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Abstract: Altered expression of corin, a cardiac transmembrane serine protease, has been linked
to dilated and ischemic cardiomyopathy. However, the potential role of corin in myocardial
infarction (MI) is lacking. This study examined the outcomes of MI in wild-type vs. cardiac-specific
overexpressed corin transgenic (Corin-Tg) mice during pre-MI, early phase (3, 24, 72 h), and late phase
(1, 4 weeks) post-MI. Corin overexpression significantly reduced cardiac cell apoptosis (p < 0.001),
infarct size (p < 0.001), and inhibited cleavage of procaspases 3, 9, and 8 (p < 0.05 to p < 0.01), as well
as altered the expression of Bcl2 family proteins, Bcl-x1, Bcl2 and Bak (p < 0.05 to p < 0.001) at 24 h
post-MI. Overexpressed cardiac corin also significantly modulated heart function (ejection fraction,
p < 0.0001), lung congestion (lung weight to body weight ratio, p < 0.0001), and systemic extracellular
water (edema, p < 0.05) during late phase post-MI. Overall, cardiac corin overexpression significantly
reduced apoptosis, infarct size, and modulated cardiac expression of key members of the apoptotic
pathway in early phase post-MI; and led to significant improvement in heart function and reduced
congestion in late phase post-MI. These findings suggest that corin may be a useful target to protect
the heart from ischemic injury and subsequent post-infarction remodeling.
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1. Introduction

Myocardial infarction (MI) remains a major public health problem with 550,000 new attacks and
200,000 recurrent attacks per year in the United States [1]. Cardiomyocyte death leads to impaired
heart contractility and ischemic cardiomyopathy (ICM) [2]. ICM is the most commonly identified
specific cause of dilated cardiomyopathy (DCM) and heart failure (HF) [3,4]. Among those older
than 45 who have a first MI, 16% of men and 22% of women will develop HF within 5 years [1].
To improve outcomes for patients post-MI, there is a critical need to identify key factors or new targets
that modulate cardiomyocyte death.

Corin is a transmembrane serine protease identified in the heart [5]. An increasing number
of basic and clinical studies link alterations in corin expression or corin dysfunction with ICM and
DCM. Clinical studies shown that acute decompensated HF is associated with reduced plasma and
cardiac corin levels [6-9]. Dysfunctional corin variants are linked to poor outcomes in patients with
systolic HF [10]. Blood corin levels correlate with infarct size and severity in patients post-MI [11,12].
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A longitudinal study of experimental DCM shows that cardiac corin levels are an early indicator of
cardiomyopathy that correlates with the level of systolic dysfunction even before the onset of HF [13].
Cardiac overexpression of corin decreased cardiac fibrosis, improved HF, and promoted survival in
mice with DCM [14].

Apoptosis plays an important role in cardiomyocyte loss and the development of HF in patients
with DCM and ICM [15,16]. Since corin reduces the progression of cardiomyopathy and the
development of HF in experimental DCM, corin’s effects may be attributable, at least in part, to reduced
cardiomyocyte apoptosis. Apoptosis is readily detected following experimental acute MI; apoptotic
cell death is a major cause of myocardial damage [17] and affects the size of MI [18].

Findings from one of our previous studies showed that acute MI induces decreases in cardiac
corin levels and lower corin levels are inversely correlated with heart function [19]. In the present
study, we explored the hypothesis that corin might protect cardiomyocytes from death through
inhibition of apoptosis in acute MI. We focused on the intrinsic (or mitochondrial) pathway and the
extrinsic pathway, that are well-established in different cardiovascular diseases [20,21]. We show that
cardiac corin expression is negatively correlated with infarct size. Cardiac overexpression of corin
was associated with modulation of Bcl-2 family proteins, and it markedly reduced apoptosis in acute
ML In addition, consistent with the beneficial modulation at early phase, corin overexpression also
leads to a significant improvement in heart function and heart failure progression in chronic phase
post-MI. These studies provide the first evidence for a cardioprotective effect of corin in MI, linking it
to diminished cardiomyocyte apoptosis and the intrinsic apoptotic pathway.

2. Results

2.1. Cardiac-Specific Overexpression of Corin Reduces Infarct Size

Since cardiac corin overexpression protects against development of DCM [14], we examined
whether corin expression may affect infarct size in corin-Tg vs. WT littermates. Myocardial infarct size
was assessed 24 h after left anterior descending occlusion by 2,3,5-triphenyl-2H-tetrazolium chloride
(TTC) staining of thick heart cross-sections. The infarct area (IFA) normalized to the area at risk (AAR)
was significantly smaller in corin-Tg mice than in WT littermates (60.2 + 2.5% vs. 101.8 + 2.8%, p < 0.01;
Figure 1A and 1B). Hematoxylin and eosin (H&E) stained coronal heart sections showed a similar
reduction (43%) in the IFA as a percent of the left ventricular area (LVA) in the corin-Tg group vs.
WT littermates (24.8 + 4.4% vs. 43.7 £ 3.3%, p < 0.01, Figure 1C top panel and 1D). Cardiac corin
protein level was significantly decreased in the infarcted myocardium of both corin-Tg and WT groups
(Figure 1C bottom panel and 1E). In WT mice, corin expression was reduced throughout the entire
region of infarction, while corin-Tg hearts had areas with preserved corin expression scattered through
the infarct region (Figure 1C bottom panel, yellow arrow). Cardiac corin expression was negatively
correlated with the infarct size (r = —-0.61, p < 0.05, Figure 1F).

2.2. Cardiac-Specific Overexpression of Corin Significantly Improves Heart Function and Delays Heart Failure
Development Post-MI

After finding the protective effect of over expressed corin on infarct size during early phase post-Ml,
we wondered whether such modulations could translate into a beneficial effect on cardiac function
and heart failure development during the chronic phase post-MI. We evaluated cardiac function by
echocardiography at both early phase (3 h, 24 h, or 3 days) [1] and late phase (1 and 4 weeks) post-MI
in WT-MI and corin-Tg-MI groups. Although ejection fraction (EF) dropped in both groups post-MI
when compared to non-MI controls, corin-Tg-MI had better EF at most study time points (p < 0.01,
p < 0.05, p < 0.0001 and p < 0.0001 respectively at 24 h, 3 days, 1 week and 4 weeks) in contrast to
WT-MI groups (Figure 2A). A similar trend was also confirmed by fractional shortening (data not
shown). Pulmonary congestion, an important clinical sign of heart dysfunction, was more severe in
WT-MI groups than in corin-Tg-MI groups evidenced by higher lung weight to body weight ratio
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(LW/BW, Figure 2B) and systemic extracellular water (edema) assed by quantitative magnetic resonance
(Figure 2C). The patterns of LW/BW and systemic extracellular water increases in WT mice supports
that pulmonary edema develops prior to pleural effusion in this translational model. There were no
significant changes in HW/BW at early time points and only increased at four weeks post-MI (p < 0.0001,
Figure 2D).
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Figure 1. Cardiac-specific overexpression of corin decreases infarct size 24 h post-MI. (A) Area at
risk for ischemia (AAR; Evans blue staining) and infarct area [IFA; 1% 2,3,5-triphenyl-2H-tetrazolium
chloride (TTC)] in representative heart sections from wild-type (WT) & corin-Tg mice 24 h post-MI.
(B) AAR and IFA were measured in heart sections using Image-Pro Plus software and are shown as the
ratio of IFA to AAR. Data represent means + SE of n = 7 mice per group. (C) Comparison of the IFA and
the area of low corin expression in coronal heart sections. Representative images with H&E staining
(top panel) and corin (green) & WGA (red) double-immunofluorescence (IF) staining (DAPI, blue,
bottom panel), bar = 100 um. The IFA was differentiated from non-infarct area by the characteristic
eosinophilic staining (highlighted with a dotted line) on H&E sections. In contrast to the WT post-MI
heart, there was residual myocardial corin expression (indicated by yellow arrows) in the ischemic area
of corin-Tg hearts post-MI (IF sections). (D) The IFA (eosinophilic area) and total left ventricular area
(LVA) of myocardium were measured using Image-Pro Plus software in H&E stained sections of each
heart and the ratio of IFA to LVA was calculated as shown in the bar graph (n = 4 per group). (E) Corin
intensity and LVA were measured using Image-Pro Plus software. The ratios of corin intensity to LVA
are shown in the bar graph (n = 4 per group). (F) Linear regression analysis of IFA/LVA % and corin
intensity/LVA in all WT-MI and corin-Tg post-MI groups. Data represent means + SE for each group.
*p <0.05,*p <0.01, ** p <0.001.
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Figure 2. Cardiac-specific overexpression of corin affects heart function in both early and late phase
post-MI. (A) Dynamic changes in ejection fraction (EF%) (assessed by echocardiography), (B) lung weight
to body weight ratio (LW/BW%), (C) systemic extracellular water (edema) assessed by quantitative
magnetic resonance and (D) heart weight to body weight ratio (HW/BW%) in mouse groups of WT vs.
corin-Tg post-MI. Portions of data from panels A, B, and D (WT group at non-MI, 3 h, 24 h, and 3 days)
have been published previously [19] and are included here to reduce animal numbers. Differences
between WT and corin-Tg at each study time point were analyzed by 2-way ANOVA with Sidak’s
multiple comparisons. Data represent means + SE of n = 3-34 mice per group at each time point.
*p <0.05, * p < 0.01, *** p < 0.0001 and not significant.

2.3. Cardiac-Specific Overexpression of Corin Attenuates Cardiomyocyte Apoptosis Post-MI

After an acute MI, the short and long-term prognosis of patients is highly dependent on infarct
size. We wanted to further understand the mechanisms underlying the prevention of cardiomyocyte
loss post-MI. Cardiomyocyte apoptosis is considered a major determinant of infarct size in early stage
post-MI [18,22]. To determine whether reduced infarct size in corin-Tg mouse hearts was due to fewer
cardiomyocytes undergoing apoptosis, we performed TUNEL staining (Figure 3A). The number of
TUNEL-positive cardiomyocytes in the LV of the corin-Tg group was much lower than in WT littermates
(105.6 +15.6 cell vs. 260.6 + 13.2 cell per mm? of myocardium, p < 0.001, Figure 3B). There also was a
60% reduction in the percentage of TUNEL-positive cardiomyocytes in corin-Tg vs. WT hearts post-MI
(6.7 £ 1.1% vs. 16.6 £ 1.0%, p < 0.001, Figure 3C). Most TUNEL-positive cardiomyocytes were located in
the border zone and infarct core area, while a minority were present in the remote area. The number of
TUNEL-positive myocytes and infarct size were significantly correlated (r = 0.76, p < 0.05), suggesting
a close relationship (Figure not provided). To evaluate the effect of corin on myocardial apoptosis in
acute MI, we assessed the activation/cleavage of major caspases in the intrinsic (or mitochondrial)
pathway and the extrinsic pathway [21], including caspase 3, caspase 9 and caspase 8. Consistent with
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the findings from TUNEL staining, there was a reduction in cleavage of procaspases in corin-Tg vs. WT
heart tissue extracts post-MI. Pro-caspase 3 was reduced by 50% (Figure 3D, p < 0.05), pro-caspase 9 by
60% (Figure 3F, p < 0.01), and pro-caspase 8 by 30% (Figure 3H, p < 0.01). Significant myocyte necrosis
was also observed in H&E sections of the IFA in corin-Tg and WT hearts post-MI, as indicated by
cytoplasmic fragmentation, plasma membrane breakdown, and myocyte vacuolization. There was a
suggestion that cell death may be less extensive in ischemic border zone in corin-Tg-MI mice consistent
with the smaller infarct size than was observed in WT-MI mice [19].
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Figure 3. Cardiac-specific overexpression of corin attenuates cardiomyocyte apoptosis 24 h post-MI.
(A) Representative images of TUNEL staining (green) with troponin (red, cardiac marker) and
DAPI-stained nuclei (blue) in the ischemic area of left ventricles (LV) from WT and corin-Tg mouse
hearts post-MI (40X magnification). (B,C) Quantitative digital analysis of TUNEL staining. The total
numbers TUNEL-stained cells (TUNEL+) and DAPI-stained nuclei (total cell) in the LV were counted;
the total left ventricular area (LVA) was measured at 5x using Image-Pro Plus software. The ratios of
TUNEL+ cells per myocardial area (mm2) and the percentages of TUNEL+ cells vs. total cells were
calculated. Data represent means + SE of n = 4 mice per group. (D,F,H) Western blot analysis of tissue
lysates, prepared using the infarct core and border zone myocardium from corin-Tg-MI (n = 3) and
WT-MI (n = 4) hearts, with antibodies for cleaved (c) caspase 3 (17 kD), caspase 3 (34 kD) c-caspase 9
(37,39 kD), caspase 9 (37 kD), c-caspase 8 (18 kD), and caspase 8 (55 kD) under reducing conditions.
Actin (43 kD) was used as loading control. (E,G,I) Bar graphs represent the densitometry analysis
of c-caspase 3, 9 and 8 normalized to actin. Data represent means + SE of n = 3—4 mice per group.
*p <0.05,** p <0.01, ** p < 0.001.

2.4. Corin Ouverexpression Modulates Bcl-2 Family Proteins in the Infarcted Heart

The intrinsic apoptotic pathway generally plays a more important role after an ischemic insult
than the extrinsic pathway [23] and overexpression of corin appeared to have greater effects on
caspase 9 cleavage (effector of intrinsic apoptotic pathway) than on caspase 8 (effector of extrinsic
pathway) cleavage. Therefore, we focused on the intrinsic apoptotic pathway and examined upstream
events that might contribute to the activation of caspase 9. AKT activation is a well-known event
reducing apoptotic cardiomyocyte death in response to ischemic injury [24,25]. Phosphorylation of
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Akt on Ser473, which is critical for full activation of Akt [26], was much higher in corin-Tg than
WT hearts post-MI (p < 0.01, Figure 4A,B). Bcl-2 family proteins, such as Bad, Bcl2, Bax, Bcl-xl,
and Bak, are important modulators of the intrinsic apoptotic pathway [27]. Akt directly inhibits the
pro-apoptotic activity of BAD by phosphorylation of Ser136 [28]. Consistent with the enhanced Akt
Serd73 phosphorylation, the phosphorylation of Bad*"1% was significantly higher in corin-Tg vs. WT
hearts post-MI (Figure 4A,C, p < 0.05). Protein expression levels of other important Bcl-2 family
proteins, including Bcl2, Bax, Bcl-xI, and Bak, were evaluated in corin-Tg vs. WT hearts post-MI
(Figure 4D). Among them, Bcl2 had 1.4-fold increases (p < 0.001) while Bax did not show a significant
difference (Figure 4E, p > 0.05). The Bax/Bcl2 ratio, which determines the susceptibility of cardiac
cells to apoptosis [29], tended to be lower in corin-Tg vs. WT hearts post-MI although it did not
reach statistical significance (p > 0.05, Figure 4E). The expression of the anti-apoptotic molecule Bcl-xI
was 3.2-fold upregulated in corin-Tg-MI hearts (p < 0.01, Figure 4E). In contrast, Bak expression was
downregulated with a 36% drop (p < 0.05, Figure 4E).
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Figure 4. Cardiac corin overexpression modulates activity and expression level of pro-apoptotic and
anti-apoptotic proteins in the infarcted heart. (A) Expression and phosphorylation of Akt (Ser473) and
Bad (Ser136) were assessed by Western-blotting under reduced conditions in post-MI tissues from
corin-Tg and WT hearts. Actin was used as loading control. (B,C) Densitometry analysis of the pAkt
(60 kD) and pBad (23 kD) normalized to Akt (60 kD) and Bad (25 kD), respectively. (D) Expression
of Bcl-2 family proteins, Bcl2, Bax, Bcl-xl, and Bak in corin-Tg and WT hearts post-MI. Cardiac corin
(206 kD) overexpression was also confirmed. (E) Densitometry analysis of Bcl2 (26 kD), Bax (23 kD),
Bcl-x1 (30 kD), and Bak (30 kD) expression normalized to actin (43 kD) and, of the Bax/Bcl2 ratio. Heart
tissue extracts were prepared as described in Figure 3. Data represent means =+ SE of 1 = 3-4 mice per
group. * p < 0.05, ** p < 0.01, *** p < 0.001 and ns, not significant.

2.5. Corin Overexpression Regulate Bcl-2 Family Proteins under Non-Ischemic Conditions

To evaluate if the altered expression of Bcl-2 family proteins shown in corin-Tg mice post-MI was
specifically due to ischemia or conditions attributable to corin overexpression itself, we compared
expression and phosphorylation of Bcl-2 family proteins in non-MI hearts from corin-Tg vs. WT
littermates. Both Akt and Bad showed a trend to enhanced phosphorylation in corin-Tg mice when
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compared with WT mice (Figure 5A); however, only the increased phosphorylation of Akt was
statistically significant (Figure 5B, 1.9 + 0.3 vs. 1.0 + 0.1, p < 0.05) while the phosphorylation of Bad was
not (Figure 5C, 1.6 £ 0.5 vs. 1.0 + 0.1, p > 0.05). Cardiac expression of three Bcl-2 family proteins were
identical to acute post-MI conditions (Figure 5D). In corin-Tg hearts vs. WT hearts, Bcl-x1 expression
was increased 3.8-fold (Figure 5E, p < 0.05), while Bak expression was decreased by 50% (Figure 5E,
p < 0.05), and Bax expression levels remained relatively unchanged (Figure 5E, 1.1 £ 0.1 vs. 1.0 £ 0.2,
p > 0.05). Bcl2 protein expression level was not modulated by cardiac corin overexpression in the
absence of MI (Figure 5E, corin-Tg vs. WT, 1.2 £ 0.1 vs. 1.0 £ 0.2, p > 0.05). The Bax/Bcl2 ratio was
relatively comparable in both non-MI groups (p > 0.05, Figure 5E).
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Figure 5. Corin overexpression regulates expression of the Bcl-2 family of proteins expression in
non-MI hearts. (A) Expression of Akt and Bad, as well as Akt phosphorylation (Ser473) and Bad
phosphorylation (Ser136) were assessed by Western-blot under reduced conditions in corin-Tg and
WT hearts. Actin (43 kD) was used as a loading control. (B,C) Densitometry analysis of the pAkt
(60 kD) and pBad (23 kD) normalized to Akt (60 kD) and Bad (25 kD), respectively. (D) Expression
of Bcl-2 family proteins Bcl2, Bax, Bel-x1, and Bak in corin-Tg and WT mouse hearts. Corin (206 kD)
overexpression was also confirmed. (E) Densitometry analysis of Bcl2 (26 kD), Bax (23 kD), Bcl-x1
(30 kD), and Bak (30 kD) expression normalized to actin (43 kD) and of the Bax/Bcl2 ratio. Heart tissue
extracts were prepared as in Figure 3 from WT and corin-Tg mouse hearts; the same antibodies were
used for detection as in Figure 4. Data represent means + SE of n = 4 mice per group. * p < 0.05 and ns,
not significant.

3. Discussion

In patients with HF, cardiac and circulating levels of corin decline significantly [6-9]. Cardiac
corin levels are also reduced in various experimental HF models, such as DCM and diabetic
cardiomyopathy-related HF [14,30], aortocaval shunt and rapid right ventricular pacing-induced
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HF [31,32]. Cardiac-selective overexpression of corin modulated HF development and significantly
prolonged life in mice with DCM [14]. However, the role of corin in MI and ischemic cardiomyopathy
is less well understood. In some studies, circulating corin levels have been noted to be reduced in
patients following MI [12] as an indicator of enhanced mortality risk [33], but in other studies low corin
levels are associated with smaller infarct size [11]. To better understand corin’s role in this process,
we examined cardiac corin transcripts and protein levels in experimental acute MI [19]. We found
that corin transcripts and protein expression are specifically reduced in the IFA and larger infarcts
are associated with greater reductions of corin expression [19]. Corin appears to have a protective
effect in the development of dilated cardiomyopathy-related heart failure [14]. In the present study,
cardiac-specific overexpression of corin reduces infarct size and apoptosis, improves heart function and
delays heart failure associated with ischemic cardiomyopathy. Corin overexpression is associated with
enhanced expression of Bcl-xI and suppression of pro-apoptotic markers. These data provide the first
evidence linking corin to cardiomyocyte apoptosis and they begin to define the potential mechanisms
that may mediate corin’s protective effect in acute ML

Corin expression was significantly reduced in the IFA 24 h post-MI. There was an inverse
correlation between cardiac corin expression and infarct size of the LV. The reduced infarct size
in corin-Tg mouse hearts suggests that corin may protect myocytes against ischemic injury and
promote cell survival. In acute MI, apoptosis is an important determinant of cell death and infarct
size, although necrosis also plays a role [17,18]. When compared to wild-type litter mates, mice
over-expressing cardiac corin showed marked decreases in TUNEL-stained cells and there was also
significantly reduced cleaved caspase-3, which is the most important executioner caspase of the final
pathway of apoptosis [34]. While this data is the first to link corin to protection against apoptosis,
other studies have suggested a potential protective or pro-survival effect of corin. Doi et al. showed
that dopaminergic progenitor cells expressing corin survived better in vivo after transplantation [35].
Corin overexpression protects against progressive loss of systolic function, HF, and mortality in
experimental dilated cardiomyopathy [14]. In the present study, we also found a similar protective
effect of overexpressed corin in MI related ischemic cardiomyopathy and the development of heart
failure. After an acute MI, the short and long-term prognosis of patients is highly dependent on infarct
size [36]. It is not surprising that corin-Tg-MI group, which showed smaller infarct sizes, also had better
heart function through all study time points. Pulmonary congestion is considered to be one of the most
important characters of HF [37]. Consistent with EF results, we also observed significant improvement
in the magnitude of lung congestion, namely less systemic extracellular water and smaller LW/BW,
in corin-Tg group when compared with WT group post-MI. Combined, cardiac corin overexpression
was beneficial in preserving heart function and the development of heart failure post-MIL

According to post-MI cardiac proteomic profiling studies, contractile, metabolic, and mitochondrial
proteins are downregulated [38,39]. Interestingly, some important apoptosis-related proteins also
are downregulated in early stage of MI [40]. For example, the pro-survival protein, apoptotic
repressor protein, is significantly downregulated 24 h post-MI [40]. Corin overexpression suppressed
ischemia-induced apoptosis and modulated the expression and phosphorylation of Bcl-2 family proteins.
Both the intrinsic and extrinsic apoptotic pathways mediate cardiomyocyte death post-MI [41], though
the intrinsic pathway may play a more important role in early stage of MI [23]. A working hypothesis
of the link between corin and apoptosis is shown in Figure S1 (Data Supplement). Corin overexpression
was associated with reduced cleavage of procaspase 9 and procaspase 3 suggesting inhibition of the
intrinsic apoptotic pathway [21]. However, corin overexpression was also associated with a 30%
reduction in procaspase 8 cleavage, an important event for extrinsic apoptotic pathway activation.
More studies are needed in order to demonstrate the possibility of caspase 8 crosstalk with the
intrinsic pathway [42]. There was a three-fold increase in Bcl-xl, a member of the Bcl-2 family of
proteins, which are upstream controllers of the intrinsic apoptotic pathway [43]. At the same time
expression of Bak, a pro-apoptotic factor, was downregulated. Cardiac overexpression of Bcl-xl protects
cardiomyocytes from ischemia-reperfusion induced apoptosis and significantly decreases infarct
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size [44]. Thus, the significant upregulation of cardiac Bel-xl protein in corin-Tg mice would be expected
to reduce ischemia-associated cardiomyocyte apoptosis and infarction [45]. Higher phospho-Bad®er%
and increased phospho- Akt*®™73 levels were also found in corin-Tg vs. WT mice post-MI. Akt is
a well-accepted cardiac protective factor that inhibits myocyte apoptosis after ischemic injury [41].
Phosphorylation of Bad at Ser136 is responsible for Akt’s prosurvival effect [46]. These findings
provide a preliminary mechanistic explanation for the reduced caspase 9 activation post-MI in hearts
overexpressing corin. A similar pattern of Bcl-xl, Bak expression and Bad, Akt phosphorylation
was found in non-MI corin-Tg mouse hearts when compared to WT mice hearts, which suggests an
enhanced pro-survival potential at baseline prior to MI.

Although we have shown that corin overexpression decreases cardiac apoptosis and delays the
decline in systolic function and onset of HF, more detailed mechanistic studies are needed to define the
functional effect of corin in MI and ischemic cardiomyopathy. For example, since atrial natriuretic
peptide (ANP), which is activated by corin cleavage, has been shown to have diverse effects on apoptosis,
it will be key to determine whether corin’s anti-apoptotic effect is ANP-dependent or -independent.
Additional work is needed to better define the mechanisms through which corin affects apoptosis and
to carefully assess its effects on necrotic cell death. Clinically, measurements of circulating corin level
post-MI appear to provide conflicting results [11,12,33]; thus, from a translational perspective, to better
understand the significance of circulating corin levels, more work is needed to establish the relationship
between cardiac corin expression and the levels of circulating, immunoreactive corin detected by current
assays. Additionally, post-infarction remodeling, such as infarct size extension, adaptive cardiomyocyte
hypertrophy, progressive ventricular fibrosis, chamber dilatation, and systolic dysfunction post-MI is
considered as the primary target to improve outcomes for MI patients. Therefore, it will be important
to determine the effect of corin on these aspects in the development of ventricular remodeling and
ischemic cardiomyopathy during chronic recovery from acute ML In particular, both ANP and B-type
natriuretic peptide appear to inhibit cardiac fibrosis by modulating renin-angiotensin-aldosterone
system signaling [47]. We previously showed corin’s anti-fibrotic effect in DCM mouse model [14].
It would be interesting to know whether corin has similar anti-fibrotic effect post-MI through the
corin-ANP/BNP pathway.

In conclusion, this study provides the first evidence that corin overexpression reduces apoptosis
and infarction in an in vivo model of MI with translational relevance to human cardiovascular disease.
Much is yet to be learned, but these data suggest that modulation of corin activity and, assessment of
corin expression, may prove to have therapeutic and prognostic value in ischemic heart disease.

4. Materials and Methods

4.1. Mice

Corin cardiac-transgenic (corin-Tg) mice were produced in our laboratory using the a-myosin
heavy chain promoter in a CD1 background [14]. Wild type (WT) littermate mice served as controls
throughout the studies. Mice were housed in accordance with institutional and national regulatory
standards as outlined in the Guide for the Care and Use of Laboratory Animals 8th Edition.
The microenvironment consisted of Optimice (Animal Care Systems, Inc., Centennial, CO, USA)
ventilated rack systems with ad lib access to hyperchlorinated facility water and fixed formula
maintenance diet Teklad 7912 (Envigo, Madison, WI, USA). All animal procedures were approved by
the Institutional Animal Care and Use Committee at the University of Tennessee Health Science Center
(Protocol 14-083.0, approved 09/23/2015).

4.2. Myocardial Infarction Model

Myocardial infarction (MI) was induced by left anterior descending (LAD) coronary artery ligation
with minor modifications, as previously described [48]. Anesthesia induction was achieved using 3%
isoflurane in oxygen, eyes were lubricated and buprenorphine (0.1 mg/kg, SC) was administered for
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analgesia. Mice were then intubated with a 20G X 1 inch catheter. Maintenance anesthesia at 1.5-2%
isoflurane in oxygen was delivered via a rodent ventilator (Harvard Apparatus, Boston, MA, USA) set
at 120 breaths per minute and 0.2 mL stroke volume. Chest fur was removed with clippers and then
skin aseptically prepared with alternating scrubbing of betadine and alcohol soaked gauze. The mouse
was secured to a heated surgical platform (36-37 °C) and surgical drape applied. A thoracotomy (left
third intercostal space) was performed using scissors and a retractor placed to maintain exposure.
The pericardium was incised, and a saline soaked cotton ball was used to position the heart for
visualization of the LAD. Ligation was placed 2-3 mm from the origin using 7-0 silk suture and
ischemia of the left ventricle (LV) confirmed visually. The cotton ball was removed, lungs were fully
inflated, and the thoracotomy was closed using absorbable suture for the muscle and nylon suture for
the skin. Isoflurane was discontinued and mice were ventilated on 100% oxygen until fully recovered.
Mice were returned to a fresh housing box with thermal support. At each study time point after MI
(3h, 24 h, 3 days, 1 week, and 4 weeks), tissues and blood were harvested and subjected to analysis.

To determine the myocardial area at risk (AAR) for infarction, mice were perfused with 2%
Evans blue dye (Sigma-Aldrich, Saint Louis, MO, USA) via the right jugular vein while heavily
anesthetized with 5% isoflurane in oxygen. The LVs (septum and free wall) were isolated from the
excised hearts and cut into three 2-mm transverse slices distal to the suture. Each slice was weighted
and digitally photographed. Next, slices were stained with 1% 2,3,5-triphenyl-2H-tetrazolium chloride
(Sigma-Aldrich, Saint Louis, MO, USA) [19]. The infarcted area (IFA, white) and the healthy myocardium
(dark red) were digitally photographed. Finally, all slices were fixed in 10% buffered formalin (Thermo
Fisher Scientific, Middletown, VA, USA). Two blinded observers quantified the digital images for IFA,
AAR, and total left ventricle area (LVA) using Image Pro Plus 6.2 (Media Cybernetics, Bethesda, MD,
USA), as described previously [19].

4.3. Echocardiography

Cardiac function was assessed for all mice at baseline (pre-MI) and at post-MI study endpoints for
each group as previously described [13,14,19,49-52] by an experienced and blinded operator. Briefly,
mice were anesthetized with 3-5% isoflurane in O2 for induction, followed by 1.5-2% isoflurane in
O2 for maintenance. Body temperature was maintained at 37 + 1 °C and heart rate 450 + 50 BPM.
If necessary, fur was removed with depilatory cream. Transthoracic standard images, utilizing
parasternal long-axis and short-axis views (Vevo 2100, FUJIFILM VisualSonics, Toronto, ON, Canada),
were recorded in B-mode and M-mode using a 30 MHz transducer for post-procedural analysis using
Vevo Lab (3.1.0, FUJIFILM VisualSonics, Inc., Toronto, ON, Canada) software with standard equations.

4.4. Quantitative Magnetic Resonance

Mouse body composition was measured longitudinally from baseline to study endpoints as
previously described [49] using quantitative magnetic resonance (EchoMRI 4-in-1, EchoMRI Inc.,
Houston, TX, USA). Mice were weighed (Scout Pro SP401, Ohaus Corporation, Pine Brook, NJ, USA),
then secured in the provided restraint tube. The tube was inserted into the corresponding port on the
machine for measurement recording (approximately 90 s). Following completion, the fully conscious
mice were returned to their housing box.

4.5. Heart Tissue Lysate Preparation and Western Blot Analysis

Isolated LVs were sliced into three 2-mm cross sections from the level of ligation site. The top
two sections were further dissected into two parts—the IFA plus border zone and the remote area.
For the non-MI group, myocardium from similar location was prepared in the same way. Different
parts of the heart were snap-frozen with liquid nitrogen and kept in separate tubes at —80 °C for
downstream applications. About 20-25 mg heart tissue from the first part (IFA plus border zone) were
used for preparing protein lysate in lysis buffer (20 mmol/L HEPES, pH 7.2, 25 mmol/L NaCl, 2 mmol/L
EGTA and 1% SDS). Protease inhibitor cocktail and phosphatase inhibitor cocktail (biotool.com) were
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added according to the product instructions. After testing the protein concentration using Pierce™
BCA Protein Assay Kit (Thermo Fisher Scientific #23225), either 50 ug or 100 ug aliquots were made
for each sample and kept in —20 °C. Western blot analysis was performed under reduced condition
and immunoblot with following antibodies: cleaved caspase-9 (Asp353), caspase-9, cleaved caspase-3
(Aspl175), cleaved caspase-8 (Asp387), phospho-Akt (Ser473), phospho-Bad (Ser136) were from Cell
Signaling; caspase-8 (1G12, Enzo Life Science Inc., Farmingdale, NY, USA); caspase-3, Akt, Bcl2,
Bax, Bad, Bak, actin were from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA); rabbit polyclonal
anti-corin [13,14]. All antibody source information, species, and dilutions used can be found in Table 1.
Membranes were then labeled with fluorescent secondary antibodies, including goat anti-mouse, goat
anti-rabbit, or donkey anti-goat antibody, and visualized using the Odyssey system (Licor Biosciences,
Lincoln, NE, USA). Some of these membranes were then stripped with the Restore™ PLUS Western
Blot Stripping Buffer (Thermo Fisher Scientific #46430) to re-probe with other primary antibodies.
Protein loading was normalized by o-actin. Densitometry quantification was done using Image J
software (NIH). Briefly, an area of interest was selected around the band(s) and the same selection
box was applied to all bands. Similar to single bands, multiple bands were selected as a single area
of interest and summated by the program to provide a total signal for that protein. Examples of
multiple band proteins include c-Caspase 9 (Figure 3F) 2 bands; Bad (Figures 4A and 5A) 2 bands;
Bcl-x1 (Figures 4D and 5D) 3 bands; Bak (Figures 4D and 5D) 2 bands.

Table 1. Antibody List.

Target Company Cat # Host Species Clonality Dilution
cleaved caspase-3 Cell Signaling 9661s rabbit polyclonal 1:1000
caspase-3 Santa Cruz Biotechnology sc-7148 rabbit polyclonal 1:400
cleaved caspase-9 Cell Signaling 9509s rabbit polyclonal 1:1000
caspase-9 Cell Signaling 9508s mouse monoclonal 1:1000
cleaved caspase-8 Cell Signaling 8592s rabbit monoclonal 1:1000
caspase-8 Enzo Life Science ALX-804-447-C100 Rat monoclonal 1:500
actin Santa Cruz Biotechnology sc-1616 Goat polyclonal 1:500
phospho-Akt (Ser473) Cell Signaling 4060s rabbit monoclonal 1:1000
Akt1/2/3 Santa Cruz Biotechnology sc-8312 rabbit polyclonal 1:500
phospho-Bad (Ser136) Cell Signaling 4366s rabbit monoclonal 1:500
bad Santa Cruz Biotechnology sc-943 rabbit polyclonal 1:500
Bcl2 Santa Cruz Biotechnology sc-492 rabbit polyclonal 1:500
Bax Santa Cruz Biotechnology sc-493 rabbit polyclonal 1:500
Bak Santa Cruz Biotechnology sc-832 rabbit polyclonal 1:500
Bcl-xL Santa Cruz Biotechnology sc-8392 mouse monoclonal 1:500
corin Lab Generated [53,54] N/A rabbit polyclonal 1:7000

Not applicable (N/A).

4.6. Immunohistological Staining and Analysis

Frozen mouse hearts were embedded in optimal cutting temperature (O.C.T.) compound (Sakura
Finetek USA, Inc., Torrance, CA, USA) and cut into 5 pm coronal cryosections. Myocardial infarction
was assessed with H&E stained slides, imaged with digital scanner (Aperio ScanScope, Vista, CA,
USA). LV IFA was denoted by characteristic eosinophilic staining compared to the non-IFA. Image-Pro
Plus was used to measure Total LVA and IFA, which was reported as a ratio (IFA/LVA). Corin was
stained as described previously [14,51] using our lab’s internal rabbit anti-corin antibody [53,54] to
measure expression. The apoptotic cells were determined by double-immunofluorescence staining
with TUNEL staining (In Situ Cell Death Detection Kit, Fluorescein. Roche Applied Science, Penzberg,
Germany) and cardiac marker (troponin, # ab56357, Abcam, Cambridge, MA, USA). Slides were
scanned with the Aperio image fluorescence scanner (Aperio ScanScope CS2, Vista, CA, USA) and
images were taken using ImageScope software (MAN-0001, revision G) at 5X and 40X magnification.
To evaluate cardiac corin level, total gross fluorescence of LV and total LVA of each heart were measured
using Image Pro Plus 6.2 (Media Cybernetics, Bethesda, MD, USA). The result was expressed as ratio
of total fluorescence intensity to LVA. For the apoptotic assay, the numbers of total TUNEL stained
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cells and DAPI stained nuclei in the LV, as well as the total myocardial area of LV were measured at
5X magnification using Image-Pro Plus software, and the number of TUNEL+ cells per area of the
myocardium (mm?) and the percentage of TUNEL+ cells were calculated.

4.7. Statistics

Differences between groups were analyzed by unpaired t-test or two-way ANOVA with Sidak’s
multiple comparisons test. Data reported as mean =+ standard error (SE). Statistical associations between
two variables were calculated using Pearson’s correlation coefficient (r). All data were analyzed using
Prism 8 (GraphPad Software, San Diego, CA, USA). Differences were considered significant if p < 0.05.
Group sizes (n) are provided in figure legends.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/10/
3456/s1. Figure S1. Potential mechanisms responsible for the protective effect of cardiac corin overexpression on
reduction of cardiomyocyte death and infarct size in acute MIL
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Abbreviations

MI Myocardial infarction

ICM Ischemic cardiomyopathy

DCM Dilated cardiomyopathy

HF Heart failure

WT Wild-type

Corin-Tg Corin transgenic

EF Ejection fraction

FS Fractional shortening

LW/BW Lung weight to body weight ratio
HW/BW Heart weight to body weight ratio
TCC 2,3,5-triphenyltetrazolium chloride
H&E Hematoxylin and eosin

AAR Area at risk for ischemia

IFA Infarct area

IF Immunofluorescence

LV Left ventricle

LVA Left ventricular area

ANP Atrial natriuretic peptide


http://www.mdpi.com/1422-0067/21/10/3456/s1
http://www.mdpi.com/1422-0067/21/10/3456/s1

Int. ]. Mol. Sci. 2020, 21, 3456 13 0f 15

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Mozaffarian, D.; Benjamin, E.J.; Go, A.S.; Arnett, D.K,; Blaha, M.].; Cushman, M.; Das, S.R.; de Ferranti, S.;
Despres, J.P.; Fullerton, H.J.; et al. Heart Disease and Stroke Statistics-2016 Update: A Report From the
American Heart Association. Circulation 2015. [CrossRef]

Sutton, M.G.; Sharpe, N. Left ventricular remodeling after myocardial infarction: Pathophysiology and
therapy. Circulation 2000, 101, 2981-2988. [CrossRef]

Weber, K.T. Aldosterone in congestive heart failure. N. Engl. J. Med. 2001, 345, 1689-1697. [CrossRef]
Pazos-Lopez, P.; Peteiro-Vazquez, J.; Carcia-Campos, A.; Garcia-Bueno, L.; de Torres, J.P.; Castro-Beiras, A.
The causes, consequences, and treatment of left or right heart failure. Vasc. Health Risk Manag. 2011, 7,
237-254. [CrossRef]

Armaly, Z.; Assady, S.; Abassi, Z. Corin: A new player in the regulation of salt-water balance and blood
pressure. Curr. Opin. Nephrol. Hypertens. 2013, 22, 713-722. [CrossRef]

Dong, N.; Chen, S,; Yang, J.; He, L.; Liu, P; Zheng, D.; Li, L.; Zhou, Y.; Ruan, C.; Plow, E.; et al. Plasma soluble
corin in patients with heart failure. Circ. Heart Fail. 2010, 3, 207-211. [CrossRef]

Ibebuogu, U.N.; Gladysheva, I.P.; Houng, A K.; Reed, G.L. Decompensated heart failure is associated with
reduced corin levels and decreased cleavage of pro-atrial natriuretic peptide. Circ. Heart Fail. 2011, 4,
114-120. [CrossRef]

Lee, R.; Xu, B.; Rame, ].E.; Felkin, L.E.; Barton, P,; Dries, D.L. Regulated inositol-requiring protein 1-dependent
decay as a mechanism of corin RNA and protein deficiency in advanced human systolic heart failure. . Am.
Heart Assoc. 2014, 3, e001104. [CrossRef]

Barnet, C.S; Liu, X.; Body, S.C.; Collard, C.D.; Shernan, S.K.; Muehlschlegel, ].D.; Jarolim, P.; Fox, A.A.
Plasma corin decreases after coronary artery bypass graft surgery and is associated with postoperative heart
failure: A pilot study. J. Cardiothorac. Vasc. Anesth. 2015, 29, 374-381. [CrossRef]

Rame, J.E.; Tam, S.W.; McNamara, D.; Worcel, M.; Sabolinski, M.L.; Wu, A.H.; Dries, D.L. Dysfunctional corin
i555(p568) allele is associated with impaired brain natriuretic peptide processing and adverse outcomes
in blacks with systolic heart failure: Results from the Genetic Risk Assessment in Heart Failure substudy.
Circ. Heart Fail. 2009, 2, 541-548. [CrossRef]

Feistritzer, H.].; Klug, G.; Reinstadler, S.J.; Mair, J.; Schocke, M.; Gobel, G.; Franz, W.M.; Metzler, B. Circulating
corin concentrations are related to infarct size in patients after ST-segment elevation myocardial infarction.
Int. J. Cardiol. 2015, 192, 22-23. [CrossRef] [PubMed]

Zhang, SM.; Shen, ].X.; Li, H.; Zhao, P; Xu, G.; Chen, ].C. Association between serum corin levels and risk of
acute myocardial infarction. Clin. Chim. Acta 2016, 452, 134-137. [CrossRef] [PubMed]

Tripathi, R.; Wang, D.; Sullivan, R.; Fan, T.M.; Gladysheva, LP; Reed, G.L. Depressed Corin Levels Indicate
Early Systolic Dysfunction Before Increases of Atrial Natriuretic Peptide/B-Type Natriuretic Peptide and
Heart Failure Development. Hypertension 2015. [CrossRef]

Gladysheva, LP.; Wang, D.; McNamee, R.A.; Houng, A K.,; Mohamad, A.A.; Fan, TM.; Reed, G.L. Corin
overexpression improves cardiac function, heart failure, and survival in mice with dilated cardiomyopathy.
Hypertension 2013, 61, 327-332. [CrossRef]

Kang, PM.; Izumo, S. Apoptosis and heart failure: A critical review of the literature. Circ. Res. 2000, 86,
1107-1113. [CrossRef]

Konstantinidis, K.; Whelan, R.S.; Kitsis, R.N. Mechanisms of cell death in heart disease. Arterioscler. Thromb.
Vasc. Biol. 2012, 32, 1552-1562. [CrossRef]

Abbate, A ; Bussani, R.; Amin, M.S.; Vetrovec, G.W.; Baldi, A. Acute myocardial infarction and heart failure:
Role of apoptosis. Int. |. Biochem. Cell Biol. 2006, 38, 1834-1840. [CrossRef]

Krijnen, P.A.; Nijmeijer, R.; Meijer, C.J.; Visser, C.A.; Hack, C.E.; Niessen, H.W. Apoptosis in myocardial
ischaemia and infarction. J. Clin. Pathol. 2002, 55, 801-811. [CrossRef]

Wang, D.; Gladysheva, L.P; Sullivan, R.D.; Fan, TM.; Mehta, RM.; Tripathi, R.; Sun, Y.; Reed, G.L. Increases
in plasma corin levels following experimental myocardial infarction reflect the severity of ischemic injury.
PLoS ONE 2018, 13, €0202571. [CrossRef]

Gill, C; Mestril, R.; Samali, A. Losing heart: The role of apoptosis in heart disease—a novel therapeutic target?
FASEB |. 2002, 16, 135-146. [CrossRef]


http://dx.doi.org/10.1161/CIR.0000000000000152
http://dx.doi.org/10.1161/01.CIR.101.25.2981
http://dx.doi.org/10.1056/NEJMra000050
http://dx.doi.org/10.2147/VHRM.S10669
http://dx.doi.org/10.1097/01.mnh.0000435609.35789.32
http://dx.doi.org/10.1161/CIRCHEARTFAILURE.109.903849
http://dx.doi.org/10.1161/CIRCHEARTFAILURE.109.895581
http://dx.doi.org/10.1161/JAHA.114.001104
http://dx.doi.org/10.1053/j.jvca.2014.11.001
http://dx.doi.org/10.1161/CIRCHEARTFAILURE.109.866822
http://dx.doi.org/10.1016/j.ijcard.2015.05.050
http://www.ncbi.nlm.nih.gov/pubmed/25981578
http://dx.doi.org/10.1016/j.cca.2015.11.012
http://www.ncbi.nlm.nih.gov/pubmed/26577631
http://dx.doi.org/10.1161/HYPERTENSIONAHA.115.06300
http://dx.doi.org/10.1161/HYPERTENSIONAHA.112.193631
http://dx.doi.org/10.1161/01.RES.86.11.1107
http://dx.doi.org/10.1161/ATVBAHA.111.224915
http://dx.doi.org/10.1016/j.biocel.2006.04.010
http://dx.doi.org/10.1136/jcp.55.11.801
http://dx.doi.org/10.1371/journal.pone.0202571
http://dx.doi.org/10.1096/fj.01-0629com

Int. ]. Mol. Sci. 2020, 21, 3456 14 0f 15

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Crow, M.T.; Mani, K.; Nam, Y.J.; Kitsis, R.N. The mitochondrial death pathway and cardiac myocyte apoptosis.
Circ. Res. 2004, 95, 957-970. [CrossRef]

Anversa, P.; Cheng, W.; Liu, Y.; Leri, A.; Redaelli, G.; Kajstura, J. Apoptosis and myocardial infarction.
Basic Res. Cardiol. 1998, 93 (Suppl. 3), 8-12. [CrossRef] [PubMed]

Gomez, L.; Chavanis, N.; Argaud, L.; Chalabreysse, L.; Gateau-Roesch, O.; Ninet, J.; Ovize, M.
Fas-independent mitochondrial damage triggers cardiomyocyte death after ischemia-reperfusion. Am. J.
Physiol. Heart Circ. Physiol. 2005, 289, H2153-H2158. [CrossRef] [PubMed]

Armstrong, S.C. Protein kinase activation and myocardial ischemia/reperfusion injury. Cardiovasc. Res. 2004,
61,427-436. [CrossRef] [PubMed]

Sussman, M.A.; Volkers, M.; Fischer, K.; Bailey, B.; Cottage, C.T.; Din, S.; Gude, N.; Avitabile, D.; Alvarez, R.;
Sundararaman, B.; et al. Myocardial AKT: The omnipresent nexus. Physiol. Rev. 2011, 91, 1023-1070.
[CrossRef]

Song, G.; Ouyang, G.; Bao, S. The activation of Akt/PKB signaling pathway and cell survival. J. Cell Mol. Med.
2005, 9, 59-71. [CrossRef]

Chiong, M.; Wang, Z.V.; Pedrozo, Z.; Cao, D.J.; Troncoso, R.; Ibacache, M.; Criollo, A.; Nemchenko, A.;
Hill, J.A.; Lavandero, S. Cardiomyocyte death: Mechanisms and translational implications. Cell Death Dis.
2011, 2, e244. [CrossRef]

Del Peso, L.; Gonzalez-Garcia, M.; Page, C.; Herrera, R.; Nunez, G. Interleukin-3-induced phosphorylation of
BAD through the protein kinase Akt. Science 1997, 278, 687-689. [CrossRef]

Salakou, S.; Kardamakis, D.; Tsamandas, A.C.; Zolota, V.; Apostolakis, E.; Tzelepi, V.; Papathanasopoulos, P;
Bonikos, D.S.; Papapetropoulos, T.; Petsas, T.; et al. Increased Bax/Bcl-2 ratio up-regulates caspase-3 and
increases apoptosis in the thymus of patients with myasthenia gravis. In Vivo 2007, 21, 123-132.

Pang, A.; Hu, Y,; Zhou, P; Long, G.; Tian, X.; Men, L.; Shen, Y.; Liu, Y.; Cui, Y. Corin is down-regulated and
exerts cardioprotective action via activating pro-atrial natriuretic peptide pathway in diabetic cardiomyopathy.
Cardiovasc. Diabetol. 2015, 14, 134. [CrossRef]

Langenickel, T.H.; Pagel, L; Buttgereit, J.; Tenner, K.; Lindner, M.; Dietz, R.; Willenbrock, R.; Bader, M. Rat
corin gene: Molecular cloning and reduced expression in experimental heart failure. Am. J. Physiol. Heart
Circ. Physiol. 2004, 287, H1516-H1521. [CrossRef] [PubMed]

Ichiki, T.; Boerrigter, G.; Huntley, B.K.; Sangaralingham, S.J.; McKie, PM.; Harty, G.J.; Harders, G.E.;
Burnett, J.C., Jr. Differential expression of the pro-natriuretic peptide convertases corin and furin in
experimental heart failure and atrial fibrosis. Am. ]. Physiol. Regul. Integr. Comp. Physiol. 2013, 304,
R102-R109. [CrossRef] [PubMed]

Zhou, X.; Chen, J.; Zhang, Q.; Shao, J.; Du, K,; Xu, X.; Kong, Y. Prognostic Value of Plasma Soluble Corin in
Patients with Acute Myocardial Infarction. J. Am. Coll. Cardiol. 2016, 67, 2008-2014. [CrossRef] [PubMed]
Elmore, S. Apoptosis: A review of programmed cell death. Toxicol. Pathol. 2007, 35, 495-516. [CrossRef]
[PubMed]

Doi, D.; Samata, B.; Katsukawa, M.; Kikuchi, T.; Morizane, A.; Ono, Y.; Sekiguchi, K.; Nakagawa, M.;
Parmar, M.; Takahashi, J. Isolation of human induced pluripotent stem cell-derived dopaminergic progenitors
by cell sorting for successful transplantation. Stem Cell Rep. 2014, 2, 337-350. [CrossRef]

Stone, G.W.; Dixon, S.R.; Grines, C.L.; Cox, D.A.; Webb, ].G.; Brodie, B.R.; Griffin, ].J.; Martin, ].L.; Fahy, M.;
Mehran, R; et al. Predictors of infarct size after primary coronary Angioplasty in acute myocardial infarction
from pooled analysis from four contemporary trials. Am. J. Cardiol. 2007, 100, 1370-1375. [CrossRef]
Melenovsky, V.; Andersen, M.J.; Andress, K.; Reddy, Y.N.; Borlaug, B.A. Lung congestion in chronic heart
failure: Haemodynamic, clinical, and prognostic implications. Eur. ]. Heart Fail. 2015, 17, 1161-1171.
[CrossRef]

Page, B.J.; Banas, M.D.; Suzuki, G.; Weil, B.R.; Young, R.E; Fallavollita, J.A.; Palka, B.A.; Canty, ] M., Jr.
Revascularization of chronic hibernating myocardium stimulates myocyte proliferation and partially reverses
chronic adaptations to ischemia. J. Am. Coll. Cardiol. 2015, 65, 684—697. [CrossRef]

Nguyen, N.T.; Zhang, X.; Wu, C; Lange, R.A.; Chilton, R.J.; Lindsey, M.L.; Jin, Y.F. Integrative computational
and experimental approaches to establish a post-myocardial infarction knowledge map. PLoS Comput. Biol.
2014, 10, €1003472. [CrossRef]

Lyn, D.; Bao, S.; Bennett, N.A.; Liu, X.; Emmett, N.L. Ischemia elicits a coordinated expression of pro-survival
proteins in mouse myocardium. Sci. World ]. 2002, 2, 997-1003. [CrossRef]


http://dx.doi.org/10.1161/01.RES.0000148632.35500.d9
http://dx.doi.org/10.1007/s003950050195
http://www.ncbi.nlm.nih.gov/pubmed/9879436
http://dx.doi.org/10.1152/ajpheart.00165.2005
http://www.ncbi.nlm.nih.gov/pubmed/16006549
http://dx.doi.org/10.1016/j.cardiores.2003.09.031
http://www.ncbi.nlm.nih.gov/pubmed/14962474
http://dx.doi.org/10.1152/physrev.00024.2010
http://dx.doi.org/10.1111/j.1582-4934.2005.tb00337.x
http://dx.doi.org/10.1038/cddis.2011.130
http://dx.doi.org/10.1126/science.278.5338.687
http://dx.doi.org/10.1186/s12933-015-0298-9
http://dx.doi.org/10.1152/ajpheart.00947.2003
http://www.ncbi.nlm.nih.gov/pubmed/15155264
http://dx.doi.org/10.1152/ajpregu.00233.2012
http://www.ncbi.nlm.nih.gov/pubmed/23152112
http://dx.doi.org/10.1016/j.jacc.2016.02.035
http://www.ncbi.nlm.nih.gov/pubmed/27126527
http://dx.doi.org/10.1080/01926230701320337
http://www.ncbi.nlm.nih.gov/pubmed/17562483
http://dx.doi.org/10.1016/j.stemcr.2014.01.013
http://dx.doi.org/10.1016/j.amjcard.2007.06.027
http://dx.doi.org/10.1002/ejhf.417
http://dx.doi.org/10.1016/j.jacc.2014.11.040
http://dx.doi.org/10.1371/journal.pcbi.1003472
http://dx.doi.org/10.1100/tsw.2002.192

Int. ]. Mol. Sci. 2020, 21, 3456 150f 15

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Matsui, T.; Tao, J.; del Monte, E; Lee, KH.; Li, L.; Picard, M.; Force, T.L.; Franke, T.F; Hajjar, R.J.;
Rosenzweig, A. Akt activation preserves cardiac function and prevents injury after transient cardiac ischemia
in vivo. Circulation 2001, 104, 330-335. [CrossRef] [PubMed]

Tait, S.W.; Green, D.R. Mitochondria and cell death: Outer membrane permeabilization and beyond. Nat. Rev.
Mol. Cell Biol. 2010, 11, 621-632. [CrossRef] [PubMed]

Whelan, R.S.; Kaplinskiy, V.; Kitsis, R.N. Cell death in the pathogenesis of heart disease: Mechanisms and
significance. Annu. Rev. Physiol. 2010, 72, 19—-44. [CrossRef] [PubMed]

Huang, J.; Ito, Y.; Morikawa, M.; Uchida, H.; Kobune, M.; Sasaki, K.; Abe, T.; Hamada, H. Bcl-xL gene transfer
protects the heart against ischemia/reperfusion injury. Biochem. Biophys. Res. Commun. 2003, 311, 64-70.
[CrossRef]

Brocheriou, V.; Hagege, A.A.; Oubenaissa, A.; Lambert, M.; Mallet, V.O.; Duriez, M.; Wassef, M.; Kahn, A ;
Menasche, P; Gilgenkrantz, H. Cardiac functional improvement by a human Bcl-2 transgene in a mouse
model of ischemia/reperfusion injury. J. Gene Med. 2000, 2, 326-333. [CrossRef]

Datta, S.R.; Dudek, H.; Tao, X.; Masters, S.; Fu, H.; Gotoh, Y.; Greenberg, M.E. Akt phosphorylation of BAD
couples survival signals to the cell-intrinsic death machinery. Cell 1997, 91, 231-241. [CrossRef]

Kerkela, R.; Ulvila, J.; Magga, J. Natriuretic Peptides in the Regulation of Cardiovascular Physiology and
Metabolic Events. |. Am. Heart Assoc. 2015, 4. [CrossRef]

Houng, A K.,; McNamee, R.A.; Kerner, A.; Sharma, P.; Mohamad, A.; Tronolone, J.; Reed, G.L. Atrial
natriuretic peptide increases inflammation, infarct size, and mortality after experimental coronary occlusion.
Am. . Physiol. Heart Circ. Physiol. 2009, 296, H655-H661. [CrossRef]

Sullivan, R.D.; Mehta, R.M.; Tripathi, R.; Gladysheva, L.P; Reed, G.L. Normalizing Plasma Renin Activity in
Experimental Dilated Cardiomyopathy: Effects on Edema, Cachexia, and Survival. Int. J. Mol. Sci. 2019, 20,
3886. [CrossRef]

Tripathi, R.; Sullivan, R.D.; Fan, TM.; Houng, A K.; Mehta, R M.; Reed, G.L.; Gladysheva, I.P. Cardiac-Specific
Overexpression of Catalytically Inactive Corin Reduces Edema, Contractile Dysfunction, and Death in Mice
with Dilated Cardiomyopathy. Int. J. Mol. Sci. 2019, 21, 203. [CrossRef]

Tripathi, R,; Sullivan, R.; Fan, TM.; Wang, D.; Sun, Y.; Reed, G.L.; Gladysheva, I.P. Enhanced heart failure,
mortality and renin activation in female mice with experimental dilated cardiomyopathy. PLoS ONE 2017,
12, €0189315. [CrossRef] [PubMed]

Wang, D.; Gladysheva, L.P,; Fan, T.H,; Sullivan, R.; Houng, A.K.; Reed, G.L. Atrial natriuretic peptide affects
cardiac remodeling, function, heart failure, and survival in a mouse model of dilated cardiomyopathy.
Hypertension 2014, 63, 514-519. [CrossRef] [PubMed]

Gladysheva, I.P; Robinson, B.R.; Houng, A.K.; Kovats, T.; King, S.M. Corin is co-expressed with pro-ANP and
localized on the cardiomyocyte surface in both zymogen and catalytically active forms. J. Mol. Cell Cardiol.
2008, 44, 131-142. [CrossRef] [PubMed]

Gladysheva, L.P; King, S.M.; Houng, A.K. N-glycosylation modulates the cell-surface expression and catalytic
activity of corin. Biochem. Biophys. Res. Commun. 2008, 373, 130-135. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1161/01.CIR.104.3.330
http://www.ncbi.nlm.nih.gov/pubmed/11457753
http://dx.doi.org/10.1038/nrm2952
http://www.ncbi.nlm.nih.gov/pubmed/20683470
http://dx.doi.org/10.1146/annurev.physiol.010908.163111
http://www.ncbi.nlm.nih.gov/pubmed/20148665
http://dx.doi.org/10.1016/j.bbrc.2003.09.160
http://dx.doi.org/10.1002/1521-2254(200009/10)2:5&lt;326::AID-JGM133&gt;3.0.CO;2-1
http://dx.doi.org/10.1016/S0092-8674(00)80405-5
http://dx.doi.org/10.1161/JAHA.115.002423
http://dx.doi.org/10.1152/ajpheart.00684.2008
http://dx.doi.org/10.3390/ijms20163886
http://dx.doi.org/10.3390/ijms21010203
http://dx.doi.org/10.1371/journal.pone.0189315
http://www.ncbi.nlm.nih.gov/pubmed/29240788
http://dx.doi.org/10.1161/HYPERTENSIONAHA.113.02164
http://www.ncbi.nlm.nih.gov/pubmed/24379183
http://dx.doi.org/10.1016/j.yjmcc.2007.10.002
http://www.ncbi.nlm.nih.gov/pubmed/17996891
http://dx.doi.org/10.1016/j.bbrc.2008.05.181
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Cardiac-Specific Overexpression of Corin Reduces Infarct Size 
	Cardiac-Specific Overexpression of Corin Significantly Improves Heart Function and Delays Heart Failure Development Post-MI 
	Cardiac-Specific Overexpression of Corin Attenuates Cardiomyocyte Apoptosis Post-MI 
	Corin Overexpression Modulates Bcl-2 Family Proteins in the Infarcted Heart 
	Corin Overexpression Regulate Bcl-2 Family Proteins under Non-Ischemic Conditions 

	Discussion 
	Materials and Methods 
	Mice 
	Myocardial Infarction Model 
	Echocardiography 
	Quantitative Magnetic Resonance 
	Heart Tissue Lysate Preparation and Western Blot Analysis 
	Immunohistological Staining and Analysis 
	Statistics 

	References

