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Abstract

Adverse remodeling following myocardial infarction (MI) leading to heart failure is driven by an 

imbalanced resolution of inflammation. The macrophage cell is an important control of post-MI 

inflammation, as macrophage subtypes secrete mediators to either promote inflammation and 

extend injury (M1 phenotype) or suppress inflammation and promote scar formation (M2 

phenotype). We have previously shown that the absence of caveolin-1 (Cav1), a membrane 

scaffolding protein, is associated with adverse cardiac remodeling in mice, but the mechanisms 

responsible remain to be elucidated. We explore here the role of Cav1 in the activation of 

macrophages using wild type C57BL6/J (WT) and Cav1tm1Mls/J (Cav1−/−) mice. By 

echocardiography, cardiac function was comparable between WT and Cav1−/− mice at 3 days 

post-MI. In the absence of Cav1, there were a surprisingly higher percentage of M2 macrophages 

(arginase-1 positive) detected in the infarcted zone. Conversely, restoring Cav1 function after MI 

in WT mice by adding back the Cav1 scaffolding domain reduced the M2 activation profile. 

Further, adoptive transfer of Cav1 null macrophages into WT mice on d3 post-MI exacerbated 

adverse cardiac remodeling at d14 post-MI. In vitro studies revealed that Cav1 null macrophages 

had a more pronounced M2 profile activation in response to IL-4 stimulation. In conclusion, Cav1 

deletion promotes an array of maladaptive repair processes after MI, including increased TGF-β 

signaling, increased M2 macrophage infiltration and dysregulation of the M1/M2 balance. Our 
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data also suggest that cardiac remodeling can be improved by therapeutic intervention regulating 

Cav1 function during the inflammatory response phase.
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1. Introduction

Myocardial infarction (MI) occurs as a result of ischemic damage to the left ventricle (LV) 

[1,2]. Within hours following ischemia, an acute inflammatory response is initiated, with 

neutrophils infiltrating the necrotic area first, followed by infiltration of macrophages days 

later [3,4]. Macrophages secrete mediators to promote or suppress inflammation and to 

regulate the LV remodeling wound healing response. There are two major subsets of 

macrophages: classically activated M1 that secretes large amounts of pro-inflammatory 

mediators and alternatively activated M2 macrophages that dampen the inflammatory 

response and promote tissue remodeling and repair [5,6]. Not only is the contribution of 

these different subpopulations of macrophages to the proper healing process not well 

understood, but also is the regulation of macrophage differentiation largely unknown.

Among the mediators that are implicated in macrophage differentiation, Transforming 

growth factor (TGF)-β1 has been proposed to shift macrophage polarity to an alternatively 

activated phenotype (M2) [7]. While TGF-β1 activity has beneficial aspects in stimulating 

scar formation to provide structural strength to the myocardium, TGF-β1 can also further 

damage the surrounding normal tissue by stimulating fibrosis that can increase LV stiffness 

and further reduce LV function [8]. Thus an optimal level of TGF-β1 signaling must be 

curtailed to balance the inflammatory response while preserving normal LV function.

Caveolin-1 (Cav1) is a major membrane-bound protein that forms omega-shaped structures 

called caveolae that are present in the majority of differentiated cells [9]. We have recently 

shown that Cav1 regulates TGF-β1 signaling and cardiac remodeling following myocardial 

injury in mice [10]. Regulation by Cav1 occurs by internalizing the TGF-β1 receptor 

(TGFβR) within the caveolae and by direct interaction of cav1 with the inhibitory Smad2/3 

complex. Sequestration of TGFβRs by Cav1 is facilitated by the inhibitory Smad, Smad7 

[11,12]. While the role of Cav1 in the regulation of inflammation is still under investigation, 

Cav1 has been shown to play a critical role in the differentiation of monocytes into 

macrophages [13].

Accordingly, we hypothesized that Cav1 is involved in the regulation of the inflammatory 

response to MI by regulating macrophage differentiation. We tested this hypothesis using a 

mouse model of permanent coronary artery ligation. We evaluated inflammatory responses 

by histology, cellular invasion, alteration in macrophage phenotypes, and corresponding 

cytokine levels released post-MI. Additionally, in vitro studies were performed to determine 

howCav1 influences macrophage polarization to regulate pro-fibrotic mediators that 

stimulate fibroblast activation and collagen deposition.
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2. Materials and methods

2.1. Mouse strains and procedure

Breeding pairs of wild-type (WT) C57BL/6J and Cavtm1Mls/J (Cav1−/−) mice were 

purchased from Jackson Laboratory (Bar Harbor, Maine) and used to establish breeding 

colonies. Animal experiments were conducted in compliance with a protocol approved by 

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

Center, San Antonio.

In experimental groups, MI was induced by surgical ligation of the left anterior descending 

coronary artery as previously described [14]. Control groups were consisted of 8 week-old 

male WT and Cav1−/− mice with no MI.

A subgroup of WT mice was treated for 3 days after MI with the caveolin-1 scaffolding 

domain (CSD) or scrambled peptide (Scr), at a final concentration of 0.5 mM in 10% DMSO 

delivered by Alzet osmotic minipumps (0.5 µl per hour for one week (Model #1007D, 

Durect Corporation, Cupertino, CA) as described by Miyasato et al. [10]. A second 

subgroup of WT and Cav1−/− mice (n = 5) were treated 24 h post-MI with intraperitoneal 

(ip) administration of anti-TGF-β antibody or the isotype control (R&D Systems, 

Minneapolis, MN) at a dose of 10 mg/kg body weight.

Another group was subjected to an adoptive transfer of bone marrow derived macrophages 

extracted from either WT or Cav1−/− mice. Briefly, as described elsewhere, two washes of 

0.5 ml of 10% FBS-RPMI supplemented with antibiotics were used to flush bone marrow 

cells from the femur and tibia bones of the WT and Cav1−/− mice, and subjected to 

centrifugation (10 min; 500 ×g) to collect the cell fraction. The monocytes/macrophages 

were isolated using the mouse CD115 microbeads (Miltenyi Biotech, Auburn, CA) 

following manufacturer's directions. The purified cells were injected intravenously (2 × 106 

cells/mouse) through the jugular vein of the coronary ligated WT or Cav1−/− mice. Mice 

were sacrificed and heart tissues were collected 14 days after MI to assess collagen 

deposition and the presence of CD45+ (leukocyte marker) and Hsp47+ (collagen producing 

cell marker) cells in the myocardium.

After 3 days of permanent ligation, all WT and Cav1−/− mice underwent echocardiographic 

assessment [14]. Echocardiograms were acquired under spontaneous respiration with 0.5–

1% isoflurane in an oxygen mix. Electrocardiogram and the heart rates were monitored 

throughout the imaging procedure using a surface electrocardiogram (Vevo 770® High-

Resolution In Vivo Imaging System Visual Sonics). Images were taken with heart rates 

more than 400 beats/min to maintain physiological relevance. Measurements were taken 

from the two-dimensional parasternal long and short-axis recordings of the LV. For each 

parameter, 3 consecutive images were measured and averaged. One and three days after 

myocardial injury by coronary ligation, mice were sacrificed for tissue collection.

2.2. Cardiac tissue collection

Mice were anesthetized using isoflurane, and the LV was flushed with cardioplegic solution 

[15]. The hearts were excised and the LV and right ventricle (RV) were separated and 
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weighed separately. The LV was sectioned into three regions—apex, mid-cavity, and base. 

These sections were stained with 1% 2,3,5-triphenyltetrazolium chloride (Sigma-Aldrich, St 

Louis, MO) to quantify infarct area. The infarcted and remote regions from the apex and 

base were snap-frozen and stored separately at −80 °C for further biochemical analysis. The 

midcavity was fixed in 10% zinc formalin for histological examination. Left ventricle (LV) 

tissues were collected 1 or 3 days following MI. Tissues from animals that had died 

spontaneously before sacrifice were not included for further studies.

2.3. Histology, immunohistochemistry, and evaluation of cell infiltration

Post-fixation, the LV mid-cavity was embedded in paraffin. Sections were cut 3 µm thick 

and stained with hematoxylin and eosin. Paraffin-embedded tissue sections were stained 

with Ly6B.2 (AbD Serotec, Raleigh, NC), anti-Mac-2 (Cedarlane, Burlington, NC), and 

arginase-1 (Santa Cruz Biotechnoly Inc., Santa Cruz, CA) for neutrophils, macrophages, and 

alternatively activated macrophages per manufacturer's instructions. At least 4 random fields 

per section were acquired from at least 2 sections per mouse. Cells were counted by blinded 

analysis at a total magnification of 200×.

2.4. Gene and protein expression

Total LV RNA was extracted from infarcted LV samples using the RNeasy™ kit (Qiagen 

Inc., Valencia, VA). Equal quantities of RNA (200 ng) were converted into first-strand 

cDNA using random hexamers (SuperScript III First-Strand Synthesis System for RT-

PCR™, Invitrogen Life Technologies, Grand Island, NY). The mRNA abundance for 84 

different genes associated with inflammation was checked using RT2 Profiler™ PCR Array 

(SABiosciences, Valencia, CA). Specific gene levels that showed two or more fold changes 

were secondarily analyzed by RT-PCR (qPCR) using commercially available TaqMan 

probes (Applied Biosystems, Carlsbard, CA). Results were analyzed by the ΔΔCt method 

with 18 s rRNA as the internal control.

For immunoblot analyses, modified RIPA buffer was used to extract total protein from 

frozen LV tissues. Protein samples of 30 µg from individual hearts were electrophoresed on 

a 4–15% SDS-PAGE gel, as previously described [16,17]. Briefly, separated proteins were 

transferred to nitrocellulose membranes, blocked for non-specific protein binding using 5% 

BSA in 50 mM Tris, pH7.2/150 mM NaCl/0.5% Tween 20 (TBST), and probed for selected 

proteins with a specific primary antibody followed by a secondary peroxidase labeled 

antibody for detection. Primary antibodies used were against anti-Smad2 (Cell signaling, 

Billerica, MA), anti-phospho-Smad2 (Cell signaling), and Smad-7 (Cell Signaling). The 

appropriate peroxidase-linked secondary antibodies were detected using ECL Plus (Pierce). 

Multiple exposures of X-ray film were made with the ECL treated membrane to assure that 

the developed band densities were within the linear range. Measurements to determine the 

relative densities were normalized to standard protein (GAPDH or β-actin) using NIH image 

J software [18].

2.5. Picosirius red staining for collagen deposition and fibrocyte detection

Paraffin-embedded cardiac tissue sections were stained with picrosirius red (PSR) for 

collagen. Briefly, cardiac tissue sections were de-waxed and rehydrated to distilled water. 
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Samples were then incubated in 500 µl of phosphomolybdic Acid 0.2% (cat. No 26356-01 

Electron Microscopy Science, Hatfield, PA 19440) for 5 min at room temperature. 

Following incubation, the tissue sections were directly placed in sirius red 0.2% in saturated 

picric acid (cat. No 26357-02; Electron Microscopy Science) for 90 min at room 

temperature. Tissue sections were finally washed in 0.01 N hydrochloric acid for 2 min and 

fixed in 70% alcohol for 45 s. The extent of PSR staining was visualized and images were 

acquired using the Olympus CKS41 inverted light microscopy equipped with CellSens 

Dimension Software (Olympus America Inc., Center Valley, PA).

For immunohistochemical detection of fibrocytes, sections were pretreated to unmask 

cryptic antigens using a high-temperature citric acid solution according to manufacturer's 

directions (H-3300, Vector Laboratories, Burlingame, CA). Sections were blocked 1 h at 

room temperature with blocking buffer (PBS, Sigma) containing 3% bovine serum albumin 

(catalog no. B4287, Sigma) then incubated 12 h at 4 °C with primary antibody diluted in 

blocking buffer (1/500 anti-CD45, Santa Cruz Biotechnology and Hsp47, MBL 

international). After primary antibody incubations, specimens were washed (3 times 10 min 

each) in PBS and incubated at room temperature with fluorochrome-conjugated secondary 

antibody (Alexa 488 or 594; Jackson Immunoresearch, West Grove, PA) diluted 1/500 in 

blocking buffer. All samples were washed extensively in PBS and slides were coverslipped 

using DABCO mounting media (Sigma). Controls included the use of the secondary 

antibody only. Immunostained sections were analyzed using a Leica TCS SP5 AOBS 

Confocal Microscope System (Leica Microsystems, Inc., Exton, PA).

2.6. Peritoneal macrophage purification and stimulation

Two-month old male WT and Cav1−/− mice were injected with 5–10 ml of RPMI with 2% 

FBS into the peritoneal cavity and media was removed. All cells were collected, spun down, 

counted, and plated to achieve an equivalent concentration per well (1 × 106 cells per well). 

For the isolation of the cells from the peritoneal cavity, cells were differentiated by media 

selection (composed of 1% HEPES, 1% penicillin/ streptomycin, 10% L929 cell conditional 

medium [F-12/DMEM/10% fetal bovine serum], 10% fetal bovine serum, and 2 mM L-

glutamine). Once confluent, macrophages were stimulated for 24 h with IL-4 (10 ng/ml). 

The supernatant was stored at −80 °C until use for the treatment of fibroblasts in subsequent 

assays.

Arginase activity was quantified by measuring the conversion of L-arginine into urea as 

previously reported [19]. In brief, 10 mM MnCl2 in 50 mM Tris–HCl was added to the lysed 

sample and the mixture was then incubated at 56 °C to activate the arginase enzyme. L-

Arginine was then added and samples were incubated at 37 °C for 2 h and terminated by the 

addition of an acid solution. The colorimetric indicator, 6% α-isonitrosopropiophenone in 

100% ethanol, was then added to each tube, heated to 95 °C, and the OD of each sample was 

read at the wave-length of 540 nm. Arginase activity in the samples was determined based 

on the standard curve of known urea concentration.

Shivshankar et al. Page 5

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.7. Statistical analysis

Comparison of the survival curves was analyzed using log-rank (Mantel Cox) test. Other 

results were expressed as mean ± standard error of mean. A two-way ANOVA followed by 

Bonferroni post-test was used to perform a comparison between multiple groups to assess 

the effect of the genotype and the injury. A p-value < 0.05 was considered significant. Data 

entry, management, and statistical analysis were performed using Prism software (GraphPad 

Software, La Jolla, CA). The t-test was used for all 2-group comparisons.

3. Results

3.1. Absence of caveolin-1 results in reduced survival and increased immune cell infiltrate 
after MI

We first determined the effect of MI on the WT and Cav1−/− mice in terms of survival 

analysis and pathology assessment. As previously shown, Cav1 expression transiently 

decreased in WT animals [10]. To rescue normal function, Cav1 scaffolding domain was 

delivered to WT mice after MI. Interestingly, all WT mice survived to 3 days post-MI, 

whereas Cav1−/− mice had a poor survival rate and exhibited significant steady declines in 

survival of 95%, 82%, and 47% on days 1, 2, and 3, respectively (p = 0.0086 when WT 3 

days is compared to Cav1−/− 3 days), despite infarct areas not being significantly different 

between WT (51 ± 1% infarct area) and the surviving Cav1−/−(49 ± 4% infarct) mice (Table 

1). The fact that infarct areas were similar demonstrated that the cardiac injury stimulus 

given was equal for the two groups. While normal tissue architecture was observed in WT 

control mice, a pronounced increase in inflammatory cells was observed by day 3 (Fig. 1B). 

Three days after cardiac injury, the gross morphological characteristics did not differ among 

the surviving WT, CSD- or Scr-treated WT mice, and Cav1−/− groups (Fig. 1C). Within the 

first three days after injury, most of the Cav1−/− mice (87.5%) died from myocardial rupture 

and 12.5% were found with edematous lungs.

3.2. Caveolin-1 deficiency does not alter LV function, dimension, and volume compared to 
WT

In the first three days of myocardial infarction, Caveolin-1 deficient (Cav1−/−) does not alter 

function of the left ventricle (LV). Fractional shortening (FS%), ejection fraction (EF%), 

and LV posterior wall thickness in systole (LV PWTs) and LV posterior wall thickness in 

diastole (LV PWTd) are not statistically different between WT and Cav1−/− mice. As 

expected, LV function evaluated by FS% was reduced after cardiac injury in WT and 

Cav1−/− mice, suggesting that Cav1 deficiency did not promote a worsening of the LV 

function within the first three days after LAD ligation (Table 1). Parameters measured to 

assess cardiac dimension LV PWTd, LV PWTs and volume end-diastolic volume (EDV), 

end-systolic volume (ESV), and EF% indicated that the deficiency in Cav1 did not affect the 

cardiac response to injury (Table 1).

These data suggested that the increase mortality in the Cav1−/− mice did not occur as the 

result of alteration of the early cardiac function, dimension, and volume associated with 

cardiac injury but rather to the increased inflammatory responses.
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3.3. Caveolin-1 deficiency promotes altered inflammatory responses following MI

Neutrophils and macrophages have been shown to be the major inflammatory cell types 

involved in post-injury cardiac events. Thus, we assessed changes in these infiltrating cells 

in the infarcted zone. Normal tissue architecture with the absence of inflammatory cells was 

noted for the WT and Cav1−/− control mice (Fig. 1B). Both WT and Cav1−/− mice presented 

a significant increase in neutrophil infiltration one day after MI. Both strains showed 

comparable clearance of neutrophils 3 days post-MI. The treatment with CSD did not affect 

neutrophil infiltration and clearance in both mouse strains (Supplemental Fig. 1).

Macrophages were absent at baseline, but a significant increase in macrophage density was 

observed within the infarcted myocardium for all the groups by day 3 post-MI, further 

enhanced in Cav1−/− animals (Figs. 2A,D). Assessment of arginase-1-positivemacrophage 

recruitment similarly revealed the absence of infiltration on days 0 in WT mice, with a 

significant increase on day 3 post-MI that was further enhanced in Cav1−/− mice (Figs. 2B, 

D). Moreover, the percentage of arginase-1 positive macrophages was reduced by 1.5-fold in 

the CSD-treated WT mice (p < 0.05) (Fig. 2A). Supportive of these data, the level of 

expression of arginase-1 mRNA was upregulated following MI in WT mice and further 

enhanced in Cav1−/− mice (Fig. 2C).

Due to the importance of the inflammatory response in the regulation of post-MI LV 

remodeling, we explored the level of expression of cytokines that have been shown to be 

involved in the progression of MI. As expected from the work from Wang et al. [20], Cav1 

deletion affects the expression profile of classic macrophage markers. Three days after 

cardiac injury, IL-1β and mcp-1 mRNA expression showed an increase in the infarcted WT 

heart tissue that was further up-regulated in Cav1−/− mice (Fig. 3A). Because of the 

importance of IL-4 in promoting M2 macrophage phenotype, the mRNA level of this 

cytokine was assessed. The level of IL-4 expression was increased in WT in the LV infarct 3 

days after injury and significantly enhanced in injured Cav1−/− mice (Fig. 3B). Of the M2 

markers measured, arginase-1 and TGF-β mRNA were increased after MI and further 

enhanced in Cav1−/− mice, while Ym1 mRNA level increased after MI but with no statistical 

difference between the 2 strains (Fig. 3B).

3.4. Adoptive transfer of Cav1 deficient macrophages promotes interstitial fibrosis after MI

To further explore whether a Cav1 deletion, specifically in macrophages, results in enhanced 

M2 phenotype and induction of the pro-fibrotic responses from fibroblasts that mediate the 

adverse cardiac remodeling as indicated by interstitial collagen associated with the presence 

of fibrocytes, Cav1−/− macrophages were adoptively transferred into recipient WT mice. 

Conversely, WT macrophages were adoptively transferred into Cav1−/− mice 3 days after 

MI. This is the post-MI time period in our model when macrophages begin invading and 

differentiating within the myocardium. Interestingly, WT mice receiving Cav1−/− 

macrophages showed decreased survival (50% of the mice died compared to 33% when the 

WT mice receive WT macrophages). Moreover Cav1−/− mice receiving WT macrophages 

showed increased survival (67% compared to 50% when the Cav1−/− mice received Cav1−/− 

macrophages). All of the non-surviving mice died from cardiac rupture within the first week 

after the adoptive transfer. Histological analysis showed that the Cav1−/− macrophage 
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adoptive transfer led to the worsening of fibrosis deposition that resembled the interstitial 

fibrosis found in Cav1−/− mice 14 days after MI, shown both as an increase in percentage of 

collagen in the infarct region and presence of collagen in the myocardial interstitium. In 

contrast, WT macrophages transfer ameliorated the development of interstitial fibrosis 

detected in Cav1−/− mice as indicated by collagen deposition and the absence of fibrocytes 

(Fig. 4). These data further confirmed the pathological role of Cav1 deletion in macrophages 

during the development and progression of adverse remodeling observed in Cav1−/− mice 

after MI.

3.5. In vitro IL-4 stimulation skewed Cav1−/− macrophages toward M2 polarization

To further investigate the impact of Cav1 deletion on macrophage phenotypic activation, 

peritoneal macrophages were stimulated with IL-4 to promote M2 macrophage activation. 

We characterized the activation of M2 macrophage phenotype using a functional assay 

(arginase enzymatic assay) and the level of mRNA expression of M2 markers. Compared 

with WT, IL-4 stimulated Cav1−/− macrophages showed an enhanced arginase enzymatic 

assay activation (Fig. 5A, p < 0.05). This characteristic M2 response was mirrored by a 

significant increase in the mRNA expression of arg1, fizz1, and Ym1 (Fig. 5B, all p < 0.05).

3.6. Caveolin-1-dependent regulation of TGF-β signaling promotes the M2 macrophage 
phenotype

To determine the extent to which Cav1 regulates the TGF-β-dependent anti-inflammatory 

function after MI, we analyzed the level of expression of 84 different genes associated with 

inflammation by real-time PCR. Thirty five percent of all the genes analyzed were TGF- β-

dependent. Of the TGF-β-dependent genes, 70% was also Cav1- dependent, thus being 

regulated by both TGF-β and Cav1. Another group of genes (14%) was uniquely Cav1 

expression-dependent. We confirmed that IL-4 and IL-17β mRNA levels were upregulated 

in the absence of Cav1 and downregulated after anti-TGF-β treatment indicating that the 

absence of Cav1 could also play a critical regulatory role in the induction of M2 profiling by 

regulating the level of IL-4 (Fig. 6).

TGF-β signaling activation was assessed by the level of phosphrylation of Smad2, one of the 

main transduction proteins in the TGF-β canonical signaling pathway. As expected, in WT 

animals, increased pSmad2 levels were measured 3 days post-injury. In contrast, these levels 

were significantly decreased in CSD-treated groups (Supplemental Fig. 2).

To elucidate if the reduced percentage of M2 macrophages in the total macrophage 

population measured after CSD treatment was the result of reduced TGF-β signaling, WT 

mice were treated after MI with anti-TGF-β antibody. Neutralization of TGF-β function in 

the WT mice resulted in a two-fold decrease in the arginase-1-positive macrophage within 

the injured LV (Figs. 7A, B) and reduction of the ratio of pSmad2/total Smad2 as a 

reflection of TGF-β signaling dampening (Fig. 7 over representation of M2 macrophages 

and their potential for promoting). Overall, the downregulation of TGF-β signaling by CSD 

or anti-TGF-β therapy resulted in a decreasedM2 macrophage proportion of the total 

macrophage population.
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4. Discussion

The goal of this study was to evaluate the role of Cav1 in post-MI remodeling. The most 

significant findings were: 1) After MI, the absence of Cav1 promotes an increase in 

macrophage infiltration and cardiac fibrosis, specifically augmenting the proportion of the 

M2 macrophage population 2); M2 activation profile is enhanced in vitro in the absence of 

Cav1 and; 3) Caveolin-1 rescue or TGFβ neutralization reverses this phenotype. Combined, 

our results demonstrate for the first time that Cav1 participates in the inflammatory 

responses following MI in mice. Furthermore, our studies support the role of Cav1 in 

regulating an array of adaptive repair processes, with effects on macrophage activation being 

a predominant effect. More importantly, the balance between M1/M2 macrophages is altered 

by Cav1 deficiency, with an excess ofM2 macrophages at an earlier than expected time 

frame leading to impaired repair mechanisms following MI.

At baseline, no significant differences were observed between WT and the surviving 

Cav1−/−, in terms of LV structure and function. Consistent with the previous reports, our 

data indicated reduced survival and impaired cardiac function of Cav1−/− mice within 24 h 

after permanent coronary ligation despite equal infarct areas, mainly due to LV rupture [21]. 

It is important to note that this high rate of mortality could potentially be a caveat, as we 

therefore studied the survivors. LV rupture can occur within the first 48 h after MI without 

being associated with a significant wall thinning or regional remodeling, as we observed, in 

contrast to the rupture occurring within 3 to 10 days after MI [22–24]. The early rupture has 

been shown to happen as a consequence of deficient post-MI inflammation due to 

weakening of tensile strength [25]. Another critical factor is the size of the infarction. This 

factor was not an issue in the current study, because both strains had comparable infarct 

sizes; this indicates that the dramatic differences in inflammatory profiles were likely the 

reason for the differences in survival rates. Since the role of Cav1 in acute inflammatory 

responses following cardiac injury had not been previously addressed, we measured an 

increased level of MCP-1 mRNA expression in Cav1−/− mice 3 days after injury. MCP-1 

plays a critical role in the immediate responses following MI [26]. Neutralizing MCP-1 has 

been shown to significantly reduce infarct size and macrophage infiltration [27]. In our 

model, this increase of MCP-1 mRNA expression could contribute to the decreased survival 

in Cav1−/− mice compared to WT mice.

Cav1 deletion leads to a relative increase inM2 macrophage population within 3 days after 

cardiac injury, which is earlier than the normal course. During this acute phase of 

inflammation, the M1 population of macrophages is usually predominant. In contrast, the 

M2 macrophage population is found later during scar formation as measured by increased 

arg-1 and TGF-β mRNA. Given the fact that there is a preferential M2 macrophage 

polarization, it is interesting that 3 days after MI, the level of IL-4 mRNA was significantly 

increased compared to the baseline in Cav1−/−mice. Our in vitro data clearly showed that 

upon IL-4 stimulation, peritoneal macrophages carrying the Cav1 deletion responded with a 

significantly greater level of conversion to M2 polarization. The over representation of M2 

macrophages in Cav1−/− most likely contributes to the adverse remodeling measured 14 

days after injury that we have previously demonstrated [10]. Indeed, adoptive transfer of M2 

macrophages not expressing Cav1 leads to the development of extensive interstitial fibrosis 
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in WT mice beyond the expected healthy fibrous scar formation necessary to fill the wound 

and maintain normal wall integrity while the cardiomyocytes are partially replaced [28]. In 

agreement with these observations, the parallel experiments in which Cav1−/− injured mice 

received WT macrophages by adoptive transfer showed that they developed only limited 

interstitial fibrosis during the same period of time after MI.

A critical role in the pathogenesis of cardiac remodeling through the effects on inflammatory 

and reparative responses has been attributed to TGF-β. It may be the master switch 

mediating the transition from inflammation to scar formation following myocardial 

infarction [8]. Early TGF-β antagonism through transfection with the extracellular domain of 

its receptor or early treatment with a neutralizing anti-TGF-β antibody within 24 h following 

coronary occlusion increased mortality due to enhanced inflammation [29,30].

Despite the evidence of an abundance of macrophages in the infarcted heart and their 

potential for the regulation of the inflammatory response, our knowledge of the role of these 

macrophages remains limited [31–33]. Two distinctive macrophage subsets have been 

recognized; the classically activated M1 macrophages that secrete proinflammatory 

mediators, and alternatively activated M2 macrophages that show increased phagocytic and 

anti-inflammatory activities [34, 35]. Generally, arg-1-positive M2 macrophages are 

considered profibrotic, and the arg-1 negative population is believed to trigger potential anti-

inflammatory response [36]. Arg-1 has recently reported to be indirectly related to fibrosis 

development by promoting the release of Th2-dependent cytokines (IL-10 and TGF-β1) and 

also shown to promote Th1 response [37]. In our study, an increase of arg-1-

positivemacrophages was observed in WT and Cav1−/− mice at day 3 post-MI. This increase 

was much higher in the Cav1−/− group of mice. An increased number of arg-1-positive 

macrophages among Cav1−/− mice and anti-TGF-β antibody-treated mice correlated with the 

highest mortality rate among these two groups. The disproportionate increase of arg-1-

positive macrophage numbers might predispose the injured hearts to maladaptive 

remodeling and cardiac fibrosis, leading to increased mortality post-MI in these groups.

The inflammation specific gene expression array data revealed that some of the genes 

regulated by Cav1were not TGF-β1-dependent, suggesting that infarction-induced acute 

inflammation and pathogenesis may involve a mixed response. IL-10, IL-4, and IL-1R2 are 

among the most important anti-inflammatory cytokines that are released post-MI. IL-4 is 

reported to antagonize the activity of IL-1β by inducing the expression and release of 

IL-1R2, which binds to IL-1α and IL-1β and acts as a decoy receptor and inhibits the 

activity of its ligands. Exposure to IL-4 also programs macrophages to M2 macrophages [6]. 

IL-10 inhibits proinflammatory cytokines such as IL-1, IL-6, and TNF-α produced by 

macrophages [32]. We compared the mRNA expression of IL-10, IL-4, and IL-R2 between 

WT and Cav1−/− mice. These cytokines are the key components in M2 macrophage 

induction and maturation pathways. When these anti-inflammatory cytokine gene expression 

profiles were compared with the chemotaxis of M2 macrophages in post-MI cardiac tissues, 

we noticed, as expected, a concordant increase of their gene expression with the increase in 

theM2macrophage population among Cav1−/− mice and anti-TGF-β antibody-treated WT 

mice. As M2 macrophages have been characterized as being profibrotic, it is important to 
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note that we previously demonstrated that, in the absence of Cav1, cardiac remodeling was 

more pronounced [10].

A better understanding of the inflammatory mechanisms operating during myocardial 

infarction healing is very important as it could lead to more efficient therapeutic options. We 

previously demonstrated that the lack of Cav1 in mice is associated with extensive collagen 

deposition in cardiac tissues post-injury, and we suggested that failure to re-express Cav1 

during the proliferative and maturation phase of post cardiac injury could be associated with 

heart failure and increased mortality [10]. Our results presented here suggest that Cav1 also 

plays an important role during the acute phases of inflammation to increase the relative 

proportion of M2 macrophages. A limitation to the study is the use of the LAD model, 

which does not mimic the reperfusion therapy frequently used for MI patients. Non-adaptive 

scar formation leading to heart failure is a pathologic process driven by unbalanced 

inflammatory responses. Heart failure and mortality after MI remain elevated mostly due to 

unbalanced inflammatory responses. As such, these results have broad implications for all 

MI responses.

In conclusion, Cav1 not only affects inflammation post-MI through TGF-β-mediated 

pathways but also modifies it through other mechanisms that are yet to be studied. Thus, 

Cav1 might be one of the important modulators in MI-induced pathogenesis and considered 

to be a potential therapeutic target.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Survival and histology post myocardial injury in Wild Type and Cav1−/− mice. A) Survival 

curve of animals post myocardial injury with treatment of CSD or a scrambled peptide. 

Statistical significance was calculated using a Log-rank (Mantel Cox) test. p-value = 0.0086. 

B) Representative H&E stained sections of injured cardiac tissues obtained on day 1 and day 

3 post-MI from WT and Cav1−/−mice. C) Representative H&E stained sections of injured 

cardiac tissues obtained on day 3 post-MI with treatment of CSD or the scrambled control 

peptide.
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Fig. 2. 
Increased M2 macrophage in infarcted area in Cav1−/− mice after myocardial injury. A) Left 

ventricular sections of wild type (WT) and Cav1−/− mice treated with the cav1 scaffolding 

domain (CSD) or scrambled (Scr) peptide were collected 3 days after myocardial infarction 

(MI) and probed with anti-mac2 antibody; and M2 macrophage (MΦ) phenotypes probed 

with anti-arginase-1 antibody. Cell counts of labeled macrophages were obtained and 

reported as mean± standard error (SE). B) Percentage of arginase-1-positive macrophages in 

the infarcted area of the hearts of WT and Cav1−/− mice 3 days post-MI. C) Relative levels 

of Arg-1 mRNA expressions in infarcted heart tissues of WT and Cav1−/− mice 3 days post-

MI. Fold changes are relative to the 18S ribosomal RNA as internal control. D) Upper panel: 

Representative photomicrographs of infarcted heart tissue stained with Mac-2 staining to 

detect macrophages in WT and Cav1−/− mice 3 days post-MI. Lower panel: Representative 

photomicrographs of infarcted heart tissue sections of M2 macrophages detected using 

Arginase-1 marker in infarcted myocardium of WT and Cav1−/−mice 3 days post-MI. 

Statistical significance was obtained using a 2-way ANOVA analysis followed by a 

Bonferroni post-test: * denotes p-value <0.05; *** p-value <0.001; n = 3 animals per group, 
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in triplicates [3 sections of 3 µm thickness were fixed on each slide from each mouse tissue 

sample and each mouse value represented average counts from 3 FOVs].
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Fig. 3. 
Cytokine and chemokine expression. A) Relative levels ofM1macrophage phenotype 

markers tnfα, il-1β and mcp-1 mRNA expressions in infarcted heart tissues of WT and 

Cav1−/− mice 3 days post-MI. B) Relative levels of mRNA of proteins encoding proteins 

that promote M2 macrophage phenotype (IL-4 and TGF-β) and markers (TGF-β andym-1) 

mRNA expressions in infarcted heart tissues of WT and Cav1−/− mice 3 days post-MI. 

Values are represented relative to 18S ribosomal RNA as internal control. Statistical 

significance was obtained using a 2-way ANOVA analysis followed by a Bonferroni post-

test: * denotes p-value <0.05; *** p-value <0.001; n = 3–5 animals per group, in triplicates. 

In addition # denotes p-value <0.05 between the 2 strains within the same intervention 

group.
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Fig. 4. 
Interstitial fibrosis is dampened in Cav1−/− mice by adoptive transfer 3 days after MI of WT 

macrophages. A) Collagen deposition was detected by picrosirius red staining in the injured 

zone and myocardium interstitium and quantified (% of collagen) using Image J software 14 

days after MI. Representative photomicrographs of cells located at the infarct zone boundary 

(B) and outside of the infarct zone (C) of heart 14 post-MI showing the detection of 

fibrocytes (positive for CD45 and Hsp47), indicative of adverse remodeling. Images were 

obtained with a Leica SP5 confocal microscope. Mag. 1000×. n = 3 per group.
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Fig. 5. 
In vitro macrophage activation assays. A) Arginase enzymatic assay: Units of native 

arginase per 1 × 106 cells of WT and Cav1−/− peritoneal macrophages. Cells were stimulated 

with 10 ng/ml of IL-4 for 24 h or left untreated. One unit equals the amount of enzyme 

required to hydrolyze 1 µM arginine per minute. Statistical significance: * denotes p-value 

<0.05; ** p-value <0.01; n=8 per group. B) Relative levels of M2 macrophage phenotype 

markers arg-1, fizz-1, and ym-1 mRNA expressions in treated peritoneal macrophages from 

WT and Cav1−/− mice as mentioned in (A). Values are represented relative to 18S ribosomal 

RNA as internal control.
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Fig. 6. 
TGF-β and Cav-1 dependent and independent regulation of cytokine/chemokine expression 

3 days after myocardial injury. A) Representation of transcripts screened by 

semiquantitative real time PCR array. Transcripts were classified into 3 main categories as 

TGF-β– and Cav1-dependent only and as dual dependency on genes for their combined 

functions. B) Relative mRNA levels for IL-4 and IL-17b are shown to be significantly 

increased in the infracted region of anti-TGF-β antibody treated WT mouse hearts compared 

to untreated injured hearts. Values presented are relative to the 18S ribosomal RNA as 

internal control. Statistical significance: * denotes p-value <0.05; ** p-value <0.01; n=3 

animals per group, in triplicates.
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Fig. 7. 
Inhibition of TGF-β signaling pathway reduced M2 macrophage counts. A) Macrophage and 

M2 macrophage detected by Mac-2 and arginase-1 antibody staining were counted in 

infarcted region in triplicates [3 sections of 3 µm thickness were fixed on each slide from 

each mouse tissue sample and each mouse value represented average counts from 3 FOVs]. 

B) Percentage of arginase-1-positive macrophages in the infarcted area of the heart tissues of 

WT with anti-TGF-β antibody or isotype control for 3 days after myocardial injury. C) 

Immunoblot analyses of P-Smad2 and Smad2 levels in homogenates of infarcted heart 

tissues isolated from WT mice treated with anti-TGF-β antibody or isotype control for 3 

days after myocardial injury. The histograms represent densitometric quantifications of the 

relative levels of P-Smad2 to Smad2. Statistical significance: * denotes p-value <0.05; n=3 

animals per group.
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