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Abstract:



Background: A previous study suggested that activin A inhibited myocardial cell apoptosis. This study thus aimed to explore the effects of the activin A–follistatin system on myocardial cell apoptosis in heart failure (HF) rats in order to determine whether or not the mechanism operates through the endoplasmic reticulum stress (ERS) pathway. Methods: Myocardial infarction (MI) by vascular deprivation was used to induce HF. The enzyme-linked immunosorbent assay was used to detect activin A, follistatin and brain natriuretic peptide (BNP) contents in serum. Immunohistochemical staining for activin A, follistatin, CCAAT-enhancer-binding protein (C/EBP) homologous protein (CHOP) and caspase-3 was performed on the myocardial tissue. The activin A-stimulated apoptosis of H9c2 cells was tested by flow cytometry. Western blot was used to detect the expression levels of activin A, follistatin and ERS-related proteins. Results: It was found that the high expression of activin A could cause activin A–follistatin system imbalance, inducing myocardial cell apoptosis via ERS in vivo. When HF developed to a certain stage, the expression of follistatin was upregulated to antagonize the expression of activin A. Activin A inhibited cardiomyocyte apoptosis with a low concentration and promoted apoptosis with a high concentration in vitro, also via ERS. Conclusion: Activin A–follistatin system participated in ERS-mediated myocardial cell apoptosis in HF.






Keywords:


activin A; apoptosis; endoplasmic reticulum stress; follistatin; heart failure








1. Introduction


Activin is a subgroup of the transforming growth factor (TGF)-β superfamily. It consists of two disulfide-linked activin β subunits (βA–βD) [1]. Activin A is a homodimeric glycoprotein consisting of two βA subunits, which has a number of important functions in embryonic development, cell proliferation, differentiation, reproductive biology, fibrosis, apoptosis, metabolism, homeostasis, immune response, wound repair, inflammation, and so on [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15]. Follistatin is widely expressed in various tissues as an extracellular antagonist preventing activin from binding to activin receptor (ActR) [16,17]. Activin A and follistatin are usually expressed in tissues and organs at the same time. The imbalance of activin A–follistatin system participates in remodeling and repairing of tissues. For instance, a few studies showed that the over-expressed activin A in the skin of transgenic mice led to dermal fibrosis and excessive epidermal incrassation, whereas the over-expressed follistatin distinctly reduced the formation of the scar areas [5,18].



Activin A can cause apoptosis. For example, activin A can inhibit DNA synthesis induced by mitogen, so as to inhibit the growth of liver cells and proliferation of liver [19] and induce liver cell apoptosis in vitro and in vivo [20,21]. Cell apoptosis was activin A dose dependent within a certain range. A recent study, however, has suggested that activin A could inhibit acute ischemia- and hypoxia-induced myocardial cell apoptosis [22], proving that activin A could induce or inhibit apoptosis. At the same time, whether activin A inhibits myocardial cell apoptosis after chronic damage such as heart failure (HF) after myocardial infarction (MI) needs to be confirmed. This study has therefore established an HF model after MI to observe the influence of activin A on chronic injured myocardial cells.



Endoplasmic reticulum stress (ERS) has a protective effect on myocardial cells when activated by stress as an initial response. However, upon excessive activation, it results in myocardial cell apoptosis initiated by the transcriptional activation of C/EBP homologous protein (CHOP) or c-JUN NH2-terminal kinase (JNK)- or caspase-12-dependent pathways [23,24]. ERS and activin A have the same influence at this time point. H9c2 cell is a subclone of the original clonal cell line derived from embryonic BD1X rat heart tissue by Kimes and Brandt, and exhibits many properties of skeletal muscle [25]. Myoblastic cells in this line will fuse to form multinucleated myotubes and respond to acetylcholine stimulation. H9c2 cells can split but not beat, and are usually used as an experimental model in vitro because they are confirmed to be a perfect alternative of primary neonatal cardiomyocytes for signal transduction studies [26]. Assuming that activin A participates in myocardial cell apoptosis through ERS, the expression of activin A–follistatin system and ERS-related molecules (glucose-regulated protein-78 (GRP-78), CHOP, and caspase-12) was tested in this study in rats with HF at different time points after MI. Angiotensin II (Ang II) has important autocrine and paracrine functions in a variety of organs. It plays an especially important role in HF [27,28,29]. A study reported that Ang II-activated ERS increased and could induce cell apoptosis [30]. Therefore, H9c2 cells were cultured in vitro, and Ang II was used to induce apoptosis in this study to investigate the relationship between the activin A–follistatin system and ERS.




2. Results


2.1. General Observations


The sizes of hearts very obviously increased in the four-week and eight-week MI groups compared to the sham-operated (SO) groups, and the longer the duration of MI, the more significant the change (Table 1). The ligated infarction areas appeared to be thinner compared to the noninfarction areas. A part of the infarction areas were nearly transparent, and the color of the junction progressively turned pale red (Figure 1).


Figure 1. General observations.
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Table 1. The sizes of the hearts of rats. The long diameter and short diameter of hearts were measured using a vernier caliper. ** p < 0.01, compared with the sham-operated (SO) group. #p < 0.05, ##p < 0.01, compared with the one-week myocardial infarction (MI) group. Δp < 0.05 compared with the four-week MI group.







	
Size of Heart (cm)

	
SO

	
MI




	
1 W

	
4 W

	
8 W

	
1 W

	
4 W

	
8 W






	
long diameter

	
1.383 ± 0.183

	
1.483 ± 0.075

	
1.533 ± 0.081

	
1.4 ± 0.19

	
1.65 ± 0.055 **,##

	
1.75 ± 0.084 **,##,Δ




	
short diameter

	
0.15 ± 0.105

	
1.233 ± 0.052

	
1.217 ± 0.117

	
1.067 ± 0.121

	
1.3 ± 0.167 #

	
1.367 ± 0.121 ##











2.2. Morphological and Hemodynamic Characteristics of Rats


The morphological and hemodynamic characteristics of rats were tested using the BCL-400E biological function experiment system (Table 2). The ratio of heart weight (HW) to body weight (BW) and the ratio of left ventricular heart weight (LVW) to BW were calculated to present the whole heart hypertrophy and left ventricular hypertrophy.



Table 2. Morphological and hemodynamic characteristics of rats. BW: body weight. HW: heart weight. LVHW: left ventricular heart weight. HR: heart rate. SBP: systolic blood pressure. DBP: diastolic blood pressure. +dp/dt: maximal rate of rise of blood pressure in ventricle chamber. −dp/dt: maximal rate of rise of blood pressure in ventricle chamber. LVESP: left ventricular end systolic pressure. LVEDP: left ventricular end diastolic pressure. * p < 0.05, ** p < 0.01, *** p < 0.001, compared with the SO group. #p < 0.05, ##p < 0.01, ###p < 0.001, compared with the one-week MI group. Δp < 0.05, ΔΔp < 0.01, compared with the four-week MI group.







	
Characteristics

	
SO

	
MI




	
1 W

	
4 W

	
8 W

	
1 W

	
4 W

	
8 W






	
HW/BW (mg/g)

	
3.20 ± 0.098

	
3.21 ± 0.130

	
3.19 ± 0.163

	
3.86 ± 0.217 ***

	
3.80 ± 0.219 ***

	
3.52 ± 0.158 **,#,Δ




	
LVW/BW (mg/g)

	
2.24 ± 0.130

	
2.22 ± 0.145

	
2.18 ± 0.192

	
2.68 ± 0.105 ***

	
2.50 ± 0.206 *

	
2.46 ± 0.155 *,#




	
HR (/min)

	
435 ± 31.45

	
437.33 ± 31.10

	
430 ± 52.31

	
413.83 ± 50.70

	
410.66 ± 68.24

	
353.67 ± 37.47 *,#




	
SBP (mmHg)

	
98.97 ± 12.67

	
98.89 ± 15.13

	
97.03 ± 13.06

	
89.79 ± 14.01

	
81.84 ± 19.14

	
63.78 ± 5.61 ***,##




	
DBP (mmHg)

	
59.96 ± 3.67

	
76.34 ± 17.73

	
66.79 ± 10.87

	
75.22 ± 15.72 *

	
69.97 ± 20.59

	
53.06 ± 5.19 *,##




	
LVSP (mmHg)

	
115.98 ± 3.53

	
110.48 ± 18.51

	
105.15 ± 12.19

	
63.12 ± 8.96 ***

	
60.06 ± 3.96 ***

	
47.90 ± 7.50 ***,##,ΔΔ




	
LVEDP (mmHg)

	
3.82 ± 9.28

	
3.745 ± 10.04

	
3.665 ± 9.84

	
22.76 ± 7.19 **

	
23.97 ± 8.35 **

	
24.15 ± 4.83 **




	
+dp/dtmax (mmHg/s)

	
5455 ± 443.92

	
5373.33 ± 842.29

	
5465 ± 974.77

	
2720 ± 248.83 ***

	
2498.33 ± 251.42 ***

	
2070 ± 140.28 ***,###,ΔΔ




	
−dp/dtmax (mmHg/s)

	
3885 ± 321.66

	
4460 ± 989.86

	
4146.667 ± 817.32

	
2171.667 ± 216.92 ***

	
2171.667 ± 172.55 ***

	
1850 ± 235.96 ***,#,Δ











2.3. Expression Levels of Activin A–Follistatin System and Brain Natriuretic Peptide (BNP), Angiotensin II (Ang II) in the Serum of Rats


The one-week MI group displayed high expression levels of serum activin A, BNP and Ang II compared with the control group, with a significant difference (p < 0.01, p < 0.001, p < 0.001). The longer the duration of MI, the greater the expression of activin A, BNP and Ang II. The expression of follistatin started four weeks after MI (p < 0.05) and increased obviously in eight weeks after MI (p < 0.001) (Figure 2A). The ratio of activin A to follistatin in the serum of the same rats was also calculated, and the ratio was found to be nearly unchanged in the one-week MI group, the four-week MI group, and the eight-week MI group (p > 0.05) (Figure 2B).


Figure 2. Expression levels of activin A–follistatin system, brain natriuretic peptide (BNP) and angiotensin II (Ang II) in the serum of rats. (A) ELISA method was used to determine the expression of activin A–follistatin system, BNP and Ang II. The data are presented as mean ± standard deviation. * p < 0.05, ** p < 0.01, *** p < 0.001, compared with the SO group. #p < 0.05, ##p < 0.01, ###p < 0.001, compared with the one-week MI group. ΔΔp < 0.01, ΔΔΔp < 0.001, compared with the four-week MI group; (B) Activin A/Follistatin represents the ratio of activin A and follistatin.
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2.4. Detection of the Expression of Activin A, Follistatin, Caspase-3, and C/EBP Homologous Protein (CHOP) by Immunohistochemical Staining


Activin A, follistatin, and CHOP were expressed at low levels in the myocardial tissue of the control group; no caspase-3 was expressed. The expression of activin A, follistatin, caspase-3, and CHOP increased obviously in infarction and noninfarction areas of the myocardial tissue in rats with eight-week MI (Figure 3).


Figure 3. The expression of activin A, follistatin, caspase-3, and C/EBP homologous protein (CHOP) in rats detected by immunohistochemical staining. The border zones were used to take photos in the eight-week MI group. The expression of activin A, follistatin, caspase-3, and CHOP was detected using the anti-activin A antibody, anti-follistatin antibody, anti-caspase-3 antibody, and anti-CHOP antibody; IgG from a normal rabbit served as a negative control (200× magnification and 400× magnification).
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2.5. Detection of the Expression of Activin A, Follistatin, BNP, Caspase-3 and Endoplasmic Reticulum Stress (ERS)-Related Molecules in the Left Ventricular Noninfarction Area by Western Blot


GRP-78, CHOP, BNP, and activin A began to be highly expressed one week after MI (p < 0.01, p < 0.001, p < 0.05, and p < 0.05) compared with the control group. Caspase-3, caspase-12 and follistatin increased significantly in four weeks after MI (p < 0.001, p < 0.001 and p < 0.05). However, the expression levels of follistatin in the MI groups were nearly unchanged as the duration of MI extended (Figure 4A,B). The ratios of all MI groups increased compared with the SO groups, and the increases were more apparent as MI prolonged (Figure 4C).


Figure 4. Expression levels of activin A, follistatin, BNP, caspase-3 and ERS-related molecules in the left ventricular noninfarction area. (A) The expression of activin A, follistatin, BNP, caspase-3, glucose-regulated protein-78 (GRP-78), caspase-12, and CHOP was detected by Western blot assay; (B) The graph shows the result of densitometry quantification of proteins relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as internal control. (a) GRP-78, (b) Caspase-12, (c) CHOP, (d) Follistatin, (e) BNP, (f) activin A, (g) Caspase-3; (C) Activin A/Follistatin represents the ratio of activin A and follistatin. The data are presented as mean ± standard deviation. * p < 0.05, ** p < 0.01, *** p < 0.001, compared with the SO group. ##p < 0.01, ###p < 0.001, compared with the one-week MI group. Δp < 0.05, ΔΔΔp < 0.001, compared with the four-week MI group.
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2.6. Effect of Different Concentrations of Activin A on H9c2 Cell Apoptosis


Flow cytometry and caspase-3 activity assays showed that the apoptotic rate did not obviously increase when the activin A concentration was between 0 and 50 ng/mL, thereby stimulating H9c2 cells for 24 h. However, the apoptotic rate dramatically increased (p < 0.001) when the activin A concentration increased to 100 ng/mL (Figure 5).


Figure 5. Apoptosis in activin A-stimulated H9c2 cells. (A) H9c2 cells were stained with propidium iodide (PI) and Annexin V–fluorescein isothiocyanate (FITC) and sorted by fluorescence-activated flow cytometry. (a) control; (b) activin A, 6.25 ng/mL; (c) activin A, 12.5 ng/mL; (d) activin A, 25 ng/mL; (e) activin A, 50 ng/mL; and (f) activin A, 100 ng/mL; (B) Graph presented the percentage of H9c2 cell apoptosis. The data are presented as mean ± standard deviation. * p < 0.05, ** p < 0.01 versus the 100 ng/mL activin A group; (C) Caspase-3 activity assay was used to test the relative caspase-3 activity of the control. The data are presented as the mean ± standard deviation. *** p < 0.001 versus the 100 ng/mL activin A group.
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2.7. Use of High Concentration (100 ng/mL) of Activin A to Show that the Activin A–Follistatin System Regulated ERS-Mediated Cardiomyocyte Apoptosis In Vitro


H9c2 cells were cultured with activin A and inhibitors for 24 h. Western blot results showed that the expression levels of CHOP, caspase-12, GRP-78, and follistatin increased obviously in the activin A group. The expression levels of CHOP and GRP-78 decreased significantly in the p38 mitogen-activated protein kinase (p38MAPK) inhibitor + activin A group compared with the activin A group (p < 0.001). The expression levels of CHOP, caspase-12, and GRP-78 decreased obviously in the extracellular regulated protein kinases (ERK) inhibitor + activin A group compared with the activin A group (p < 0.001). Only the expression of CHOP reduced remarkably in the JNK inhibitor + activin A group compared with the activin A group (p < 0.001). The follistatin expression appeared to increase in the three signaling pathway-inhibiting groups compared with the activin A group. The expression of ERS-related molecules and follistatin decreased significantly in the Smad3 inhibitor + activin A group compared with the activin A group (Figure 6A,B). The apoptotic rate was measured by flow cytometry. It dramatically increased in the 100 ng/mL activin A group compared with the control group (p < 0.001). The apoptotic rates obviously reduced in mitogen-activated protein kinase (MAPK) inhibitors + activin A groups and Smad3 inhibitor + activin A group compared with the activin A group (p < 0.001).


Figure 6. Expression levels of follistatin and endoplasmic reticulum stress (ERS)-related molecules in activin A-stimulated H9c2 cells. (A) Western blot was performed to test the expression of follistatin and ERS-related molecules. Proteins were extracted from H9c2 cells, separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis, and immunoblotted sequentially with antibodies. (1) Control, (2) activin A (100 ng/mL), (3) activin A (100 ng/mL) + p38MAPK inhibitor, (4) activin A (100 ng/mL) + ERK inhibitor, (5) activin A (100 ng/mL) + Smad3 inhibitor, (6) activin A (100 ng/mL) + JNK inhibitor; (B) The graph showed the result of densitometric quantification of proteins relative to GAPDH as an internal control. (a) CHOP, (b) caspase-12, (c) GRP-78, (d) Follistatin; (C) H9c2 cells were stained with PI and Annexin V-FITC and sorted by fluorescence-activated flow cytometry. (a) Control, (b) activin A (100 ng/mL), (c) activin A (100 ng/mL) + p38MAPK inhibitor, (d) activin A (100 ng/mL) + ERK inhibitor, (e) activin A (100 ng/mL) + Smad3 inhibitor, (f) activin A (100 ng/mL) + JNK inhibitor; (D) Graph presented the apoptotic rate of H9c2 cells. The data are presented as the mean ± standard deviation. ** p < 0.01, *** p < 0.001 versus the control group; ##p < 0.01, ###p < 0.001 versus the activin A group.
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2.8. Concentration and Acting Time of Ang II-Stimulated H9c2 Cell Apoptosis


Ang II was used to induce cardiomyocyte apoptosis. The MTT method was used to test the cell viability and caspase-3 activity assay was performed to detect apoptosis after stimulating H9c2 cells with 0.01, 0.1, and 1 μM concentrations of Ang II for 24, 48, and 72 h, respectively. Subsequently, 0.1 μM Ang II began to reduce the cell viability obviously after 24 h (p < 0.01). The cell viability was found to decrease dramatically with 0.1 μM Ang II stimulating H9c2 for 48 h (Figure 7A). However, the caspase-3 activity assay showed that stimulating H9c2 with 0.1 μM Ang II for 24 and 48 h had the same effect (Figure 7B). Therefore, 0.1 μM Ang II was used to establish the cell apoptosis model. In the foregoing experiments, effects of activin A and AngII were seen within 24 h. Therefore, in the following experiments, costimlulation with activin A and AngII was evaluated after 24 h.


Figure 7. Concentration and acting time of Ang II-stimulated H9c2 cell apoptosis. (A) Cell viability was assessed using the MTT assay. H9c2 cells were seeded at a density of 5 × 103 cells per well into 96-well plates. (a) Effect of Ang II on the viability of H9c2 cells cultured with different concentrations (0.01, 0.1, 1 μM·mol/L) for the same time; (b) Effect of Ang II on the viability of H9c2 cells cultured with the same concentration for different times (24, 48 or 72 h); (B) Caspase-3 activity assay was used to test the relative caspase-3 activity of the control. (a) Effect of Ang II on the caspase-3 activity of H9c2 cells cultured with different concentrations (0.01, 0.1, 1 μM·mol/L) for the same time; (b) Effect of Ang II on the caspase-3 activity of H9c2 cells cultured with the same concentration for different times (24, 48 or 72 h). The data are presented as the mean ± standard deviation. * p < 0.05, ** p < 0.01, *** p < 0.001 versus the control group; #p < 0.05, ##p < 0.01, ###p < 0.001 versus the 0.01 μM Ang II group; Δp < 0.05, ΔΔp < 0.01, ΔΔΔp < 0.001 versus the 0.1 μM Ang II group, $p < 0.05, $$p < 0.01.
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2.9. Effect of Low Concentration of Activin A on Ang II-Induced Cardiomyocyte Apoptosis and Its Relationship with ERS


H9c2 cells were cultured with 0.1 μM Ang II and activin A for 24 h. The Western blot result showed that the expression levels of ERS-related molecules obviously increased in the 0.1 μM Ang II group compared with the control group. As activin A concentrations elevated to 50 ng/mL, the expression levels of ERS-related molecules gradually reduced compared with the 0.1 μM Ang II group (p < 0.001). However, the expression of follistatin increased when the concentration of activin A was below 50 ng/mL, and apparently decreased when the concentration was up to 50 ng/mL, compared with the 0.1 μM Ang II group (p < 0.001) (Figure 8A,B). Apoptotic rate was measured by flow cytometry, and the result showed that apoptosis gradually reduced as activin A concentrations elevated to 50 ng/mL (Figure 8C,D).


Figure 8. Expression levels of follistatin and ERS-related molecules in Ang II-stimulated H9c2 cells cultured with a low concentration of activin A. (A) Western blot was performed to determine the expression of follistatin and ERS-related molecules. Proteins were extracted from H9c2 cells, separated by sodium dodecyl sulfate−polyacrylamide gel electrophoresis, and immunoblotted sequentially with antibodies. (1) Control, (2) Ang II (0.1 μM), (3) activin A (5 ng/mL) + Ang II (0.1 μM), (4) activin A (10 ng/mL) + Ang II (0.1 μM), and (5) activin A (50 ng/mL) + Ang II (0.1 μM); (B) The graph showed the result of densitometric quantification of proteins relative to GAPDH as an internal control. (a) CHOP, (b) caspase-12, (c) GRP-78, (d) Follistatin; (C) H9c2 cells were stained with PI and Annexin V–FITC and sorted by fluorescence-activated flow cytometry. (a) Control, (b) Ang II (0.1 μM), (c) activin A (5 ng/mL) + Ang II (0.1 μM), (d) activin A (10 ng/mL) + Ang II (0.1 μM), (e) activin A (50 ng/mL) + Ang II (0.1 μM); (D) Graph presented the apoptotic rate of H9c2 cells. The data are presented as the mean ± standard deviation. * p < 0.05, ** p < 0.01, *** p < 0.001.
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3. Discussion


Recently, the focus of studies investigating the HF mechanism has moved from neuroendocrine activation to cytokines, including tumor necrosis factor-α, interleukin-1 (IL-1), IL-6, endothelin family, TGF-β, and so forth, which are involved in ventricular remodeling [31,32,33,34]. Activin A is a secretory multifunctional cell growth factor belonging to the TGF-β superfamily. Follistatin directly binds to activin A extracellularly [16], inhibiting the physiological action of activin A. Therefore, this study aimed to explore the role of activin A and follistatin as a whole in the occurrence and development of HF.



Previous studies suggested that activin A was associated with the occurrence and severity of HF [35,36], but the underlying mechanism was unclear. Previous studies on activin A mainly focused on promoting myocardial hypertrophy and fibrosis [37,38,39]. Recently, an extremely important study illustrated the role of activin A–follistatin system in myocardial cell apoptosis [22]. The expression levels of activin A and follistatin like-3 (Fstl-3) had an increasing tendency, while the expression of follistatin mRNA had no obvious change in the acute cardiac injury model. Activin A inhibited cardiomyocyte apoptosis induced by hypoxia-reoxygenation injury in vitro, and Fstl-3 had an antagonistic effect on it. However, the aforementioned study could only suggest that activin A inhibited myocardial cell apoptosis in acute injuries and prevented a heart attack. Whether activin A has the same protective role in myocardial cell apoptosis after chronic damage such as HF after MI needs to be confirmed.



A rat model of HF was established after MI in this study. It also showed [36] that the serum activin A gradually increased during MI and was positively correlated with the serum BNP. The Western blot results revealed that the expression levels of activin A and BNP of noninfarction areas of the left ventricle increased in the MI groups. The longer the MI, the more obvious the expression of two proteins. The aforementioned data suggested that activin A could serve as a new cardiac biomarker for diagnosing and evaluating HF. An interesting finding was that the level of serum follistatin was significantly elevated in rats with four-week and eight-week MI (Figure 2A). The ratios of the activin A–follistatin system in the serum of all the groups were nearly unchanged (Figure 2B). The Western blot results showed that, in the left ventricular noninfarction area, the expression of activin A increased as MI was prolonged and the expression of follistatin had no obvious change until four weeks after MI (p < 0.001), and the expression in the four-week MI group was almost the same as in the eight-week MI group (Figure 4). We also calculated the ratio of activin A–follistatin system in the myocardial tissue. It showed that the ratios of all MI groups increased compared with the SO groups, and the increases were more apparent as MI was prolonged (Figure 4C). The aforementioned data suggested that follistatin might not be invariably expressed in the development of HF. However, it would obviously be expressed in the mid/late-stage of HF. Activin A began to be highly expressed in the early stage of HF. This might be related to the self-feedback regulatory mechanism of the body to maintain a balance of the activin A–follistatin system. When activin A was over-expressed, the activin A–follistatin system balance would break, and the body would later produce follistatin to neutralize activin A to delay the progress of HF. At last, the system restored the balance.



The endoplasmic reticulum pathway has been discovered as a new apoptotic pathway in recent years. ERS occurs under adverse conditions [40]. It was known that moderate ERS, as the cell’s initial response to stress, reduced apoptosis; conversely, persistent or severe ERS promoted apoptosis [23]. Hence, a close relationship exists between ERS and myocardial cell apoptosis. Studies have shown that various adverse factors, such as hypoxia and ischemia, cause excessive ERS, inducing myocardial cell apoptosis through CHOP, caspase-12, and JNK apoptosis pathways [24,41,42]. Assuming in our research that over-expression of activin A influences myocardial cell apoptosis via ERS, animal models were established to observe whether the imbalance of the activin A–follistatin system existed and participated in ERS-mediated myocardial cell apoptosis during different periods of HF. Then, cell models were constructed to investigate the influence of activin A with different concentrations on cardiomyocyte apoptosis and its relationship with ERS by measuring caspase-3 activity and apoptotic rate through flow cytometry and the expressions of CHOP, caspase-12 and GRP-78 represented ERS-mediated apoptosis through western blot.



Furthermore, the immunohistochemical staining of rats showed that the expression of caspase-3 and CHOP in the infarction and noninfarction areas of the left ventricle significantly increased in the eight-week MI group, which confirmed that cell apoptosis existed in the myocardial tissue, the ERS pathway played a role in HF, and the activin A–follistatin system probably participated in the myocardial cell apoptosis through the ERS pathway (Figure 3). GRP-78 is a member of the heat-shock protein 70 (HSP70) family. It is responsible for cellular homeostasis. It binds with immunoglobulin heavy chain-binding protein to form ER molecular chaperones, which participate in unfolded protein response (UPR), the most important signaling mechanism inducing ERS [43]. The Western blot results showed that GRP-78 and CHOP were highly expressed one week after MI, whereas caspase-12 was significantly expressed four weeks after MI. The expression levels of activin A were higher in one-week, four-week, and eight-week MI groups than in the control group and increased as MI prolonged (Figure 4). These findings suggested that over-expressed activin A probably induced excessive UPR and ERS, leading to myocardial cell apoptosis and accelerating the process of HF. Although the expression of follistatin increased four weeks after MI, it was nearly unchanged in the four- and eight-week MI groups (Figure 4). It indicated that follistatin increased to maintain the balance of activin A–follistatin system after MI to attenuate the myocardial cell apoptosis induced by activin A and delay the process of HF.



The results above somewhat contradict the previous research [21]. Activin A was shown to play a suppressive role in myocardial cell apoptosis in previous studies but a stimulatory role in our study. Therefore, it was hypothesized that the effect of activin A on myocardial cell apoptosis was related to its time and level of expression.



Cell experiments were designed to prove the present hypothesis. Different concentrations of activin A were used to stimulate H9c2 cells (Figure 5), and a high concentration of activin A (100 ng/mL) was found to induce cardiomyocyte apoptosis. H9c2 cells were incubated in a culture medium with the inhibitors of p38MAPK, ERK, and JNK signaling pathways, and Smad3 inhibitor was added separately. Then, 100 ng/mL activin A was used to induce cardiomyocyte apoptosis. Finally, the expression levels of ERS pathway-related molecules and follistatin were tested. The results suggested that a high concentration of activin A could activate p38MAPK, ERK, and JNK signaling pathways and induce cardiomyocyte apoptosis through the ERS pathway. The expression levels of follistatin in the activin A group, p38MAPK inhibitor + activin A group, ERK inhibitor + activin A group, and JNK inhibitor + activin A group increased more significantly than those in the control group, but obviously decreased in the Smad3 inhibitor + activin A group, probably suggesting that the expression of follistatin was directly dependent on the expression of activin A through the Smads signaling pathway (Figure 6).



The cardiomyocyte apoptosis model was induced by Ang II to further investigate the effect of activin A with a low concentration and its relationship with ERS (Figure 8). The concentration and acting time of Ang II were detected by the MTT method and caspase-3 activity assay (Figure 7). The reason why Ang II was used to induce cardiomyocyte apoptosis was that when HF happened, the renin–angiotensin–aldosterone system (RAAS) system was activated, increasing Ang II dramatically, as is shown in Figure 2. Using Ang II to induce apoptosis could be better to imitate the environment in vivo in HF after MI. The results indicated that low concentrations of activin A could inhibit Ang II-induced cardiomyocyte apoptosis through the ERS pathway. The higher the concentrations of activin A, the weaker the ERS and the less the cardiomyocyte apoptosis (Figure 8). The aforementioned data indicate that the effects of different concentrations of activin A on cardiomyocyte were different. Activin A could inhibit cardiomyocyte apoptosis at a low concentration, but induce cardiomyocyte apoptosis at a high concentration, probably via the ERS pathway (Figure 6 and Figure 8). The expression of follistatin began to increase when the concentration of activin A was up to 10 ng/mL but statistically decreased when the concentration of activin A was up to 50 ng/mL. Therefore, the expression level of follistatin was likely relative to the concentration of activin A, and the specific quantitative relation or specific concentrations of activin A and follistatin need to be further investigated.




4. Materials and Methods


All experimental procedures were approved by the Ethical Board Review of China-Japan Union Hospital of Jilin University (permission code: 2016ks017, permission date: 3 January 2016).



4.1. Materials


The female Wistar rats with the body weight of 200–220 g were obtained from the Center for Laboratory Animals, Medical College, Jilin University, Changchun, China. The H9c2 cells, a rat cardiomyoblast line, were purchased from American Type Culture Collection (Manassas, VA, USA).



All components of the cell culture medium were purchased from Gibco (Invitrogen Life Technologies, Carlsbad, CA, USA). Enzyme-linked immunosorbent assay (ELISA) kits, human/mouse/rat activin A βA subunit biotinylated monoclonal antibody, and recombinant human, mouse, and rat activin A were purchased from R&D Systems (Abingdon, UK). The rabbit anti-rat follistatin polyclonal antibody and rabbit anti-rat brain natriuretic peptide (BNP) polyclonal antibody were obtained from Abcam plc (Cambridge, UK). The anti-caspase-12 (1611), which is a rat monoclonal antibody; anti-GRP 78 (76-E6), which is a rat monoclonal antibody; anti-GADD 153 (B-3) (CHOP), which is a mouse monoclonal antibody; and rabbit anti-rat caspase-3 polyclonal antibody were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA).



MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazoliumbromide) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were obtained from Sigma-Aldrich (St. Louis, MO, USA). The Annexin V-fluorescein isothiocyanate (FITC) apoptosis detection kit was purchased from BioVision, Inc. (Milpitas, CA, USA). Angiotensin II (Ang II) was obtained from Phenix Research Products (Candler, NC, USA).



SB203580 (p38 mitogen-activated protein kinase (p38MAPK) inhibitor), PD98059 (extracellular regulated kinase (ERK) inhibitor), SP600125 (JNK inhibitor), and SIS3 (Smad3 inhibitor) were purchased from Merck Millipore (Darmstadt, Germany).



The caspase-3 activity colorimetric assay kit was purchased from BestBio (Beijing, China).




4.2. Establishment of the Rat Model with Heart Failure (HF)


The rats were randomly assorted into four groups: sham-operated, one-week MI, four-week MI, and eight-week MI with six rats in each group. The diethyl ether-anesthetized rats were fixed on an operating table. The heart was exposed by opening the thoracic cavity, and the left anterior descending coronary artery was ligated. The rats of the SO group underwent the same procedure except for the suture under the coronary artery that was left untied. The heart was then placed in its original position, and the thorax was immediately closed. All rats had full access to a standard diet and tap water under a room temperature of (21 ± 1) °C with a 12 h light/dark cycle in different weeks.




4.3. Hemodynamic Investigation


Different groups of postoperative rats were fed for one week, four weeks, and eight weeks, respectively; weighed; and anesthetized by intraperitoneal injection of 3% pentobarbital sodium (30 mg/kg). Then, the right common carotid arteries of the rats were separated, and a tube, connected to the pressure transducers and the AP-621G carrier amplifier, was inserted into the left ventricle of each rat through the right common carotid artery. Hemodynamic characteristics were recorded through the BCL-400 biological function experimental system.




4.4. ELISA


The ELISA assay was performed strictly according to the kit instructions. The optical density (OD) values were measured at 490 nm using a spectrophotometric microplate reader. The calibration curves were drawn with OD values as the vertical axis (Y) and activin A, follistatin, or BNP standard concentrations as the abscissa axis (X). The concentration data of activin A, follistatin, or BNP samples could be obtained by OD value conversion on the basis of calibration curves.




4.5. Immunohistochemical Staining


Immunohistochemical staining for activin A, follistatin, CHOP, and caspase-3 was conducted on the myocardial tissue. The myocardial tissue of the left ventricle was deparaffinized, rehydrated in a graded series of alcohol solutions, and washed twice with distilled water. The sections were incubated with endogenous peroxidase blocked in 50 μL of 3% H2O2 at room temperature for 10 min, and then washed with phosphate-buffered saline (PBS) (with the pH of 7.4) three times for 3 min each. The 2% bovine serum albumin in PBS was added and incubated at room temperature for 30 min, and the sections were washed once in PBS. Activin A, follistatin, CHOP, and caspase-3 antibodies were added and incubated at 4 °C overnight. The activin A, follistatin, CHOP, and caspase-3 proteins were assayed using an ultrasensitive SP kit. The sections were counterstained with hematoxylin. The incubation of tissue sections with immunoglobulin G (IgG) from normal rabbit served as a negative control. The method was previously described by Wen-qi et al. [44]. The border zones were used to take photos. The infarction and noninfarction areas and border zones could be clearly seen compared to the SO groups in the immunohistochemical sections, so the border zones can be directly examined under low power lens, and then change into high power lens.




4.6. Cell Culture


H9c2 cells were cultured in Dulbecco’s modified Eagle’s medium (1×) with high glucose (4500 mg/L), l-glutamine (4.0 mM), and sodium pyruvate. Then, 10% fetal bovine serum, 100 U/mL penicillin, and 100 mg/mL streptomycin were added to the culture medium in a moist atmosphere with 5% CO2 at 37 °C. The H9c2 cells were inoculated in six-well plates, cell culture flasks of 25 cm2, and culture dishes of 100 × 20 mm2 in the course of logarithmic growth. When the cells in the plates, flasks, or dishes reached 80% confluence, other experiments were performed in vitro.




4.7. MTT Assay


This assay was based on the transformation of tetrazolium salt into an insoluble formazan salt (MTT) by active mitochondria. The H9c2 cells were seeded at the density of 5 × 103 cells per well into 96-well plates calculated by the direct smear counting method. After 24 h, they were divided into different groups with different Ang II concentrations (0.01–1 μM) for another 24, 48, or 72 h. Then, MTT (5 mg/mL) was added to the cells (20 μL/well) for 4 h. Finally, the medium was removed from the wells, and dimethyl sulfoxide was added into the wells to resolve the formazan salt (150 μL/well). The plates were then shaken at room temperature for 10–30 min. The OD value was measured at 490 nm using a spectrophotometer. The viable count percentage was defined as the relative OD value of the treated cells versus the untreated control cells. The method was previously described by Chunyan Yang et al. [45].




4.8. Flow Cytometry


The Annexin V apoptosis detection kit could differentiate apoptosis from necrosis through Annexin V–FITC and propidium iodide (PI) staining. Apoptosis was analyzed by flow cytometry. H9c2 cells (1 × 105–5 × 105) were induced with different concentrations (6.25, 12.5, 25, 50, and 100 ng/mL) of activin A and 0.1 μM Ang II for 24 h. They were collected using ethylenediaminetetraacetic acid-free trypsin on the ice and washed once with serum-containing media. Then, they were washed with ice-cold PBS and centrifuged at 1000× g for 5 min. They were resuspended in 500 μL of 1× binding buffer, mixed with 5 μL of Annexin V–FITC and 5 μL of PI (50 μg/mL, optional), and incubated at room temperature for 5 min in the dark. Annexin V–FITC binding was analyzed by flow cytometry (Ex = 488 nm; Em = 530 nm) using an FITC signal detector (usually FL1) and PI staining using a phycoerythrin emission signal detector (usually FL2). The cells stained only with Annexin V-FITC were regarded as early apoptosis, and the cells stained with both PI and Annexin V-FITC were regarded as late apoptosis.




4.9. Assay of Caspase-3 Activity


A caspase-3 activity colorimetric assay kit was used to confirm the existence of apoptosis. The assay was carried out strictly according to the kit instructions after preparing cell lysates from apoptotic cells.




4.10. Western Blot


After preparing and collecting the protein samples, the concentration of each protein sample was measured by the Bradford colorimetric method to ensure that each protein sample was consistent.



The protein (30 mg) was subjected to sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis after boiling the samples with the SDS sample buffer (2% SDS, 10% glycerol, 5% 2-mercaptoethanol, 0.002% bromophenol blue, and 62.5 mM Tris-HCl, pH 6.8). The proteins were then transferred onto a cellulose nitrate membrane, blocked, and probed with primary antibodies against follistatin, CHOP, caspase-12, GRP-78, and GAPDH. Next, the membrane was incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG. Finally, the bound antibody complexes were measured using a chemiluminescence reagent (ECL Plus; Amersham Pharmacia Biotech, Tokyo, Japan).




4.11. Statistical Analyses


All the trials were performed at least three times. The data were recorded as the mean ± standard deviation. Different treatment groups were compared using analysis of variance, followed by the Dunnett post hoc test. The percent changes were analyzed using the Kruskal–Wallis H test. A p-value < 0.05 was considered statistically significant.





5. Conclusions


This study illustrated that the activin A–follistatin system was involved in endoplasmic reticulum stress (ERS)-mediated myocardial cell apoptosis in heart failure (HF). Activin A can become a new cardiac biomarker for diagnosing HF in the future. More studies should be conducted to explore the methods that inhibit the expression of activin A or promote the expression of follistatin, ultimately downregulating the ratio of activin A to follistatin in the body, which may be a new target to improve ventricular remodeling and HF.







Acknowledgments


This study was funded by the National Natural Science Foundation of China (No: 81270315).




Author Contributions


Miao Liu and Ping Yang conceived and designed the experiments; Miao Liu performed the experiments; Cuiying Mao analyzed the data; Jiayu Li and Fanglei Han contributed reagents/materials/analysis tools; Miao Liu wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Werner, S.; Alzheimer, C. Roles of activin in tissue repair, fibrosis, and inflammatory disease. Cytokine Growth Factor Rev. 2006, 17, 157–171. [Google Scholar] [CrossRef] [PubMed]

	2. 
Ying, S.Y.; Zhang, Z.; Furst, B.; Batres, Y.; Huang, G.; Li, G. Activins and activin receptors in cell growth. Proc. Soc. Exp. Biol. Med. 1997, 214, 114–122. [Google Scholar] [CrossRef] [PubMed]

	3. 
Hubner, G.; Alzheimer, C.; Werner, S. Activin: A novel player in tissue repair processes. Histol. Histopathol. 1999, 14, 295–304. [Google Scholar] [PubMed]

	4. 
Hayashi, Y.; Maeshima, K.; Goto, F.; Kojima, I. Activin A as a critical mediator of capillary formation: Interaction with the fibroblast growth factor action. Endocr. J. 2007, 54, 311–318. [Google Scholar] [CrossRef] [PubMed]

	5. 
Munz, B.; Smola, H.; Engelhardt, F.; Bleuel, K.; Brauchle, M.; Lein, I.; Evans, L.W.; Huylebroeck, D.; Balling, R.; Werner, S. Overexpression of activin A in the skin of transgenic mice reveals new activities of activin in epidermal morphogenesis, dermal fibrosis and wound repair. EMBO J. 1999, 18, 5205–5215. [Google Scholar] [CrossRef] [PubMed]

	6. 
Aoki, F.; Kurabayashi, M.; Hasegawa, Y.; Kojima, I. Attenuation of bleomycin-induced pulmonary fibrosis by follistatin. Am. J. Respir. Crit. Care Med. 2005, 172, 713–720. [Google Scholar] [CrossRef] [PubMed]

	7. 
Matsuse, T.; Ikegami, A.; Ohga, E.; Hosoi, T.; Oka, T.; Kida, K.; Fukayama, M.; Inoue, S.; Nagase, T.; Ouchi, Y.; Fukuchi, Y. Expression of immunoreactive activin A protein in remodeling lesions associated with interstitial pulmonary fibrosis. Am. J. Pathol. 1996, 148, 707–713. [Google Scholar] [PubMed]

	8. 
Ohga, E.; Matsuse, T.; Teramoto, S.; Katayama, H.; Nagase, T.; Fukuchi, Y.; Ouchi, Y. Effects of activin A on proliferation and differentiation of human lung fibroblasts. Biochem. Biophys. Res. Commun. 1996, 228, 391–396. [Google Scholar] [CrossRef] [PubMed]

	9. 
Ohga, E.; Matsuse, T.; Teramoto, S.; Ouchi, Y. Activin receptors are expressed on human lung fibroblast and activin A facilitates fibroblast-mediated collagen gel contraction. Life Sci. 2000, 66, 1603–1613. [Google Scholar] [CrossRef]

	10. 
Wada, W.; Kuwano, H.; Hasegawa, Y.; Kojima, I. The dependence of transforming growth factor-β-induced collagen production on autocrine factor activin A in hepatic stellate cells. Endocrinology 2004, 145, 2753–2759. [Google Scholar] [CrossRef] [PubMed]

	11. 
Gold, E.J.; Francis, R.J.; Zimmermann, A.; Mellor, SL.; Cranfield, M.; Risbridger, G.P.; Groome, N.P.; Wheatley, A.M.; Fleming, J.S. Changes in activin and activin receptor subunit expression in rat liver during the development of CCl4-induced cirrhosis. Mol. Cell. Endocrinol. 2003, 201, 143–153. [Google Scholar] [CrossRef]

	12. 
Ohnishi, N.; Miyata, T.; Ohnishi, H.; Yasuda, H.; Tamada, K.; Ueda, N.; Mashima, H.; Sugano, K. Activin A is an autocrine activator of rat pancreatic stellate cells: Potential therapeutic role of follistatin for pancreatic fibrosis. Gut 2003, 52, 1487–1493. [Google Scholar] [CrossRef] [PubMed]

	13. 
Yamashita, S.; Maeshima, A.; Kojima, I.; Nojima, Y. Activin A is a potent activator of renal interstitial fibroblasts. J. Am. Soc. Nephrol. 2004, 15, 91–101. [Google Scholar] [CrossRef] [PubMed]

	14. 
Gaedeke, J.; Boehler, T.; Budde, K.; Neumayer, H.H.; Peters, H. Glomerular activin A overexpression is linked to fibrosis in anti-Thy1 glomerulonephritis. Nephrol. Dial. Transplant. 2005, 20, 319–328. [Google Scholar] [CrossRef] [PubMed]

	15. 
Gressner, O.A.; Lahme, B.; Siluschek, M.; Rehbein, K.; Weiskirchen, R.; Gressner, A.M. Intracrine signalling of activin A in hepatocytes upregulates connective tissue growth factor (CTGF/CCN2) expression. Liver Int. 2008, 28, 1207–1216. [Google Scholar] [CrossRef] [PubMed]

	16. 
Shi, Y.; Massague, J. Mechanisms of TGF-β signaling from cell membrane to the nucleus. Cell 2003, 113, 685–700. [Google Scholar] [CrossRef]

	17. 
Fang, L.; Wang, Y.N.; Cui, X.L.; Fang, S.Y.; Ge, J.Y.; Sun, Y.; Liu, Z.H. The role and mechanism of action of activin A in neurite outgrowth of chicken embryonic dorsal root ganglia. J. Cell Sci. 2012, 125, 1500–1507. [Google Scholar] [CrossRef] [PubMed]

	18. 
Wankell, M.; Munz, B.; Hübner, G.; Hans, W.; Wolf, E.; Goppelt, A.; Werner, S. Impaired wound healing in transgenic mice overexpressing the activin antagonist follistatin in the epidermis. EMBO J. 2001, 20, 5361–5372. [Google Scholar] [CrossRef] [PubMed]

	19. 
Yasuda, H.; Mine, T.; Shibata, H.; Eto, Y.; Hasegawa, Y.; Takeuchi, T.; Asano, S.; Kojima, I. Activin A: An autocrine inhibitor of initiation of DNA synthesis in rat hepatocytes. J. Clin. Investig. 1993, 92, 1491–1496. [Google Scholar] [CrossRef] [PubMed]

	20. 
Schwall, R.H.; Robbins, K.; Jardieu, P.; Chang, L.; Lai, C.; Terrell, T.G. Activin induces cell death in hepatocytes in vivo and in vitro. Hepatology 1993, 18, 347–356. [Google Scholar] [CrossRef]

	21. 
Hully, J.R.; Chang, L.; Schwall, R.H.; Widmer, H.R.; Terrell, T.G.; Gillett, N.A. Induction of apoptosis in the murine liver with recombinant human activin A. Hepatology 1994, 20, 854–862. [Google Scholar] [CrossRef] [PubMed]

	22. 
Oshima, Y.; Ouchi, N.; Shimano, M.; Pimentel, D.R.; Papanicolaou, K.N.; Panse, K.D.; Tsuchida, K.; Lara-Pezzi, E.; Lee, S.J.; Walsh, K. Activin A and follistatin-like 3 determine the susceptibility of heart to ischemic injury. Circulation 2009, 120, 1606–1615. [Google Scholar] [CrossRef] [PubMed]

	23. 
Mustapha, S.; Kirshner, A.; de Moissac, D.; Kirshenbaum, L.A. A direct requirement of nuclear factor-κB for suppression of apoptosis in ventricular myocytes. Am. J. Physiol. Heart Circ. Physiol. 2000, 279, 939–945. [Google Scholar]

	24. 
Okada, K.; Minamino, T.; Tsukamoto, Y.; Liao, Y.; Tsukamoto, O.; Takashima, S.; Hirata, A.; Fujita, M.; Nagamachi, Y.; Nakatani, T.; et al. Prolonged endoplasmic reticulum stress in hypertrophic and failing heart after aortic constriction: Possible contribution of endoplasmic reticulum stress to cardiac myocyte apoptosis. Circulation 2004, 110, 705–712. [Google Scholar] [CrossRef] [PubMed]

	25. 
Kimes, B.W.; Brandt, B.L. Properties of a clonal muscle cell line from rat heart. Exp. Cell Res. 1976, 98, 367–381. [Google Scholar] [CrossRef]

	26. 
Ekhterae, D.; Lin, Z.; Lundberg, M.S.; Crow, M.T.; Brosius, F.C.; Núñez, G. ARC inhibits cytochrome c release from mitochondria and protects against hypoxia-induced apoptosis in heart-derived H9c2 cells. Circ. Res. 1999, 85, 70–77. [Google Scholar] [CrossRef]

	27. 
Unger, T.; Li, J. The role of the renin-angiotensin-aldosterone system in heart failure. J. Renin. Angiotensin Aldosterone Syst. 2004, 5, 7–10. [Google Scholar] [CrossRef] [PubMed]

	28. 
Ainscough, J.F.; Drinkhill, M.J.; Sedo, A.; Sedo, A.; Turner, N.A.; Brooke, D.A.; Balmforth, A.J.; Ball, S.G. Angiotensin-II type-1 receptor activation in the adult heart causes blood pressure-independent hypertrophy and cardiac dysfunction. Cardiovasc. Res. 2009, 81, 592–600. [Google Scholar] [CrossRef] [PubMed]

	29. 
Mel’nikova, N.P.; Timoshin, S.S.; Jivotova, E.Y.; Pelliniemi, L.J.; Jokinen, E.; Abdelwahid, E. Angiotensin-II activates apoptosis, proliferation and protein synthesis in the left heart ventricle of newborn albino rats. Int. J. Cardiol. 2006, 112, 219–222. [Google Scholar] [CrossRef] [PubMed]

	30. 
Xu, J.; Wang, G.; Wang, Y.; Liu, Q.; Xu, W.; Tan, Y.; Cai, L. Diabetes- and angiotensin-II-induced cardiac endoplasmic reticulum stress and cell death: Metallothionein protection. J. Cell. Mol. Med. 2009, 13, 1499–1512. [Google Scholar] [CrossRef] [PubMed]

	31. 
Loppnow, H.; Westphal, E.; Buchhorn, R.; Wessel, A.; Werdan, K. Interleukin-1 and related proteins in cardiovascular disease in adults and children. Shock 2001, 16, 3–9. [Google Scholar] [CrossRef] [PubMed]

	32. 
Aoyama, T.; Takimoto, Y.; Pennica, D.; Inoue, R.; Shinoda, E.; Hattori, R.; Yui, Y.; Sasayama, S. Augmented expression of cardiotrophin-1 and its receptor component, gp130, in both left and right ventricles after myocardial infarction in the rat. J. Mol. Cell. Cardiol. 2000, 32, 1821–1830. [Google Scholar] [CrossRef] [PubMed]

	33. 
Pollock, D.M.; Pollock, J.S. Endothelin and oxidative stress in the vascular system. Curr. Vasc. Pharmacol. 2005, 3, 365–367. [Google Scholar] [CrossRef] [PubMed]

	34. 
Verrecchia, F.; Mauviel, A. Transforming growth factor-β signaling through the Smad pathway: Role in extracellular matrix gene expression and regulation. J. Investig. Dermatol. 2002, 118, 211–215. [Google Scholar] [CrossRef] [PubMed]

	35. 
Mahmoudabady, M.; Mathieu, M.; Dewachter, L.; Hadad, I.; Ray, L.; Jespers, P.; Brimioulle, S.; Naeije, R.; McEntee, K. Activin-A, transforming growth factor-β, and myostatin signaling pathway in experimental dilated cardiomyopathy. J. Card. Fail. 2008, 14, 703–709. [Google Scholar] [CrossRef] [PubMed]

	36. 
Yndestad, A.; Ueland, T.; Øie, E.; Florholmen, G.; Halvorsen, B.; Attramadal, H.; Simonsen, S.; Frøland, S.S.; Gullestad, L.; Christensen, G.; et al. Elevated levels of activin A in heart failure: Potential role in myocardial remodeling. Circulation 2004, 109, 1379–1385. [Google Scholar] [CrossRef] [PubMed]

	37. 
Wei, Q.; Wang, Y.N.; Liu, H.Y.; Yang, J.; Yang, C.Y.; Liu, M.; Liu, Y.F.; Yang, P.; Liu, Z.H. The expression and role of activin A and follistatin in heart failure rats after myocardial infarction. Int. J. Cardiol. 2013, 168, 2994–2997. [Google Scholar] [CrossRef] [PubMed]

	38. 
Panse, K.D.; Felkin, L.E.; López-Olañeta, M.M.; Gómez-Salinero, J.; Villalba, M.; Muñoz, L.; Nakamura, K.; Shimano, M.; Walsh, K.; Barton, P.J.; et al. Follistatin-like 3 mediates paracrine fibroblast activation by cardiomyocytes. J. Cardiovasc. Transl. Res. 2012, 5, 814–826. [Google Scholar] [CrossRef] [PubMed]

	39. 
Shimano, M.; Ouchi, N.; Nakamura, K.; Oshima, Y.; Higuchi, A.; Pimentel, D.R.; Panse, K.D.; Lara-Pezzi, E.; Lee, S.J.; Sam, F.; et al. Cardiac myocyte-specific ablation of follistatin-like 3 attenuates stress-induced myocardial hypertrophy. J. Biol. Chem. 2011, 286, 9840–9848. [Google Scholar] [CrossRef] [PubMed]

	40. 
Frey, N.; Olson, E.N. Cardiac hypertrophy: The good, the bad, and the ugly. Annu. Rev. Physiol. 2003, 65, 45–79. [Google Scholar] [CrossRef] [PubMed]

	41. 
Li, S.Y.; Ren, J. Cardiac overexpression of alcohol dehydrogenase exacerbates chronic ethanol ingestion-induced myocardial dysfunction and hypertrophy: Role of insulin signaling and ER stress. J. Mol. Cell. Cardiol. 2008, 44, 992–1001. [Google Scholar] [CrossRef] [PubMed]

	42. 
Mao, W.; Iwai, C.; Liu, J.; Sheu, S.S.; Fu, M.; Liang, C.S. Darbepoetin alfa exerts a cardioprotective effect in autoimmune cardiomyopathy via reduction of ER stress and activation of the PI3K/Akt and STAT3 pathways. J. Mol. Cell. Cardiol. 2008, 45, 250–260. [Google Scholar] [CrossRef] [PubMed]

	43. 
Kaufman, R.J. Orchestrating the unfolded protein response in health and disease. J. Clin. Investig. 2002, 110, 1389–1398. [Google Scholar] [CrossRef] [PubMed]

	44. 
Zhang, W.Q.; Yang, C.Y.; Li, S.M.; Liu, M.; Ding, M.; Liu, G.H.; Yang, P. Lipopolysaccharide induced activin A–follistatin imbalance affects cardiac fibrosis. Chin. Med. J. 2012, 125, 2205–2212. [Google Scholar] [PubMed]

	45. 
Yang, C.; Wang, Y.; Liu, H.; Li, N.; Sun, Y.; Liu, Z.; Yang, P. Ghrelin protects H9c2 cardiomyocytes from angiotensin II-induced apoptosis through the endoplasmic reticulum stress pathway. J. Cardiovasc. Pharmacol. 2012, 59, 465–471. [Google Scholar] [CrossRef] [PubMed]



























© 2017 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/).







media/file21.jpg
3 d "%

2% o 2
k! 0]
'y & w0

B —
o 2%

]

z
H
i
H

- - 5 1 %
~ 01 01 01 o1

Actvin AlngimL)
Ang M)





media/file13.png
*%

-

15-

T
o o]
—

(%)sI192 sisoydody

Activin A(ng/mL)

QQ\ T
%
o
e
6 -l
o
0
.ooo
) ) ] ) J 0
(=3 (=] (=3 (=} o
(=] o) o To)
N - -
(lo13u02 Jo %)
Ajanoe ¢-asedses

Activin A(ng/mL)





media/file18.jpg
Ang W)

288 &85

oom oon

el . EES .

E w5 ERS %

o £ “

§Es8§8°

Gonuoa1o s 150
a

H

1}

T § - ] 1

foaos o sMaEa 199 o o wiumae sasedses






media/file9.png
; 4%

f
"
-

T T
S 0 <
- o o

uiBe}SIod/y UIAROY

-





media/file22.png
CHOP/GAPDH

GRP-78/GAPDH

Fekk

L 1
¥ 1
I
I * Kk " ek |
L F*kk
)
1.59 N kR
¥
1 2
¥ 1
1.0-
0.5-
0.0-
N
1N3
1V

2

L1 Illllll

10’

=B1

LI

2.2%

B2
1.5%

. T lll?m

<—Chop

<—Caspase-12

<= GRP-78

-—=Follistatin

< GAPDH

Caspase-12/GAPDH

L 1
) |
L Kk 1
] |
[
1
Fekk 1
|
bzl 1L Fekek 1
L) ]
I
(]
o
<
Q
£
-
3
2
°
L
[ (]

3

I
(1))
A

1 5.6%

2

Y
=

2
I' I‘IIIIII| 1

N Z 'i” : 2 " . .
RS A RE
l?m T N NEEN LI Illl?m LB L LLI

annexin-V






media/file14.jpg





media/file20.jpg





media/file7.jpg
0

kY w
- S

unelsIoANy uARdY






media/file23.png
1V 41N3

§B1 o B2 d B B2

121% 2.1% 11.6% 2.14%
102—5 kR ) 102_§ '
101_: J E

g & 107 X

: E

1
(13 0
annexin-V annexin-V

1N3

“B1 B2

4 1.6% 1.2%
102—g
10— :

1
10°—

Apoptosis cells(%)

annexin-V
1 *%k%* 1
L) L}
N * %k 1
L} L}
N kK 1
| |}
g kkk g0 KRk,
v L} | J
1 0- *%*

5 10 50 Activin A(ng/mL)
0.1 0.1 0.1 Angll(uM)





media/file5.png
SO(x200) MI (x200) SO (x400) MI(x400)

A

ivin

Act






media/file19.png
20
00-

(1043u09 jo 9% )ANjIqeIA |20

Q

2

-—

©

3 Control

1 0.01

O

M

H
H
¥

A
*kk

Tk

“

N

w
Ang li(pM)

*
e

oo
>

*k

3
oy
-II

m o
(loa3u09 Jo %, )ApqelA 18D

100-

8 8 § & °

Ang li(uM)

(10

EY @@ 48h

ST s 21
=| = 72h

|$$|

|

|

=

[ T
=
(=]

m L=
o~

(jonjuo9 jo 9, )Apnijoe ¢-asedsed

L'

150
1004 ™

Ko

©

3 Control

] 0.01
8 0.1
1

{

) )
mmc
1

(joajuod jo 9, )AuAnoe ¢-asedsed

200+
50

Ang li(pM)

Ang lI(pM)





media/file11.jpg
(%)slied sisoydody

Activin A(ng/mL)

200

o

g & @
(1o13u09 jo %)
Ayanoe g-asedses

Activin A(ng/mL)





media/file15.jpg
Apoptosis cols()  ©






media/file2.jpg
o §8F8E 5 FE3EEC

P~ ey

83

uneIsiioAY UMY

® i § § 8 -

ey wasy






nav.xhtml


  ijms-18-00374


  
    		
      ijms-18-00374
    


  




  





media/file6.jpg





media/file1.png
SO MI1TW MI4W  MI8W






media/file16.png
- Chop

<= Caspase-12

< GRP-78

== Follistatin

- GAPDH
B a
1.5-
< 5
g g 1.0+
© =
(=8
9 i 0.5-
0.0-
‘-
qf ﬁ "-.# *ﬁ o
C & F & C
© +Activin A
c d
1.5- -
T o
o 2
5
4 e
& E
E =
& i
9 5
10’%1 82
12.0% 1.3%
102—§
10

annexin-V





media/file10.jpg
a5 b % )
(1 y oz am
I .
= ; =
=
0947 3 ]
S annexin-V.
ke B FRe B
o Son o B
] 0
= =
& g &
w0 s w0 Jasn, s
S i 2
e % 0% =
Foen v T
0 s
=0
. 1 (802%
S Dt i






media/file24.png





media/file12.png
P

—_

B1
1 0.9%

Ll lIlllll

llllll

B2
3.8%

B3

L1

Ll lllllll

94.7%

(>

—

P

annexin-V

oy

L] Ll LI I B ] “?01. ..""?02. LI B AL
annexin-V
103
=B1 B2
11.3% 5.0%
102~ |
10"
B3 -
10°— 93.3%
L ] '...?d) LI N ..?01 LI Illll?o2 LRl
annexin-V
03
“B1 B2
1 0.6% 4.1%
0%
10"—g
]
10°—
l?d) LB LA LBl

— —
R <%
Ly

Ll lllllll

PI

—

e
lllll

0.2%

—
<

Ll lll[[ll

.?00 i TREALL S

annexin-V
10°
d 1 B2
0.6% 5.1%
102
a 1()1—E
B3
10°— 93.89
. L | Illl?m LI B | II?01 | | L | Illll?o2
annexin-V
10°
f  B1 B2
10.2% 11.5%
10—
a 101—E
B3
100; 88.2%"

'.";'...;'.il —rr

annexin-V

R PRk





media/file3.png
500+

HHH

ek

##

AL mmso

400-

—

- M

jw/6d) uneysijjod

d
200-

2

— —

(lw/Brd) v iAoy

3 s
on
%5
P
< %,
£
S 8 g 8
[Ty ] = [ar] o~ -
(1w/Bu) || Buy
=
on
<
;¥

ke
H#H
o

S

o Q o o
o™~

=]
(/6d)dNg

801

H

1
ot
=}

1 1
< N
o o

uljejst|iod/v Ay

Q
o





media/file17.png
3
3

- 0 0,

1 1.4% 1.4% T1.2% e
10'—§ 3 107
10 5 10—

B3 i
10°= s B3 .o

- 395.3% i

annexin-V

10

1.7%

[B2

1.4%

annexin-V
D
151
9
2 104
(1]
o
0
7
S
o 9
(@]
o
<L
0-

annexin-V
10°
f & B2
11.3% 1.3%
107
& 10 =
B3

2

L1l llllll

94.4% . :

annexin-V

+Activin A





media/file4.jpg
$S0(x200) MI (x200) SO (x400) Mi(x400)

o -






media/file8.png
—— - Caspase-3

s < GRP-78
— — —— S — T — -— Caspase_ 12

e m— e | — —Chop

S esasam — BNP

< Follistatin

[RSE—— - Activinf A

GRP-78/GAPDH

CHOP/GAPDH

BNP/GAPDH

Caspase-3/GAPDH

*kk

*kk

— - GAPDH

AAA
" B8 SO
— | M

%

3 SO
- | M

*kk

Caspase-12/GAPDH

Follistatin/GAPDH

Activin A/IGAPDH

0.8

0.6+

0.4

0.2

0.0-

1.5

1.0

0.5+

1.5

1.0

4

4

4

K>

K2

%

s = B8 SO

%

*kk

%

*%

*kk

%





media/file0.jpg
SO MI1MW MI4W MI8W

ec@®






