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ABSTRACT. The basement membrane surrounding cardiomyocytes is mainly composed of 
α1 and α2 chain of type IV collagen. Arresten and canstatin are fragments of non-collagenous 
C-terminal domain of α1 and α2 chain, respectively. We previously reported that the expression 
of canstatin was decreased in infarcted area 2 weeks after myocardial infarction in rats. In the 
present study, we investigated the regulatory mechanism for expression of arresten and canstatin. 
Myocardial infarction model rats were produced by ligating left anterior descending artery. 
Western blotting and immunohistochemical staining were performed to determine the protein 
expression and distribution. Arresten and canstatin were highly expressed in the heart. One day 
and three days after myocardial infarction, the expression of arresten and canstatin in infarcted 
area was lower than that in non-infarcted area. The expression of cathepsin S, which is known to 
degrade arresten and canstatin, was increased in the infarcted area. A knockdown of cathepsin 
S gene using small interference RNA suppressed the decline of arresten and canstatin in the 
infarcted area 3 days after myocardial infarction. This study for the first time revealed that arresten 
and canstatin are immediately degraded by cathepsin S in the infarcted area after myocardial 
infarction. These findings present a novel fundamental insight into the pathogenesis of myocardial 
infarction through the turnover of basement membrane-derived endogenous factors.
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Myocardial infarction is the leading cause of cardiovascular death throughout the world [4, 16]. The ischemic stress (low 
oxygen and nutrition) induced by coronary artery occlusion during myocardial infarction leads to cardiomyocyte death, which 
causes cardiac dysfunction [30]. After myocardial infarction, compensated cardiac remodeling, such as scar formation in infarcted 
area and hypertrophy of remaining cardiomyocytes, occurs to make up for the decline of cardiac function [29, 31]. However, 
excessive cardiac remodeling induces pathological hypertrophy and fibrosis, which result in worsening of cardiac function. On the 
other hand, inadequate scar formation in infarcted area causes cardiac dysfunction and cardiac rupture [14]. Thus, an appropriate 
therapeutic strategy for cardiac remodeling after myocardial infarction has been awaited.

Extracellular matrix (ECM) proteins, such as collagen, fibronectin, laminin and proteoglycans, play a crucial role in tissue 
organization and regulate cellular functions of marginal cells [23, 32]. In the maintenance of tissue homeostasis, the balance 
between production and degradation of ECM proteins is properly kept. The ECM turnover is regulated by ECM degrading 
enzymes including matrix metalloproteinases (MMPs) and cathepsins [22, 32]. Abnormal ECM turnover is a key mediator for 
the development of pathological cardiac remodeling during cardiac diseases [8, 37]. Type IV collagen, a major component of 
basement membrane ECM, forms triple helical structure composed of α chains [7, 12]. The triple helix of two α1 and one α2 
chains of type IV collagen called “classical chains” is expressed in whole body and is the main source of basement membrane 
surrounding cardiomyocytes [35, 36]. The non-collagenous C-terminal fragments of α chains of type IV collagen exert biological 
activities. For example, arresten and canstatin are potent anti-angiogenic factors derived from α1 and α2 chain, respectively [3, 10]. 
It has been reported that the expression of arresten is increased in the ischemia-reperfusion-injured myocardium in pigs [13]. We 
have demonstrated that canstatin is ubiquitously expressed in the normal heart tissue [28]. The biological function of arresten in 
the heart has not been investigated. On the other hand, we previously demonstrated that canstatin regulates functions of cardiac 
fibroblasts and myofibroblasts and exerts cardioprotective effects on H9c2 rat cardiomyoblasts [11, 18, 19, 28]. The biological 
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significance for arresten and canstatin in the normal heart remains to be elucidated.
We previously clarified that the expression of canstatin is decreased in the infarcted area 2 weeks after myocardial infarction 

in rats [28]. However, the regulatory mechanisms for expression of arresten and canstatin have not been fully clarified. In order 
to clarify them, we investigated the expression of arresten and canstatin in the infarcted area 1 day and 3 days after myocardial 
infarction in rats. Canstatin and arresten are known to be degraded by cathepsin S [33]. Thus, we also investigated whether  
a knockdown of cathepsin S gene affects the expression of arresten and canstatin after myocardial infarction.

MATERIALS AND METHODS

Reagents and antibodies
Reagents sources were as follows: Universal negative control small interference RNA (siRNA) and rat cathepsin S siRNA 

(Nippon Gene, Toyama, Japan). The target sequence of cathepsin S siRNA was as follows: sense  
5′-GAAGCUUCCUAUCCCUACAdTdT-3′ and antisense 5′-UGUAGGGAUAGGAAGCUUCdTdT-3′.

Antibodies sources were as follows: Anti-arresten, anti-canstatin (Boster Biological Technology, Pleasanton, CA, U.S.A.), anti-
cathepsin S, anti-vinculin (Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.), anti-total actin (Sigma-Aldrich, St. Louis, MO, 
U.S.A.), anti-rabbit IgG horseradish peroxidase linked whole antibody and anti-mouse IgG horseradish peroxidase linked whole 
antibody (Amersham Biosciences, Buckinghamshire, U.K. and Cell Signaling Technology, Beverly, MA, U.S.A.).

Animals
All animal studies were approved by the President of Kitasato University through the judgment by the Institutional Animal 

Care and Use Committee of Kitasato University (Approval No. 18-020, 17-083 and 16-033). Adult male Wistar rats (7–10-week 
old; CLEA Japan, Tokyo, Japan) were cared in accordance with the National Institutes of Health Guide for the Care and Use of 
Laboratory Animals and the Guideline for Animal Care and Treatment of the Kitasato University.

Isolation of organs from normal rats
After the rats were deeply anesthetized with an intraperitoneal injection with pentobarbital (100 mg/kg) or urethane (1.5 g/kg), 

kidney, left atrium, left ventricle, lung, subcutaneous adipose tissue, blood vessel (ventral aorta), skeletal muscle (hindlimb skeletal 
muscle), spleen, liver, stomach, colon, visceral adipose tissue (epididymal adipose tissue), testis and bladder were isolated. These 
organs were immediately frozen for protein extraction with liquid nitrogen and preserved at −80°C.

Myocardial infarction model rats
A permanent ligation of left anterior descending coronary artery was performed to make myocardial infarction model rats as 

described previously [27]. The rats were anesthetized with isoflurane [flow rate: 2 l/min, concentration: 5% (induction), 2.5% 
(maintenance)] through endotracheal tube connected to a vaporizer (respiratory rate: 100 times/min, tidal volume: 5 ml). A 
preoperative analgesia was achieved by a subcutaneous injection of buprenorphine (0.005 mg/100 g). Left thoracotomy between 
third or fourth intercostal space was performed, and the heart was exposed. Then the proximal left anterior descending artery 
was permanently ligated with a 6–0 nylon suture. After the chest was closed, rats were recovered and cared for 1 or 3 days. We 
confirmed the induction of myocardial infarction by a macroscopic observation of infarcted area and also by detecting the increase 
of apoptotic cells in infarcted area using a TdT-mediated dUTP nick end labeling (TUNEL) staining (n=3; data not shown).

In the experiments using siRNA, negative control siRNA or cathepsin S siRNA (10 µg) mixed with in vivo-jetPEI (Polypus 
transfection, Illkirch-Graffenstanden, France) (1.6 µl) at a nitrogen/phosphorus ratio of eight was diluted to 150 µl volume with 5% 
glucose. After the coronary ligation, these siRNAs were injected via right jugular vein as described previously [9].

Isolation of hearts from myocardial infarction model rats
One day and three days after the operation, the rats were deeply anesthetized with intraperitoneal injection of pentobarbital 

(100 mg/kg), and the hearts were isolated. The isolated hearts were washed with oxygenated Krebs-Henseleit solution 
(119 mM NaCl, 4.8 mM KCl, 2.5 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4, 24.9 mM NaHCO3, 10.0 mM Glucose). For 
protein extraction, the hearts were separated into infarcted and non-infarcted area, which were immediately frozen with liquid 
nitrogen and preserved at −80°C. The remaining cross-sectional heart tissue was fixed with 10% neutral buffered formalin for 
immunohistochemical staining and TUNEL staining.

Western blotting
Western blotting was performed as described previously [27]. The isolated heart tissue was homogenized in frozen state with 

Cell destroyer (Bio Medical Science Inc., Tokyo, Japan), and total protein of the tissue was extracted by cell lysis buffer (Cell 
Signaling Technology). Equal amount of proteins (10 or 20 µg) was separated by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (14%) and transferred to a nitrocellulose membrane. After blocked with 0.5% skim milk, the membranes were 
incubated with primary antibody against arresten (1:500 dilution), canstatin (1:500 dilution), cathepsin S (1:500 dilution), total 
actin (1:1,000 dilution), or vinculin (1:1,000 dilution) at 4°C overnight. The antibody against C-terminal domain of type IV 
collagen reacts with full-length type IV collagen [25]. Anti-arresten antibody recognizes both arresten (26 kDa: Figs. 1, 2, 5) and 
type IV collagen α1 (COL4A1; 190~200 kDa: Fig. 3). Anti-canstatin antibody recognizes both canstatin (24 kDa: Figs. 1, 2, 5) and 
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type IV collagen α2 (COL4A2; 185~195 kDa: Fig. 3). They were visualized using a horseradish peroxidase-conjugated secondary 
antibody and EZ-ECL detecting reagents (Biological Industries, Kibbutz Beit Haemek, Israel). The visualized protein expressions 
were detected using an ATTO light capture system (AE-6972; ATTO Co., Tokyo, Japan) and analyzed by using a CS Analyzer 
3.0 software (ATTO Co.). The equal loading of proteins was examined by anti-total actin antibody or ponceau S staining (for 
a comparison among organs) (AppliChem, Darmstabt, Germany) as described previously [20]. The transferred membrane was 
incubated in a ponceau S staining solution (0.1% ponceau S in 5% acetic acid) at room temperature for 10 min. After washed by 
1% acetic acid, the visualized band was analyzed by using CS Analyzer 3.0 software.

Immunohistochemical staining
Immunohistochemical staining was performed as described previously [27]. The cross-sectional heart tissue fixed with 10% 

neutral buffered formalin was embedded in paraffin, and thin sliced section (4 µm) of the heart tissue was made. After the 
deparaffinization, the sections were heated with microwave for activation of antigens in sodium citrate buffer (pH 6.0), and 
endogenous peroxidase activity was blocked by treating with 3% H2O2 for 10 min. Then, the sections were blocked with 5% 
normal goat serum and incubated with primary antibody against arresten (1:200 dilution), canstatin (1:200 dilution) or cathepsin 
S (1:50 dilution) at 4°C overnight. After washing, the sections were incubated in biotinylated link (Dako, Glostrup, Denmark) for 
10 min and treated with streptavidin-horseradish peroxidase (Dako) for 10 min at room temperature. Then, expression of canstatin 
and arresten was visualized by a liquid 3,3′-Diaminobenzidine (DAB) + substrate chromogen system (Dako). The images were 
obtained using a light microscope (BX-51, OLYMPUS) equipped with a microscope digital camera (DP74, OLYMPUS). The 
positive area was quantified by using ImageJ software (National Institutes of Health, Bethesda, MD, U.S.A.).

TUNEL staining
TUNEL staining was performed by using Apoptosis in situ Detection Kit (Wako, Osaka, Japan) according to the manufacture’s 

protocol. Briefly, the cross-sectional heart tissue fixed with 10% neutral buffered formalin was embedded in paraffin, and thin 
sliced section (4 µm) of the heart tissue was made. After the deparaffinization, the sections were reacted with protease solution for 

Fig. 1. Expression of arresten and canstatin in various organs of normal rats. The tissue proteins of male Wistar rats were extracted from various 
organs [kidney, left atrium, left ventricle, lung, subcutaneous adipose tissue, blood vessel (ventral aorta), skeletal muscle (hindlimb skeletal 
muscle), spleen, liver, stomach, colon, visceral adipose tissue (epididymal adipose tissue), testis and bladder]. The protein expression of arresten 
(A) and canstatin (B) was detected by Western blotting. (Upper) Representative blots for arresten (A: 26 kDa) and canstatin (B: 24 kDa) and total 
proteins stained with Ponceau S. were shown. (Lower) Levels of arresten (A) and canstatin (B) were corrected by total protein, and the normalized 
expression relative to kidney was shown as mean ± standard error of the mean (S.E.M.) (arresten: n=4; canstatin: n=5).
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5 min at 37°C, and then TdT reaction solution (TdT:TdT Substrate Solution=1:100) was applied for 10 min at 37°C. Endogenous 
peroxidase activity was blocked by 3% H2O2 for 5 min at room temperature. Then, the sections were incubated in peroxidase 

Fig. 2. Expression of arresten and canstatin in the infarcted area after myocardial infarction (MI). One day (A, B: left) and three days (A, B; right) 
after MI, the left ventricles were separated into non-infarcted and infarcted area, and the tissue proteins were extracted. Western blotting was 
performed to examine the expression of arresten (A) and canstatin (B). (A, B: Upper) Representative blots for arresten, canstatin and total actin 
(45 kDa) were shown. (A, B: Lower) Levels of arresten and canstatin were corrected by total actin, and the normalized expression relative to non-
infarcted area was shown as mean ± S.E.M. (n=5). *P<0.05 vs. non-infarcted area. The cross sections of paraffin-embedded left ventricles from 
myocardial infarction (3 days) model rats were made. Immunohistochemical staining was performed by using anti-arresten (C) or anti-canstatin 
antibody (D). (C, D: Upper) Representative pictures were shown. Arrows show arresten- or canstatin-positive myocardium. Arrow heads show 
arresten- or canstatin-positive interstitial space. Scale bar: 100 µm. (C, D: Lower) The positive area (as shown in brown color) to anti-arresten or 
anti-canstatin antibody was calculated, and the normalized area relative to non-infarcted area was shown as mean ± S.E.M. (n=3). *P<0.05 vs. 
non-infarcted area.



A. SUGIYAMA ET AL.

526doi: 10.1292/jvms.18-0674

(POD)-conjugated antibody for 10 min at 37°C. Then, TUNEL positive nuclei were visualized by incubation with DAB + substrate 
chromogen system (Dako) for 5 min at room temperature. The nuclei were counterstained with hematoxylin. The images were 
obtained using a light microscope (BX-51) equipped with a microscope digital camera (DP74), and the TUNEL positive nuclei 
were counted in one high power field.

Statistical analysis
Data were shown as mean ± standard error of the mean (S.E.M.). Statistical evaluations were performed by Student’s t-test.  

A value of P<0.05 was considered statistically significant.

RESULTS

Arresten and canstatin were highly expressed in the heart tissue of normal rats
We first examined the expression of arresten and canstatin in various organs. Both arresten and canstatin were widely expressed 

in many organs examined in this study (Fig. 1). Arresten was highly expressed in the heart tissue (left ventricle and left atrium) 
(n=4; Fig. 1A). Canstatin was also highly expressed in the heart tissue (left ventricle and left atrium) (n=5; Fig. 1B).

Expression of arresten and canstatin was decreased in the infarcted area
We examined the expression of arresten and canstatin in infarcted area 1 day and 3 days after myocardial infarction by Western 

blotting. The expression of arresten in infarcted area was decreased (at 1day, to 54.8 ± 24.1% vs. non-infarcted area; at 3 days, 40.8 
± 20.0%, P<0.05 vs. non-infarcted area) after myocardial infarction (n=5; Fig. 2A). The expression of canstatin in infarcted area 
was also decreased (at 1 day, to 49.7 ± 20.1%, P<0.05 vs. non-infarcted area; at 3 days, 54.1 ± 16.4%, P<0.05 vs. non-infarcted 
area) after myocardial infarction (n=5; Fig. 2B).

We next examined the distribution and expression of arresten and canstatin in infarcted area 3 days after myocardial infarction 
by using an immunohistochemical staining. Arresten and canstatin were widely expressed in both myocardium and interstitial space 
of non-infarcted area (n=3; Fig. 2C, 2D). In the infarcted area, the expression of arresten and canstatin in the myocardium was 
significantly decreased compared with non-infarcted area (arresten: 66.4 ± 7.8%, P<0.05 vs. non-infarcted area; canstatin: 51.2 ± 
16.1%, P<0.05 vs. non-infarcted area) (n=3; Fig. 2C, 2D).

Fig. 3. Expression of type IV collagen α1 and α2 chain (COL4A1 and COL4A2) in the infarcted area after myocardial infarction. Three days 
after myocardial infarction, the left ventricles were separated into non-infarcted and infarcted area, and the tissue proteins were extracted. 
Western blotting was performed to examine the expression of COL4A1 (A) and COL4A2 (B). (Upper) Representative blots for COL4A1  
(A: 190~200 kDa), COL4A2 (B: 185~195 kDa) and vinculin (117 kDa) were shown. (Lower) Levels of COL4A1 and COL4A2 were corrected 
by vinculin, and the normalized expression relative to non-infarcted area was shown as mean ± S.E.M. (n=5). *P<0.05 vs. non-infarcted area.
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Expression of COL4A1 and COL4A2 was increased in the infarcted area
We also examined the expression of COL4A1 and COL4A2 in infarcted area 3 days after myocardial infarction by Western 

blotting. The expression of COL4A1 in infarcted area tended to be increased (358.8 ± 124.4% vs. non-infarcted area) compared 
with non-infarcted area (n=5; Fig. 3A). The expression of COL4A2 in infarcted area was significantly increased (334.3 ± 98.5%, 
P<0.05 vs. non-infarcted area) compared with non-infarcted area (n=5; Fig. 3B).

Cathepsin S expression was increased in the infarcted area, and its siRNA-injection suppressed the decline of arresten and 
canstatin expression

Cathepsin S is known to degrade arresten and canstatin in vitro [33]. The expression of cathepsin S in the infarcted area was 
significantly increased (at 1 day, to 842.3 ± 245.6%, P<0.05 vs. non-infarcted area; at 3 days, 241.7 ± 54.8%, P<0.05 vs. non-
infarcted area) after myocardial infarction (n=5; Fig. 4A).

We next examined the distribution and expression of cathepsin S in infarcted area 1 day after myocardial infarction by using an 
immunohistochemical staining. Cathepsin S was hardly expressed in both myocardium and interstitial space of non-infarcted area 
(n=4; Fig. 4B). In the infarcted area, the expression of cathepsin S in the myocardium was significantly increased compared with 
non-infarcted area (3,653.5 ± 741.4%, P<0.01 vs. non-infarcted area) (n=4; Fig. 4B).

We performed an intrajugular injection of cathepsin S siRNA to clarify whether the induction of cathepsin S in infarcted area 
was responsible for the decrease of arresten and canstatin expression. We confirmed that the injection of cathepsin S siRNA 
suppressed the induction of cathepsin S protein in infarcted area 3 days after myocardial infarction (control siRNA: 323.1 ± 78.3% 
vs. non-infarcted area, P<0.05 vs. non-infarcted area; cathepsin S siRNA: 71.7 ± 16.8% vs. non-infarcted area) (control siRNA: 
n=4, cathepsin S siRNA: n=3; Fig. 5A). The knockdown of cathepsin S gene reversed the decrease of arresten (control siRNA: 32.0 
± 13.4%, P<0.01 vs. non-infarcted area; cathepsin S siRNA: 103.1 ± 29.4% vs. non-infarcted area) (control siRNA: n=4, cathepsin 
S siRNA: n=3; Fig. 5B) and canstatin (control siRNA: 50.5 ± 17.4%, P<0.05 vs. non-infarcted area; cathepsin S siRNA: 105.9 ± 
47.4% vs. non-infarcted area) (control siRNA: n=4, cathepsin S siRNA: n=3; Fig. 5C) in infarcted area.

Fig. 4. Expression of cathepsin S in the infarcted area after myocardial infarction. (A) One day (left) and three days (right) after myocardial 
infarction, the left ventricles were separated into non-infarcted and infarcted area, and the tissue proteins were extracted. Western blotting was 
performed to examine the expression of cathepsin S. (Upper) Representative blots for cathepsin S (24 kDa) and total actin were shown. (Lower) 
Levels of cathepsin S were corrected by total actin, and the normalized expression relative to non-infarcted area was shown as mean ± S.E.M. 
(n=5). *P<0.05 vs. non-infarcted area. (B) The cross sections of paraffin-embedded left ventricles from myocardial infarction (1 day) model rats 
were made. Immunohistochemical staining was performed by using anti-cathepsin S antibody. The nuclei were counterstained with hematoxylin. 
(Upper) Representative pictures were shown. Scale bar: 50 µm. (Lower) The positive area to anti-cathepsin S antibody (as shown in brown color) 
was calculated, and the normalized area relative to non-infarcted area was shown as mean ± S.E.M. (n=4). **P<0.01 vs. non-infarcted area.
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Cathepsin S siRNA-injection had no effects on the pathology of myocardial infarction
We finally examined the effects of cathepsin S gene knockdown by siRNA-injection on apoptosis of cells in infarcted area by 

TUNEL staining. Cathepsin S siRNA had no effect on the number of apoptotic cells in infarcted area (n=3; Fig. 6).

DISCUSSION

This study for the first time demonstrated that the expression of arresten and canstatin is decreased perhaps through the 
degradation by cathepsin S in the infarcted area after myocardial infarction (Fig. 7).

In the present study, we revealed that various rat organs express arresten and canstatin. Type IV collagen α1 and α2 chains 
are known to be ubiquitously expressed in basement membrane of whole body including bronchus, blood vessel, alveolus, gland 
and glomerulus [5–7]. Thus, it is suggested that arresten and canstatin are widely expressed by degrading basement membrane 
composed of type IV collagen α1 and α2 chains. Among the organs examined, left atrium and ventricle highly expressed both 
arresten and canstatin (Fig. 1). The basement membrane surrounding cardiomyocytes is mainly composed of two α1 and one 
α2 chains of type IV collagen [35, 36]. ECM turnover, a production and degradation of ECM, is essential for the normal tissue 
homeostasis [26]. Thus, arresten and canstatin might be constantly released from the abundantly expressed type IV collagen in 
basement membrane of normal heart.

We previously demonstrated that the expression of canstatin was decreased in the infarcted area 2 weeks after myocardial 
infarction in rats [28]. In the present study, we demonstrated that the expression of arresten and canstatin was decreased even 
1 day and 3 days after myocardial infarction in rats (Fig. 2). Thus, the reduction of arresten and canstatin might occur from 
an early stage of myocardial infarction. In contrast to our results, Lauten et al. reported that the expression of arresten was 
increased in ischemia-reperfusion model pigs under hypothermia [13]. However, the study did not determine the expression of 
26 kDa arresten by Western blotting unlike this study. In the present study, we observed that arresten and canstatin were widely 
expressed in both myocardium and interstitial space of non-infarcted area. We previously showed that canstatin is expressed in 
normal cardiomyocytes [9]. In the present study, the reduction of arresten and canstatin was observed more often in myocardium 
after myocardial infarction (Fig. 2C, 2D). On the other hand, the expression of COL4A1 and COL4A2, a source for arresten and 

Fig. 5. Effects of cathepsin S gene knockdown on the expression of arresten and canstatin in infarcted area after myocardial infarction. An intra-
jugular injection of cathepsin S small interference RNA (siRNA) or control siRNA with in vivo transfection reagent was performed immediately 
after myocardial infarction. Three days after myocardial infarction, the left ventricles were separated into non-infarcted and infarcted area, and 
the tissue proteins were extracted. Western blotting was performed to examine the expression of cathepsin S (A), arresten (B) and canstatin (C). 
(Upper) Representative blots for cathepsin S, arresten, canstatin and total actin were shown. (Lower) Levels of cathepsin S, arresten and canstatin 
were corrected by total actin, and the normalized expression relative to non-infarcted area was shown as mean ± S.E.M. (control siRNA: n=4, 
cathepsin S siRNA: n=3). *, **P<0.05, 0.01 vs. non-infarcted area.
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canstatin, was increased in the infarcted area after myocardial infarction (Fig. 3), which is consistent with the previous reports 
[15, 17, 36]. It has been reported that the increase in COL4A1 and COL4A2 expression was observed in interstitial spaces but 
not in myocardium [15, 17, 36]. Thus, it is suggested that arresten and canstatin are cleaved from interstitial type IV collagen and 
accumulated in cardiomyocytes, which might be degraded after myocardial infarction.

Cathepsin S, a cysteine protease localized in lysosomes, is expressed in various cardiovascular cells, such as cardiac fibroblasts, 
cardiomyocytes, vascular smooth muscle cells and endothelial cells [2]. In vitro study showed that cathepsin S degrades arresten 
and canstatin [33]. It has been reported that the expression and activation of cathepsin S are increased in the infarcted area of 

Fig. 6. Effects of cathepsin S gene knockdown on apoptosis of cardiomyocytes in infarcted area after myocardial infarction. The cross sections of 
paraffin-embedded left ventricles from cathepsin S siRNA- or control siRNA-injected myocardial infarction (3 day) model rats were made. TdT-
mediated dUTP nick end labeling (TUNEL) staining was performed. The nuclei were counterstained with hematoxylin. (Upper) Representative 
pictures were shown. Arrows show TUNEL-positive nuclei (stained in brown color). Scale bar: 50 µm. (Lower) TUNEL-positive nuclei/total 
nuclei was calculated, and the normalized ratio relative to non-infarcted area was shown as mean ± S.E.M. (n=3).

Fig. 7. Proposed model for the regulatory mechanisms of arresten and canstatin expression in myo-
cardial infarcted area. The expression of arresten and canstatin derived from α1 and α2 chain of 
type IV collagen, respectively, is decreased perhaps through the degradation by cathepsin S in the 
infarcted area within a single day after myocardial infarction.
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myocardial infarction model mice [1]. This study revealed that the expression of cathepsin S was significantly increased in the 
infarcted area 1 day and 3 days after myocardial infarction (Fig. 4A). Cathepsin S is highly expressed in the cardiomyocytes of 
infarcted area (Fig. 4B). Thus, it is proposed that decline of arresten and canstatin expression in the infarcted area was caused 
by cathepsin S-dependent degradation in cardiomyocytes. Although cathepsin S was drastically increased in the infarcted area 
1 day but not 3 days after myocardial infarction, the degree of decrease in the expression of arresten and canstatin did not differ 
between 1 day and 3 days. It is suggested that most of the constitutively expressed arresten and canstatin in cardiomyocytes are 
degraded rapidly 1 day after myocardial infarction by the highly expressed cathepsin S. On the other hand, the production from 
type IV collagen and degradation by cathepsin S for arresten and canstatin might be equilibrium in the infarcted area 3 days after 
myocardial infarction. The knockdown of cathepsin S gene by siRNA reverses the decrease of arresten and canstatin expression in 
infarcted area after myocardial infarction (Fig. 5). It is thus suggested that the increased cathepsin S might contribute to degrade 
arresten and canstatin in the infarcted area. Membrane type 1 (MT1)-MMP and MT2-MMP are proposed to be involved in the 
release of arresten and canstatin through the degradation of type IV collagen [21]. In the present study, we did not determine how 
arresten and canstatin are cleaved from type IV collagen after myocardial infarction. Further studies are needed to clarify the 
detailed regulatory mechanisms for production of arresten and canstatin.

The inhibition of cathepsin S induced apoptosis in tumor cells [24, 34, 38]. Chen et al. reported that cathepsin S exerted 
cardioprotective effects through the scar stabilization, since deficiency of cathepsin S or treatment with E64d, a non-selective 
cathepsin inhibitor, induced abnormal collagen turnover after myocardial infarction in mice [1]. On the other hand, E64d treatment 
had no effect on cardiomyocyte apoptosis in the border region adjacent to infarcted area [1]. We previously demonstrated that 
canstatin has a cytoprotective effect on hypoxia-induced apoptosis on H9c2 rat cardiomyoblasts [11]. Because the infarcted area 
suffers a hypoxic-stress, the decrease of canstatin in this area might cause cytotoxicity on cardiomyocytes. However, the inhibition 
of canstatin degradation by cathepsin S siRNA had no influence on cardiomyocyte apoptosis in infarcted area (Fig. 6). Cathepsin 
siRNA-injection had also no effect on fractional shortening, a parameter for cardiac function (control siRNA: n=4, cathepsin S 
siRNA: n=3; data not shown). Thus, the increase of cathepsin S and subsequent degradation of canstatin might not be involved 
in the cardiomyocyte apoptosis after myocardial infarction. It is a future issue to clarify the pathophysiological implication of the 
decrease of arresten and canstatin in the infarcted area after myocardial infarction.

In summary, we determined a part of the regulatory mechanisms of arresten and canstatin expression in the infarcted area after 
myocardial infarction. These results present a new fundamental insight into the pathogenesis of myocardial infarction through ECM 
turnover.
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