
Early Matrix Metalloproteinase-12 Inhibition Worsens Post-
Myocardial Infarction Cardiac Dysfunction by Delaying 
Inflammation Resolution

Rugmani Padmanabhan Iyer1,2, Nicolle L. Patterson1, Fouad A. Zouein1,2, Yonggang Ma1,2, 
Vincent Dive3, Lisandra E. de Castro Brás1,2, and Merry L. Lindsey1,2,4

1San Antonio Cardiovascular Proteomics Center, Department of Physiology and Biophysics, 
University of Mississippi Medical Center, Jackson, MS

2Mississippi Center for Heart Research, Department of Physiology and Biophysics, University of 
Mississippi Medical Center, Jackson, MS

3Commissariat à l’Energie Atomique, Département d’Ingénierie et d’Etudes des Protéines Bat 
152, CE-Saclay, Gif-sur-Yvette, France

4Research Service, G.V. (Sonny) Montgomery Veterans Affairs Medical Center, Jackson, MS

Abstract

Rationale—Matrix metalloproteinases (MMPs) regulate remodeling of the left ventricle (LV) 

post-myocardial infarction (MI). MMP-12 has potent macrophage-dependent remodeling 

properties in the atherosclerotic plaque; however, post-MI roles have not been examined.

Objective—The goal was to determine MMP-12 post-MI mechanisms.

Methods and Results—Male C57BL/6J mice (3–6 months old) were subjected to left coronary 

artery ligation. Saline or the RXP 470.1 MMP-12 inhibitor (MMP-12i; 0.5 mg/kg/day) were 

delivered by osmotic mini-pump beginning 3h post-MI, and mice were sacrificed at days (d)1, 3, 5 

or 7 post-MI and compared to d0 controls (mice without MI; n=6–12/group/time). MMP-12 

expression increased early post-MI, and contrary to expected, neutrophils were a surprising early 

cellular source for MMP-12. MMP-12i reduced MMP-12 activity 33±1% at d1 post-MI. Despite 

similar infarct areas and survival rates, MMP-12i led to greater LV dilation and worsened LV 

function. At d7 post-MI, MMP-12i prolonged pro-inflammatory cytokine upregulation (IL1r1, 

IL6ra, IL11, and Cxcr5) and decreased CD44 (both gene and protein levels). Hyaluronan (HA), a 

CD44 ligand, was elevated at d1 and d7 post-MI with MMP12i, as a result of decreased 

fragmentation. Because CD44-HA regulates neutrophil removal, apoptosis markers were 
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evaluated. Caspase 3 increased, while cleaved caspase 3 levels decreased in MMP-12i group at d7 

post-MI, indicating reduced neutrophil apoptosis. In isolated neutrophils, active MMP-12 directly 

stimulated CD44, caspase 3, and caspase 8 expression.

Conclusion—Our results reveal a novel protective mechanism for MMP-12 in neutrophil 

biology. Post-MI, MMP-12i impaired CD44-HA interactions to suppress neutrophil apoptosis and 

prolong inflammation, which worsened LV function.
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1. Introduction

Myocardial Infarction (MI) occurs as a result of prolonged coronary artery occlusion that 

blocks the blood supply to the downstream myocardium in the left ventricle (LV).[1] A 

prolonged reduction in LV blood flow leads to myocyte necrosis, which impairs the ability 

of the heart to contract.[2] Myocyte necrosis is followed by release of inflammatory 

mediators and infiltration of leukocytes.[2] This inflammatory phase clears dead myocytes 

and matrix debris, which is crucial for cardiac wound healing and infarct scar formation.[3] 

For infarct healing to progress, the inflammatory phase needs to be resolved in a timely 

manner that includes removal of apoptotic polymorphonuclear leukocytes (neutrophils). 

This occurs during the proliferative phase characterized by robust extracellular matrix 

(ECM) synthesis.[3] Coordination and regulation of the cellular events during LV 

remodeling is required for appropriate wound healing and scar formation.[2–4]

Matrix metalloproteinases (MMPs) are zinc dependent enzymes that cleave both ECM and 

non-ECM substrates and play key roles in LV remodeling.[5] Multiple MMPs and their 

inhibitors (the tissue inhibitor of metalloproteinases; TIMPs) are altered post-MI.[6, 7] 

MMP-12 (macrophage metalloelastase; 55 kDa pro-enzyme) is activated to form a 22 kDa 

mature form.[8] MMP-12 plays a critical role in acute and chronic inflammatory diseases, 

including chronic obstructive pulmonary disease and atherosclerosis, but MMP-12 has not 

been evaluated in the post-MI LV.[9] Macrophages are major MMP-12 producers, and 

macrophages are key cells in the post-MI wound healing response.[10] MMP-12 expression 

by other cell types, including neutrophils, and MMP-12 secretion profiles and functions 

post-MI have not yet been studied.

First generation MMP inhibitors lacked specificity and selectivity, making their in vivo use 

problematic.[11, 12] The Dive lab has developed a potent and highly selective MMP-12 

inhibitor, RXP 470.1, which successfully reduced atherosclerotic progression and 

beneficially altered plaque phenotype in apolipoprotein E (apoE) null mice.[13] This 

inhibitor has a Ki of 0.2 nmol/L against human MMP-12 and a Ki of 4 nmol/L against 

mouse MMP-12.[13] We used RXP 470.1 to elucidate the roles of MMP-12 in LV 

remodeling post-MI. Our study revealed an important regulatory link between MMP-12 and 

LV remodeling.
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2. Methods

2.1 Mice

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

Laboratory Animals (Eighth edition, 2011) 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. The C57BL/6J WT male mice used were 

3–6 months old, an age that is homogeneous in physiological maturation.[14] All mice were 

kept in the same room in a light-controlled environment with a 12:12 hour light-dark cycle 

and with free access to standard mouse chow and water. All of the MI mice were subjected 

to permanent occlusion of the left coronary artery as previously described [15]. At 3 h post-

MI, infarction was confirmed by echocardiography, and osmotic pumps with saline or 

MMP-12 inhibitor (RXP 470.1; 0.5mg/kg/day; Alzet 1007D) were inserted subcutaneously. 

The MMP-12 inhibitor group (MMP-12i) was given the RXP470.1 compound. The dose 

given was selected based on calculation of the RXP 470.1 dose needed to reach a plasma 

concentration of 100 nmol/L [13]. Mice were sacrificed at days 1, 3, 5 or 7 post-MI (n=6–12 

surviving mice/time point/group). Day 0 mice (n=6–12 for each assay) served as d0 controls.

2.2 Echocardiography

Transthoracic echocardiography was performed using a Vevo 2100™ system (VisualSonics, 

Toronto, Ontario, Canada) with a 30 MHz image transducer. Mice were anesthetized with 

0.5–2% isoflurane in an oxygen mix. Electrocardiogram, body temperature, and heart rate 

were monitored throughout the imaging procedure. Measurements were taken from the LV 

parasternal long axis (B-mode) and short axis (M-mode) views. For each variable, three 

images from consecutive cardiac cycles were measured and averaged. All images were 

acquired at heart rates >400 bpm to achieve physiologically relevant measurements.

2.3 Survival analysis and autopsy

The mice were checked daily for survival, and all mice that were found dead were analyzed 

by autopsy. At autopsy, cardiac rupture was confirmed if LV rupture was seen and a blood 

clot was observed in the thoracic cavity.

2.4 Tissue harvest and infarct area evaluation

At the sacrifice time point, mice were anesthetized with 0.5–2% isoflurane in an oxygen 

mix. Heparin was administered (i.p., 4U/g body weight) and 5 min later, the blood was 

collected from the common carotid artery. The blood was centrifuged for plasma collection, 

mixed with proteinase inhibitor, and snap frozen at −80°C. The heart was collected as 

described previously.[7] The heart was flushed with cardioplegic solution (NaCl, 69 mM; 

NaHCO3, 12 mM; glucose, 11 mM; 2,3-butanedione monoxime, 30 mM; EGTA, 10 mM; 

Nifedipine, 0.001 mM; KCl, 50 mM) to arrest hearts at diastole. The hearts were excised and 

the LV and right ventricle (RV) were separated and weighed individually.

The LV was sliced into apex, middle, and base sections and stained with 1% 2, 3, 5-

triphenyltetrazolium chloride (TTC, Sigma) for evaluation of infarct area. The LV infarct 

region (LVI) was separated from non-infarcted remote region (LVC), and lung weights and 
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tibia lengths were collected. The LVI was calculated using Photoshop (Adobe) and is 

presented as percentage of infarct area to total LV area. [16] The LVI and LVC were 

individually snap frozen and stored at −80°C for real time RT2-PCR analysis (n=6/ group) 

or immunoblotting analysis (n=6/ group). The LV middle section was fixed in 10% zinc 

formalin (Fisher Scientific), paraffin-embedded, and sectioned for histological examination 

(n=12/ group).

2.5 MMP-12 activity assay

A standard colorimetric kit (Enzo life sciences, Framingdale, NY) was used per 

manufacturer instructions to measure MMP-12 activity in d1 plasma samples from saline or 

MMP-12i treated mice. As a secondary method to confirm MMP-12i presence in the plasma, 

a standard fluorogenic substrate was used to measure MMP-12 activity in d7 plasma 

samples from saline or MMP-12i treated mice. The assays were performed in triplicate.

2.6 Protein extraction and immunoblotting

The LV was homogenized in 1x phosphate-buffered saline (PBS) with 1x proteinase 

inhibitors cocktail (PI, Roche; 16 μL for every mg of wet LV mass) using the Power Gen 

1000 Homogenizer (Fisher Scientific). The homogenate was centrifuged at 4700 rpm. The 

supernatant (soluble protein fraction) was extracted and stored at −80°C. The remaining 

pellet (insoluble protein fraction) was homogenized in Protein Extraction Reagent 4 (Sigma) 

with 1x protease inhibitor. The insoluble protein fraction was stored at −80°C. Protein levels 

were quantified by Bradford assay (BioRad, Hercules, CA).

Total protein (10 μg) from each fraction (soluble and insoluble) were run on 4–12% criterion 

Bis–Tris gels (Bio-Rad, Hercules, CA), transferred onto nitrocellulose membranes (Bio-

Rad) and stained with MemCode™ Reversible Protein Stain Kit (Thermo Scientific, 

Waltham, MA) to verify loading accuracy. Membranes were blocked with 5% non-fat milk 

(Bio-Rad) and incubated overnight at 4°C with primary antibodies against MMP-12 

(Millipore AB2964, 1:1000), TGF-β (R&D systems MAB1835, 1:1000), CD44 (Abcam 

ab119863, 1:1000), Hyaluronic Acid (Abcam ab53842, 1:1000), CD18 (Abcam ab157146, 

1:1000), Caspase 3 (Cell signaling 9662, 1:1000), Galectin-3 (R&D systems VPG802; 

1:1000) and neutrophils (anti-neutrophil mouse monoclonal, Cedarlane CL8993AP; 1:1000) 

followed by incubation at room temperature with secondary antibodies. Signal detection was 

done using Amersham ECL Substrate (GE Healthcare, Waukesha, WI). Protein levels were 

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

Waukesha, WI). Densitometric units were normalized to the densitometry of the total 

protein stain for the entire lane. For the time course analysis, n=6 samples per group for each 

time point were pooled and used as a representative time course.

2.7 Real Time RT2-PCR

RNA extraction was performed using TRIzol® Reagent (Invitrogen Life Technologies, 

Grand Island, NY, USA) according to manufacturer instructions. RNA levels were 

quantified using the NanoDrop ND-1000 Spectrophotometer (Thermo Scientific,Waltham, 

MA, USA). Reverse transcription of RNA (0.4 μg) was performed using the RT2 First 

Strand Kit (Qiagen, Valencia, CA, USA). Real Time RT2-PCR gene array for Inflammatory 
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Cytokines and Receptors (Qiagen, Valencia, CA, USA; PAMM-011A) and for Extracellular 

Matrix and Adhesion Molecules (Qiagen, Valencia, CA, USA; PAMM-013A) were 

performed to quantify gene expression levels.[7] The gene levels were normalized to the 

reference gene hypoxanthine guanine phosphoribosyl transferase 1 (Hprt1), and the data 

reported as 2-ΔCt values × 100 for extracellular matrix genes and 2-ΔCt values × 1000 for 

inflammatory genes. The experiments were performed according to the MIQE 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).

2.6 Blood neutrophil isolation and stimulation

Neutrophils were isolated from the blood as previously described [17]. Briefly, blood was 

collected in heparinized tubes from the common carotid arteries of 5 mice and pooled, and 

neutrophils were separated by density gradient centrifugation at 250 × g for 35 min using 

lympholyte poly cell separating media (Cedarlane, CL5070) followed by hypotonic lysis of 

erythrocytes using red cell lysis buffer (Miltenyi biotec). A single cell suspension was 

achieved with pre-separation filters (Miltenyi Biotec 130-041-407, 30 μm) and the cellular 

pellet resuspended in PEB buffer (PBS containing 0.5% BSA and 2 mM EDTA).

The cell suspension was serially incubated with anti-Ly-6G MicroBead Kit mouse (10 min, 

Miltenyi Biotec, 130-092-332) and CD11b MicroBeads mouse/human (Miltenyi Biotec, 

130-049-601) and isolated using a MiniMACS magnetic separator column. The effluent 

containing Ly-6G+ neutrophils was resuspended in 1 mL of RPMI 1640 media and plated in 

a 6-well plate (1.5×105 cells/ well). The neutrophils were treated with active MMP-12 (500 

U, Enzo Life Sciences, BML-SE138) and incubated at 37°C for 3 h. Cells incubated with 

fresh media were used as the unstimulated negative controls. MMP-12i or RXP470.1 can 

only inhibit transition of pro to active MMP-12. Since we are using active MMP-12 to 

stimulate the neutrophils and RXP 470.1 does not inhibit already activated MMP-12, we did 

not include an active MMP-12 + RXP 470.1 group. The cells were harvested for RNA 

isolation to perform RT2-PCR. Mmp12, Cd44, Casp3, and Casp8 gene expression levels 

were assessed using specific primers (Mmp12, Mm00500554_m1; Cd44, 

Mm01277163_m1; Caspase 3, Mm01195085_m1, and Caspase 8, Mm00802247_m1). The 

gene levels were normalized to Hprt1 and expressed as 2-ΔCt values±SEM.

2.7 Immunohistochemistry

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

immunohistochemical staining as described previously [7]. Heat mediated antigen retrieval 

(Target retrieval solution, Dako) was performed to expose antigen epitopes. Sections were 

blocked with rabbit blocking serum of Vectastain elite ABC Kit (Vector Laboratories, 

Marion, IA, USA). A primary antibody specific for macrophages (Mac-3, Cedarlane 

CL8943AP; 1:100), neutrophils (anti-neutrophil mouse monoclonal, Cedarlane CL8993AP; 

1:100) or cleaved caspase 3 (Cell signaling 9661, 1:100) was used at 4°C overnight. Later, 

the sections were incubated with respective secondary antibodies. Positive staining was 

visualized by HistoMark Black (KPL 54-75-00) and eosin was used as a counterstain. 

Images were captured at 40× magnification with Image-Pro software (Media Cybernetics, 
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Bethesda, MD, USA) and quantification was performed as the percentage of positively 

stained area to total area.

2.8 Statistical analyses

All analyses were performed by investigators blinded to treatment groups and time post-MI. 

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

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

test. Two group comparisons were analyzed by Students t-test. Multiple group comparisons 

were analyzed using one-way ANOVA, followed by the Student Newman-Keuls when the 

Bartlett’s variation test was passed, or using the nonparametric Kruskal-Wallis test, followed 

by Dunn post-hoc test when the Bartlett’s variation test did not pass. Statistical significance 

was set at p<0.05.

3. Results

3.1 MMP-12 protein expression increased early post-MI

Figure 1A shows that following MI MMP-12 protein levels in the LV infarct (LVI) 

increased at d1 and remained elevated through d7 compared to d0 control (without MI) LV. 

Figure 1B shows that MMP-12 gene levels were elevated at d1 post-MI in saline treated 

mice (p<0.05) and returned towards baseline by d7 (p=0.23 for d7 saline vs d0), while gene 

levels were increased at both d1 and d7 time points in the MMP-12i (both p<0.05). Figure 

1C demonstrates that MMP-12 protein levels were elevated at both times compared to d0 

LV for both the saline and MMP-12i groups in the soluble fraction (all p<0.05). In Figure 

1C, the d7 MMP-12i protein level was significantly increased compared to saline treated d7 

post-MI LV (p<0.05). These results indicate that RXP 470.1 did not inhibit MMP-12 protein 

expression early post-MI but rather prolonged MMP-12 gene upregulation to increase 

MMP-12 protein levels at day 7 post-MI. The fact that MMP-12 gene remains upregulated at 

d7 post-MI suggested a compensatory response to reduced MMP-12 activity.

3.2 Neutrophils were a surprising early source of MMP-12 in the post-MI infarct

Previous studies have shown that macrophages are the main producers of MMP-12.[10] 

Because MMP-12 was 4-fold increased at d1 post-MI, we evaluated if neutrophils were also 

a source of MMP-12 in the post-MI LV. Figure 1D illustrates that neutrophils isolated from 

the d1 LV infarct showed high expression of MMP-12, which was absent in neutrophils 

isolated from control d0 blood.

3.3 MMP-12i reduced MMP-12 activity post-MI

Since MMP-12 expression increased very early, we inhibited MMP-12 at 3 h post-MI, a 

time that would be clinically relevant. As shown in Figure 1E at d1 post-MI, MMP-12i 

plasma showed 33±1% reduction in MMP-12 recruitable activity. A secondary enzyme 

inhibition assay showed that at d7 post-MI, MMP-12i recruitable activity in plasma 

remained 22.8±0.1% reduced, indicating prolonged inhibition. The average RXP 470.1 

concentration in the plasma was 10.7±2.2 nM. These results demonstrate that RXP 470.1 

inhibited MMP-12 activity but not gene or protein expression early post-MI.
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3.4 MMP-12 inhibition did not affect survival rate, cardiac rupture rate, or infarct area

As shown in Figure 2A, 12 out of 36 saline treated mice survived 7 days after MI (33%), 

and 12 out of 24 MMP-12i treated mice survived 7 days after MI (50%; p=0.29). Cardiac 

rupture occurred between 3–7 days post-MI as shown in figure 2B, consistent with previous 

reports.[18, 19] Autopsy revealed that 80% of non-survivor saline treated mice died of 

cardiac rupture (19/24), while 100% of the non-survivor MMP-12i mice died of cardiac 

rupture (12/12; Figure 2B; p=0.15). Figure 2C shows that infarct areas were similar between 

saline (57±2% at d1, 57±2% at d7) and MMP-12i (57±2% at d1, 58±3% at d7) MI groups 

(ANOVA p=0.98). All mice, therefore, received similar ischemic injury, and MMP-12 

inhibition had no effect on the initial ischemic response. This was expected since inhibition 

began at 3 h post-MI, a time when myocyte salvage would not be expected in a permanent 

occlusion model.

3.5 MMP-12 inhibition exacerbated LV dysfunction and wall thinning at d7 post-MI

MMP-12i increased infarct wall thinning compared to saline treatment (Table 1). The LV 

remodeling index (end diastolic volume (EDV)/LV mass),[16] increased from d0 to d7 post-

MI in both saline and MMP-12i groups, and the MMP-12i mice displayed a 28% higher 

remodeling index than saline controls, indicating exacerbated remodeling. The LV 

hypertrophy index (end diastolic diameter/average systolic wall thickness) was 27% higher 

in the MMP-12i mice compared to saline (Table 1).

Despite similar infarct areas, MMP-12i induced more LV dilation, as end systolic and end 

diastolic volumes were significantly elevated compared to saline treated LV (both p<0.05, 

Table 1). The post-MI reduction in ejection fraction (EF) was 43% greater with MMP-12i 

(p<0.05). The increased volumes and decreased ejection fractions suggested a protective role 

for MMP-12 in cardiac remodeling.

3.6 MMP-12 inhibition increased ECM degradation at d7 post-MI

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

scar quality and composition. Table 2 summarizes ECM gene expression changes between 

infarcted (saline or MMP-12i groups) and no MI (d0 controls) as well as between MMP-12 

inhibitor treated and vehicle control groups (MMP-12i vs saline). The qualitative increase, 

decrease, or no change results shown summarize quantitative measurements that were 

statistically different (all p<0.05). Out of 84 ECM and adhesion molecules analyzed in LVI 

at days 0, 1, and 7 post-MI, 63 genes at d1 and 53 genes at d7 were statistically different in 

saline and MMP-12i group collectively compared to day 0.(Table 2; all p<0.05). At d7 post-

MI, MMP-12i LVI showed increased ECM gene upregulation compared to d0 (38 genes for 

MMP-12i versus 25 genes for saline MI), indicating that during LV remodeling multiple 

ECM genes are MMP-12 dependent.

Collagen I (Col 1a1), collagen III (Col 3a1), and fibronectin (Fn1) were not different 

between saline and MMP-12i LVI, indicating that these particular ECM genes were not 

MMP-12 regulated (Table 2). Mmp8, Mmp10, and Mmp14 were increased with MMP-12i, 

demonstrating increased degradative capacity (Table 2). This result provides a mechanism 

for the elevated LV wall thinning seen with MMP-12i. Of note, these 3 MMPs are secreted 
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by neutrophils and share common substrates with MMP-12, and their enhanced expression 

indicates a compensatory mechanism operating with MMP-12 inhibition and indirectly 

provides secondary confirmation of MMP-12 inhibition. Previous studies have also shown 

that MMP-8 and MMP-14 contribute to the adverse LV remodeling post-MI, indicating that 

some of the MMP-12i effects seen were due to upregulation of these MMPs.[20–22]

3.7 MMP-12 inhibition did not affect leukocyte infiltration but increased inflammatory 
cytokine expression

The inflammatory response is a key factor dictating cardiac remodeling, and the 

inflammatory response directly regulates the ECM response. We therefore evaluated 

neutrophil and macrophage numbers at days 1 and 7 post-MI. There were no significant 

differences between the saline and MMP-12i groups in terms of neutrophil (Figure 3) and 

macrophage numbers (Figure 4). The fact that leukocyte infiltration values did not change 

but LV function was worse with MMP-12 inhibition suggested that leukocyte function may 

be different.

To assess profile of cytokines expressed by leukocytes as a method of evaluating leukocyte 

function, we measured 84 inflammatory molecules in the LVI at days 1 and 7 post-MI and in 

the LV of d0 controls. Table 3 summarizes inflammatory gene expression changes between 

infarcted (saline or MMP-12i groups) and no MI (d0 controls) as well as between MMP-12 

inhibitor treated and vehicle control groups (MMP-12i vs saline). The increase, decrease and 

no change were based on quantitative measurements that were statistically different (all 

p<0.05). Compared to saline treated LVI, 45 genes at d1 and 41 genes at d7 were 

statistically different, as listed in Table 3 (all p<0.05). Saline d1 post-MI LVI had 30 

upregulated genes and 13 downregulated genes (all p<0.05). MMP-12 inhibition attenuated 

the inflammatory cytokine upregulation, leading to only 17 upregulated genes and 15 

downregulated genes at d1 post-MI (all p<0.05), indicating a delayed inflammatory response 

early post-MI. At d7 post-MI, the saline LVI had 15 upregulated genes and 11 

downregulated genes; whereas the MMP-12i LVI had 29 upregulated genes and 9 

downregulated genes (all p<0.05), indicating delayed inflammation resolution with MMP-12 

inhibition. Of the upregulated genes in the MMP-12i LVI, the pro-inflammatory interleukins 

(IL)-18, -1r1, and 6ra are secreted by neutrophils, which signified prolonged neutrophil 

presence.[23–25]

Transforming growth factor β (TGFβ) is a regulator of inflammation that is robustly 

expressed at d7 post-MI.[26] All TGFβ isoforms are upregulated under ischemic conditions, 

and direct administration of TGFβ attenuates pro-inflammatory cytokine levels.[26] Figure 

5A illustrates that TGFβ levels were increased 120±25% (for TGFβ2) and 83±8% (for 

TGFβ3) in the saline group compared to d0 in the soluble fraction (both p<0.05). However, 

in the MMP-12i group this upregulation was inhibited, and TGFβ densitometries were lower 

compared to saline LVI (40±6% for TGFβ2 and 20±10% for TGFβ3; both p<0.05). TGFβ 

inhibition leads to exacerbated LV dilation, and increased cytokine levels [27]. Our data 

indicate that TGFβ may act as a downstream stimulator of resolution of inflammation, 

through direct regulation by MMP-12.
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3.8 MMP-12 inhibition decreased expression of CD44 at d7 post-MI

TGFβ has been shown to stimulate MMP-14 induced cleavage of CD44 in cancer cells.[28] 

Absence of CD44 enhances dilative LV remodeling post-MI, demonstrating a significant 

post-MI role for CD44 [3]. In the saline group, Cd44 expression was enhanced at both d1 

and 7 post-MI (Figure 5B and Table 2, p<0.05 versus day 0). MMP-12 inhibition did not 

affect CD44 gene (Figure 5B) and protein levels (Figure 5C) at d1 post-MI, but at d7 post-

MI, CD44 levels were 54±4% reduced at the gene level (Figure 5B) and 50±1% reduced at 

the protein level (Figure 5D) compared to saline LVI (soluble fraction).

3.9 MMP-12 inhibition disrupted the CD44 – hyaluronic acid axis post-MI

Hyaluronic acid or hyaluronate (HA) is a principal CD44 ligand.[29] HA is a ubiquitously 

distributed polysaccharide that organizes ECM and increases during inflammation and tissue 

remodeling.[29] Full-length HA undergoes fragmentation, and fragment clearance is a 

stimulus for inflammation resolution during wound healing.[3] Both HA fragmentation and 

clearance are modulated by CD44.[3] Figure 6A shows that at day 1 post-MI, full-length HA 

increased 278±92% in saline LVI compared to day 0 LV, and this increase had returned to 

control levels by d7 post-MI (soluble fraction). In contrast, MMP-12i resulted in an 

118±42% increase of HA at d1 post-MI that was 200±62% higher at d7 post-MI compared 

to time matched saline groups (soluble fraction, Figure 6A), demonstrating amplified and 

extended HA accumulation due to increased synthesis or low fragmentation and clearance 

rates. These data are consistent with a previous report in keratinocytes showing that CD44 

abrogation was accompanied by abnormal prolonged HA accumulation.[29] Our data 

reveals that MMP-12 inhibition negatively impacted the CD44-HA axis, leading to HA 

accumulation and impaired inflammation resolution.

3.10 MMP-12 inhibition reduced neutrophil apoptosis at d7 post-MI

CD44 regulates apoptosis by interacting with HA,[3] a critical mechanism in wound healing 

to clear inflammatory cells from injury sites.[30] Neutrophils isolated from rat blood showed 

that CD44-HA interaction triggers neutrophil apoptosis.[31] Because the CD44-HA 

interaction was impaired with MMP-12i, we investigated if neutrophil apoptosis was 

prevented. Figure 6B shows that protein levels of intact full-length caspase 3 were 

upregulated in the saline group compared to day 0 (soluble fraction). With MMP-12i, these 

levels further increased an additional 58% compared to saline, suggesting accumulation due 

to reduced caspase 3 cleavage. Indeed, cleaved caspase 3 was decreased 50% in MMP-12i 

LVI (Figure 6C). CD18 (β2 integrin; Itgb2) is a cell adhesion molecule that suppresses 

neutrophil apoptosis during endothelial transmigration,[32] and CD18 levels were elevated 

at d7 post-MI in the MMP-12i LVI as shown in figure 6D. While d7 saline LVI showed no 

significant change in CD18 levels compared to day 0, CD18 levels were 140% increased 

with MMP-12i in the soluble fraction.

3.11 MMP-12 directly regulated CD44 and MMP-12i stimulated pro-apoptotic gene 
expression in neutrophils in vitro

The above results indicated that a role of MMP-12 is to stimulate neutrophil apoptosis. To 

verify this, neutrophils were isolated from the blood of WT mice and stimulated with active 
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MMP-12. Stimulation resulted in a 4.5-fold increase in CD44 gene levels compared to 

unstimulated cells (Figure 7A). Caspase 3 (Figure 7B) and caspase 8 (Figure 7C) were 2-

fold increased. This revealed a direct role for MMP-12 in instigating neutrophil exit from 

sites of inflammation.

4. Discussion

The goal of this study was to dissect MMP-12 roles in the post-MI setting. The major 

findings were: 1) MMP-12 expression increased early post-MI, with neutrophils being an 

early source of MMP-12, 2) MMP-12 inhibition worsened LV dysfunction, increased ECM 

degradation, and prolonged neutrophil presence, leading to sustained pro-inflammatory 

cytokine levels at d7 post-MI, 3) MMP-12 inhibition disrupted the CD44-HA interaction to 

reduce neutrophil apoptosis post-MI and impair inflammation resolution. Taken together, 

these findings reveal direct roles for MMP-12 in regulating the post-MI inflammatory 

response, such that MMP-12 inhibition resulted in exacerbated cardiac remodeling.

Consistent with previous reports, MMP-12 expression was very low in the day 0 LV, 

indicating MMP-12 is not a major player in cardiac homeostasis under normal conditions. 

Day 7 post-MI MMP-12 protein expression was robustly increased in MMP-12i group 

compared to saline treated mice. RXP 470.1 inhibited MMP-12 activity but not gene or 

protein expression early post-MI. This result was as expected since RXP 470.1 is a transition 

state analog, which binds to the transition state structure of MMP-12 when it converts from 

a pro to active form. MMP-12 has been extensively studied in chronic obstructive 

pulmonary disease patients and has been shown to be highly expressed in lung macrophages.

[33] The known cellular sources of MMP-12 include macrophages, endothelial cells and 

vascular smooth muscle cells. [33–35] Interestingly, we found that the cell source for the 

early d1 post-MI MMP-12 expression was predominantly the neutrophil. This is the first 

report to show that neutrophils also express MMP-12. Expression in this new cell types 

raises the possibility that MMP-12 may play context dependent roles.

We observed worsened cardiac function post-MI with MMP-12 inhibition, revealing a 

protective role for MMP-12 in the post-MI setting. This is in contrast to an atherosclerotic 

model, where Johnson et al showed that MMP-12 inhibition, using the same RXP 470.1 

used in this study, reduces atherosclerosis progression and beneficially alters plaque 

phenotype in apo-E null mice.[13] The differences observed between these two studies 

indicate MMP-12 has both detrimental and beneficial mechanisms that are dependent on 

injury stimuli and which MMP-12 substrates are present. In the atherosclerotic plaque study, 

RXP 470.1 inhibits MMP-12 activity in macrophages to yield a benefit, while it inhibited 

neutrophil functions to impair cardiac wound healing in our study. The possibility that 

MMP-12i also targets the macrophage pool at later stage post-MI cannot be excluded; 

although if this occurs, the net result at day 7 is detrimental remodeling. In our study, the 

MMP-12 inhibitor was infused at 3 hours after coronary artery ligation; whereas in the 

atherosclerotic study, the MMP-12 inhibitor was delivered to the mice 8 weeks later, after 

they developed stable plaques. This raises the fascinating possibility that MMP-12i in an 

acute inflammation model is harmful while MMP-12i in a chronic inflammation model is 
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helpful. MMP-12 has in fact been characterized as an inflammatory mediator associated 

with both acute and chronic inflammatory diseases.[9]

ECM turnover regulates cardiac remodeling post-MI, and alterations that disturb the balance 

between synthesis and breakdown of ECM may worsen LV function. Excessive ECM 

degradation by MMPs leads to excessive wall thinning, which can result in rupture or LV 

dilation by disrupting cardiomyocyte alignment.[4, 36] MMP-12 inhibition, therefore, 

disturbed the ECM balance in favor of increased degradation to result in greater LV dilation. 

Additionally, we observed that MMP-12 inhibition did not delay neutrophil infiltration but 

rather delayed its removal. This was evidenced by increased presence of neutrophil secreted 

cytokines (IL)-18, -1r1, and 6ra in LVI at d7 post-MI. The fact that day 1 neutrophil 

numbers were not different indicates that the reduced inflammatory cytokine profile seen in 

day 1 LVI was not sufficient to yield an effect on leukocyte entry. A recent report by 

Marchant et al showed that inhibition of MMP-12 by RXP470.1 in wild type A/J mice 

elevated plasma IFN-γ levels.[37] This is consistent with our study where increased 

inflammation was observed with MMP-12 inhibition.

CD44 plays a critical role in several inflammatory diseases and is expressed on neutrophils, 

macrophages, and endothelial cells.[3, 38, 39] HA is a space filling ECM component 

responsible for structural maintenance of tissue and is a direct regulator of inflammation.

[39] However, whether HA acts as a pro- or anti-inflammatory mediator is still 

contradictory, and the answer is likely both, as HA functions are mediated by HA fragment 

length, cell source, type of receptor binding it, type of tissue injury, and the presence of 

enzymes that cleave HA to particular fragments.[39] Using a mouse model of ischemia-

reperfusion, Huebner et al showed critical functions for CD44 in wound healing and LV 

remodeling.[3] In a lung injury model, CD44 deficiency prolonged inflammatory gene 

expression and prevented low molecular weight HA clearance.[30] HA aggregation alters 

CD44 conformation, leading to less CD44-HA binding and less HA clearance.[40] Low 

molecular weight HA fragments can induce MMP-12 expression in an alveolar macrophage 

cell line, indicating a positive feedback loop.[41] We demonstrated in vitro that MMP-12 

directly stimulated neutrophil CD44. Our results reveal that MMP-12 regulate HA clearance 

through CD44 dependent and independent mechanisms.

Neutrophils are the predominant leukocyte recruited during the first wave of inflammation.

[42] Circulating neutrophils in the blood have a short life span and rapidly undergo 

apoptosis in the absence of an extravasation signal.[43] Neutrophil apoptosis in the post-MI 

LV is an important mechanism to turn off the inflammatory signal.[44, 45] MMP-12 activity 

has been associated with apoptosis in atherosclerosis, fibrosis, and cancer models.[13] 

MMP-12 inhibition with RXP 470.1 promotes macrophage apoptosis in atherosclerosis.[13] 

In our study, we found that MMP-12 inhibition with RXP 470.1 attenuated neutrophil 

apoptosis.

MMP-12 belongs to a family of metal endopeptidases, of which neutral endopeptidase 

(NEP) 24-11 is also included. NEP 24-11 is a plasma and endothelial membrane-bound zinc 

metalloprotease that cleaves bradykinin. [46] Treatment with bradykinin improved LV 

remodeling by reducing both the heart weight to body weight ratio and LV wall thickness in 
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renovascular hypertensive rats. Since bradykinin is an NEP 24-11 substrate, it is possible 

that NEP24-11 may also play a role in post-MI remodeling.

In conclusion, MMP-12 inhibition exacerbated cardiac dysfunction by disrupting the CD44-

HA axis to increase and prolong inflammation and reduce neutrophil apoptosis. Therefore, 

MMP-12 has a net protective role in the MI setting, and inhibiting MMP-12 early post-MI 

would not likely be a favorable approach to improve LV remodeling.
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Highlights

1. MMP-12 expression increased early post-MI, and the neutrophils are a 

previously unknown early source.

2. MMP-12 inhibition worsened LV dysfunction, increased ECM degradation, and 

increased pro-inflammatory cytokine levels at d7 post-MI

3. MMP-12 inhibition disrupted the CD44-HA interaction and reduced neutrophil 

apoptosis to impair resolution of inflammation at d7 post-MI.

4. Our results reveal a unique and protective role of matrix metalloproteinase-12 

(MMP-12) in the early post-myocardial infarction (MI) left ventricle.
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Figure 1. MMP-12 gene and protein expression increased early post-MI; neutrophils were a 
surprising early source; and RXP470.1 inhibited active MMP-12
(A) MMP-12 protein expression increased in the LV infarct (LVI) region at d1 post-MI and 

remained upregulated until d7. n=6/group pooled for each time point. The gene and protein 

expression of MMP-12 was analyzed in the saline and MMP-12 inhibitor (MMP-12i) treated 

groups. Both (B) RT-PCR and (C) immunoblot analysis showed increased MMP-12 

expression levels in saline and MMP-12i LVI compared to day 0. n=6/group. *p<0.05 vs. 

day 0, #p<0.05 vs. d7 saline. (D) Neutrophils isolated from LVI at d1 post-MI showed 

higher MMP-12 mRNA expression compared to control neutrophils isolated from blood of 

unoperated WT mice. n=3/group. *p<0.05 vs. control. (E) The MMP-12i, RXP 470.1 

reduced MMP-12 activity post-MI. Plasma samples at d1 post-MI were analyzed for 

MMP-12 activity using a colorimetric kit. MMP-12 activity was reduced by 33±1% in the 

inhibitor treated group compared to the saline group. n=10/group, #p<0.05 vs. d1 saline
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Figure 2. MMP-12 inhibition does not affect survival rate, cardiac rupture, or infarct area
(A) Survival rate was similar between saline and MMP-12 inhibitor (MMP-12i) treated 

mice. (B) Cardiac rupture percentages were similar between saline and MMP-12i treated 

mice. In the saline group, 19 out of 24 non-surviving mice had ruptured hearts; whereas in 

the MMP-12i group, all 12 of the non-surviving mice had ruptured hearts. (C) Infarct areas 

were similar between saline and MMP-12i treated mice at d1 and d7 post-MI. n=12/group.
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Figure 3. MMP-12 inhibition does not affect neutrophil infiltration at day 1 post-MI
(A) Protein expression of neutrophil was not significantly different between the saline and 

MMP-12i group. (B) Neutrophil infiltration into infarct area at day 1 post-MI showed no 

difference between saline and MMP-12i mice. Arrows depict positive staining. n=6–12/

group, Scale bar is 200 μm.
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Figure 4. MMP-12 inhibition does not affect macrophage infiltration at day 7 post-MI
(A) Galectin-3 expression was not significantly different between the saline and MMP-12i 

group. Peritoneal macrophages were used as positive control (labeled as C) (B) Macrophage 

infiltration into infarct area at day 7 post-MI showed no difference between saline and 

MMP-12i mice. Arrows depict positive staining. n=6–12/group, Scale bar is 200 μm.
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Figure 5. MMP-12 inhibition reduced transforming growth factor β (TGFβand CD44 levels at d7 
post-MI
(A) Protein expression of TGF-β isoforms increased in the saline group at d7 post-MI 

compared to day 0. This increase was attenuated in the MMP-12i group. Lung tissue lysate 

was used as a positive TGFβ control (labeled as C). n=6/group, *p<0.05 vs. day 0 

and #p<0.05 vs. saline. (B) CD44 gene expression increased at d1 post-MI in both saline and 

MMP-12i group. CD44 gene expression increased at d7 post-MI in both groups but at 

reduced levels in the MMP-12i group. CD44 protein expression in saline and MMP-12i 

treated groups at (C) d1 increased in both groups and at (D) d7 increased in both groups but 

at reduced levels in the MMP-12i group. n=6/group or time point. *p<0.05 vs. day 

0, #p<0.05 vs. respective saline.
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Figure 6. MMP-12 inhibition resulted in higher hyaluronic acid (HA) levels at d1, prolonged 
accumulation at d7, and reduced apoptosis at d7 post-MI
(A) The CD44 ligand, HA, was elevated at d1 post-MI in the MMP-12 inhibitor (MMP-12i) 

group compared to the saline group, and these levels were sustained through d7 post-MI. 

n=6/group. *p<0.05 vs. day 0, #p<0.05 vs. respective saline. (B) MMP-12i increased protein 

expression of caspase 3, an apoptosis marker. Peritoneal macrophages were used as a 

positive control (labeled as C). (C) Immunohistochemistry analysis showed that cleaved 

caspase 3 expression was reduced in the infarct area of MMP-12i group at d7 post-MI 

compared to the saline MI group. (D) CD18, an adhesion molecule that suppresses 

apoptosis, was upregulated in the MMP-12i group compared to saline at d7 post-MI. 

Peritoneal macrophages were used as a positive control (labeled as C). n=5–10/ group, 

*p<0.05 vs. day 0 and #p<0.05 vs. d7 saline. Scale bar is 200 μm.
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Figure 7. Active MMP-12 directly stimulated CD44, Caspase 3, and Caspase 8 gene expression in 
neutrophils
(A) Neutrophils isolated from mouse blood stimulated with active MMP-12 showed 

increased CD44 expression compared to unstimulated cells. n=3–5/group. (B) Stimulation of 

isolated blood neutrophils with active MMP-12 leads to significant increase in apoptotic 

gene expression (Caspase 3 and Caspase 8). n=3–5/group, *p<0.05 vs. unstimulated. 

aMMP-12 - active MMP-12.
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Table 1

MMP-12 inhibition worsens LV geometry and function post-MI.

Day 0 Day 7 MI Saline Day 7 MI MMP-12i

Body Weight; g 30±1 28±1 26±1*

LV Mass/ Body Weight; mg/g 3.0±0.1 4.0±0.2* 4.0±0.2*

RV Mass/Body Weight; mg/g 0.60±0.05 1.00±0.07* 1.00±0.07*

Wet Lung Weight/ Body Weight; mg/g 5.0±0.5 10±1* 9±1*

Infarct Wall Thickness (diastolic; mm) 0.90±0.03 0.66±0.04* 0.56±0.04*#

LV Remodeling Index 0.84±0.08 1.50±0.15* 1.91±0.15*#

LV Hypertrophy Index 4.0±0.1 10.0±0.8* 13±1*#

End Diastolic Volume; μl 85±5 163±11* 201±18*#

End Systolic Volume; μl 16±3 144±11* 186±17*#

Ejection Fraction; % 81±3 13±1* 8±1*#

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

*
p<0.05 vs. day 0, and

#
p<0.05 vs. saline treated mice.

Remodeling Index = End diastolic volume/LV mass. Hypertrophy index = End diastolic diameter/Average Systolic Wall Thickness. LV - Left 
ventricle; MI - Myocardial infarction.
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Table 2

ECM and adhesion gene expression changes between infarcted (saline or MMP-12i groups) and no MI (day 0 

controls) as well as between MMP-12 inhibitor treated and vehicle control groups (MMP-12i vs saline). The 

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

based on RT2-PCR analysis for n=6 samples/ group. Qualitative directions of change and not average Ct 

values for each group are shown here. Out of 84 genes measured, 63 genes at d1 and 53 genes at d7 shown 

below were all significantly different among groups (all p<0.05).

Saline vs Day 
0

MMP-12i vs Day 
0

MMP-12i vs Saline

Day 1 post-MI

Cdh1, Ctnna2, Hc, Itgae, Lama1, Thbs1 ↑

Adamts1 ↑

Adamts2, Cd44, Cntn1, Col2a1, Ctgf, Hapln1, Itga3, Itga5, Itgam, Itgav, Itgb1, 
Itgb3, Mmp1a, Mmp3, Mmp7, Mmp8, Mmp9, Mmp10, Mmp14, Ncam2, 
Sele, Sell, Selp, Spp1, Spock1, Syt1, Timp1, Tnc, Vcan

↑ ↑

Fbln1, Thbs3 ↓

Itga4, Lamb3 ↓

Adamts5, Ctnna1, Ctnnb1, Cdh2, Cdh3, Cdh4, Col3a1, Col4a3, Col6a1, Itgax, 
Lama2, Lama3, Lamb2, Lamc1, Mmp2, Mmp11, Mmp15, Sgce, Sparc, Thbs2, 
Timp2, Vcam1, Vtn

↓ ↓

Day 7 post-MI

Cdh3, Ctnna2, Hapln1, Hc, Lama1, Mmp10, Mmp14, Mmp1a, Mmp7, 
Ncam2, Syt1

↑

Adamts2, Cdh1, Col1a1, Col2a1, Col3a1, Col5a1, Vcan, Ctgf, Emilin1, Fn1, 
Itgb2, Itgae, Itgam, Itgav, Ncam1, Postn1, Sparc, Spp1, Thbs1, Thbs2, Thbs3, 
Timp1, Timp2, Tnc

↑ ↑

Mmp8, Spock1 ↑ ↑

Cd44 ↑ ↑ ↓

Icam1 ↓

Lama2, Lamb2 ↓

Adamts1, Ctnna1, Ctnnb1, Cdh2, Cdh4, Col4a3, Itgax, Lamb3, Mmp15, 
Pecam1, Sele, Vtn

↓ ↓

Arrows depict direction of change; n=6/group. MI - Myocardial Infarction. Genes discussed in manuscript are shown in bold.

Gene names in alphabetical order: Adamts - A disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin type 1 motif, Cdh1 – 
Cadherin 1, Cntn1 – Contactin 1, Col2a1 – Collagen type II alpha I, Ctgf – Connective tissue growth factor, Ctnna1 - Catenin (cadherin associated 
protein) alpha 1, Ctnna2 - Catenin (cadherin associated protein) alpha 2, Ctnnb1 – Catenin (cadherin associated protein) beta 1, Emilin1 - Elastin 
microfibril interfacer 1, Fbln1 – Fibulin 1, Fn1 – Fibronectin 1, Hapln I – Hylauronan and proteoglycan link protein I, Hc - Hemolytic complement, 
Icam1 - Intercellular adhesion molecule 1, Itga – Integrin alpha, Itgae – Integrin alpha E, epithelial-associated, Itgae - Integrin alpha E, epithelial-
associated, Itgam – Integrin alpha M, Itgav - Integrin alpha V, Itgax –Integrin alpha X, Itgb – Integrin beta, Lama1 – Laminin alpha 1, Lamb – 
Laminin beta, Lamc – Laminin gamma, Ncam – Neural cell adhesion molecule, Pecam1 - Platelet/endothelial cell adhesion molecule 1, Postn – 
Periostin, Sele – Selectin, endothelial cell, Sell – Selectin lympohocyte, Selp – Selectin platelet, Sgce – Sarcoglycan epsilon, Sparc - Secreted 
acidic cysteine rich glycoprotein, Spock1 - Sparc/osteonectin, cwcv and kazal-like domains proteoglycan 1, Spp1 – Osteopontin, Syt1 - 
Synaptotagmin I, Thbs - Thrombospondin, Timp - Tissue inhibitor of metalloproteinase, Tnc – Tenascin C, Vcam1 – Vascular cell adhesion 
molecule 1, Vcan – Versecan, Vtn - Vitronectin
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Table 3

Inflammatory gene expression changes between infarcted (saline or MMP-12i groups) and no MI (day 0 

controls) as well as between MMP-12 inhibitor treated and vehicle control groups (MMP-12i vs saline). The 

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

based on RT2-PCR analysis for n=6 samples/ group. Qualitative directions of change and not average Ct 

values for each group are shown here. Out of 84 genes measured, 45 genes at d1 and 41 genes at d7 were 

significantly different among groups (all p<0.05).

Saline vs Day 
0

MMP-12i vs Day 
0

MMP-12i vs Saline

Day 1 post-MI

(a): Il10, Il11, Tgfb1
(p): Ccl9, Ccl20, Ccr8, Cd40lg, Cxcl1, Cxcl10, Il3, Lta, Xcr1
(both): Il4

↑

(a): Il1r2,
(p): Ccl2, Ccl3, Ccl4, Ccl7, Ccr1, Cxcl5, Il1b, Il17b, Il1r1, Il18rb, Il20, Il1f6, 
Il1f8, Il2rg, Itgam, Spp1

↑ ↑

(p): Ccl25 ↓

(p): Cxcl11, Il2rb ↓

(a): Abcf1, Bcl6, Il10rb, Tollip
(p): C3, Ccl11, Ccr10, Cxcl9, Il15, Il6st, Mif, Scye1

↓ ↓

Day 7 post-MI

(p): Cxcl10 ↑

(a) Il4, Tgfb1
(p) Casp1, Ccl3, Ccl4, Ccl9, Ccl17, Ccr2, Ccr3, Il18, Il1f6, Il1f8, Il20, Lta

↑

(a): Il1r2
(p) Ccl20, Ccr1, Cd40lg, Cx3cl1, Il2rg, Il3, Itgb2, Itgam, Spp1, Xcr1

↑ ↑

(p): Il6ra ↑ ↑

(a): Il11
(p): Cxcr5, Il1r1

↑ ↑ ↑

(p): Pf4, Tnf ↓

(a): Abcf1, Tollip
(p): Ccl11, Cxcl9, Ccr10, Il15, Il6st, Mif, Scye1

↓ ↓

Arrows depict direction of change; n=6/group. (a)- anti-inflammatory; d-day; MI- Myocardial infarction; (p)-pro-inflammatory. The genes 
discussed in manuscript are shown in bold.

Gene description in alphabetical order: Abcf1 – ATP-binding cassette, sub-family F (GCN20) member 1, Bcl – B-cell leukemia/lymphoma 6, C3 – 
Complement component 3, Casp1 – Caspase 1, Ccl – Chemokine (C-C) ligand, Ccr – Chemokine (C-C) receptor, Cd40lg – Cd40 ligand, Cx3cl – 
Chemokine (C-X3-C motif) ligand 1, Cxcl – Chemokine (C-X-C) ligand, Cxcr – Chemokine (C-X-C motif) receptor 3, Il – Interleukin, Il10rb – 
Interleukin 10 receptor beta, Il1f - Interleukin 1 family, member, Il1r – Interleukin 1 receptor type I, Il1r2 – Interleukin 1 receptor type I, Il2rb – 
Interleukin 2 receptor beta chain, Il2rg – Interleukin 2 receptor gamma chain, Il6st – Interleukin 6 signal transducer, Itgam – Integrin alpha M, Itgb 
– Integrin beta 2, Lta – Lymphotoxin, Mif – Macrophage migration inhibitory factor, Pf4 – Platelet factor 4, Scye1 – Small inducible cytokine 
subfamily E member 1, Spp1 – Osteopontin, Tgfb – Transforming growth factor beta, Tnf – Tumor necrosis factor, Tollip – Toll interacting 
protein, Xcr1 – Chemokine (C motif) receptor 1
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