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Abstract: Pathological remodeling is the main detrimental complication after myocardial infarction
(MI). Overproduction of reactive oxygen species (ROS) in infarcted myocardium may contribute to
this process. Adequate exercise training after MI may reduce oxidative stress-induced cardiac tissue
damage and remodeling. SET and MYND domain containing 1 (Smyd1) is a muscle-specific histone
methyltransferase which is upregulated by resistance training, may strengthen sarcomere assembly and
myofiber folding, and may promote skeletal muscles growth and hypertrophy. However, it remains
elusive if Smyd1 has similar functions in post-MI cardiac muscle and participates in exercise-induced
cardioprotection. Accordingly, we investigated the effects of interval treadmill exercise on cardiac
function, ROS generation, Smyd1 expression, and sarcomere assembly of F-actin in normal and
infarcted hearts. Adult male rats were randomly divided into five groups (n = 10/group): control (C),
exercise alone (EX), sham-operated (S), MI induced by permanent ligation of left anterior descending
coronary artery (MI), and MI with interval exercise training (MI + EX). Exercise training significantly
improved post-MI cardiac function and sarcomere assembly of F-actin. The cardioprotective effects
were associated with increased Smyd1, Trx1, cTnI, and α-actinin expression as well as upregulated
ratio of phosphorylated AMP-activated protein kinase (AMPK)/AMPK, whereas Hsp90, MuRF1,
brain natriuretic peptide (BNP) expression, ROS generation, and myocardial fibrosis were attenuated.
The improved post-MI cardiac function was associated with increased Smyd1 expression. In cultured
H9C2 cardiomyoblasts, in vitro treatment with H2O2 (50 µmol/L) or AMP-activated protein kinase
(AMPK) agonist (AICAR, 1 mmol/L) or their combination for 4 h simulated the effects of exercise
on levels of ROS and Smyd1. In conclusion, we demonstrated a novel role of Smyd1 in association
with post-MI exercise-induced cardioprotection. The moderate level of ROS-induced upregulation of
Smyd1 may be an important target for modulating post-MI cardiac function and remodeling.

Keywords: myocardial infarction; exercise; histone methyltransferase; oxidative stress; myocardial
remodeling; cardioprotection

1. Introduction

Myocardial infarction (MI) is usually initiated by myocardial ischemia, which induces
overproduction of reactive oxygen species (ROS) in the ischemic region and surrounding
myocardium [1,2]. The excessive levels of ROS after MI can directly disrupt cardiac cell membranes
and in turn lead to necrotic cell death in the infarcted myocardium [3]. The heart ischemic injury
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would further elicit pathological cardiac remodeling, which includes cardiomyocyte compensatory
hypertrophy in the peri-infarcted area and cardiac fibrosis [4,5]. Although this compensatory response
of cardiomyocytes may temporarily maintain cardiac contractile function, progressive cardiomyocyte
hypertrophy may lead to decompensation and deterioration of cardiac function and eventually causes
malignant arrhythmias and even heart failure (HF) [6]. Because of its suggested key role in mediating
left ventricle (LV) remodeling after MI [3], control or reduction of oxidative stress has been a primary
therapeutic target to alleviate post-MI cardiac pathological remodeling and contractile dysfunction.

SET and MYND domain containing 1 (Smyd1) is a histone methyltransferase specifically expressed
in skeletal muscle and myocardium [7–9]. Smyd1 has been reported to play a crucial regulatory
role in differentiation and maturation of skeletal and cardiac muscle cells [10–12], especially in
sarcomere formation and assembly, muscle fibers composition, and myogenesis during cardiogenesis
and ventricular development [13]; however, its role in the adult heart remains poorly understood.
It was recently demonstrated that Smyd1 was significantly upregulated in a mouse model of pressure
overload-induced HF and that cardiac-specific Smyd1 knockout mice developed cardiomyocyte
hypertrophy that led to significant structural remodeling and severe HF [14]. On the other hand,
Smyd1 was required for maintaining cardiomyocyte proliferation during the embryonic heart
developmental stages and loss of Smyd1 led to lethal consequences [11]. Moreover, Franklin et al.
recently suggested a role of Smyd1 as a positive regulator of cardiac metabolism and that activation of
Smyd1 can prevent pathological cell growth [14]. Nevertheless, to our best knowledge, there was no
previous report revealing changes and functional role of Smyd1 in post-MI heart.

ROS participates in the regulatory process of cardiomyocyte hypertrophy by activating
stress-related nuclear transcription factors [15–17]. Thioredoxin 1 (Trx1), one of the key redox
regulatory proteins, may reflect the redox state of cells and may serve as an important marker of
oxidative stress [17,18]. Trx1 could also scavenge H2O2 and convert oxidative thioredoxin peroxidase
into monomeric morphology, an indicator of oxidative stress-induced cellular injury [19]. It was
reported that overexpression of Trx1 increased Smyd1 expression and oxidative stress tolerance in the
mouse heart [18]. However, whether acute MI-induced oxidative stress significantly alters cardiac
expression of Trx1 and Smyd1, which in turn modulate cardiomyocyte compensatory hypertrophy
and/or pathological remodeling, remains largely unknown.

Furthermore, appropriately employed post-MI exercise training has been recommended for
effective reduction of MI-associated complications and for improving cardiac function and physical
activity rehabilitation in patients with MI [20]. Exercise intervention may stimulate angiogenesis
in the ischemic heart, improve myocardial cell metabolism, and reduce oxidative injury caused by
cardiac ischemia [21]. Exercise can also attenuate inflammation and limit scar thinning after MI [22].
Despite various modalities and mechanisms of exercise training having been studied in injured
hearts [23–25], whether Smyd1 plays a role in cardioprotective effects of post-MI exercise training
on oxidative stress and myocardial hypertrophy/remodeling in infarcted hearts remains elusive.
Under this context, the purpose of our present study is to investigate the potential role of Smyd1 in
post-MI ventricular remodeling and dysfunction and the potential benefits of post-MI exercise training
by means of our established in vivo rat model of MI. Additional series of in vitro experiments were also
conducted in H9C2 rat cardiomyoblasts using 5-amino-1-β-d-ribofuranosyl-imidazole-4-carboxamide
(AICAR), a widely used activator of adenosine monophosphate (AMP)-activated protein kinase
(AMPK), which is an important regulator of cell metabolism and energy sensor. The use of AICAR is
to simulate a common action of various types of physical exercise, i.e., AMPK activation [26].

2. Results

2.1. Post-MI Exercise Training Enhanced Myocardial Smyd1 Expression and Reduced Oxidative Stress

In non-MI rats, exercise training significantly upregulated Smyd1 mRNA and protein expression
(p < 0.01 group exercise alone (EX) vs. control group (C), Figure 1A–D), which was associated with
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improved cardiac contractile function, i.e., increase in left ventricular systolic pressure (LVSP) and
±dp/dtmax and decrease in left ventricular end-diastolic pressure (LVEDP) (p < 0.01, Figure 1G–J).
Exercise training significantly increased the phosphorylation level of AMPK as compared with the
controls (p < 0.01, Figure 1E), and there was a positive correlation between the ratio of p-AMPK/AMPK
and the level of Smyd1 protein expression (p < 0.01, Figure 1F). In the hearts of the MI group, the level
of oxidative stress (indicated by malondialdehyde (MDA) levels) significantly elevated along with
a ROS-triggered adaptive increase in antioxidant enzyme Trx1 expression (p < 0.01, Figure 2A–C),
as compared with the sham-operated group. Exercise training reduced MDA and Trx1 expression
(p < 0.01) in post-MI hearts. Smyd1 mRNA and protein expression significantly increased in the MI
group as compared with the sham-operated (S) group (Figure 2D–G), whereas Smyd1 expression was
further upregulated in the MI with interval exercise training (MI + EX) group (p < 0.01 vs. the MI
group, Figure 2D–G).
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Figure 1. Effects of exercise training on cardiac expression of Smyd1 and cardiac function in healthy
normal rats without myocardial infarction (MI): (A) representative immunofluorescence staining images
of rat heart sections from the healthy control (C) and exercise (EX) groups. Smyd1 was stained in red
fluorescence, and the nuclei were stained with DAPI (4′,6-diamidino-2-phenylindole) in blue color
(scale bar = 100 µm); (B) Integrated optical density (IOD) of Smyd1 (as a ratio normalized with IOD of
DAPI); (C,D) Smyd1 mRNA levels assessed with RT-qPCR (C) and Smyd1 protein expression assessed
with Western blots (D) in the heart tissues; (E) ratio of phosphorylated AMP-activated protein kinase
(p-AMPK) and total AMPK protein expression; (F) correlation analysis among Smyd1 expression and the
ratio of p-AMPK/AMPK; and (G–J) effects of exercise training on cardiac function parameters. Data are
expressed as mean± Standard Deviation (SD), n = 5/group (B–E) or n = 10/group (F–J). Symbols indicate
** p < 0.01. Abbreviations: LVSP, left ventricular systolic pressure; LVEDP, left ventricular end-diastolic
pressure; and ±dP/dtmax, the maximal rate of rise or decline of left ventricular pressure.
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Figure 2. mRNA and protein expression of Smyd1 (SET and MYND domain containing 1),
Trx1 (thioredoxin 1), MuRF1 (muscle RING-finger protein-1), and HSP90 (heat shock protein 90)
and antioxidant capacity in the post-MI rat hearts: (A) Malondialdehyde (MDA) content in the infarcted
myocardium; (B,C) mRNA level assessed by RT-qPCR (B) and protein level assessed by Western blot
(C) of Trx1 in the infarcted myocardium; (D) immunofluorescent staining with Smyd1 (red color) and
DAPI (blue color) in the sections from peri-infarcted area of heart (scale bar = 100 µm); (E) Integrated
optical density (IOD) of Smyd1 (as a ratio normalized with IOD of DAPI); (F,G) Smyd1 mRNA levels
assessed with RT-qPCR (F) and Smyd1 protein expression assessed with Western blots (G) in the heart;
(H–K) mRNA assessed with RT-qPCR (H,J) and protein expression assessed with Western blots (I,K) of
MuRF1 and HSP90 respectively in the heart tissues; (L) the ratio of phosphorylated AMPK (p-AMPK)
and total AMPK protein expression; and (M) correlation analysis among Smyd1 expression and the
ratio of p-AMPK/AMPK. Data are expressed as mean ± Standard Deviation (SD), n = 5/group (graphs
A to L, except D) or n = 15/group (M). Symbols indicate * p < 0.05 and ** p < 0.01. Abbreviations:
S, Sham group; MI, MI alone group; and MI + EX, post-MI exercise training group.

Furthermore, protein and mRNA expressions of Hsp90 and MuRF1, two key factors that participate
in ubiquitin degradation of proteins in myocardium [27,28] significantly increased in the MI group
(p < 0.01 vs. the S group, Figure 2H–K) and was downregulated in the MI + EX group (p < 0.01 vs. the
MI group), indicating an inhibitory effect of exercise training on ubiquitin degradation of proteins in
post-MI hearts. The phosphorylation levels of AMPK were upregulated in the MI and MI + EX groups
(p < 0.01 or p < 0.05 vs. group S, respectively, Figure 2L). There was also a positive correlation between
the ratio of p-AMPK/AMPK and the level of Smyd1 expression (p < 0.01, Figure 2M).
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2.2. Post-MI Exercise Training Promoted Compensatory Cardiomyocyte Hypertrophy

Cross-sectional areas (CSAs) of surviving cardiomyocytes in the peri-infarcted area were
significantly enlarged in the MI group as compared with the S group (p < 0.01, Figure 3A,B).
CSA further increased in the MI + EX group as compared with the MI group (p < 0.01, Figure 3A,B).
These results suggested that MI triggered a compensatory hypertrophic response in the surviving
cardiomyocytes, which was further enhanced by post-MI exercise training. Pearson correlation
analysis revealed a significant positive correlation between CSA and Smyd1 expression (p < 0.01, n = 15,
Figure 3E), suggesting a possible association of between cardiac Smyd1 expression and exercise-induced
cardiomyocyte hypertrophy.
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Figure 3. Effects of post-myocardial infarction (MI) exercise training on cardiomyocyte size in
infarcted rat hearts: (A) Hematoxylin eosin (HE)-stained heart sections from the peri-infarcted
area (scale bar = 100 µm); (B) quantification of the surviving cardiomyocyte cross-sectional area
(CSA, n = 5/group); (C) Fluorescein isothiocyanate (FITC)-phalloidin-stained heart sections from the
peri-infarcted area of myocardium (scale bar = 100 µm); (D) Integrated optical density (IOD) of F-actin in
the peri-infarcted area of myocardium (n = 5/group); (E) correlation analysis among Smyd1 expression
and CSA in cardiomyocytes (n = 15); and (F,G) Western blot analysis of cTnI (F) and α-actinin (G) in
the infarcted myocardium (n = 5/group). Data are expressed as mean ± Standard Deviation (SD).
Symbols indicate ** p < 0.01. Abbreviations: S, Sham group; MI, MI alone group; and MI + EX, post-MI
exercise training group.

Furthermore, cardiac expressions of cTnI, α-actinin, and F-actin were significantly reduced in
the MI group (p < 0.01 vs. the S group, Figure 3C,D,F,G) and post-MI exercise training significantly
restored cTnI (p < 0.01 vs. the MI group, Figure 3F), α-actinin (p < 0.01, Figure 3G), and F-actin
(p < 0.01, Figure 3C,D) levels in the heart. These results confirmed the difference between MI-induced
hypertrophic response in surviving cardiomyocytes and exercise-induced hypertrophy, which was
associated with improved myocardial cytoskeleton protein expression.

2.3. Smyd1 Expression and Post-MI Cardiac Function

MI significantly increased the collagen volume fraction (CVF) level and BNP protein expression
in the heart (p < 0.01 vs. the S group, Figure 4A–C) and resulted in LV dysfunction manifested as
significantly declined LVSP and±dP/dtmax and elevated LVEDP (p < 0.01 vs. the S group, Figure 4D–G).
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Post-MI exercise training reduced the CVF level (p < 0.01, Figure 4A,B) and downregulated BNP
expression (p < 0.05 vs. the MI group, Figure 4C). The beneficial effects of exercise training were
associated with improved LV function (p < 0.01, Figure 4D–G).
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Figure 4. Effects of post-myocardial infarction (MI) exercise training on cardiac fibrosis and ventricular
function: (A) Masson’s trichrome staining of cardiac tissue section for fibrosis evaluation. Images of
cardiac muscle fibers (red color), collagen fibers (blue color), and nuclei (dark brown color) indicate the
levels of fibrosis (scale bar = 100 µm); (B) quantitative analysis of collagen volume of fraction (CVF) in
the post-MI rat hearts (n = 5/group); (C) Western blotting analysis of brain natriuretic peptide (BNP)
expression in the infarcted myocardium (n = 5/group); and (D–G) effects of post-MI exercise training
on cardiac function parameters (n = 10/group). Data are expressed as mean ± Standard Deviation
(SD). Symbols indicate ** p < 0.01. Abbreviations: LVSP, left ventricular systolic pressure; LVEDP, left
ventricular end-diastolic pressure; and ±dP/dtmax, maximal rate of rise or decline of left ventricular
pressure. Abbreviations of groups: S, Sham group; MI, MI alone group; and MI + EX, post-MI exercise
training group.
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2.4. Moderate Oxidative Stress Induced Cell Hypertrophy as Well as Trx1 and Smyd1 Expression in H9C2
Cardiomyoblasts In Vitro

Since low-concentrations of ROS induce cardiomyocyte growth [29,30], we treated H9C2 cells with
various concentrations (20–300 µmol/L) of H2O2. We found a threshold concentration of 100 µmol/L
H2O2 at which the cell survival rate started to decline along with abnormal morphologic changes.
Cell volume, a marker of cell hypertrophy, increased significantly in all H2O2-treated groups as
compared with the C group, except the H300 group. The H50 group had the largest cell volume
(Figure 5A). Using 2′,7′-dichlorofluorescein diacetate (DCFH-DA) staining, we further quantitatively
confirmed the dose-dependent intracellular ROS accumulation under different concentrations of H2O2

(20–300 µmol/L; Figure 5B).
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Figure 5. Effects of H2O2 on H9C2 cell size and Smyd1, Trx1, and F-actin expression: (A) cell
morphology, volume, and survival rate following various concentrations of H2O2 in H9C2 cells
(scale bar = 100 µm); (B) the level of intracellular reactive oxygen species (ROS) generation in H9C2
cells from control and H2O2 intervention groups was measured by 2′,7′-dichlorodihydrofluoresein
diacetate (DCFH-DA) staining followed by quantification of fluorescence intensity; and (C–E) mRNA
assessed with RT-qPCR and protein expression assessed with Western blots of α-actinin (C), Trx1 (D),
and Smyd1 (E). Graph (F) shows immunofluorescence microscopy of cTnT (green color), Smyd1 (red
color), and FITC-phalloidin (green color) in H9C2 cells, whereas the nuclei were stained by DAPI
(blue color); scale bar = 200 µm. Data are expressed as mean ± Standard Deviation (SD), n = 5/group.
Symbols indicate * p < 0.05 and ** p < 0.01. Abbreviations: C, Untreated control group and H20, H50,
H100, H200, and H300, H9C2 cells treated with 20, 50, 100, 200, and 300 µmol/L H2O2, respectively.
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As shown in Figure 5D, both protein and mRNA expressions of Trx1 were significantly elevated
in the H50, H100, and H200 groups but decreased in the H300 group, as compared with the C group.
Since Trx1 was reported to regulate Smyd1 expression [18] and in turn affect sarcomere organization in
cardiomyocytes, we also examined mRNA and protein expressions of Smyd1 and found a significant
increase of Smyd1 in the H20 and H50 groups but decreases in the H100, H200, and H300 groups
(Figure 5E). Such dose-dependent effects of H2O2 were also seen in α-actinin expression (Figure 5C)
and FITC-phalloidin (an indicator of F-actin level; Figure 5F) in H9C2 cells.

2.5. Effects of AICAR on H9C2 Cell Hypertrophy and Smyd1 Expression

We further investigated if treatment with AICAR (a widely used AMPK activator to simulate the
key metabolic effect of exercise) would replicate the effects of exercise training in cardiac cells in vitro.
We observed that low-dose H2O2 (50 µmol/L), AICAR (1 mmol/L), and H2O2 + AICAR increased cell
volume (Figure 6A,B) and expression of Smyd1 (Figure 6C,D and Figure 7A) and F-actin (Figure 6E–G).
AICAR or its cotreatment with H2O2 were more effective at increasing cell volume and expressions of
Smyd1 and F-actin than H2O2 alone (Figure 6A–F and Figure 7A). Contrary to the H2O2-upregulated
Hsp90 and MuRF1 and -downregulated cTnI and α-actinin, AICAR alone or in combination with H2O2

reduced Hsp90 and MuRF1 and increased cTnI and α-actinin (Figure 7B–E). These results indicated that
AMPK activation with AICAR was more effective than low-dose H2O2 at triggering cell hypertrophic
growth and suppression of protein degradation.
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Figure 6. Effects of H2O2 and AMP-activated protein kinase (AMPK) agonist (AICAR) on cell
volume, F-actin and reactive oxygen species (ROS) in H9C2 rat cardiomyoblasts in vitro: (A,B) cell
morphology and volume of H2O2, AICAR, or H2O2 + AICAR-treated H9C2 rat cardiomyoblasts
(scale bar = 100 µm); (C,D) immunofluorescence staining of Smyd1 (red color, graph C) and integrated
optical density (IOD, graph D). The nuclei of cells were stained by DAPI (blue color), scale bar = 200 µm;
(E,F) immunofluorescence staining of FITC-phalloidin (green color, graph E) and IOD in H9C2 cells
(graph F, scale bar = 400 µm); (G) representative images showing ROS generation levels under
various treatment conditions; and (H) quantified fluorescence intensity. Data are expressed as mean
± Standard Deviation (SD), n = 5/group. Symbols indicate * p < 0.05 and ** p < 0.01. Abbreviations:
C, Untreated control group; H, H2O2-treated group; A, AICAR-treated group; and HA, H2O2 + AICAR
cotreated group.
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Figure 7. Effects of H2O2 and AICAR on expression of Smyd1 and cytoskeleton-associated proteins in
H9C2 rat cardiomyoblasts in vitro: Western blot results of Smyd1 (A), HSP90 (B), MuRF1 (C), cTnI (D),
and α-actinin (E) expressions in H9C2 cells. Data are expressed as mean ± Standard Deviation (SD),
n = 5/group. Symbols indicate * p < 0.05 and ** p < 0.01. Abbreviations: C, Untreated control group;
H, H2O2-treated group; A, AICAR-treated group; and HA, H2O2 + AICAR cotreated group.

3. Discussion

The salient findings of the present study include the following: (1) Post-MI exercise training
promoted physiological hypertrophy in cardiomyocyte and improved LV contractile function.
(2) The cardioprotective effects of exercise training were associated with enhanced Smyd1 expression,
suggesting a potential role of Smyd1 in cardioprotection against post-MI pathological remodeling and
contractile dysfunction. (3) In cultured H9C2 cardiomyoblasts, moderate oxidative stress (with low-dose
H2O2) or AMPK activation (with AICAR), i.e., two key contributing factors of exercise-induced
cardioprotection, alone or in combination, induced cell hypertrophy and upregulated Trx1 and
Smyd1 expression.

Previous studies demonstrated that MI leads to the early phase of cardiac cell necrosis/apoptosis
and LV dysfunction and then the subsequent chronic phases of compensatory hypertrophy and fibrosis
in survived myocardium and eventually to pathological remodeling and devastating outcomes of heart
failure [3,31,32]. Protection of the survived cardiomyocytes to improve LV function in the post-MI heart
have been a focal topic of cardiovascular research. Among many investigated strategies, supervised
aerobic exercise has been recommended for improving cardiac function and quality of life in post-MI
patients [33]. As compared with sustained low-intensity exercise, high-intensity interval exercise is
more effective for improvement of aerobic capacity, anaerobic threshold, and endothelial and cardiac
function in patients with heart disease [25,34]. The safety profile of post-MI exercise has been well
documented as a cardiac rehabilitation modality in patients with MI or heart failure [35–37]. The results
of our present rodent study essentially confirmed the utility of post-MI exercise training in reducing
cardiac fibrosis and BNP expression, a sensitive biomarker for heart failure [38,39] and improving
LV function.

Oxidative stress after MI plays a pathogenic role in post-MI cardiac remodeling [3,40].
Overproduction of ROS following MI may lead to disruption in cell membrane integrity and increased
permeability that causes leakage of intracellular enzymes, and necrosis and invasion of extracellular
harmful substances into intracellular space [41]. However, moderate levels of ROS participate in cell
signaling transduction that regulates cell growth and survival [29,30] and a delicate balance for optimal
levels of ROS is critical for maintaining cardiac health and function. The precise regulatory mechanisms
involving post-MI ROS generation and myocardial remodeling remain incompletely understood.
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Under this context, identification of Smyd1 as a potential participant for exercise-induced
cardioprotection could be a novel and important finding. Whereas Smyd1 was mainly explored for
its function in embryonic development, it was also postulated to be associated with skeletal muscle
hypertrophy after exercise [7,42]. Physical stimulation such as resistance training can upregulate Smyd1,
further strengthen sarcomere assembly and myofiber folding, and in turn promote physiological
growth and hypertrophy of skeletal muscle [9,42,43]. Nevertheless, to our best knowledge, the present
study is the first to reveal the post-MI exercise training-enhanced Smyd1 expression in myocardium
and its significant positive correlation with myocardial physiological hypertrophy response and
improvement of LV contractile function parameters. Smyd1 is a histone methyltransferase that
participates in the regulation of myofibrillary maturation and sarcomere assembly, which are essential
for muscle contraction [13]. Smyd1 regulates expression of myosin and its associated proteins
such as Hsp90 and Unc-45 during myofibrils formation [7,44]. Overexpression of Smyd1 may be
associated with shifts and expression of some key cardiac cytoskeletal, which ultimately translate
into contractile forces in the developmental maturation of cardiomyocytes [45]. Smyd1 is also related
to Trx1, a known ROS scavenger [19], because induction of cardiac expression of Smyd1 following
pressure-overload via thoracic aortic constriction was more pronounced in transgenic mice with
cardiac-specific overexpression of Trx1 as compared with wild-type control mice [18]. Smyd1 may also
modulate endoplasmic reticulum (ER) stress response [11] and Hsp90, a molecular chaperone that is
involved in Smyd1-regulated sarcomere assembly [10].

Furthermore, MuRF1, an E3 ubiquitin ligase involved in degradation of sarcomeric proteins in
skeletal muscle [46], also regulates degradation of cardiac cytoskeletal proteins such as cTnI, myosin,
and actin ubiquitin [47] as well as size and contractility of cardiomyocytes [28]. Our present study
provided direct evidence for MI-induced cardiomyocyte compensatory hypertrophy and upregulation
of MuRF1. The cell hypertrophic growth is usually associated with enhanced protein synthesis and
attenuated protein degradation [48,49]. The post-MI exercise training-induced Smyd1 along with
reduced MuRF1 may suggest that exercise not only triggers hypertrophic response but also inhibits
pathological remodeling in infarcted hearts. Along with MuRF1, Hsp90, a molecular chaperone
involved in Smyd1b-regulated sarcomere assembly [10], was upregulated following MI. Post-MI
exercise training inhibited Hsp90 expression as well.

There is a consensus that exercise-induced cardioprotection is multifactorial [50]. Suppression of
cellular oxidative stress under various myocardial pathologies (including MI) has been a predominantly
suggested mechanism in the literature for the past 10+ years [51–54]. Our current results conceptually
support the notion that exercise training enhances antioxidant defense in post-MI hearts. The reduced
oxidative stress level would consequently promote cardiomyocyte cytoskeleton protein expression
and sarcomere assembly in post-MI hearts.

It is notable that our abovementioned in vivo heart data were further validated in cultured
cardiac cells in vitro. In H9C2 cells, we observed that mild oxidative stress with low concentrations of
H2O2 (50 µmol/L) triggered cell hypertrophic growth and induced cytoskeleton proteins (cTnI and
F-actin) that are important in controlling cardiomyocyte contractile function [55] and formation of
myofiber and intercellular connections [56,57]. Moderate ROS also upregulated Trx1 and Smyd1 in
H9C2 cells, similar to what we found in intact hearts following exercise training. Despite excessive
oxidative stress after MI being a contributing factor for cardiac remodeling [3,40], due to its action
to increase cell permeability and trigger cell injury signaling pathways [41], ROS may also induce
cardiac angiogenesis [58] and cardioprotection [59,60] in a dose-dependent manner. Indeed, here, we
found that 50-200 µmol/L H2O2 increased Trx1 expression and 300 µmol/L H2O2 led to cell death.
Another interesting finding of the present study is the induction of Smyd1 by AICAR, a widely used
AMPK activator and exercise memetic in H9C2 cardiomyoblasts. AICAR-induced cytoprotective
effects were also superior to those afforded by low-dose H2O2, again indicating the multifactorial
genesis of cytoprotection by AICAR or presumably exercise.
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Taken together, our present study has focused on the novel role of Smyd1 in post-MI
exercise-induced cardioprotection. Smyd1 was linked to skeletal muscle hypertrophy after exercise [43].
Stress stimulation, such as resistance training, upregulates the alternative splicing of Smyd1,
further strengthens myofiber assembly and folding, and promotes physiological hypertrophic growth of
skeletal muscle [9,42,43]. The association found in our present study between increased cardiac Smyd1
expression and improved LV systolic and diastolic function further suggested a similar regulatory
role played by Smyd1 in both skeletal and cardiac muscles under either physiological (exercise) or
pathological (MI) stressors.

Nevertheless, several limitations exist in our present study. For example, despite the in vivo and
in vitro evidence provided on induction of Smyd1 by exercise, H2O2, or AICAR, we are only able to
demonstrate a close association of Smyd1 induction with other cytoprotective molecules/biomarkers.
Future studies are necessary to validate a causative relationship between Smyd1 and cardioprotection
under post-MI exercise by means of generation and use of cardiac-specific Smyd1 knockout mice. In the
present study, our assessment of LV function relied on an invasive measurement of LV pressure under
surgical anesthesia at a single terminal time-point of the experiment protocol. Future studies would be
ideal to combine with a noninvasive imaging approach such as rodent echocardiography, which can
monitor LV contractile function decline and recovery as well as changes in ventricular wall thickness
at multiple time points during the post-MI recovery period in addition to the terminal LV pressure
measurements, for a more comprehensive assessment of post-MI cardiac function. Further in-depth
studies are also needed to find out how Smyd1 regulates cardiomyocyte sarcomere assembly in post-MI
heart. The potential interaction between Trx1 and Smyd1 is another interesting topic for more in-depth
investigation. Furthermore, given the fact that cardiomyoblasts contribute to cardiac fibrosis after MI
(see the review of Chen and Frangogiannis [61] for more details), further in-depth study is warranted
to elucidate if induction of cell cycle arrest of cardiomyoblasts or reduction of their proliferation by
post-MI ROS generation and exercise-associated oxidative stress may be a beneficial factor underlying
the improvement of post-MI cardiac function by exercise training.

4. Materials and Methods

4.1. Animals

Adult male Sprague–Dawley rats (180–220 g, 3 months old) were purchased from the Laboratory
Animal Centre of Xi’an Jiaotong University (Xi’an, China). The animals were housed in a
temperature-controlled room (22–24 ◦C, humidity 50–65%) with free access to rodent chow food
and water. After one week of acclimatization, rats were randomly assigned into the groups with sham
or MI surgery. The animal experiment protocols were reviewed and approved by the Institutional
Animal Care and Use Committee (Project ID 201916003; Approval Date: 7 July 2019) of Shaanxi Normal
University (Xi’an, China). The morphometric characters of the animals are presented in Table 1.

Table 1. Morphometric characters of the animals at pre-experiment baseline and at the end of protocol.

Group Body Weight Basal (g) Body Weight at End (g) Heart Weight (mg) Heart Rate (bpm)

C 206.9 ± 5.2 329.3 ± 7.9 1009.8 ± 20.2 427 ± 28
EX 204.9 ± 4.0 352.1 ± 14.4 NN 1241.3 ± 17.0 NN 412 ± 19 NN

S 209.2 ± 3.3 325.1 ± 7.6 984.2 ± 56.3 425 ± 29
MI 212.6 ± 2.6 327.2 ± 9.6 1044.0 ± 36.7 • 452 ± 26 •

MI + EX 215.7 ± 4.3 340.7 ± 10.2 1209.8 ± 18.7 FF 413 ± 22 FF

C, Control group; EX, Exercise alone group; S, Sham-operated group; MI, Myocardial infarction group; MI + EX,
MI with post-MI interval exercise training group. The values are Mean ± Standard Deviation (SD), n = 10/group.
Symbols: NN p < 0.01 versus Group C; • p < 0.05 versus Group S;FF p < 0.01 versus Group MI.
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4.2. In Vivo Model of Myocardial Infarction and Post-MI Intervention with Exercise Training

All in vivo animal experiments were conducted in the Laboratory of Exercise and Cardiovascular
Health, Institute of Sports and Exercise Biology, Shaanxi Normal University. The rat model of MI
was established by permanent ligation of the left anterior descending coronary artery (LAD) of the
heart as previously described [62,63]. In brief, the rat was anaesthetized with sodium pentobarbital
(30 mg/kg, i.p.) and thoracotomy was performed to expose the heart. LAD was identified approximately
2 mm under the auricle and ligated with silk suture. Regional myocardial ischemia was monitored
and confirmed by electrocardiogram (ECG). Rats without ST segment elevation in their ECG were
excluded due to lack of a sign of cardiac ischemia. The ECG-confirmed MI rats were then divided
into two groups (n = 10/group): MI alone group (MI) and MI with post-MI exercise training group
(MI + EX). Another Sham-operated group (S) underwent the same surgical procedure except their
LAD was not ligated. Additionally, 20 non-MI rats were divided into the Control (C) and Exercise (EX)
groups (n = 10/group).

Both EX and MI + EX groups were subjected to interval exercise training on a motor-driven rodent
treadmill as described previously [63]. As illustrated in Figure 8, the rats started with a week of adaptive
exercise training at 10 m/min (40–50% VO2max) for 30 min. From the 2nd week, rats performed daily
50 min-sessions of interval exercise training at treadmill speeds of 10 m/min for 10 min, then 25 m/min
(85–90% VO2max) for 7 min, and 15 m/min (50–60% VO2max) for 3 min. This daily exercise training
went on for five days a week for a total of four weeks (Figure 8).
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Figure 8. Illustrative descriptions of the experimental protocols, study methods, and investigated
end-points: the in vivo experiments were performed in adult rats that underwent myocardial infarction
(MI) with or without post-MI exercise training. The in vitro cellular experiments were conducted
in cultured H9C2 rat cardiomyoblasts treated with or without H2O2 or exercise memetic—AICAR
(5-amino-1-β-d-ribofuranosyl-imidazole-4-carboxamide). Please refer the main text for the meanings of
additional abbreviations.
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4.3. Cardiac Hemodynamic Measurement

Under surgical anesthesia, the rat was positioned in a supine position and an intraventricular
catheter (polyethylene tubing #SP0109, AD Instruments, Sydney, Australia) connected to a pressure
transducer (MLT1199, AD Instruments, Sydney, Australia) inserted into the right carotid artery and
advanced into left ventricular (LV) cavity, from which LV systolic pressure (LVSP), LV end-diastolic
pressure (LVEDP), and maximal positive and negative first derivatives of LV pressure (±dP/dtmax)
were recorded and measured on a PowerLab 8/30™, ML 870 physiological polygraph system
(AD Instruments). LV tissue samples were collected and immediately frozen in liquid nitrogen
or fixed in 4% formaldehyde solution for further molecular biology or histological analyses.

4.4. Histological Staining and Analysis

The formaldehyde-fixed heart tissue samples were washed with water and underwent gradient
dehydration and paraffin embedding. The paraffin-embedded heart samples were sectioned into
5 µm-thick slices and stained with hematoxylin-eosin (HE) or Masson’s trichrome to analyze
cross-sectional area (CSA) of cardiomyocytes and collagen volume fraction (CVF) via computerized
image analysis with Image-Pro Plus 6.0 software (IPP 6.0, IPWINMedia Cybernetics, Inc., Rockville, MD,
USA). Each sample had 3 sections scanned, and 20 fields per section were viewed under microscope.

Immunofluorescence staining was performed in paraffin sections, which were deparaffinized
and washed with phosphate-buffered saline (PBS). Antigen retrieval was performed with microwave
oven, and then cooled down to room temperature. The slides were fixed with 4% formaldehyde
solution for 60 min and washed with PBS and, after, were treated with Triton 100 for 15 min and
subsequently incubated with 5% bovine serum albumin (BSA) for 30 min at 37 ◦C. The slides were
then incubated with Smyd1 antibody (GeneTex, Irvine, CA, USA) under 1:500 dilution in paraffin
sections or 1:50 dilution in cell slides overnight at 4 ◦C. The slides were washed with PBS the next day
and incubated with horseradish peroxidase (HRP)-conjugated secondary antibody (1:1000 dilution
in LV tissue sections and 1:100 dilution in cell slides, ImmunoResearch, USA) for 60 min at room
temperature. The slices were washed and observed under a fluorescence microscope (Nikon Eclipse
55i, Tokyo, Japan). The nuclei were stained with DAPI (1:800 dilution, Sigma-Aldrich, St. Louis, MO,
USA), and F-actin was stained with FITC-phalloidin (5 µg/mL, Sigma-Aldrich, St. Louis, MO, USA).

4.5. Determining MDA Levels in Heart Tissues

Frozen heart tissues (100 mg per sample) were homogenized in ice-cold PBS and centrifuged at
10,000× g for 10 min at 4 ◦C. The supernatant was recovered for measurement of malondialdehyde
(MDA) levels using spectrophotometric assay kit (Jiancheng Biotech, Nanjing, China).

4.6. Cultured H9C2 Cardiomyoblasts

H9C2 rat cardiomyoblasts were purchased from the Cell Culture Center of the Institute of Basic
Medical Sciences, Chinese Academy of Medical Sciences, Beijing, China (item No. 3111C0001CCC000219).
H9C2 cells were cultured in Dulbecco’s modified eagle medium (DMEM) supplemented with 10%
fetal calf serum, penicillin (100 U/mL), and streptomycin (10µg/mL) (Gibco BRL, Grand Island, NE,
USA) and were maintained at 37 ◦C in a 5% CO2 incubator (Thermo Model 371, Marietta, OH, USA).
H9C2 cells were seeded in 24- or 96-well microplates, were allowed to adhere overnight, and then were
treated with various concentrations of H2O2 (i.e., 0, 20, 50, 100, 200, and 300 µmol/L, labeled as groups
C, H20, H50, H100, H200, and H300 respectively) for 4, 6, 12, or 24 h. Cell viability was determined
by using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Amresco, Solon,
OH, USA), and cell morphologic changes were observed under an inverted microscope (Leica DMIL
LED, Jena, Germany).

As illustrated in Figure 1, cultured H9C2 cells were randomly divided into 4 groups: control
(C), H2O2 (H; 50 µmol/L, a selected dose based on the above-mentioned dose-response study),
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AICAR (A; 1 mmol/L), and H2O2 + AICAR (H + A). AICAR is widely used as an activator of AMPK,
and it simulates AMPK-related metabolic effects of exercise at the cellular level [26].

4.7. Measurement of Intracellular ROS Accumulation

H9C2 cells were cultured in serum-free DMEM and incubated with 10 µmol/L
2′,7′-Dichlorofluorescein diacetate (DCFH-DA) probes (S0033, Beyotime, China) for 20 min at 37 ◦C in
darkness, washed with serum-free DMEM 3 times, and then examined under an inverted fluorescence
microscope (Zeiss Axio Observer. Z1, Jena, Germany) for detection of green fluorescence intensity that
indicates ROS levels in the cells, using Image J software.

4.8. Determination of Cell Viability and Volume

H9C2 cells were seeded in 96-well microplates at density of 5 × 103 cells per well. After treatment
with the abovementioned various concentrations of H2O2 for 4 to 24 h, the cell culture media were
removed and MTT solution (5 mg/mL) was added to the microplates at a final concentration of
0.05% for 1 h and replaced with formazan crystals dissolved in 200 µL dimethyl sulphoxide (DMSO;
Sigma-Aldrich, St. Louis, MO, USA). The optical absorbance was measured at 490 nm wavelength
using a microplate reader (BioTek Epoch, Winooski, VT, USA). Cell viability was calculated as % of
control, i.e., viability (%) = (OD490,sample −OD490,blank)/(OD490,control −OD490,blank) × 100%. In addition,
cell volume was measured in the control group and 50 µmol/L H2O2-treated group (for 4 h). Three wells
were selected randomly for each group, five visual fields were selected for each well, and 10–15 cell
volume in each field were measured by Image Pro-Plus (IPP) 6.0 (Media Cybernetics, Rockville,
MD, USA).

4.9. Assessment of Gene Expression

Total RNA was extracted from frozen heart tissues (100 mg) and H9C2 cells with Trizol reagent
(Invitrogen, Brazil). RNA concentration was determined spectrophotometrically at 260/280 nm
wavelength using a commercial kit (BioTek Epoch, USA). First-strand cDNA was generated from
RNA using Revertaid First Strand cDNA synthesis kit (TaKaRa, Kusatsu, Japan). PCR reactions were
performed with quantitative PCR instrument (CFX connectTM Real-Time system, Bio-Rad, Singapore)
using SYBR Green/ROX qPCR Master Mix (TaKaRa, Kusatsu, Japan) and quantified using Bio-Rad
CFX manager. Gapdh was used as the internal control gene.

The primer sequences used for RT-qPCR analyses are shown as follows:

smyd1 (F: 5′-GAGGATGGTGGATGGCTACA-3′, R: 5′-TCCCGTGCCCTACTTCAAT-3′)
trx1 (F: 5′-CTGATCGAGAGCAAGGAA-3′, R: 5′-TCAAGGAACACCACATTGGA-3′)
hsp90 (F: 5′-CAATGGAGGAAGAGGAGGTC-3′, R:5′-GCGTCTGAGGAGTTGGAAAT-3′)
murf1 (F: 5′-GGGAACGACCGAGTTCAGACTATC-3′, R: 5′-GGCGTCAAACTTGTGGCTCA-3′)
gapdh (F: 5′-CAGTGCCAGCCTCGTCTCAT-3′, R: 5′-AGGCCATCCACAGTCTTC-3′)

4.10. Western Blot Analysis for Protein Expression

Total protein was extracted from the heart tissues collected from the peri-infarcted area as well as
H9C2 cells harvested at the end of the in vitro experiments using radio-immunoprecipitation assay
(RIPA) lysate buffer (Roche, USA). The protein concentration was determined by the bicinchoninic acid
protein quantitative method. The tissue/cell lysate samples were separated by 10–12% sodium dodecyl
sulfate-polyacrylamide gel (SDS-PAGE) using 100 constant voltage for 1.5 h and electro-transferred
(300 mA for 1.5 h at 4 ◦C) to nitrocellulose membranes (Millipore, USA). The membranes were incubated
with 3% BSA for 60 min at room temperature followed by incubation with one of the following primary
antibodies overnight at 4 ◦C using the following dilution concentrations and commercial suppliers:
Smyd1 (1:5000; Gentex, USA); Trx1 (1:1000) and Hsp90 (heat shock protein 90; 1:500) from Cell
Signaling Technology, USA; and MuRF1 (muscle RING-finger protein-1; 1:1000), brain natriuretic
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peptide (BNP, 1:500), α-actinin (1:2000), cardiac troponin I (cTnI, 1:500), phosphorylated AMPKα at T172
(p-AMPK, 1:1000), and AMPKα (AMPK, 1:1000), all from Abcam, USA. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH, 1:5000, Bioworld, USA) was used as an internal control for equal sample
loading. Membranes were subsequently washed with PBS-Tween20 (PBST) and incubated with
horseradish-peroxidase (HRP)-conjugated secondary antibodies (1:5000; Jackson ImmunoResearch,
West Grove, PA, USA) for 2 h at room temperature. After washing with PBST three times, the protein
bands were subsequently detected with an enhanced chemiluminescence detection solution (Millipore,
USA) and antibody detection was performed on a digitalized Bio-Rad ChemiDocTM MP Imaging
system, Bio-Rad, USA. The results of Western blotting were analyzed using ChemiDoc MP Image Lab
5.2 (Image LabTM software, Bio-Rad, Hercules, CA, USA).

4.11. Statistical Analysis

Statistical analysis was performed using SPSS 17.0 statistical package. Values are presented as
mean ± Standard Deviation (SD). Differences between mean values within 3 or more groups were
determined by one-way analysis of variance (ANOVA). p < 0.05 was considered statistically significant.
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Abbreviations

AICAR 5-amino-1-β-d-ribofuranosyl-imidazole-4-carboxamide
AMPK Adenosine monophosphate (AMP)-activated protein kinase
ANOVA Analysis of variance
BNP Brain natriuretic peptide
BSA Bovine serum albumin
CSA Cross-sectional area
cTnI Cardiac troponin I
CVF Collagen volume fraction
DAPI 4′,6-Diamidino-2-phenylindole
DCFH-DA 2′,7′-Dichlorofluorescein diacetate
DMEM Dulbecco’s modified eagle medium
DMSO Dimethyl sulphoxide
±dP/dtmax Maximal positive and negative first derivative of Left ventricular pressure
ECG Electrocardiogram
ER Endoplasmic reticulum
FITC Fluorescein isothiocyanate
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
HE Hematoxylin-eosin
HF Heart failure
HRP Horseradish-peroxidase
Hsp90 Heat shock protein 90
LAD Left anterior descending coronary artery
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LV Left ventricle
LVEDP Left ventricular end-diastolic pressure
LVSP Left ventricular systolic pressure
MI Myocardial infarction
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
MuRF1 Muscle RING-finger protein-1
PBS Phosphate-buffered saline
PBST PBS-Tween20
RIPA Radio-immunoprecipitation assay
ROS Reactive oxygen species
SD Standard deviation
SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel
Smyd1 SET and MYND domain containing 1
Trx1 Thioredoxin 1

References

1. Li, H.-L.; Zhuo, M.-L.; Wang, N.; Wang, A.-B.; Cai, H.; Sun, L.-H.; Yang, Q.; Huang, Y.; Wei, Y.-S.; Liu, P.P.; et al.
Targeted Cardiac Overexpression of A20 Improves Left Ventricular Performance and Reduces Compensatory
Hypertrophy After Myocardial Infarction. Circulation 2007, 115, 1885–1894. [CrossRef]

2. Nakamura, K. Carvedilol Decreases Elevated Oxidative Stress in Human Failing Myocardium. Circulation
2002, 105, 2867–2871. [CrossRef] [PubMed]

3. Hori, M.; Nishida, K. Oxidative stress and left ventricular remodelling after myocardial infarction.
Cardiovasc. Res. 2008, 81, 457–464. [CrossRef] [PubMed]

4. Hanif, W.; Alex, L.; Su, Y.; Shinde, A.V.; Russo, I.; Li, N.; Frangogiannis, N.G. Left atrial remodeling,
hypertrophy, and fibrosis in mouse models of heart failure. Cardiovasc. Pathol. 2017, 30, 27–37. [CrossRef]
[PubMed]

5. Vilahur, G.; Juan-Babot, O.; Peña, E.; Oñate, B.; Casaní, L.; Badimon, L. Molecular and cellular mechanisms
involved in cardiac remodeling after acute myocardial infarction. J. Mol. Cell. Cardiol. 2011, 50, 522–533.
[CrossRef]

6. Kyhl, K.; Lønborg, J.; Hartmann, B.; Kissow, H.-L.; Poulsen, S.S.; El-Ali, H.; Kjær, A.; Dela, F.; Engstrøm, T.;
Treiman, M.; et al. Lack of effect of prolonged treatment with liraglutide on cardiac remodeling in rats after
acute myocardial infarction. Peptides 2017, 93, 1–12. [CrossRef]

7. Just, S.; Meder, B.; Berger, I.M.; Etard, C.; Trano, N.; Patzel, E.; Hassel, D.; Marquart, S.; Dahme, T.; Vogel, B.;
et al. The myosin-interacting protein SMYD1 is essential for sarcomere organization. J. Cell Sci. 2011,
124 Pt 18, 3127–3136. [CrossRef]

8. Sirinupong, N.; Brunzelle, J.; Ye, J.; Pirzada, A.; Nico, L.; Yang, Z. Crystal Structure of Cardiac-specific Histone
Methyltransferase SmyD1 Reveals Unusual Active Site Architecture. J. Boil. Chem. 2010, 285, 40635–40644.
[CrossRef]

9. Tan, X.; Rotllant, J.; Li, H.; Dedeyne, P.; Du, S.J. SmyD1, a histone methyltransferase, is required for myofibril
organization and muscle contraction in zebrafish embryos. Proc. Natl. Acad. Sci. USA 2006, 103, 2713–2718.
[CrossRef]

10. Li, H.; Zhong, Y.; Wang, Z.; Gao, J.; Xu, J.; Chu, W.; Zhang, J.; Fang, S.; Du, S.J. Smyd1b is required for skeletal
and cardiac muscle function in zebrafish. Mol. Boil. Cell 2013, 24, 3511–3521. [CrossRef]

11. Rasmussen, T.L.; Ma, Y.; Park, C.Y.; Harriss, J.; Pierce, S.A.; Dekker, J.D.; Valenzuela, N.; Srivastava, D.;
Schwartz, R.J.; Stewart, M.D.; et al. Smyd1 Facilitates Heart Development by Antagonizing Oxidative and
ER Stress Responses. PLoS ONE 2015, 10, e0121765. [CrossRef] [PubMed]

12. Rasmussen, T.L.; Tucker, H.O. Loss of SMYD1 Results in Perinatal Lethality via Selective Defects within
Myotonic Muscle Descendants. Diseases 2018, 7, 1. [CrossRef] [PubMed]

13. Berkholz, J.; Eberle, R.; Boller, K.; Munz, B. siRNA-mediated inhibition of skNAC and Smyd1 expression
disrupts myofibril organization: Immunofluorescence and electron microscopy study in C2C12 cells. Micron
2018, 108, 6–10. [CrossRef] [PubMed]

http://dx.doi.org/10.1161/CIRCULATIONAHA.106.656835
http://dx.doi.org/10.1161/01.CIR.0000018605.14470.DD
http://www.ncbi.nlm.nih.gov/pubmed/12070115
http://dx.doi.org/10.1093/cvr/cvn335
http://www.ncbi.nlm.nih.gov/pubmed/19047340
http://dx.doi.org/10.1016/j.carpath.2017.06.003
http://www.ncbi.nlm.nih.gov/pubmed/28759817
http://dx.doi.org/10.1016/j.yjmcc.2010.12.021
http://dx.doi.org/10.1016/j.peptides.2017.04.009
http://dx.doi.org/10.1242/jcs.084772
http://dx.doi.org/10.1074/jbc.M110.168187
http://dx.doi.org/10.1073/pnas.0509503103
http://dx.doi.org/10.1091/mbc.e13-06-0352
http://dx.doi.org/10.1371/journal.pone.0121765
http://www.ncbi.nlm.nih.gov/pubmed/25803368
http://dx.doi.org/10.3390/diseases7010001
http://www.ncbi.nlm.nih.gov/pubmed/30577454
http://dx.doi.org/10.1016/j.micron.2018.02.009
http://www.ncbi.nlm.nih.gov/pubmed/29499397


Int. J. Mol. Sci. 2020, 21, 7010 17 of 19

14. Franklin, S.; Kimball, T.; Rasmussen, T.L.; Rosa-Garrido, M.; Chen, H.; Tran, T.; Miller, M.R.; Gray, R.; Jiang, S.;
Ren, S.; et al. The chromatin-binding protein Smyd1 restricts adult mammalian heart growth. Am. J. Physiol.
Circ. Physiol. 2016, 311, H1234–H1247. [CrossRef] [PubMed]

15. Nian, M.; Lee, P.; Khaper, N.; Liu, P. Inflammatory Cytokines and Postmyocardial Infarction Remodeling.
Circ. Res. 2004, 94, 1543–1553. [CrossRef]

16. Shiomi, T.; Tsutsui, H.; Matsusaka, H.; Murakami, K.; Hayashidani, S.; Ikeuchi, M.; Wen, J.; Kubota, T.;
Utsumi, H.; Takeshita, A. Overexpression of Glutathione Peroxidase Prevents Left Ventricular Remodeling
and Failure After Myocardial Infarction in Mice. Circulation 2004, 109, 544–549. [CrossRef]

17. Yoshioka, J.; Schulze, P.C.; Cupesi, M.; Sylvan, J.D.; MacGillivray, C.; Gannon, J.; Huang, H.; Lee, R.T.
Thioredoxin-Interacting Protein Controls Cardiac Hypertrophy Through Regulation of Thioredoxin Activity.
Circulation 2004, 109, 2581–2586. [CrossRef]

18. Liu, T.; Wu, C.; Jain, M.R.; Nagarajan, N.; Yan, L.; Dai, H.; Cui, C.; Baykal, A.T.; Pan, S.; Ago, T.; et al. Master
redox regulator Trx1 upregulates SMYD1 & modulates lysine methylation. Biochim. Biophys. Acta 2015, 1854,
1816–1822. [CrossRef]

19. Oka, S.-I.; Hirata, T.; Suzuki, W.; Naito, D.; Chen, Y.; Chin, A.; Yaginuma, H.; Saito, T.; Nagarajan, N.; Zhai, P.;
et al. Thioredoxin-1 maintains mechanistic target of rapamycin (mTOR) function during oxidative stress in
cardiomyocytes. J. Biol. Chem. 2017, 292, 18988–19000. [CrossRef]

20. Acar, R.D.; Bulut, M.; Ergün, S.; Yesin, M.; Akçakoyun, M. Evaluation of the Effect of Cardiac Rehabilitation
on Left Atrial and Left Ventricular Function and Its Relationship with Changes in Arterial Stiffness in Patients
with Acute Myocardial Infarction. Echocardiography 2014, 32, 443–447. [CrossRef]

21. Schaun, M.I.; Motta, L.L.; Teixeira, R.B.; Klamt, F.; Rossato, J.; Lehnen, A.M.; Irigoyen, M.C.; Markoski, M.M.
Preventive Physical Training Partially Preserves Heart Function and Improves Cardiac Antioxidant Responses
in Rats After Myocardial Infarction Preventive Physical Training and Myocardial Infarction in Rats. Int. J.
Sport Nutr. Exerc. Metab. 2017, 27, 197–203. [CrossRef] [PubMed]

22. Puhl, S.-L.; Müller, A.; Wagner, M.; Devaux, Y.; Böhm, M.; Wagner, D.R.; Maack, C. Exercise attenuates
inflammation and limits scar thinning after myocardial infarction in mice. Am. J. Physiol. Circ. Physiol. 2015,
309, H345–H359. [CrossRef] [PubMed]

23. Lü, K.; Wang, L.; Wang, C.; Yang, Y.; Hu, D.; Ding, R. Effects of high-intensity interval versus continuous
moderate-intensity aerobic exercise on apoptosis, oxidative stress and metabolism of the infarcted
myocardium in a rat model. Mol. Med. Rep. 2015, 12, 2374–2382. [CrossRef] [PubMed]

24. Maldonado-Martín, S.; Jayo-Montoya, J.A.; Matajira-Chia, T.; Villar-Zabala, B.; Goiriena, J.J.;
Aispuru, G.R. Effects of combined high-intensity aerobic interval training program and Mediterranean diet
recommendations after myocardial infarction (INTERFARCT Project): Study protocol for a randomized
controlled trial. Trials 2018, 19, 1–11. [CrossRef]

25. Wisløff, U.; Støylen, A.; Loennechen, J.P.; Bruvold, M.; Rognmo, O.; Haram, P.M.; Tjønna, A.E.; Helgerud, J.;
Slordahl, S.; Lee, S.J.; et al. Superior Cardiovascular Effect of Aerobic Interval Training Versus Moderate
Continuous Training in Heart Failure Patients. Circulation 2007, 115, 3086–3094. [CrossRef] [PubMed]

26. King-Himmelreich, T.S.; Möser, C.V.; Wolters, M.C.; Schmetzer, J.; Schreiber, Y.; Ferreirós, N.; Russe, O.Q.;
Geisslinger, G.; Niederberger, E. AMPK contributes to aerobic exercise-induced antinociception downstream
of endocannabinoids. Neuropharmacology 2017, 124, 134–142. [CrossRef]

27. Datta, R.; Bansal, T.; Rana, S.; Datta, K.; Chattopadhyay, S.; Chawla-Sarkar, M.; Sarkar, S. Hsp90/Cdc37
assembly modulates TGFbeta receptor-II to act as a profibrotic regulator of TGFbeta signaling during cardiac
hypertrophy. Cell Signal. 2015, 27, 2410–2424. [CrossRef]

28. Wadosky, K.M.; Berthiaume, J.M.; Tang, W.; Zungu, M.; A Portman, M.; Gerdes, A.M.; Willis, M.S. MuRF1
mono-ubiquitinates TR[alpha] to inhibit T3 induced cardiac hypertrophy in vivo. Endocr. Abstr. 2017, 56.
[CrossRef]

29. Blasco, N.; Cámara, Y.; Núñez, E.; Beà, A.; Barés, G.; Forné, C.; Ruiz-Meana, M.; Girón, C.; Barba, I.;
García-Arumí, E.; et al. Cardiomyocyte hypertrophy induced by Endonuclease G deficiency requires reactive
oxygen radicals accumulation and is inhibitable by the micropeptide humanin. Redox Biol. 2018, 16, 146–156.
[CrossRef]

30. Pohjoismäki, J.L.; Goffart, S. The role of mitochondria in cardiac development and protection. Free. Radic.
Boil. Med. 2017, 106, 345–354. [CrossRef]

http://dx.doi.org/10.1152/ajpheart.00235.2016
http://www.ncbi.nlm.nih.gov/pubmed/27663768
http://dx.doi.org/10.1161/01.RES.0000130526.20854.fa
http://dx.doi.org/10.1161/01.CIR.0000109701.77059.E9
http://dx.doi.org/10.1161/01.CIR.0000129771.32215.44
http://dx.doi.org/10.1016/j.bbapap.2015.09.006
http://dx.doi.org/10.1074/jbc.M117.807735
http://dx.doi.org/10.1111/echo.12701
http://dx.doi.org/10.1123/ijsnem.2016-0300
http://www.ncbi.nlm.nih.gov/pubmed/28182512
http://dx.doi.org/10.1152/ajpheart.00683.2014
http://www.ncbi.nlm.nih.gov/pubmed/26001415
http://dx.doi.org/10.3892/mmr.2015.3669
http://www.ncbi.nlm.nih.gov/pubmed/25936391
http://dx.doi.org/10.1186/s13063-018-2529-3
http://dx.doi.org/10.1161/circulationaha.106.675041
http://www.ncbi.nlm.nih.gov/pubmed/17548726
http://dx.doi.org/10.1016/j.neuropharm.2017.05.002
http://dx.doi.org/10.1016/j.cellsig.2015.09.005
http://dx.doi.org/10.1530/endoabs.50.JA2
http://dx.doi.org/10.1016/j.redox.2018.02.021
http://dx.doi.org/10.1016/j.freeradbiomed.2017.02.032


Int. J. Mol. Sci. 2020, 21, 7010 18 of 19

31. Janssens, S.; Pokreisz, P.; Schoonjans, L.; Pellens, M.; Vermeersch, P.; Tjwa, M.; Jans, P.; Scherrer-Crosbie, M.;
Picard, M.H.; Szelid, Z.; et al. Cardiomyocyte-Specific Overexpression of Nitric Oxide Synthase 3 Improves
Left Ventricular Performance and Reduces Compensatory Hypertrophy After Myocardial Infarction. Circ. Res.
2004, 94, 1256–1262. [CrossRef] [PubMed]

32. Unsöld, B.; Kaul, A.; Sbroggiò, M.; Schubert, C.; Regitz-Zagrosek, V.; Brancaccio, M.; Damilano, F.; Hirsch, E.;
Van Bilsen, M.; Munts, C.; et al. Melusin protects from cardiac rupture and improves functional remodelling
after myocardial infarction. Cardiovasc. Res. 2013, 101, 97–107. [CrossRef] [PubMed]

33. Fletcher, G.F.; Ades, P.A.; Kligfield, P.; Arena, R.; Balady, G.J.; Bittner, V.; Coke, L.A.; Fleg, J.L.; Forman, D.E.;
Gerber, T.C.; et al. Exercise Standards for Testing and Training. Circulation 2013, 128, 873–934. [CrossRef]
[PubMed]

34. Helgerud, J.; Høydal, K.; Wang, E.; Karlsen, T.; Berg, P.; Bjerkaas, M.; Simonsen, T.; Helgesen, C.; Hjorth, N.;
Bach, R.; et al. Aerobic High-Intensity Intervals Improve V??O2max More Than Moderate Training. Med. Sci.
Sports Exerc. 2007, 39, 665–671. [CrossRef]

35. Freyssin, C.; Verkindt, C.; Prieur, F.; Benaich, P.; Maunier, S.; Blanc, P. Cardiac Rehabilitation in Chronic Heart
Failure: Effect of an 8-Week, High-Intensity Interval Training Versus Continuous Training. Arch. Phys. Med.
Rehabil. 2012, 93, 1359–1364. [CrossRef]

36. Helgerud, J.; Karlsen, T.; Kim, W.Y.; Høydal, K.L.; Støylen, A.; Pedersen, H.; Brix, L.; Ringgaard, S.;
Kværness, J.; Hoff, J. Interval and Strength Training in CAD Patients. Int. J. Sports Med. 2010, 32, 54–59.
[CrossRef]

37. Moholdt, T.; Aamot, I.L.; Granøien, I.; Gjerde, L.; Myklebust, G.; Walderhaug, L.; Brattbakk, L.; Hole, T.;
Graven, T.; Stølen, T.O.; et al. Aerobic interval training increases peak oxygen uptake more than usual care
exercise training in myocardial infarction patients: A randomized controlled study. Clin. Rehabil. 2011, 26,
33–44. [CrossRef]

38. Petrera, A.; Gassenhuber, J.; Ruf, S.; Gunasekaran, D.; Esser, J.S.; Shahinian, J.H.; Hübschle, T.; Ruetten, H.;
Sadowski, T.; Schilling, O. Cathepsin A inhibition attenuates myocardial infarction-induced heart failure on
the functional and proteomic levels. J. Transl. Med. 2016, 14, 153. [CrossRef]

39. Zhang, L.; Li, R.; Yang, F.-Y.; Xi, L. Natriuretic peptide family as diagnostic/prognostic biomarker and
treatment modality in management of adult and geriatric patients with heart failure: Remaining issues and
challenges. J. Geriatr. Cardiol. 2018, 15, 540–546.

40. Yang, Z.; Wu, Q.-Q.; Xiao, Y.; Duan, M.X.; Liu, C.; Yuan, Y.; Meng, Y.-Y.; Liao, H.H.; Tang, Q.-Z. Aucubin
Protects against Myocardial Infarction-Induced Cardiac Remodeling via nNOS/NO-Regulated Oxidative
Stress. Oxidative Med. Cell. Longev. 2018, 2018, 1–15. [CrossRef]

41. Rodrigo, R.; Prieto, J.C.; Castillo, R. Cardioprotection against ischaemia/reperfusion by vitamins C and E
plus n−3 fatty acids: Molecular mechanisms and potential clinical applications. Clin. Sci. 2012, 124, 1–15.
[CrossRef] [PubMed]

42. Sartorelli, V.; Fulco, M. Molecular and Cellular Determinants of Skeletal Muscle Atrophy and Hypertrophy.
Sci. Signal. 2004, 2004, re11. [CrossRef] [PubMed]

43. Li, D.; Niu, Z.; Yu, W.; Qian, Y.; Wang, Q.; Li, Q.; Yi, Z.; Luo, J.; Wu, X.; Wang, Y.; et al. SMYD1, the myogenic
activator, is a direct target of serum response factor and myogenin. Nucleic Acids Res. 2009, 37, 7059–7071.
[CrossRef] [PubMed]

44. Landsverk, M.L.; Li, S.; Hutagalung, A.H.; Najafov, A.; Hoppe, T.; Barral, J.M.; Epstein, H.F. The UNC-45
chaperone mediates sarcomere assembly through myosin degradation in Caenorhabditis elegans. J. Cell Biol.
2007, 177, 205–210. [CrossRef] [PubMed]

45. Chow, M.Z.-Y.; Sadrian, S.N.; Keung, W.; Geng, L.; Ren, L.; Kong, C.-W.; Wong, A.O.-T.; Hulot, J.-S.; Chen, C.S.;
Costa, K.D.; et al. Modulation of chromatin remodeling proteins SMYD1 and SMARCD1 promotes contractile
function of human pluripotent stem cell-derived ventricular cardiomyocyte in 3D-engineered cardiac tissues.
Sci. Rep. 2019, 9, 7502. [CrossRef]

46. Schmitt, A.; Haug, A.-L.; Schlegel, F.; Fragasso, A.; Munz, B. Effects of 10 weeks of regular running exercise
with and without parallel PDTC treatment on expression of genes encoding sarcomere-associated proteins in
murine skeletal muscle. Cell Stress Chaperones 2018, 23, 1041–1054. [CrossRef]

47. Chen, S.N.; Czernuszewicz, G.; Tan, Y.; Lombardi, R.; Jin, J.; Willerson, J.T.; Marian, A. Human Molecular
Genetic and Functional Studies Identify TRIM63, Encoding Muscle RING Finger Protein 1, as a Novel Gene
for Human Hypertrophic Cardiomyopathy. Circ. Res. 2012, 111, 907–919. [CrossRef]

http://dx.doi.org/10.1161/01.RES.0000126497.38281.23
http://www.ncbi.nlm.nih.gov/pubmed/15044322
http://dx.doi.org/10.1093/cvr/cvt235
http://www.ncbi.nlm.nih.gov/pubmed/24130190
http://dx.doi.org/10.1161/CIR.0b013e31829b5b44
http://www.ncbi.nlm.nih.gov/pubmed/23877260
http://dx.doi.org/10.1249/mss.0b013e3180304570
http://dx.doi.org/10.1016/j.apmr.2012.03.007
http://dx.doi.org/10.1055/s-0030-1267180
http://dx.doi.org/10.1177/0269215511405229
http://dx.doi.org/10.1186/s12967-016-0907-8
http://dx.doi.org/10.1155/2018/4327901
http://dx.doi.org/10.1042/CS20110663
http://www.ncbi.nlm.nih.gov/pubmed/22963444
http://dx.doi.org/10.1126/stke.2442004re11
http://www.ncbi.nlm.nih.gov/pubmed/15292521
http://dx.doi.org/10.1093/nar/gkp773
http://www.ncbi.nlm.nih.gov/pubmed/19783823
http://dx.doi.org/10.1083/jcb.200607084
http://www.ncbi.nlm.nih.gov/pubmed/17438072
http://dx.doi.org/10.1038/s41598-019-42953-w
http://dx.doi.org/10.1007/s12192-018-0914-1
http://dx.doi.org/10.1161/CIRCRESAHA.112.270207


Int. J. Mol. Sci. 2020, 21, 7010 19 of 19

48. Baliga, R.R.; Pimental, D.R.; Zhao, Y.-Y.; Simmons, W.W.; Marchionni, M.A.; Sawyer, U.B.; Kelly, R.A.
NRG-1-induced cardiomyocyte hypertrophy. Role of PI-3-kinase, p70(S6K), and MEK-MAPK-RSK. Am. J.
Physiol. Content 1999, 277, H2026–H2037. [CrossRef]

49. Földes, G.; Mioulane, M.; Wright, J.S.; Liu, A.Q.; Novak, P.; Merkely, B.; Gorelik, J.; Schneider, M.D.; Ali, N.N.;
Harding, S.E. Modulation of human embryonic stem cell-derived cardiomyocyte growth: A testbed for
studying human cardiac hypertrophy? J. Mol. Cell. Cardiol. 2011, 50, 367–376. [CrossRef]

50. Powers, S.; Smuder, A.J.; Kavazis, A.N.; Quindry, J.C. Mechanisms of exercise-induced cardioprotection.
Physiology 2014, 29, 27–38. [CrossRef]

51. Muthusamy, V.R.; Kannan, S.; Sadhaasivam, K.; Gounder, S.S.; Davidson, C.J.; Boeheme, C.; Hoidal, J.R.;
Wang, L.; Rajasekaran, N.S. Acute exercise stress activates Nrf2/ARE signaling and promotes antioxidant
mechanisms in the myocardium. Free Radic. Biol. Med. 2012, 52, 366–376. [CrossRef] [PubMed]

52. Powers, S.; Sollanek, K.J.; Wiggs, M.P.; Demirel, H.A.; Smuder, A.J. Exercise-induced improvements in
myocardial antioxidant capacity: The antioxidant players and cardioprotection. Free. Radic. Res. 2013, 48,
43–51. [CrossRef] [PubMed]

53. Starnes, J.W.; Taylor, R.P. Exercise-Induced Cardioprotection. Med. Sci. Sports Exerc. 2007, 39, 1537–1543.
[CrossRef]

54. Zanchi, N.E.; Bechara, L.R.G.; Tanaka, L.Y.; Debbas, V.; Bartholomeu, T.; Ramires, P.R. Moderate exercise
training decreases aortic superoxide production in myocardial infarcted rats. Eur. J. Appl. Physiol. 2008, 104,
1045–1052. [CrossRef] [PubMed]

55. Cheng, Y.; Regnier, M. Cardiac troponin structure-function and the influence of hypertrophic cardiomyopathy
associated mutations on modulation of contractility. Arch. Biochem. Biophys. 2016, 601, 11–21. [CrossRef]
[PubMed]

56. Chu, W.; Zhang, F.; Song, R.; Li, Y.; Wu, P.; Chen, L.; Cheng, J.; Du, S.; Zhang, J. Proteomic and microRNA
Transcriptome Analysis revealed the microRNA-SmyD1 network regulation in Skeletal Muscle Fibers
performance of Chinese perch. Sci. Rep. 2017, 7, 16498. [CrossRef]

57. Kensler, R.W.; Shaffer, J.F.; Harris, S.P. Binding of the N-terminal fragment C0–C2 of cardiac MyBP-C to
cardiac F-actin. J. Struct. Biol. 2011, 174, 44–51. [CrossRef]

58. Zou, J.; Fei, Q.; Xiao, H.; Wang, H.; Liu, K.; Liu, M.; Zhang, H.; Xiao, X.; Wang, K.; Wang, N. VEGF-A
promotes angiogenesis after acute myocardial infarction through increasing ROS production and enhancing
ER stress-mediated autophagy. J. Cell. Physiol. 2019, 234, 17690–17703. [CrossRef]

59. Sun, J.Z.; Tang, X.L.; Park, S.W.; Qiu, Y.; Turrens, J.F.; Bolli, R. Evidence for an essential role of reactive oxygen
species in the genesis of late preconditioning against myocardial stunning in conscious pigs. J. Clin. Investig.
1996, 97, 562–576. [CrossRef]

60. Yaguchi, Y.; Satoh, H.; Wakahara, N.; Katoh, H.; Uehara, A.; Terada, H.; Fujise, Y.; Hayashi, H. Protective
effects of hydrogen peroxide against ischemia/reperfusion injury in perfused rat hearts. Circ. J. 2003, 67,
253–258. [CrossRef]

61. Chen, W.; Frangogiannis, N.G. Fibroblasts in post-infarction inflammation and cardiac repair.
Biochim. Biophys. Acta 2012, 1833, 945–953. [CrossRef] [PubMed]

62. Jia, D.; Hou, L.; Lv, Y.; Xi, L.; Tian, Z. Postinfarction exercise training alleviates cardiac dysfunction and
adverse remodeling via mitochondrial biogenesis and SIRT1/PGC-1alpha/PI3K/Akt signaling. J. Cell Physiol.
2019, 234, 23705–23718. [PubMed]

63. Xi, Y.; Gong, D.-W.; Tian, Z. FSTL1 as a Potential Mediator of Exercise-Induced Cardioprotection in
Post-Myocardial Infarction Rats. Sci. Rep. 2016, 6, 32424. [CrossRef] [PubMed]

© 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/10.1152/ajpheart.1999.277.5.h2026
http://dx.doi.org/10.1016/j.yjmcc.2010.10.029
http://dx.doi.org/10.1152/physiol.00030.2013
http://dx.doi.org/10.1016/j.freeradbiomed.2011.10.440
http://www.ncbi.nlm.nih.gov/pubmed/22051043
http://dx.doi.org/10.3109/10715762.2013.825371
http://www.ncbi.nlm.nih.gov/pubmed/23915097
http://dx.doi.org/10.1249/mss.0b013e3180d099d4
http://dx.doi.org/10.1007/s00421-008-0861-0
http://www.ncbi.nlm.nih.gov/pubmed/18762968
http://dx.doi.org/10.1016/j.abb.2016.02.004
http://www.ncbi.nlm.nih.gov/pubmed/26851561
http://dx.doi.org/10.1038/s41598-017-16718-2
http://dx.doi.org/10.1016/j.jsb.2010.12.003
http://dx.doi.org/10.1002/jcp.28395
http://dx.doi.org/10.1172/JCI118449
http://dx.doi.org/10.1253/circj.67.253
http://dx.doi.org/10.1016/j.bbamcr.2012.08.023
http://www.ncbi.nlm.nih.gov/pubmed/22982064
http://www.ncbi.nlm.nih.gov/pubmed/31187505
http://dx.doi.org/10.1038/srep32424
http://www.ncbi.nlm.nih.gov/pubmed/27561749
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Post-MI Exercise Training Enhanced Myocardial Smyd1 Expression and Reduced Oxidative Stress 
	Post-MI Exercise Training Promoted Compensatory Cardiomyocyte Hypertrophy 
	Smyd1 Expression and Post-MI Cardiac Function 
	Moderate Oxidative Stress Induced Cell Hypertrophy as Well as Trx1 and Smyd1 Expression in H9C2 Cardiomyoblasts In Vitro 
	Effects of AICAR on H9C2 Cell Hypertrophy and Smyd1 Expression 

	Discussion 
	Materials and Methods 
	Animals 
	In Vivo Model of Myocardial Infarction and Post-MI Intervention with Exercise Training 
	Cardiac Hemodynamic Measurement 
	Histological Staining and Analysis 
	Determining MDA Levels in Heart Tissues 
	Cultured H9C2 Cardiomyoblasts 
	Measurement of Intracellular ROS Accumulation 
	Determination of Cell Viability and Volume 
	Assessment of Gene Expression 
	Western Blot Analysis for Protein Expression 
	Statistical Analysis 

	References

