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Cardiac remodeling describes a series of structural and functional changes in the heart after myocardial infarction (MI). Adverse
post-MI cardiac remodeling directly jeopardizes the recovery of cardiac functions and the survival rate in MI patients. Several
classes of drugs are proven to be useful to reduce the mortality of MI patients. However, it is an ongoing challenge to prevent
the adverse effects of cardiac remodeling. The present review aims to identify the pharmacological therapies from the existing
clinical drugs for the treatment of adverse post-MI cardiac remodeling. Post-MI cardiac remodeling is a complex process
involving ischemia/reperfusion, inflammation, cell death, and deposition of extracellular matrix (ECM). Thus, the present
review included two parts: (1) to examine the basic pathophysiology in the cardiovascular system and the molecular basis of
cardiac remodeling and (2) to identify the pathological aspects of cardiac remodeling and the potential of the existing
pharmacotherapies. Ultimately, the present review highlights drug repositioning as a strategy to discover effective therapies from
the existing drugs against post-MI cardiac remodeling.

1. Introduction

Acute myocardial infarction (AMI), commonly referred to as
a heart attack, is one of the most common cardiovascular dis-
eases and a significant cause of morbidity and mortality,
while 7.3 million deaths per year were estimated worldwide
[1, 2]. The loss of functional myocardium characterizes the
pathology of AMI. The myocardial injury initiates adaptive
immune responses so that the heart undergoes structural
and functional changes to maintain the cardiac outcome.
Such changes in the heart are termed as cardiac remodeling
[3]. Although cardiac remodeling was initially created to
describe the anatomical changes in the left ventricle of the
infarcted hearts, myocardial infarction (MI) is well-known
to alter cardiac energy metabolism, impair intramyocardial
perfusion, and attenuate diastolic and systolic functions [4].

Post-MI cardiac remodeling involves several pathophysi-
ological processes, such as ischemia/reperfusion, cell death,
inflammation, synthesis, and deposition of the extracellular

matrix (ECM), resulting in changes in ventricular morphol-
ogy, structure, and functions [5, 6]. It is an ongoing challenge
to overcome the adverse effects of post-MI cardiac remodel-
ing. Enormous effort has been made to develop effective tar-
geted pharmacological therapies by targeting the basic
pathophysiological processes [7–9]. Nevertheless, several
existing treatments are often administered simultaneously
to achieve satisfactory efficacy. Drugs, including adenosine,
nicorandil, nitroprusside, and atrial natriuretic peptide and
statins, are administered with other therapies for ischemia/r-
eperfusion injury [10, 11]. Indeed, clinical experience in the
past 30 years validated the effectiveness of several existing
drugs and interventions to reduce the mortality of AMI
patients. However, little is known about the pharmacological
approaches for effectively controlling cardiac remodeling [5,
12, 13]. In clinical practice, drugs including angiotensin-
converting enzyme inhibitors, angiotensin receptor blockers,
aldosterone inhibitors, renin inhibitors, nicorandil, beta-
blockers, and statins are administered chronically for
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effective treatment of the chronic phase of left ventricular
remodeling [14, 15]. It appears that the combination therapy
with two or more drugs (e.g., ACE inhibitors/AR blockers,
aldosterone antagonist) is currently the preferred strategy
for preventing post-MI adverse cardiac remodeling [6].
Therefore, the improvement of therapeutics for myocardial
recovery should be achieved based on the comprehensive
understanding and analysis of the pathobiology of cardiac
remodeling [9, 16]. It is of great interest to identify novel
molecular targets in the pathology of cardiac remodeling
and dysfunction [17, 18].

The present review basically examined different key path-
ological aspects of cardiac remodeling and the existing phar-
macotherapies in the past 10 years. The findings from this
review may pave the avenue to develop effective therapeutics
for treating the adverse effects of cardiac remodeling.

2. Key Pathological Alterations in
Cardiac Remodeling

Cardiac remodeling is a complex process in which the path-
ologic stimuli alter cardiac structure, shape, and function
[6]. Cardiac remodeling encompasses both the MI-triggered
acute events within 90min of an ST-elevation myocardial
infarction as well as the long-standing events in the post-
MI period of months or even years [6, 19–21]. In the early
phase of MI, cardiac remodeling is driven by the infarct
expansion [22]. Early changes are detectable within hours
to days after the acute myocardial insult. Myocardial necrosis
results in an influx of inflammatory cells, including macro-
phages and neutrophils [23]. The influx of different inflam-
matory cells leads to the destruction of the collagen
scaffolding, leading to the alteration of ventricular shape,
regional thinning, and dilation of the myocardium in the
infarcted areas [24]. Over the following weeks to months,
the viable myocardium is still challenged by different patho-
logic events including the activation of proteases and elevated
expression of cytokines, especially those that may induce car-

diomyocyte apoptosis and increase the release of the proin-
flammatory factor. The late phase involves reactive myocyte
hypertrophy, interstitial fibrosis, and left ventricular dilata-
tion [25]. Adverse cardiac remodeling is known to impair
ventricular function and cause heart failure, representing a
significant cause of mortality and morbidity in AMI patients
[26]. However, the existing cardiovascular medicines are not
designed to target cardiac remodeling due to the lack of
understanding of the molecular mechanism of cardiac
remodeling [4].

In fact, the post-MI remodeling process involves inflam-
matory, proliferative, and maturation phases. The patho-
logic responses in the infarcted heart include but not
limited to ischemia, ischemia-reperfusion injury, inflamma-
tion (myocarditis), biomechanical stress, excess neurohor-
monal activation, excess afterload (hypertension, aortic
stenosis), and cytokine storm [22, 26]. The post-MI phases
and main pathological changes in cardiac remodeling are
illustrated in Figure 1.

2.1. Ischemia in the Infarcted Heart. The basic pathology of
MI is characterized by ischemia and cardiomyocyte death
due to the imbalance between oxygen supply and demand
[27, 28]. Myocardial ischemia markedly perturbs the ionic
balance in cardiac metabolism [29]. Ischemia is known to
cause the sudden cessation of oxidative phosphorylation
and forces cardiomyocytes to overrun glycolysis for ATP
production. Under physiological conditions, cardiomyocytes
possess sufficient energy reserves to maintain contractility
against short-time ischemia [30]. The prolonged ischemia
disturbs myocardial metabolism and thereby reduces myo-
cardial contractility. Indeed, myocardial ischemia not only
causes systolic dysfunction but also reduces the compliance
of the ventricle and diastolic dysfunction. When MI occurs,
cardiomyocytes undergo necrosis due to initial ischemia
and subsequent apoptosis during reperfusion as free radicals
activate proapoptotic pathways [31, 32]. During adverse car-
diac remodeling, the heart undergoes progressive ventricular
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Figure 1: The phases and the main pathological changes in post-MI cardiac remodeling. The early remodeling includes ischemia, cell death,
and inflammation within hours to days after the acute myocardial insult. The late remodeling is characterized by ECM deposition and causes
reactive cardiac hypertrophy, cardiac fibrosis, and ventricular dilatation.
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dilatation, cardiac hypertrophy, fibrosis, and deterioration of
cardiac performance. Thus, the outcome of cardiac remodel-
ing is determined by interactions between the adaptive mod-
ifications and negative adaptations in cardiomyocytes [33].

2.2. Cardiomyocyte Death. The heart represents a well-
organized assembly of cardiomyocytes, fibroblasts, endothe-
lial, and smooth muscle cells. The death of cardiomyocytes
directly causes post-MI heart failure [34, 35]. Upon MI, car-
diomyocytes are damaged by necrosis, apoptosis, and
autophagy. Several cellular pathways are activated to drive
the progression from cardiac injury to adverse cardiac
remodeling [4, 36]. Apoptosis, autophagy, and necroptosis
are the regulated forms of cell death in infarcted hearts,
although it is difficult to quantify the contributions of indi-
vidual forms to the infarct size [37–39]. Progressive cell death
directly causes cardiac remodeling in chronically overloaded
hearts [6, 40]. Apoptosis is an energy-dependent form of cell
death with DNA disintegration and without an associated
inflammatory response. Apoptosis signal-regulating kinase
(ASK) is the key mediator of cell death and susceptibility to
heart failure in heart hypertrophy [5]. Necroptosis represent-
ing programmed necrosis is recently described as a novel
form of regulated cell death and may play a prominent role
in cardiovascular diseases [6]. With high relevance to necro-
sis and apoptosis, necroptosis is uniquely regulated by the
activation of specific receptor-interacting protein kinases
[41, 42]. Autophagy is another regulated form of cell death,
characterized by the orderly degradation and recycling of
cellular components, and upregulated in response to nutri-
ent deprivation [43, 44], oxidative stress [45], and hypoxia
[46]. A recent study showed that beclin-1 heterozygous defi-
ciency protected mice from adverse cardiac remodeling in
the model of I/R via regulating autophagy [47]. During the
heart transplantation in mice, mechanical unloading of the
LV activates autophagy and of FoxO3, leading to cardiac
atrophy [48]. FoxO proteins are critical regulators of
autophagy in the regression of cardiac hypertrophy after
unloading the hypertrophic stimuli. Upregulation of FoxO
proteins may be a novel therapeutic target to reverse cardiac
hypertrophy via autophagy-mediated mechanism [33, 48].
Interestingly, the extent of activation determines whether
autophagy protects cells from apoptotic death or promotes
cell death [6, 49]. Presumably, apoptosis, necrosis, and
autophagy coexist in many ways, such as in parallel and
sequential in different sequences [50, 51]. Therefore, further
investigation should define how much each type of cell death
contributes to myocardial remodeling [4].

2.3. Inflammation. Myocardial ischemia and necrosis stimu-
late robust infiltration of leukocytes, which not only helps to
clear necrotic debris but also triggers an intense organized
inflammatory response [52, 53]. Such inflammatory cascade
involves various components of the innate immunity and
affects cardiomyocytes and noncardiomyocyte cells [31, 54].
During the first few days after MI, ischemic or nonischemic
cardiomyocytes undergo necrosis and secret cytokines (e.g.,
tumor necrosis factor-α (TNF-α), interleukin-1 beta (IL-
1β), and interleukin (IL-6). These cytokines recruit inflam-

matory cells to the site of injury, leading to adverse cardiac
remodeling and dysfunction [4, 53, 55]. Excessive inflamma-
tory response induces myocardial apoptosis and promotes
cardiac pathological remodeling [56]. On the other hand,
some of the immune cells may contribute to the wound-
healing process for post-MI cardiac repair [56].

Post-MI inflammation plays a critical role in determining
AMI size and post-MI adverse cardiac remodeling. The det-
rimental effects of AMI are mediated by several inflamma-
tory mediators, which are important therapeutic targets for
cardiac protection [57, 58]. Firstly, the NACHT, LRR, and
PYD domain-containing protein 3 (NLRP3) inflammasome
is an important ubiquitous intracellular pattern recognition
receptor for regulating the inflammatory response during
AMI [59]. Particularly, the NLRP3 inflammasome deter-
mines the production of IL-1β and ensures systemic inflam-
matory response. In the early phase of inflammation, the
inflammasome specks are detectable in the endothelial cells,
cardiomyocytes, and fibroblasts. The expression of NLRP3
and the activity of the inflammasome in the heart were low
within 3 h after AMI in a mouse model of ischemia-
reperfusion injury [60, 61]. In this model, the NLRP3
inflammasome was formed in the myocardium within 3–
24 h after AMI, contributed to the inflammatory response,
and exacerbated the ischemia-reperfusion injury [60].
Importantly, genetic and pharmacological inhibitions of
the inflammasome-related components (e.g., caspase 1, IL-
1β, ASC, and NLRP3) are effective to reduce MI size [62–
66]. The MI-induced inflammatory response is schemati-
cally illustrated in Figure 2.

Neutrophils are well-known to be the first-line defender
against invading microorganisms. Within the context of
MI, neutrophils are activated to generate oxygen free radicals
and secrete chemokines and matrix metalloproteinases
(MMPs) [67]. Dysregulation of neutrophils may affect car-
diac remolding due to overproduction of free radicals, insuf-
ficient phagocytosis of cell debris, and aberrant degradation
of the extracellular matrix.

Secondly, macrophages are known to play a significant
role in the pathophysiology of MI, while the timely switch
of macrophage polarization is a potential therapeutic target
for promoting myocardial healing [62, 68, 69]. Macrophage
phenotypes are classified into activated macrophages (M1)
and alternatively activated macrophages (M2) [70]. Depend-
ing on the pathological environment, M2 macrophages are
further differentiated into the following four polarization
subtypes: M2a, M2b, M2c, and M2d. Gleissner et al.
described another M4 macrophage, which is different from
phenotypes M1 and M2 [71]. Although several factors have
been identified for regulating macrophage polarization, little
is known about the spatiotemporal relationships and func-
tions of the various macrophage subsets in the post-MI car-
diac remodeling [72, 73]. A recent study demonstrated that
cardio sphere-derived cells decreased proinflammatory M1
macrophages but increased anti-inflammatory M2 macro-
phages in the infarcted hearts, thereby supporting heart
repair [74]. In vivo IL-10 infusion significantly improved
post-MI cardiac physiology and increased cardiac macro-
phage M2 polarization and fibroblast activation to moderate
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collagen deposition [74]. Therefore, pharmacological modu-
lation of monocyte differentiation and macrophage polari-
zation could provide anti-inflammatory and reparative
therapeutic strategies for the treatment of post-MI cardiac
remodeling [62].

2.4. Changes in Cardiac ECM. Cardiac ECM serves as the cel-
lular scaffold to maintain the shape and geometry of the heart
[75]. Biochemically, ECM represents a complex network of
different cellular components including collagen, MMPs, and
cell surface adhesion molecules [76]. The composition of the
ECM components determines cardiac remodeling in the
infarct heart. In the early phase after MI, cardiac fibroblasts
migrate to the infarcted area in response to cytokines, synthe-
size and secrete ECM components (mainly collagen) to replace
the necrotic tissues, stabilize the cardiac structure, and prevent
cardiac rupture. Uncontrolled deposition of ECM compo-
nents promotes the formation of myocardial fibrosis,
decreases ventricular compliance, and causes cardiac dysfunc-
tion and heart failure over a long time. Moreover, cardiac
fibrosis further stimulates the electrophysiological remodeling,
inducing arrhythmogenesis and affecting the quality of life.

Different endogenous factors dynamically regulate the
synthesis and degradation of ECM components. The healthy
cardiac ECM is primarily composed of type I collagen (70%)
and type III collagen (12%). Type I, III, IV, V, and VI collagen
are increased in the infarct region, while type I collagen and
type III collagen are the major components of the myocardial
scar [77, 78]. Moreover, ischemia and reperfusion are known
to profoundly increase several other ECM proteins, including
intermediate cartilage layer protein 1 (CILP1), asporin, adipo-
cyte enhancer-binding protein 1 (AEBP1), and transforming
growth factor β-induced gene-h3 (TGFBI) in the border zone
at 15 days after reperfusion in a porcine model of ischemia/r-
eperfusion injury [79]. Collectively, the remodeling of the
myocardium structure involves the excessive accumulation

of fibrillar collagen matrix in the form of “reparative” and
“reactive” fibrosis, causes adverse consequences on ventricular
function and arrhythmogenicity, and supports the pathophys-
iological concept of interstitial heart disease [56].

The proliferative phase of cardiac remodeling is hall-
marked by scar formation at 2–7 days for mice and 4–14 days
for humans, respectively. Pharmacological intervention is
needed to limit pathological ECM remodeling and promote
infarct repair. Collagen-based biomaterials may provide
mechanical support, improve angiogenesis and tissue inte-
gration, reduce inflammation and apoptosis, and limit
adverse remodeling and the loss of cardiac function in the
animal MI models [80, 81]. On the other hand, recombinant
human collagen was also evaluated for the preparation of
clinically relevant biomaterials to reduce pathological remod-
eling and ameliorate post-MI cardiac functions [82].

3. Pharmacological Approaches

Cardiac remodeling contributes to the development and
progression of ventricular dysfunction, arrhythmias, and
poor prognosis. Uncontrolled cardiac remodeling is a signif-
icant cause of mortality and morbidity in AMI patients [67].
Therefore, adverse cardiac remodeling is an important ther-
apeutic target for the treatment of AMI. In fact, the basic
pathophysiological processes are targeted for the develop-
ment of pharmacological treatments [83, 84]. Different
existing drugs including β-adrenergic receptor (β-AR)
blockers, angiotensin-converting enzyme (ACE) inhibitors,
angiotensin-receptor (AR) blockers, mineralocorticoid
receptor blockers, hydralazine, nitrates, and cardiac resyn-
chronization therapy have been evaluated for preventing
adverse cardiac remodeling [22, 85].

3.1. β-AR Blockers. The activation of β-ARs increases the
cAMP synthesis and activates protein kinase A, representing
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Figure 2: Macrophage M1/M2 polarization and the inflammatory response in MI. MI-induced inflammatory response includes the initial
proinflammatory and the subsequent anti-inflammatory reparative phase. In the proinflammatory phase, macrophages undergo M1
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the primary mechanism for acute enhancement of cardiac
reserve to maintain heart function [6]. The β-AR blockers
suppress the activation of β-ARs and attenuate adverse cardiac
remodeling at the molecular and organ levels [86]. Indeed,
several β-AR blockers exhibit potential for reversing cardiac
remodeling, although such results should be further validated
by clinical trials [87]. A recent report suggested that β-AR
blockers reduced the profibrotic potential of resident cardiac
progenitor cells in patients [88]. Interestingly, excessive adren-
ergic stimulation may also affect the in situ myofibroblastic
potentials of resident progenitors through β2-AR signaling,
resulting in detrimental profibrotic outcomes [89]. Acute
overactivation of β-ARs induces inflammasome-dependent
production of IL-18 within the myocardium while activates
cytokine cascades, macrophage infiltration, and pathological
cardiac remodeling [90]. Neutralizing IL-18 at the early stage
of β-AR activation successfully prevented inflammatory
responses and cardiac injuries. β-adrenergic stimulation on
the β-AR-Gαs/Src pathway activates the STAT3 pathway for
maintaining normal cardiac function and minimizing adverse
cardiac remodeling [91]. Cardiac-specific overexpression of
β3-AR inhibits the hypertrophic response to neurohormonal
stimulation through a NOS-mediated mechanism [92]. Thus,
β3-AR agonists may have therapeutic potential for the modu-
lation of cardiac remodeling.

3.2. ACE Inhibitors and AR Blockers. The renin-angiotensin
system regulates the structural remodeling of the left ventri-
cle for post-MI cardiac healing and long-term prognosis
[92]. Interestingly, the renin-angiotensin system is regulated
by multiple mechanisms: (1) β-AR blockers inhibit the secre-
tion of renin, (2) renin inhibitors directly diminish the activ-
ity of renin, (3) ACE inhibitors block the formation of
angiotensin II, and (4) AR blockers dampen the activation
of angiotensin II type 1 (AT1) receptor. As shown in
Figure 3, these pharmacological mechanisms may inhibit
the renin-angiotensin system in a synergistical manner.

It is well-known that acute activation of the renin-
angiotensin-aldosterone system alleviates hemodynamic
stress. Dysregulation of the renin-angiotensin-aldosterone
system is often associated with hypertension, oxidative stress,
and adverse cardiac remodeling [93]. The sustained release of
angiotensin promotes cardiac fibrosis, cellular necrosis, and
cardiomyocyte hypertrophy. Indeed, agents that inhibit
either the renin-angiotensin-aldosterone system or sympa-
thetic nervous system reduced mortality in MI patients
[94]. ACE inhibitors are widely used in the management of
heart failure in the last three decades [95]. Several random-
ized clinical trials demonstrated the beneficial effect of ACE
inhibitors, mineralocorticoid receptor blockers, and AR
blockers in the management of heart failure patients [25].
These drugs act at the different points in the signaling cas-
cade of angiotensin II to strop adverse cardiac remodeling
regardless of the changes in blood pressure [96]. Others
showed that ACE inhibitors favourably altered the loading
conditions for LV, reduced progressive LV remodeling, and
improved clinical outcomes [97, 98]. AR blockers block the
effects of angiotensin II particularly at the receptor subtype
1 level to mediate vasoconstriction, sodium and water reten-
tion, cardiac hypertrophy, and cardiac fibrosis [99]. It is note-
worthy that randomized trials have not approved the
superiority of AR blockers over ACE inhibitors, although
angiotensin II antagonism is theoretically favourable in
patients with AMI [10, 100].

On the other hand, the stimulation of the renin-
angiotensin-aldosterone system leads to the activation of dif-
ferent MMPs in the heart and subsequent degradation of
extracellular proteins in the myocardium [37, 101]. MMP-2
and MMP-9 are two typical MMPs for ECM degradation
and post-MI cardiac remodeling [102, 103]. Pharmacological
inhibition of MMPs is sufficient to limit tissue damage in ani-
mal MI models [104, 105].

3.3. Anti-Inflammatory Agents. Inflammation is a critical
driving force for post-MI ventricular remodeling [106].
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Figure 3: MI-induced activation and pharmacologic inhibition of the renin-angiotensin-aldosterone system. Renin-angiotensin-aldosterone
system regulates the functions of multiorgans. AMI causes a decrease in cardiac output, reduces tissue perfusion in the kidney and liver, and
stimulates renin and angiotensinogen production. Consequently, angiotensin production is increased to stimulate ventricular remodeling.
Meanwhile, aldosterone has similar effects on cardiac remodeling.
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Unrestrained inflammation induces matrix degradation and
cardiomyocyte apoptosis in the infarcted myocardium
[107]. Prolonged inflammation is known to promote LV
dilation, impair LV physiology, and enhance excessive scar
formation [108]. Thus, modulation of the inflammatory
response represents a potential strategy for intervening
post-MI cardiac remodeling. Timely and effective suppres-
sion of inflammatory signaling in infarcted hearts is of great
importance to protect the myocardium from dilative
remodeling and progressive cardiac dysfunction [109].
Indeed, inhibition of the initial proinflammatory responses
and promotion of the subsequent anti-inflammatory repar-
ative responses are essential therapeutic strategies to limit
MI size and prevent adverse LV remodeling [62]. Therefore,
timely resolution of cardiac inflammation is critical to con-
trol cardiac remodeling [53].

Therapeutic targets are primarily several cytokines that
control the initial proinflammatory response and promote
the subsequent anti-inflammatory reparative response.
Firstly, IL-1 is an important proinflammatory cytokine for
the treatment of atherosclerosis, AMI, and heart failure
[110]. Interestingly, blockade of IL-1β signaling limits
adverse cardiac remodeling after AMI [111, 112]. IL-1α is
released from the damaged cardiomyocytes and activates
IL-1R1 on cardiac fibroblasts, inducing early myocardial
remodeling in AMI [111]. Preclinical research and clinical
trials validated the role of IL-1α in the initiation of post-MI
inflammation and the role of IL-1β in adverse cardiac
remodeling and heart failure [63]. Secondly, the CC-
chemokine CCL21 interacts with receptor CCR7 to regulate
inflammation and immune cell recruitment in response to
pressure overload in symptomatic aortic stenosis [113].
Thirdly, IL-10 is an anti-inflammatory cytokine for resolving
cardiac inflammation [114]. Myocardial ischemia and reper-
fusion significantly increased IL-10 in the serum within 6 h in
animal models [53]. Finally, the NLRP3 inflammasome is a
multiprotein complex for regulating the proteolytic activa-
tion of caspase 1 and proinflammatory cytokines such as
IL-1β and IL-18 [64]. NLRP3 inhibition significantly reduced
infarct size and preserved cardiac function, suggesting that
the early activation of NLRP3 inflammasome may control
the downstream inflammatory signaling [115].

3.4. Miscellaneous Aspects

3.4.1. Circadian Rhythm Regulation. Circadian rhythm is
known to regulate various biological and cardiovascular
rhythms in health and disease and modulates post-MI car-
diac remodeling and dysfunction [116, 117]. Circadian
rhythms control myocardial homeostasis, apoptosis, autoph-
agy, and necrosis [51]. Circadian rhythm is closely associated
with the systems that modulate oxidative stress and may
thereby modulate post-MI cardiac remodeling [118]. Melato-
nin is a well-known circadian rhythm regulator and antioxi-
dant. Several studies demonstrated the cardioprotective
activity of melatonin in AMI [119, 120].

3.4.2. Noncoding RNAs (ncRNAs). ncRNAs include small
ncRNAs and long ncRNAs (lncRNA) while miRNAs are a
class of small ncRNAs [121]. Intravenous miR-144 adminis-
tration decreased the left ventricular remodeling in post-MI
hearts. Further analysis revealed that miR-144 decreased
myocardial fibrosis, inflammation, and apoptosis by regulat-
ing the autophagy signaling pathways [122]. The lncRNA
Wisper reduced the cardiac fibrosis and prevented myocar-
dial remodeling in post-MI hearts [123]. Downregulation of
lncRNA Neat1 and AK139328 alleviated the myocardial
ischemia/reperfusion injury via regulating the autophagy sig-
naling [124]. The lncRNAMhrt also protected the heart from
cardiac hypertrophy by ATP-dependent chromatin-
remodeling [125].

3.4.3. Gut Microbiota. Dysbiosis of the gut microbiota has
recently emerged as a novel target for the control of cardiac
remodeling [126]. Gut microbiota composition is linked to
cardiovascular diseases (CVD) through multiple mecha-
nisms including (1) direct effects of microbial metabolites
on atherosclerosis and thrombosis and (2) immune modula-
tion by bacteria and their products [127]. Probiotics may
change gut microbiota composition to achieve the maximal
beneficial effect on the cardiac remodeling process in MI
patients. Lam et al. confirmed the potential effects of micro-
biota on the post-MI ventricular remodeling [128]. Oral
administration of antibiotic vancomycin and probiotic Good
belly was containing Lactobacillus plantarum and Bifidobac-
terium lactis Bi-07 before ischemia/reperfusion (I/R) injury
significantly reduced infarct size and improved myocardial
function in rats [129]. An increasing number of recent stud-
ies validated the link of gut microbiota to myocardial

Table 1: Summary of pharmacological therapies against adverse post-MI cardiac remodeling.

Drug/target Mechanism of action Drug application phase References

β-AR blockers Prevent β-ARs/desensitization Clinical [86, 87, 89, 90]

ACE inhibitors Inhibit angiotensin-converting enzyme Clinical [95, 97, 98]

AR blockers Inhibit angiotensin receptor/desensitization Clinical [25, 99, 100]

Anti-inflammatory agents Resistance to an excessive inflammatory response Clinical [106, 107, 110, 115]

Probiotics Regulate gut microbiota Preclinical [126, 127, 130, 131]

Antibiotics Inhibit matrix metalloproteinase/opening mPTP Clinical [132–134, 136]

Circadian rhythm regulators Control cell fate/modulate oxidant stress Preclinical [117, 118, 120]

Noncoding RNAs
(ncRNAs)

Reduced the cardiac fibrosis/regulating the autophagy signaling Preclinical [121–123, 125]

6 Oxidative Medicine and Cellular Longevity



function and repair in AMI [130]. Selective gut modulation
by probiotic administration improved metabolic dysfunction
and attenuated cardiac remodeling in AMI [131].

3.4.4. Antibiotics. Antibiotics may affect ventricular remodel-
ing in the immediate post-MI setting. The “PROVE IT-
TIMI22 trial” demonstrated that long-term treatment with
gatifloxacin could prevent major adverse cardiovascular
events in the subjects with recent acute coronary syndrome
[132]. Doxycycline attenuated adverse ventricular remodel-
ing via inhibiting MMPs [133]. Experimental and clinical
studies suggested that cyclosporine could attenuate reperfu-
sion injury and prevent adverse left ventricular remodeling
[134]. Mechanistically, cyclosporine is a pharmacologic
inhibitor of cyclophilin D, a central regulator for the opening
of the mitochondrial permeability transition pore (mPTP).
Indeed, either genetic or pharmacologic inhibition of cyclo-
philin D reduced the severity of myocardial reperfusion
injury [135, 136].

4. Conclusion and Perspectives

The present review is aimed at identifying drugs for effective
treatment of adverse cardiac remodeling in MI. We have
summarized the pharmacological therapies on cardiac
remodeling after AMI (Table 1). Firstly, the complex patho-
physiological processes of cardiac remodeling were investi-
gated to understand better the interactions between the
cellular components, signaling molecules, the ECM compo-
nents, and neurohormonal regulation. Secondly, the capacity
of several classes of the existing drugs was assessed to target
the vital pathological processes in cardiac remodeling. Sur-
prisingly, different drugs should be combined to achieve effi-
cacy in selected patients. Therefore, a better understanding of
the complex pathological process of cardiac remodeling pro-
vides the key to develop more effective and safe strategies for
the treatment of post-MI cardiac remodeling.

Conflicts of Interest

The authors declare no competing interests.

Acknowledgments

This work was supported by General Research Fund (GRF)
grants (17146216, 17100317, 17119619), National Natural
Science Foundation of China (81701464, 81703726,
21778046), Health and Medical Research Fund (16171751,
17181231), Midstream Research Programme for Universities
(MRP) (053/18X), and the Hong Kong Scholars Program
(XJ2019055).

References

[1] G. W. Reed, J. E. Rossi, and C. P. Cannon, “Acute myocardial
infarction,” The Lancet, vol. 389, no. 10065, pp. 197–210,
2017.

[2] G. Maglietta, M. Ardissino, G. Malagoli Tagliazucchi et al.,
“Long-term outcomes after early-onset myocardial infarc-

tion,” Journal of the American College of Cardiology, vol. 74,
no. 16, pp. 2113–2115, 2019.

[3] R. Y. Kwong and J. J. Bax, “Unraveling the complex processes
of adverse cardiac remodeling,” Cardiovascular Imaging,
vol. 12, no. 5, article e009086, 2019.

[4] A. Gonzalez, S. Ravassa, J. Beaumont, B. Lopez, and J. Diez,
“New targets to treat the structural remodeling of the myo-
cardium,” Journal of the American College of Cardiology,
vol. 58, no. 18, pp. 1833–1843, 2011.

[5] I. Kehat and J. D. Molkentin, “Molecular pathways underly-
ing cardiac remodeling during pathophysiological stimula-
tion,” Circulation, vol. 122, no. 25, pp. 2727–2735, 2010.

[6] L. Schirone, M. Forte, S. Palmerio et al., “A review of the
molecular mechanisms underlying the development and pro-
gression of cardiac remodeling,” Oxidative Medicine and Cel-
lular Longevity, vol. 2017, Article ID 3920195, 16 pages, 2017.

[7] M. Metra, “April 2016 At a glance. Focus on cardiac remod-
eling, biomarkers and treatment,” European Journal of Heart
Failure, vol. 18, no. 4, pp. 345-346, 2016.

[8] A. A. Gibb and B. G. Hill, “Metabolic coordination of physi-
ological and pathological cardiac remodeling,” Circulation
Research, vol. 123, no. 1, pp. 107–128, 2018.

[9] R. M. Mortensen, “Immune cell modulation of cardiac
remodeling,” Circulation, vol. 125, no. 13, pp. 1597–1600,
2012.

[10] H. Ishii, T. Amano, T. Matsubara, and T. Murohara, “Phar-
macological intervention for prevention of left ventricular
remodeling and improving prognosis in myocardial infarc-
tion,” Circulation, vol. 118, no. 25, pp. 2710–2718, 2008.

[11] M. A. Pfeffer and J. D. Rutherford, “Therapeutic attenuation
of cardiac remodeling after acute myocardial infarction,” Cir-
culation, vol. 137, no. 23, pp. 2430–2434, 2018.

[12] J. N. Cohn, “Inhibiting LV remodeling–the need for a tar-
geted approach,” Nature Reviews. Cardiology, vol. 8, no. 5,
pp. 248-249, 2011.

[13] A. M. Shah and D. L. Mann, “In search of new therapeutic
targets and strategies for heart failure: recent advances in
basic science,” The Lancet, vol. 378, no. 9792, pp. 704–712,
2011.

[14] M. Poncelas, J. Inserte, D. Aluja, V. Hernando, U. Vilardosa,
and D. Garcia-Dorado, “Delayed, oral pharmacological inhi-
bition of calpains attenuates adverse post-infarction remodel-
ling,” Cardiovascular Research, vol. 113, no. 8, pp. 950–961,
2017.

[15] G. Tarone, J. L. Balligand, J. Bauersachs et al., “Targeting myo-
cardial remodelling to develop novel therapies for heart failure:
a position paper from the working group on myocardial func-
tion of the European Society of Cardiology,” European Journal
of Heart Failure, vol. 16, no. 5, pp. 494–508, 2014.

[16] G. W. Dorn 2nd, “Novel pharmacotherapies to abrogate
postinfarction ventricular remodeling,” Nature Reviews. Car-
diology, vol. 6, no. 4, pp. 283–291, 2009.

[17] S. Chen, Y. Zhang, J. K. Lighthouse et al., “A novel role of
cyclic nucleotide phosphodiesterase 10a in pathological car-
diac remodeling and dysfunction,” Circulation, vol. 141,
no. 3, pp. 217–233, 2020.

[18] D. J. Hausenloy and D. M. Yellon, “Targeting myocardial
reperfusion injury–the search continues,” The New England
Journal of Medicine, vol. 373, no. 11, pp. 1073–1075, 2015.

[19] D. Schuttler, S. Clauss, L. T. Weckbach, and S. Brunner,
“Molecular mechanisms of cardiac remodeling and

7Oxidative Medicine and Cellular Longevity



regeneration in physical exercise,” Cells, vol. 8, no. 10, article
1128, 2019.

[20] L. V. Kozlovskaia, I. N. Bobkova, M. L. Nanchikeeva, N. V.
Chebotareva, and O. A. Li, “General molecular and cellular
mechanisms for renal and cardiac remodeling in chronic kid-
ney disease: a target for nephrocardioprotection,” Terapevti-
cheskii Arkhiv, vol. 85, no. 6, pp. 66–72, 2013.

[21] Y. Lu, J. J. Liu, and X. J. Yu, “Research progress of molec-
ular mechanisms on cardiac remodeling,” Sheng Li Ke Xue
Jin Zhan [Progress in Physiology], vol. 44, no. 1, pp. 23–26,
2013.

[22] Z. K. Haque and D. Z. Wang, “How cardiomyocytes sense
pathophysiological stresses for cardiac remodeling,” Cellular
and Molecular Life Sciences: CMLS, vol. 74, no. 6, pp. 983–
1000, 2017.

[23] Q. Liu, Y. Chen, M. Auger-Messier, and J. D. Molkentin,
“Interaction between NFκB and Nfat coordinates cardiac
hypertrophy and pathological remodeling,” Circulation
Research, vol. 110, no. 8, pp. 1077–1086, 2012.

[24] J. H. van Berlo, M. Maillet, and J. D. Molkentin, “Signaling
effectors underlying pathologic growth and remodeling of
the heart,” The Journal of Clinical Investigation, vol. 123,
no. 1, pp. 37–45, 2013.

[25] M. Xie, J. S. Burchfield, and J. A. Hill, “Pathological ventricu-
lar remodeling: therapies: part 2 of 2,” Circulation, vol. 128,
no. 9, pp. 1021–1030, 2013.

[26] J. B. Muhlestein, “Adverse left ventricular remodelling after
acute myocardial infarction: is there a simple treatment that
really works?,” European Heart Journal, vol. 35, no. 3,
pp. 144–146, 2014.

[27] G. Heusch, “Myocardial ischemia: lack of coronary blood
flow or myocardial oxygen supply/demand imbalance?,” Cir-
culation Research, vol. 119, no. 2, pp. 194–196, 2016.

[28] B. R. Weil, R. F. Young, X. Shen et al., “Brief myocardial
ischemia produces cardiac troponin I release and focal myo-
cyte apoptosis in the absence of pathological infarction in
swine,” JACC: Basic to Translational Science, vol. 2, no. 2,
pp. 105–114, 2017.

[29] F. A. C. Seara, E. L. Olivares, and J. H. M. Nascimento, “Ana-
bolic steroid excess and myocardial infarction: from ischemia
to reperfusion injury,” Steroids, vol. 161, article 108660, 2020.

[30] B. Shin, D. B. Cowan, S. M. Emani, P. J. Del Nido, and J. D.
McCully, “Mitochondrial transplantation in myocardial
ischemia and reperfusion injury,” Advances in Experimental
Medicine and Biology, vol. 982, pp. 595–619, 2017.

[31] N. G. Frangogiannis, “Pathophysiology of myocardial infarc-
tion,” Comprehensive Physiology, vol. 5, no. 4, pp. 1841–1875,
2015.

[32] M. Y. Wu, G. T. Yiang, W. T. Liao et al., “Current mech-
anistic concepts in ischemia and reperfusion injury,” Cellu-
lar Physiology and Biochemistry, vol. 46, no. 4, pp. 1650–
1667, 2018.

[33] K. Nishida and K. Otsu, “Autophagy during cardiac remodel-
ing,” Journal of Molecular and Cellular Cardiology, vol. 95,
pp. 11–18, 2016.

[34] S. Kostin, L. Pool, A. Elsasser et al., “Myocytes die by multiple
mechanisms in failing human hearts,” Circulation Research,
vol. 92, no. 7, pp. 715–724, 2003.

[35] G. Takemura and H. Fujiwara, “Role of apoptosis in remod-
eling after myocardial infarction,” Pharmacology & Thera-
peutics, vol. 104, no. 1, pp. 1–16, 2004.

[36] I. Shimizu and T. Minamino, “Physiological and pathological
cardiac hypertrophy,,” Journal of Molecular and Cellular Car-
diology, vol. 97, pp. 245–262, 2016.

[37] D. Curley, B. Lavin Plaza, A. M. Shah, and R. M. Botnar,
“Molecular imaging of cardiac remodelling after myocardial
infarction,” Basic Research in Cardiology, vol. 113, no. 2,
p. 10, 2018.

[38] J. Inserte, M. Cardona, M. Poncelas-Nozal et al., “Studies on
the role of apoptosis after transient myocardial ischemia:
genetic deletion of the executioner caspases-3 and -7 does
not limit infarct size and ventricular remodeling,” Basic
Research in Cardiology, vol. 111, no. 2, p. 18, 2016.

[39] M. Chiong, Z. V. Wang, Z. Pedrozo et al., “Cardiomyocyte
death: mechanisms and translational implications,” Cell
Death & Disease, vol. 2, article e244, 2011.

[40] R. S. Whelan, V. Kaplinskiy, and R. N. Kitsis, “Cell death in
the pathogenesis of heart disease: mechanisms and signifi-
cance,” Annual Review of Physiology, vol. 72, pp. 19–44, 2010.

[41] J. Liu, P. Wang, L. He et al., “Cardiomyocyte-Restricted Dele-
tion of PPARβ/δ in PPARα-Null Mice Causes Impaired
Mitochondrial Biogenesis and Defense, but No Further
Depression of Myocardial Fatty Acid Oxidation,” PPAR
Research, vol. 2011, Article ID 372854, 13 pages, 2011.

[42] D. Frank and J. E. Vince, “Pyroptosis versus necroptosis: sim-
ilarities, differences, and crosstalk,” Cell Death and Differenti-
ation, vol. 26, no. 1, pp. 99–114, 2019.

[43] S. Sciarretta, Y. Maejima, D. Zablocki, and J. Sadoshima, “The
role of autophagy in the heart,” Annual Review of Physiology,
vol. 80, pp. 1–26, 2018.

[44] Y. Matsui, H. Takagi, X. Qu et al., “Distinct roles of autoph-
agy in the heart during ischemia and reperfusion,” Circula-
tion Research, vol. 100, no. 6, pp. 914–922, 2007.

[45] Y. Maejima, S. Kyoi, P. Zhai et al., “Mst1 inhibits autophagy
by promoting the interaction between Beclin1 and Bcl-2,”
Nature Medicine, vol. 19, no. 11, pp. 1478–1488, 2013.

[46] H. Zhang, M. Bosch-Marce, L. A. Shimoda et al., “Mitochon-
drial autophagy is an Hif-1-dependent adaptive metabolic
response to hypoxia,” The Journal of Biological Chemistry,
vol. 283, no. 16, pp. 10892–10903, 2008.

[47] X. Ma, H. Liu, S. R. Foyil et al., “Impaired autophagosome
clearance contributes to cardiomyocyte death in ischemia/re-
perfusion injury,” Circulation, vol. 125, no. 25, pp. 3170–
3181, 2012.

[48] D. J. Cao, N. Jiang, A. Blagg et al., “Mechanical unloading
activates Foxo3 to trigger Bnip3-dependent cardiomyocyte
atrophy,” Journal of the American Heart Association, vol. 2,
no. 2, article e000016, 2013.

[49] A. K. Biala and L. A. Kirshenbaum, “The interplay between
cell death signaling pathways in the heart,” Trends in Cardio-
vascular Medicine, vol. 24, no. 8, pp. 325–331, 2014.

[50] G. Marino, M. Niso-Santano, E. H. Baehrecke, and
G. Kroemer, “Self-consumption: the interplay of autophagy
and apoptosis, nature reviews,” Molecular Cell Biology,
vol. 15, no. 2, pp. 81–94, 2014.

[51] I. Rabinovich-Nikitin, B. Lieberman, T. A. Martino, and L. A.
Kirshenbaum, “Circadian-regulated cell death in cardiovascu-
lar diseases,” Circulation, vol. 139, no. 7, pp. 965–980, 2019.

[52] S. D. Prabhu and N. G. Frangogiannis, “The biological basis
for cardiac repair after myocardial infarction: from inflam-
mation to fibrosis,” Circulation Research, vol. 119, no. 1,
pp. 91–112, 2016.

8 Oxidative Medicine and Cellular Longevity



[53] M. Jung, Y. Ma, R. P. Iyer et al., “Il-10 improves cardiac
remodeling after myocardial infarction by stimulating M2
macrophage polarization and fibroblast activation,” Basic
Research in Cardiology, vol. 112, no. 3, p. 33, 2017.

[54] S. Khodayari, H. Khodayari, A. Z. Amiri et al., “Inflammatory
microenvironment of acute myocardial infarction prevents
regeneration of heart with stem cells therapy,” Cellular Phys-
iology and Biochemistry, vol. 53, no. 5, pp. 887–909, 2019.

[55] N. G. Frangogiannis, “The immune system and cardiac
repair,” Pharmacological Research, vol. 58, no. 2, pp. 88–
111, 2008.

[56] K. T. Weber, Y. Sun, S. K. Bhattacharya, R. A. Ahokas, and
I. C. Gerling, “Myofibroblast-mediated mechanisms of path-
ological remodelling of the heart,” Nature Reviews. Cardiol-
ogy, vol. 10, no. 1, pp. 15–26, 2013.

[57] I. Andreadou, H. A. Cabrera-Fuentes, Y. Devaux et al.,
“Immune cells as targets for cardioprotection: new players
and novel therapeutic opportunities,” Cardiovascular
Research, vol. 115, no. 7, pp. 1117–1130, 2019.

[58] Q. Fei, H. Ma, J. Zou et al., “Metformin protects against isch-
aemic myocardial injury by alleviating autophagy-Ros-
Nlrp3-mediated inflammatory response in macrophages,”
Journal of Molecular and Cellular Cardiology, vol. 145,
pp. 1–13, 2020.

[59] I. M. Seropian, S. Toldo, B. W. Van Tassell, and A. Abbate,
“Anti-inflammatory strategies for ventricular remodeling fol-
lowing St-segment elevation acute myocardial infarction,”
Journal of the American College of Cardiology, vol. 63,
no. 16, pp. 1593–1603, 2014.

[60] S. Toldo, C. Marchetti, A. G. Mauro et al., “Inhibition of the
Nlrp3 inflammasome limits the inflammatory injury follow-
ing myocardial ischemia-reperfusion in the mouse,” Interna-
tional Journal of Cardiology, vol. 209, pp. 215–220, 2016.

[61] O. Sandanger, E. Gao, T. Ranheim et al., “Nlrp3 inflamma-
some activation during myocardial ischemia reperfusion is
cardioprotective,” Biochemical and Biophysical Research
Communications, vol. 469, no. 4, pp. 1012–1020, 2016.

[62] S. B. Ong, S. Hernandez-Resendiz, G. E. Crespo-Avilan et al.,
“Inflammation following acute myocardial infarction: multi-
ple players, dynamic roles, and novel therapeutic opportuni-
ties,” Pharmacology & Therapeutics, vol. 186, pp. 73–87,
2018.

[63] L. F. Buckley and A. Abbate, “Interleukin-1 blockade in car-
diovascular diseases: a clinical update,” European Heart Jour-
nal, vol. 39, no. 22, pp. 2063–2069, 2018.

[64] S. Toldo and A. Abbate, “The Nlrp3 inflammasome in acute
myocardial infarction,” Nature Reviews. Cardiology, vol. 15,
no. 4, pp. 203–214, 2018.

[65] A. Abbate, S. Toldo, C. Marchetti, J. Kron, B. W. Van Tassell,
and C. A. Dinarello, “Interleukin-1 and the inflammasome as
therapeutic targets in cardiovascular disease,” Circulation
Research, vol. 126, no. 9, pp. 1260–1280, 2020.

[66] J. P. Audia, X. M. Yang, E. S. Crockett et al., “Caspase-1 inhi-
bition by Vx-765 administered at reperfusion in P2y12 recep-
tor antagonist-treated rats provides long-term reduction in
myocardial infarct size and preservation of ventricular func-
tion,” Basic Research in Cardiology, vol. 113, no. 5, p. 32,
2018.

[67] !!! INVALID CITATION !!!.

[68] S. Adutler-Lieber, T. Ben-Mordechai, N. Naftali-Shani et al.,
“Human macrophage regulation via interaction with cardiac

adipose tissue-derived mesenchymal stromal cells,” Journal
of Cardiovascular Pharmacology and Therapeutics, vol. 18,
no. 1, pp. 78–86, 2012.

[69] S. Gordon and F. O.Martinez, “Alternative activation of mac-
rophages: mechanism and functions,” Immunity, vol. 32,
no. 5, pp. 593–604, 2010.

[70] M. I. Nasser, S. Zhu, H. Huang et al., “Macrophages: first
guards in the prevention of cardiovascular diseases,” Life Sci-
ences, vol. 250, article 117559, 2020.

[71] C. A. Gleissner, I. Shaked, K. M. Little, and K. Ley, “Cxc che-
mokine ligand 4 induces a unique transcriptome in
monocyte-derived macrophages,” Journal of Immunology,
vol. 184, no. 9, pp. 4810–4818, 2010.

[72] A. Gombozhapova, Y. Rogovskaya, V. Shurupov et al., “Mac-
rophage activation and polarization in post-infarction car-
diac remodeling,” Journal of Biomedical Science, vol. 24,
no. 1, p. 13, 2017.

[73] J. O. Beitnes, E. Hopp, K. Lunde et al., “Long-term results
after intracoronary injection of autologous mononuclear
bone marrow cells in acute myocardial infarction: the
ASTAMI randomised, controlled study,” Heart, vol. 95,
no. 24, pp. 1983–1989, 2009.

[74] A. S. Hasan, L. Luo, C. Yan et al., “Cardiosphere-derived cells
facilitate heart repair by modulating M1/M2 macrophage
polarization and neutrophil recruitment,” PLoS One,
vol. 11, no. 10, article e0165255, 2016.

[75] N. G. Frangogiannis, “The extracellular matrix in ischemic
and nonischemic heart failure,” Circulation Research,
vol. 125, no. 1, pp. 117–146, 2019.

[76] A. S. Bhatt, A. P. Ambrosy, and E. J. Velazquez, “Adverse
remodeling and reverse remodeling after myocardial infarc-
tion,” Current Cardiology Reports, vol. 19, no. 8, p. 71, 2017.

[77] P. E. Shamhart and J. G. Meszaros, “Non-fibrillar collagens:
key mediators of post-infarction cardiac remodeling?,” Jour-
nal of Molecular and Cellular Cardiology, vol. 48, no. 3,
pp. 530–537, 2010.

[78] D. J. Luther, C. K. Thodeti, P. E. Shamhart et al., “Absence of
type vi collagen paradoxically improves cardiac function,
structure, and remodeling after myocardial infarction,” Cir-
culation Research, vol. 110, no. 6, pp. 851–856, 2012.

[79] J. Barallobre-Barreiro, A. Didangelos, F. A. Schoendube et al.,
“Proteomics analysis of cardiac extracellular matrix remodel-
ing in a porcine model of ischemia/reperfusion injury,” Cir-
culation, vol. 125, no. 6, pp. 789–802, 2012.

[80] N. J. Blackburn, T. Sofrenovic, D. Kuraitis et al., “Timing
underpins the benefits associated with injectable collagen bio-
material therapy for the treatment of myocardial infarction,”
Biomaterials, vol. 39, pp. 182–192, 2015.

[81] A. Ahmadi, B. McNeill, B. Vulesevic et al., “The role of integ-
rin α2 in cell andmatrix therapy that improves perfusion, via-
bility and function of infarcted myocardium,” Biomaterials,
vol. 35, no. 17, pp. 4749–4758, 2014.

[82] S. McLaughlin, B. McNeill, J. Podrebarac et al., “Injectable
human recombinant collagen matrices limit adverse
remodeling and improve cardiac function after myocardial
infarction,” Nature Communications, vol. 10, no. 1,
p. 4866, 2019.

[83] S. Sciarretta, D. Yee, N. Nagarajan et al., “Trehalose-induced
activation of autophagy improves cardiac remodeling after
myocardial infarction,” Journal of the American College of
Cardiology, vol. 71, no. 18, pp. 1999–2010, 2018.

9Oxidative Medicine and Cellular Longevity



[84] M. Nakamura and J. Sadoshima, “Mechanisms of physiolog-
ical and pathological cardiac hypertrophy,” Nature Reviews.
Cardiology, vol. 15, no. 7, pp. 387–407, 2018.

[85] H. Hashimoto, E. N. Olson, and R. Bassel-Duby, “Therapeu-
tic approaches for cardiac regeneration and repair,” Nature
Reviews. Cardiology, vol. 15, no. 10, pp. 585–600, 2018.

[86] B. D. Lowes, E. M. Gilbert, W. T. Abraham et al., “Myocardial
gene expression in dilated cardiomyopathy treated with beta-
blocking agents,” The New England Journal of Medicine,
vol. 346, no. 18, pp. 1357–1365, 2002.

[87] J. A. Talameh, H. L. McLeod, K. F. Adams Jr., and J. H. Pat-
terson, “Genetic tailoring of pharmacotherapy in heart fail-
ure: optimize the old, while we wait for something new,”
Journal of Cardiac Failure, vol. 18, no. 4, pp. 338–349, 2012.

[88] I. Chimenti, F. Pagano, E. Cavarretta et al., “Beta-blockers
treatment of cardiac surgery patients enhances isolation and
improves phenotype of cardiosphere-derived cells,” Scientific
Reports, vol. 6, article 36774, 2016.

[89] F. Pagano, F. Angelini, C. Siciliano et al., “Beta2-adrenergic
signaling affects the phenotype of human cardiac progenitor
cells through EMT modulation,” Pharmacological Research,
vol. 127, pp. 41–48, 2018.

[90] H. Xiao, H. Li, J. J. Wang et al., “Il-18 cleavage triggers cardiac
inflammation and fibrosis upon β-adrenergic insult,” Euro-
pean Heart Journal, vol. 39, no. 1, pp. 60–69, 2018.

[91] W. Zhang, X. Qu, B. Chen et al., “Critical roles of Stat3 in β-
adrenergic functions in the heart,” Circulation, vol. 133, no. 1,
pp. 48–61, 2016.

[92] C. Belge, J. Hammond, E. Dubois-Deruy et al., “Enhanced
expression of β3-adrenoceptors in cardiac myocytes attenu-
ates neurohormone-induced hypertrophic remodeling
through nitric oxide synthase,” Circulation, vol. 129, no. 4,
pp. 451–462, 2014.

[93] S. A. Atlas, “The renin-angiotensin aldosterone system: path-
ophysiological role and pharmacologic inhibition,” Journal of
Managed Care Pharmacy: JMCP, vol. 13, 8, Supplement B,
pp. 9–20, 2007.

[94] J. Torrado, C. Cain, A. G. Mauro et al., “Sacubitril/valsartan
averts adverse post-infarction ventricular remodeling and
preserves systolic function in rabbits,” Journal of the Ameri-
can College of Cardiology, vol. 72, no. 19, pp. 2342–2356,
2018.

[95] D. M. Reboussin, N. B. Allen, M. E. Griswold et al., “System-
atic Review for the 2017 Acc/Aha/Aapa/Abc/Acpm/Ags/A-
pha/Ash/Aspc/Nma/Pcna Guideline for the Prevention,
detection, evaluation, and management of high blood pres-
sure in adults: a report of the American College of Cardiolo-
gy/American Heart Association Task Force on Clinical
Practice Guidelines,” Circulation, vol. 138, no. 17, pp. e595–
e616, 2018.

[96] J. F. Ainscough, M. J. Drinkhill, A. Sedo et al., “Angioten-
sin II type-1 receptor activation in the adult heart causes
blood pressure-independent hypertrophy and cardiac dys-
function,” Cardiovascular Research, vol. 81, no. 3,
pp. 592–600, 2009.

[97] Y. Wang, R. Zhou, C. Lu, Q. Chen, T. Xu, and D. Li, “Effects
of the angiotensin-receptor neprilysin inhibitor on cardiac
reverse remodeling: meta-analysis,” Journal of the American
Heart Association, vol. 8, no. 13, article e012272, 2019.

[98] T. Sato, A. Kadowaki, T. Suzuki et al., “Loss of apelin aug-
ments angiotensin II-Induced cardiac dysfunction and path-

ological remodeling,” International Journal of Molecular
Sciences, vol. 20, no. 2, 2019.

[99] S. Ye, W. Luo, Z. A. Khan et al., “Celastrol attenuates angio-
tensin II-induced cardiac remodeling by targeting Stat3,” Cir-
culation Research, vol. 126, no. 8, pp. 1007–1023, 2020.

[100] M. A. Pfeffer, J. J. McMurray, E. J. Velazquez et al., “Valsar-
tan, captopril, or both in myocardial infarction complicated
by heart failure, left ventricular dysfunction, or both,” The
New England Journal of Medicine, vol. 349, no. 20,
pp. 1893–1906, 2003.

[101] D. L. Mann, “Inflammatory mediators and the failing heart:
past, present, and the foreseeable future,” Circulation
Research, vol. 91, no. 11, pp. 988–998, 2002.

[102] F. G. Spinale, “Matrix metalloproteinases,” Circulation
Research, vol. 90, no. 5, pp. 520–530, 2002.

[103] C. Whatling, W. McPheat, and E. Hurt-Camejo, “Matrix
management,” Arteriosclerosis, Thrombosis, and Vascular
Biology, vol. 24, no. 1, pp. 10-11, 2004.

[104] G. V. Halade, Y. F. Jin, and M. L. Lindsey, “Matrix metal-
loproteinase (MMP)-9: a proximal biomarker for cardiac
remodeling and a distal biomarker for inflammation,”
Pharmacology & Therapeutics, vol. 139, no. 1, pp. 32–40,
2013.

[105] C. Fan, J. Shi, Y. Zhuang et al., “Myocardial-infarction-
responsive smart hydrogels targeting matrix metalloprotein-
ase for on-demand growth factor delivery,” Advanced Mate-
rials, vol. 31, no. 40, article e1902900, 2019.

[106] J. T. Thackeray, H. C. Hupe, Y. Wang et al., “Myocardial
inflammation predicts remodeling and neuroinflammation
after myocardial infarction,” Journal of the American College
of Cardiology, vol. 71, no. 3, pp. 263–275, 2018.

[107] I. T. Ramos, M. Henningsson, M. Nezafat et al., “Simulta-
neous assessment of cardiac inflammation and extracellular
matrix remodeling after myocardial infarction,” Circulation:
Cardiovascular Imaging, vol. 11, no. 11, 2018.

[108] N. G. Frangogiannis, “Targeting the inflammatory response
in healing myocardial infarcts,” Current Medicinal Chemis-
try, vol. 13, no. 16, pp. 1877–1893, 2006.

[109] E. A. Liehn, O. Postea, A. Curaj, and N. Marx, “Repair after
myocardial infarction, between fantasy and reality: the role
of chemokines,” Journal of the American College of Cardiol-
ogy, vol. 58, no. 23, pp. 2357–2362, 2011.

[110] C. A. Dinarello, “Interleukin-1 in the pathogenesis and treat-
ment of inflammatory diseases,” Blood, vol. 117, no. 14,
pp. 3720–3732, 2011.

[111] S. A. Bageghni, K. E. Hemmings, N. Y. Yuldasheva et al.,
“Fibroblast-specific deletion of Interleukin-1 Receptor-1
reduces adverse cardiac remodeling following myocardial
infarction,” JCI Insight, vol. 5, 2019.

[112] L. Kraft, T. Erdenesukh, M. Sauter, C. Tschope, and
K. Klingel, “Blocking the IL-1β signalling pathway prevents
chronic viral myocarditis and cardiac remodeling,” Basic
Research in Cardiology, vol. 114, no. 2, p. 11, 2019.

[113] A. V. Finsen, T. Ueland, I. Sjaastad et al., “The homeostatic
chemokine Ccl21 predicts mortality in aortic stenosis
patients and modulates left ventricular remodeling,” PLoS
One, vol. 9, no. 11, article e112172, 2014.

[114] L. Yao, K. Huang, D. Huang, J. Wang, H. Guo, and Y. Liao,
“Acute myocardial infarction induced increases in plasma
tumor necrosis factor-α and interleukin-10 are associated
with the activation of poly(ADP-ribose) polymerase of

10 Oxidative Medicine and Cellular Longevity



circulating mononuclear cell,” International Journal of Cardi-
ology, vol. 123, no. 3, pp. 366–368, 2008.

[115] C. Marchetti, S. Toldo, J. Chojnacki et al., “Pharmacologic
inhibition of the NLRP3 inflammasome preserves cardiac
function after ischemic and nonischemic injury in the
mouse,” Journal of Cardiovascular Pharmacology, vol. 66,
no. 1, pp. 1–8, 2015.

[116] D. J. Durgan and M. E. Young, “The cardiomyocyte circadian
clock: emerging roles in health and disease,” Circulation
Research, vol. 106, no. 4, pp. 647–658, 2010.

[117] N. Khaper, C. D. C. Bailey, N. R. Ghugre et al., “Implications
of disturbances in circadian rhythms for cardiovascular
health: a new frontier in free radical biology,” Free Radical
Biology & Medicine, vol. 119, pp. 85–92, 2018.

[118] J. A. Virag and R. M. Lust, “Circadian influences on myocar-
dial infarction,” Frontiers in Physiology, vol. 5, p. 422, 2014.

[119] A. Dominguez-Rodriguez, M. Garcia-Gonzalez, P. Abreu-
Gonzalez, J. Ferrer, and J. C. Kaski, “Relation of nocturnal
melatonin levels to C-reactive protein concentration in
patients with St-segment elevation myocardial infarction,”
The American Journal of Cardiology, vol. 97, no. 1, pp. 10–
12, 2006.

[120] Z. Fu, Y. Jiao, J. Wang et al., “Cardioprotective role of mela-
tonin in acute myocardial infarction,” Frontiers in Physiology,
vol. 11, p. 366, 2020.

[121] R. Kumarswamy and T. Thum, “Non-coding RNAs in car-
diac remodeling and heart failure,” Circulation Research,
vol. 113, no. 6, pp. 676–689, 2013.

[122] J. Li, S. X. Cai, Q. He et al., “Intravenous miR-144 reduces left
ventricular remodeling after myocardial infarction,” Basic
Research in Cardiology, vol. 113, no. 5, p. 36, 2018.

[123] R. Micheletti, I. Plaisance, B. J. Abraham et al., “The long
noncoding RNAWisper controls cardiac fibrosis and remod-
eling,” Science Translational Medicine, vol. 9, no. 395, 2017.

[124] H. Zhou, B. Wang, Y. X. Yang et al., “Long noncoding RNAs
in pathological cardiac remodeling: a review of the update lit-
erature,” BioMed Research International, vol. 2019, Article ID
7159592, 11 pages, 2019.

[125] P. Han, W. Li, C. H. Lin et al., “A long noncoding RNA pro-
tects the heart from pathological hypertrophy,” Nature,
vol. 514, no. 7520, pp. 102–106, 2014.

[126] J. Moludi, S. Saiedi, B. Ebrahimi, M. Alizadeh,
Y. Khajebishak, and S. S. Ghadimi, “Probiotics Supplementa-
tion on Cardiac Remodeling Following Myocardial Infarc-
tion: A Single-Center Double-Blind Clinical Study,” Journal
of Cardiovascular Translational Research, 2020.

[127] A. McMillan and S. L. Hazen, “Gut microbiota involvement
in ventricular remodeling post-myocardial infarction,” Circu-
lation, vol. 139, no. 5, pp. 660–662, 2019.

[128] V. Lam, J. Su, S. Koprowski et al., “Intestinal microbiota
determine severity of myocardial infarction in rats,” The
FASEB Journal, vol. 26, no. 4, pp. 1727–1735, 2011.

[129] C. A. Danilo, E. Constantopoulos, L. A. McKee et al., “Bifido-
bacterium animalis subsp. lactis 420 mitigates the pathologi-
cal impact of myocardial infarction in the mouse,” Beneficial
Microbes, vol. 8, no. 2, pp. 257–269, 2017.

[130] T. W. H. Tang, H. C. Chen, C. Y. Chen et al., “Loss of gut
microbiota alters immune system composition and cripples
postinfarction cardiac repair,” Circulation, vol. 139, no. 5,
pp. 647–659, 2019.

[131] J. Moludi, M. Alizadeh, M. Davari, A. Golmohammadi, and
V. Maleki, “The efficacy and safety of probiotics intervention
in attenuating cardiac remodeling following myocardial
infraction: literature review and study protocol for a random-
ized, double-blinded, placebo controlled trial,” Contemporary
Clinical Trials Communications, vol. 15, article 100364, 2019.

[132] C. P. Cannon, E. Braunwald, C. H. McCabe et al., “Antibiotic
treatment of Chlamydia pneumoniae after acute coronary
syndrome,” The New England Journal of Medicine, vol. 352,
no. 16, pp. 1646–1654, 2005.

[133] G. Cerisano, P. Buonamici, R. Valenti et al., “Early short-term
doxycycline therapy in patients with acute myocardial infarc-
tion and left ventricular dysfunction to prevent the ominous
progression to adverse remodelling: the tiptop trial,” Euro-
pean Heart Journal, vol. 35, no. 3, pp. 184–191, 2014.

[134] T. T. Cung, O. Morel, G. Cayla et al., “Cyclosporine before
PCI in patients with acute myocardial infarction,” The New
England Journal of Medicine, vol. 373, no. 11, pp. 1021–
1031, 2015.

[135] C. P. Baines, R. A. Kaiser, N. H. Purcell et al., “Loss of cyclo-
philin D reveals a critical role for mitochondrial permeability
transition in cell death,” Nature, vol. 434, no. 7033, pp. 658–
662, 2005.

[136] T. Nakagawa, S. Shimizu, T. Watanabe et al., “Cyclophilin D-
dependent mitochondrial permeability transition regulates
some necrotic but not apoptotic cell death,” Nature,
vol. 434, no. 7033, pp. 652–658, 2005.

11Oxidative Medicine and Cellular Longevity


	Pharmacological Modulation of Cardiac Remodeling after Myocardial Infarction
	1. Introduction
	2. Key Pathological Alterations in Cardiac Remodeling
	2.1. Ischemia in the Infarcted Heart
	2.2. Cardiomyocyte Death
	2.3. Inflammation
	2.4. Changes in Cardiac ECM

	3. Pharmacological Approaches
	3.1. β-AR Blockers
	3.2. ACE Inhibitors and AR Blockers
	3.3. Anti-Inflammatory Agents
	3.4. Miscellaneous Aspects
	3.4.1. Circadian Rhythm Regulation
	3.4.2. Noncoding RNAs (ncRNAs)
	3.4.3. Gut Microbiota
	3.4.4. Antibiotics


	4. Conclusion and Perspectives
	Conflicts of Interest
	Acknowledgments

