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ABSTRACT 

Myocardial infarction (MI) continues to be a leading cause of death and disability globally. While reperfusion strategies such as 
percutaneous coronary intervention have significantly improved early survival, long-term outcomes are hindered by secondary injury 
mechanisms including inflammation, oxidative stress, mitochondrial dysfunction, and maladaptive remodeling. Recent advances in 
molecular cardiology have highlighted a range of extracellular and intracellular targets that play critical roles in the pathogenesis and 
repair of infarcted myocardium. Extracellular mediators such as pro-inflammatory cytokines (e.g., IL-1β, TNF-α), matrix 
metalloproteinases, growth factors, and vascular regulators like VEGF and nitric oxide orchestrate immune responses, fibrosis, and 
neovascularization. Concurrently, intracellular targets including PI3K/Akt and MAPK pathways, mitochondrial regulators (e.g., mPTP, 
Drp1), redox modulators, autophagy, calcium-handling proteins, and gene expression regulators are central to cardiomyocyte survival 
and adaptation. This review synthesizes current knowledge of these targets and their therapeutic relevance, emphasizing integrative 
strategies that modulate both extracellular and intracellular mechanisms. Leveraging advances in RNA therapeutics, gene editing, 
nanotechnology, and regenerative medicine may pave the way for precision interventions that enhance myocardial recovery and 
reduce the burden of post-MI complications.  

Keywords: Myocardial infarction; Extracellular targets; Intracellular signaling; Cardioprotection; Inflammation; Oxidative stress; 
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INTRODUCTION 

yocardial infarction (MI), commonly referred to 
as a heart attack, remains one of the leading 
causes of death and disability worldwide. It is 

primarily caused by an acute obstruction of coronary blood 
flow, leading to ischemic injury and irreversible 
cardiomyocyte death1. Despite advances in early 
reperfusion strategies such as percutaneous coronary 
intervention (PCI) and pharmacological thrombolysis, the 
prognosis for many MI patients remains suboptimal due to 
secondary complications, including reperfusion injury, 
inflammation, ventricular remodeling, and chronic heart 
failure 2. 

Over the past decade, increasing attention has been 
directed toward understanding the molecular and cellular 
mechanisms underlying MI to identify novel therapeutic 
targets. The myocardial tissue environment undergoes 
dynamic changes following infarction, involving both 
extracellular and intracellular alterations. These include 
inflammatory cascades, oxidative stress, mitochondrial 
dysfunction, and extracellular matrix remodeling — all of 
which contribute to cardiac injury and repair 3. 

Targeting these mechanisms offers promising avenues for 
developing therapies that go beyond symptom 
management or mechanical reperfusion. This review aims 
to comprehensively explore the extracellular and 
intracellular therapeutic targets currently under 

investigation or in clinical use for the treatment and 
management of MI. By focusing on these molecular-level 
interventions, we seek to highlight novel strategies that 
could potentially improve patient outcomes and limit post-
infarction complications. 

PATHOPHYSIOLOGICAL MECHANISMS OF MYOCARDIAL 
INFARCTION 

Myocardial infarction (MI) initiates a complex cascade of 
pathophysiological events that span from the initial 
ischemic insult to long-term cardiac remodelling 4. These 
processes involve both extracellular and intracellular 
responses and are pivotal in determining the extent of 
myocardial damage and functional recovery 5. 
Understanding these mechanisms is essential for 
identifying therapeutic targets that can attenuate injury 
and enhance repair. 

MI typically begins with the rupture of an atherosclerotic 
plaque in a coronary artery, leading to thrombus formation 
and occlusion of blood flow. The resulting ischemia deprives 
myocardial tissue of oxygen and nutrients, causing a rapid 
shift from aerobic to anaerobic metabolism. This leads to 
ATP depletion, lactic acid accumulation, ionic imbalances, 
and increased intracellular calcium levels — early triggers of 
cellular injury and death 6. 

While restoring blood flow through reperfusion therapies is 
essential, the sudden return of oxygen can paradoxically 
exacerbate tissue damage — a phenomenon known as 
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ischemia-reperfusion injury. IRI is characterized by the 
overproduction of reactive oxygen species (ROS), activation 
of the complement system, neutrophil infiltration, 
mitochondrial dysfunction, and calcium overload. These 
effects collectively worsen myocardial necrosis, increase 
infarct size, and contribute to adverse remodelling 7. 

Inflammation plays a dual role in MI. In the acute phase, it 
is essential for clearing necrotic debris and initiating repair. 
However, excessive or unresolved inflammation can cause 
additional injury 8. Following MI, damage-associated 
molecular patterns (DAMPs) released by dying cells activate 
innate immune receptors such as toll-like receptors (TLRs) 
and the NLRP3 inflammasome. This leads to the production 
of pro-inflammatory cytokines (e.g., IL-1β, TNF-α, IL-6) and 
recruitment of neutrophils and monocytes to the infarct 
zone 9. Monocyte-derived macrophages can polarize into 
pro-inflammatory (M1) or anti-inflammatory/pro-
reparative (M2) phenotypes. An imbalance between these 
subsets influences the healing outcome. Inappropriate or 
prolonged M1 dominance is associated with impaired 
repair and increased fibrosis 10. 

Oxidative stress arises from an imbalance between ROS 
production and antioxidant defenses. Reperfusion triggers 
a burst of ROS generation, especially from dysfunctional 
mitochondria and NADPH oxidase enzymes. ROS not only 
damage proteins, lipids, and DNA but also modulate 
signaling pathways involved in inflammation and cell death 
11. 

Multiple cell death mechanisms are activated during and 
after MI 12. The predominant form of cell death in the 
ischemic core is necrosis, resulting from severe energy 
depletion and ionic imbalance. Necrotic cells lose 
membrane integrity, leading to the uncontrolled release of 
intracellular contents, which in turn amplifies the local 
inflammatory response 13. Surrounding the necrotic zone, 
cardiomyocytes undergo apoptosis, a form of programmed 
cell death characterized by caspase activation, DNA 
fragmentation, and cell shrinkage without eliciting 
inflammation 14. In recent years, necroptosis has emerged 
as another regulated form of cell death, particularly 
relevant during ischemia-reperfusion injury. This pathway 
involves receptor-interacting protein kinases RIPK1 and 
RIPK3, along with mixed lineage kinase domain-like protein 
(MLKL), and results in a controlled form of membrane 
rupture 15. Autophagy, a process of lysosome-mediated 
degradation of cellular components, is also activated during 
myocardial infarction. While moderate autophagy may 
serve a protective role by removing damaged organelles 
and proteins, excessive or dysregulated autophagy can 
contribute to cardiomyocyte loss 16. The interplay between 
these cell death pathways determines the extent of 
myocardial damage and represents a critical area for 
therapeutic intervention aimed at preserving cardiac 
function. 

Following infarction, the extracellular matrix undergoes 
dynamic remodeling to replace necrotic tissue with fibrotic 
scar. Matrix metalloproteinases (MMPs) are upregulated 

and degrade existing ECM components. This degradation is 
necessary for immune cell migration but can also destabilize 
the infarcted wall and promote ventricular dilation 17. TGF-
β is a key mediator of fibrosis, promoting fibroblast-to-
myofibroblast transition and collagen deposition. Chronic 
activation of this pathway contributes to stiffening of the 
myocardium and impaired contractile function 18. 

Long-term consequences of MI include changes in the size, 
shape, and function of the left ventricle — termed 
ventricular remodeling. Persistent inflammation, fibrosis, 
and loss of viable cardiomyocytes lead to reduced systolic 
function, arrhythmias, and eventual progression to heart 
failure. These processes are influenced by both systemic 
neurohormonal activation (e.g., RAAS, sympathetic nervous 
system) and local molecular events 19. 

THERAPEUTIC TARGETS FOR THE MANAGEMENT OF 
MYOCARDIAL INFARCTION 

Extracellular Therapeutic Targets 

The extracellular environment of the myocardium plays a 
pivotal role in orchestrating the body’s response to 
myocardial infarction (MI). It is within this compartment 
that critical signals are exchanged between dying 
cardiomyocytes, infiltrating immune cells, fibroblasts, and 
vascular elements. These signals not only drive the 
progression of tissue injury but also dictate the quality and 
efficiency of the reparative process 20. Therefore, targeting 
extracellular mediators offers a valuable strategy to 
modulate pathological responses and promote myocardial 
healing. 

One of the most immediate responses following myocardial 
infarction is the robust activation of the inflammatory 
cascade, largely mediated by extracellular pro-
inflammatory cytokines and chemokines 21. Among these, 
interleukin-1β (IL-1β) plays a central role by initiating and 
amplifying the inflammatory response through the 
activation of endothelial cells and the recruitment of 
leukocytes into the infarcted tissue. Persistently elevated 
IL-1β levels can extend myocardial damage and impair 
healing, whereas its inhibition has been associated with 
reduced infarct size and improved ventricular function 22. 
Similarly, interleukin-6 (IL-6), produced by various immune 
and non-immune cells, drives systemic inflammation, 
promotes adverse cardiac remodeling, and correlates with 
worse clinical outcomes in MI patients. Reducing IL-6 
activity has the potential to mitigate chronic inflammation 
and subsequent structural deterioration 23. Tumor necrosis 
factor-alpha (TNF-α), another key cytokine, contributes to 
cardiomyocyte apoptosis, endothelial dysfunction, and 
contractile impairment. Although complete blockade of 
TNF-α has produced mixed results in heart failure trials, 
selective modulation of its signaling axis could attenuate 
inflammation without interfering with necessary repair 
mechanisms 24. 

As the inflammatory phase progresses, the extracellular 
matrix (ECM) becomes a dynamic site of both degradation 
and regeneration. Matrix metalloproteinases (MMPs), 
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particularly MMP-2 and MMP-9, are secreted by 
neutrophils, macrophages, and fibroblasts and are 
responsible for degrading structural ECM proteins such as 
collagen and elastin. This activity facilitates immune cell 
infiltration and tissue clearance but, when excessive, 
contributes to infarct expansion, ventricular wall thinning, 
and mechanical instability 25. Controlling MMP activity 
through upregulation of endogenous tissue inhibitors of 
metalloproteinases (TIMPs) or by direct inhibition of MMPs 
could help preserve ECM integrity, limit maladaptive 
remodeling, and reduce the risk of post-infarction heart 
failure 26. 

Fibrosis, a hallmark of the reparative phase post-MI, is 
governed by a complex interplay of extracellular signals, 
among which transforming growth factor-beta (TGF-β) is 
paramount. TGF-β is released in response to tissue injury 
and promotes the activation and differentiation of cardiac 
fibroblasts into myofibroblasts, which are responsible for 
collagen synthesis and scar formation. While scar tissue is 
essential for maintaining structural integrity and preventing 
ventricular rupture, excessive or prolonged TGF-β signaling 
can result in diffuse interstitial fibrosis, impaired myocardial 
compliance, and diastolic dysfunction 27. Targeting TGF-β or 
its downstream signaling components may reduce 
pathological fibrosis, preserve myocardial elasticity, and 
improve cardiac output without compromising necessary 
healing 28. 

Vascular targets also represent an important subset of 
extracellular mediators in the post-MI setting 29. Vascular 
endothelial growth factor (VEGF) is a potent angiogenic 
factor that promotes the proliferation and migration of 
endothelial cells, facilitating the formation of new 
capillaries in the infarct border zone. Enhancing VEGF 
activity could improve tissue perfusion, oxygen delivery, 
and metabolic support to the regenerating myocardium 30. 
Conversely, unregulated angiogenesis may lead to fragile or 
non-functional vessels, highlighting the need for controlled 
modulation 31. Nitric oxide (NO), primarily produced by 
endothelial nitric oxide synthase (eNOS), serves as a 
vasodilator and anti-inflammatory molecule. Restoring NO 
bioavailability in the infarcted heart could protect against 
endothelial dysfunction, reduce leukocyte adhesion, and 
enhance coronary blood flow 32. In contrast, endothelin-1, 
a potent vasoconstrictor, is upregulated following MI and 
contributes to ischemia, oxidative stress, and vascular 
remodeling. Downregulating endothelin-1 or blocking its 
receptors could help normalize vascular tone and protect 
against adverse microvascular changes 33. 

Emerging attention has also been given to extracellular 
vesicles (EVs), particularly exosomes, as novel mediators 
and potential modulators of the cardiac repair process. 
These vesicles, secreted by a variety of cell types including 
cardiomyocytes, fibroblasts, immune cells, and stem cells, 
carry a rich cargo of microRNAs, mRNAs, proteins, and lipids 
that reflect the physiological state of their parent cells 34. In 
the context of MI, exosomes can influence inflammation, 
angiogenesis, apoptosis, and fibroblast activity. For 

instance, exosomes derived from mesenchymal stem cells 
(MSCs) have been shown to contain cardioprotective 
microRNAs such as miR-21 and miR-146a, which can 
modulate inflammatory signaling and promote cell survival 
35. Harnessing or engineering exosomes to selectively 
deliver regulatory molecules to the injured myocardium 
could serve as a non-cellular, highly targeted therapeutic 
approach. 

Intracellular Therapeutic Targets 

Within the injured myocardium, a wide array of intracellular 
processes is activated in response to ischemic stress, 
reperfusion injury, inflammation, and biomechanical strain. 
These processes influence the survival, death, 
regeneration, and functional adaptation of cardiomyocytes 
and other cardiac cells 36. Intracellular targets represent an 
especially promising avenue for therapeutic intervention, 
as they allow modulation of fundamental cellular 
mechanisms involved in myocardial injury and repair. 
Several major intracellular compartments and signaling 
cascades have emerged as central to this effort, including 
pathways regulating cell survival and death, mitochondrial 
homeostasis, oxidative stress response, autophagy, calcium 
signaling, and transcriptional regulation 37. 

Ischemic and reperfusion injury triggers an imbalance 
between pro-survival and pro-death signaling in 
cardiomyocytes 38. Central to the survival response is the 
PI3K/Akt (phosphoinositide 3-kinase/protein kinase B) 
pathway, which promotes cell survival by phosphorylating 
and inactivating pro-apoptotic factors such as Bad and 
caspase-9, and by enhancing nitric oxide synthesis via 
endothelial nitric oxide synthase (eNOS). Activation of 
PI3K/Akt also promotes glucose uptake, angiogenesis, and 
mitochondrial function — all of which are protective during 
and after MI 39. 

In contrast, the MAPK (mitogen-activated protein kinase) 
family, including p38 MAPK and JNK (c-Jun N-terminal 
kinase), can be activated in response to stress and 
contribute to apoptosis and inflammation 40. While ERK1/2 
(extracellular signal-regulated kinases) may support cell 
survival and proliferation, chronic activation of p38 MAPK 
and JNK is associated with exacerbated myocardial damage 
41. Modulation of MAPK pathways can therefore help tilt the 
balance toward cardioprotection. 

Apoptosis, one of the main contributors to cardiomyocyte 
loss in the peri-infarct region, is tightly regulated by the Bcl-
2 family of proteins 42. Pro-apoptotic members like Bax and 
Bak permeabilize the mitochondrial membrane, while anti-
apoptotic members like Bcl-2 and Bcl-xL counteract this 
effect. Downstream, caspases such as caspase-3 execute 
the death program 43. Inhibiting apoptotic mediators or 
boosting anti-apoptotic signals has the potential to 
preserve viable myocardium. 

In addition to apoptosis, necroptosis has emerged as a 
regulated form of necrosis that contributes significantly to 
reperfusion injury. It is driven by the receptor-interacting 
protein kinases RIPK1 and RIPK3, which form a complex 
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leading to activation of MLKL (mixed lineage kinase domain-
like protein) and membrane rupture 44. Targeting 
components of the necroptotic machinery could provide a 
powerful means to reduce regulated necrosis while 
preserving innate immune signaling. 

Mitochondria are central regulators of cardiomyocyte fate 
following MI, given their roles in energy production, calcium 
handling, and redox balance 45. One of the key determinants 
of mitochondrial injury is the opening of the mitochondrial 
permeability transition pore (mPTP) — a non-specific pore 
in the inner mitochondrial membrane that opens under 
conditions of calcium overload and oxidative stress, leading 
to mitochondrial swelling, outer membrane rupture, and 
cell death 46. Preventing mPTP opening during reperfusion 
is one of the most effective strategies for reducing infarct 
size in preclinical models. 

Furthermore, the regulation of mitochondrial dynamics — 
including fission and fusion processes — influences 
mitochondrial integrity. Proteins such as Drp1 (dynamin-
related protein 1) mediate fission, and excessive Drp1 
activation has been associated with mitochondrial 
fragmentation and dysfunction after MI 47. Conversely, 
promoting mitochondrial fusion through proteins like 
Mfn1/2 and OPA1 may help maintain mitochondrial 
function and prevent cardiomyocyte loss 48. 

Ischemia-reperfusion injury leads to a sharp increase in the 
production of reactive oxygen species (ROS), which damage 
DNA, proteins, and lipids, and act as second messengers for 
inflammatory and cell death pathways. While low levels of 
ROS are essential for signaling, excessive ROS generation 
overwhelms antioxidant defenses and contributes to 
myocardial injury 49. Key intracellular sources of ROS include 
mitochondrial respiratory complexes, NADPH oxidases 
(NOX2, NOX4), and xanthine oxidase 50. Upregulation of 
antioxidant defense systems, such as those governed by 
Nrf2 (nuclear factor erythroid 2-related factor 2), is crucial 
for neutralizing ROS and protecting myocardial tissue. Nrf2 
activates the transcription of detoxifying and antioxidant 
enzymes including superoxide dismutase (SOD), catalase, 
and glutathione peroxidase (GPx). Enhancing this pathway 
can improve redox homeostasis and reduce infarct 
expansion 51. 

Autophagy is a lysosome-dependent degradation process 
that recycles damaged organelles and proteins. In the 
context of MI, autophagy serves a protective role by 
removing dysfunctional mitochondria (mitophagy), limiting 
ROS accumulation, and maintaining energy homeostasis 52. 
However, prolonged or excessive autophagy may lead to 
autophagic cell death and tissue loss. Key regulators of 
autophagy include Beclin-1, LC3-II, and ATG (autophagy-
related) proteins, all of which coordinate autophagosome 
formation and degradation 53. The mTOR (mammalian 
target of rapamycin) pathway is a major inhibitor of 
autophagy, and its suppression under ischemic stress allows 
autophagic activation. Fine-tuning autophagy — enhancing 
it in the acute phase while limiting it chronically — is critical 
for myocardial recovery 54. 

Disruption of calcium homeostasis is a hallmark of ischemic 
and reperfusion injury. During ischemia, ATP depletion 
impairs the sarcoplasmic reticulum Ca²⁺-ATPase (SERCA2a) 
pump, reducing calcium reuptake and contributing to 
cytosolic calcium overload. This triggers hypercontracture, 
mitochondrial dysfunction, and activation of calcium-
dependent proteases such as calpains 55. Restoration of 
proper calcium cycling by enhancing SERCA2a function or 
stabilizing ryanodine receptors (RyR2) can improve 
contractility and reduce arrhythmogenic risk. In fact, 
impaired calcium handling contributes not only to 
contractile dysfunction but also to delayed 
afterdepolarizations and post-MI arrhythmias, making this 
a critical therapeutic target 56. 

Beyond immediate signaling events, long-term changes in 
gene expression after MI are governed by transcription 
factors and epigenetic modifications 57. Transcription 
factors such as NF-κB (nuclear factor kappa-light-chain-
enhancer of activated B cells) mediate inflammatory gene 
expression and are activated by DAMPs and cytokines. 
Persistent NF-κB activation contributes to chronic 
inflammation and adverse remodelling 58. Epigenetic 
modulators — including histone deacetylases (HDACs), DNA 
methyltransferases (DNMTs), and non-coding RNAs (e.g., 
microRNAs) — fine-tune gene expression in response to 
ischemic stress 59. For example, miR-21 regulates apoptosis 
and fibrosis, while miR-199a has been shown to enhance 
cardiomyocyte proliferation 60. Modulating these 
intracellular regulators provides a sophisticated level of 
control over cellular fate and function during MI recovery. 

In addition to classical oxidative stress defenses and 
mitochondrial regulatory pathways, several inducible 
cytoprotective systems are activated in cardiomyocytes to 
enhance cellular resilience during and after myocardial 
infarction. A central component of this response is the 
heme oxygenase-1 (HO-1) enzyme, which is upregulated in 
the ischemic myocardium and catalyzes the degradation of 
free heme into biliverdin, carbon monoxide (CO), and 
ferrous iron 61. These byproducts have potent protective 
effects—biliverdin and bilirubin scavenge reactive oxygen 
species (ROS), CO acts as an anti-inflammatory and 
vasodilatory signaling molecule, and iron is neutralized by 
ferritin to prevent Fenton-mediated oxidative damage 62. 
HO-1 expression is primarily regulated by the transcription 
factor Nrf2, which also induces other antioxidant genes 
such as superoxide dismutase (SOD), glutathione 
peroxidase (GPx), and catalase, forming a coordinated 
defense against oxidative injury 63. Complementing this 
system, sirtuins (particularly SIRT1 and SIRT3) act as NAD⁺-
dependent deacetylases that modulate mitochondrial 
metabolism, suppress ROS generation, enhance autophagy, 
and inhibit pro-apoptotic signaling 64. Another crucial layer 
of inducible protection is provided by heat shock proteins 
(e.g., HSP70, HSP27), which are upregulated in response to 
stress and function as molecular chaperones to stabilize 
protein conformation, prevent aggregation, and inhibit 
caspase-mediated apoptosis 65. Additionally, thiol-based 
redox regulators such as thioredoxin and peroxiredoxins 
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play pivotal roles in maintaining cellular redox balance and 
directly regulating cell survival pathways by suppressing 
oxidative and inflammatory signals 66. Together, these 
inducible cytoprotective networks operate in synergy to 
limit cardiomyocyte death, mitigate ischemia-reperfusion 
injury, and support myocardial recovery, making them 
highly attractive targets for therapeutic intervention. 

EMERGING THERAPIES 

Conventional therapies for myocardial infarction primarily 
aim to limit infarct size, prevent adverse remodeling, and 
manage heart failure symptoms. However, they do not 
address the irreversible loss of cardiomyocytes and 
functional myocardium that occurs after infarction. To 
overcome this limitation, recent advances have explored 
regenerative and emerging therapeutic strategies that 
focus on replacing lost cells, reprogramming injured tissue, 
and delivering targeted molecular therapies 67. These 
approaches harness principles from stem cell biology, gene 
therapy, RNA modulation, tissue engineering, and 
nanotechnology. 

One of the most explored strategies in cardiac regeneration 
is the use of stem cells to replenish lost cardiomyocytes and 
support tissue repair. Multiple cell types have been 
investigated, including bone marrow-derived mononuclear 
cells, mesenchymal stem cells (MSCs), cardiac progenitor 
cells (CPCs), induced pluripotent stem cells (iPSCs), and 
embryonic stem cell-derived cardiomyocytes 68. These cells 
can promote regeneration either by direct differentiation 
into cardiomyocyte-like cells or through paracrine signaling, 
whereby secreted factors modulate inflammation, promote 
angiogenesis, and recruit endogenous repair pathways 69. 
Despite promising preclinical findings, clinical trials have 
shown modest functional improvement, likely due to poor 
cell retention, low engraftment rates, immune rejection, 
and risk of arrhythmias. Innovations such as tissue-
engineered cardiac patches, cell preconditioning, and 
biomaterial scaffolds aim to enhance the efficacy and safety 
of cell-based therapy 70. 

Gene therapy offers the possibility to modulate disease at 
the genetic level, either by replacing dysfunctional genes, 
enhancing protective genes, or silencing pathological ones 
71. Vectors such as adeno-associated viruses (AAVs) have 
been used to deliver therapeutic genes to the heart. For 
instance, SERCA2a gene transfer aimed to restore calcium 
handling in failing hearts, though clinical results have been 
mixed 72. Other strategies focus on reprogramming 
fibroblasts into cardiomyocyte-like cells by introducing 
transcription factors such as Gata4, Mef2c, and Tbx5 (GMT) 
73. These approaches could potentially regenerate 
myocardium in situ, though challenges remain with 
efficiency, safety, and delivery. 

MicroRNAs (miRNAs) and long non-coding RNAs (lncRNAs) 
have emerged as critical regulators of cardiomyocyte 
survival, inflammation, fibrosis, and angiogenesis. For 
example, miR-21 is implicated in fibrotic remodeling, while 
miR-199a has been shown to induce cardiomyocyte 

proliferation 74. Modulation of these RNAs through 
antagomirs (inhibitors) or mimics offers a powerful, 
sequence-specific therapeutic approach 75. Moreover, 
mRNA-based therapies, such as those encoding VEGF or 
cardioprotective proteins, can be delivered transiently to 
stimulate reparative pathways without genomic 
integration. These modalities are rapidly advancing, 
supported by the success of mRNA platforms in other fields 
(e.g., vaccines) 76. 

As a cell-free alternative to stem cell therapy, extracellular 
vesicles (EVs) — particularly exosomes — are being 
explored for their ability to deliver cardioprotective cargo 
such as miRNAs, mRNAs, and proteins 77. EVs secreted by 
MSCs or cardiac progenitor cells can modulate 
inflammation, enhance angiogenesis, and promote cell 
survival. Because they are smaller, less immunogenic, and 
easier to store than cells, exosomes may offer improved 
safety and logistical advantages. Engineering EVs to carry 
customized therapeutic molecules or to home to ischemic 
tissue is a promising and rapidly evolving field 78. 

To physically replace or reinforce damaged myocardium, 
tissue engineering approaches have been developed using 
biomaterial scaffolds, hydrogels, and cardiac patches 
embedded with cells or bioactive factors 79. These 
constructs can be designed to mimic the extracellular 
matrix, provide mechanical support, and facilitate 
integration with host tissue. Injectable biomaterials, such as 
decellularized matrix gels, can also be delivered minimally 
invasively to modulate post-MI healing 80. 

Nanoparticles offer a platform for precise delivery of drugs, 
genes, or RNAs to the infarcted myocardium, minimizing 
systemic side effects and enhancing therapeutic efficiency 
81. These carriers can be engineered for responsiveness to 
pH, enzymes, or oxidative stress, ensuring cargo release in 
the infarct zone. Additionally, biomimetic nanoparticles 
coated with cardiac cell membranes or homing peptides can 
achieve enhanced targeting 82. Nanotechnology is 
particularly well-suited for RNA delivery, enabling effective 
intracellular uptake and endosomal escape 83. 

Though still in early stages, CRISPR/Cas9-based gene editing 
offers the potential for precise, permanent correction of 
pathogenic gene mutations associated with myocardial 
dysfunction or remodelling 84. Approaches being explored 
include epigenetic editing, gene silencing, and activation of 
endogenous regenerative programs. Safety, off-target 
effects, and delivery remain key challenges before clinical 
translation 85. 

CHALLENGES IN TRANSLATING MOLECULAR TARGETS TO 
THERAPY 

Despite major advancements in identifying molecular 
targets involved in myocardial infarction, the transition 
from preclinical success to clinically effective therapies 
remains fraught with challenges. These barriers span the 
full translational spectrum — from biological complexity 
and target specificity, to drug delivery, variability in patient 
responses, safety concerns, and regulatory hurdles 86. 
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Understanding and addressing these challenges is crucial 
for the development of truly effective, personalized 
treatments. 

A major limitation lies in the biological complexity and 
redundancy of signaling networks within the heart 87. Many 
extracellular and intracellular pathways are highly 
interconnected and context-dependent; for example, 
cytokines like TNF-α or TGF-β play both damaging and 
reparative roles depending on the timing, dosage, and 
cellular context. This dual nature makes selective 
modulation extremely difficult, as overly aggressive 
inhibition may impair necessary healing, while insufficient 
inhibition may allow pathological processes to persist 88. 
Moreover, compensatory pathways often become 
activated in response to single-target interventions, 
reducing the long-term efficacy of therapy 89. 

Another substantial challenge is tissue-specific and 
temporal delivery of therapeutics. Many molecular targets, 
particularly intracellular ones, require precise spatial and 
temporal regulation for optimal effect 90. Achieving 
targeted drug delivery to the infarcted myocardium — 
especially for molecules like miRNAs, siRNAs, or proteins — 
remains technologically difficult due to rapid clearance, 
immune recognition, or poor cellular uptake. While 
nanoparticles and biomaterials offer promising solutions, 
these technologies still face scalability, safety, and 
regulatory issues 91. 

Heterogeneity among patients is another obstacle. 
Variations in age, genetics, comorbidities (e.g., diabetes, 
hypertension), sex, and infarct size can significantly 
influence molecular signaling and treatment responses 92. A 
therapy that is beneficial in one population may be 
ineffective or even harmful in another. This inter-individual 
variability complicates the design of universal molecular 
therapies and emphasizes the need for personalized or 
stratified approaches, possibly guided by genomic and 
proteomic profiling 93. 

Model limitations also contribute to translational failure. 
Most molecular targets are identified and validated in small 
animal models (e.g., rodents) under controlled 
experimental conditions that do not fully mimic the chronic, 
multifactorial nature of human MI. Factors such as immune 
system differences, heart size, coronary anatomy, and 
disease progression all influence translational accuracy 94. 
As a result, therapies that demonstrate efficacy in animals 
often fail to reproduce those results in large animal models 
or human clinical trials. 

Furthermore, safety and off-target effects are significant 
concerns for intracellular modulation, especially with 
interventions involving gene editing, RNA interference, or 
protein overexpression 95. Even subtle alterations in gene 
expression or redox balance can lead to unintended 
consequences, including arrhythmias, immune activation, 
or oncogenesis 96. Long-term follow-up and rigorous safety 
assessments are essential for such approaches but add to 
the complexity and cost of clinical development. 

From a regulatory and commercial standpoint, developing 
molecularly targeted therapies also faces stringent 
approval pathways, intellectual property barriers, and high 
development costs. Complex biologics, cell-based 
therapies, or RNA molecules require specialized 
manufacturing and storage, limiting their accessibility and 
scalability 97. Additionally, integration into current clinical 
practice — which is largely protocol-driven and 
standardized — poses a practical hurdle for personalized 
molecular therapies 

Finally, there is a pressing need for biomarkers and imaging 
tools that can dynamically monitor target engagement, 
therapeutic response, and disease progression. Without 
reliable indicators of efficacy, clinical trials may struggle to 
detect true therapeutic benefit or stratify responders 98. 

FUTURE DIRECTIONS 

The future of myocardial infarction (MI) therapy is moving 
rapidly toward precision medicine, driven by a deeper 
understanding of molecular mechanisms and advances in 
biotechnology. Multi-omics approaches, including 
genomics, proteomics, and metabolomics, are uncovering 
patient-specific molecular profiles that could guide 
stratified and individualized treatment strategies 99. These 
data, when combined with single-cell sequencing and 
spatial transcriptomics, offer unprecedented insights into 
dynamic cellular processes within the infarcted heart 100. 

The integration of artificial intelligence (AI) and machine 
learning is transforming risk prediction, therapy selection, 
and treatment monitoring. These tools can process vast 
clinical and molecular datasets to identify novel targets and 
predict therapeutic outcomes, enabling computationally 
guided precision cardiology 101. 

Looking ahead, MI treatment will likely adopt phase-specific 
interventions, tailored to acute, subacute, and chronic 
stages of the disease. Real-time monitoring tools, including 
molecular imaging and biosensors, will be essential for 
dynamically assessing target engagement and therapeutic 
response 102. 

Combinatorial therapies targeting multiple pathways—such 
as inflammation, fibrosis, and regeneration—are expected 
to offer superior outcomes over monotherapies 103. In 
parallel, innovations in RNA-based therapeutics, CRISPR 
gene modulation, and epigenetic editing are expanding the 
therapeutic toolkit, offering precise control of gene 
expression with reduced long-term risk 104. 

Finally, tissue engineering and 3D bioprinting may enable 
physical restoration of damaged myocardium through 
bioengineered patches and constructs that mimic native 
cardiac tissue 105. 

CONCLUSION 

Myocardial infarction remains a major clinical challenge, 
with current therapies largely focused on restoring 
perfusion and mitigating damage rather than promoting 
true myocardial recovery. This review has highlighted the 
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vast array of extracellular and intracellular targets that 
contribute to the complex cascade of events following MI 
— from inflammation, oxidative stress, and cell death to 
fibrosis, remodeling, and regeneration. Extracellular targets 
such as cytokines, matrix metalloproteinases, and growth 
factors play pivotal roles in shaping the tissue 
microenvironment, while intracellular mechanisms 
involving mitochondrial function, redox regulation, 
autophagy, and gene expression critically determine cell 
fate and functional recovery. 

Although numerous molecular targets have been identified, 
their successful translation into clinical therapies is often 
hindered by biological complexity, delivery challenges, and 
patient variability. However, the emergence of precision 
medicine, multi-omics-guided stratification, and advanced 
therapeutic platforms — including RNA-based drugs, gene 
editing tools, and tissue-engineered constructs — is rapidly 
transforming the treatment landscape. 

Ultimately, an integrative therapeutic approach that 
combines molecular specificity, stage-adapted timing, and 
personalized delivery strategies holds the greatest promise 
for reshaping MI management. Continued interdisciplinary 
research bridging molecular biology, bioengineering, and 
clinical cardiology will be essential to move beyond damage 
control toward true cardiac repair and regeneration. 

ABBREVIATIONS 

AAVs - adeno-associated viruses, ATG - antithymocyte 
globulin, CPCs - cardiac progenitor cells, DAMPs - damage-
associated molecular patterns, DNMTs - DNA 
methyltransferases, Drp1 - dynamin-related protein 1, 
eNOS - endothelial nitric oxide synthase, ERK1/2 - 
extracellular signal-regulated kinases, EVs - extracellular 
vesicles, GPx - glutathione peroxidase, HDACs - histone 
deacetylases, HSP27 - heat shock protein 27, HSP70 - heat 
shock protein 70, iPSCs - induced pluripotent stem cells, IRI 
- ischemia-reperfusion injury, LC3 - microtubule-associated 
protein 1 light chain 3, lncRNAs - long non-coding RNAs 
MAPK - mitogen-activated protein kinase, Mfn1- mitofusin 
1, Mfn2- mitofusin 2, MI - Myocardial infarction, miRNAs – 
microRNAs, MLKL - mixed lineage kinase domain-like 
protein, MMPs - matrix metalloproteinases, mPTP - 
mitochondrial permeability transition pore, mTOR - 
mammalian target of rapamycin, NF-κB - nuclear factor 
kappa-light-chain-enhancer of activated B cells, NLRP3 - 
NOD-like receptor protein 3, NO - nitric oxide, Nrf2 - nuclear 
factor erythroid 2-related factor 2, OPA1 - optic atrophy 
protein 1, PCI - percutaneous coronary intervention, 
PI3K/Akt - phosphoinositide 3-kinase/protein kinase B, 
RIPK1 - receptor-interacting protein kinases 1, RIPK3 - 
receptor-interacting protein kinase 3, ROS - reactive oxygen 
species, RyR2 - ryanodine receptor 2, SERCA2a - 
Sarcoplasmic/Endoplasmic Reticulum Ca2+ ATPase 2a, 
SIRT1 - sirtuin 1, SIRT3 - sirtuin 3, SOD - superoxide 
dismutase, TGF-β - transforming growth factor-beta, TLRs - 
toll-like receptors, TNF-α - tumor necrosis factor-alpha, 
VEGF - vascular endothelial growth factor. 

AUTHOR CONTRIBUTION STATEMENT 

HK conceptualized the review, conducted the literature 
search, organized the content structure, and drafted the 
manuscript. AM provided critical insights, refined the 
manuscript content, and approved the final version for 
submission. All content was critically reviewed and revised 
by the authors to ensure accuracy and alignment with the 
study's objectives. Both authors have read and agreed to 
the published version of the manuscript. 

ACKNOWLEDGEMENT 

We would like to thank Ramanbhai Patel College of 
Pharmacy, Charotar University of Science and Technology 
(CHARUSAT), CHARUSAT campus, Changa 388421, India for 
providing all the support and facilities for authoring this 
article.  

Source of Support: The author(s) received no financial 
support for the research, authorship, and/or publication of 
this article 

Conflict of Interest: The author(s) declared no potential 
conflicts of interest with respect to the research, 
authorship, and/or publication of this article. 

REFERENCES 

[1] Thygesen K et al. Fourth Universal Definition of Myocardial 
Infarction (2018). vol. 138. 2018. 
https://doi.org/10.1161/CIR.0000000000000617. 

[2] Reddy K. Recent advances in the diagnosis and treatment of acute 
myocardial infarction. World J Cardiol 2015;7:243. 
https://doi.org/10.4330/wjc.v7.i5.243. 

[3] Yong J et al. Post-myocardial Infarction Cardiac Remodeling: 
Multidimensional Mechanisms and Clinical Prospects of Stem Cell 
Therapy. Stem Cell Rev Reports 2025. 
https://doi.org/10.1007/s12015-025-10888-7. 

[4] Ghafoor M et al. Educational Case: Myocardial Infarction: 
Histopathology and Timing of Changes. Acad Pathol 
2020;7:2374289520976639. 
https://doi.org/10.1177/2374289520976639. 

[5] Frangogiannis SDP and NG. The Biological Basis for Cardiac Repair 
After Myocardial Infarction: From Inflammation to Fibrosis. Physiol 
Behav 2017;176:139–48. 
https://doi.org/10.1161/CIRCRESAHA.116.303577.The. 

[6] Maseri A et al. Pathophysiology of coronary occlusion in acute 
infarction. Circulation 1986;73:233–9. 
https://doi.org/10.1161/01.CIR.73.2.233. 

[7] Soares ROS et al. Ischemia/reperfusion injury revisited: An overview 
of the latest pharmacological strategies. Int J Mol Sci 2019;20. 
https://doi.org/10.3390/ijms20205034. 

[8] Halade G V., Lee DH. Inflammation and resolution signaling in 
cardiac repair and heart failure. EBioMedicine 2022;79:103992. 
https://doi.org/10.1016/j.ebiom.2022.103992. 

[9] Silvis MJM et al. Damage-Associated Molecular Patterns in 
Myocardial Infarction and Heart Transplantation: The Road to 
Translational Success. Front Immunol 2020;11:1–19. 
https://doi.org/10.3389/fimmu.2020.599511. 

[10] Strizova Z et al. M1/M2 macrophages and their overlaps - myth or 
reality? Clin Sci 2023;137:1067–93. 
https://doi.org/10.1042/CS20220531. 

[11] González-Montero J et al. Myocardial reperfusion injury and 

http://www.globalresearchonline.net/
http://www.globalresearchonline.net/


Int. J. Pharm. Sci. Rev. Res., ISSN: 0976 – 044X, 85(6) – June 2025; Article No. 02, Pages: 8-17                                      DOI: 10.47583/ijpsrr.2025.v85i06.002 

 

 

International Journal of Pharmaceutical Sciences Review and Research International Journal of Pharmaceutical Sciences Review and Research 
Available online at www.globalresearchonline.net  

©Copyright protected. Unauthorised republication, reproduction, distribution, dissemination and copying of this document in whole or in part is strictly prohibited. 
Available online at www.globalresearchonline.net  

 

15 

oxidative stress: Therapeutic opportunities. World J Cardiol 
2018;10:74–86. https://doi.org/10.4330/wjc.v10.i9.74. 

[12] Du B et al. Different types of cell death and their interactions in 
myocardial ischemia–reperfusion injury. Cell Death Discov 
2025;11:1–19. https://doi.org/10.1038/s41420-025-02372-5. 

[13] Yeap XY et al. Quantitation of acute necrosis after experimental 
myocardial infarction. Methods Mol Biol 2013;1004:115–33. 
https://doi.org/10.1007/978-1-62703-383-1_9. 

[14] Krijnen PAJ et al. Apoptosis in myocardial ischaemia and infarction. 
J Clin Pathol 2002;55:801–11. 
https://doi.org/10.1136/jcp.55.11.801. 

[15] Linkermann A et al. Necroptosis in immunity and ischemia-
reperfusion injury. Am J Transplant 2013;13:2797–804. 
https://doi.org/10.1111/ajt.12448. 

[16] Ma S et al. The role of the autophagy in myocardial 
ischemia/reperfusion injury. Biochim Biophys Acta - Mol Basis Dis 
2015;1852:271–6. https://doi.org/10.1016/j.bbadis.2014.05.010. 

[17] Punde A et al. Extracellular matrix in cardiac morphogenesis, 
fibrosis, and regeneration. Cells Dev 2025:204023. 
https://doi.org/10.1016/j.cdev.2025.204023. 

[18] Yousefi F et al. TGF-β and WNT signaling pathways in cardiac 
fibrosis: Non-coding RNAs come into focus. Cell Commun Signal 
2020;18:1–16. https://doi.org/10.1186/s12964-020-00555-4. 

[19] Jiang H et al. Mechanism of heart failure after myocardial infarction. 
J Int Med Res 2023;51. 
https://doi.org/10.1177/03000605231202573. 

[20] Frangogiannis NG. The extracellular matrix in myocardial injury, 
repair, and remodeling. J Clin Invest 2017;127:1600–12. 
https://doi.org/10.1172/JCI87491. 

[21] Dittrich A, Lauridsen H. Myocardial infarction and the immune 
response - Scarring or regeneration? A comparative look at 
mammals and popular regenerating animal models. J Immunol 
Regen Med 2019;4:100016. 
https://doi.org/10.1016/j.regen.2019.100016. 

[22] Peiró C et al. IL-1β inhibition in cardiovascular complications 
associated to diabetes mellitus. Front Pharmacol 2017;8:1–13. 
https://doi.org/10.3389/fphar.2017.00363. 

[23] Feng Y et al. The Role of Interleukin-6 Family Members in 
Cardiovascular Diseases. Front Cardiovasc Med 2022;9:1–12. 
https://doi.org/10.3389/fcvm.2022.818890. 

[24] Rolski F, Błyszczuk P. Complexity of TNF-α signaling in heart disease. 
J Clin Med 2020;9:1–25. https://doi.org/10.3390/jcm9103267. 

[25] Phatharajaree W et al. Matrix metalloproteinases and myocardial 
infarction. Can J Cardiol 2007;23:727–33. 
https://doi.org/10.1016/S0828-282X(07)70818-8. 

[26] Tanase DM et al. Matrix Metalloproteinases: Pathophysiologic 
Implications and Potential Therapeutic Targets in Cardiovascular 
Disease. Biomolecules 2025;15:1–23. 
https://doi.org/10.3390/biom15040598. 

[27] Shah GB, Prajapati AKK. The role of TGF-&beta; in cardiac fibrosis 
and heart failure: A review. IP Int J Compr Adv Pharmacol 2024;9:1–
6. https://doi.org/10.18231/j.ijcaap.2024.001. 

[28] Sweeney M et al. Targeting cardiac fibrosis in heart failure with 
preserved ejection fraction: mirage or miracle? EMBO Mol Med 
2020;12:1–26. https://doi.org/10.15252/emmm.201910865. 

[29] Hajitou A et al. Since January 2020 Elsevier has created a COVID-19 
resource centre with free information in English and Mandarin on 
the novel coronavirus COVID- 19 . The COVID-19 resource centre is 
hosted on Elsevier Connect , the company ’ s public news and 
information  2020. 

[30] Shibuya M. Vascular Endothelial Growth Factor (VEGF) and Its 
Receptor (VEGFR) Signaling in Angiogenesis: A Crucial Target for 

Anti- and Pro-Angiogenic Therapies. Genes and Cancer 
2011;2:1097–105. https://doi.org/10.1177/1947601911423031. 

[31] Yoo SY, Kwon SM. Angiogenesis and its therapeutic opportunities. 
Mediators Inflamm 2013;2013. 
https://doi.org/10.1155/2013/127170. 

[32] Nauli SM. Endothelial Nitric Oxide Synthase (eNOS) and the 
Cardiovascular System: in Physiology and in Disease States. Am J 
Biomed Sci Res 2022;15:155–79. 
https://doi.org/10.34297/ajbsr.2022.15.002087. 

[33] Böhm F, Pernow J. The importance of endothelin-1 for vascular 
dysfunction in cardiovascular disease. Cardiovasc Res 2007;76:8–18. 
https://doi.org/10.1016/j.cardiores.2007.06.004. 

[34] Femminò S et al. Extracellular vesicles in cardiac repair and 
regeneration: Beyond stem-cell-based approaches. Front Cell Dev 
Biol 2022;10:1–11. https://doi.org/10.3389/fcell.2022.996887. 

[35] Asgarpour K et al. Exosomal microRNAs derived from mesenchymal 
stem cells: Cell-to-cell messages. Cell Commun Signal 2020;18:1–16. 
https://doi.org/10.1186/s12964-020-00650-6. 

[36] Heusch G. Myocardial ischemia/reperfusion: Translational 
pathophysiology of ischemic heart disease. Med 2024;5:10–31. 
https://doi.org/10.1016/j.medj.2023.12.007. 

[37] Lee J et al. Autophagy, mitochondria and oxidative stress: Cross-talk 
and redox signalling. Biochem J 2012;441:523–40. 
https://doi.org/10.1042/BJ20111451. 

[38] Zhang M et al. Ischemia-reperfusion injury: molecular mechanisms 
and therapeutic targets. Signal Transduct Target Ther 2024;9. 
https://doi.org/10.1038/s41392-023-01688-x. 

[39] Deng R ming, Zhou J. The role of PI3K/AKT signaling pathway in 
myocardial ischemia-reperfusion injury. Int Immunopharmacol 
2023;123:110714. https://doi.org/10.1016/j.intimp.2023.110714. 

[40] Vassalli G et al. Role of Mitogen-Activated Protein Kinases in 
Myocardial Ischemia-Reperfusion Injury during Heart 
Transplantation. J Transplant 2012;2012:1–16. 
https://doi.org/10.1155/2012/928954. 

[41] Muslin AJ. MAPK Signaling in Cardiovascular Health and Disease: 
Molecular Mechanisms and Therapeutic Targets Introduction: 
Intracellular Signal Transduction Pathways. Clin Sci 2008;115:203–
18. https://doi.org/10.1042/CS20070430.MAPK. 

[42] Korshunova AY et al. BCL2-regulated apoptotic process in 
myocardial ischemia-reperfusion injury (Review). Int J Mol Med 
2021;47:23–36. https://doi.org/10.3892/ijmm.2020.4781. 

[43] Saddam M et al. Emerging biomarkers and potential therapeutics of 
the BCL-2 protein family: the apoptotic and anti-apoptotic context. 
Egypt J Med Hum Genet 2024;25. https://doi.org/10.1186/s43042-
024-00485-7. 

[44] Dhuriya YK, Sharma D. Necroptosis: A regulated inflammatory mode 
of cell death. J Neuroinflammation 2018;15:1–9. 
https://doi.org/10.1186/s12974-018-1235-0. 

[45] Persad KL, Lopaschuk GD. Energy Metabolism on Mitochondrial 
Maturation and Its Effects on Cardiomyocyte Cell Fate. Front Cell 
Dev Biol 2022;10:1–19. https://doi.org/10.3389/fcell.2022.886393. 

[46] Bernardi P et al. Identity, structure, and function of the 
mitochondrial permeability transition pore: controversies, 
consensus, recent advances, and future directions. Cell Death Differ 
2023;30:1869–85. https://doi.org/10.1038/s41418-023-01187-0. 

[47] Da Luz Scheffer D et al. Mitochondrial Fusion, Fission, and 
Mitophagy in Cardiac Diseases: Challenges and Therapeutic 
Opportunities. Antioxidants Redox Signal 2022;36:844–63. 
https://doi.org/10.1089/ars.2021.0145. 

[48] Zanfardino P et al. The Balance of MFN2 and OPA1 in Mitochondrial 
Dynamics, Cellular Homeostasis, and Disease. Biomolecules 
2025;15. https://doi.org/10.3390/biom15030433. 

http://www.globalresearchonline.net/
http://www.globalresearchonline.net/


Int. J. Pharm. Sci. Rev. Res., ISSN: 0976 – 044X, 85(6) – June 2025; Article No. 02, Pages: 8-17                                      DOI: 10.47583/ijpsrr.2025.v85i06.002 

 

 

International Journal of Pharmaceutical Sciences Review and Research International Journal of Pharmaceutical Sciences Review and Research 
Available online at www.globalresearchonline.net  

©Copyright protected. Unauthorised republication, reproduction, distribution, dissemination and copying of this document in whole or in part is strictly prohibited. 
Available online at www.globalresearchonline.net  

 

16 

[49] Güler MC et al. An Overview of Ischemia–Reperfusion Injury: Review 
on Oxidative Stress and Inflammatory Response. Eurasian J Med 
2022;54:S62–5. 
https://doi.org/10.5152/eurasianjmed.2022.22293. 

[50] Zhang Y et al. NADPH oxidases and oxidase crosstalk in 
cardiovascular diseases: novel therapeutic targets. Nat Rev Cardiol 
2020;17:170–94. https://doi.org/10.1038/s41569-019-0260-8. 

[51] Han X et al. Nrf2 for a key member of redox regulation: A novel 
insight against myocardial ischemia and reperfusion injuries. 
Biomed Pharmacother 2023;168:115855. 
https://doi.org/10.1016/j.biopha.2023.115855. 

[52] Laura G et al. Autophagy : A Key Regulator of Homeostasis and 
Disease : An 2022:1–40. 

[53] Liu SZ et al. Autophagy: Regulator of cell death. Cell Death Dis 
2023;14. https://doi.org/10.1038/s41419-023-06154-8. 

[54] Wang J et al. The mTOR Signaling Pathway: Key Regulator and 
Therapeutic Target for Heart Disease. Biomedicines 2025;13. 
https://doi.org/10.3390/biomedicines13020397. 

[55] Wang R et al. Targeting Calcium Homeostasis in Myocardial 
Ischemia/Reperfusion Injury: An Overview of Regulatory 
Mechanisms and Therapeutic Reagents. Front Pharmacol 
2020;11:1–14. https://doi.org/10.3389/fphar.2020.00872. 

[56] Benitah JP et al. RyR2 and Calcium Release in Heart Failure. Front 
Physiol 2021;12. https://doi.org/10.3389/fphys.2021.734210. 

[57] Shi Y et al. Epigenetic regulation in cardiovascular disease: 
mechanisms and advances in clinical trials. Signal Transduct Target 
Ther 2022;7. https://doi.org/10.1038/s41392-022-01055-2. 

[58] Ong SB et al. Inflammation following acute myocardial infarction: 
Multiple players, dynamic roles, and novel therapeutic 
opportunities. Pharmacol Ther 2018;186:73–87. 
https://doi.org/10.1016/j.pharmthera.2018.01.001. 

[59] Fadaei S et al. Epigenetic regulation in myocardial infarction: Non-
coding RNAs and exosomal non-coding RNAs. Front Cardiovasc Med 
2022;9. https://doi.org/10.3389/fcvm.2022.1014961. 

[60] Song R, Zhang L. MicroRNAs and therapeutic potentials in acute and 
chronic cardiac disease. Drug Discov Today 2024;29:104179. 
https://doi.org/10.1016/j.drudis.2024.104179. 

[61] Idriss NK et al. Hemoxygenase-1 in Cardiovascular Disease 2008;52. 
https://doi.org/10.1016/j.jacc.2008.06.019. 

[62] Stocker R, Perrella MA. Heme oxygenase-1: A novel drug target for 
atherosclerotic diseases? Circulation 2006;114:2178–89. 
https://doi.org/10.1161/CIRCULATIONAHA.105.598698. 

[63] Loboda A et al. Role of Nrf2/HO-1 system in development, oxidative 
stress response and diseases: an evolutionarily conserved 
mechanism. Cell Mol Life Sci 2016;73:3221–47. 
https://doi.org/10.1007/s00018-016-2223-0. 

[64] Nogueiras R et al. Sirtuin 1 and sirtuin 3: Physiological modulators of 
metabolism. Physiol Rev 2012;92:1479–514. 
https://doi.org/10.1152/physrev.00022.2011. 

[65] Wu J et al. Therapeutic perspectives of heat shock proteins and their 
protein-protein interactions in myocardial infarction. Pharmacol Res 
2020;160:105162. https://doi.org/10.1016/j.phrs.2020.105162. 

[66] Netto LES, Antunes F. The Roles of peroxiredoxin and thioredoxin in 
hydrogen peroxide sensing and in signal transduction. Mol Cells 
2016;39:65–71. https://doi.org/10.14348/molcells.2016.2349. 

[67] Sachdeva P et al. Advancements in Myocardial Infarction 
Management: Exploring Novel Approaches and Strategies. Cureus 
2023;15:1–13. https://doi.org/10.7759/cureus.45578. 

[68] Duelen R, Sampaolesi M. Stem Cell Technology in Cardiac 
Regeneration: A Pluripotent Stem Cell Promise. EBioMedicine 
2017;16:30–40. https://doi.org/10.1016/j.ebiom.2017.01.029. 

[69] Broughton KM et al. Mechanisms of cardiac repair and 
regeneration. Circ Res 2018;122:1151–63. 
https://doi.org/10.1161/CIRCRESAHA.117.312586. 

[70] Banerjee MN et al. Clinical studies of cell therapy in cardiovascular 
medicine recent developments and future directions. Circ Res 
2018;123:266–87. 
https://doi.org/10.1161/CIRCRESAHA.118.311217. 

[71] Cao G et al. Gene Therapy for Cardiovascular Disease: Basic 
Research and Clinical Prospects. Front Cardiovasc Med 2021;8:1–22. 
https://doi.org/10.3389/fcvm.2021.760140. 

[72] Hammoudi N et al. Adeno-associated virus-mediated gene therapy 
in cardiovascular disease. Curr Opin Cardiol 2015;30:228–34. 
https://doi.org/10.1097/HCO.0000000000000159. 

[73] Qian L et al. Reprogramming of mouse fibroblasts into 
cardiomyocyte-like cells in vitro. Nat Protoc 2013;8:1204–15. 
https://doi.org/10.1038/nprot.2013.067. 

[74] Singh DD et al. Clinical Significance of MicroRNAs, Long Non-Coding 
RNAs, and CircRNAs in Cardiovascular Diseases. Cells 2023;12. 
https://doi.org/10.3390/cells12121629. 

[75] Krützfeldt J et al. Silencing of microRNAs in vivo with “antagomirs.” 
Nature 2005;438:685–9. https://doi.org/10.1038/nature04303. 

[76] Cooke JP, Youker KA. Future Impact of mRNA Therapy on 
Cardiovascular Diseases. Methodist Debakey Cardiovasc J 
2022;18:64–73. https://doi.org/10.14797/mdcvj.1169. 

[77] Reiss AB et al. Exosomes in Cardiovascular Disease: From 
Mechanism to Therapeutic Target. Metabolites 2023;13. 
https://doi.org/10.3390/metabo13040479. 

[78] Riazifar M et al. Stem Cell Extracellular Vesicles: Extended messages 
of regeneration. Annu Rev Pharmacol Toxicol 2017;57:125–54. 
https://doi.org/10.1146/annurev-pharmtox-061616-030146. 

[79] Gil-Cabrerizo P et al. Cardiac tissue engineering for myocardial 
infarction treatment. Eur J Pharm Sci 2023;185:106439. 
https://doi.org/10.1016/j.ejps.2023.106439. 

[80] Wang H et al. Injectable cardiac tissue engineering for the treatment 
of myocardial infarction. J Cell Mol Med 2010;14:1044–55. 
https://doi.org/10.1111/j.1582-4934.2010.01046.x. 

[81] Pala R et al. Nanoparticle-mediated drug delivery for the treatment 
of cardiovascular diseases. Int J Nanomedicine 2020;15:3741–69. 
https://doi.org/10.2147/IJN.S250872. 

[82] Pikwong F et al. Cardiac Cell Membrane-Coated Nanoparticles as a 
Potential Targeted Delivery System for Cardiac Therapy. 
Biomimetics 2025;10. 
https://doi.org/10.3390/biomimetics10030141. 

[83] Cox A et al. Strategies to deliver RNA by nanoparticles for 
therapeutic potential. Mol Aspects Med 2022;83:100991. 
https://doi.org/10.1016/j.mam.2021.100991. 

[84] Bonowicz K et al. CRISPR-Cas9 in Cardiovascular Medicine: 
Unlocking New Potential for Treatment. Cells 2025;14:1–19. 
https://doi.org/10.3390/cells14020131. 

[85] Lino CA et al. Delivering crispr: A review of the challenges and 
approaches. Drug Deliv 2018;25:1234–57. 
https://doi.org/10.1080/10717544.2018.1474964. 

[86] Wang Z et al. Translational Challenges and Prospective Solutions in 
the Implementation of Biomimetic Delivery Systems. Pharmaceutics 
2023;15:1–33. https://doi.org/10.3390/pharmaceutics15112623. 

[87] Weng G et al. Complexity in biological signaling systems. Science 
(80- ) 1999;284:92–6. 
https://doi.org/10.1126/science.284.5411.92. 

[88] Liu ZW et al. Duality of Interactions Between TGF-β and TNF-α 
During Tumor Formation. Front Immunol 2022;12:1–14. 
https://doi.org/10.3389/fimmu.2021.810286. 

http://www.globalresearchonline.net/
http://www.globalresearchonline.net/


Int. J. Pharm. Sci. Rev. Res., ISSN: 0976 – 044X, 85(6) – June 2025; Article No. 02, Pages: 8-17                                      DOI: 10.47583/ijpsrr.2025.v85i06.002 

 

 

International Journal of Pharmaceutical Sciences Review and Research International Journal of Pharmaceutical Sciences Review and Research 
Available online at www.globalresearchonline.net  

©Copyright protected. Unauthorised republication, reproduction, distribution, dissemination and copying of this document in whole or in part is strictly prohibited. 
Available online at www.globalresearchonline.net  

 

17 

[89] Li X et al. Updates on altered signaling pathways in tumor drug 
resistance. Vis Cancer Med 2024;5:6. 
https://doi.org/10.1051/vcm/2024007. 

[90] Zhao Z et al. Targeting Strategies for Tissue-Specific Drug Delivery. 
Cell 2020;181:151–67. https://doi.org/10.1016/j.cell.2020.02.001. 

[91] Shazly T et al. Therapeutic payload delivery to the myocardium: 
Evolving strategies and obstacles. JTCVS Open 2022;10:185–94. 
https://doi.org/10.1016/j.xjon.2022.04.043. 

[92] Ya’qoub L et al. Racial, Ethnic, and Sex Disparities in Patients With 
STEMI and Cardiogenic Shock. JACC Cardiovasc Interv 2021;14:653–
60. https://doi.org/10.1016/j.jcin.2021.01.003. 

[93] Leopold JA, Loscalzo J. Emerging role of precision medicine in 
cardiovascular disease. Circ Res 2018;122:1302–15. 
https://doi.org/10.1161/CIRCRESAHA.117.310782. 

[94] Martin TP et al. Preclinical models of myocardial infarction: from 
mechanism to translation. Br J Pharmacol 2022;179:770–91. 
https://doi.org/10.1111/bph.15595. 

[95] Lopes R, Prasad MK. Beyond the promise: evaluating and mitigating 
off-target effects in CRISPR gene editing for safer therapeutics. Front 
Bioeng Biotechnol 2023;11:1–11. 
https://doi.org/10.3389/fbioe.2023.1339189. 

[96] Taghdiri A. Inflammation and arrhythmogenesis: a narrative review 
of the complex relationship. Int J Arrhythmia 2024;25. 
https://doi.org/10.1186/s42444-024-00110-z. 

[97] Kumar A. Advancements and Challenges in Pharmaceutical 
Innovation : Navigating Regulation , Technology , and Global Access 
2025;3:2144–58. https://doi.org/10.5281/zenodo.15077292. 

[98] O’Connor JPB et al. Imaging biomarker roadmap for cancer studies. 
Nat Rev Clin Oncol 2017;14:169–86. 
https://doi.org/10.1038/nrclinonc.2016.162. 

[99] Kuppe C et al. Spatial multi-omic map of human myocardial 
infarction. Nature 2022;608:766–77. 
https://doi.org/10.1038/s41586-022-05060-x. 

[100] Zhang X et al. Advances in Single-Cell Multi-Omics and Application 
in Cardiovascular Research. Front Cell Dev Biol 2022;10:1–14. 
https://doi.org/10.3389/fcell.2022.883861. 

[101] Salet N et al. Using machine learning to predict acute myocardial 
infarction and ischemic heart disease in primary care cardiovascular 
patients. PLoS One 2024;19:1–17. 
https://doi.org/10.1371/journal.pone.0307099. 

[102] Nazir S, Iqbal RA. Biosensor for rapid and accurate detection of 
cardiovascular biomarkers: Progress and prospects in biosensors. 
Biosens Bioelectron X 2023;14:100388. 
https://doi.org/10.1016/j.biosx.2023.100388. 

[103] Huang P et al. Combinatorial treatment of acute myocardial 
infarction using stem cells and their derived exosomes resulted in 
improved heart performance. Stem Cell Res Ther 2019;10:1–13. 
https://doi.org/10.1186/s13287-019-1353-3. 

[104] Aledhari M, Rahouti M. Gene and RNA Editing: Methods, Enabling 
Technologies, Applications, and Future Directions 2024;XX:1–39. 

[105] Chingale M et al. 3D Bioprinting Technology – One Step Closer 
Towards Cardiac Tissue Regeneration. Front Mater 2022;8:1–13. 
https://doi.org/10.3389/fmats.2021.804134. 

 

 

For any questions related to this article, please reach us at: globalresearchonline@rediffmail.com  

New manuscripts for publication can be submitted at: submit@globalresearchonline.net and submit_ijpsrr@rediffmail.com   

 

 

http://www.globalresearchonline.net/
http://www.globalresearchonline.net/
mailto:globalresearchonline@rediffmail.com
mailto:submit@globalresearchonline.net
mailto:submit_ijpsrr@rediffmail.com

