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Abstract

In this study, we examined the combined effect of aging and myocardial infarction on left ventricular remodeling, focusing on matrix 
metalloproteinase (MMP)-9-dependent mechanisms. We enrolled 55 C57BL/6J wild type (WT) and 85 MMP-9 Null (Null) mice of both sexes 
at 11–36 months of age and evaluated their response at Day 7 post–myocardial infarction. Plasma MMP-9 levels positively linked to age in WT 
mice (r = .46, p = .001). MMP-9 deletion improved survival (76% for WT vs 88% for Null, p = .021). Post–myocardial infarction, there was 
a progressive increase in left ventricular dilation with age in WT but not in Null mice. By inflammatory gene array analysis, WT mice showed 
linear age-dependent increases in three different proinflammatory genes (C3, CCl4, and CX3CL1; all p < .05), whereas Null mice showed 
increases in three proinflammatory genes (CCL5, CCL9, and CXCL4; all p < .05) and seven anti-inflammatory genes (CCL1, CCL6, CCR1, 
IL11, IL1r2, IL8rb, and Mif; all p < .05). Compared with WT, macrophages isolated from Null left ventricle infarct demonstrated enhanced 
expression of anti-inflammatory M2 markers CD163, MRC1, TGF-β1, and YM1 (all p < .05), without affecting proinflammatory M1 markers. 
In conclusion, MMP-9 deletion stimulated anti-inflammatory polarization of macrophages to attenuate left ventricle dysfunction in the aging 
post–myocardial infarction.
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Every year, nearly 1 million people are diagnosed with myocar-
dial infarction (MI) in the United States. The average age for MI 
is 65 years for men and 72 years for women (1). MI develops as 
a result of disruption of the blood supply to myocardium, which 
leads to remodeling of the left ventricle (LV). The post-MI response 
includes cardiomyocyte death, initiation of a robust inflammatory 
reaction, reorganization of extracellular matrix (ECM), and for-
mation of a stable scar. Matrix metalloproteinases (MMPs) are a 
group of proteolytic enzymes that degrade ECM and contribute to 
LV remodeling. The effect of aging on post-MI LV remodeling has 
not been extensively studied in particular in the setting of MMP-9 
deletion.

Recent advancements in MI therapy have concentrated on early 
interventions to restore blood supply to the ischemic myocardium. 
Currently, primary coronary stenting is a primary initial strategy to 
acutely reperfuse the ischemic myocardium (2). However, access to rep-
erfusion therapies varies significantly (3). Additionally, 20% of patients 
have contraindications for coronary stenting that include bleeding risk, 
no chest pain, or no ST segment elevation (4). Until recently, advanced 
age was also a contraindication for thrombolytic therapy (5). Thus, up 
to 40% of post-MI patients will continue to remodel and will progress 
to heart failure, and about 4% of reperfused patients will still develop 
heart failure (6,7). Thus, there is a need to better understand the post-
MI remodeling process, particularly in an aging cohort.

http://www.oxfordjournals.org/
mailto:mllindsey@umc.edu?subject=


MMP-9 is highly expressed in macrophages and has been impli-
cated in LV remodeling processes (8). Previously, we reported that 
aging in mice is associated with increased MMP-9 expression and 
a subtle yet significant decline in LV function (9). LV functional 
changes occurred in mice over 18 months of age and were associ-
ated with an increase in ECM gene and protein levels (9). We also 
reported that the MMP-9 deletion attenuates age-associated desen-
sitization of cardiac tissue to proangiogenic stimulation, which 
results in improved blood vessel numbers and decreased vascular 
permeability (10). In the post-MI setting, the effects of MMP-9 have 
been studied in young but not aging mice. MMP-9 deletion in young 
mice reduces LV rupture rates compared with wild type (WT) mice 
and attenuates LV dilation and collagen deposition post-MI (11). 
MMP-9 deletion also improves LV function post-MI by increasing 
neovascularization in the remodeling myocardium (12).

Aging is a major risk factor for MI, and MMP-9 levels increase 
with age. Therefore, it is important to investigate the effects of 
MMP-9 deletion post-MI in an aging environment. In this study, we 
hypothesized that the MMP-9 deletion would improve LV remod-
eling post-MI in aged mice.

Methods

Mice
All animal procedures were performed based on the “Guide for the 
Care and Use of Laboratory Animals” 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. Adult C57BL/6J WT (n = 55, 27 males 
and 28 females) and MMP-9 Null (Null; n = 85, 33 males and 52 
females) 11- to 36-month-old mice were compared at Day 7 post-
MI. An additional 12 WT (4 males and 8 females) and 11 Null (4 
males and 7 females) 3- to 6-month-old mice were used as refer-
ence young MI groups. For macrophage isolation, we used 12 WT 
(6 males and 6 females) and 12 Null (6 males and 6 females) 15- to 
24-month-old mice. A total of 187 mice were used for this study. All 
MMP-9 Null mice were genotyped prior to experimental use and 
showed no MMP-9 gene expression.

Echocardiography
Mice were anesthetized with 1%–2% isoflurane in an oxygen mix. 
Heart rate, respiratory rate, and body temperature were continuously 
monitored throughout the procedure to ensure an adequate depth 
of anesthesia. Transthoracic echocardiography measurements were 
acquired using the Vevo 2100 system (VisualSonics). Measurements 
were acquired from the LV parasternal long axis (B-mode). For each 
variable, images from three cardiac cycles were analyzed and aver-
aged for each mouse.

Myocardial Infarction Surgery
Before surgery, mice were given buprenorphine (0.05–0.1 mg/kg, 
i.p.). Mice were anesthetized with 2% isoflurane in an oxygen mix 
and intubated. After skin incision, pectoralis muscles were retracted 
and an intercostal incision was made. The left descending coronary 
artery was permanently ligated with 8-0 prolene suture. The ribs 
were closed using 6-0 prolene suture, muscles were placed back, and 
skin was closed using 6-0 prolene suture. Mice were recovered under 
an oxygen mix until mobile. Mice were monitored daily for the event 
of death, and autopsy was performed when needed.

Tissue Collection
At Day 7 post-MI, mice were euthanized under isoflurane anesthesia. 
At sacrifice, heparin (4 µg/g body weight, i.p.) was injected, and after 
5 min, blood was collected from the common carotid artery and cen-
trifuged for plasma MMP-9 measurements. The heart was removed 
from the chest cavity and flushed with cardioplegic solution to arrest 
the heart in diastole. The right ventricle was dissected, and the LV 
was cut into three sections: base, middle section, and apex. The right 
ventricle and the three LV sections were stained with 1% 2,3,5-triph-
enyl-tetrazolium chloride for 5 min and photographed for infarct area 
measurements. The middle section was fixed in 10% zinc formalin, 
and the base and apex were snap frozen for RNA extraction.

MMP-9 Measurements
Plasma samples (100 µL) were analyzed for MMP-9. Concentrations 
were measured by a clinical laboratory improvement amendments–
certified biomarker testing laboratory using an immunoassay.

RT2 ProfileTM PCR Array
The infarct area was separated from the noninfarct region, and only 
the infarct area was analyzed. RNA was extracted using TRIzol 
Reagent (Invitrogen, 15596). Commercially available inflammatory 
cytokines and receptors (Qiagen, PAMM-013E) and ECM (Qiagen, 
PAMM-011E) arrays were used to measure the expression of inflam-
matory cytokines and kinetics in ECM. All data are reported as 2−ΔCt 
values normalized results to Hprt1 housekeeping gene. The experi-
ments were performed according to the minimum information for 
publication of quantitative real-time polymerase chain reaction 
(RT-PCR) experiments guidelines with one exception. Hprt1 was 
the only reference gene showing no change in expression (GusB, 
Hsp90ab1, Actb, and Gapdh were all significantly changed post-MI).

Macrophage Isolation and Phenotyping
The LV tissue was dissociated using 600 U/mL collagenase type 
2 (Worthington Biochemicals, CLS-2) and 60 U/mL DNase1 
(AppliChem, A3778.0500). Cells were washed and resuspended in 
cold phosphate buffered saline with 0.5% bovine serum albumin  
and 2 mM ethylenediaminetetraacetic acid. Macrophages were iso-
lated using CD11b microbeads (Miltenyi Biotec, 130-049-601). 
RNA extraction was performed using TRIzol Reagent (Invitrogen, 
15596), and cDNA was synthesized using the High Capacity RNA 
to cDNA Kit (Applied Biosystems, 4387406). Taqman gene expres-
sion assays (Applied Biosystems) were used to evaluate mRNA 
expression of M1 (Ccl3, Mm00441259_g1; IFN-γ, Mm01168134_
m1; IL-1β, Mm01336189_m1; IL-6, Mm00446190_m1; and TNF-
α, Mm00443258_m1) and M2 (Arginase-1, Mm00443258_m1; 
CD163, Mm00474091_m1; Mannose receptor 1, Mm00485148_
m1; TGF-β1, Mm01178820_m1; and Ym1, Mm00657889_mH) 
macrophage markers. Hprt1 served as the housekeeping control 
gene.

Histology and Immunohistology
LV sections were deparaffinazed in citrisolv and ethanol. Sections 
were stained with picrosirius red to visualize collagen content. 
Immunohistochemistry was performed with the use of a Vectastain 
ABC Kit (Vector Laboratories). HistoMark Black (KPL 54-75-00) 
was used to evaluate positive staining. Eosin was used to counter-
stain. An antibody specific for macrophages (anti-Mac-3, Cedarlane, 
1:100 dilution) was used to selectively detect macrophages.
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Statistical Analyses
All analyses were performed blinded to groups, and data are pre-
sented as mean ± SEM. Comparisons between groups of WT and 
Null mice were made using Student’s t test for continuous measure-
ments and Fisher’s Exact Test for numbers of cardiac rupture rates. 
Survival curves were estimated by Kaplan–Meier survival analysis 
and compared by the log-rank test. Scatterplots for plasma MMP-9 
levels, end-systolic volume, end-diastolic volume, ejection fraction, 
and scar collagen content were analyzed using linear regression by 
age. Analyses were done using GraphPad Prism version 5.00 for 
Windows (GraphPad Software, San Diego, CA, www.graphpad.
com); a p value of <.05 was considered statistically significant in all 
analyses. For the heatmap analysis, WT and Null mice were grouped 
into three age groups (11–15, 16–24, and >24 months of age) and 
analyzed by analysis of variance. Heatmaps were generated using 
Matlab R2011 and R 3.0.1.

Results

Post-MI MMP-9 Levels Increased With Age
We have shown that MMP-9 expression increases with aging, in 
both plasma and LV (9,10). Post-MI in young mice, MMP-9 lev-
els peak at Days 2–4, and subsequently decrease to baseline levels 
by Day 14 (13). As shown in Figure 1A, post-MI plasma MMP-9 
concentrations were increased over young reference concentrations, 
and there was a positive linear correlation between Day 7 post-MI 
plasma concentrations and age (r = .46, p < .001).

MMP-9 Deletion Improved Survival in Aged Mice 
Post-MI
In humans, higher post-MI plasma MMP-9 concentrations correlate 
with increased mortality (14). In young 3- to 6-month-old post-
MI mice, MMP-9 deletion improves survival (15). The average age 
for the mice enrolled in this study was 19.8 months of age for WT 
mice and 18.7 months of age for Null mice (Figure 1B, p  =  .44). 
By Kaplan–Meier test, the survival rates were not different between 
sexes (p = not significant). For this reason, survival is shown com-
bined for males and females. Out of 55 WT mice, 42 (76%) survived 
to Day 7 post-MI. Null mice showed significantly improved survival 
(75 out of 85 mice, 88%) over 7 days post-MI (Figure 1C, p = .021). 
Infarct areas were similar between WT and Null mice (Figure 1D, 
47% ± 7% for WT and 46% ± 6% for Null; p = .33), indicating that 
the MMP-9 deletion had no effect on infarct expansion. WT and 
Null mice showed comparable rupture rates post-MI (4 out of 13 
[30%] WT ruptured and 1 out of 10 [10%] Null ruptured; p = .36). 
These data indicated that MMP-9 deletion improved survival post-
MI in aged mice beyond effects on infarct rupture.

MMP-9 Deletion Attenuated Age-Dependent 
Increase in LV Dilation and Decrease in LV Function 
at Day 7 Post-MI
By regression analysis, end-systolic volume and end-diastolic vol-
ume showed a strong age-dependent post-MI increase in WT but 
not Null mice (Figure 2A–D). LV systolic function by ejection frac-
tion decreased with age in WT mice, whereas Null mice showed 

Figure 1. (A) In WT mice, matrix metalloproteinase (MMP)-9 plasma levels positively correlate with age at Day 7 post–myocardial infarction (MI, r = .46, p = .001). The 
young 3- to 6-month old reference controls are shown on the left plotted as mean ± SEM concentrations. MMP-9 plasma levels in Null mice were below detection. 
(B) We enrolled 27 WT males and 28 females and 33 Null males and 52 females. The average age for WT was 19.8 months of age and 18.7 months of age for Null. 
(C) MMP-9 deletion resulted in significantly improved survival at Day 7 post-MI (76% for WT vs 88% for Null, p = .021). (D) The infarct area was similar between WT 
and Null mice at Day 7 post-MI (47% ± 7% for WT, n = 42 and 46% ± 6% for Null, n = 75; p = .33).
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similar ejection fraction in all ages (Figure 2E and F). These effects 
were not due to potential differences in heart rate, as all age groups 
had similar heart rate (465 ± 10 bpm for WT, 485 ± 9 bpm for Null, 
p = .19).

MMP-9 Deletion Improved Scar Formation Through 
Increased Collagen Deposition
Post-MI
Aging is associated with increased collagen deposition, and MMP-9 
deletion attenuates this effect (9). Interesting, post-MI Null mice 
showed significantly higher collagen content post-MI compared with 
WT mice (Figure 3A, p = .01), and we did not observe an age-asso-
ciated relationship in collagen deposition in the WT or Null mice 
post-MI (Figure 3B).

To further investigate molecular mechanisms, we performed 
expression analysis for 84 ECM and adhesion molecules genes 
(Figure  4). By ECM array analysis of post-MI infarct tissue, only 
two genes in the WT (MMP-9 and MMP-11) and 18 genes in the 

Null showed age dependence. Both MMP-9 and MMP-11 positively 
correlated with age in the WT mice. In the Null mice, 10 genes (col-
lagen type 4 alpha 2, ECM protein 1, integrin alpha [Itga] 3, Itga5, 
laminin [Lam] alpha 1, Lam alpha 2, Lam beta 2, MMP-3, TGF-β-
induced, and tissue inhibitor of matrix metalloproteinase [TIMP]-1) 
positively associated with age and eight genes (fibronectin 1, ItgaV, 
ItgaX, Lam gamma 1, MMP-14, platelet endothelial cell adhesion 
molecule 1 (Pecam1), periostin, and TIMP-3) negatively associated 
with age. These genes are responsible for angiogenesis and scar for-
mation, indicating that MMP-9 deletion mediates LV remodeling by 
modifying these specific aspects of the wound healing response.

MMP-9 Deletion Reduced Inflammation in the Post-
MI LV Infarct
Because aging and MI are associated with increased inflammation 
(16), we investigated the effects of MI superimposed on aging on 
inflammation (Figure 5). By inflammatory array analysis of infarct 
tissue, 3 of 84 genes increased in an age-dependent manner in the 

Figure 2. (A) and (C) WT mice showed linear age-related increase in the extent of post–myocardial infarction (MI) left ventricle (LV) dilation, as evidenced by 
increases in the percent change from baseline of end-systolic volume (ESV) and end-diastolic volume (EDV) with age (n = 42). (B) and (D) Matrix metalloproteinase 
(MMP)-9 deletion abolished the age relationship (n = 75). (E) WT mice showed age-associated decrease in ejection fraction, and (F) MMP-9 deletion removed this 
effect. The young 3- to 6-month old reference controls are shown on the left of each graph, plotted as mean ± SEM values. BL—baseline.
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WT (complement component 3, Ccl4, and chemokine [C-X3-C 
motif] ligand 1 [Cx3cl1]). All three genes are proinflammatory medi-
ators. A total of 10 genes increased in an age-dependent manner in 
the Null (Ccl1, Ccl5, Ccl6, Ccl9, CC chemokine receptor 1, interleu-
kin [IL]11, IL1 receptor 2, IL8 receptor beta, macrophage inhibitory 
factor [Mif], and platelet factor 4 [Pf4]). Of these, three are proin-
flammatory (Ccl5, Ccl9, and Pf4) and seven are anti-inflammatory 
(Ccl1, Ccl6, Ccr1, IL11, IL1 receptor 2, IL8 receptor beta, and Mif). 
All of the 13 genes showed distinct patterns between WT and Null 
mice. The altered genes are all associated with macrophage func-
tions, which indicated that macrophage infiltration or polarization 
may be MMP-9 dependent.

MMP-9 Deletion Promoted Anti-Inflammatory M2 
Polarization in Macrophages at Day 7 Post-MI
We investigated the effect of MMP-9 deletion on post-MI mac-
rophage infiltration and polarization. Mac-3 immunohistochemi-
cal staining showed that WT and Null mice had similar numbers 
of macrophages at Day 7 post-MI (Figure  6A, p  =  .12), indicat-
ing that macrophage infiltration was not altered by MMP-9 dele-
tion. To investigate the effect of MMP-9 deletion on macrophage 
polarization, we isolated macrophages from the infarcts of WT and 
Null mice at Day 7 post-MI. Our quantitative RT-PCR data showed 
that at Day 7 post-MI, MMP-9 deletion had no effect on any of 
the five M1 markers (Figure 6B, top panel, p > .05) but increased 
four of the five M2 markers (CD163, mannose receptor 1, TGF-β1, 
and YM1; Figure 6B, bottom panel, all p < .05). The M2 marker 
CD163 was not changed. At Day 7 post-MI, CD11b positive cell 

numbers were similar between WT and Null mice (p = .29), which 
was consistent with our histological measurements that showed no 
difference in macrophage numbers. Based on M2 marker expression 
(MRC1 and TGF-β1 in particular), the number of M2 macrophages 
in the Null mice was 15% higher than in WT mice. These results 
revealed that although MMP-9 deletion in aged mice at Day 7 post-
MI had no effect on M1 polarization, it promoted M2 macrophage 
polarization.

Discussion

In this study, we investigated whether MMP-9 deletion improved LV 
remodeling post-MI in aged mice. The major findings were (a) plasma 
MMP-9 concentrations increased post-MI in an age-dependent man-
ner, (b) MMP-9 deletion attenuated the age-dependent increase in 
LV dilation and decrease in LV function at Day 7 post-MI, and (c) 
MMP-9 deletion attenuated age-associated inflammation post-MI 
by stimulating M2 anti-inflammatory macrophage polarization 
rather than inhibiting M1 proinflammatory macrophage polariza-
tion. Combined, our results reveal MMP-9-dependent mechanisms 
through which aging impairs wound healing in the post-MI LV 
(Figure 7).

Aging and MI are associated with an increase in MMP-9 expres-
sion (9). In humans, plasma MMP-9 levels positively correlate with 
severity of coronary artery lesions, the progression of left ventricular 
dilation, and survival rate (17). Our data extend previous findings by 
demonstrating that MMP-9 effects are both MI and age dependent. 
Similar to young mice, MMP-9 deletion improved post-MI survival 

Figure 3. (A) At Day 7 post–myocardial infarction (MI), matrix metalloproteinase (MMP)-9 deletion resulted in increased collagen accumulation. Representative 
photomicrographs of picrosirius red stained border zone areas are shown on the left. Images were randomly acquired from the border zone through the infarct 
area to the other border zone. Quantification is shown on the right for WT (n = 42) and Null (n = 75) left ventricle (LV). (B) WT and Null mice did not show age-
dependent effects on collagen deposition (r = .08 for WT and r = .01 for Null), but levels were higher at all ages for the Null. The young reference controls are 
shown on the left of each graph, plotted as mean ± SEM values.
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in the aged group, indicating that therapies targeting MMP-9 would 
likely have a uniform effect across the age spectrum, if not a more 
pronounced effect in aged subjects (12). Functional analysis of 
the LV revealed that post-MI WT mice showed an age-dependent 
increase in LV volumes and decrease in ejection fraction, an effect 

attenuated by MMP-9 deletion. These findings correlate to human 
data, in which older patients are particularly prone to developing 
heart failure post-MI (18,19).

We previously reported that aging alone is associated with an 
increase in collagen deposition, and MMP-9 deletion attenuates this 

Figure 5. WT mice showed age-dependent increased expression of complement component 3 (C3), CC chemokine ligand (Ccl) Ccl4, and chemokine (C-X3-C 
motif) ligand 1 (Cx3cl1). Null mice showed age-dependent increased expression of Ccl1, Ccl5, Ccl6, Ccl9, CC chemokine receptor 1 (Ccr1), interleukin (IL)-1, IL-1 
receptor 2, IL8 receptor beta, macrophage inhibitory factor (Mif), and platelet factor 4 (Pf4). Genes in red font are proinflammatory, and genes in blue font are 
anti-inflammatory. Sample sizes are n = 22 for WT and n = 35 for Null. ↑: gene expression increased with age (by regression analysis); ↔: gene expression did 
not change with age (by regression analysis).

Figure 4. Matrix metalloproteinase (MMP)-9 and -11 mRNA increased with age in the WT infarct. Collagen type 4 alpha 2 (Col4a2), extracellular matrix protein 
1 (Ecm1), integrin alpha (Itga) 3, Itga5, laminin (Lam) alpha 1, Lam alpha 2, Lam beta 2 (Lamb2), MMP-3, TGF-β-induced (TGF-βi), and tissue inhibitor of matrix 
metalloproteinase (TIMP)-1 mRNA increased with age in the Null infarct. Null mice also showed age-dependent decrease in fibronectin 1 (Fn1), ItgaV, ItgaX, Lam 
gamma 1, MMP-14, platelet endothelial cell adhesion molecule 1 (Pecam1), periostin (Postn), and TIMP-3 mRNA. Sample sizes are n = 22 for WT and n = 35 for 
Null. ↑: gene expression increased with age (by regression analysis); ↓: gene expression decreased with age (by regression analysis); ↔: gene expression did 
not change with age (by regression analysis).
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Figure 6. (A) Representative photomicrographs for macrophage (Mac-3) immunohistochemistry in WT and Null mice at Day 7 post–myocardial infarction (MI; 
left, arrows show positively stained macrophages). WT (n = 42) and Null (n = 75) mice showed similar numbers of macrophages in the infarct (right, p = .12). 
(B) Matrix metalloproteinase (MMP)-9 deletion did not affect the expression of M1 markers in isolated macrophages from the left ventricle (LV) infarcts at Day 7 
post-MI (upper panel) but have promoted the M2 polarization (lower panel). The red font indicates M1 markers, and the blue font indicates M2 makers. Samples 
sizes are n = 12 for WT and n = 12 for Null.

effect (9). Although the Day 7 infarct in both WT and Null mice 
showed no age-dependent correlation with collagen deposition, the 
amount of collagen deposition was higher in the Null mice at every 
age. This is opposite of what we and others have reported previously 
for the young MI mice (11). These findings could be explained by 
delayed collagen synthesis in older fibroblasts from post-MI WT 

mice due to a decreased responsiveness to TGF-β stimulation (20). 
Recently, Zhu and coworkers (21) have reported a decrease in col-
lagen synthesis in senescent cardiac fibroblasts post-MI, consistent 
with this theory. Out of eight collagen genes measured (collagens 
1α1, 2α1, 3α1, 4α1, 4α2, 4α3, 5α1, and 6α1), the Null mice showed 
an increase in collagen 4α2. TGF-β-induced protein gene expression 
was also increased, and both genes link to the increased total collagen 
content in the Null mice (22). Fibronectin 1 and periostin mediate 
cell adhesion, motility, cell-mediated matrix assembly, and collagen 
type I deposition aspects of ECM remodeling, and a decrease in the 
expression of these genes at Day 7 post-MI in aged Null mice indi-
cates that a stable scar has already formed (23,24). Increased collagen 
synthesis at Day 7 post-MI can contribute to a stiffer infarct, which 
would attenuate LV dilation and may in part explain the better sur-
vival and improved LV function post-MI in the Null mice.

In addition to the age-dependent increase in MMP-9 post-MI, 
WT mice showed an age-dependent increase in MMP-11. Unlike the 
majority of other MMPs, MMP-11 is released to the ECM in an 
active form, which may contribute to increased proteolytic activity, 
unstable scar, and enhanced inflammation (17). We observed a com-
pensatory increase in MMP-3 and decrease in MMP-14 in the Null 
mice. Although the role of MMP-3 in LV remodeling is unknown, 
MMP-14 positively associates with mortality post-MI, thus, lower 
MMP-14 gene levels in the Null mice provide a mechanism for 

Figure 7. Mechanistic figure showing the effects of matrix metalloproteinase 
(MMP-9) deletion on myocardial infarction (MI) superimposed in an aging 
environment. Aging and MI lead to an increased MMP-9 production and 
increased inflammation to impair scar formation and amplify dysfunction. 
MMP-9 deletion attenuated inflammation through M2 macrophage 
polarization to improve scar formation and attenuate left ventricle (LV) 
dysfunction post-MI.
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improved survival (25–27). Additionally, the well-established profi-
brotic marker TIMP-1 was also increased in the Null mice at Day 7 
post-MI, which correlated with attenuated LV dilation (28).

TIMP-3 is important for angiogenesis, as TIMP-3 inhibition 
blunts capillary morphogenesis in vitro and angiogenesis in vivo 
(29). Decreased TIMP-3 expression in the Null mice may explain 
the better angiogenesis response previously reported for the Null 
mice (10). The Null mice also showed increased expression of Ecm1, 
Itga3, Itga5, Lama1, Lama2, and Lamb2 genes, which are responsi-
ble for angiogenic processes and neovascularization (30–32). Pecam1 
was reduced in the Null mice, and reduced Pecam1 expression may 
explain the switch from proinflammatory M1 macrophages to anti-
inflammatory M2 macrophages in the Null post-MI LV (33). These 
findings confirm our previous data of improved angiogenesis in 
aging Null mice and in young Null mice post-MI (10,12).

The inflammatory profile of aged WT and Null mice revealed gene 
differences that were all directly associated with macrophage function. 
Each of the genes increased in WT mice were proinflammatory, whereas 
in Null mice, 7 out of 10 genes were anti-inflammatory and 3 proin-
flammatory. Out of the inflammatory gene changes, MMP-9 is known 
to proteolytically process Ccl4, Cx3cl1, Pf4, IL8, and TGF-β1, all of 
which can directly regulate macrophage polarization (34–37). MMP-9, 
therefore, may indirectly regulate macrophage polarization by proteo-
lytically processing cytokine substrates. The number of macrophages 
in aged mice post-MI was not affected by MMP-9 deletion, indicating 
that MMP-9 deletion contributes to macrophage polarization rather 
than infiltration. Macrophages express different polarization pheno-
types post-MI, including proinflammatory M1 and anti-inflammatory 
M2 phenotypes. Proinflammatory M1 macrophages dominate early 
post-MI and their major role is to amplify the inflammatory response, 
whereas M2 anti-inflammatory macrophages become more active at 
days 4–7 post-MI and their major roles are to activate endothelial cells 
and myofibroblasts and engulf apoptotic neutrophils (11,38). In aged 
mice post-MI, MMP-9 deletion had little to no  effect on M1 polariza-
tion but significantly increased the expression of M2 phenotype mark-
ers. These findings showed that with aging, MMP-9 deletion promotes 
M2 macrophage polarization, which may explain the increased survival 
and improved LV remodeling. The anti-inflammatory macrophages 
that prevail in the WT infarcts from Day 4 contain lower content of 
inflammatory molecules and proteases and increased content of growth 
factors (39). Nahrendorf and colleagues (40) showed that anti-inflam-
matory macrophages populate infarcts at Day 4 post-MI and release 
vascular endothelial growth factor and TGF-β. The prevalence of anti-
inflammatory M2 macrophages in Null mice at Day 7 post-MI may 
provide an additional explanation for the higher collagen content. The 
increased expression of TGF-β1 in isolated macrophages and a strong 
age-dependent correlation of proangiogenic markers at Day 7 post-MI 
in the infarcts of Null mice indicate that MMP-9 deletion improves car-
diac remodeling and function post-MI by altering both scar formation 
and angiogenic potential. Increased expression of IL-10 and TGF-β in 
Null macrophages may promote the transition of cardiac fibroblasts 
toward a profibrotic phenotype and reveal M2 macrophage–dependent 
mechanisms mediated by MMP-9. However, further investigation of the 
mechanisms by which M2 macrophages determine dynamic plasticity 
of cardiac fibroblasts is needed.

We have demonstrated that MMP-9 deletion promotes M2 anti-
inflammatory macrophage polarization at Day 7 post-MI in aged 
mice. Whether the effects of MMP-9 deletion on macrophage polari-
zation is indirectly due to alterations in the ECM, or whether this 
effect is directly related to effects on the macrophage itself (by pro-
teolytically processing cytokine and chemokine substrates or a yet 

unrecognized role of intracellular MMP-9 inside the macrophages) is 
the focus of future studies. In conclusion, our combined data reveal a 
negative role for MMP-9 in the aging post-MI LV. Targeting MMP-9 
to regulate macrophage polarization may provide a novel therapeu-
tic approach for the aging post-MI patient.
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