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1Department of Mechanical Engineering, The University of Texas at San Antonio

2Joint Biomedical Engineering Program, UTSA-UTHSCSA
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4Mississippi Center for Heart Research, Department of Physiology and Biophysics, University of 
Mississippi Medical Center

5Division of Cardiovascular Disease, Department of Medicine, The University of Alabama at 
Birmingham

6Research Service, G.V. (Sonny) Montgomery Veterans Affairs Medical Center

Abstract

Matrix metalloproteinase-9 (MMP-9) deletion attenuates collagen accumulation and dilation of the 

left ventricle (LV) post-myocardial infarction (MI); however the biomechanical mechanisms 

underlying the improved outcome are poorly understood.

The aim of this study was to determine the mechanisms whereby MMP-9 deletion alters collagen 

network composition and assembly in the LV post-MI to modulate the mechanical properties of 

myocardial scar tissue. Adult C57BL/6J wild-type (WT; n=88) and MMP-9 null (MMP-9−/−; 

n=92) mice of both sexes underwent permanent coronary artery ligation and were compared to day 

0 controls (n=42). At day 7 post-MI, WT LVs displayed a 3-fold increase in end-diastolic volume, 

while MMP-9−/− showed only a 2-fold increase (p<0.05). Biaxial mechanical testing revealed that 

MMP-9−/− infarcts were stiffer than WT infarcts, as indicated by a 1.3-fold reduction in predicted 

in vivo circumferential stretch (p<0.05). Paradoxically, MMP-9−/− infarcts had a 1.8-fold reduction 

in collagen deposition (p<0.05). This apparent contradiction was explained by a 3.1-fold increase 
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in lysyl oxidase (p<0.05) in MMP-9−/− infarcts, indicating that MMP-9 deletion increased 

collagen cross-linking activity. Furthermore, MMP-9 deletion led to a 3.0-fold increase in bone 

morphogenetic protein-1, the metalloproteinase that cleaves pro-collagen and pro-lysyl oxidase 

(p<0.05) and reduced fibronectin fragmentation by 49% (p<0.05) to enhance lysyl oxidase 

activity. We conclude that MMP-9 deletion increases infarct stiffness and prevents LV dilation by 

reducing collagen degradation and facilitating collagen assembly and cross-linking through 

preservation of the fibronectin network and activation of lysyl oxidase.

Keywords

Cardiac mechanics; collagen crosslinking; matrix metalloproteinase-9; lysyl oxidase; infarct 
stiffness; proteomics

1. Introduction

Myocardial infarction (MI) is a leading cause of death in the United States [1]. Post-MI, the 

left ventricle (LV) undergoes a dynamic cascade of remodeling events that result in 

increased LV size, decreased wall thickness, and reduced cardiac function [2]. LV dilation 

post-MI is the result of myocyte destruction and excessive degradation of the myocardial 

extracellular matrix (ECM) without adequate synthesis of new ECM components [3]. ECM 

remodeling is a key determinant of patient outcomes, as new ECM deposition in the infarct 

zone reduces infarct dilation and decreases the chance of cardiac rupture, while excessive 

ECM depositiProteinaseon can lead to stiffer scar tissue that hinders diastolic filling [4–6].

Myocardial scar tissue is mechanically a non-linear anisotropic material [3, 7]. While the 

properties of the normal myocardium are dominated by the structure and orientation of the 

myocytes, the properties of the infarct region are primarily governed by the network of 

newly deposited collagen fibers [3, 8]. Biaxial mechanical testing is the gold standard for 

testing planar anisotropic materials, making this method ideal for studying how variations in 

the properties of the collagen network alter scar mechanics in a mouse MI model [7, 9, 10]. 

Biomechanical analysis of infarct tissue, therefore, provides a critical understanding of the 

complex interactions between ECM structure, LV function, and patient outcome.

In order to vary the properties of the collagen network we utilized matrix metalloproteinase 

(MMP)-9 null (MMP-9−/−) mice, a model that has been well studied [11, 12]. MMPs are a 

class of proteins responsible for proteolysis of ECM proteins, and MMP-9, amongst its 

myriad targets, degrades both collagen and fibronectin [13, 14]. Fragments of these proteins 

trigger inflammation and increase deposition of new ECM proteins including collagen I and 

III [15–17]. MMP-9 deletion has been shown to prevent LV dilation, lower collagen 

deposition, and increase angiogenesis in mice post-MI [12, 18]. Despite these findings, the 

exact mechanisms by which MMP-9 deletion prevents adverse remodeling remain unclear; 

and given the cleavage targets of MMP-9, this is an excellent model for examining how 

variations in the collagen network alter infarct biomechanics.

Since MMP-9 degrades both collagen and the fibronectin network upon which collagen is 

assembled, we hypothesized that MMP-9 deletion would alter infarct stiffness. An increase 
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in infarct stiffness could explain the reduction in LV dilation observed in MMP-9 null mice 

and could contribute to a reduction in LV remodeling through reduced myocardial wall 

stress. The aim of this study was to determine how MMP-9 deletion alters the mechanical 

properties of myocardial scar tissue and the composition and assembly of the collagen 

network post-MI.

2. Methods

2.1 Animals and Surgery

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

Laboratory Animals” and have been approved by the Institutional Animal Care and Use 

Committee at the University of Texas Health Science Center at San Antonio and University 

of Mississippi Medical Center. Adult (4–10 month old) C57BL/6J mice (WT; n=51 female 

and 59 male including day 0 controls), and MMP-9 null mice (MMP-9−/−; n=62 female and 

50 male including day 0 controls) were used in this study. MI was induced through 

permanent ligation of the left coronary artery following a well-established method [19, 20]. 

In summary, mice were anesthetized with 1–2% isoflurane in 100% oxygen, intubated, and 

placed on a standard rodent ventilator. An incision was made between the 3rd and 4th 

intercostal space, and a rib spreader was used to allow visualization of the heart. An 8-0 

suture was used to ligate the left coronary artery at a location approximately 1–2 mm distal 

to the left atrium, and MI was confirmed by LV blanching and ST segment elevation on the 

electrocardiogram. Immediately before or after surgery, buprenorphine (0.1 mg/kg) was 

administered intraperitoneally to reduce pain. Animals were sacrificed at 1, 3, 5, 7, or 28 

days post-MI. We have previously published survival, echocardiography, and collagen 

density analysis results for WT vs MMP-9−/− at day 28 post-MI [21]. To avoid unnecessary 

duplication of animal use, those results have been integrated into the current study. All data 

have been re-analyzed in accordance with the methods used for this study. Day 0, no MI, 

served as controls. In an effort to minimize the number of animals, samples were shared 

across studies leading to varying sample sizes across groups.

2.2 Echocardiography

Echocardiography was performed using either a Vevo 770 system or a Vevo 2100 small 

animal imaging system (Visual Sonics). Imaging occurred serially at day 0 before surgery 

and at days 1, 3, 5, and 7 post-MI or up to the sacrifice time. Day 28 images, taken from a 

previous study, were also analyzed but were not measured serially. All images were taken 

with mice anesthetized with 1–2% isoflurane in an oxygen mix. Images were taken in both 

long and short axes views in both M-mode and B-mode. LV volumes and ejection fraction 

(EF, %) were calculated from long axis views, while LV dimensions were calculated from 

short axis views. All calculations were determined by averaging the values of three 

consecutive cardiac cycles. Dimensions for each mouse were normalized to its baseline 

image to evaluate relative changes.

Speckle tracking analysis was done using the VevoStrain analysis program (Visual Sonics). 

Longitudinal deformation was measured from long-axis views. Tracking data was exported 

to Matlab for further analysis. Stretch of the base region and mid-ventricle region was 
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calculated from an average of three cardiac cycles. Measurements were made at end-

diastole, the end of isovolumic contraction, end-systole, and the end of isovolumic 

relaxation.

2.3 Tissue Collection

Prior to sacrifice, mice were anesthetized with 2–5% isoflurane. Cardioplegic solution was 

used to arrest the heart in diastole to ensure isolation of passive non-contracted tissue. The 

LV was separated from the right ventricle and sliced into apex, middle, and base sections. 

The pieces were stained with 1% 2, 3, 5-triphenyltetrazolum chloride and photographed in 

order to determine the percentage of infarct area to total LV area. The mid wall ring was 

sectioned into the infarct wall and septal wall and used for mechanical testing. The ratio of 

lung weight to tibia length was measured as an index for edema.

2.4 Mechanical Testing

Mechanical testing was performed using a Biotester-5000 biaxial test system (Cellscale) 

following a previously described method [22]. The stresses and corresponding strains were 

fit to a four parameter Fung-type model where the strain energy density was calculated as:

(1)

to yield the Cauchy stress expressed as

(2)

where c, b1, b2, and b4 are the four material constants and Eθ and Ez are the circumferential 

and longitudinal Green strains [22, 23]. Fitted material properties for each individual sample 

were calculated as well as group averaged material properties. Tissue stiffness was 

quantified as the slope of the Cauchy stress-stretch ratio curve between 5 and 15% 

equibiaxial stretch. In vivo wall stresses were estimated using the Law of Laplace, with the 

average wall thickness and dimension at end diastole determined from echocardiography for 

each sample. An end-diastolic pressure of 10 mm Hg was chosen based on our previously 

collected experimental data for the healthy mouse LV [12]. The estimated stresses and the 

fitted material properties for each sample were used to back-calculate the expected in vivo 

deformation.

2.5 Collagen Histology

Histological analysis using picrosirius red (PSR) staining was used to examine collagen 

density and alignment. Collagen density was measured from ring sections of the LV taken 

from the midcavity wall. Slides for collagen alignment were taken from the samples used for 

mechanical testing and processed following a previously described method [22]. PSR 

stained LV rings were imaged with a brightfield microscope at 40x magnification with three 

representative images taken in the infarct region and two images taken in the remote region. 

Slides for collagen alignment were imaged at 10x magnification with three images taken 
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near the middle of the infarct region for each slide and one additional image of the edge of 

the specimen taken so as to denote the circumferential direction. An in-house program 

written in Matlab was used to measure collagen density and alignment from PSR stained 

sections, which has been previously described [22].

2.6 Immunoblotting

LV specimens were separated into infarct and remote regions. For each time point, samples 

from the infarct region of n=8 mice (4 female and 4 male) were analyzed. Total protein was 

extracted following a previously described method [11].

LV protein expression levels were quantified by immunoblotting using antibodies for 

Collagen I (Cedarlane cl50141ap; 1:3000), Collagen III (Cedarlane cl50341ap-1; 1:1000), 

lysyl oxidase (Novus nb110-41568; 1:2000), fibronectin (Millipore AB1954; 1:1000) and 

bone morphogenetic protein-1 (Abcam ab38953; 1:5000). Antibodies for collagen I, 

collagen III, and lysyl oxidase recognize both pro-form and active form proteins. Total 

protein (10 μg) was separated on 4–12% Criterion™ XT Bis-Tris gels (Bio-Rad), transferred 

to a nitrocellulose membrane (Bio-Rad), and stained with MemCode™ Reversible Protein 

Stain Kit (Thermo Scientific) to verify protein concentration and loading accuracy. After 

blocking with 5% nonfat milk (Bio-Rad), the membrane was incubated with primary 

antibody, secondary antibody (Vector Laboratories, PI-1000, 1:5000), and detected with 

ECL Prime Western Blotting Detection Substrate (Amersham). Protein levels were 

quantified by densitometry using the IQ-TL image analysis software (GE Healthcare, 

Waukesha, WI). The densitometry of the entire lane of the total protein stained membrane 

was used for individual lane loading normalization. The relative expression for each 

immunoblot was calculated as the densitometry of the protein of interest divided by the 

densitometry of the entire lane of the total protein stained membrane. For each protein of 

interest, blots were run in triplicate.

2.7 Collagen Cross-Linking

An enzyme-linked immunosorbent assay (ELISA) was used to quantify the amounts of 

hydroxylysyl pyridinoline (ABIN809022) and lysyl pyridinoline (ABIN773391) following a 

previously described method [24].

2.8 Real Time RT2-PCR

Gene expression of MMP-2 was determined using a Quantitative Real Time RT2-PCR gene 

array for MMPs and tissue inhibitors of metalloproteinases (Qiagen PAMM-013A) 

following our previously method [11].

2.9 Statistical Analysis

All data are presented as mean ± SEM. Analysis was performed using one-way ANOVA 

followed by a Student Newman Keuls post-hoc test for multiple comparisons, a t-test for 

comparisons between two groups, or a Mann-Whitney U test. A post-hoc one sample t-test 

was used to determine if echocardiography data normalized to d0 controls was significantly 

different from the control. Analysis was conducted using Graphpad Prism (Graphpad).
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3. Results

3.1 MMP-9 Deletion Reduced All-Cause Mortality and Prevented LV dilation

As previously reported [11], WT survival at day 7 post MI was 55%, while MMP-9 deletion 

significantly improved the survival rate to 82% (p<0.05). The 28 day survival has also been 

previously reported for these mice as 38% for WT and 67% for MMP-9−/− (p<0.05) [21].

Serial echocardiography examination of the progression of LV dilation showed that MI 

produced a significant increase in both end-diastolic volume and end-systolic volume, in 

both WT and MMP-9−/− mice, which was observed at all time points (p<0.05). We found 

that the relative change in end-diastolic volume was significantly less in the MMP-9−/− 

group compared to WT at both day 5 and day 7 post-MI (p<0.05, Fig. 1A). LV dilation at 

day 28 post-MI was similar to dilation at day 7 post-MI. The change in end-systolic volume 

was also significantly reduced with MMP-9 deletion (p<0.05, Fig. 1B). Ejection fraction, 

and end-diastolic wall thickness were significantly impaired by MI at all time points 

(p<0.05), and no differences were observed between the WT and MMP-9−/− groups (Fig 

1C–D) indicating similar levels of systolic dysfunction. No differences were observed in the 

percentage of infarct area between WT and MMP-9−/− at day 7 post-MI (p=0.90), indicating 

that differences were not due to initial ischemia injury differences. In total, we confirmed 

from echocardiography that LV dilation was significantly reduced in the MMP-9−/− group, 

with intergroup differences peaking at 7 days post-MI, similar to what we have reported in 

previous studies [12, 18].

3.2 MMP-9 Deletion Increases Infarct Stiffness

Since post-MI LV dilation was attenuated in the absence of MMP-9, we used biaxial 

mechanical testing to determine if the differences in LV dilation were due to differences in 

the mechanical properties of the infarct tissue. The Fung-type constitutive equation fit the 

stress-strain measurements very nicely, with an average R2 correlation coefficient for the 

individual material constants of 0.975 and a minimum value of 0.857. The high R2 values 

indicate that the Fung-type strain energy density equation is an excellent choice for 

modeling the mechanical behavior of both healthy and infracted myocardial tissue. The 

group averaged material constants for the infarct tissues had increased exponential constants 

(b1, b2, and b4) compared to the healthy tissue indicating increased anisotropic, exponential 

stress-strain behavior (Table 1). The infarct tissue demonstrated a highly exponential stress-

strain curve, consistent with the infarct being more collagenous than the normal LV (Fig. 

2A–B).

The circumferential stiffness was significantly increased in both the WT and MMP-9−/− 

groups compared to their respective healthy controls (p<0.05, Fig. 2C) indicating that the 

infarct tissue was stiffer in the circumferential direction as compared to healthy tissue. 

However, the longitudinal stiffness was only significantly increased for the MMP-9−/− 

infarct group compared to the healthy MMP-9−/− baseline group (p<0.05, Fig. 2D), 

indicating that MMP-9 deletion results in infarct tissue with increased longitudinal stiffness.

To determine whether the differences in mechanical properties between the groups altered 

the diastolic function of the infarct tissue, the amount of in vivo diastolic stretch was 
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estimated based on the Law of Laplace. Circumferential stretch in both the day 7 post-MI 

groups was significantly increased compared to baseline (p<0.05, Fig. 2E). Further, the 

estimated in vivo circumferential stretch was significantly lower in the MMP-9−/− group as 

compared to the WT. The predicted longitudinal stretch was significantly increased in both 

day 7 post-MI groups (p<0.05, Fig. 2F), however no differences were seen between the WT 

and MMP-9−/− groups. As a whole, the mechanical testing findings of increased longitudinal 

stiffness for a fixed deformation and reduced circumferential stretch under fixed pressure 

suggest that infarct tissue from the MMP-9−/− mice is stiffer than the infarct tissue from the 

WT mice. No significant difference in the edema index was found between the groups 

(p=0.87) ruling out edema as a potential source of the mechanical differences.

3.3 Increased Infarct Stiffness Improves the Mechanics of the Remote Non-infarcted 
Myocardium

Speckle tracking echocardiography was used to examine the in vivo deformation of the 

myocardial tissue. Longitudinal stretch was measured in both the mid-wall and basal regions 

of the LV between end-diastole and the end of isovolumic contraction at day 7 post-MI in 

order to study infarct bulging. No significant difference in longitudinal stretch of the mid-

wall region was seen between the WT (1.40±0.24%) and the MMP-9−/− group (0.59±0.39%; 

p=0.097; Fig. 3A). There was, however, a significant reduction in negative longitudinal 

stretch, or contraction, of the basal region at the end of isovolumic contraction for the 

MMP-9−/− group as compared to WT (p<0.05; Fig. 3B). A reduction in contraction of the 

remote basal region during isovolumic contraction is consistent with an increase in infarct 

stiffness due to a reduction of infarct bulging.

In vivo stretch was also measured between the end of isovolumic relaxation and end-diastole 

in an effort to correlate our in vivo and ex vivo mechanical measurements. End-diastolic 

longitudinal stretch of the mid-ventricle region was not correlated to the ex vivo 

circumferential stress at 20% equibiaxial stress (Fig. 3C). However, increased 

circumferential stress was correlated with increased longitudinal stretch of the basal region 

(p<0.05; Fig. 3D). This indicates that increased stiffness of the infarct region promotes 

stretch of the healthy tissue regions rather than stretch of the infarct region during diastolic 

filling which could aid cardiac function through the Frank-Starling mechanism. No 

significant correlation was seen between in vivo longitudinal strains in the two regions and 

the ex vivo longitudinal stress under 20% equibiaxial stretch.

3.4 MMP-9 Deletion Reduces Collagen Deposition

Since collagen is considered to be the primary determinant of infarct mechanics at day 7 

post-MI [3], we focused on quantifying collagen network properties. Our PSR analysis 

revealed that collagen density was significantly increased in the infarct area in both groups 

at day 7 post-MI as compared to baseline (p<0.05, Fig. 4A,B). Furthermore, MMP-9 

deletion significantly reduced collagen density in the infarct area at day 7 (12.2±2.7%) as 

compared to WT (21.3±5.4%; p<0.05). At 28 days post-MI, collagen levels were 

significantly elevated from baseline, but no significant differences were found between the 

groups. Analysis of the remote area also revealed significantly elevated collagen density at 

day 7 post-MI compared to baseline (p<0.05, Fig. 3A,B), but no significant difference 
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between genotypes. Representative images from each time point appear in the online 

supplement (Fig.S1)

The distribution of collagen fibers in either the WT or MMP-9−/− group at day 7 post-MI 

was not significantly different from a uniform distribution (WT, p=0.23; MMP-9−/−, p=0.19; 

Fig. 4C). The mean alignment of the fibers tended to rotate through the thickness of the 

tissue similar to the rotation pattern of myocytes in healthy tissue, such that fibers near the 

epicardial surface were aligned at an angle of roughly −50 degrees to the circumferential 

direction and fibers at the endocardial surface were aligned at an angle of roughly 50 

degrees. No differences were seen in either the mean angle of the fibers at the epicardial 

surface (p=0.71) or in the amount of rotation through the thickness of the tissue (p=0.09). 

The collagen alignment data suggests that differences in infarct mechanical properties are 

not due to a difference in collagen organization.

Since PSR cannot distinguish between the various isoforms of collagen, immunoblotting 

was conducted for both collagen I and collagen III (Fig. 5 A,B). The amount of collagen I 

was increased at day 7 in the WT group compared to baseline, and reduced in the MMP-9−/− 

group as compared to the WT (p<0.05, Fig. 5C). A significant increase in collagen I 

fragments, as compared to baseline, was found at day 5 and 7 post-MI in the WT group, but 

not in the MMP-9−/− group (p<0.05, Fig 5D) consistent with reduced protease activity in the 

MMP-9−/− infarct.

The expression of pro-collagen III was significantly reduced from baseline at day 3, 5, and 7 

in the WT group and at all days in the MMP-9−/− group as compared to baseline, but no 

differences were observed between the two genotypes (p<0.05, Fig. 5E). Analysis of 

collagen III revealed significantly elevated levels of collagen III at day 5 and 7 compared to 

baseline in WT and at day 7 in the MMP-9−/− groups (p<0.05, Fig. 5F). The collagen I to 

collagen III ratio was 1.8±0.45 for WT at day 7 post-MI, and was 0.34±0.52 for the 

MMP-9−/− at day 7 post-MI (p=0.13). In total, the collagen immunoblotting data indicates 

that the differences in collagen density observed from PSR staining were primarily due to 

differences in collagen I levels.

3.5 MMP-9 Deletion Facilitates Collagen Assembly and Crosslinking

Collagen is known to be the primary determinant of infarct mechanics during the fibrotic 

phase of remodeling [3]. Given the observation that MMP-9−/− mice exhibited signs of 

increased tissue stiffness with reduced collagen density, we hypothesized that a difference in 

the quality of the collagen in the scar tissue exists. Immunoblotting results showed that 

active lysyl oxidase, a catalyst for collagen fibril assembly and crosslinking, was 

significantly elevated in the MMP-9−/− mice compared to both the baseline MMP-9−/− group 

and the day 7 WT post-MI group (p<0.05, Fig. 6A,B). Interestingly, the inactive forms of 

lysyl oxidase were significantly reduced in both groups, as compared to baseline at every 

time point (p<0.05, Fig 6A,C). Inactive lysyl oxidase was also significantly reduced in the 

MMP-9−/− group compared to WT at day 7 (p<0.05). These results indicate improved 

activation of lysyl oxidase in the MMP-9−/−. ELISA analysis did not reveal any statistical 

differences in the amount of hydroxylysyl pyridionline crosslinks (Fig. 6D, p=0.30) or lysyl 

pyridinoline crosslinks (Fig. 6E, p=0.26) at day 7 post-MI. The lack of significance was not 
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surprising, given the fact that the MMP-9−/− infarct contains significantly less collagen I 

(Fig. 5C). Therefore, a similar level of total cross-linking represents a greater number of 

crosslinks per collagen fiber in the MMP-9−/− infarct.

Additionally, bone morphogenetic protein-1 a metalloproteinase responsible for cleaving the 

propeptide from lysyl oxidase as well as from collagens I and III, was significantly reduced 

at day 3 and 5 post-MI in the WT group and at day 3 in the MMP-9−/− group as compared to 

baseline (p<0.05, Fig 6F,H). A significant increase in bone morphogenetic protein-1 was 

found in the MMP-9−/− group compared to the WT group at day 7 post-MI (p<0.05). This 

data suggests that the increase in lysyl oxidase activation in the MMP-9−/− group is at least 

partially due to the increase in bone morphogenetic protein-1. Further, the increase in bone 

morphogenetic protein-1 may lead to an increase in the rate at which pro-collagen I is 

cleaved into its active form.

Fibronectin serves as a scaffold for collagen fiber formation and has been shown to facilitate 

the activation of lysyl oxidase by bone morphogenetic protein-1 [25]. Fibronectin is also a 

cleavage target of MMP-9 [14]. Our results showed that the fibronectin fragmentation ratio 

was significantly elevated at days 5 and 7 post-MI in the WT group and day 5 post-MI in the 

MMP-9−/− group compared to baseline, and there was a significant reduction in fibronectin 

fragmentation at day 7 due to MMP-9 deletion (p<0.05, Fig. 6G,I).

The gene expression of MMP-2, the other major gelatinase, was quantified using RT2-PCR. 

No significant difference was found between the WT and MMP-9−/− group at day 7 post-MI 

(p=0.58), indicating that MMP-2 did not compensate for the loss of MMP-9, which agrees 

with the decreases we observed in both collagen and fibronectin fragmentation. As a whole, 

our data indicate that MMP-9 deletion preserves fibronectin integrity and allows for the 

activity of lysyl oxidase and bone morphogenetic protein-1 which facilitate collagen fiber 

formation and cross-linking.

4. Discussion

This study revealed that MMP-9 deletion modifies the mechanical properties of infarct 

tissue by altering the structure and assembly of the collagen network post-MI. We found that 

MMP-9 deletion increased infarct stiffness, surprisingly not through increased collagen 

content but rather through increased collagen cross-linking activity and reduced collagen 

degradation. In fact, MMP-9 deletion actually facilitated collagen assembly by reducing 

fibronectin degradation and increasing lysyl oxidase and bone morphogenetic protein-1 

activities. Increased stiffness of the infarct region promoted stretch of the remote non-

infarcted basal region of the LV during diastolic filling and limited stretch of the basal 

region during isovolumic contraction consistent with reduced infarct bulging. Our results 

identify a potential mechanism by which MMP-9 deletion prevents LV dilation, further 

establishing MMP-9 as a candidate selective therapeutic target (Fig. 7).

Understanding the mechanical properties of infarct tissue is important for understanding the 

mechanisms of post-MI outcomes. Infarct tissue that is too compliant can lead to LV dilation 

and even cardiac rupture, while tissue that is too stiff can lead to diastolic heart failure [3]. 

The mechanical strength and stiffness of collagen derive from proper fiber assembly and 
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cross-linking [26]. A mutation in the collagen α2(I) gene in mice prevents proper assembly 

of collagen I and results in increased LV dilation and rupture post-MI [27]. The formation of 

the covalent crosslinks that stabilize the collagen fibers is primarily catalyzed by lysyl 

oxidase [28]. Lysyl oxidase itself is activated by the protease bone morphogenetic protein-1, 

which also cleaves the C-terminal peptide from pro-collagen [29]. Our study demonstrates 

that MMP-9 deletion significantly increases the amount of activated lysyl oxidase in the 

infarcted myocardium at day 7 post-MI and significantly reduces the amount of inactive 

lysyl oxidase as compared to WT. The proteolytic activation of lysyl oxidase by bone 

morphogenetic protein-1 is facilitated by fibronectin which serves as a scaffold for the 

assembly of collagen fibers [25]. Fibronectin is a substrate for MMP-9 cleavage [17], and 

we observed decreased fibronectin fragmentation in the MMP-9−/− mice. The decreased 

turnover of fibronectin likely improves the activation of lysyl oxidase by bone 

morphogenetic protein-1 and in turn the assembly of collagen fibers in the MMP-9−/− mice 

as described in Fig. 7.

Based on both this study and previous findings, MMP-9 deletion reduces the overall fibrotic 

response through multiple mechanisms [12, 18]. While we have presented an argument here 

for enhanced collagen assembly and reduced collagen turnover leading to reduced infarct 

dilation, there is still work to be done in determining the mechanisms that lead to reduced 

fibrosis. Cardiac lysyl oxidase and bone morphogenetic protein-1 expression have been tied 

to transforming growth factor-β signaling, a driver of cardiac fibrosis [30]. The fibrotic 

response normally operates as a negative feedback system with increased fibrosis occurring 

in response to increased ECM breakdown.[31] Thus fibrosis can be reduced by limiting the 

amount of ECM turnover. ECM fragments, such as fibronectin or collagen fragments have 

been shown to bind cell surface receptors and trigger increased fibrotic responses [17, 32]. 

We showed that the deletion of MMP-9 limits the formation of fibronectin fragments, which 

could explain the decreased fibrosis. Alterations in tissue stresses have also been shown to 

modulate collagen synthesis, with increased levels of stress sparking increased collagen 

deposition [33]. Based on the law of Laplace, increased LV volume and decreased wall 

thickness should lead to increased LV stresses which would explain the enhanced fibrosis 

post MI. Another possibility lies in increased angiogenesis. MMP-9 deletion has been shown 

to facilitate blood vessel formation which could reduce hypoxic stress levels, further reduce 

fibrosis and preserve the border zone regions [12, 34]. Likely, it is a combination of these 

mechanisms that leads to the reduced fibrosis.

The relationship between the myocardial scar quality and its mechanical properties during 

the acute stages post-MI is challenging to define, in part due to rapid shifts in the cell 

populations involved and in the molecular composition of the left ventricle in response to 

the ischemic insult. Therefore, the findings reported in the current study provide a view that 

is focused on the early stage of the maturation phase. Future studies that incorporate the later 

mechanical changes will give better insight into the long-term scar quality. These studies 

could help determine if the more mature WT infarct with its high collagen content becomes 

stiffer than the MMP-9−/− infarct. It would be important to know if MMP-9 deletion both 

prevents dilation at early time points and prevents diastolic dysfunction at later time points 

through a reduction in fibrosis.
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Of note, this study found few functional differences between the WT and MMP-9−/− groups 

at day 1 and 3 post-MI. This time phase aligns with the inflammatory period of the wound 

healing process [3]. MMP-9 is widely expressed by neutrophils and macrophages and has 

been reported to play a large role in cleaving the basement membrane to allow neutrophil 

invasion [35, 36]. There are differences in the inflammatory response between the WT and 

MMP-9−/− mice that may set the stage for the functional differences that develop during the 

onset of fibrosis at days 5 and 7 post-MI [11, 12]. Given the decrease in rupture rates for the 

MMP-9−/− mice noted in past studies, further examination of tissue mechanics during the 

inflammatory period is merited [37]. Treatments that aim to increase infarct stiffness 

throughout the inflammatory process may reduce early LV dilation and infarct expansion 

into the border zones through reduced mechanical stress.

Cross-linking is only one of the determinants of collagen mechanics. Properties such 

collagen fiber diameter and the ratio of collagen I to III all contribute to the mechanical 

behavior at the tissue level [4, 6]. Thick, stiff collagen fibers are typically the result of 

proper collagen assembly and maturation, which are largely regulated through the actions of 

lysyl oxidase and fibronectin. Efforts to associate the ratio of collagen I to collagen III with 

increased infarct stiffness have been numerous, however the meaning of the measurement 

can be difficult to interpret as it neglects the importance of total collagen [6]. In this study, 

we did not find a statistically significant difference in the ratio of collagen I to collagen III. 

Future work should include the use of polarized light microscopy to more directly quantify 

fiber diameter, collagen I to III ratios, and collagen crimp.

One limitation of this study is that we have only explored one avenue of lysyl oxidase 

regulation, activation by bone morphogenetic protein-1. Lysyl oxidase is known to be 

regulated by multiple factors that are differentially regulated in the remodeling infarct 

including hypoxia inducible factor-1α, advanced glycation end products, transforming 

growth factor-β, and reactive oxygen species [28]. Further investigation is needed to 

determine how these factors may interact with both MMP-9 and lysyl oxidase.

The results of this study suggest several avenues of potential therapeutic strategies beyond 

simply inhibiting MMP-9. Directly increasing the stiffness of the infarct region is one 

avenue. This concept has been tested by injecting polymer based hydrogels into the infarct 

site to prevent dilation [38]. Other techniques such as attaching patches of support material 

to the exterior of the LV have also been investigated with promising results [39, 40]. A more 

pharmacological approach could be in delivering activated lysyl oxidase or bone 

morphogenetic protein-1 to the infarct site. The future of treatment for MI likely rests in 

regenerative medicine, however the post-MI fibrotic process regulates stem cell 

differentiation [41], and the stiffness of the ECM is a controller of angiogenesis [42]. 

Technologies that aim to limit the initial dilation of the myocardium and control ECM 

stiffness hold great value as complimentary therapies to regenerative approaches.

In conclusion, we demonstrated that MMP-9 deletion facilitates collagen I fiber formation 

during the early stages of fibrosis resulting in a stiffer infarct region that limits LV dilation 

and prevents further adverse remodeling post-MI.
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Highlights

• MMP-9 deletion reduced left ventricular (LV) dilation post-myocardial 

infarction.

• MMP-9 deletion increased scar stiffness but reduced collagen deposition.

• MMP-9 deletion enhanced lysyl oxidase activation, increasing collagen 

crosslinking.

• Early collagen crosslinking prevents excessive LV dilation via improved 

mechanics.
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Figure 1. Matrix metalloproteinase-9 (MMP-9) deletion reduces dilation of the left ventricle (LV) 
at days 5 and 7 post-myocardial infarction (MI)
A. MI resulted in increased end-diastolic volume in both groups at all time points (p<0.05). 

The change in end diastolic volume from baseline was significantly decreased in MMP-9−/− 

mice at day 5 and 7 post-MI. B. MI also resulted in increased end-systolic volume in both 

groups at all time points (p<0. 05). The change in end-systolic volume was significantly 

decreased in MMP-9−/− mice at day 7 post-MI. C. MI significantly reduced ejection fraction 

at all time points in both groups, and no significant differences were observed between the 

groups. D. MI led to a significant reduction in end-diastolic wall thickness in both groups, at 

each time-point (p<0.05), and no differences were observed between the WT and MMP-9−/− 

groups. Note that day 0–7 data is presented from serial images taken on the same mice, 

while day 28 data is from a different set of mice. (n=15–32 per group for day 0–7 groups 

and n=6 per group for day 28; #p<0.05 vs. corresponding baseline group, *p<0.05 vs. WT at 

corresponding day)
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Figure 2. Matrix metalloproteinase-9 (MMP-9) deletion increases infarct stiffness and reduces 
infarct stretching at day 7 post-myocardial infarction (MI)
A. The mean circumferential Cauchy stress vs. equibiaxial stretch curve indicates a trend 

towards increased circumferential stiffness in the MMP-9−/− day 7 post-MI left ventricle 

(LV). B. The mean longitudinal Cauchy stress vs. equibiaxial stretch curve indicates a trend 

towards increased longitudinal stiffness in the MMP-9−/− day 7 post-MI LV. C. The 

circumferential stiffness between 5% and 15% equibiaxial stretch was significantly 

increased in both groups compared to the baseline controls, indicating increased stiffness 

due to MI. D. The longitudinal stiffness was significantly increased in only the MMP-9−/− 

group as compared to the baseline group. E. The predicted circumferential in vivo stretch of 

the infarct was significantly increased in both groups as compared to baseline. However, 

MMP-9−/− day 7 post-MI LV showed significantly reduced stretch compared to WT day 7 

post-MI LV. F. The predicted longitudinal in vivo stretch of the infarct was significantly 

increased in both groups as compared to baseline. (n=12 per group; #p<0.05 vs. 

corresponding baseline group, *p<0.05 vs. WT at corresponding day)
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Figure 3. Increased infarct stiffness prevents stretch of the non-infarcted remote myocardium 
during isovolumic contraction and promotes stretch during diastolic filling
A. Longitudinal stretch of the mid-ventricle portion of the myocardial wall during 

isovolumic contraction, as determined from speckle-tracking echocardiography, was not 

different between the wildtype (WT) and matrix metalloproteinase-9 null (MMP-9−/−) 

groups (n = 12–17 per group; p=0.097). B. Negative longitudinal stretch of the basal portion 

of the myocardial wall during isovolumic contraction was significantly reduced (n = 12–17 

per group; p<0.05). C. Longitudinal stretch in the mid-ventricle was not correlated to 

increased circumferential stress under 20% equibiaxial stress as determined from biaxial 

mechanical testing (n=10). D. Longitudinal stretch was correlated to increased 

circumferential stress indicating that increased infarct stiffness enhances the stretch of the 

remote myocardium during diastole (n=10; p<0.05).
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Figure 4. Matrix metalloproteinase-9 (MMP-9) deletion reduces collagen content at day 7 post-
myocardial infarction (MI) but does not change the alignment of the collagen network
A. Picrosirius red (PSR) revealed significantly elevated levels of collagen in the infarct 

region at day 7 and day 28 post-MI (left). Collagen deposition was blunted by MMP-9 

deletion at day 7. PSR staining also revealed increased collagen deposition in the remote 

region at day 7 as compared to baseline for WT (right, n=7–18 per group). B. Representative 

PSR stained images from WT and MMP-9−/− infarct (left) and remote (right) regions at day 

7. C. Both WT (left) and MMP-9−/− (right) mice showed no significant alignment of 

collagen fibers (n=12 per group; p=0.23 for WT and p=0.19 for MMP-9−/−). The lack of 

alignment is due to the fact that the newly deposited collagen fibers have a rotating 

orientation through the thickness of the wall following the pattern of myocyte alignment. 

This result indicates that the increased stiffness of the MMP-9−/− infarct is not due to 

changes in collagen alignment. (#p<0.05 vs. corresponding baseline group, *p<0.05 vs. WT 

at corresponding day)
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Figure 5. Matrix metalloproteinase-9 (MMP-9) deletion limits collagen I expression but not 
collagen III post-myocardial infarction (MI)
A–B. Immunoblot for Collagens I and III, showing pro-collagen, active collagen, and 

collagen fragments (D = day, MW = molecular weight). C. Significantly elevated levels of 

collagen I were found at day 7 in the WT group compared to baseline and the MMP-9−/− 

day 7 group. D. Significantly elevated levels of collagen I fragments were found in the WT 

group at day 5 and 7 post-MI, but no differences were seen in the MMP-9−/− group. E. 
Immunobloting revealed a significant decrease in the amount of pro-collagen III at day 3, 5, 

and 7 post-MI in the WT group and at day 1, 3, 5, and 7 post-MI in the MMP-9−/− group 

compared to baseline. F. A significant increase in collagen III was noted at day 5 and 7 post-

MI in WT and at d7 in the MMP-9−/− group compared to respective baseline values. (n=8 

per group; #p<0.05 vs. corresponding baseline group, *p<0.05 vs. WT at corresponding day)
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Figure 6. Matrix metalloproteinase-9 (MMP-9) deletion promotes collagen fibril formation and 
crosslinking
A. Immunoblot for lysyl oxidase (LOX) showing both inactive and active forms. (D = day, 

MW = molecular weight) B. Immunoblotting revealed significantly elevated levels of active 

LOX in the MMP-9−/− group as compared to both the baseline MMP-9−/− group and the WT 

day 7 MI group. C. The pro-form of LOX was significantly decreased from baseline in all 

MI groups, but the reduction was attenuated in the absence of MMP-9. D–E. Neither 

hydroxylysyl pyridinoline or lysyl pyrridinoline content was significantly different between 

the two groups at day 7 post-MI F–G. Immunoblots for bone morphogenetic protein-1 

(BMP) and fibronectin (Fn), respectively. H. Expression of bone morphogenetic protein-1 

was significantly reduced from baseline at day 3 and 5 post-MI in WT and at day 3 post-MI 

in MMP-9−/−. Bone morphogenetic protein-1 expression was significantly elevated in the 

MMP-9−/− group at day 7 compared to WT. H. The ratio of the amounts of 120 and 80 kDa 

fibronectin fragments to the amount of 273 kDa full-length fibronectin revealed significantly 

elevated fragmentation of fibronectin at day 5 and 7 in the WT group and at day 5 in the 

MMP-9−/− group. The fragmentation ratio was significantly reduced in the MMP-9−/− group 

as compared to WT at day 7. (n=8 per group; #p<0.05 vs. corresponding baseline group, 

*p<0.05 vs. WT at corresponding day)

Voorhees et al. Page 21

J Mol Cell Cardiol. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. Potential Mechanism of Action for Decreased Dilation of the Left Ventricle (LV) in 
Matrix Metalloproteinase-9 Null (MMP-9−/−) Mice Post-Myocardial Infarction (MI)
MMP-9 deletion preserves fibronectin structure, facilitating the activation of lysyl oxidase 

by bone-morphogenetic protein-1. Lysyl oxidase catalyzes the formation of collagen I cross-

links thereby increasing the stiffness of the collagen fibers and the stiffness of the infarct 

tissue. Further, MMP-9 reduces collagen degradation, which also preserves tissue stiffness. 

Increased tissue stiffness reduces the stretching of the infarct region and the stresses in the 

border zones which reduces LV dilation.
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Table 1

Fitted Material Constants from the Biaxial Test Data (see Equation 2)

Group c (kPa) b1 b2 b4

WT Day 0 1.53 7.97 4.03 0.17

WT Day 7 0.57 19.52 8.60 0.44

MMP-9−/− Day 0 1.64 7.51 4.08 0.18

MMP-9−/− Day 7 0.70 19.06 9.68 0.34
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