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Abstract

Mouse mast cell protease-4 (MMCP4) is a chymase that has been implicated in cardiovascular
diseases, including myocardial infarction (MI). This study tested a direct role of mMMCP4 in mouse
post-MlI cardiac dysfunction and myocardial remodeling. Immunoblot and immunofluorescent
double staining demonstrated mMMCP4 expression in cardiomyocytes from the infarct zone from
mouse heart at 28 days post-MI. At this time point, mMMCP4-deficient Mcpt4~~ mice showed no
difference in survival from wild-type (WT) control mice, yet demonstrated smaller infarct size,
improved cardiac functions, reduced macrophage content but increased T-cell accumulation in the
infarct region compared with those of WT littermates. mMCP4-deficiency also reduced
cardiomyocyte apoptosis and expression of TGF-p1, p-Smad2, and p-Smad3 in the infarct region,
but did not affect collagen deposition or a-smooth muscle actin expression in the same area.
Gelatin gel zymography and immunoblot analysis revealed reduced activities of matrix
metalloproteinases and expression of cysteinyl cathepsins in the myocardium, macrophages, and T
cells from Mcpt4~~ mice. Immunoblot analysis also found reduced pSmad2 and p-Smad3 in the
myocardium from Mcpt4~~ mice, yet fibroblasts from Mcpt4~/~ mice showed comparable levels
of p-Smad2 and p-Smad3 to those of WT fibroblasts. Flow cytometry, immunoblot analysis, and
immunofluorescent staining demonstrated that mMCP4-deficiency reduced the expression of
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proapoptotic cathepsins in cardiomyocytes and protected cardiomyocytes from H,O,-induced
apoptosis. This study established a role of mMMCP4 in mouse post-MI dysfunction by regulating
myocardial protease expression and cardiomyocyte death without significant impact on
myocardial fibrosis or survival post-MI in mice.
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1.

Introduction

Accumulating evidence suggests a role of mast cells in cardiovascular diseases (CVD) [1].
Distinct from most other inflammatory cells, mast cells contain a set of signature serine
proteases, including chymase, tryptase, and carboxypeptidase A [2,3]. These enzymes
hydrolyze extracellular matrix (ECM) proteins and cell surface proteins, activate pro-
enzymes [2], and generate angiotensin-11 (Ang-I1) [4]. Chymase and tryptase can directly
degrade collagens and interrupt the structural integrity of the arterial wall. Chymase also
cleaves apoA-I to destroy its activity in suppressing NF-xB-dependent coronary artery
endothelial cell (EC) expression of VCAM-1 (vascular cell adhesion molecule-1) and
monocyte adhesion [5]. Chymase-mediated production of Ang-Il in cardiovascular tissues
[6,7] activates macrophage expression of MCP-1 (monocyte chemoattractant protein-1), a
chemokine implicated in monocyte recruitment [8]. Chymase and tryptase also activate
matrix metalloproteinases (MMPs) MMP-1, MMP-3 and MMP-9 [9,10] and TGF-p [11,12]
that contribute to arterial wall ECM degradation or synthesis.

In patients with myocardial infarction (MI), myocardial chymase activity increased at 14-21
days post-MI [13], suggesting a role of chymase in a later phase post-MI myocardial
remodeling. Chymase functions in CVD have undergone thorough testing using chymase
inhibitors and chymase-deficient mice. In hamsters, chymase inhibition suppressed
myocardial fibrosis in hypertensive cardiac hypertrophy [14] and inhibited diet-induced
atherosclerosis [15]. In rodent MI, chymase inhibitors suppressed ischemic remodeling,
reduced cardiac hypertrophy and dysfunctions following coronary artery ligation, and
extended survival [16-20] in company with reduced expression of collagen I/111 due to the
suppression of chymase-activated TGF-B [20]. In dogs with ischemia/reperfusion injury,
chymase increases in cardiomyocytes. In cultured HL-1 cardiomyocytes, addition of
chymase induced cell death [21].

Mouse mast cell protease-4 (mMMCP4) is the functional homolog of human chymase [16].
We reported that mMMCPA4-deficiency in Mcpt4~~ mice attenuated AAA growth and reduced
lesion numbers of inflammatory cells, smooth muscle cell apoptosis, ECM degradation, and
angiogenesis [22]. A recent study using Mcpt4™~ mice tested this enzyme’s role in
ischemia/reperfusion-induced cardiac dysfunction and myocardial remodeling. The
expression of MMCP4 rose in the hearts with increased tryptase* mast cells 72 hours after
reperfusion. Cardiomyocytes surface showed diffused mMCP4 expression. Two weeks after
reperfusion, Mcpt4”~ mice showed significantly reduced scar size, better preserved left

Biochim Biophys Acta Mol Basis Dis. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

2.

Page 3

ventricular (LV) ejection fraction (EF), reduced LV dilatation, decreased end-systolic and
end-diastolic volumes and reduced infarct expansion, compared to WT control mice.
Mecpt4™~ mice also showed reduced cardiomyocyte hypertrophy in the remote LV and LV
fibrosis, although mMCPA4-deficiency did not affect blood pressure [23]. It was suggested
that mMMCP4 contributed to ischemia/reperfusion-induced cardiac dysfunction by degrading
insulin growth factor IGF-1 [23], a putative cardioprotective factor in the setting of
permanent coronary artery occlusion or of ischemia/reperfusion [24].

This study performed permanent coronary artery ligation in mice and found that mMCP4-
deficiency significantly improved post-MI cardiac function, but did not affect LV volume
and LV internal diameter end diastole and end systole, post-MI myocardium fibrosis, or
survival. Mechanistic study demonstrated the participation of mMMCP-4 in cardiomyocyte
apoptosis, but no effect on TGF-f signaling in cardiac fibroblasts.

Materials and methods

2.1 Mouse Ml

Male mMCP-4-deficient Mcpt4~~ mice (C57BL/6J, N10) [22] and their WT littermates
underwent experimental M1 at 8~10 weeks of age as described [25]. After anesthesia with
isoflurane (1.5%) and a volume-controlled ventilator (Harvard Apparatus, Holliston, MA),
the heart was exposed by a left thoracotomy and the left anterior descending (LAD) artery
ligated with a 70 silk suture (Ethicon, Somerville, NJ). Blanching of the distal myocardium
verified ischemia. Sham-operated mice underwent the same procedure without LAD
ligation. Mice were give one dose of buprenorphine at 0.05-0.1 mg/kg by subcutaneous
injection before the surgery. Mice were then anesthetized under introductory 4% isoflurane
inhalation and then 1.5% isoflurane maintenance during the surgical procedure. Mice
received one dose of buprenorphine at 0.05-0.1 mg/kg by subcutaneous injection at each 12
hours after the surgery and one dose of meloxicam at 3-5 mg/kg by subcutaneous injection
at each 24 hours for 48 hours. Mice were sacrificed at 3 days or 28 days post-MI for further
studies. At harvest, mice were euthanized by delivering 100% CO» for a minimum of 3 min
from a pressurized system at 5 Ib/in. into a sealed cage. All animal procedures conformed to
the Guide for the Care and Use of Laboratory Animals published by the US National
Institutes of Health and was approved by the Brigham and Women’s Hospital Standing
Committee on Animals (protocol #2016N000289).

2.2 Echocardiography

Transthoracic two-dimensional (2D) parasternal short axis M-mode echocardiogram was
performed at baseline and at 28 days post-MI, using the Vevo 2100 system (VisualSonics,
Toronto, Canada) with a 30-MHz transducer. Mice were positioned and restrained on a 37°C
heating pad without anesthesia. M-mode tracings at the mid-papillary muscle level were
recorded to measure LV wall thickness, end-diastolic diameter (LV EDD) and end-systolic
diameter (LV ESD). Percentage of fraction shortening (%FS) and %EF were calculated by
the manufacturer’s software package.
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2.3 Morphometric analysis

Mouse heart weights were recorded when excised after termination. LV was divided from
apex to base into three cross sections, and the medium section was embedded in OCT
compound (Sakura Finetek, Torrance, CA). The infarct size was determined from
hematoxylin-eosin stained sections 3 days and 28 days post-Ml.

2.4 Immunofluorescent, immunohistological, and Masson’s trichrome staining

To localize apoptotic cells and detect the expression of mMMCP4 in the heart, heart frozen
sections (6 pm) were used for immunofluorescent staining for cardiomyocyte (myosin heavy
chain, 1:50, Cat# bs-15444R-A488, Bioss In. Woburn, MA), fibroblast (a-smooth muscle
actin a-SMA, 1:500, Cat# F3777, Sigma-Aldrich, St Louis, MO, USA), macrophage
(Mac-2, 1:100, Cat# CL8942LE, Cedarlane, Burlington, Ontario, Canada), cleaved
caspase-3 (1:100, Cat# 8172, Cell Signaling Technology, Danvers, MA), and mMCP4
(1:200) [26]. Alexa Fluor 488 (1:300, Cat# A-21208, Thermo Fisher Scientific, Waltham,
MA) or Alexa Fluor 555 (1:500, Cat# A-21428, Thermo Fisher Scientific) was used as the
secondary antibody. Cell nuclei were counterstained with DAPI (4”,6-diamidino-2-
phenylindole, 1:10, Cat# R37606, Thermo Fisher Scientific). Images were collected under
an Olympus FluoView™ FV1000 confocal microscope. Heart frozen sections (6 um) were
also stained for macrophage (Mac-3, 1:900, Cat# 553322, BD Biosciences, San Jose, CA),
CD4* T-cell (CD4, 1:90, Cat# 553043, BD Biosciences), CD8* T-cell (CD8, 1:100, Cat#
14-0081-85, eBioscience, San Diego, CA), a-SMA (1:750, Cat# 14968s, Cell Signaling
Technology), TGF-B1 (1:100, Cat# MAB532, R&D Systems, Minneapolis, MN), p-Smad?2
(1:100, Cat# AB3849, EMD Millipore, Billerica, MA), and p-Smad3 (1:25, Cat# ab52903,
Abcam, Cambridge, MA). Apoptotic cells were detected using ApopTag® Plus Peroxidase
In Situ Apoptosis Detection Kit according to the manufacturer’s instructions (Cat# S7100,
EMD Millipore). Apoptotic nuclei were defined as TUNEL (Terminal deoxynucleotidyl
transferase dUTP nick end labeling)-positive nuclei in cells with morphological features of
apoptotic cell death (cell shrinkage, aggregation of chromatin into dense masses, and cell
fragmentation) [27]. Masson’s trichrome kit was used to detect heart collagen deposition
according to the manufacturer’s instruction (Cat# 87019, Thermo Fisher Scientific). A
virtual slide microscope (VS120, Olympus, Center Valley, PA, USA) was used to capture
images. The staining area was measured using computer-assisted image quantification
(Image-Pro Plus software, Media Cybernetics, Rockville, MD, USA), and immunopositive
cells were counted manually. One scientist was responsible to complete the measurement
and data analysis of each variable to avoid possible interpersonal variation. All mouse
experiments were performed, and data were analyzed in a blinded fashion by at least 3
observers.

2.5 Quantitative real-time polymerase chain reaction (RT-PCR).

RT-PCR was used to determine the expression of T-bet, Gata-3, RORyt, Foxp3, MMP-2,
MMP-9, tissue inhibitor of metalloproteinase-1 (TIMP-1), collagen I, collagen II1, myosin
heavy chain-6 (myosin-6), myosin-7, and natriuretic peptide precursor A (NPPA) in heart
tissues. Total RNA was prepared using TRIzol reagent according to the manufacturer’s
recommendations (Cat# 15596018, Thermo Fisher Scientific). RNA concentration and
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quality were evaluated using the Agilent 2100 bioanalyzer (Nano LabChip, Agilent
Technologies, Santa Clara, CA). p-actin was used as endogenous control. Results were
expressed as fold of change relative to the control cell as the baseline.

2.6 Cell culture

Macrophages were prepared by differentiating bone marrow cells from Mcpt4™7~and WT
mice in macrophage colony-stimulating factor (M-CSF) (20 ng/ml, Cat# 416-ML-050, R&D
Systems) for 10 days. Total T cells were separated from splenocytes using a nylon-wool
column (Cat# 21759, Polysciences, Inc., Warrington, PA) to yield a crude T cell preparation.
CD4" and CD8™ T cells were prepared as described previously [28]. Macrophages, CD4*
and CD8* T cells were cultured in RPMI containing 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin.

Adult cardiomyocytes from Mcpt4™~ and WT mice were isolated and cultured as previously
reported [29,30]. After centrifugation at 20 g for 5 minutes, cardiac fibroblasts in the
supernatant were collected and cultured in high-glucose DMEM medium (Cat# 10566016,
Invitrogen, Carlsbad, CA) containing 10% FBS and 1% penicillin/streptomycin. And the
remaining pellet of cardiomyocytes was re-suspended in MEM containing 1% BSA, 1%
penicillin/streptomycin and 10 mM 2,3-Butanedione monoxime (BDM) (Cat# B0753,
Sigma-Aldrich). The medium was changed every 48 hours.

2.7 Fibroblast trans-differentiation

Adult mouse cardiac fibroblasts from Mcpt47~and WT mice were incubated in DMEM
containing 1% FBS for 24 hours. Cells were then treated with recombinant mouse TGF-p1
(10 ng/mL, Cat# 14-8342-80, eBioscience) in DMEM containing 1% FBS for 30 minutes or
24 hours. Cells were lysed in RIPA lysis buffer (Cat# BP-115, Boston Bio-products,
Ashland, MA) supplemented with a protease and phosphatase inhibitor cocktail (Cat#
78442, Thermo Fisher Scientific) for western blot analysis to detect p-Smad2, p-Smad3, and
a-SMA.

2.8 In situ zymography

Heart tissue, macrophage, and T-cell MMP activities were assessed using gelatin gel
zymography as described previously [31]. Briefly, 20 pg heart tissue, macrophage, or T-cell
lysate was subjected to an 8% SDS-PAGE. Gel was then incubated in 2.5% Triton X-100 for
90 minutes to remove SDS, followed by incubation for 36 hours in a developing buffer
containing 50 mmol/L Tris-HCI, 0.2 mol/L NaCl, 5 mmol/L CaCl,, and 0.02% Brij-35
pH7.6. Gel was then stained in a staining buffer containing 0.1% Coomassie blue R-250
(Cat# 1610400, Bio-Rad, Hercules, CA), 30% methanol, and 10% glacial acetic acid, and
destained for 2 hours in a destaining buffer containing 30% methanol and 10% acetic acid.

2.9 Western blot

For immunoblot analysis, an equal amount of protein lysate from each cell type preparation
or myocardium tissue extract was separated by SDS-PAGE, blotted, and detected with
different antibodies, including cathepsin K (CatK) (1:1000, Cat# PB9856, BOSTER,
Pleasanton, CA), cathepsin S (CatS) (1:1000) [32], cathepsin B (CatB) (1:1000, Cat# PC41—
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100UG, Sigma-Aldrich), cathepsin L (CatL) (1:1000, Cat# 168-10557, RayBiotech, Inc.,
Norcross, GA), mMMCP4 (1:1000), a-SMA (1:1000, Cat# 14968s, Cell Signaling
Technology), GAPDH (1:1000, Cat# 2118S, Cell Signaling Technology), p-Smad2 (1:1000,
Cat# 3101s, Cell Signaling Technology), p-Smad3 (1:1000, Cat# 9520s, Cell Signaling
Technology), importin-p (1:1000, Cat# 8673S, Cell Signaling Technology) and RanBP3
(1:1000, Cat# SC-373678, Santa Cruz Biotechnology, Dallas, TX), a-actin (1:1000, Cat#
Ab441-.2ML, Sigma-Aldrich), and histone-H3 (1:1000, Cat# ab1791, Abcam).

2.10 Cardiomyocyte apoptosis, flow cytometry, immunofluorescent, and immunoblot

analysis

Cardiomyocytes from Mcpt4™~and WT mice were treated with or without 100 pM H,0,
for 4 hours before harvest. Cell apoptosis was detected using the FITC annexin V apoptosis
detection kit (Cat# 556547, BD Biosciences), followed by FACS analysis to detect annexin
V and propidium iodide (PI) reactivity. This test discriminates between intact cells (annexin
V~/PI7), early apoptotic cells (annexin V*/P17), and late apoptotic cells (annexin V*/PI*).
Apoptotic cardiomyocytes were also examined using immunofluorescent double staining
with annexin V (1:100, Cat# PA5-27872, Thermo Fisher Scientific) and Pl (Cat# P3566,
Thermo Fisher Scientific). Alexa Fluor 488 (1:500, Cat# A-11008, Thermo Fisher
Scientific) was used as the secondary antibody. The cell nuclei were counterstained with
DAPI (1:10, Cat# R37606, Thermo Fisher Scientific). Images were captured using the
Olympus FluoView™ FV1000 confocal microscope. The integrated intensities of annexin V
and PI in staining areas were measured using computer-assisted image quantification system
(ImageJ software, National Institutes of Health). Cardiomyocytes treated with and without
H»0, for 4 hours were also lysed in RIPA lysis buffer (Cat# BP-115, Boston Bio-products)
supplemented with a protease and phosphatase inhibitor cocktail (Cat# 78442, Thermo
Fisher Scientific) to detect the production of Bax (1:1000, Cat# 2772s, Cell Signaling
Technology), Bid (1:500, Cat# MAB860, R&D Systems), and tBid by immunoblot analysis.

2.11 Isolation of nuclear and cytoplasmic extract

The nuclear extraction was prepared using an NE-PER nuclear cytoplasmic extraction
reagent kit (Cat# 78833, Thermo Fisher Scientific) according to the manufacturer’s
instruction. Briefly, cardiac fibroblasts from Mcpt4~~and WT mice were suspended in 200
ul of cytoplasmic extraction reagent-1 and incubated on ice for 10 min followed by addition
of 11 pl of a second cytoplasmic extraction reagent-11. After centrifugation, the supernatant
fraction (cytoplasmic extract) was transferred to a pre-chilled tube. The insoluble pellet
fraction, which contains crude nuclei, was re-suspended in 100 pl of a nuclear extraction
reagent. After centrifugation, the resulting supernatant, constituting the nuclear extract, was
used for the western blot to detect p-Smad2, p-Smad3, GAPDH, and histone-H3.

2.12 Statistical analysis

All mouse data were expressed as mean + SEM. Shapiro-Wilk test was used to determined
data distribution normality. Log-transformation was used for data that were not normally
distributed after the primary normality test. Independent £test was used for comparison
between two groups. One-way ANOVA with post-hoc Bonferroni test was used for
comparison among three or more groups. Kaplan-Meier survival analysis with log-rank test
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was used to compare survival rates between groups. SPSS 22.0 was used for analysis, and P
< 0.05 was considered statistically significant.

3. Results

3.1 Deficiency of mMMCP4 improves cardiac function after coronary artery ligation

In humans, chymase peaks in the myocardium at 2~3 weeks after MI [13]. We produced Ml
in mice and assessed mMMCP4 expression in the heart at 28 days post-MI. Immunoblot
analysis revealed elevated mMCP4 expression in heart from mice with MI, compared with
that from sham-operated mice (Figure 1A). Although chymase is thought a mast cell serine
protease [2,3], immunofluorescent double staining revealed mMCP4 expression in myosin
heavy chain-positive cardiomyocytes in the infarct and border zones from mouse heart at 28
days post-Ml. In contrast, cardiomyocytes from the remote region showed negligible
mMCP4 expression (Figure 2B). At a much lower level, some a-SMC-positive cardiac
fibroblasts and Mac-2-positive macrophages in the infarct regions also express mMCP4
(Figure 1C). Prior studies in stroke-prone spontaneously hypertensive rats [33] and in rodent
M1 [16-20] showed that chymase inhibition prolonged survival. When mMCP4-deficient
Mcpt4~~ mice and their WT littermates underwent MI production, they showed no
differences in survival during the course of 28 days (Figure 1D). Yet, at 28 days post-Ml,
mMCP4-deficiency reduced infarct size (Figure 1E) and yielded significantly increased
ejection fraction (EF%) and fractional shortening (%FS) (Figure 1F-1H). Along with these
improvements in cardiac function, Mcpt4™~ mice gained body weight during this 28-day
post-MI although not statistically significant. WT mice lost significant body weight,
although total heart weight and heart-to-body weight ratio did not differ between the two
genotypes before or after M1 (Figure 11). In contrast, at 3 days post-MlI, none of the 10 WT
and 8 Mcpt4~~ mice died. They showed no difference in infarct size (Figure 1E), body
weight, heart weight, or their ratios (data not shown), supporting a detrimental role of
mMCP4 in post-MI myocardial remodeling during the 28 days post-MI. Previous study of
mice with ischemia/reperfusion injury showed that mMCP4-deficiency reduced the end-
systolic and end-diastolic LV volumes [23]. In mice with permanent LAD ligation, we did
not detect significant differences in LV end-diastolic and end-systolic volumes (Figure 1J) or
LV diastole and systole internal diameters (Figure 1K).

3.2 Deficiency of mMMCP4 affects myocardium inflammatory cell content and cell

apoptosis

In ischemia/reperfusion-injured hearts, mMMCP4-deficiency reduced macrophage
accumulation in the myocardium [23]. We also detected significantly fewer macrophages in
both the infarct and remote regions from Mcpt4~~ mice than those from their WT
littermates (Figure 2A/2B). However, infarct area CD4* and CD8* T-cell content was higher
in Mcpt4~~ mice than in WT control mice (Figure 2C/2E), although these cells in the
remote regions did not differ between the genotypes (Figure 2D/2F). RT-PCR analysis of the
myocardium tissue extracts showed that the increased CD4* T cells in the Mcpt4~~ mouse
hearts were mainly Gata-3-positive Th2 cells. Th1 (T-bet), Th17 (ROR+t), and regulatory T
cells (Foxp3) also trended higher in hearts from Mcpt4~~ mice than those in WT control
mice, without reaching statistical significance (Figure 2G).
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As discussed, chymase induces apoptosis of mouse cardiomyocytes HL-1 and rat neonatal
cardiomyocyte [21,34]. In ischemia/reperfusion mice, mMCP4-deficiency reduced
myocardium cell apoptosis [23]. TUNEL staining revealed significantly fewer apoptotic
cells in the infarct region in Mcpt4~~ mouse hearts than those in WT mouse hearts (Figure
2H), but not in the remote regions (Figure 2lI).

3.3 Deficiency of mMMCP4 reduces myocardial TGF-p signaling but does not affect tissue

fibrosis

Myocardial fibrosis affects post-MI cardiac functions. Chymase can act directly on collagen
or indirectly by activating MMPs or TGF- [9-11]. Yet, Masson’s Trichrome staining
(Figure 3A) or Sirius red staining (data not shown) did not detect significant differences in
collagen deposition in post-MI heart infarct or remote regions between the Mcpt4”~ and
WT control mice. Immunostaining of a-SMA detected fewer fibroblasts in the remote areas
in Mcpt4~~ mice than those in WT control mice, but not in the infarct areas (Figure 3B).
The content of TGF-B1, p-Smad2, and p-Smad3 in the infarct areas but not in the remote
areas from Mcpt4~~ mice fell significantly lower compared to WT control mice (Figure
3C-3E). RT-PCR analysis of the same infarct region yielded similar conclusion. mMCP4-
deficiency did not affect the expression of myocardial stress proteins myosin-6, myosin-7,
and NPPA (Figure 3F) or myocardial fibrotic proteins collagen-1, collagen-Il1l, and their
protease and protease inhibitor MMP-9 and TIMP-1. Only MMP-2 expression was reduced
from Mcpt4™~ mice post-MI (Figure 3G).

Low levels of TGF-B1, p-Smad2, and p-Smad3 in the infarct areas from Mcpt4~~ mice did
not correlate with locally reduced collagen or a-SMA expression, suggesting that mMCP-4
effects on cardiac fibrosis did not depend on TGF-p signaling. Gelatin zymography revealed
much lower MMP-9 and MMP-2 activities in post-MI heart tissue extracts from Mcptd ™~
mice than those from WT control mice (Figure 4A), suggesting their additional post-
translational or activation regulation. Indeed, immunoblot analysis detected much lower
levels of CatK and CatS in heart tissue extracts from Mcpt4~~ mice than those from WT
control mice (Figure 4B). These cathepsins not only degrade ECM proteins, but also activate
MMPs [35,36]. mMCP-4 appeared to regulate the expression and/or activation of these
proteases. To test this hypothesis further, we performed both gelatin gel zymography and
immunoblot analysis of macrophages, CD4* T cells, and CD8* T cells from both WT and
Mcpt4™~ mice. We detected lower MMP-9 and MMP-2 activities and CatS and CatK
expression in all these inflammatory cells from Mcpt4™~ mice than in those from WT
control mice (Figure 4C-4F).

3.4 Deficiency of mMMCP4 moderately affects fibroblast TGF-p signaling

Deficiency of mMCP4 impaired TGF- signaling, including the TGF-$ protein levels and
those of p-Smad2 and p-Smad3 in the infarcted myocardium (Figure 3C-3E), but did not
affect collagen or a-SMA levels in the same areas (Figure 3A/3B). Reduced MMP activity
and cysteinyl cathepsin expression in myocardial extracts from Mcpt4~~ mice (Figure
4A/4B) suggest impaired ECM degradation in post-MI hearts from these mice due to the
lack of mMMCP4 and reduced activity or expression of MMPs and cathepsins. Yet, MMCP4-
deficiency may not only reduce protease expression, activation, and ECM metabolism, but
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also affect ECM synthesis. Consistent with the immunostaining results in Figure 3D/3E,
immunoblot analysis also detected suppression of p-Smad2 and pSmad3 in the infarct
extracts from the Mcpt4~/~ mice (Figure 5A). Fibroblasts participate prominently in
myocardial fibrosis following ischemic injury. Yet, fibroblasts isolated from Mcpt4”~ mice
showed moderate reduction in p-Smad2 and a-SMA compared to those from WT animals.
TGF-p treatment elicited comparable amounts of p-Smad3 in fibroblasts between the two
genotypes (Figure 5B). After separating fibroblast nuclear and cytosol fractions, we detected
no differences in either p-Smad2 or p-Smad3 in the nuclear fraction between cells from WT
and Mcpt4~~ mice. GAPDH and histone-H3 antibodies were used to monitor the cytosol
and nuclear protein preparations (Figure 5C). Immunoblot analysis also detected similarly
increased amounts of the nuclear membrane proteins importin-p and RanBP3 that mediate
p-Smad2-p-Smad3 complexes import and export through the nuclear membrane [37,38] in
lysates of fibroblasts from Mcpt4~ mice (Figure 5D). Simultaneous increases of p-Smad2-
p-Smad3 complex import and export in fibroblasts from Mcpt4~~ mice may account for
similar nuclear p-Smad2 and p-Smad3 contents between fibroblasts from WT and Mcpt4™~
mice (Figure 5C) and similar levels of collagen and a-SMA in the infarct areas between the
two genotypes of mice (Figure 3A/3B).

3.5 Deficiency of mMMCP4 promotes cardiomyocyte apoptosis

Cardiomyocyte apoptosis contributes to ischemic cardiac dysfunction [39]. Chymase
promotion of apoptosis of cultured rodent cardiomyocytes [21,34] suggests that reduced
apoptosis in the infarcts of Mcpt4~~ mice (Figure 2H) resulted from cardiomyocyte death.
To test this hypothesis, we performed immunofluorescent double staining to detect cleaved
caspase 3-positive cardiomyocytes and fibroblasts, two major cell types in the post-MI heart.
We localized cleaved caspase 3-positive cells to myosin heavy chain-positive
cardiomyocytes in both the infarct and border zones in post-MI hearts from WT and
Mecpt4™~ mice. We detected negligible apoptosis in the remote area (Figure 6A).
Cardiomyocyte apoptosis was significantly reduced in the infarct region from Mcpt4™~ mice
post-MI compared to that from WT mice (Figure 6A/6B). In contrast, the infarct and border
zones or the remote area in post-MI hearts from WT or Mcpt4~~ mice showed negligible a.-
SMAV/cleaved caspase-3-positive fibroblasts with insignificant differences between the
genotypes (Figure 6C/6D). These observations suggest that the apoptotic cells that we
detected in the post-MI hearts in Figure 2H were mainly cardiomyocytes and that mMCP4
played an essential role in cardiomyocyte apoptosis during infarction.

To test the participation of MMCP4 in cardiomyocyte apoptosis, we isolated adult mouse
cardiomyocytes from both WT and Mcpt4~~ mice and induced apoptosis by H,0,
treatment. As expected, H,O, induced the apoptosis of cardiomyocytes from both WT and
Mecpt4™~ mice. Yet, flow cytometric analysis demonstrated that both early (annexin V*/PI7)
and late (annexin V*/PI*) apoptosis of cardiomyocytes from Mcpt4~~ mice fell significantly
compared to WT control mice (Figure 7A/7B). Immunofluorescent double staining of
annexin V and PI also revealed reduction of H,O,-induced early (annexin V*PI7) and late
apoptosis (annexin V*PI*) of cardiomyocytes from Mcpt4™~ mice (Figure 7C/7D). HyOy-
induced apoptosis of cardiomyocytes from WT mice often displayed morphological
changes, but we hardly detected any such changes in cells from Mcpt4~~ mice (Figure 7C,
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insets). Immunoblot analysis detected greatly reduced production of cell apoptosis signature
molecules Bax and tBid in cardiomyocytes from Mcpt4~~ mice after H,0,-induced
apoptosis (Figure 7E). Proteolytic activation of the pro-apoptotic tBid from Bid is mediated
by cysteinyl cathepsins [36,40,41]. Immunoblot analysis detected reduction of the active
CatS, CatK, CatL, and CatB in H,0,-treated cardiomyocytes from Mcpt4™~ mice,
compared to that from WT cardiomyocytes (Figure 7F), suggesting a role of mMCP4 in
promoting cardiomyocyte apoptosis in the post-MI myocardium by regulating or activating
cysteinyl cathepsin expression and activation.

4. Discussion

This study used permanent ligation of the LAD coronary artery in mMCP4-deficient mice to
assess a direct role of mouse chymase mMCP4 in ischemic myocardial remodeling and
dysfunction. Consistent with prior studies with chymase inhibitors and mMCP4-deficient
mice in ischemia/reperfusion cardiac injury, mMCP4-deficiency reduced infarct size and
infarct region cardiomyocyte apoptosis and enhanced ejection fraction and fractional
shortening. Deficiency of mMMCP4 also reduced infarct macrophage accumulation, protease
expression and activities, and TGF-p signaling, including p-Smad2 and p-Smad3 expression.

At variance with prior studies, however, this study did not show significant differences in
post-MlI survival and in LV volumes or LV internal diameters between WT and mMCP4-
deficient Mcpt4~~ mice. Prior studies demonstrated a role of chymase in tissue fibrosis by
activating TGF-p in several models of human diseases [14,20,23,42,43]. This study also
found significantly reduced expression of TGF-B, p-Smad2, and p-Smad3 in the infarct in
Mcpt4~~ mice, yet we did not detect significant differences in collagen deposition and a.-
SMA expression in the same infarct regions between mice with and without mMCP4
expression. Although the exact mechanism responsible for such discrepancies remains
incompletely characterized, our observations suggest that reduced TGF-p signaling but
unchanged collagen and a-SMA expression in the infarct myocardium of Mcpt4~~ mice
compared with those in the WT mice result from the deficiency of mMMCP4 activity and
reduction of MMP-2, MMP-9, CatS, CatK, and possibly other proteases that degrade
collagen, laminin, and other ECM proteins in the cardiac fibrotic tissues. This possibility is
supported by the observation of reduced MMP2, MMP-9, CatS, and CatK in post-MI heart
tissue extracts, purified macrophages, and CD4* and CD8* T cells from Mcpt4™~ mice. The
mechanisms by which deficiency of one protease can affect the activity and/or expression of
the others remain obscure [22,41,44]. We recently discovered a role of proteases in
regulating TGF-B signaling by interacting with TGF-p receptors and nuclear transporter
proteins (Shi unpublished observations). Chymase may play a similar role, although this
study did not explore this possibility. Chymase- and cathepsin-mediated MMP activation
[9,10,35] may account for reduced MMP-2 and MMP-9 activities in myocardium,
macrophages, and T cells from Mcpt4~~ mice. Although it remains unknown whether
chymase also activates cysteinyl cathepsins, these cathepsins activate chymase [45,46].
Therefore, these serine and cysteine proteases may interact during Ml healing and contribute
to post-MI cardiac fibrosis and dysfunction.
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This study reported reduced TGF-p and p-Smad2 and p-Smad3 in the cardiac tissue extracts
from Mcpt4~~ mice. Yet, we did not detect substantial change in amounts of p-Smad2, p-
Smad3, and a-SMA in fibroblasts from these mice. Fibroblasts are the major cell type
responsible for cardiac tissue fibrosis. Moderate to minimal reduction of p-Smad2, p-Smad3,
and a-SMA in fibroblasts from Mcpt4”~ mice may be responsible for negligible differences
in infarct area collagen and a-SMA expression between WT and Mcpt4™~ mice as well.

Yet, it remains unexplained what causes reduced p-Smad2 and p-Smad3 in the whole cardiac
tissue extracts from Mcpt4~'~ mice. mMCP4 activity may affect TGF-p signaling in other
cardiac cells such as cardiomyocytes [47,48]. Indeed, cardiomyocyte-specific TGF-B
signaling affects neutrophil content in infarcts without affecting cardiac fibrosis [49].

The current study established a role mMCP4 in post-MI cardiomyocyte apoptosis in the
ischemic heart, a contributor to cardiac dysfunction. Inhibition of cardiomyocyte apoptosis
improves remodeling and preserves cardiac function following coronary artery ligation
[50,51]. Here we provide direct evidence of mMMCP4 involvement in cardiomyocyte
apoptosis in post-MI myocardium in vivo and in cultured adult mouse cardiomyocytes.
Deficiency of mMCP4 protected cardiomyocytes from ischemia-induced apoptosis in the
myocardium and H,O»-induced apoptosis in cultured cells. IGF-1 inhibits cardiomyocyte
apoptosis via multiple mechanisms [52,53]. Prior studies suggested a role of mMMCP4 in
promoting cardiomyocyte apoptosis by degrading the cardioprotective IGF-1 [23]. Yet, the
role of chymase in promoting cardiomyocyte apoptosis can be multifaceted. TGF-f receptor
expression and activation on cardiomyocytes can promote these cells undergoing apoptosis
by activating downstream p38 MAP kinase and Smad signaling pathways [54-56]. Reduced
TGF-B signaling in the myocardium from Mcpt4~~ mice but not in fibroblasts from these
mice suggests impaired TGF-B signaling in cardiomyocytes from Mcpt4~~ mice. Our study
also suggests that mMCP4 promotes cardiomyocyte apoptosis by regulating cathepsin
activity that involves in tBid production [36,40,41]. Reduced expression of CatS, CatK,
CatL, and CatB along with reduced Bax and tBid in cardiomyocytes from Mcpt4~~ mice
supports this possibility. Cardiomyocyte death is an important signature of post-Ml
myocardium. mMCP4 expression did not affect post-MI myocardial expression of collagen
and a-SMA, suggesting that mMMCP4 contributed to post-MI cardiac dysfunction by
promoting cardiomyocyte apoptosis but not fibrosis. Therefore, post-MI cardiac dysfunction
may not have to associate with myocardial expression of collagen or a-SMA [57,58].

In summary, this study established the direct participation of a chymase ortholog in cardiac
dysfunction following coronary artery ligation by affecting myocardial inflammatory cell
content, regulating cardiac tissue MMP and cathepsin protease expression and activities, and
promoting cardiomyocyte death. Chymase activity in TGF- signaling may be cell type-
dependent. In mouse fibroblasts, chymase played a minimal role in TGF-p signaling, which
may explain negligible changes in cardiac fibrosis in mMMCP4-deficient hearts. Nevertheless,
together with prior studies from mMCP4-deficeint mice and chymase inhibitors, chymase
inhibition may improve healing and function of the heart following an ischemic insult.
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Highlights

. In post-MI mice, mMMCP4 is expressed in cardiomyocytes from the infarct
region. Deficiency of mMCP4 reduces infarct size, protects cardiac
dysfunction and body weight drop, and affects myocardium inflammatory cell
accumulation, but does not change survival and LV morphology or fibrosis.

. mMCP4-deficiency reduces post-MI heart cardiomyocyte apoptosis and
myocardial TGF- signaling, protects cultured cardiomyocytes from H,0,-
induced apoptosis, but does not affect TGF- signaling in cultured cardiac
fibroblasts.

. mMCP4-deficiency reduces MMP activity and cathepsin expression from
post-MI heart and in cultured macrophages and T cells.
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Fig. 1.

Chymase mMCP4 expression and function in mice after Ml injury. A. Western blot analysis
of mouse chymase mMCP4 expression in sham-operated and 28 days post-MI hearts from
WT mice. B. Immunofluorescent double staining colocalized mMCP4-positive cells to
myosin heavy chain-positive cardiomyocytes in the infarct, border, and remote regions in
WT mice at 28 days post-MI. C. Immunofluorescent double staining showed mMCP4
expression in a-SMA-positive fibroblasts and Mac-2-positive macrophages in the infarct
regions from 28 days post-MI heart. Scale: 200 um, inset scale: 70 um. D. Mortality rate of
both WT and Mcpt4~~ mice during the course of 28 days of post-MI recovery. Kaplan-
Meier survival analysis with log-rank test. E. Infarct sizes of both WT and Mcpt4~~ mice at
3 days and 28 days post-MI. Representative M-mode echocardiography images (F), ejection
fraction (EF) (G), fractional shortening (FS) (H), body weight, heart weight, and heart-to-
body weight ratio (1), LV diastole and systole volumes (J), and LV diastole and systole
internal diameters (K) of WT and Mcpt4™~ mice at 28 days after sham operation or MI. The
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mouse numbers and genotypes are indicated in the legends. £<0.05 was considered
statistically significant, independent #test or one-way ANOVA with post-hoc Bonferroni
test. Data are mean+SEM.
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Post-MI myocardium inflammatory cell infiltration and cell apoptosis. Immunostaining of
Mac-3-positive macrophages in infarct (A) and remote (B) areas, CD4* T cells in infarct (C)
and remote (D) areas, and CD8* T cells in infarct (E) and remote (F) areas of both WT and
Mcpt4™~ mice at 28 days post-MI. G. RT-PCR analysis of relative mRNA level of T-bet,
Gata-3, RORyt, and Foxp3 in the same infarct regions as above. TUNEL staining of
apoptotic cells in infarct (H) and remote (1) regions from above. The numbers of mice in
each group are shown in the legend. Scale: 150 um, inset scale: 50 um. £<0.05 was
considered statistically significant, independent £test or one-way ANOVA with post-hoc
Bonferroni test. Data are mean+SEM.

Biochim Biophys Acta Mol Basis Dis. Author manuscript; available in PMC 2020 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Wang et

A

Collagen
(% positive area)

TGF-p1

(% positive area)

p-Smad3
(% positive area)

al.

mRNA level (fold of change)

Page 20

Infarct Remote Infarct Remote wt
S »
2 15 15 1.0, P=0.031 :
— — —_ By
c ® 1.0 @ 1.0 ©
S o < o o 06
. 8 §os S gos g '
x & \ ® 02
0: 0.0 0.0 A A 0.0 A
NI g
Infarct S, Remote D Remote
P00 (Bt
30 T sy 80 - o~
20 My .8 S o o i O
= = o £ 2 T o
Meptd” L2 40 % o £ 2 40
10 it 28 o8 2%
RS | Q9 L a
g ” = g
0 ey 0 0 0
—~ 8=
I S
Infarct WT Remote F s
¥ E 6=
20, F20.013 60 G
Ly — ke}
15 ot 3 5 % 4"
, BRSIES G W WT Mi(n=15) 2
Mcptd - &= [ Mcpt4- Ml (n=17) < 27
4 s s Q 20 P
5 Q o
: £ E o
0 0 11 ] 1
Myosin-6 Myosin-7 NPPA
6 -
A= P=0.042
I WT Sham (n=5)
Mcpt4-/- Sham (n=5)
2 -
W WT M (n=15)
[ Mcpta/- MI (n=17)
0=
| 1 | |1 |1
MMP-2 MMP-9 TIMP-1 Collagen-1 Collagen-IlI
Fig. 3.

Post-MI myocardial fibrosis and TGF-B signaling in WT and Mcpt4~~ mice. A. Masson’s
trichrome staining of collagen deposition in the infarct and remote regions. B. a-SMA-
positive areas in the infarct and remote regions. Immunostaining of TGF-g1 (C), p-Smad2
(D), and p-Smad3 (E) in both infarct and remote regions at 28 days post-MI. Scale: 150 pm.
F/G. RT-PCR analysis of relative mRNA levels of myosin-6, myosin-7, NPPA, MMP-2,
MMP-9, TIMP-1, collagen-1 and collagen-I11 in the same infarct regions as above. The
number and genotype of mice in each group are shown in the legend. £<0.05 was considered
statistically significant, independent #test. Data are mean+SEM.
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MMP zymography and cysteinyl cathepsin immunoblot analysis in post-MI myocardium
and inflammatory cells. MMP zymography (A) and cathepsin immunoblot analysis (B) in
myocardial tissue extracts from WT and Mcpt4~~ M1 mice at 28 days post-MI. MMP
zymography (C/E) and cathepsin immunoblot analysis (D/F) in bone marrow-derived
macrophages (C/D) and splenic CD4* and CD8* T cells (E/F) from WT and Mcpt4”~ Ml
mice. In immunoblot analyses, the same blots were reprobed for B-Actin to ensure equal
protein loading. Data are representative of three independent experiments.
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TGF-p1 signaling in mouse cardiac tissue extracts and cardiac fibroblasts. A. Immunoblot
analysis of p-Smad2 and p-Smad3 in cardiac tissue extracts from WT and Mcpt4~~ mice at
28 days post-MI. B. Immunoblot analysis of p-Smad2, p-Smad3, and a-SMA in fibroblasts
from WT and Mcpt4~~ mice with and without TGF- stimulation for 30 min (for p-Smad2
and p-Smad3) or 36 hours (for a-SMA). C. Immunoblot analysis of p-Smad2 and p-Smad3
in cytosolic and nuclear fractions of fibroblasts from WT and Mcpt4”~ mice. The same blot
was reprobed for GAPDH and histone H3 to ensure cytosol and nucleus separation. D.
Immunoblot analysis of nuclear membrane importer importin-g and exporter RanBP3 in
fibroblasts from WT and Mcpt4~~ mice. The same blots were reprobed for GAPDH to
examine equal protein loading in panels A, B, and D. Data are representative of three

independent experiments.

Biochim Biophys Acta Mol Basis Dis. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

A WT, Infarct

B 2 2 s
g E
g2
T G
o o 15
= O
3 >
o E 10
=
oL 5
S 8
T QO 0
O c

P=0.015 = WT MI

Bl 0= Mcptd- M
Ij -

Infarct Border Remote

Fig. 6.
Cegll apoptosis in post-MI myocardium. A. Immunofluorescent double staining colocalized
cleaved caspase 3-positive cells to myosin heavy chain-positive cardiomyocytes in infarct,

border, and remote regions from WT (top panels) and Mcpt4~~ mice (bottom panels) at 28
days post-MI. B. Quantification of apoptotic cardiomyocytes in infarct, border, and remote
regions. C. Immunofluorescent double staining colocalized cleaved caspase 3-positive cells
to a-SMA-positive fibroblasts in infarct, border, and remote regions from WT (top panels)

and Mcpt4~~ mice (bottom panels) at 28 days post-MI. D. Quantification of fibroblast
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apoptosis in infarct, border, and remote regions. Scale: 200 um, inset scale: 70 pm. Data are
representative of 6~8 specimens per genotype. £<0.05 was considered statistically
significant, independent #test. Data are mean=SEM.
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Fig. 7.

Rgle of mMCP4 in cardiomyocyte apoptosis. A/B. Representative FACS analysis and
quantification of Annexin V*PI~ early apoptotic cardiomyocytes and Annexin V*PI* late
apoptotic cardiomyocytes from WT and Mcpt4~~ mice after cells were treated with and
without (Control) H,O,. C/D. Annexin V and Pl immunofluorescent staining representative
images and apoptosis quantification of cardiomyocytes from WT and Mcpt4~~ mice with
and without 100 uM H,0, treatment. Data are mean+SEM from six independent
experiments. Scale: 200 um, inset scale: 70 um. E. Immunoblot analysis of Bax, Bid, and
tBid in cardiomyocytes from WT and Mcpt4™~ mice after cells were treated with or without
H»0,. F. Immunoblot analysis of CatS, CatK, CatL, and CatB in cardiomyocytes from WT
and Mcpt4™~ mice after cells were treated with or without H,0,. The same blots were
reprobed for g-Actin to ensure equal protein loading. Immunoblot data are representative of
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three independent experiments. £<0.05 was considered statistically significant, independent
Etest or one-way ANOVA with post-hoc Bonferroni test. Data are mean=SEM.
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