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Abstract: 

Background - After myocardial infarction (MI), the left ventricle (LV) undergoes a wound 

healing response that includes the robust infiltration of neutrophils and macrophages to facilitate 

removal of dead myocytes as well as turnover of the extracellular matrix (ECM). Matrix 

metalloproteinase (MMP)-9 is a key enzyme that regulates post-MI LV remodeling.  

Methods and Results - Infarct regions from wild type and MMP-9 null mice (n=8/group) 

analyzed by glycoproteomics showed that of 541 N-glycosylated proteins quantified, 45 proteins 

were at least two-fold up- or down-regulated with MMP-9 deletion (all p<0.05). Cartilage 

intermediate layer protein (CILP) and platelet glycoprotein 4 (CD36) were identified as having 

the highest fold increase in MMP-9 null mice. By immunoblotting, CD36 but not CILP 

decreased steadily over the time course post-MI, which identified CD36 as a candidate MMP-9 

substrate. MMP-9 was confirmed in vitro and in vivo to proteolytically degrade CD36. In vitro

stimulation of day 7 post-MI macrophages with MMP-9 or a CD36 blocking peptide reduced 

phagocytic capacity. Dual immunofluorescence revealed concomitant accumulation of apoptotic 

neutrophils in the MMP-9 null group compared to WT. In vitro stimulation of isolated 

neutrophils with MMP-9 decreased neutrophil apoptosis, indicated by reduced caspase-9 

expression.

Conclusions - Our data reveals a new cell signaling role for MMP-9 through CD36 degradation 

to regulate macrophage phagocytosis and neutrophil apoptosis. 

Key words: extracellular matrix; proteomics; metalloproteinase; myocardial infarction; platelet 
glycoprotein 4 
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Introduction

Myocardial infarction (MI) is a significant contributor to the high morbidity and mortality rates 

associated with cardiovascular disease.1  Following MI, the left ventricle (LV) undergoes a

wound healing response comprised of robust infiltration of inflammatory cells that regulate 

extracellular matrix (ECM) turnover to remove necrotic debris and form an infarct scar.2 In the 

mouse model of MI, the inflammatory response begins to subside by day 7, leading the way for 

an increase in ECM production and scar formation.  

Matrix metalloproteinases (MMPs) are zinc-dependent enzymes that proteolytically 

process ECM proteins, cytokines, chemokines, growth factors, and adhesion molecules.3, 4 MMP 

cleavage can activate or inactivate a protein; for example, cleavage of interleukin (IL)-8 

increases its activity while cleavage of Cxcl4 decreases its activity.5 MMP-9 is particularly 

important in the post-MI setting, as protein concentrations increase 3-fold in the infarct region 

during the first week post-MI.6, 7 MMP-9 deletion attenuates LV dilation post-MI, indicating a 

causal role for MMP-9.6, 8  Although a number of in vitro MMP-9 substrates have been 

identified, including collagens (IV, V, VII, X and XIV), gelatin, fibronectin, elastin, IL-8, Cxcl4, 

and IL-1 , the mechanisms whereby MMP-9 modulates post-MI LV remodeling has not been 

completely elucidated.9, 10

Methods

Detailed methods are described in the Supplemental Methods. 

Mice

C57BL/6J wild type (WT) and MMP-9 null male and female mice of 4-7 months of age were 

used in this study (Supplemental Table S1). The MMP-9 null mice were generated by Zena 

Werb’s laboratory and backcrossed onto the C57BL/6J strain by Lynn Matrisian’s laboratory.11,

cleavage can activate or inactivate a protein; for example, cleavage of interleukinnn (((ILILIL)-)-)-8 8 8 

ncreaseses  its aca tivivity while cleavage of Cxcl4 decrreaeases its activity.5 MMMPP-9 is particularly 

mmmppoportant in ttthehee ppposoo t-t-MMMI I sesesetttt innng,g,g, aaasss ppprororoteteteinn cococoncnn ennntrrratiooonsnsns iiincncncreeasasase e e 3-3-3-fofooldldld in ththhe e e inininfafafarcrct t t rereregigigiononon 

duduuriiingnn  the first wwweeeek popopost-MMIMI.666, 7 MMMMPP-999 dellletttion attttenununuaatatesss LLLV ddidilal tionnn ppposstst--MMMI, innnddidicaaatiiingn aaa

causal role for MMPPP-9-9-9.6, 8  AlAllthththououo ghg  a number offf  inii  vitro MMMMMMP-9 sububststs rararates have been 
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12 Mice were kept in a light-controlled environment with a 12:12 hour light-dark cycle and given 

free access to standard mice chow and water. All animal procedures were approved by the 

Institutional Animal Care and Use Committee at the University of Texas Health Science Center 

at San Antonio and the University of Mississippi Medical Center in accordance with the “Guide 

for the Care and Use of Laboratory Animals”. The mice underwent permanent coronary artery 

ligation surgery, to produce MI, as described previously.3, 11 Three /day/set) 

were used (Supplemental Table S1): one set was used for glycoproteomics, a second set was 

used for immunoblotting, immunohistochemistry, and immunofluorescence, and a third set was 

used for in vitro stimulation of macrophages and blood neutrophils. Supplemental Figure S1 

illustrates the workflow of the study. For all procedures, samples were randomized and analyzed 

in a blinded manner.  

Tissue samples and protein extraction

The LV infarct region was collected at 0, 1, 3, 5, and 7 days post-MI as described previously.3, 13

Because the insoluble fraction is enriched for ECM, we used that fraction for the glycoproteomic 

analysis. Immunoblotting also used the insoluble fraction for confirmation of glycoproteomic 

findings. 

Mass spectrometry

The samples were digested with trypsin at a ratio of 1:50 (w/w, enzyme:protein) at 37°C 

overnight with gentle shaking. Peptide concentration was determined by BCA assay. N-linked 

glycopeptides were isolated from the tryptic peptides using the solid phase extraction of 

glycopeptides (SPEG) method previously reported.14, 15 The efficiency of glycopeptide capture 

was evaluated previously by Zhou et al.16 According to two standard proteins with isotope 

labeling, 85% of the glycoproteins were coupled to the hydrazide resin. 

llustrates the workflow of the study. For all procedures, samples were randomizededed aandndnd anananalalalyzyy ed 

n a blininded d mam nnnnere .  
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 Peptides were analyzed by LC-MS/MS using a Q Exactive. MS/MS spectra were 

searched with SEQUEST using Proteome Discoverer (version 1.4) against the mouse RefSeq 

database (released in Nov 2014) containing 57,788 sequences. The False Discovery Rate was set 

at 0.01 to eliminate low-probability protein identifications. To eliminate false positive 

identifications of N-glycopeptides, we determined the extent of spontaneous deamidation on Asn 

residues satisfying the N-X-S/T sequence by profiling the unconjugated fraction of hydrazide 

beads without PNGase F treatment.17, 18 The rate of spontaneous deamidation in the consensus 

motif was 1.5% in our sample set. Glycosylation was confirmed for several proteins, including

fibronectin, -sarcoglycan, and periostin (Supplemental Figure S2). Peptides were quantified by 

label-free relative quantification based on integrated peptide peak intensities using the SIEVE 

software, version 2.1. Unsupervised clustering was performed using normalized peak areas of the 

identified glycopeptides. 

Proteomic data repository

The mass spectrometry proteomics data was deposited in the ProteomeXchange Consortium 

(http://proteomecentral.proteomexchange.org) via the PRIDE partner repository 

(http://www.ebi.ac.uk/pride/) with the dataset identifier PXD001393.19

Bioinformatics analysis 

For Gene Ontology (GO) analysis, proteins were classified to GO categories according to their 

cellular component and main biological processes using DAVID Bioinformatics tools (v6.7) with 

default settings.20, 21 For network interaction analysis, the list of proteins was submitted to 

several protein-protein interaction (PPI) databases, including Database of Interacting Proteins, 

Molecular INTeraction database, and the Search Tool for the Retrieval of Interacting 

Genes/Proteins (STRING) database v9.1.22, 23 STRING identified the most proteins from our 

abel-free relative quantification based on integrated peptide peak intensities usinngng ttthehee SSSIEIEIEVEVEV

oftwaaarerere,,, vevv rsrsrsion n n 2.2 1. Unsupervised clustering waas s s pepp rformed using normrmmalized peak areas of the

dddennntified glyycocoopepepeptpp ididideseses...

PrPrrototteoe mic dadaata reeposssitttory

The mass spectromeeetrtrtry y y prprp otteooomimm cscs data a was ded popoposisis tet d in ttthehehe PProteteommeXeXeXchchangegg  Consortium 
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list, therefore it was used in this study to identify protein-protein interactions using database, 

literature, and experimental search parameters.23 The confidence score was set as high (0.7). The 

interaction network was visualized by Cytoscape.24

Immunoblot analysis 

Immunoblotting was used to validate proteomic findings. The insoluble fraction from the infarct

area of WT or MMP-9 null mice (n=8/group; 4 male and 4 female) were analyzed. Samples were 

pooled for time course analysis and analyzed individually for the day 7 post-MI analysis. The 

blots were examined using the IQ-TL image analysis software on luminescent image analyzer. 

The signal intensity of each sample was normalized to the densitometry value for the total 

protein of its corresponding lane. 

RT-PCR analysis 

RNA extraction was performed on the LVI tissue as previously described.25-27 CILP, CD36,

Ltbp2, Col6a6, Col6a1, Lama5, and Fbln1 gene expression was assessed.

In vitro cleavage assay 

Mouse CD36 recombinant protein was incubated with active MMP-2, MMP-9, or MMP-12 

recombinant protein at a ratio of 2:1. Two negative controls (MMP alone or recombinant protein 

alone) were included. Samples were run on SDS-PAGE, followed by silver staining. 

Immunofluorescence or immunohistochemistry

Five random images were captured at 40x magnification for analysis. Quantification was 

measured by Image-Pro Plus version 6.2. Representative images are shown at 40x or 60x 

magnification.

Phagocytosis Assay 

Macrophages were isolated from day 7 post-MI LV of male mice, as previously described and 

protein of its corresponding lane. 

RT-PCRCR aanaalyysisiss

RNRNRNAAA extractitiiononon waww s s pepeperfrfrfororormemem d d d ononon ttthehee LLLVIVIVI tttisisissuss e asasas preeeviviviouououslss y dededescscscririr bebebed.d.d.25-27 CICICILPLPLP,,, CCCD3D3D3666,,,

LtLtLtbpbpbp2, Col6a6, CCCoool6a111, Lammma5a55,, and FbFbFblnnn1 geeennne exxxpppressssisisiooon wwwas aaassssesseddd.

In vitro cleavage assssasasay y y 
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stimulated with 1 ng/uL of active MMP-9, a CD36 blocking peptide (CD36i), or a combination 

of both (1:1 ratio).26, 28 Phagocytosis was measured using the Vybrant Phagocytosis Kit (Life 

Technologies), with quantification measured on the SpectraMax M3 Plate Reader (excitation: 

480 nm; emission: 520 nm). Representative images are shown at 40X magnification.

Blood neutrophil isolation and stimulation

Neutrophils were isolated from the blood of male mice as previously described.27, 29 Cells were

stimulated with 0.5 ng/uL of active MMP-9 or CD36i and harvested for RNA isolation and RT-

PCR examination.  

Statistical analysis 

All analyses were performed blinded to groups, and data are presented as mean ± standard error 

of the mean (SEM). For two group comparisons, the nonparametric Wilcoxon rank sum test was 

used. For multiple group comparisons, the nonparametric Kruskal-Wallis test with Dunns post-

test was used. A 2-way ANOVA was used for CD36 time course analysis. A value of r>0.30 was 

considered a strong correlation for the linear regression of CD36 and end diastolic dimension. A 

p value of <0.05 was considered statistically significant. Statistical analysis was performed using 

GraphPad InStat3 and Prism 5.  

Results

Glycoproteomic analysis identified 45 MMP-9 dependent extracellular protein changes 

post-MI

A total of 1161 unique N-linked glycopeptides were quantified by LC-MS with a 1% false 

discovery rate and these sites represented 541 unique glycoproteins (Supplemental Table S2). 

Unsupervised clustering was used to analyze the identified glycopeptides. Based on the peptide 

abundance, 7 of 8 WT samples and 7 of 8 MMP-9 null were clustered together, indicating good 

All analyses were performed blinded to groups, and data are presented as mean ±±± sstatatandndndararard d d erererror 

of the mmeae n (S(S( EMM). For two group comparisons, ththee nonparametric Wilccoxo on rank sum test was 

usususeddd. For muuullltipipiplelele grorooupupup cccomomo papapariririsososonsnsns,, thththe nonononpnn aramamametriririccc KrKrKrusuu kakakalll-WWaWalllllisisis test wiwiwiththth DDDunnnnsnsns ppposososttt--

eeestst wwwas used. A 2-wayyy AAANOVOVOVA waaas ss uuuseeed fooor CD3666 tiiimememe cooouuurse annnalysiiis... AA A vavavalue ofofof rr>>>0...30 wawawas

considered a strong cococorrrrr elatiooon n n foff r the linear reggrereessssion offf CCCD3D3D 6 and d enenend dd diastolic dimension. A 
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grouping based on genotype (Figure 1A). There was very poor clustering of males and females, 

indicating a lack of sex related differences. 

 A total of 122 proteins showed significant changes in MMP-9 null mice compared to WT 

mice (p<0.05; Supplemental Table S3). Combining a minimum two-fold change (fold change 2

or 0.5) and significance (p<0.05), there were 45 proteins (Table 1).  Notably, 6 of the 45

proteins (fibronectin, collagen alpha-1, carboxypeptidase N subunit 2, beta-1 integrin, fibulin-2, 

and thrombospondin 1) had more than one glycopeptide identified with similar fold change, 

which increased the confidence for these proteins. Detailed information and quantification values 

can be found in Supplemental Table S2 and Supplemental Table S4. For the 20 single 

glycopeptides identified only once, the annotated MS/MS spectra are provided in Supplemental 

Figure S3. RT-PCR analysis was performed for 7 of the top 12 proteins (Supplemental Figure 

S4). Of note, none of the genes measured were significantly different between WT and MMP-9 

null, indicating the glycoproteomic changes were not due to changes in transcription. This 

comparison between gene and protein levels highlights the importance of examining protein 

level changes in addition to gene level changes.

STRING analysis revealed that MMP-9 dependent changes work in concert as a network 

To obtain an overview of the interconnections among the differentially expressed proteins, the 

protein list was submitted to the STRING protein-protein interaction (PPI) database and filtered 

for interactions of high confidence (score >0.7).23 In Figure 1B, the up-regulated proteins are 

shown in red, the down-regulated proteins are shown in blue, and proteins associated with the 

changed proteins but not identified in this study are shown in gray. Stronger associations are 

represented by thick black lines, whereas weaker associations are indicated by thin gray lines.

MMP-9 is highlighted in green. The analysis revealed 20 of the 45 proteins (45%) had 

glycopeptides identified only once, the annotated MS/MS spectra are provided innn SuSuSupppppplelelememementntn al 

Figure SS3.3  RTT-PCRCR analysis was performed for 7 ofof the top 12 proteins (((SuS pplemental Figure 

S4S4S4).).. Of note, nonononenene of f f thththe e e gegegenenesss mememeasasa urururededed wwwererere ee sigggniiificananantltltly y y didd ffffeererenenent t t bebebetwtwtween n WTWTWT aaandndd MMMMPMPMP-9-9-9 

nunuullll,, , indicatingg ttheee glyyycoooprottteoeoomic chchc aaanggges wewew re nnnooot dddueueue tooo ccchannngeees in tttraaanssscrcrripii tionnn. ThThhisss  

comparison betweennn gggenene and d d prprp oto ein levels higghlhlhligigights the e e imimimpoportancecee ooof ff examining protein 

eevevel l chchanangegeg s s inin aaddddititioion n toto gggenene e lelevevel l chchanangegeg s.s.
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established interconnections. For example, platelet glycoprotein 4 (CD36) is connected with 

thrombospondin-1 (Thbs1), and the interaction between CD36 and Thbs1 stimulates pro-

apoptotic signals.30, 31 In addition, several proteins co-regulated a common protein. For example, 

Tnc, Thbs1, Fn1, CD36 and Cdh2 directly or indirectly surround MMP-9 indicating these 

proteins act as a network.

CILP and CD36 had the highest fold increases in MMP-9 null mice. Glycoproteomics results 

identified cartilage intermediate layer protein (CILP) and CD36 as having the highest fold 

increase in MMP-9 null mice (Table 1). Since direct associations with MMP-9 had not been 

previously assigned, CD36 and CILP were selected for validation (highlighted in yellow in 

Figure 1B). Immunoblotting was performed on an independent set of mouse tissues and showed 

agreement with the proteomic results (Figure 2). 

Since ECM remodeling post-MI is time and space dependent, we also investigated the 

protein expression of  CILP and CD36 in the LV infarct (LVI) or remote control (LVC) regions 

over the post-MI time course.2 CILP continuously increased post-MI in both WT and MMP-9 

null mice (Supplemental Figure S5). This pattern is not what we would expect if CILP was a 

substrate of MMP-9. For this reason, further analysis of CILP was not performed in this study. 

CD36 was robustly expressed at day 0, consistent with past reports of endothelial expression.32

CD36 showed a pattern consistent with being an MMP-9 substrate; namely, it decreased over 

time in the WT LVI, and this decrease was attenuated by MMP-9 deletion. Surprisingly, a 

similar pattern was found in the remote LVC (Figure 3A). The fact that CD36 decreased in the 

remote region indicates additional MMPs may also cleave CD36.  

MMP-9 regulates CD36 levels through proteolytic degradation 

To assess in vitro proteolytic degradation, CD36 recombinant protein was incubated with active 

Figure 1B). Immunoblotting was performed on an independent set of mouse tissuuuesess  annnddd ssshohohowwew d ddd

agreemmenent wiwitht tthehe proteomic results (Figure 2). 

Since e ECECCM MM rereemomomodededelilil ngngg pppososost-t-t MIMIMI iiis tititimememe andd spaacecece dddepepepennnddedentntnt,,, wewewe aaalso inininvevevestststigigi atatatededed ttthehehe 

prprrototteiee n expressiononon of CCCILP ananand d CD3633  innn theee LLLV infnfnfarctctct (((LVLVLVIII) orr reeemoteee ccconnntrororol (LVCVCVC) reeegionnnsss

over the post-MI timmme e e cocourse...2 CCCILP coontinuouslylyy increassededed pposo t-MI iiin n n bobb th WT and MMP-9 

nunullll mmicice e (S(S( upuppplplp ememenentatal l FiFigugug rere SS5)5)).. ThThisis pppatatteternrn iis s nonot t whwhatat wwee wowoululd d exexpepep ctct iif f CICILPLP wwasas aa 
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MMP-9. Because we found CD36 decreased over time in the remote region, we also incubated 

CD36 with active MMP-2 or MMP-12- two MMPs that increase in the remote region post-MI 

(Figure 3B). Fragments were visible with MMP-9 and MMP-12 incubation but not with MMP-2 

incubation (Figure 3C and 3D). This demonstrates CD36 is cleaved by MMP-9 and MMP-12 in 

vitro, which may explain the decrease in CD36 levels observed in both the LVC and LVI 

samples. Interestingly, there were multiple bands generated with MMP-9 at molecular weights 

ranging from 50 to 10 kDa, illustrating MMP-9 not only generated a CD36 fragment but can 

further degrade it whereas MMP-12 only generated one major fragment. To confirm whether 

CD36 was cleaved by MMP-9 in vivo, immunoblotting was performed on the soluble fraction of 

homogenized LV tissue of WT and MMP-9 null mice. The results showed a 35 kDa fragment 

detected only in WT mice and not MMP-9 null, confirming CD36 is an in vivo substrate of 

MMP-9 (Figure 3E).

MMP-9 decreases macrophage phagocytosis

CD36 is known to be expressed by multiple cell sources, including macrophages and endothelial 

cells.32, 33 At day 7 post-MI, dual immunofluorescence revealed no significant difference in the 

number of macrophages present in the LVI in WT and MMP-9 null mice as previously shown.34

CD36 was significantly higher in MMP-9 null mice, consistent with glycoproteomic analysis. In 

addition, CD36 was co-localized with the macrophage marker Mac-3 (Figure 4). MMP-9 null 

mice showed higher levels of CD36+ macrophages compared to the WT mice at day 7 post-MI

consistent with CD36 being reduced in WT.  

 CD36 expression is required for macrophage mediated phagocytosis, thus we proposed 

MMP-9 cleavage of CD36 would decrease phagocytosis in WT mice.33 Macrophages isolated 

from the infarct of MMP-9 null mice exhibited a higher phagocytic index compared to WT 

homogenized LV tissue of WT and MMP-9 null mice. The results showed a 35 kDkDkDa aa frfrfragagagmemementntn  

detecteded ono lylyy in WWT mice and not MMP-9 null, cononfirming CD36 id s an inin vivo substrate of 

MMMMMMP-9 (Figuguureee 3E3E3E)..

MMMMMMP-9 decreassseess macacacrophhhagagage phhhagaga ocococytoosiss

CD36 is known to bbbe e e exexe presseseed d d byby multipple cell sososouru ces, iiincncncluludid ngg macacacrororophp agges and endothelial

cecellllss..32, 33 AAt t daday y y 77 popop stst-M-MI,I,, dduaual l imimmumunonoflfluouorerescscenencece rreveveaealeled d nono ssigiggninifificacantnt ddififfefererencnce e inin tthehe 
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macrophages (Figure 5). Stimulation with MMP-9 at concentrations similar to what is observed 

physiologically reduced phagocytosis by 30% in WT and 50% in MMP-9 null indicating MMP-9 

regulates phagocytosis. MMP-9 null mice had higher levels of CD36+ macrophages which 

explains the greater reduction in phagocytic index. To test if this decrease was due to CD36 

degradation, macrophages were incubated with CD36 blocking peptide (CD36i) or a mixture of 

MMP-9 and CD36i. Phagocytic potential decreased to a similar extent after incubation with 

CD36i or the mixture indicating MMP-9 regulates phagocytosis through CD36. 

MMP-9 decreased apoptotic neutrophils in infarct region at day 7 post-MI

CD36 is required for the induction of macrophage-mediated phagocytosis of apoptotic 

neutrophils.35 If not removed in a timely manner, apoptotic neutrophils can continue to release 

granule components prolonging the inflammatory response.36 We showed MMP-9 can degrade 

CD36 post-MI leading to a decrease in phagocytosis but whether this leads to sustained

neutrophil inflammation is unknown. To address this, the LVs of WT and MMP-9 null mice at 

day 7 post-MI were stained for neutrophils. MMP-9 null had lower neutrophils numbers in the 

infarct region compared to WT at day 7 post-MI (Figure 6A, C). In addition to facilitating the 

removal of apoptotic cells, CD36 also initiates the rapid activation of caspase-3 resulting in 

neutrophil apoptosis.33, 35 MMP-9 null mice had higher levels of caspase-3 and TUNEL staining

compared to WT mice at day 7 post-MI (Figure 6B, D). Caspase-3–mediated spontaneous death 

in neutrophils is critical for modulating inflammatory responses.37, 38 To confirm the higher 

levels of cleaved caspase-3 were due to neutrophil apoptosis, dual immunofluorescence of PMNs 

and TUNEL was performed (Figure 6E). Overlay analysis showed higher numbers of apoptotic 

neutrophils with MMP-9 deletion. During active inflammation, neutrophil apoptosis is delayed 

leading to increased tissue damage.39

neutrophils.35 If not removed in a timely manner, apoptotic neutrophils can contininnueueue tto oo rerereleleleasasa e 

granule e coc mpmpponenents prolonging the inflammatoryy rrese ponse.36 We showeded MMP-9 can degrade
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 We hypothesized that a lack of CD36 degradation was the cause of increased apoptotic 

neutrophils observed in the MMP-9 null mice and tested this using an in vitro assay. Because 

neutrophils are known to undergo spontaneous apoptosis in the absence of extracellular 

stimuli,40-43 we used this natural process to induce apoptosis to limit exogenous influences. 

Incubating neutrophils with MMP-9 decreased the gene expression of the apoptotic marker 

caspase-9 by 2-fold and increased caspase-3, with no effect on Bax or Xiap (Figure 7). The 

increase in caspase-3 may be a compensatory response to the decrease in caspase-9. Caspase-9 is 

a critical upstream activator of the caspase pathway, and these results indicate that MMP-9 

regulates apoptosis in vitro. CD36i increased caspase-3 and Xiap expression but did not affect 

caspase-9 or Bax. Xiap is an inhibitor of the caspase pathway. Our data indicates that while 

MMP-9 directly regulated neutrophil apoptosis, this effect was independent of CD36 

degradation. 

MMP-9 degradation of CD36 increases LV dilation post-MI

Excessive inflammation post-MI has been shown to impair infarct healing contributing to LV 

dysfunction.7, 8, 26 At day 7 post-MI, WT mice showed increased LV dilation (Table 2), indicated 

by elevated diastolic dimensions and volumes compared to baseline day 0 controls. This increase 

was attenuated in the absence of MMP-9, consistent with previous findings.11 Regression 

analysis showed decreased CD36 levels were linked to increases in end diastolic dimensions 

(R2=0.48; -9 deletion removed the link between CD36 and LV dilation.

Discussion

The goal of this study was to identify MMP-9 dependent signaling mechanisms in the post-MI 

LV. Our results showed that of 541 N-glycosylated proteins quantified, 45 proteins were at least 

two-fold up- or down-regulated with MMP-9 deletion; and CILP and CD36 were identified as 

caspase-9 or Bax. Xiap is an inhibitor of the caspase pathway. Our data indicatesss ththhaatat wwwhihihilelele 

MMP-9 9 did rectctlyy reregulated neutrophil apoptosis, thhisis  effect was independdene t of CD36 

dededegrgrgradation. 

MMMMMMP-9 degraddatttion off CDDD36366 increreeasssess LVVV dilaaatiion n popopost--MMMI

Excessive inflammaaatititionono ppost-M-M-MI I has beeen shownnn ttto o impairirir iiinfnfn ara ct heaeaalilil ngnn  contributing to LV 
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having the highest fold increases in MMP-9 null mice. MMP-9 regulated CD36 levels through 

proteolytic degradation, decreasing macrophage phagocytosis and prolonging neutrophil 

inflammation. In addition, regression analysis showed decreased CD36 levels were linked to 

increases in end diastolic dimensions. Combined, our results reveal a role for MMP-9 in 

regulating CD36-mediated aspects of post-MI LV remodeling.  

 The proteins identified in this study are potential downstream mediators of MMP-9. Of 

the 45 differentially expressed proteins, at least five are known MMP-9 substrates, including 

fibronectin, collagen XIV, tenascin, laminin 5, and laminin 2.10 Future studies identifying the 

role of the other key proteins identified, such as CILP and latent TGF-beta binding protein 

(LTBP)-2, will be necessary to fully delineate MMP-9 post-MI mechanisms. This study 

validated CD36 as a novel in vivo MMP-9 substrate. CD36 degradation delayed inflammation 

resolution by decreasing macrophage mediated phagocytosis. Based on our in vitro results,

MMP-9 also regulates neutrophil apoptosis through a pathway that is not dependent on CD36 

degradation.  

 In addition to MMP-9, CD36 was also cleaved by MMP-12. Inhibition of MMP-12 post-

MI is known to suppress neutrophil apoptosis leading to prolonged inflammation and worsened 

LV function.27 Interestingly, the in vitro cleavage assay showed multiple bands generated with 

MMP-9 whereas MMP-12 only generated one major fragment. This suggests that while MMP-12 

cleaves CD36, MMP-9 degrades it further preventing CD36 biological activity. While MMP-9 

increases only in the infarct area, MMP-12 increases in both the remote and infarct area. This is 

one explanation for why we see such a dramatic decrease in CD36 in the LVC. Lower levels of 

CD36 in the LVC could reduce fatty acid supply to the surviving myocytes, leading to a 

reduction in energy supply and contributing to infarct expansion.44  

LTBP)-2, will be necessary to fully delineate MMP-9 post-MI mechanisms. Thisisis ssstutut dydydy

validaatetetedd d CDCDCD363 aaas ss a novel in vivo MMP-9 substraatetete. CD36 degradation dddelee ayed inflammation 
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degradation.  
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MMP-9 increases dramatically during the first week post-MI, and this lead to CD36 

degradation. We focused our evaluation on day 7 post-MI, because this is a time when the early 

peak in MMP-9  concentrations is waning, as is the inflammatory process.45 This time point, 

therefore, allows us to monitor the end points of the inflammatory process and the beginning of 

the scar formation process. Our study identified macrophages as a source of CD36 in the infarct. 

CD36 is a multifunctional plasma membrane protein that plays a role in fatty acid transport, cell 

apoptosis, and inflammation.46 CD36 binds Thbs1 initiating apoptosis and the release of 

additional Thbs1 as a signal to recruit macrophages. The CD36/Thbs1 complex on the cell 

surface of the apoptotic cell acts as a ligand, which interacts with the CD36/ v 3 complex on 

macrophages initiating phagocytosis of the apoptotic cell. Macrophage CD36 recognition and 

internalization of apoptotic cells inhibits the release of proinflammatory cytokines like tumor 

necrosis factor- (TNF- ), interleukin (IL)-12, IL-1 , and IL-8 and initiates the anti-

inflammatory response which is mediated by the release of IL-10 and transforming growth factor 

(TGF) .33, 47  In our study, we showed CD36 levels decreased post-MI in WT only. This 

decrease was due to MMP-9 mediated degradation. Degradation of CD36 led to decreased 

macrophage phagocytosis at day 7 post-MI implicating MMP-9 as a key player in the persistence 

of the inflammatory response by mediating neutrophil removal.

Future directions

MMP-9 deletion has been proven to be beneficial post-MI in mice. However, the use of a non-

specific inhibitor in clinical trials has shown to be inconclusive.48 Our study revealed that MMP-

9 plays a vital role post-MI by delaying resolution of the inflammatory response after MI. MMPs 

are involved in multiple biological processes, including cell-surface-receptor cleavage and 

release, cytokine and chemokine activation and inactivation, and ECM turnover. Understanding 

macrophages initiating phagocytosis of the apoptotic cell. Macrophage CD36 recccogngg itititioioion n n ananand d

nternalalalizizizatata iooon nn ofoff aaapoptotic cells inhibits the releassee e of proinflammatory y y cycycytokines like tumor 

nennecrcrrosis factor--- (T(( NFNFNF--- ),),), ininteteterlrlrleueueukikik nn n (I(I(IL)))-121212, IL-11 , ananand dd ILILIL-8 aana d d d inini itititiaiaiatttes thththe ee ananantititi-

nnnflflf amamammatoryryry resssppponseee wwwhichhh isisis mededdiai ttteddd byyy tthhe reeeleeassse oof IIILLL-100 aaandn  trananansfoorormmming gggrrrowwwthhh faccctooor
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the entire composite of MMP-9 roles will be important for translating these findings to the clinic.

Identifying the effects of MMP-9 cleavage products may provide answers and serve as novel and 

more selective treatment strategies for post-MI patients. Future studies utilizing full-length CD36 

as well as MMP-9 derived cleavage products to rescue the phenotype are warranted. In addition, 

future studies utilizing CD36 null mice to investigate CD36 degradation and cardiac remodeling 

would further evaluate the mechanism behind this connection. 

 In this study, we did not evaluate the effect of CD36 degradation on metabolism or

energy components. CD36 also delivers fatty acids to the myocardium for physiological energy 

requirements. In response to MI, the LV utilizes more energy from glucose than fatty acids 

leaning towards a failing phenotype.46 MMP-9-mediated degradation of CD36 in the infarct area 

of the WT may reduce the fatty acid supply to the post-MI LV in WT, in contrast MMP-9 null 

LV showed higher levels of CD36 meeting the energy demands of the post-MI LV.46 Future 

studies with a major focus on post-MI metabolic measurements and different substrate inputs 

will advance the field. 

Conclusion 

In summary, this study identified CD36 as an in vivo MMP-9 substrate. In the clinical setting, 

heart failure is marked by the persistent presence and activation of neutrophils due to their 

reduced clearance.49 Our study demonstrated that degradation of CD36 decreased macrophage 

phagocytosis and prolonged neutrophil inflammation leading to an enlarged LV post-MI (Figure 

8). These results are the first to implicate MMP-generated decreased levels of CD36 as a possible 

marker for sustained inflammation and heart failure.  

eaning towards a failing phenotype.46 MMP-9-mediated degradation of CD36 innn tthehehe inininfafafarcrcrct t t ara ea 

of the WWT T mamay reredud ce the fatty acid supply to the popop st-MI LV in WT, inn ccontrast MMP-9 null 
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Table 1: Proteins differentially expressed in MMP-9 null mice ( least two-fold difference), ordered by normalized ratio 

(NR; null/WT; normalized to total ion current by SIEVE) to evaluate substrate accumulation in the absence of MMP-9. 

Accession 
number Protein Description Cellular component Glycopeptides NR N-p

Value

27734196 Cartilage intermediate layer protein (CILP) Extracellular matrix EQRPGQNCSNYTVR 13.13 9.90E-07
568933000 Platelet glycoprotein 4 (CD36) Plasma membrane QFWIFDVQNPDDVAKNSSK 9.35 2.90E-02
158341636 Latent-transforming growth factor beta-binding protein 2 Extracellular region DSSPQAAHVNHLSPPWGLNLTEK 7.12 1.60E-02
6753138 Sodium/potassium-transporting ATPase subunit beta-1 Plasma membrane LDWLGNCSGLNDDSYGYR 6.74 8.60E-03
156616286 Collagen alpha-6 (VI) Extracellular matrix LNANLLSSLWDTFQNK 6.37 4.00E-02
6753484 Collagen alpha-1 (VI) Extracellular matrix RNFTAADWGHSR 5.25 3.70E-02
568920137 Laminin subunit alpha-5 Extracellular matrix EQLQGINASSAAWAR 5.09 4.80E-02

61651673 Dolichyl-diphosphooligosaccharide--protein 
glycosyltransferase subunit STT3B

Endoplasmic 
reticulum membrane TTLVDNNTWNNSHIALVGK 4.81 2.70E-02

170784829 Procollagen galactosyltransferase 1 Unknown TALWVATDHNTDNTSAILR 4.34 2.30E-02

238637279 4F2 cell-surface antigen heavy chain Plasma membrane APLMPWNESSIFHIPRPVSLNMTVK 4.33 2.00E-02

755498697 Fibrillin-1 Extracellular matrix
AWGTPCELCPSVNTSEYK 4.29 3.20E-02

CDSGFALDSEERNCTDIDECR 0.45 4.50E-02
568911077 Nicastrin Plasma membrane ANNSWFQSILK 4.14 3.20E-02
755537649 Platelet endothelial cell adhesion molecule Plasma membrane EKEDRPFHQAVVNDTQAFWHNK 4.1 1.20E-02
568939471 Serum paraoxonase/arylesterase 1 Extracellular region HANWTLTPLK 4.05 3.80E-02
568926396 Tenascin Extracellular matrix ASTEEVPSLENLTVTEAGWDGLR 3.89 2.50E-02
31982236 Integrin alpha 6 Plasma membrane LWNSTFLEEYSK 3.76 5.00E-03

568991244 Collagen alpha-1 (XIV) Extracellular matrix
SFMVNWTQSPGK 3.75 3.70E-02

VVDKGNGSKPTSPEEVK 2.18 3.60E-02

171846253 Transmembrane glycoprotein NMB  Unknown NLSDEIFLR 3.66 3.20E-02
124494256 Prolow-density lipoprotein receptor-related protein 1 Plasma membrane WTGHNVTVVQR 3.62 2.40E-02

148747128 Dolichyl-diphosphooligosaccharide--protein 
glycosyltransferase subunit STT3A Membrane TILVDNNTWNNTHISR 3.52 2.20E-02

6755863 Endoplasmin Plasma membrane HNNDTQHIWESDSNEFSVIADPR 3.36 3.60E-02
121674797 Palmitoyl-protein thioesterase  Golgi apparatus FFNDSIVDPVDSEWFGFYR 3.29 4.40E-02
225543173 Cartilage-associated protein Extracellular matrix DKWGLSDEHFQPRPEAVQFFNVTTLQK 3.05 3.20E-02
569003077 Cadherin-2 Plasma membrane RNWTINR 3.03 1.00E-02

755537859 Solute carrier family 2, facilitated glucose transporter 
member 4 Plasma membrane VIEQSYNATWLGR 2.71 8.70E-03

Sod u /potass u t a spo t ng ase subu t beta as a e b a e W GNCSG N S G 6.7 8.
86 Collagen alpha-6 (VI) Extracellular matrix LNANLLSSLWDTFQNK 6.6.6.373737 4.

Collagen alpha-1 (VI) Extracellular matrix RNFTAADWGHSR 5.5.5.22525 3.
37 Laminin subunit alpha-5 Extracellular matrix EQLQGINASSAAWAR 555.090909 444.

3 Dolichyl-diphosphooligosaccharide--protein
glg ycycycosososylylyltrtrtranaa sfsferererasa e sususubububunit STT3B

Endoplasmic 
reticulum membraanenene TTLVDNNTWNNSHIALVGK 4.81 2.

29 PrPrProcollagen n gagg lalaactossylylyltrtrtransferase 1 Unknown TALWVATDHNTDDNTNN SAILRRR 4.34 2.

77999 4F2 cell-surfacceee antitigegegen n n heavy y chchchaiainnn PlPlPlasmamama mmmememembraneee APLMLMLMPWPWPWNEN SSISIIFFHFHIPIPIPRPRPRPVSLLNMNMNMTVK 4..333333 2.

9997 Fibrillin-1 Exxtracelllulaaar matrrrix
AWAWAWGTG PCCCELELLCPSVVVNNTTSEYYKK 44.299 3.

CDDSGSGSGFAFAFALDLDDSEERRRNCCCTDIDECRCRCR 0.45 4.
7777 NiNN castrin Plllasma mmmemmmbraneee AAANNNNNSWFFFQQSILK 4.14 3.
49 PlPlP atateleleletetet eeendndndototothhehelialalal cccell adadadhehehesisisioon mmmolololecule PlPP assmamama mmmememembrbrb anananeee EKEKEKEDEDDRPRPRPFHFHFHQAQAQAVVVVNDNDDTTTQAQAQAFWFWFWHNHNHNKKK 4.44 11 11.1.
71 Serum paraoxonase/arylesteraraaseses  1 Extracellular regigig ono HANWWTTTLTL PLK 4.05 3.
96 Tenascin ExExExtrtrtracacacelelellulululalalarr r mamamatrrrixixx ASASASTEEEEVEEVPSPSSLELELENLNLNLTTTVTVTVTEAEAEAGWGWGWDGDGDGLRLRLR 3.89 2.
6 Integrin alpha 6 PlPlPlasasasmamama mmmememembrbrbranananeee LLLWNSNSSTTTFLFLFLEEEEEEYSYSYSKKK 3.76 5.

44 Collagen alpha-1 (XIV) Extracellular matrix
SFSFSFMVMVMVNWNWNWTTTQSQSQSPGPGPGKKK 3.3.3.757575 3.3.3.

VVVVDKDKGGNGNGSSKPKPTSTSPEPEEVEVKK 22 1818 33
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31542891 Gamma-glutamyltransferase 5 Plasma membrane LWDPSSHPGIQNISR 2.65 2.50E-02

121583481 Inhibitor of nuclear factor kappa-B kinase-interacting 
protein,isoform 1

Endoplasmic 
reticulum membrane FQNITDFWK 2.52 4.70E-02

8850219 Haptoglobin Extracellular region VVLHPNHSVVDIGLIK 2.36 1.00E-02
568972029 C-type mannose receptor 2 Cell surface ASNASKPGTLER 2.18 3.80E-02
568962784 Laminin subunit beta-2 Extracellular matrix AQAALDKANASR 2.14 2.10E-02
7305599 Transthyretin Extracellular region TLGISPFHEFADVVFTANDSGHR 2.08 1.70E-02

147904569 Carboxypeptidase N subunit 2 Extracellular region
LQDLEITGSPVSNLSAHIFSNLSSLEK 2.08 4.80E-02
LSLDSNNLTALHPALFHNLSR 2.02 2.50E-03

31982712 Carboxypeptidase B2 Extracellular region IPFNVLMNNVEDLIEQQTFNDTVSPR 2.07 2.50E-02
219521935 MHC class I like protein GS10 Plasma membrane TLLSYYNQSAGGSHTIQVISGCEVGSDGR 2.02 2.70E-03

45504394 Integrin beta-1 Plasma membrane
KDTCAQECSHFNLTK 0.5 3.70E-02
KENSSEICSNNGECVCGQCVCR 0.37 2.90E-02

755522163 Integrin alpha-M Plasma membrane TPVLNCSVAVCK 0.49 5.20E-03

449083336 Fibronectin Extracellular matrix

WTPLNSSTIIGYR 3.65 4.10E-02
VFAVHQGRESNPLTAQQTTKLDAPTNLQFVNETDR 0.5 1.60E-02

HEEGHMLNCTCFGQGR 0.43 2.50E-02

RHEEGHMLNCTCFGQGR 0.35 2.10E-02

269315863 Collagen alpha-5 (VI) Unknown

SNDSVLEPANR 0.49 4.60E-02

LEGVTMFAMGIEGANNTQLEDIVSYPSR 0.44 4.20E-02

SSANQSEFQQQIQK 0.38 8.60E-03
166064058 Slit homolog 2 protein Unknown DLEVLTLNNNNITR 0.48 8.90E-03

218931165 Procollagen-lysine,2-oxoglutarate 5-dioxygenase 2 Endoplasmic 
reticulum membrane YNCSIESPR 0.47 1.50E-02

568940646 Fibulin-2 Extracellular matrix
EGETCGAEDNDTCGVSLYK 0.46 4.30E-03
DLDECALGTHNCSEAETCHNIQGSFR 0.37 1.40E-02

568930638 Basement membrane-specific heparan sulfate 
proteoglycan core protein Extracellular matrix CDGDFDCEDRTDEANCSVK 0.44 4.60E-02

47059073 Thrombospondin 1 Extracellular region
GCSSSATNVLLTLDNNVVNGSSPAIR 0.39 2.30E-02
VSCPIMPCSNATVPDGECCPR 0.32 8.10E-03

145966840 Eosinophil peroxidase Cytoplasmic granule ALLPFDNLHEDPCLLTNR 0.28 7.50E-03
358030288 Extracellular matrix protein 1 Extracellular matrix QIPGLIQNMTIR 0 8.10E-06

glycosylation motif is indicated in bold
N-p value: Normalized p value

35 MHC class I like protein GS10 Plasma membrane TLLSYYNQSAGGSHTIQVISGCEVGSDGR 2.02 2.

4 Integrin beta-1 Plasma membrane
KDTCAQECSHFNLTK 000.555 3.
KENSSEICSNNGECVCGQCVCR 0.0.0.37373 2.2

63 Integrin alpha-M Plasma membrane TPVLNCSVAVCK 0.00 494949 555.

36 FiFiFibbrbronectin Extracellular matrrrixi

WTPLNSSTIIGYR 3.65 4.
VFAVHQGRESNPLTAQQTTTTKTKLLLDAPTNLQFVNETDR 0.5 1.

HEEGHMLNCTCFCFFGQGG GR 0.43 2.

RHRHRHEEEEEEGHGHGHMMMLNCCCTTTCFFFGQGQGQGRGRR 0.0.0.353535 2.

66333 CoC llagen alpha-5 (VIII) UUUnknowwwn

SSNDNDNDSSVLVLLEPEPPANR 0.49 4.

LELELEGGVGVTMMMFAAAMGIEIEEGGAGANNTQLLLEEDDIVVSYSYPPPSR 0.44 4.

SSSS AAANQNQNQSSSEFEFFQQQQQQQIIIQKQKQK 0.38 8.8
58 Sllit hhhomom lolog 2 proteini UnU kkknown DLDLEVEVLLTLNLNNNN NITTRR 0.0 4848 88.

65 Procollagen-lysine,2-oxoggglululutatararatetete 555--dididioxoxoxygygygenennasasase e e 222 Endoplpp assmim c 
reeettticucuculululumm m mememembmbmbraaanenene YYYNCNCNCSSSIEIEIESPSPSPRRR 0.47 1.

46 Fibulin-2 Extracellular matrix
EEEGETTCGCGCGAEAEAEDDDNDNDNDTTTCGCGCGVSVSVSLYLYLYKKK 0.46 4.
DLDLDLDEDEDECACACALGLGLGTHTHTHNCNCNCSSSEAEAEAETETETCHCHCHNININIQGQGQGSFSFSFRRR 000.373737 111.

BaBasesemementnt mmemembrbrananee--spspececifificic hhepepararanan ssululfafatete
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Table 2: While dilation of the left ventricle occurred in both WT and MMP-9 null mice at Day 7 

post-myocardial infarction (MI), MMP-9 deletion attenuated this effect.

Day 0 are naive, no MI controls. Values are means ± SEM.   
*vs p<0.05 vs respective baseline 
†vs p<0.05 vs WT Day 7

WT MMP-9 null

Day 0
(n=8) 

Day 7
(n=16) 

Day 0
(n=8) 

Day 7
(n=16) 

Infarct size (%) NA 53 3 NA 52 2

Heart Rate (bpm) 473±14 473±11 440±7 450±11 

LV Infarct Wall Thickness (mm) 1.20±0.07 0.65±0.05* 1.13±0.03 0.68±0.05* 

End Diastolic Dimension (mm) 3.47±0.10 5.79±0.18* 3.52±0.05 5.14±0.24*†

End Systolic Dimension (mm) 2.16±0.08 5.42±0.19* 2.14±0.06 4.78±0.26* 

Fractional Shortening % 38±1 6±1* 39±2 7±1* 

End Diastolic Volume (uL) 58 2 160 10* 54 2 124 10*†

End Systolic Volume (uL) 17 1 140 10* 15 1 107 10*

Ejection Fraction (%) 70 1 12 1* 72 1 15 2*

DaDaDayyy 000 ararareee nananaivivive,e,e, nnnooo MIMIMI cccononontrtrtrololols.s.s. VaVaValululueseses aaarerere mmmeaeaeansnsns ±± SSSEEEM.M.M.  
*vsvs pp<0<0 0055 vsvs rresespepectctivivee babaseselilinene

End Systolic Dimension (mm) 2.16±0.08 5.42±0.19* 2.14±0.0666 4.4.4.787878±0±0±0.226

Fractitionononalal SSShohh rtrtrtenee ing % 38±1 6±1* 39±2 7±1* 

EnEnEnd d Diastolililic c VoVoVolul mememe (((uLuLuL))) 5855 222 161616000 1011 ** 54 222 121212444 101010*†

EnEnEndd d Systolicc Voooluuumee (uuuL) 1117 111 1414140 10* 155 111 101007 1110*

Ejection Fraction (((%)%)%) 70 1 1222 1* 727 1 15 2*
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Figure Legends:

Figure 1: Glycoproteomic analysis identified MMP-9 dependent extracellular protein changes 

post-myocardial infarction (MI). (A) Unsupervised clustering of the identified glycopeptides was 

performed using normalized peak areas. WT samples and MMP-9 null clustered separately, with 

the exception of one WT and one null sample. Sex differences were not observed. (B) The 

changed proteins were analyzed by STRING (Search Tool for the Retrieval of Interacting 

Genes/Proteins v9.1) protein-protein interaction (PPI) software with high confidence (score >0.7) 

and visualized by Cytoscape. The majority of the changed proteins interacted with each other. 

Stronger associations are represented by thicker lines. Red nodes are the up-regulated proteins, 

blue nodes are the down-regulated proteins, and gray nodes present proteins associated with the 

changed proteins. MMP-9 is highlighted in green. CD36 and CILP, highlighted in yellow, were 

selected for immunoblot analysis.

Figure 2: MMP-9 deletion increased CD36 and CILP levels at day 7 post-myocardial infarction 

(MI). Immunoblotting analysis of the LV infarct (LVI) at day 7 post MI using individual mice. 

(A) CD36 and (B) CILP increased in MMP-9 null mice, which is consistent with the proteomic 

results (left panel). Data are represented as mean ± SEM. WT; n=8/group.

Figure 3: MMP-9 regulates CD36 levels through proteolytic degradation. (A) Full length CD36 

decreased over time in the LV infarct (LVI) of WT mice post-myocardial infarction (MI) and 

this decrease was attenuated by MMP-9 deletion. A similar pattern was found in the remote 

control (LVC). (B) MMP-2 and -12 increased in both the LVC and LVI at day 7 post-MI 

compared to day 0. In vitro cleavage assay showed recombinant CD36 was cleaved by active (C)

Stronger associations are represented by thicker lines. Red nodes are the up-regulullatatatededed ppprororoteteteinininss, 

blue nodes are the down-regulated proteins, and gray yy nodes present proteins associated with the 

chchhannnged prottteeeinsnss.. MMMMMP-P-P 99 9 isisi  higigighlhlhligigighthttededed in nn grgrgreeee n. CCCD36 6 6 ananand d d CIILPLPLP,,, hihih ghghghlililighg teed d d ininin yyyele loow,w,w, wwwererere e

eeeleleectcc ed for immmmunnnoblllottt analalalysysysis.

Figugg re 2: MMP-9 delll tetiiion ini creased dd CDCDCD36336 a ddnd CCCILILLPP lllevellls at t dadd y yy 777 popop st-myoyoy cardial infarction 
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MMP-9 and (D) MMP-12. Silver staining showed CD36 fragments as indicated by bracket. (E)

Immunoblotting of the soluble fraction of homogenized LV tissue of WT and MMP-9 null mice 

using CD36 antibody showed a 35 kDa fragment detected largely in WT mice but not MMP-9 

null, confirming CD36 is an in vivo substrate of MMP-9. Data are represented as mean ± SEM.

* respective D0; † ‡ ; n=8/group. 

Figure 4: MMP-9 regulates macrophage expression of CD36. (A) Representative dual

immunofluorescence images. (B) WT and MMP-9 null animals had similar numbers of Mac3 

positive cells in the infarct at day 7 post-myocardial infarction (MI). (C) CD36 expression was 

increased in MMP-9 null animals similar to what was observed by proteomics and 

immunoblotting analysis. (D) Overlay analysis indicated CD36 was largely expressed by 

macrophages. Staining showed higher levels of CD36+ macrophages in the MMP-9 null mice at 

day 7 post-MI. Data are represented as mean ± SEM. WT; n=8/group. 

Figure 5: MMP-9 regulates phagocytosis through CD36. As shown by the in vivo stimulated 

cells isolated from day 7 post-myocardial infarction left ventricle (MI), MMP-9 deletion 

increases macrophage phagocytic index compared to WT macrophages. MMP-9 incubation 

decreased phagocytosis in both WT and MMP-9 null. MMP-9, CD36 blocking peptide (CD36i) 

and the combination of MMP-9 and CD36i decreased phagocytosis to similar degrees, indicating 

MMP-9 regulates macrophage phagocytic potential through CD36. Quantification of 

phagocytosis was performed using the SpectraMax M3 Plate Reader. Data are represented as 

mean ± SEM. Representative images are at 40X magnification. Fluorescent Bioparticles are 

ncreased in MMP-9 null animals similar to what was observed by proteomics annndd d

mmunonoblb ottitingng aanan lysis. (D) Overlay analysis inddicicated CD36 was largegeg lyl  expressed by 

mmmacccrophages.ss SSStatatainii innng g g shshshowowoweddd hhhigigigheheh r rr lelelevevev lslsls ooof CDDD3336++ mamamacrcrcropo hahahagegegesss ininn ttthehh MMMPMPMP-999 nunuullllll mmmiciciceee ataa

dadaay y 777 post-MI. DaDaData arrre repreeesesesented aaas mmmeannn ±±± SEMMM. WWWT; n===888/grgrgrouououp.

FiFigugug rere 55:: MMMMPP-99 rregeggululatateses ppphahagogog cycyytotosisis s ththrorouguggh h CDCD3636. . AsAs sshohownwn bby y y ththe e inin vvivivoo ststimimululatateded 
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shown in green. DAPI staining is shown in blue. WT; † vs null MI;

n=5/group. 

Figure 6: MMP-9 decreases removal of apoptotic neutrophils post-myocardial infarction (MI).

(A, C) MMP-9 null mice had lower numbers of neutrophils in the infarct at day 7 post-MI 

compared to WT. This decrease was coupled with an increase in the apoptotic markers (B)

cleaved caspase-3 (pooled samples) and (D) terminal deoxynucleotidyl transferase dUTP nick 

end labeling (TUNEL) at day 7 post-MI. (E) Overlay analysis indicated lower numbers of 

apoptotic neutrophils in WT animals indicating prolonged neutrophil mediated inflammation at 

day 7 post-MI. Data are represented as mean ± SEM. †

n=8/group. 

Figure 7: MMP-9 inhibits apoptosis in blood neutrophils. (A) Compared to unstimulated cells 

MMP-9 decreased neutrophil expression of caspase-9 and increased caspase-3 expression but 

had no effect on Bax or Xiap. (B) CD36 blocking peptide (CD36i) increased expression of 

capsase-3 in addition to the apoptotic inhibitor, Xiap, indicating that while MMP-9 does regulate 

apoptosis, it is not through CD36 degradation. Stimulated data was normalized to unstimulated 

data to illustrate fold change. Data are represented as mean ± SEM. unstimulated; 

n=4/group. 

Figure 8: Diagram depicting the roles of MMP-9 mediated CD36 degradation in LV remodeling 

post-myocardial infarction (MI). Following MI, MMP-9 degradation of CD36 resulted in 

decreased phagocytic index and prolonged neutrophil inflammation, leading to LV dysfunction.

day 7 post-MI. Data are represented as mean ± SEM. †††

n=8/grgrououp.p.p  

FiFiFiguguure 7: MMP 9-9-9 inhhibibbits apppopopoptosis s s ininn bbblooddd nnneutttrooophihihilslsls. (AAA))) Cooommmpareddd ttto unununsts imuuulaaateed ccellss 

MMP-9 decreased nnneueueutrtrophil l exexexpressiono  of caspasasasee-9 and d ininincrcreae sed cacaaspspspase-3 expression but 

hahad d nono eeffffecect t onon BBaxax oor r XiXiapapp.. (((BB))) CDCD3636 bblolockckining g g pepep ptptp ididee (C(C( D3D36i6i))) inincrcreaeasesed d exexprprp esessisionon oof f 


















