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Abstract Early reperfusion of ischemic cardiac tissue

increases inflammatory cell infiltration which contributes

to cardiomyocyte death and loss of cardiac function,

referred to as ischemia/reperfusion (IR) injury. Neutrophil-

and mast cell-derived proteases, cathepsin G (Cat.G) and

chymase, are released early after IR, but their function is

complicated by potentially redundant actions and targets.

This study investigated whether a dual inhibition of Cat.G

and chymase influences cardiomyocyte injury and wound

healing after experimental IR in mice. Treatment with a

dual Cat.G and chymase inhibitor (DCCI) immediately

after reperfusion blocked cardiac Cat.G and chymase

activity induced after IR, which resulted in decreased

immune response in the infarcted heart. Mice treated with

DCCI had less myocardial collagen deposition and showed

preserved ventricular function at 1 and 7 days post-IR

compared with vehicle-treated mice. DCCI treatment also

significantly attenuated focal adhesion (FA) complex dis-

ruption and myocyte degeneration after IR. Treatment of

isolated cardiomyocytes with Cat.G or chymase signifi-

cantly promoted FA signaling downregulation, myofibril

degeneration and myocyte apoptosis. Conversely, treat-

ment of cardiac fibroblasts with Cat.G or chymase induced

FA signaling activation and increased their migration and

differentiation to myofibroblasts. These opposite responses

in cardiomyocytes and fibroblasts were blocked by treat-

ment with DCCI. These findings show that Cat.G and

chymase are key mediators of myocyte apoptosis and

fibroblast migration and differentiation that play a role in

adverse cardiac remodeling and function post-IR. Thus,

dual targeting of neutrophil- and mast cell-derived pro-

teases could be used as a novel therapeutic strategy to

reduce post-IR inflammation and improve cardiac

remodeling.
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Introduction

Restoration of blood flow after acute myocardial infarction

limits infarct size and reduces mortality. However,

reestablishing blood flow is often followed by a second set

of stresses, a phenomenon referred to as ischemia–reper-

fusion (IR) injury, which can result in additional myocar-

dial damage and account for up to half of total infarct size

[8, 9, 39]. The factors contributing to IR injury are complex

and include microvascular obstruction, inflammation,

release of reactive oxygen species, myocardial stunning,

and activation of cardiac cells apoptosis and necrosis

[8, 39, 42]. A large amount of the early cardiac tissue

damage that occurs during inflammation post-IR is medi-

ated through early activation of neutrophils and mast cells,

which produce reactive oxygen radicals and release
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granules containing proteolytic enzymes that are

chemoattractants for other leukocyte populations

[4, 15, 19]. While extensive research has explored the

mechanisms responsible for the activation of inflamma-

tory-derived cytokines/chemokines and reactive oxygen

species and their roles in the infarcted heart, there is a

paucity of information regarding the role of neutrophil- and

mast cell-derived serine proteases on cardiac injury post-IR

[10].

Inflammatory serine proteases (ISPs) derived from

neutrophils, such as cathepsin G (Cat.G), elastase, and

proteinase 3, and from mast cells, such as chymase and

tryptase, are enzymes known mainly for their function in

the intracellular killing of pathogens [2, 24]. Their extra-

cellular release upon leukocyte activation is traditionally

regarded as the primary reason for tissue damage at the

sites of inflammation. However, some evidence indicates

that ISPs may also be key regulators of the inflammatory

response [2, 24]. ISPs cleave and functionally modulate a

number of protein substrates, including clotting factors,

neutrophil chemoattractants, and extracellular (ECM)

components (e.g., proteoglycans, collagen, elastin, fibro-

nectin) [35, 40]. The adverse effects of Cat.G and chymase

go beyond the breakdown of matrix proteins or the gen-

eration of cytokines and chemokines, which stimulate the

infiltration of inflammatory cells. Recent studies from our

lab and others identified cardiac myocytes and fibroblasts

as additional cell targets for Cat.G and chymase

[30, 32, 33]. Both Cat.G and chymase induce morpholog-

ical changes in cardiomyocytes that disrupt intercellular

contacts and focal adhesion (FA) signaling [13, 30]. Chy-

mase can also trigger signaling in cardiac fibroblasts that

leads either to proliferation at low dose or death by

autophagy at high dose [5, 7]. However, the molecular

mechanisms by which Cat.G and chymase modulate car-

diac myocyte and fibroblast function are still largely

unknown.

Because human Cat.G and chymase have similar active

sites and share some common functions [35, 40], assessing

their function in human diseases is complicated by poten-

tially redundant functions and targets. One strategy has

been to develop dual Cat.G-chymase inhibitors (DCCI) [6].

The DCCI used in this study was shown to selectively

inhibit Cat.G and chymase in vitro, with little effect on

several other serine proteases such as thrombin, factor Xa,

trypsin, tryptase, proteinase 3, and elastase [6]. DCCI has

been shown to markedly reduce neutrophil influx and nitric

oxide levels associated with lipopolysaccharide-induced

lung inflammation [23]. In the present study, we describe

how DCCI administration to mice subjected to IR injury

resulted in reduced myocardial Cat.G and chymase activity

and pathologic remodeling associated with IR. We show

that it also reduced collagen deposition within the

myocardium and prevented left ventricular (LV) dysfunc-

tion. Our findings provide evidence that a dual inhibitor

targeting Cat.G and chymase may be of therapeutic benefit

in protecting the heart from IR injury.

Methods

Experimental protocol

All mice were maintained in accordance with protocols

approved by the Animal Care and Use Committee of

Temple University. Ten week-old C57BL6 male mice were

anesthetized with a mixture of ketamine (100 mg/kg) and

xylazine (10 mg/kg) and left thoracotomy was performed

under mechanical ventilation. Body temperature was

maintained by a heated surgical platform and was moni-

tored throughout surgery using a rectal sensor. A 6-0 suture

with a slipknot was tied around the left anterior descending

(LAD) coronary artery to produce ischemia. Consistent

elevation of the ST segment was observed in lead II trac-

ings following occlusion of the LAD coronary vessel.

Regional ischemia was confirmed by visual inspection

under a dissecting microscope (Nikon) by discoloration of

the occluded distal myocardium. The ligation was released

after 30 min of ischemia and the tissue was allowed to

reperfuse as confirmed by visual inspection. The chest wall

was closed with 8-0 silk and then the animal was removed

from the ventilator and kept warm in the cage maintained

at 37 �C overnight. A sham procedure constituted the

surgical incision without LAD ligation. Hearts were har-

vested after 1 or 7 days of reperfusion.

To investigate the role of Cat.G and chymase, mice were

randomly divided into 4 major groups, consisting of: (1)

sham mice receiving DCCI (EMD Millipore, 219372)

(10 mg/kg body weight; n = 8); (2) sham mice receiving

vehicle (0.1% DMSO in NaCl 0.9%; n = 8); (3) IR mice

receiving 10 mg/kg DCCI (n = 8); and (4) IR mice

receiving vehicle (0.1% DMSO in NaCl 0.9%, n = 8).

DCCI or its vehicle was administered by means of single

intravenous bolus injection immediately after reperfusion

of the ischemic myocardium (for mice subjected to IR for

24 h) and treated daily via intraperitoneal injection (for

mice subjected to IR injury for 7 days).

Data analysis

All results are reported as mean ± SEM. Comparison of

two groups was accomplished using an unpaired Student’s

t test. One-way ANOVA followed by the Tukey post hoc

test was used to compare multiple groups; two-way

ANOVA and subsequent Tukey test were performed to

compare groups with different time points. P\ 0.05 was
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considered to be statistically significant. All in vitro

experiments were performed at least three times from three

different cultures and the data values were scaled to con-

trols. A value of P\ 0.05 was considered statistically

significant.

An expanded methods section is provided in the Sup-

plemental material.

Results

DCCI treatment attenuates the severity of the acute

inflammatory response after IR

Initially, we determined the time course of the increase in

myocardial neutrophil and mast cell-derived protease

activity at 3 h, 6 h, 1 day and 7 days after IR. Cat.G and

elastase protease activity underwent early transient

increases, returning to baseline at 7 days post-IR (Fig. 1a,

b), while chymase activity increased early and was sus-

tained for over 7 days post-IR (Fig. 1c). Immunohisto-

chemistry results further corroborate the changes observed

in protease activity, as Cat.G-positive cells in the heart

were markedly increased at 1 day post-IR, but decreased to

baseline at 7 days post-IR (Fig. 1d, e). In contrast, chy-

mase-positive cells were elevated at both 1 and 7 days

post-IR (Fig. 1d, f). These data highlight the differential

kinetics of Cat.G and chymase activity following acute

cardiac injury, and suggest that targeting both could have

more impact on preventing the deleterious effects of sus-

tained protease activity over time.

To evaluate the efficacy of inhibiting both Cat.G and

chymase in preventing the sequelae of IR injury, we treated

mice with DCCI for 1 and 7 days. DCCI was given during

reperfusion at 10 mg/kg intravenously and thereafter

injected every day intraperitoneally for 6 days. This dose

was based on the biological half-life of DCCI and on

in vivo experiments in which the compound’s effectiveness

was evaluated in an acute lung injury model [23]. The mice

were killed at 1 day after IR (a time point coinciding with

peak inflammatory cell infiltration and myocyte loss) and at

7 days post-IR, coinciding with peak scar formation and

repair [4]. At 1 and 7 days post-IR, myocardial Cat.G and

chymase proteolytic activity were significantly reduced in

DCCI-treated mice compared with vehicle-treated mice

(Fig. 2a, b), while Cat.G and chymase activity were not

significantly altered in DCCI- and vehicle-treated sham-

operated mice. Myocardial myeloperoxidase (MPO)

activity was measured to determine the impact of DCCI on

the infiltration of inflammatory cells after IR. In DCCI-

treated mice, MPO activity was markedly reduced com-

pared with that in vehicle-treated mice (Fig. 2c). Post-IR

immunohistological examination of DCCI- and vehicle-

treated mouse hearts further corroborated these data

(Fig. 2d), as the number of MPO-positive neutrophils was

markedly reduced in the infarcted regions of DCCI- versus

vehicle-treated mouse hearts (Fig. 2d, e). DCCI-treated

mice also show less infiltration of mast cells (Fig. 2d, f),

Mac-3-positive macrophages and CD3-positive T-cells

(Supplemental Fig. S1) in the infarcted area compared to

vehicle-treated group. Moreover, activation of pro-inflam-

matory signaling pathways, STAT3 and NF-kB, and

accumulation of pro-inflammatory cytokines that mediate

early infiltration of leukocytes in the infarcted myo-

cardium, tumor necrosis factor (TNF)-a and interleukin

(IL)-1b [12, 18], were markedly reduced in the infarcted

regions of DCCI- versus vehicle-treated mouse hearts

(Fig. 2g). Collectively, these data show that dual inhibition

of Cat.G and chymase activity reduces early inflammatory

responses following IR injury.

Dual inhibition of Cat.G and chymase improves

cardiac function

We next explored the impact of Cat.G and chymase inhi-

bition on cardiac function at 1 and 7 days post-IR. DCCI

treatment did not alter baseline heart weight-to-body

weight ratio, heart rate, or LV dilatation in sham-operated

animals (Fig. 3; Supplemental Tables 1, 2). However,

DCCI-treated mice displayed a significant preservation in

post-IR cardiac function versus vehicle-treated mice,

including LV ejection fraction and fractional shortening

(Fig. 3a, b). LV end-systolic and diastolic dimensions

(Fig. 3c, d) were also shown to undergo better preservation

post-IR in DCCI- versus vehicle-treated mice. Morpho-

metric analysis indicates the presence of cardiac hyper-

trophy and concomitant signs of cardiac failure, such as an

increase in lung weight, in vehicle-treated mice, whereas

only the latter pathological response was reduced in the

DCCI-treated mice at 7 days post-IR (Fig. 3e, f; Supple-

mental Table 2). Infarct size measurements as percentage

of area at risk or LV circumference indicated 34 ± 2% and

38 ± 4% of the LV to be affected by the infarct at 1 and

7 days in vehicle-treated mice, respectively, whereas the

infarct accounted for 24 ± 3% and 26 ± 2% of the LV in

DCCI-treated mice (Fig. 3g, h). Thus, the integrity of the

infarcted area was maintained after IR in DCCI-treated

mice with reduced LV dilatation compared to vehicle-

treated mice, which results in a better cardiac function

post-IR.

Dual inhibition of Cat.G and chymase is

cardioprotective

The extent of myocardial infarct and impairment in cardiac

performance depends on the levels of cardiomyocyte loss
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post-IR, which we measured in vehicle- and DCCI-treated

mice 1 day post-IR via terminal deoxynucleotidyl trans-

ferase dUTP nick end labeling (TUNEL). Consistent with a

protective effect of protease inhibition at time of IR, mice

that were treated with DCCI had a reduced number of

TUNEL-positive myocytes 1 day following reperfusion

compared to vehicle-treated mice (Fig. 4a, c). Cardiac

caspase-3 activity (Fig. 4d) and circulating plasma levels

of cardiac troponin-I (cTnI, Fig. 4e) were also reduced in

DCCI- versus vehicle-treated mice 1 day post-IR. DCCI-

treated mice also showed reduced expression of pro-

apoptotic molecule Bax and enhanced accumulation of

signaling molecules known to inhibit cell apoptosis such as

XIAP compared to vehicle-treated mice (Fig. 4f), con-

firming the cytoprotective effect of dual inhibition of Cat.G

and chymase at the time of injury.

DCCI protects impaired FA signaling induced

after IR

Both Cat.G and chymase have been shown to induce

myocyte apoptosis via downregulation of FA signaling

in vitro [30, 32]. Thus, we explored whether DCCI

treatment alters IR-induced FA signaling in the heart.

Vehicle-treated mice showed decreased FAK and paxillin

protein accumulation that correlated with a decrease in

cTnI expression (Fig. 4g). In contrast, DCCI-treated mice

showed less IR-induced FAK, paxillin and cTnI degra-

dation compared to vehicle-treated mice. Collectively,

these data show that dual Cat.G and chymase inhibition

protects FA signaling and induces cardioprotective sig-

naling events to promote myocyte survival in the heart

following IR.
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Fig. 1 Inflammatory serine proteases are elevated after ischemia

reperfusion (IR). The left anterior descending artery was ligated for

30 min to induce ischemia and the heart was subsequently reperfused

for 3 h, 6 h, 1 or 7 days. Cathepsin G (Cat.G) (a), elastase (b) and
chymase (c) activity levels in the hearts of sham and mice subjected

to IR injury were assessed by substrate specific enzymatic activity

assay. Results are expressed as relative fluorescence units (RFU)/min/

mg protein (n = 6 for each group). d Representative Cat.G and

chymase immunostaining of paraffin-embedded heart sections of

sham or mice subjected to IR injury. Scale bar: 40 lm. e Quantifi-

cation of Cat.G and chymase-positive cells (n = 5 for each group).

Values are presented as mean ± SEM, *P\ 0.05 vs. WT shams
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To determine whether FA signaling downregulation

results from degradation of ECM proteins, we performed

experiments to determine the impact of DCCI on fibronectin

(Fn) expression post-IR (Supplemental Fig. S2). Results

show a slight increase in Fn accumulation at *220 kD at

1 day post-IR in vehicle-treated mice. However, we cannot

specify whether the source of Fn is from plasma-derived

soluble Fn or from intra-cardiac secreted cellular Fn. Basal

Fn accumulation was increased in shams treated with DCCI,

but its level remained similar in DCCI-treated IR mice.

These data suggest that Fn degradation does not account for

the impaired FA signaling observed after IR.

To directly demonstrate that the cardioprotective effects

of DCCI after IR may result from direct actions of Cat.G

and chymase on cardiomyocytes, we investigated the effect

of DCCI on cardiomyocyte apoptosis induced by these

proteases. Treatment of neonatal rat cardiomyocytes

(NRCMs) with Cat.G or chymase for 8 h markedly induced

myocyte detachment and increased caspase-3 activity

(Fig. 5a, b). In contrast, treatment with DCCI blunted both

myocyte detachment and cell death induced by Cat.G and

chymase treatment. Conversely, treatment of neonatal rat

cardiac fibroblasts (NRCFs) with Cat.G or chymase for 8 h

did not induce detachment or caspase-3 activity (Fig. 5a,

c), demonstrating a differential response between myocytes

and fibroblasts after Cat.G or chymase treatment.

To delineate the mechanisms involved in the differential

response between cardiac myocytes and fibroblasts, we
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Fig. 2 DCCI treatment attenuates inflammation in the reperfused

heart. Cathepsin G (Cat.G) (a), chymase (b) and myeloperoxidase

(MPO) (c) activity in the infarcted LV as determined by enzymatic

activity assay (n = 6 for each group). d Representative MPO or

toluidine blue (TB) staining of paraffin-embedded heart sections from

sham or mice subjected to ischemia reperfusion (IR). Scale bar:

40 lm. e, f Quantification of MPO- and mast cell-positive cells in

mice treated with either vehicle or DCCI (n = 5 for each group).

g Left: immunoblot analysis indicates a decrease in inflammatory

signaling in the infarcted region of mice treated with DCCI compared

to vehicle post-IR. Right: quantification of experiments represented as

fold change compared to sham animals treated with vehicle (n = 5

for each group). GAPDH was included as a loading control. Values

are presented as mean ± SEM, *P\ 0.05 vs. shams, �P\ 0.05 vs.

vehicle-treated IR
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assessed the impact of DCCI on Cat.G- and chymase-in-

duced FA signaling, which we have shown previously to

play an important role in Cat.G- and chymase-induced

myocyte detachment and apoptosis [30, 32]. Myocytes

treated with Cat.G or chymase showed markedly reduced

FAK and paxillin tyrosine phosphorylation after treatment

for 10 min (Fig. 5d), which were markedly reduced by

DCCI. DCCI treatment also inhibited FAK, paxillin and

cTnI degradation induced by Cat.G treatment for 4 h

(Supplemental Fig. S3). Conversely, Cat.G or chymase

treatment induced FAK and paxillin tyrosine phosphory-

lation in fibroblasts, demonstrating activation of FA sig-

naling (Fig. 5e). These data highlight a major molecular

mechanism by which Cat.G and chymase signaling induces

distinct outcomes in cardiomyocytes versus fibroblasts.

Mice treated with DCCI are protected against

profibrotic remodeling induced after IR injury

Based on our findings that Cat.G and chymase do not

induce fibroblast detachment and death, we next explored

the potential role of DCCI on cardiac fibrosis and remod-

eling responses post-IR. Collagen fractional area in the

non-infarcted region of the heart was not different between

DCCI- and vehicle-treated groups (Fig. 6a, b). However,

DCCI-treated mice had significantly less collagen accu-

mulation in the infarcted region compared with vehicle-

treated mice at day 7 post-IR. To determine the mecha-

nisms of decreased collagen accumulation after DCCI

treatment, we evaluated accumulation of myofibroblasts,

which are a primary source of extracellular matrix (ECM)
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protein synthesis in the infarcted myocardium [38]. Anal-

ysis of smooth muscle a-actin (SMA) staining showed

minimal accumulation of myofibroblasts in sham-operated

hearts (not shown) which progressively increased in vehi-

cle-treated mice infarcts (Fig. 6a, c). DCCI-treated mice

showed reduced myofibroblast density and decreased

accumulation of profibrotic CTGF and TGF-b gene

expression in the infarcted heart (Fig. 6c, d). We also

investigated whether DCCI treatment affects ECM degra-

dation after IR. Both pro- and active-MMP2/9 levels, as

well as gelatinase activity, were significantly reduced in the

infarcts of DCCI- versus vehicle-treated mice 7 days post-

IR (Fig. 6e, f). Levels of pro-MMP2/9 were similar in

DCCI-treated shams compared to vehicle-treated mice.

Thus, inhibition of Cat.G and chymase activity results in

fibroblast differentiation and activity following IR that is

associated with diminished ECM accumulation and pre-

served cardiac contractile dysfunction.

Cat.G and chymase induce fibroblast migration

and differentiation

Because fibroblasts are important components of fibrosis,

we determined whether Cat.G or chymase directly influ-

enced fibroblast migration and ECM protein accumulation

in isolated neonatal rat cardiac fibroblasts. In control

experiments, we established that treatment with Cat.G or

chymase increased SM a-actin expression, indicating

fibroblast differentiation to myofibroblasts (Fig. 7a). Sim-

ilar differentiation to myofibroblasts was also observed in

adult mouse cardiac fibroblasts treated with Cat.G or

chymase after SM a-actin staining (Supplemental Fig. S4).
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Cat.G or chymase treatment also increased TGF-b1 and

collagen I expression, indicative of enhanced secretory

phenotype. Conversely, concurrent treatment with DCCI

blocked Cat.G- or chymase-induced responses in cardiac

fibroblasts.

We next determined whether Cat.G- or chymase-in-

duced fibroblast differentiation modulates activation of

NF-jB and STAT3 activation, important mediators of

cardiac inflammation and fibrosis following injury [4].

Cat.G or chymase treatment was sufficient to activate

endogenous NF-jB and STAT3, responses that were

abolished by treatment with DCCI (Fig. 7b). The proin-

flammatory effect of Cat.G and chymase was further cor-

roborated by changes in the expression of the NF-jB/
STAT3-responsive genes such as TNF-a and IL-1b, which
were upregulated in Cat.G- or chymase-treated fibroblasts

compared with control cells, and treatment with DCCI

blocked these responses (Fig. 7c).

Given these findings with respect to cell differentiation,

we also sought to determine whether fibroblast migration

and differentiation are sensitive to DCCI. Figure 7d shows

representative phase-contrast micrographs of scratch assays

of confluent fibroblast cell monolayers. Both Cat.G and

chymase increased fibroblast migration compared with

vehicle (Fig. 7e). Importantly, the degree of cell migration

observed with Cat.G was not significantly different from

that of chymase-treated cells. Fibroblast migration induced

by Cat.G or chymase was significantly diminished after

treatment with DCCI compared with vehicle-treated cul-

tures. Collectively, these data demonstrate that Cat.G and

chymase can directly trigger fibroblast migration and dif-

ferentiation to myofibroblasts.
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cardiomyocytes (d) and fibroblasts (f) treated with Cat.G or chymase

for 10 min in the presence of DCCI or its vehicle. Right: quantifi-

cation of experiments expressed as mean ± SEM from three separate

cultures. *P\ 0.05 vs. control, �P\ 0.05 vs. vehicle-treated cells
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Discussion

The current study provides new insights into the mecha-

nisms of pathological remodeling during early induction of

IR injury. We demonstrate that dual inhibition of Cat.G and

chymase activity was associated with a decrease in the

pathologic severity of the cardiac inflammatory response,

myocyte apoptosis and fibrosis post-IR. The reduced

adverse remodeling in the DCCI-treated mice was associ-

ated with improved myocardial function when compared

with that in the vehicle-treated mice. Interestingly, we

found that Cat.G and chymase activated signaling path-

ways that culminated to detachment and apoptosis of

myocytes, while they promoted migration and differentia-

tion of fibroblasts. This dichotomous outcome between

cardiac myocytes and fibroblasts was likely related to dif-

ferential regulation of FA signaling by Cat.G and chymase.

These novel findings show that one of the earliest events in

mediating cardiac dysfunction after IR injury involves an

increased activation of Cat.G and chymase and points to

DCCI as a therapeutic benefit.

The major effect underlying the absence of severe tissue

injury after cardiac IR in DCCI-treated mice is the inability

to sustain the presence of inflammatory cells in the heart

after reperfusion. The decreased Cat.G and chymase

activity observed after reperfusion in ischemic hearts from

DCCI-treated mice was accompanied by a decrease in

infiltration of neutrophils and mast cells. These cells have

been reported to infiltrate early after myocardial injury and

produce chemokines, which may amplify and sustain the
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animals (n = 6 for each group). GAPDH was included as a loading
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intensity of leukocyte migration to the site of myocardial

injury [1, 34]. Accordingly, we show that DCCI-treated

mice hearts have reduced production of inflammatory

cytokines, IL-1b and TNF-a, and decreased accumulation

of macrophages and T cells in the infarcted heart at day 1

and 7 post-IR compared to vehicle-treated mice. These data

extend previous studies showing the role of Cat.G and

chymase in mediating monocytes, neutrophils or T cells

migration in vitro and in the processing and maturation of

several cytokines and chemokines including IL-1a, IL-6,
and TNF-a [24]. In addition to these direct actions of Cat.G

and chymase on inflammatory cells, DCCI-treated mice

also show limited tissue exposure to myeloperoxidase,

which is a major mediator of tissue damage after injury

through generation of hypochlorous acid and reactive

oxygen species [27]. The short term of myeloperoxidase

activity observed in the heart from DCCI-treated animals

argues that the initial burst of myeloperoxidase does not

induce or sustain substantial injury in the absence of Cat.G

or chymase. Collectively, these data emphasize the

importance of Cat.G and chymase in mediating early car-

diac immune response post-IR.

The limited exposure of the ischemic heart to Cat.G- and

chymase-mediated events during reperfusion in DCCI-

treated mice resulted in clear reductions in tissue injury and

improvement in cardiac contractile function. One impor-

tant consequence was a substantial decrease in cardiomy-

ocyte apoptosis in the ischemic hearts. Several studies have

demonstrated cardiomyocyte apoptosis after reperfusion of

ischemic hearts and the correlation between the number of
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and differentiation. a–c Neonatal rat cardiac fibroblasts were

pretreated with DCCI (5 lM) or vehicle for 15 min and then treated

with cathepsin G (Cat.G, 0.02 U/ml) or chymase (100 nM) for 36 h

and cell lysates were processed for immunoblot analysis. Top:

representative immunoblots. Bottom: quantification of experiments

represented as fold change compared to untreated control (Ctrl).

GAPDH was included as a loading control. d Migration scratch assay

was performed to assess the rate of migration of cardiac fibroblasts
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apoptotic cells and the severity of cardiac dysfunction [17].

Whether the absence of Cat.G/chymase or the resultant

limited exposure to myeloperoxidase or other inflammatory

cell-derived cytokines/chemokines underlie this decrease

in apoptosis cannot be defined from this study. However,

both Cat.G and chymase have been shown to act directly

on cardiomyocytes and promote apoptosis [30, 32]. In this

study, we found that treatment with DCCI prevented FA

protein degradation, myofibril degeneration and myocyte

apoptosis induced after 24 h of IR injury and after treat-

ment of isolated cardiomyocytes with Cat.G or chymase.

The fact that the kinetics of FA signaling downregulation

coincide with myocyte apoptosis post-IR strongly suggests

that one of the earliest events leading to myocyte apoptosis

after IR injury may involve a loss of ECM network sur-

rounding myocytes and a lack of survival signaling ema-

nating from ECM receptors, integrins, in response to

elevated levels of Cat.G and chymase. The suppression of

FA signaling downregulation by DCCI further supports the

active role of Cat.G and chymase on cardiomyocyte stress

during acute IR.

The induction of myocyte death has been proposed to be

a principal factor leading to the tissue fibrosis that develops

after IR injury [22]. Consistent with the lack of sustained

Cat.G/chymase activity and decreased apoptosis of myo-

cytes, there was a clear decrease in collagen deposition

observed in hearts from DCCI-treated mice post-IR when

compared with vehicle-treated mice. We also found that

DCCI-treated mice present less myofibroblast accumula-

tion at day 7 post-IR. This latter has been shown to be a

primary source of ECM protein synthesis and pro-inflam-

matory cytokines in the infarcted myocardium [38].

Moreover, DCCI may have more direct antifibrotic effects

as Cat.G and chymase may liberate TGF-b from the ECM,

thereby stimulating fibroblast differentiation and ECM

synthesis [21, 26, 41, 43]. In this study, we show that DCCI

treatment blocked both TGF-b and CTGF accumulation in

the infarcted heart at day 7 post-IR and in isolated

fibroblasts treated with Cat.G or chymase, which resulted

in a decrease in ECM accumulation, fibroblast migration

and differentiation to myofibroblasts. Cat.G and chymase

can also affect ECM accumulation through activation of

MMP-2 and -9 [31, 36] which could degrade cardiac

interstitial matrix, expand the healing infarct [25] and

promote cardiac dilatation [3]. We show that DCCI treat-

ment attenuated MMP-2/9 activation after IR in vivo and in

isolated cardiac fibroblasts exposed to Cat.G or chymase

(Supplemental Fig. S5), suggesting that Cat.G and chy-

mase-dependent activation of MMPs is also important in

post-IR infarct remodeling and function.

The pleiotropic effects of Cat.G and chymase on cardiac

myocytes and fibroblasts raise the intriguing question about

the mechanisms by which these extracellular proteases

initiate their effects in both cells. We have previously

documented the role of MMP activation as a mechanism by

which Cat.G induces FA signaling downregulation and

myocyte apoptosis [31]. Consistent with these findings,

DCCI treatment inhibited Cat.G- and chymase-induced

MMP2 activation and FA protein degradation in car-

diomyocytes (Supplemental Fig. S5). Interestingly, in

contrast to cardiomyocytes, Cat.G and chymase led to FA

signaling activation in fibroblasts that culminated to

fibroblast migration and differentiation. These data,

although are in line with the role of FAK activation in

mediating cell survival and growth, suggest a different

mechanism of FA signaling regulation between myocytes

and fibroblasts. Previous studies from our group in myo-

cytes showed the role of protein tyrosine phosphatase SHP2

in mediating Cat.G-induced FA signaling downregulation

and myocyte apoptosis [31, 32]. Whether SHP2 activation

is differentially regulated in cardiac fibroblasts versus car-

diomyocytes in response to Cat.G or chymase needs further

investigation. These data collectively show the pleiotropic

actions of these proteases to trigger cardiomyocyte death

and fibroblast migration/differentiation and the beneficial

effect of DCCI treatment in preventing these effects.

The current study provides evidence that targeting

neutrophil- and mast cell-derived proteases was efficient in

protecting the heart from early myocyte death and exces-

sive fibroblast migration and ECM accumulation that

contribute to adverse cardiac remodeling and contractile

dysfunction (Supplemental Fig. S6). Moreover, DCCI can

modulate cardiac remodeling and function indirectly by

inhibiting Cat.G and chymase actions to convert angio-

tensin I to angiotensin II [20, 28], a known humoral factor

that promotes cardiac hypertrophy, fibrosis, and remodel-

ing [37]. Based on evidence that Cat.G and chymase have

similar active sites, share some common targets and have

potentially redundant functions, our strategy has been to

use a dual inhibitor that selectively targets both Cat.G and

chymase, without affecting other serine proteases [6].

There has been considerable interest to develop inhibitors

of neutrophil- and mast cell-derived proteases, which

contribute to cardiac injury and inflammation. Previous

studies have shown the beneficial effect of inhibiting

chymase on IR injury in dogs and pigs [29, 44]. However,

in these studies there was no assessment of chymase

inhibition on a more prolonged reperfusion on myocardial

function and infarct extension. In rodents, the use of chy-

mase inhibitor monotherapy provided mixed results with

studies showing improved survival and reduced post-my-

ocardial infarction cardiac hypertrophy and dysfunction

with chymase inhibitor monotherapy [14, 16], while others

were negative [11]. This discrepancy using chymase inhi-

bitor monotherapy could be related to the fact that other

inflammatory proteases such as Cat.G may play a
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redundant role in the pathophysiology of IR injury.

Therefore, our results with DCCI suggest that inhibition of

more than one crucial inflammatory protease might afford

effective pharmacotherapy and show that restoration of a

‘‘protease–antiprotease balance’’ by the administration of

exogenous inhibitors reduces excessive accumulation of

inflammatory cells and their secreted proteases and could

have therapeutic utility after myocardial IR injury.

In conclusion, a dual inhibitor targeting Cat.G and

chymase is effective in reducing the pathologic severity

related to IR injury in association with its ability to limit

myocardial proteolytic activity. By attenuating collagen

deposition within the myocardium and improving LV

function, DCCI may ultimately decrease the progression to

heart failure. Our study has, therefore, provided important

data to support a previously unknown mechanism impli-

cating Cat.G and chymase in the progression of this disease

and the theoretical benefit of using a dual inhibitor tar-

geting Cat.G and chymase in the therapy of acute IR injury.
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