inflammatory gene expression ↓ ↑

Neutrophils at D1 post-MI ↔ ↑

Neutrophils at D7 post-MI ↓ ↔

Macrophage infiltration ↓ ↑

CD36 levels ↑ ↓

Cell apoptosis ↑ ↓

Post-MI MMP levels ↑ MMP-2, -13, TIMP-1 ↑ MMP-8, -12, -14

Pre-MI MMP levels ↑ MMP-3, -13 ↔
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