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Myocardial infarction, a leading cause of death worldwide, is a type of heart disease in which the coronary artery becomes
blocked, restricting the flow of oxygen-rich blood to heart muscle. This blockage can cause ischemia, in which the heart fails
to receive sufficient oxygen to function properly, becoming an acute emergency as it can cause sudden, irreversible damage to
heart muscle. Current clinical treatments, particularly reperfusion therapies and pharmacological management, have led to a
significant decline in short-term mortality rates. However, long-term complications still pose a concern as the permanent loss
of heart muscle and scar tissue formation may disrupt the heart’s electrical system, the distribution of blood to other regions,
and fluid buildup. Recent advances in technology have directed attention towards largely experimental regenerative approaches,
including stem cell therapy, biomaterial scaffolds, gene-based therapies, and tissue engineering techniques. Although preclinical
and early clinical studies have demonstrated potential for cardiac repair and functional recovery, these approaches remain limited
by challenges such as cell retention and survival, targeted and durable therapeutic delivery, immune responses, and translation
to consistent clinical benefit. This paper reviews established treatments with an emphasis on emerging therapeutic strategies to
more effectively treat and improve post-infarction damage through regenerative and bioengineering approaches. Furthermore,
this paper discusses the benefits and limitations of promising therapeutic strategies at their current stage of development to

determine future directions that may be pursued to better address long-term patient outcomes.

Introduction

In 2021, ischemic heart disease accounted for approximately
9.0 million deaths worldwide, with myocardial infarction (MI)
as a major manifestation of the disease!. Myocardial Infarc-
tion, a heart attack, is experienced by approximately 805,000
people in the United States each year?. Heart disease is the
leading cause of death in the United States (see Figure 1). As
a common cause of heart failure, myocardial infarction per-
manently damages the heart muscle, reducing long-term car-
diac function. This often leads survivors to experience chronic
complications such as arrhythmias and to have an increased
risk of recurrent cardiovascular events. In fact, clinical stud-
ies have reported that 20-30% of survivors develop heart fail-
ure within 1 year after a heart attack. In a nationwide cohort
of MI patients hospitalized in England, the adjusted cumu-
lative incidence at nine years was 29.6% for heart failure>*.
Furthermore, sudden cardiac death, most frequently due to
ventricular tachycardia or ventricular fibrillation, has been re-
ported to account for 25% to 50% of mortality in patients with
prior MI°. In the past few decades, age-adjusted mortality
from acute myocardial infarction in the United States has de-
clined from 380.3 deaths per 100,000 people in 1968 to 39.4
deaths per 100,000 in 2019 (see Figure 2), due to advance-

U Millburn High School, USA

ments in MI management from rapid reperfusion therapies to
advanced cardiac monitoring®. Despite these improvements
in survival rates, the overall burden of ischemic heart disease
remains substantial, as obesity-related ischemic heart disease
mortality rates in the U.S. have more than doubled over the
past two decades, and average population aging has led to an
increase in absolute mortality from cardiovascular disease’.
Although substantial advances in prevention and intervention
have contributed to the early decline of short-term mortality,
a significant residual risk of long-term complications persists,
meaning the development of improved treatments for myocar-
dial infarction remains a priority .

Myocardial Infarction occurs when the myocardium, part
of the heart muscle, suddenly fails to receive enough blood
and oxygen, leading to the irreversible damage or death of
heart muscle cells. Most MI occurs as part of acute coro-
nary syndrome (ACS), a spectrum of conditions caused by an
acute reduction in coronary blood flow often following plaque
rupture, damaging or killing heart muscle cells. ACS encom-
passes unstable angina, ST-Segment Elevation Myocardial In-
farction (STEMI), and Non-ST-Segment Elevation Myocar-
dial Infarction (NSTEMI). During unstable angina, character-
ized by myocardial ischemia without irreversible myocardial
injury, blood flow is reduced. STEMI, the most severe form of
ACS, is when the coronary artery is completely blocked lead-
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ing to significant heart muscle death, detected through ST ele-
vation on an electrocardiogram. On the other hand, NSTEMI
involves heart muscle damage from partial blockage with-
out ST-segment elevation, confirmed through elevated cardiac
biomarkers such as troponin®. The majority of these acute
events arise from underlying Coronary Artery Disease (CAD),
a stepwise chronic inflammatory process that involves the dy-
namic interaction between biological systems that evolve to
influence plaque stability and rupture risk, often resulting in
advanced atherosclerotic plaque development within the coro-
nary arteries. Coronary arteries are arterial blood vessels that
deliver oxygen-rich blood to the heart muscle, enabling the
heart to pump blood to the rest of the body. These arter-
ies gradually accumulate atherosclerotic plaque, deposits of

lipids, cholesterol, and inflammatory cells, inside the vessel
walls, slowly narrowing the artery and reducing blood flow to
the heart muscle.

The complexity of CAD is reflected in decades of research,
during which scientific understanding has evolved from per-
ceiving coronary artery disease as arterial narrowing to rec-
ognizing it as a multifactorial inflammatory and thrombotic
process®. From Virchow’s early association of atherosclero-
sis with inflammation and lipid accumulation, to Herrick’s
identification of coronary artery blockage as a cause of MI,
and later Ross’s characterization of CAD as an inflammatory
and cellular process, understanding has progressively shifted
toward its underlying vascular mechanisms %2, These ad-
vances were accompanied by the development of increasingly
effective interventions, including pharmacological therapies,
percutaneous coronary intervention (PCI), coronary artery by-
pass grafting, and thrombolytic therapy'>. Modern innova-
tions, including drug-eluting stents, advanced imaging, and
targeted pharmacological therapies, have shifted CAD man-
agement toward more precise, evidence-based interventions.

CAD is initiated when the endothelium, the inner lining of
the coronary artery, is damaged due to chronic stressors such
as hypertension, smoking, and hyperglycemia 4. The result-
ing oxidative stress reduces protective molecules like nitric
oxide that relax blood vessels, protect the vessel lining, and
prevent inflammation. This reduction leads to vasoconstric-
tion, the narrowing of blood vessels, and increases adhesion
molecule expression, making the endothelium more perme-
able and “sticky,” and allowing immune cells to infiltrate the
vessel wall. A cascade of interacting mechanisms is triggered,
including the accumulation of oxidized low-density lipopro-
tein, formation of macrophage-driven foam cells, proliferation
of smooth muscle cells, and sustained inflammatory signaling
that drives plaque growth, remodeling, and calcification. The
plaques grow with alternating layers of lipid, smooth muscle,
and connective tissue. Calcification can occur as atheroscle-
rotic plaques progress '3. Over time, plaques characterized by
a thin fibrous cap, large lipid core, and dense inflammatory in-
filtrate become prone to rupture, exposing thrombogenic ma-
terial to the bloodstream that activates platelets and the clot-
ting cascade '4. A blood clot forms at the site of the ruptured
plaque, partially or completely blocking blood flow through
the coronary artery, cutting off oxygen supply to the heart
muscle (see Figure 3). Prolonged oxygen deprivation leads to
irreversible cardiomyocyte death that spreads toward the outer
layers. Metabolism shifts to anaerobic pathways due to the
lack of oxygen, and the heart muscle loses contractile func-
tion 1>,

Permanent heart muscle damage may trigger lethal arrhyth-
mias or pump failure that lead to sudden death or long-term
heart failure. Among patients hospitalized with acute MI,
approximately 5-10% develop life-threatening ventricular ar-
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Figure. 3 Progression of Atherosclerosis From a Healthy Artery to
Plaque Rupture and Thrombus Formation '°.

rhythmias that contribute to sudden cardiac death!”.

Traditional treatments include PCI, which mechanically re-
opens the blocked coronary artery, making it the globally pre-
ferred method for restoring blood flow rapidly and reducing
the rate of reinfarction. However, PCI requires access to
specialized catheterization facilities and trained interventional
cardiologists, as procedural risks include bleeding and vascu-
lar injury.

Although primary PCI is recommended by current clinical
guidelines for eligible STEMI patients whenever it can be per-
formed promptly, access can vary depending on healthcare re-
sources and logistics.

In a cohort of 1529 survivors of pre-hospital resuscitation
with STEMI 143 (9.4%) received early PCI, 793 (51.9%) re-
ceived thrombolytic therapy, and 593 (38.8%) received no
early reperfusion!®. These findings illustrate reperfusion
treatment patterns within a highly selected patient population.

When PCI is not available for STEMI, thrombolytic ther-
apy is used to dissolve clots blocking the arteries. Although
this can be life-saving, it is less effective compared to PCI
as it activates plasmin to break down fibrin clots throughout
the entire body, creating the risk of bleeding '®. These are the
standard procedures recommended to patients, but exceptions
exist as individual medical conditions may discourage the use
of certain procedures. For example, since thrombolytic ther-
apy significantly increases bleeding risk, it is not performed on
patients with previous hemorrhagic stroke, recent major surg-
eries, active internal bleeding, or uncontrolled hypertension 1.

Medications, prescribed according to medical history, are
commonly used to prevent MI by controlling blood pressure,

cholesterol, or the hyperactive nervous system. Drugs such as
beta blockers are generally discouraged for those with asthma
because they may precipitate bronchospasm. Similarly, al-
though ACE inhibitors benefit many patients with chronic kid-
ney disease, monitoring is required as they can be associated
with hyperkalemia and changes in renal function'®. Treat-
ment plans are highly personalized based on a patient’s clini-
cal presentation, especially as dose adjustment or discontinu-
ation may be necessary if adverse effects occur.

Over the past decades, advancements in understanding MI,
reperfusion strategies, and pharmacologic therapy have trans-
formed medicine from primarily supportive care to direct in-
tervention. Future directions aim to not only prevent myocar-
dial infarction but also fully restore damaged myocardium to
eliminate long-term complications. This review aims to com-
pare current standard myocardial infarction treatments with
emerging regenerative and bioengineering-based approaches
to evaluate their potential to improve long-term cardiac repair
and patient outcomes.

Prevention Methods

Lifestyle Modification

Genetic predisposition and lifestyle are notable factors in the
development of MI, meaning prevention can start with early
caution and maintaining healthy habits. Although no singular
gene is known to cause MI, multiple inherited genetic poly-
morphisms that affect lipid metabolism, platelet function, and
blood pressure regulation may increase susceptibility?°. Ge-
netic predisposition is associated with increased risk of my-
ocardial infarction as familial hypercholesterolemia mutations
are associated with a 4.51-fold hazard linked to higher pre-
mature MI after adjustment of low-density lipoprotein (LDL)
cholesterol and other clinical risk factors?!. Identifying ge-
netic predispositions allows for earlier lipid screening and
lifestyle modification to address future MI risk. Furthermore,
racial disparities exist in post-MI outcomes as Black patients
have higher rates of recurrent nonfatal MI and fatal coronary
heart disease compared with white patients>2. Globally, South
Asian populations have higher mortality from ischemic heart
disease in developed countries??.

Historically, countries such as Japan have lower rates of
coronary heart disease compared with Western countries (see
Figure 4), as the traditional Japanese diet is lower in saturated
fat and higher in intake of fish, which contains omega-3 fatty
acids known to reduce triglycerides, levels?*.

Other beneficial modifications to diet include lowering
salt consumption to control blood pressure, which slows
down plaque buildup, and limiting saturated fats that increase
cholesterol. Physical activity further enhances these preven-
tative measures as routine exercise adapts to an increase in
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metabolic demand by strengthening the heart and blood ves-
sels to deliver oxygen more efficiently®. These aspects all
connect to the culture of individuals and the economy of the
country they live in, which determines the foods they eat, the
education they receive on health, and their ability to afford
medications.

Global CVD DALYs, 2023
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Preventative Medications

Medications for myocardial infarction are used at different
times for various purposes. Primary prevention, before a first
myocardial infarction, includes the use of statins such as ator-
vastatin or rosuvastatin that lower cholesterol levels, decreas-
ing the creation of plaques, to prevent ruptures. Antihyperten-
sives are used to lower blood pressure significantly, which re-
duces the long-term risk of MI. Glucose-lowering drugs such
as metformin are used to reduce cardiovascular risk by im-
proving glycemic control, especially for patients with dia-
betes.

Following an MI, secondary prevention aims to reduce re-
current cardiovascular events and limit further cardiac dam-
age.

Medications during this phase center around high-intensity
statins to stabilize plaques and antiplatelets to prevent the ag-
gregation of platelets. Post-MI management may also include
ACE inhibitors and beta-blockers to reduce adverse cardiac re-
modeling and myocardial workload?. ACE inhibitors, such
as lisinopril, and angiotensin II receptor blockers (ARBs),
such as losartan, are used to block the renin-angiotensin-
aldosterone system, which becomes overactivated after MI,
to lower blood pressure and reduce fibrosis. Furthermore,
they relax blood vessels and lower blood pressure to protect
long-term heart function by reducing remodeling, as the heart
can enlarge and weaken after MI. Beta-blockers reduce sym-

pathetic nervous system activity, which slows heart rate and
oxygen demand, lightening the heart muscle’s workload?’.

Newer prevention methods include proprotein convertase
subtilisin/kexin type 9 (PCSK9) inhibitors for high-risk pa-
tients, which increase the liver’s ability to remove LDL choles-
terol from the blood by 50-60% relative to the placebo in
major clinical trials with high-risk cardiovascular patients re-
ceiving background statin therapy, which leads to less plaque
progression. Clinical evidence supporting this approach was
demonstrated in the ODYSSEY OUTCOMES trial, in which
the PCSK9 inhibitor alirocumab was evaluated in 18,924
patients following ACS and found a significant reduction
in major adverse cardiovascular events compared with the
placebo?®?°.  Ezetimibe, such as Zetia, is used to block
cholesterol absorption in the intestines to reduce cardiovas-
cular events post-myocardial infarction?>.

One prevention drug of high interest is Ziltivekimab, a mon-
oclonal antibody that binds to interleukin-6 (IL-6), a major in-
flammatory signaling molecule to reduce systemic inflamma-
tion. Initial studies have shown that Ziltivekimab has signifi-
cantly lowered inflammatory biomarkers, suggesting it could
reduce cardiovascular risk3°. Currently, it is being tested
in the ZEUS trial (Ziltivekimab Cardiovascular Outcomes
Study), a large clinical trial among patients with atheroscle-
rotic cardiovascular disease, chronic kidney disease, and sys-
temic inflammation for further evaluation3'.

Clinical evidence supports inflammation as a therapeu-
tic target in secondary prevention following MI. In the
Canakinumab Antiinflammatory Thrombosis Outcome Study
(CANTOS), canakinumab, an IL-1f inhibitor, was evalu-
ated in 10,061 patients with previous MI and persistent in-
flammation, demonstrating a significant reduction in recurrent
cardiovascular events at the 150-mg dose?. Similarly, the
Colchicine Cardiovascular Outcomes Trial (COLCOT) eval-
uated low-dose colchicine in 4,745 patients following MI and
demonstrated a significant reduction in the composite cardio-
vascular endpoint. Although such approaches do not regen-
erate myocardium, these trials provide clinical evidence that
targeting residual inflammation can reduce recurrent cardio-
vascular risk after MI33.

Acute MI Treatment and Reperfusion

Modern prevention reduces the risk of heart attack dramat-
ically, but residual inflammation, genetic factors, adherence
challenges, and late detection mean many cases still occur de-
spite these therapies. When it comes to treatment, the priority
after the development of symptoms is restoring blood flow to
the heart and stabilizing the patient. Thus, the patient is im-
mediately given aspirin to reduce clotting. Reperfusion is used
with the key goal of reopening blocked coronary arteries. Fig-
ure 5 illustrates PCI in which a catheter with a balloon and
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a stent is used to open the blocked artery to restore coronary
blood flow in patients with acute MI.

If percutaneous coronary intervention is unavailable for
STEMI, thrombolytic medications like alteplase are used to
dissolve the clot and restore blood flow.

Thrombolytic therapy, first introduced in the mid-20th cen-
tury with agents such as streptokinase, which broke down
clots, evolved in the 1980s with large clinical trials that
demonstrated thrombolytics reduced mortality of MI, becom-
ing the standard treatment when no surgical option existed>.
Major advancements were seen in the 1990s with the devel-
opment of more targeted tissue plasminogen activators like al-
teplase 3.

When blockages are too severe for PCI, coronary artery by-
pass graft surgery is used to create new routes for blood to
reach the heart muscle, reported in 2025 to be performed ap-
proximately 200,000 times in the United States each year3’.

Emerging Post-Infarction Repair and Regenerative Ther-
apies

Currently, the main limitations of treatments are that they are
unable to fully prevent permanent muscle loss, inflammation-
driven damage, recurrent events, and long-term heart failure.

Engineering microRNA for Myocardial Regeneration

Some novel methods to address this include cardiac regenera-
tive medicine aimed at directly repairing or regenerating heart
tissue through various methods. One of these methods is the
use of small cell-derived vesicles engineered to deliver mi-
croRNA, a small, non-coding RNA molecule that silences or
fine-tunes gene activity, to reduce inflammation and promote
angiogenesis. In preclinical models, vesicle-based microRNA
delivery has demonstrated potential to promote vasculariza-
tion, reduce adverse remodeling, and improve cardiac function
following myocardial infarction 3.

One microRNA of interest is microRNA-126, a key
endothelial-specific microRNA that regulates angiogene-
sis, vascular integrity, endothelial cell survival, and anti-
inflammatory signaling. It enhances pro-angiogenic pathways
such as Vascular Endothelial Growth Factor (VEGF) signal-
ing, which regulates blood vessel formation, maintenance, and
repair. After myocardial infarction, restoring blood to the in-
jured region is essential, making the vascular repair properties
of microRNA-126 particularly appealing®. In Bheri’s 2023
study, shown in Figure 6, microRNA-126 was loaded into ex-
tracellular vesicle (EV)-derived vehicles using electroporation
and tested in adult male Sprague-Dawley rats after ischemia-
reperfusion injury induced by 30 minutes of left anterior de-
scending (LAD) coronary artery occlusion followed by reper-
fusion. The treatment was delivered by direct intramyocardial

injection into 3-5 sites in the ischemic border zone at doses of
5 or 10 ug/kg, with a follow-up for up to 28 days*’.

microRNA was shown to enhance blood vessel formation,
reduce fibrosis, and improve cardiac functional parameters.
Endpoints included ejection fraction, fractional shortening, in-
farct size, fibrosis, cardiac hypertrophy, and vascular measure-
ments. High-dose treatment improved ejection fraction and
fractional shortening at day 14, although these improvements
diminished by day 28. Treatment also reduced fibrosis and
hypertrophy while increasing capillary density. The evidence
supported angiogenesis, reduced fibrosis, adverse remodel-
ing, and short-term functional improvement in the preclinical
model, but did not demonstrate cardiomyocyte proliferation,
true replacement of lost myocardial tissue, or long-term re-
duction in heart failure 0.

One main difficulty in translating these preclinical methods
to clinical is the inability of microRNAs to reach the infarcted
myocardium with the necessary therapeutic dose, as systemic
delivery leads to uptake in the liver, spleen, and kidneys, but
a low concentration at the heart*!. Furthermore, microRNA
quickly diffuses away in the heart due to circulation, making
the effects transient and reducing long-term regenerative im-
pact*!. These limitations are accompanied by safety concerns
of off-target effects as microRNAs regulate multiple genes,
which may lead to unintentional alteration of other pathways
that could affect non-cardiac tissues. This method holds sig-
nificant potential, but the limited clinical validation must be
addressed before widespread therapeutic application.

Cell Cycle Reactivation

Another emerging regenerative strategy focuses on reactivat-
ing the cardiomyocyte cell cycle to stimulate heart repair. In
mammals, cardiomyocytes are differentiated during embry-
onic development and leave the cell cycle shortly after birth,
largely losing their proliferative capacity. Thus, researchers
have explored the modulation of the Hippo-Yes-associated
protein (YAP) pathway, a tumor suppressor and growth reg-
ulator active during development, to stimulate cardiomyocyte
proliferation in animal models (see Figure 7). In Boodgerd
et al.’s 2023 study, adult male mice underwent ischemia-
reperfusion injury through 1 hour of LAD ligation followed by
reperfusion. AT-rich interaction domain 1A (ARID1A) was
genetically inactivated specifically in adult cardiomyocytes
using a tamoxifen-inducible system, with tamoxifen admin-
istered intraperitoneally at 30 mg/kg for three consecutive
days. There were no separate therapeutic delivery routes or
doses. Two weeks after tamoxifen administration, ischemia-
reperfusion injury was induced, and cardiomyocyte prolifer-
ation was evaluated 7 days after injury using 5-ethynyl-2’-
deoxyuridine (EdU) incorporation, with EQU administered at
50 mg/kg on days 1, 3, and 5 after injury. ARIDI1A inacti-
vation significantly increased EdU incorporation in cardiomy-
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ocytes near the infarct zone, supporting cardiomyocyte pro-
liferation, but it did not produce substantial cardiac repair*?.
However, this strategy poses significant risks as uncontrolled
activation of proliferation pathways raises concerns that it
could lead to arrhythmias or tumorigenesis. Thus, while cell
cycle reactivation presents a promising path to promote car-
diomyocyte proliferation, the evidence from the study does
not demonstrate replacement of lost myocardial tissue or long-
term reduction in heart failure, and precise regulation and fur-

ther safety validation are necessary.

Gene Therapy

Gene therapy is a promising avenue to alter genetic pathways
by editing or delivering genes to modify disease mechanisms
or improve repair processes. Gene-based approaches can serve
two distinct purposes: reducing cardiovascular risk to pre-
vent future events or directly promoting myocardial repair af-
ter infarction. An example illustrated in Figure 8 is experi-
mental PCSK9 gene editing, a clustered regularly interspaced
short palindromic repeats (CRISPR)-based therapy that could
durably lower LDL cholesterol by inactivating PCSKO9, a key
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regulator of blood LDL cholesterol levels. Lowering LDL
cholesterol could significantly slow down or prevent the for-
mation of plaque that narrows the arteries, and the risk of fu-
ture cardiovascular events; however, this approach does not re-
generate myocardium that has already been damaged by MI*3.

In contrast, regenerative gene therapy after MI aims to di-
rectly influence pathways involved in repairing the injured
myocardium. Researchers have also explored the delivery
of genes that promote angiogenesis, enhance myocyte sur-
vival and proliferation, and improve the cardiac lymphatic
system to reduce inflammation and fluid buildup. Beyond
lipid regulation, researchers are investigating gene delivery
strategies aimed at enhancing myocardial repair after infarc-
tion. Currently, experimental vectors such as adeno-associated
virus (AAV) delivering vascular endothelial growth factor C
(VEGF-C) and calcium cycling modifiers have been inves-
tigated in clinical trials. While several clinical trials have
demonstrated the safety of some cardiovascular gene therapy,
evidence of clinical efficacy remains limited**.

Gene therapy offers several distinct advantages by targeting
the underlying molecular mechanisms of cardiovascular dis-
ease rather than managing symptoms alone. However, gene
therapy carries significant challenges due to its high cost and
limited targeting, as CRISPR-associated protein 9 (Cas9) (see
Figure 8) may cut similar non-target sites, which would cre-
ate unintended mutations*3. Thus, gene therapy presents a
promising approach for cardiovascular disease and potential
myocardial repair, but it must overcome safety and scalability
barriers.

Cardiac Tissue Engineering

Tissue Engineering has emerged as a promising method to re-
pair myocardium through the engineering of cardiac spheres
or patches that can be applied to infarcted myocardium to

mRNA encoding
base editor

Ry AN

I
ribosome
l splice site base editing
base editor ) T = c
PCSK9 gene ET,E(I% ::G::

retention and read-through

e of intron1 -

i A
Y ecccccccece :c

exon1 intron1

PCSK9 mRNA
after editing

—_
exon1intron1 exon2

X

Figure. 8 PCSK9 Gene Editing Using a Base Editor to Disrupt
PCSKOY Protein Synthesis*’.

stop codon

premature termination
of PCSKS synthesis

PCSK9 |90%

improve function in preclinical models. This involves stem
cell therapy where cells like mesenchymal stem cells (MSCs),
induced pluripotent stem cell-derived cardiomyocytes (iPSC-
CMs), or cardiac progenitor cells are used to replace dam-
aged cardiomyocytes and promote repair through the cre-
ation of scaffolds. In Jebran et al’s 2025 study (see Fig-
ure 9), engineered heart muscle (EHM) patches containing
iPSC-CMs and stromal cells were investigated in rats and rhe-
sus macaques. In the rat ischemia-reperfusion model, male
athymic nude rats underwent 60 minutes of LAD occlusion
followed by reperfusion, and EHM patches were surgically
attached to the left ventricular free wall four days later. Rats
were followed for four weeks, with endpoints including ejec-
tion fraction, fractional shortening, stroke volume, and graft
retention. Viable EHM grafts demonstrated cardiomyocyte
retention and improved ejection fractions and stroke volume,
supporting myocardial remuscularization and functional im-
provement*®. Many stem cells have the beneficial paracrine
effects of secreting growth factors and cytokines to reduce
inflammation and limit fibrosis. Hydrogels and biodegrad-
able scaffolds are used to further support cell retention, offer
mechanical support, and modulate the inflammatory response
from the body. Furthermore, constructs incorporate conduc-
tive biomaterials or microvascular networks to improve elec-
tromechanical coupling*’. However, electrical integration and
vascularization remain major barriers as engineered tissue of-
ten exhibits immature electrophysiological properties. This
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study provides evidence of cardiomyocyte engraftment and re-
muscularization, but does not establish long-term reduction in
heart failure following MI.

Figure. 9 Engineered Heart Muscle Grafts Following Implantation
in the Human Heart*0.

There are multiple emerging clinical tools, such as the au-
tonomous closed-loop intervention systems that use real-time
data and models of a patient to autonomously deliver thera-
pies and regulate cardiac function to optimize treatment and
recovery*’. Furthermore, artificial intelligence (Al)-assisted
approaches are being integrated for risk prediction, monitor-
ing post-MI recovery, and guiding treatment decisions based
on imaging and clinical data*®. One model that has recently
sparked interest in the scientific community is a digital twin. A
digital twin uses cardiac imaging to create a computer model
of a patient’s heart*°. This enables scientists to predict how ar-
rhythmia would be sustained, if the arrhythmia would be dan-
gerous, and advise treatment by ablation. In conclusion, cur-
rent MI prevention and treatments greatly improve survival,
but limitations such as irreversible muscle damage and resid-
ual risk highlight the need for continued development of novel
preventative regenerative therapies.

Delivery Methods

The effectiveness of emerging post-infarction therapies de-
pends not only on the therapeutic agent, but also on successful
delivery to damaged myocardium. Delivery systems are par-
ticularly important for the regenerative approaches discussed
above as they require sufficient therapeutic concentrations and
retention within the target cardiac tissue. Different delivery
systems and routes may be selected depending on the thera-
peutic cargo and intended mechanism of cardiac repair.

Viral versus Nonviral

There are two main methods for the delivery of treatments:
viral and nonviral. Viral delivery uses a virus as a delivery
vehicle to insert genes into heart cells. Nonviral methods use
gene or cell delivery methods without viruses, such as plasmid
DNA injection, nanoparticles, electroporation, and stem cell
implantation.

In viral gene therapy, scientists modify viruses to remove
harmful parts and replace them with therapeutic genes. Com-
mon viral vectors are adenovirus, adeno-associated virus, and
lentivirus. This method is efficient for entering heart cells, as
the purpose of viruses is to enter cells and deliver genetic ma-
terial.

However, these viral vectors differ in how therapeutic ge-
netic material persists within the cell. Lentiviral vectors inte-
grate their genetic material into the host cell’s DNA, enabling
stable, long-term expression while introducing risk of inser-
tional mutagenesis. In contrast, AAV generally persists as
episomal DNA without integrating into the host genome and
can produce prolonged expression, especially in non-dividing
cells such as cardiomyocytes. Adenoviral vectors are typi-
cally non-integrating and remain episomal, but generally pro-
duce more temporary gene expression and stronger immune
responses. Thus, the duration of expression and associated
risks depend on the viral vector type (see Table 1)°.

In nonviral gene therapy, one primary strategy is naked plas-
mid DNA injection, which injects a circular piece of the de-
sired DNA directly into heart tissue. This is advantageous as
it has a low immune reaction and no viral proteins. However,
gene expression is generally transient and transfection effi-
ciency is low. Another method that experiences similar issues
with efficiency and effectiveness is nanoparticle or lipid-based
delivery, where lipid nanoparticles or polymer nanoparticles
protect DNA/RNA and facilitate entry into the cells. This ap-
proach can be engineered for targeting, but effective penetra-
tion and retention in cardiac tissue remain major challenges>'.

In order to address the viral limitation of immune rejection,
researchers have modified capsids, since the capsid proteins
on the surface of viruses are the primary structures detected
by the immune system. Scientists can engineer capsids to al-
ter tropism and potentially reduce immune-related limitations,
allowing the vector to reach target cardiac cells more effec-
tively>°.

In addition, lower doses have been used as the immune sys-
tem responds more strongly to higher viral loads. A large
concentration of viral particles can trigger inflammation and
rapid clearance of the therapy. To maintain effectiveness while
lowering the dose, scientists use delivery methods that are
more localized, such as direct injection into the myocardium
or catheter-based administration>*-!,

In order to address the concern of off-site targeting, tissue-
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Table 1 Comparison of Viral and Nonviral Delivery Systems for Cardiac Gene Therapy

40,50,51

Delivery System | Cargo Integration Duration Cardiac Tropism Immune Response Delivery Route

AAV DNA transgenes; Non-integration; Long-term High for select serotypes Low-moderate; pre-existing | Intravenous,
limited capacity mainly episomal (AAV1, 6, 8, and 9); species antibodies may limit efficacy | intra-coronary,

dependent intra-myocardial

Adenovirus DNA; relatively large Non-integrating; Short term Broad; limited cardiac High; strong innate/adaptive | Intra-coronary,
capacity episomal specificity responses intra-myocardial

Lentivirus RNA Integrating Long-term/stable | Low systemic cardiac tropism; | Lower than adenovirus; Primarily
reverse-transcribed to efficient local transduction integration safety concern intramyocardial
DNA; relatively large
capacity

Lipid mRNA, miRNA, Non-integrating Transient; Limited intrinsic cardiac Low-moderate; Intravenous,

nanoparticles siRNA cargo-dependent | specificity; engineerable formulation-dependent intramyocardial

Naked plasmid Plasmid DNA Generally Short- Low; localized near injection Low; no viral capsid proteins | Primarily

DNA non-integrating term/transient site intramyocardial

Exosomes/EVs RNA, proteins, Non-integrating Transient; Natural/engineerable cardiac Generally low Intravenous,
peptides cargo-dependent | targeting limited intramyocardial,

intrapericardial

specific promoters, which act as genetic “switches”, ensure
the therapeutic gene is activated in cardiomyocytes rather than
off-target tissues to reduce unintended gene expression else-
where in the body. In some clinical gene therapy trials, tempo-
rary immunosuppression has been used during the initial de-
livery phase. For example, corticosteroids can dampen early
inflammatory responses, preventing the immune system from
eliminating the viral vector before it has time to establish ther-
apeutic gene expression®’. Together, these approaches can
improve the feasibility of viral and nonviral cell-based gene
therapies.

Cardiac Delivery Routes

There are three main types of therapeutic delivery routes:
intracoronary delivery, intramyocardial injection, and intra-
venous delivery. Intracoronary delivery, a common method, is
when therapeutic agents are directly infused into the coronary
arteries through a catheter inserted into the blood vessels. This
technique is advantageous as it is minimally invasive since
catheterization is used instead of surgery. Furthermore, it tar-
gets the heart better than systemic injection, enabling large
areas of myocardium to be reached. However, the therapy is
known to have lower uptake efficiency as it may be diluted in
the blood, and it has a higher risk of coronary blockage if cells
aggregate. This method is often used for adenovirus vector
gene therapy or angiogenic growth factor delivery'. On the
other hand, intramyocardial injection directly injects the ther-
apy into the heart muscle using a needle, either through open-
heart surgery, minimally invasive thoracoscopy, or a catheter
system with injection needles. This procedure has high tar-
geting precision and local concentration, but it is invasive and
may cause arrhythmia from tissue damage>'. Thus, it is effec-
tive for stem cell therapies or precise gene editing.

In comparison, intravenous delivery is much simpler and

less invasive as the therapy is injected into the vein and dis-
tributed through systemic circulation. The technique can eas-
ily be administered multiple times, but it has poor targeting of
the heart, and a much higher dosage is necessary>'.

Methods

This literature review was conducted using the PubMed
database to identify sources relevant to myocardial infarction.
Searches were performed between January 27 and April 4,
2026, with individual searches conducted using the follow-
ing search terms and phrases: “myocardial infarction,” “my-
ocardial infarction prevention medications,” “cardiac regen-
eration,” “gene therapy for myocardial infarction,” “cardiac
tissue engineering,” “post-infarction remodeling,” and “car-
diac delivery routes.” Additional searches combining these
terms were performed to identify studies relevant to specific
therapeutic approaches. Search terms were slightly modified
as needed to accommodate search capabilities and syntax of
each database. For broad searches, the first 50 results for each
search, ranked by relevance, were screened. Titles and ab-
stracts were screened for relevance before full-text evaluation.
The inclusion criteria consisted of peer-reviewed review arti-
cles, clinical trials, observational studies, and experimental in-
vestigations. Sources published primarily between 2015 and
2026 were prioritized to focus on recent therapeutic develop-
ments while earlier landmark studies were included for the
purpose of providing historical context.

Studies unrelated to myocardial infarction, conference ab-
stracts without full manuscripts, and regenerative therapies
targeting cardiovascular diseases other than myocardial in-
farction such as congenital heart disease were avoided. To
improve the reproducibility of the literature review during
manuscript revision, the literature search was repeated using
predefined search strings and eligibility criteria on August 16,
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2026. A PRISMA-style flow diagram summarizes the study
selection process (see Figure 10).

Records identified through database
searching
(n =350)

<

Records screened (title/abstract)
(n =293)

24

Full-test articles assessed for
inclusion
(n=242)

Studies included in qualitative
synthesis and from supplementary
searching
(n=53)

Figure. 10 PRISMA-style flow diagram

The therapies were selected based on established or emerg-
ing roles in prevention, treatment, or recovery of ML
Standard-of-care treatment and regenerative approaches were
included to demonstrate the potential to improve cardiac re-
pair, restore myocardial function, and enhance therapeutic de-
livery following myocardial infarction.

Study quality was assessed based on study design, sample
size, statistical methodology, and relevance to myocardial in-
farction treatment. Greater emphasis was placed on random-
ized controlled trials as well as studies with robust experimen-
tal design, reproducible findings, and clinically meaningful
outcomes.

Results

The reviewed literature demonstrated significant advance-
ments in myocardial infarction prevention and treatment that
have substantially reduced short-term mortality rates over the
past few decades. One notable contributor to declining mor-
tality rates is current reperfusion therapies, particularly PCI
which remains the preferred method for restoring coronary
blood flow. However, clinical studies have reported that long-
term complications persist, including heart failure and sudden
cardiac death due to arrhythmias.

Pharmacologic therapies are supported by extensive clini-
cal evidence and effectively reduce recurrent cardiovascular
events by decreasing myocardial oxygen demand, stabiliz-
ing plaques, lowering cholesterol, and controlling blood pres-
sure. On the other hand, emerging anti-inflammatory thera-
pies such as ziltivekimab have shown encouraging inflamma-
tory biomarker reductions, but currently have insufficient clin-
ical evidence that demonstrates improved patient outcomes.
Ziltivekimab has demonstrated promising reductions in in-
flammatory biomarkers associated with a high vulnerability
of plaques to rupture which triggers clot formation (see Table
2).

In comparison to PCI and pharmacologic therapy, regen-
erative and bioengineering-based approaches are largely in
preclinical or early clinical stages. Other technologies such
as microRNA (miRNA);,¢ delivery, stem cell-derived car-
diac patches, hydrogel scaffolds, cell cycle reactivation, and
gene therapy have demonstrated angiogenesis, reduced fibro-
sis, cardiomyocyte proliferation, myocardial remusculariza-
tion, or enhanced cardiac function depending on the approach.
However, their clinical translation is still limited by ineffi-
cient therapeutic delivery, immune responses, arthythmogenic
risk, and poor visualization which has led to limited long-
term human data40-42444647 1 imited long-term clinical vali-
dation continues to restrict the widespread clinical application
of such strategies *0-47-901

Overall, the review indicates modern therapies have greatly
improved survival, but substantial challenges remain in the
path to fully regenerate damaged myocardium to prevent long-
term cardiac dysfunction after MI. The reviewed evidence
suggests that current clinical therapies have the strongest ev-
idence for reducing acute mortality, while regenerative ap-
proaches offer great potential for different forms of myocar-
dial repair, but require large-scale clinical trials before routine
clinical use (see Table 3).

Discussion

Myocardial infarction management has dramatically reduced
mortality rates through preventative pharmaceutical drugs and
surgical procedures to support the flow of oxygenated blood to
the heart'32°. Despite these advances, myocardial infarction
remains a leading cause of heart failure and sudden cardiac
death due to adverse ventricular remodeling and fibrosis>-.
Thus, current research is focused on using Al and multi-omics
for risk stratification to advise prevention plans, while target-
ing immunomodulation of post-MI inflammation and regen-
erative strategies 3>*>*8. The reviewed evidence proves there
remains a major disparity between the maturity of established
treatments and emerging therapies. Many unanswered ques-
tions remain, including why patients with similar infarct sizes
experience divergent outcomes, whether myocardial regener-
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Table 2 Comparison of Current and Emerging Therapeutic Approaches for Myocardial Infarction

to limited human
evidence

cardiac repair and survival

potentially sustained
effects

Therapy Mechanism Evidence Level Advantages Limitations Clinical Stage
PCI'® Mechanically restores coronary High; extensive human Rapid, high-success No myocardial regeneration; Standard therapy
blood flow evidence reperfusion reperfusion injury
Pharmacologic Targets thrombosis, lipids, High; extensive human Reduces recurrent events Side effects, adherence; no Standard therapy
Therapy 26272 blood pressure, cardiac evidence and mortality cardiomyocyte replacement
workload, or inflammation
Cell-cycle Reactivates cardiomyocyte Low — primarily Promotes cardiomyocyte Uncontrolled proliferation; Preclinical
reactivation *2 proliferation (targets cell-cycle preclinical proliferation limited long-term safety data
regulatory pathways)
Gene Therapy 434430 Modifies genes involved in Moderate; preclinical Targets specific pathways; Delivery; immunity, Investigational/early

off-target effects, long-term
safety

clinical

microRNA-126
therapy 3%

Modulates genes promoting
angiogenesis and vascular repair

Low; primarily
preclinical

Promotes angiogenesis;
may reduce remodeling

Delivery, stability, off-target
effects, limited human data

Preclinical

Stem cell-derived Provides cardiomyocytes and Low-moderate; limited

Potential

Arrhythmias, immune

Preclinical/early

therapeutic/cell delivery preclinical

retention and tissue
support

cardiac patches 40 structural support human testing remuscularization and rejection, clinical
improved contractility vascularization/integration
Hydrogel scaffolds *7 Provides structural support and Low; primarily Improves therapeutic Degradation, delivery, Preclinical

integration; limited human
data

Table 3 Key Clinical Studies of Myocardial Infarction Prevention and Treatment

Study Therapy/Intervention Sample Size Population Quantitative Outcome/Effect Size
Koeth et al., 2010 '8 Primary PCI or 1,529 STEMI after PCI: OR 0.29 (95% CI 0.17-0.50); thrombolysis: OR 0.74 (0.54-0.99);
thrombolysis pre-hospital PCI vs. thrombolysis: OR 0.50 (0.30-0.84)
resuscitation
Cannon et al., 20152 Ezetimibe & simvastatin 18,144 Recent ACS Primary endpoint: 32.7% vs. 34.7%; HR 0.936 (95% CI 0.89-0.99);
vs. simvastatin P=0.016
Sabatine et al., 2017 Evolocumab & statin vs. 27,564 ASCVD on statin Primary endpoint: 9.8% vs. 11.3%; HR 0.85 (0.79-0.92); P<0.001; LDL
(FOURIER) % placebo & statin therapy cholesterol reduced by 59%
Schwartz et al., 2018 Alirocumab & statin vs. 18,924 Recent ACS Primary endpoint: 9.5% vs 11.1%; HR 0.85 (0.78-0.93); P<0.001
(ODYSSEY placebo & statin
OUTCOMES) %
RIDKER et al., 2017 Canakinumab vs. placebo 10,061 Prior MI; hsCRP > 2 150 mg: 3.86 vs. 4.50 events/100 person-years; HR 0.85 (0.74-0.98);
(CANTOS) mg/L P=0.021
Tardif el al., 2019 Colchicine (0.5 mg/day) 4,745 Within 30 days after Primary endpoint: 5.5% vs. 7.1%; HR 0.77 (0.61-0.96); P=0.02
(COLCOT) ¥ vs. placebo MI
Ridker et al., 2021 Ziltivekimab vs. placebo 264 CKD; hsCRP > 2 hsCRP reductions of 77%, 88%, and 92% at 7.5, 15, and 30 mg,
(RESCUE)*° mg/L respectively, vs. 4% with placebo

protein; OR, odds ratio

Abbreviations: ASCVD, atherosclerotic cardiovascular disease; CI, confidence interval; CKD, chronic kidney disease; HR, hazard ratio; hsCRP, high sensitivity C-reactive

ation is achievable in adults through gene editing, and how to
prevent reperfusion injury effectively. Addressing these gaps
will require the intersection of many fields to transition MI
care from reactive damage control to repair and regeneration.

This review has several limitations. First, the paper relies
primarily on previously published literature, meaning conclu-
sions are dependent on the quality of existing studies with lim-
ited knowledge of current research yet to be published. Many
of the regenerative and gene-based therapies discussed remain
in preclinical or early clinical stages, limiting the availability
of long-term human outcome data with no guarantee some of
these applications will move past these stages to widespread
clinical application. Limiting screening to the first 50 relevant
records for broad database searches may have resulted in the

omission of eligible studies. The review also focuses primarily
on major therapeutic strategies, so it does not comprehensively
examine MI outcomes and treatment accessibility within dif-
ferent regions. Furthermore, large-scale clinical studies are
necessary to fully evaluate the long-term safety and efficacy
of emerging regenerative therapies.
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