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Abstract: Over the past three decades, significant progress has been made in elucidating the intricate
connection between genetic predispositions and cardiovascular diseases (CVDs). Through extensive
investigation, numerous genetic variants linked to various cardiovascular conditions have been
discovered, shedding crucial light on the underlying biological mechanisms and pathways. These
discoveries have not only revolutionized risk assessment for patients but have also paved the way
for personalized treatment strategies, allowing healthcare providers to tailor interventions according
to individual genetic profiles. Furthermore, genetic testing has facilitated cascade screening, enabling
the early identification and intervention of potential cardiovascular issues among at-risk biological
family members. This review aims to comprehensively summarize the current state of knowledge
regarding inherited risk and novel insights from human genome and epigenome research, as well
as therapeutic opportunities in CVDs with special emphasis on inherited cardiomyopathies and
inherited arrhythmic syndromes. The newest translational trials for CVDs and pharmaceutical
approaches are discussed, including gene therapy options for heart failure and cardiomyopathies.

Keywords: cardiomyopathies; cardiovascular diseases; hypertrophic cardiomyopathy; inherited risk;
primary arrhythmic disorders

1. Introduction

The prevalence of cardiovascular illnesses is rising worldwide and currently stands
as the principal source of morbidity and mortality globally, responsible for over 32% of
all fatalities [1]. While the number of cardiovascular disease (CVD) mortalities climbed
consistently by approximately 53.7%, from around 12.1 million in 1990 to 18.6 million in
2019, the total prevalence of CVDs nearly doubled, increasing by approximately 93.0%,
from roughly 271 million in 1990 to approximately 523 million in 2019 [2]. Despite concerted
efforts spanning decades to address modifiable risk factors, there have been notable strides
in reducing mortality rates and age-adjusted prevalence. However, this progress has also
coincided with a staggering 193% surge in overall CVD prevalence globally over the last
three decades.

Along with risk factors including obesity, smoking, diabetes, hypertension, hyperlipi-
demia, and immobility, the etiology of CVDs is complicated and involves both hereditary
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and environmental variables. Nearly all CVDs have an underlying pathogenesis and pro-
gression that is primarily of atherosclerotic origin. This causes coronary artery disease,
cerebrovascular disease, thromboembolism, and peripheral vascular disease, which in turn
causes myocardial infarction (MI), cardiac arrhythmias, or stroke. Novel strategies for
illness prevention and early diagnosis are therefore needed.

The care of monogenic cardiovascular diseases, such as hypertrophic cardiomyopathy
and primary arrhythmic disorders, now includes genetic testing. Recent developments
in computational biology and sequencing technology have provided previously unattain-
able insight into the genetic foundations of common complicated illnesses including atrial
fibrillation (AF) and coronary artery disease (CAD). Genetic testing and personalized treat-
ment plans hold great promise for managing complex CVDs, but their broader application
faces significant challenges. High costs, complex data interpretation, lack of standardized
guidelines, healthcare system limitations, and privacy concerns hinder their widespread
use. Integrating these innovations into clinical practice requires advanced tools, expertise,
and substantial changes in healthcare systems. Overcoming these obstacles necessitates a
concerted effort from various stakeholders to make genetic testing a standard diagnostic
procedure. To fully utilize genetic techniques for CVD detection and prediction, creative
prospective implementation studies and a quick improvement in our healthcare workforce’s
skill set beyond traditional clinical genetic routes are required [3].

2. Understanding Inherited Cardiomyopathies and Inherited Arrhythmic Syndromes:
Types, Testing, and Treatment

Cardiomyopathies are a class of cardiac illnesses characterized by abnormalities in the
structure and function of the heart muscle, which can result in diastolic and/or systolic
dysfunction and an increased risk of malignant arrhythmias [3]. Based on the predominant
structural and hemodynamic characteristics, the World Health Organization (WHO) and
the International Society and Federation of Cardiology (ISFC) introduced the first catego-
rization of cardiomyopathies in 1980 [4]. At the outset, the disease was officially classified
into five forms as follows: restrictive cardiomyopathy (RCM), dilated cardiomyopathy
(DCM), and hypertrophic cardiomyopathy (HCM), as well as arrhythmogenic ventricular
cardiomyopathy (AVC). Originally, all cardiomyopathies were classified as idiopathic; how-
ever, as genetic testing became more sophisticated, these conditions were separated into
acquired /secondary forms and hereditary/inherited types. Cardiomyopathies have been
reclassified into five categories as follows: dilated cardiomyopathy, non-dilated cardiomy-
opathy, hypertrophic cardiomyopathy, restrictive cardiomyopathy, and arrhythmogenic
ventricular cardiomyopathy, according to recently published recommendations [5].

Individuals exhibiting features consistent with hypertrophic cardiomyopathy, dilated
cardiomyopathy, or arrhythmogenic cardiomyopathy, particularly those eligible for cascade
screening, are advised to undergo genetic testing as part of their diagnostic evaluation for
hereditary cardiomyopathies [6-8]. If the requirements for clinical diagnosis are not met,
genetic testing is generally not advised. There could be importance in situations when
a monogenic etiology is quite plausible given the frequency of variations with uncertain
significance, particularly if testing is carried out in a specialized facility [9,10]. It is advised
to screen first-degree biological relatives for these disorders using cascade genetic testing if
a mutation causing the disease is found. Medicare-rebated genetic testing for hypertrophic
cardiomyopathy, dilated cardiomyopathy, or arrhythmogenic cardiomyopathy may be
requested by specialists or consulting physicians for patients whose clinical presentation,
family history, or laboratory results are consistent with the inherited cardiomyopathy.
If a P/LP mutation is discovered, specialists or consulting physicians could investigate
first-degree biological relations specifically for genetic screening. Genetic testing on the
proband’s partners may also be required to determine reproductive risk [11]. Although
there is a lack of data on the prevalence of inherited cardiomyopathies because of underdiag-
nosis, it is estimated that at least 0.6% of the world’s population suffers from this pathology,
with racial and sexual orientation-related differences in clinical presentation [6-8,12].
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Asymmetric ventricular enlargement and distinctive histological features including
disarray, interstitial fibrosis, and myofibril hypertrophy are hallmarks of a major heart disor-
der known as hypertrophic cardiomyopathy. Approximately 70% of cases of hypertrophic
cardiomyopathy are attributed to deleterious mutations in sarcomere genes, including
cardiac 3-myosin heavy chain—MYH? and cardiac myosin binding protein—C-MYBPC3
variants [13]. Different therapies are available for some of these ailments, including cardiac
amyloidosis, Fabry disease, and glycogen storage disorders, which are like hypertrophic
cardiomyopathy and must be separated from one another [14]. For certain people who test
negative for their genes, the subject of the genetic origin of hypertrophic cardiomyopathy
remains unresolved after years of inquiry. Ventricular hypertrophy has been proposed to
occasionally result from combinations of commonly occurring variants, even if this may
reflect undiscovered monogenic kinds of disease.

2.1. Dilated Cardiomyopathy

Dilated cardiomyopathy (DCM) is a disorder defined by the absence of aberrant load-
ing circumstances such as coronary artery disease, major valvopathies, or viral infections
like COVID-19, ventricular dilatation, and systolic dysfunction with a multitude of genetic
and acquired causes that can affect up to one in 250 people [15-17]. These differences
are becoming more and more blurry because of evidence of rare genetic abnormalities
in individuals with environmental causes of DCM and vice versa. Uncommon genetic
anomalies complicate distinguishing hereditary from environmental causes of dilated DCM
due to several factors. Limited data on rare mutations and their roles in DCM indeed
create uncertainty. Variable penetrance and expressivity mean that not all carriers exhibit
symptoms, and severity can vary widely among patients. Gene—environment interactions
further obscure the origins of the disease, as environmental factors can trigger symptoms
in genetically predisposed individuals. Sporadic cases and phenotypic similarities between
hereditary and environmentally induced DCM make clinical differentiation challenging. It
is common for a genetic basis of the illness to remain hidden in the index case, and a positive
family history may not emerge until later in life when more relatives are diagnosed [18].

Though approximately 250 disease genes have been found, only ten to twenty genes
now provide compelling proof of a dilated cardiomyopathy etiology [18-20]. Fractional
changes in the Titin gene, Titin-truncating variants (TTN, TTNtv), which generate the
sarcomeric protein Titin, can account for up to 20% of cases of dilated cardiomyopathy.
For the disorder, this is the most common genetic cause [21]. It may be challenging to
assess the therapeutic consequences of TTNtv because these changes can impact up to
3% of the general population. The high prevalence of TTNtv variants poses challenges in
clinical management, genetic counseling, research, and health policy. Key issues include
predicting disease risk, managing asymptomatic carriers, interpreting incidental findings,
and developing care guidelines. Thirty research studies are currently being conducted,
but there have been suggestions that a “second hit” might change the severity in TTNtv
carriers [22,23].

2.2. Arrhythmogenic Cardiomyopathies

Arrhythmogenic cardiomyopathies are a group of highly arrhythmic cardiomyopathies
with the gradual loss of myocytes as fibro-adipose tissue replaces the myocardium. Fatty-
fibrous tissue envelops groups of myocytes, forming an electrical route for malignant
ventricular arrhythmias [3,24]. Variations in LMNA, FLNC, RBM20, and SCN5A are
associated with arrhythmic forms of dilated cardiomyopathy, such as arrhythmogenic right
ventricular cardiomyopathy, which mainly impacts the right ventricle [25]. Most of the
time, pathogenic mutations in desmosomal genes cause arrhythmogenic right ventricular
cardiomyopathy, which is inherited autosomally dominant [26].

Positive family history is seen in up to 50% of patients with AVC. AVC typically
exhibits incomplete penetrance autosomal dominant transmission, while two autosomal
recessive forms—Naxos disease and Carvajal syndrome—have also been identified [27].
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Up to 60% of patients with ACM have genetic variations mostly in the genes that encode
structural proteins known as desmosome proteins, such as plakoglobin, desmoplakin, and
plakophillin [3]. The Plakophilin 2 (PKP2) variants that are most frequently linked to the
right-sided phenotype are truncating mutations [28]. It has also been discovered that genes
that do not encode desmosomes contain pathogenic mutations, but all at a lesser frequency.

2.3. Exploring Inherited Arrhythmic Syndromes

Inherited arrhythmic syndromes include monogenic illnesses such as catecholamin-
ergic polymorphic ventricular tachycardia, familial forms of atrial fibrillation, long QT
syndrome (LQTS), and Brugada syndrome. The prevalence of LQTS, one of the most
common inherited cardiac conduction anomalies that can result in sudden cardiac death,
is estimated to be 50 per 100,000 infants [29]. In approximately 80% of patients with a
prolonged corrected QT interval in the absence of structural cardiac illness or exposure to
QT-prolonging drugs, there is a detectable LQTS-associated genetic variant, which mostly
shows an inheritance with an autosomal dominant pattern. For those with known or
suspected LQTS, genetic testing is recommended based on ECG, family history, and clinical
symptoms. For asymptomatic people with a QTc of more than 500 ms in adults and greater
than 480 ms in pre-puberty, genetic testing is also recommended if QT prolongation is
not suspected [6]. Most importantly, the ability of the data to inform treatment decisions
and aid in independent risk prediction makes genetic testing for LQTS unique [30]. It
is recommended to perform variation-specific cascade genetic screening of first-degree
relatives if a proband is determined to have a confident genetic variant. Three genes are
undeniably associated with LQTS. Potassium channel protein-encoding genes KCNQ1 and
KCNH2 have been connected to LQT1 and LQT2, respectively [31,32]. There is further
complexity in the genetic link between LQT3 and SCN5A. The sodium channel subunit
that is encoded by the gene SCN5A has been associated with disease, and around 10%
of LQTS patients have gain-of-function mutations in this gene [33]. Physicians who treat
patients with symptoms or a family history that indicates a higher than 10% likelihood of a
pathogenic variant may perform genetic testing for channelopathies or hereditary cardiac
arrhythmic disorders. In the event of a P/LP variation, experts or consulting physicians
may seek variant-specific testing in first-degree biological family members or reproductive
partners [11].

2.4. Vascular Aneurysm

Vascular aneurysms are pathological dilations of blood vessels caused by a weakening
of the vessel wall, leading to a localized enlargement that can predispose the vessel to
rupture. Vascular aneurysms are critical areas of focus in recent clinical research and guide-
lines. The European Society for Vascular Surgery (ESVS) updated its 2024 guidelines, which
provide comprehensive recommendations on the management of these conditions [31]. The
most clinically significant aneurysms include cerebral aneurysms, thoracic aortic aneurysms
(TAA), and abdominal aortic aneurysms (AAA). Cerebral aneurysms typically occur at
arterial bifurcations within the Circle of Willis and can vary widely in size, often being
asymptomatic until they rupture, leading to subarachnoid hemorrhage, which carries a
high risk of morbidity and mortality. Factors such as hypertension, smoking, and genetic
predisposition contribute to their development. Thoracic aortic aneurysms occur in the
segment of the aorta and are often associated with degenerative changes in the aortic wall,
such as cystic medial necrosis, and can be linked to conditions like Marfan syndrome,
Ehlers-Danlos syndrome, and bicuspid aortic valve disease. TAAs can present asymp-
tomatically or with symptoms related to compression of surrounding structures, such as
chest pain or shortness of breath, similar to CVD. Abdominal aortic aneurysms are the most
common type of aortic aneurysm, occurring below the renal arteries and above the iliac
bifurcation. Risk factors include age, smoking, hypertension, and atherosclerosis. AAAs
are often asymptomatic and discovered incidentally through imaging studies performed
for other reasons. The risk of rupture increases with aneurysm size, and rupture is an
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extremely serious event with a high mortality rate. Advanced imaging techniques, such as
magnetic resonance angiography (MRA) and computed tomography angiography (CTA),
are crucial for the detection and management of these life-threatening conditions [2,31].

3. Unraveling the Complexity of Genetics in Coronary Arterial Disease and
Atrial Fibrillation

Because of developments in sequencing, computer power, analytical methods, and
international collaborations, it is now possible to identify the genetic diversity-related
contributing factors to often occurring complex CVDs, such as CAD and atrial fibrillation.
Using comprehensive case-control studies and genome-wide association studies (GWASs),
which have reduced surveillance bias towards specific biological processes or genes of
interest, common variants associated with disease have been discovered. The substantial
overlap between cases and controls limits the predictive significance of a single nucleotide
polymorphism (SNP) in a single patient. To increase the therapeutic utility of these data,
polygenic risk scores (PRSs) were created by assessing the cumulative effect of each par-
ticipant’s single nucleotide polymorphism (SNP) profile. People with exceptionally high
scores are at risk for illness at rates several times higher than the population norm, and in
other situations, their risk is like that of some monogenic disorders, per a recent study on
several complex vascular diseases.

Traditional estimates place the heritability of 40-60% of CAD cases at play, a fig-
ure that is not fully explained by rare genetic variants associated with monogenic lipid
disorders [34,35]. Over 200 significant GWAS loci have been found in European popula-
tions, and these loci have been included in many CAD-PRS techniques. Just around half
of the SNPs that are included have previously been connected to established risk factors
for CAD, such as blood pressure and lipid metabolism. Notably, a healthy lifestyle might
mitigate the adverse consequences of a high CAD-PRS, as seen by the observed 46% rel-
ative risk reduction in CAD events. Those with top vs. bottom quintile scores showed
a 4.17-fold higher relative risk of CAD in a second study that employed CAD-PRSs of
1.7 million genetic variants; this conclusion persisted even after adjusting for traditional
risk markers [36].

Although there is a possibility of familial atrial fibrillation, atrial fibrillation is more
commonly associated with factors related to age, sex, genetics, concurrent diseases, and
lifestyle. Nearly 200 chromosomal areas that influence atrial fibrillation susceptibility
have been identified by GWASs, and several atrial fibrillation PRSs have been created.
Numerous prospective cohort studies suggest that the atrial fibrillation PRS is indicative of
incident atrial fibrillation. The atrial fibrillation polygenic risk score (AF-PRS) is thought
to have prognostic value for the development of atrial fibrillation, according to a number
of prospective cohort studies. Predictive accuracy is further improved by including the
AF-PRS in models together with clinical variables such as anthropometrics, blood pressure,
smoking status, blood pressure medication, diabetes, and history of myocardial infarction
and heart failure [37—41]. It is also possible to use the atrial fibrillation PRS to predict the
chance of an atrial fibrillation recurrence after ablation therapy [37].

4. Therapeutic Opportunities
4.1. Nucleic Acid-Based Therapies

Because of notable advancements in both efficacy and safety, nucleic acid-based ther-
apies for cardiovascular diseases (CVDs) are advancing rapidly. This is especially true
for therapeutics aimed at novel targets that conventional small molecule or antibody-
based approaches may not be able to address optimally. Recent research in genetics and
epigenetics has found many possible therapeutic targets for the management and pre-
vention of CVDs. This review focuses on important approaches in nucleic acid-based
therapeutics, such as gene therapies, epigenetic therapies, small interfering RNAs (siRNAs),
RINA-targeted antisense oligonucleotides (ASOs), and microRNA (miRNA)-modulating
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medications. It also describes the current clinical translational status and potential applica-
tions of these approaches.

Notably, ongoing clinical studies are investigating the use of RNA-targeted nucleic
acid-based therapeutics such as ASOs and siRNAs to reduce levels of transthyretin (TTR),
PCSK9, apolipoprotein(a) [apo(a)], or apoCIIl in patients with amyloidosis or advanced
atherosclerotic CVD [42-46]. These technologies have undergone extensive research and
development to ensure safety and efficacy, enabling large-scale clinical trials to evaluate
their effectiveness in achieving clinical endpoints.

It is important to mention that two intriguing therapeutic techniques with potentially
significant effects have emerged from recent findings in biological cell-based systems,
specifically RNA interference (RNAi) and CRISPR-associated protein 9 (Cas9) gene editing,
together with their evolutionary progression. Furthermore, significant new target types
have been identified by recent developments in the study of the human genome and
epigenome, which might one day make it possible to target highly integrated processes
like immune response regulation and cell differentiation.

Although RNA-targeted treatments such as small interfering RNAs (siRNAs) and
antisense oligonucleotides (ASOs) have demonstrated significant clinical translational
progress, including impressive long-term prospects, difficulties still exist in guaranteeing
clinical safety and efficacy, particularly for more recent technological advancements, calling
for careful consideration. In addition, the possibility of human genome editing presents
ethical questions that need to be considered [47].

These innovative technologies must finally be evaluated in light of key clinical ef-
fectiveness and safety characteristics, such as the absence of major adverse effects, high
molecular target specificity, effective transport to target organs, and suitable stability for
clinical use. The results will provide mechanistic insights into the synthesis, administration,
principles of action, and salient characteristics of nucleic acid-based medications, such
as siRNAs and ASOs. These methods not only provide fresh approaches to previously
“undruggable” targets such as apolipoprotein(a), but they also hold the potential to greatly
simplify treatment regimens in comparison with current treatments, like RNAi-based
PCSKO9 suppression that lasts for several months after a single subcutaneous injection of
the medication [48].

4.2. Unraveling Molecular Mechanisms and Implementing ASO Therapeutics

The development of fully synthetic “nucleic acid drugs”, which may preserve essen-
tial structural components of DNA or RNA while simultaneously undergoing substantial
alterations (e.g., “xeno nucleic acids”, or XNAs), has been made possible by considerable
advances in nucleic acid chemistry. Synthetic oligonucleotides that cause target gene si-
lence have been developed into therapeutically safe and effective “antisense” medications
thanks to recent advancements in nucleic acid chemistry methods. Usually comprising
13-20 nucleic acids, ASOs attach to target RNA by Watson—Crick hybridization. Never-
theless, bare, unaltered DNA or RNA utilized as medications is not effective and is easily
degraded. Changes in the backbone (P-O to P-S moieties) and /or sugar moieties, especially
at the 2’ position with different chemistries, have been made to circumvent this obstacle
by increasing the target sequence’s affinity and resistance to degrading enzymes. This has
resulted in increased potency, better tolerance, and increased clinical efficacy [49].

New developments also involve conjugating N-acetylgalactosamine (GalNAc) to
ASOQOs that bind to high-capacity asialoglycoprotein receptors in the liver, which allows
ASOs to be specifically targeted and delivered to hepatocytes. This improves potency up
to thirty times over unconjugated molecules [49,50]. With modified DNA wings on each
side to improve binding stability, efficacy, and tolerability, ASOs are created as “gapmers”,
with the core 10 bases acting as DNA mediating RNAse H1 cleavage of the sense strand.
Single-stranded ASOs attach themselves directly to messenger RNA (mRNA) to create a
duplex. This duplex is subsequently targeted by the ubiquitous RNAse H1 to cleave the
target mRNA and prevent the synthesis of proteins [48]. These medications have longer
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half-lives (3—4 weeks) because the antisense strand can attach to another target mRNA
and exhibits relative resistance to cleavage [49]. This makes it possible to administer less
frequently and at lower levels to obtain the desired results [51-54].

The new lipid-lowering ASO treatments are either being developed and evaluated by
the FDA or are now under authorization. Angiopoietin-like 3 (ANGPTL3), lipoprotein (a)
[Lp(a)], and ApoC-III are the targets of ASOs. To date, none of the three has been able to
successfully treat molecular targets using conventional pharmacological approaches [55,56].

4.2.1. ASOs Directed towards ApoC-III

The EU approved volanesorsen, a second-generation ASO without GalNAg, to treat
familial chylomicronemia syndrome (FCS) [55]. Because of lipoprotein-lipase (LPL) defi-
ciency or associated enzyme deficiencies, people with FCS have higher plasma levels of
dietary-derived chylomicrons. This can result in recurrent episodes of acute pancreatitis
and an increased risk of atherosclerotic cardiovascular disease (ACVD) in later life. Re-
search has demonstrated that apoC-III, which functions as a triglyceride-rich lipoprotein
(TLR) clearance factor and an LPL inhibitor, enhances the therapeutic efficacy of volane-
sorsen in the treatment of FCS [57]. In most individuals, volanesorsen has proven to be
highly effective in lowering triglyceride levels by 78%, bringing them below the threshold
for pancreatitis. Although therapy with volanesorsen or FCS can both cause thrombocy-
topenia, the risk of significant bleeding episodes has been reduced by routinely checking
platelet levels.

Triglyceride levels >200 mg/dL in patients with pre-existing cardiovascular disease
and a GalNac-conjugated ASO targeting ApoC-III with the same sequence as volanesorsen
are now being developed for late-phase 2 patients. Broad improvements in the athero-
genic lipid profile were shown in a phase 1 trial that involved volunteers with elevated
triglyceride levels, including those receiving monthly dosing. Total cholesterol, ApoB,
non-high-density lipoprotein cholesterol (HDL-C), very-low-density lipoprotein cholesterol
(LDL-C), and increases in HDL-C were significantly reduced, and there was also a favorable
safety and tolerability profile [42]. In individuals with pre-existing cardiovascular disease
and increased triglyceride levels, a phase 3 cardiovascular outcomes study will be designed
based on the results of these trials.

4.2.2. ASOs Directed towards Apolipoprotein(a)

The primary target of antisense oligonucleotides (ASOs) is apolipoprotein(a) (ApoA),
a vital part of lipoprotein(a) (Lp[a]), which is linked to cardiovascular disease. ASOs
effectively lower Lp(a) plasma levels by blocking hepatocytes’ synthesis of apolipopro-
tein(a). Recent developments in ASO technology have greatly improved their potency
and safety profile, especially when it comes to conjugating ASOs with a triantennary N-
acetylgalactosamine (GalNAc3) moiety [48]. Clinical studies using the GalN Ac3-conjugated
ASO medication APO(a)-LRx have produced encouraging findings, indicating a dose-
dependent decrease in the levels of Lp(a) in circulation. This novel strategy might be used
as a targeted therapy to treat people with high Lp(a) levels, opening up new treatment
options for cardiovascular risk factors [58]. Following the publication of the research design,
the ASO treatment aimed at targeting apolipoprotein(a) (ApoA) has progressed to a pivotal
phase 3 clinical trial focused on cardiovascular outcomes [59].

In the experimental medication, IONIS-APO(a)-LRx, galNAc conjugation, and various
structural alterations led to a >30-fold increase in efficacy and a >80% decrease in Lp(a)
levels. Additionally, there were notable drops in proinflammatory oxidized phospho-
lipids (OxPL), LDL-C, and apoB-100 along with the Lp(a) reductions. During the drug’s
administration, circulating monocytes” promigratory behavior towards endothelial cells
was notably reduced; nevertheless, monocytes eventually recovered their promigratory
phenotype. For practically all patients, the level of Lp(a) reduction achieved with a single
monthly dosage should be sufficient to return Lp(a) concentrations to normal [48].
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The promising outcomes observed with IONIS-APO(a)-LRx underscore its potential as
a valuable therapeutic option for reducing Lp(a) levels and associated cardiovascular risk
factors. With its ability to effectively modulate lipid profiles and inflammatory markers,
alongside the attenuation of promigratory behavior in monocytes, this medication holds
great promise for improving cardiovascular health outcomes [48,59].

4.2.3. ASOs Directed towards ANGPTL3

ANGPTLS3, a protein that is mostly produced in the liver, is a potential genetic target
for lowering the risk of CVD since it inhibits both endothelial lipase and lipoprotein
lipase (LPL). People who have full loss-of-function mutations in ANGPTL3 have familial
hypolipidemia, which is defined by lifelong low levels of HDL-C, triglycerides, and LDL-C.
Interestingly, ANGPTL3 loss-of-function mutations have also been connected to a lower
risk of CVDs [44] A GalNAc-modified ASO was reported to reproduce the lipid profile
seen in individuals with familial mixed hypolipidemia in a phase 1 investigation on
human volunteers with increased triglyceride levels. According to research on animals,
this ASO improves insulin sensitivity, lowers the amount of triglycerides in the liver,
and delays the development of atherosclerosis. Importantly, inhibition of ANGPTL3
also results in significant reductions in non-high-density lipoprotein cholesterol, very-
low-density lipoprotein cholesterol (27.9-60.0%), ApoB, and ApoC-III. These findings
suggest that ANGPTL3 inhibition may be an excellent therapeutic agent for patients who,
regardless of obtaining otherwise optimal lipid-modifying therapy, have elevated remnant
cholesterol [59].

4.2.4. ASOs Targeting Transthyretin

Severe cardiomyopathy can result from transthyretin amyloidosis, which affects the
heart in addition to the neurological system [46,60]. For inherited TTR amyloidosis polyneu-
ropathy, the 2’-MOE-engineered ASO inotersen, which is intended to decrease the synthesis
of both wild-type and mutant TTR in the liver, showed better disease progression and
quality of life in a 15-month phase III research [61]. In individuals with cardiac involvement,
preliminary research indicates that inotersen may also improve cardiac function [62,63].
As of right now, inotersen is approved worldwide for treatment in TTR polyneuropathy.
Phase I studies are now underway for a version of the drug that has been modified for use
in polyneuropathy, as well as in hereditary and wild-type TTR cardiac amyloidosis.

5. Translational Trials for Heart Health: Pharmaceutical Approaches
5.1. siRNA Targeting PCSK9

To evaluate clinical effectiveness and safety, the ORION clinical trials program is
currently unique in that it examines RNAi-mediated PCSK9 inhibition in a variety of CVD
cohorts. The ORION-1 trial’s results were released [64—66]. By specifically targeting PCSK9,
patients treated with the siRNA medication Inclisiran had a significant decrease in LDL-C
levels. Significantly, long-lasting drops in LDL-C and PCSK9 levels after a single medi-
cation dose over a 240-day period suggested that RNAi-mediated liver PCSK9 inhibition
provides an alternative to circulating PCSK9 being targeted by monoclonal antibodies
(mAbs), probably requiring fewer injections. More than 3000 patients participated in the
phase 3 ORION-10 and ORION-11 studies, which validated the medication’s safety and
effectiveness in decreasing LDL. The ORION-4 study is a phase III clinical trial with an
emphasis on cardiovascular outcomes, which is now underway [48].

5.2. siRNA Targeting Transthyretin

siRNAI is a therapeutic approach that targets TTR amyloidosis. In the APOLLO phase
III clinical trial, the anti-TTR sRNAi drug patisiran corrected multiple clinical symptoms of
hereditary TTR amyloidosis with polyneuropathy. Five of one patisiran was found to be
superior to a placebo in the subanalysis of the study for left ventricular global longitudinal
strain [67,68].
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5.3. Targeting MicroRNA Therapies for Cardiovascular Conditions

By either preventing translation or encouraging the destruction of target mRNAs,
tiny non-coding RNAs known as microRNAs (miRNAs), which have an approximate
length of 22 nucleotides, function as powerful post-transcriptional regulators of gene
expression [69]. miRNAs recognize certain gene transcripts by matching the 3’-untranslated
region of target mRNAs with positions 2-8 of the miRNA 5’-end. A single miRNA may
control many genes, and its targeting can alter the transcriptional landscape significantly,
affecting the phenotype of cells [70]. Since mature miRNA sequences are short and largely
conserved throughout mammalian species, miRNAs are a prospective target for therapeutic
intervention in a variety of illnesses, including cardiovascular disease (CVD). In order to
modify the amounts of miRNA, the following methods are used: (i) chemically modified
anti-miR oligonucleotides or viral vector-based overexpression and (ii) synthetic double-
stranded miRNAs [71].

Research on gain- and loss-of-function in hindlimb ischemia experimental models
has shown that reprogramming particular miRNAs, like miR-92a, miR-21, and miR-29b,
can significantly alter transcriptional networks that control fibrosis, hypertrophy, myocyte
growth, and angiogenic responses [72]. The functional recovery of the ischemic limb and
myocardium in mice is achieved by the intravenous injection of a particular antagomir that
targets miR-92a, a member of the miR-17/92 cluster that orchestrates angiogenic genes
(integrin «5) and restores blood vessel growth [73]. Cardiomyocyte hypertrophy and
interstitial fibrosis are reduced in vivo by inhibiting miR-21, a master regulator of MAP
kinase signaling, which thereby prevents cardiac dysfunction brought on by transaortic
constriction [74]. Similar to this, TAC-induced cardiac fibrosis in mice is avoided when
miR-29 is deleted from cardiac myocytes [75].

Clinical Utilization of miRNA-Based Treatments

A large number of miRNA-based treatments are now in preclinical research, and more
and more are making their way into clinical trials. When given as a 4-week monotherapy,
the locked nucleic acid-targeting miR-122, miravirsen, showed dose-dependent antiviral
efficacy against hepatitis C virus RNA in a phase 2 human investigation [76]. Moreover,
patients with refractory advanced solid tumors showed a decrease in tumor progression
when MRX34, a double-stranded miRNA mimic of miR-34, was administered [77]. Recently,
Santaris Pharma and Servier, two major players in the pharmaceutical business, partnered
with a clinical-stage biopharmaceutical startup, MiRagen Medicines, to promote miRNA-
based medicines with potential uses in cardiovascular disease (CVD). This experiment will
be a prelude to phase 2 clinical studies evaluating the therapeutic potential of MRG-110
in patients with ischemic cardiomyopathy, heart failure, and/or peripheral artery disease,
taking into account the pro-angiogenic effects of miR-92a suppression. A few years back, a
different study began accepting patients to determine if Remlarsen (MRG-201), a miR-29
mimic, can prevent or lessen the formation of keloid scars in those who have already had
keloid scarring [78,79]. The trial’s predicted outcomes, which were anticipated in 2020,
have great potential since they will open the door to further research into how Remlarsen
affects myocardial fibrosis and extracellular matrix remodeling in heart failure patients.
The relevance of these findings is further highlighted by the dearth of effective anti-fibrotic
medicines for cardiovascular patients. Moreover, Regulus therapies are leading the way in
the development of miRNA therapies with potential uses in CVDs, such as anti-miR-21,
anti-miR-155, and anti-miR-33, which are used to treat inflammation, cardiometabolic
disorders, and fibrotic illnesses, respectively [48].

5.4. Therapeutic Approaches to Epigenetic Changes in Cardiovascular Health

Protein-coding genes have been identified as a result of DNA sequencing of the human
genome. Nevertheless, the next ENCODE Project demonstrated that these genes account
for a minuscule portion of total RNA transcripts generated within human cells [80-82].
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Furthermore, it was discovered that the non-coding genome is widely translated into a
wide variety of RNA species, many of which have unknown roles.

Research on the human epigenome has shown further complexity [83-85]. The human
epigenome is impacted by a variety of non-genetic factors and includes reversible genome
alterations that take place above the fixed DNA sequence level. The transcriptional activity
of large genomic areas can be strongly impacted by these epigenetic changes.

Histone modifications, RNA-based processes, and DNA methylation are all examples
of epigenetic mechanisms. Research has revealed a variety of DNA methylation patterns
in heart failure patients. For example, a recent study found areas of epigenetic vulnera-
bility linked to heart failure [86]. Differentiable methylation patterns were found across
tissues using extensive epigenome-wide mapping of DNA methylation in left ventricular
myocardial biopsies and entire peripheral blood, in addition to RNA deep sequencing and
whole-genome sequencing. Methylation of CpG sites has been proposed as a potential
epigenetic biomarker for heart failure.

Histone modifications, such as methylation and acetylation, are regulated by enzymes
known as writers (e.g., histone acetyltransferases and histone methyltransferases (H3K4
and H3K9) and erasers (e.g., histone deacetylases—HDACsS) and are recognized by proteins
like BET proteins [87,88]. BET proteins act as epigenetic readers of lysine acetylation and
represent a potential novel therapeutic target. Investigations into BET protein inhibitors,
such as apabetalone, are underway [89,90]. Epigenetic mechanisms claimed to induce
cardiac hypertrophy are presented on Figure 1.
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Figure 1. Cardiac hypertrophy induced by epigenetic mechanisms. Histone acetyltransferases
(HATSs) are pivotal in the regulation of cardiovascular health and disease. They modulate gene
expression involved in cardiomyocyte function, cardiac hypertrophy, heart failure, and vascular
inflammation. CBP/P300 are histone acetyltransferases that modulate chromatin structure and
function by acetylating histones and non-histone proteins are transcriptional co-activators that play
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significant roles in gene regulation and cellular function. This acetylation process influences gene ex-
pression by loosening chromatin structure, allowing transcription factors to access DNA and activate
gene transcription. They are crucial in the context of CVDs because of their involvement in regulating
genes associated with heart function and pathology. H3K9 and H3K4 are members of the Harakiri
(HRK) protein and are significant in cardiovascular disease because of their roles in regulating apop-
tosis. HRK9 is particularly implicated in acute ischemic events like myocardial infarction, while
HRK4 contributes to chronic cardiac remodeling. Targeting these proteins to modulate apoptosis
presents a promising therapeutic strategy for treating various forms of heart disease. MicroRNAs
(miRNAs) are small non-coding RNAs that play critical roles in regulating gene expression. Among
them, miRNA-23a, miRNA-23b, and miRNA-195 have been extensively studied for their involvement
in CVD since they are crucial regulators of cardiovascular physiology and pathology. These miRNAs
modulate various cellular processes, including apoptosis, hypertrophy, fibrosis, and angiogenesis,
which are key to the development and progression of cardiovascular pathologies.

Novel Approaches to Epigenetic Therapies for Cardiovascular Disorders

According to recent experimental research, epigenetic modifications are important
in the etiology of CVDs and could provide compelling treatment targets. Epigenetically
reprogrammed endothelial progenitor cells (EPCs) were transplanted intramyocardially
into a mouse model of myocardial infarction (MI), and this improved cardiac function [91].
Similarly, pharmacological inhibition of histone deacetylases (HDACs) reduced cardiac
hypertrophy in a transverse aortic constriction (TAC) model [92]. An epigenetic process
involving chromatin-modifying enzymes and microRNAs (miRNAs) was reported to
induce persistent transcription of p66Shc in diabetic mice with heart failure, leading to the
production of reactive oxygen species (ROS) [93].

Furthermore, recent research found that failed mice hearts have lower levels of the
stress-responsive epigenetic repressor HDAC4's N-terminal fragment (HDAC4-NT) [94].
Heart remodeling and failure were prevented by overexpressing HDAC4-NT. Exercise has
also been shown to raise HDAC4-NT levels, and animals lacking a cardiomyocyte-specific
copy of Hdac4 were less able to exercise. In both mice and humans, our work identified a
regulatory axis wherein calcium handling—a well-established critical component of cardiac
function—is influenced by the epigenetic modification of a metabolic pathway [95,96].

A recent study found that a long non-coding RNA (IncRNA) that controls the LDL
receptor (LDLR) controls the absorption of LDL into human cells. This finding establishes
a major relationship between LDLR, a critical target for therapy, and an epigenetic process
that depends on IncRNA [97]. Targeting this long non-coding RNA (IncRNA) using GalNAc-
coupled siRNAs allowed for the direct targeting of liver cells and improved absorption of
cholesterol. According to different research, stenotic vascular disease dependent on smooth
muscle cells is improved by inhibiting the HDAC9 complex [98].

Neointima development was decreased when the HDAC9 complex was targeted,
either by ASOs that targeted MALAT1 or by inhibiting the methyltransferase EZH2. One
research study used ASOs, while the other used GalNAc-coupled siRNAs; both made use
of cutting-edge technologies that had previously been tested in clinical trials.

Even though just a small number of medications with epigenetic modes of action
have been approved, little is known about the subject. Nonetheless, nucleic acid-based
substances and peptides from different sources are included in the toolkit for epigenetic
treatment [87,97,99]. Peptides can influence both the maturation of miRNNAs and the pro-
duction of long noncoding RNAs (IncRNAs), which might indirectly change the epigenome.

5.5. Exploring Gene Therapy Options: Protein Augmentation vs. RNAi-Mediated Depletion
5.5.1. Principles of Gene Therapies

All therapeutic transport of nucleic acid sequences to damaged organs or tissues
of patients is referred to as “gene therapy”; according to regulatory requirements, these
treatments are known as Gene Therapy Medicinal Products (GTMPs). Early approaches to
therapy focused on experimental gene supplementation strategies to restore downregulated
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or absent proteins important to pathophysiology in diseases that are acquired or monogenic.
More recently, gene editing and silencing technologies have entered the therapeutic space.
Currently, a phase 1/2a first-in-man clinical study is investigating gene supplementation
for homozygous familial hypercholesterolemia (FH), a disorder characterized by a lack of
the LDL receptor (LDLR) [48].

LDL-C levels are used as a surrogate biomarker for LDLR expression in the experiment,
which uses recombinant adeno-associated virus (rAAV)-based liver-directed human LDLR
gene therapy as a GTMP.

There has been a thorough evaluation of GTMPs that target peripheral arterial disease
(PAD), heart failure, and cardiomyopathies (CMPs) [100,101]. These treatments, which
are mostly gene replenishment strategies based on viruses, have advanced to the early
stages of clinical trials. While the FLOURISH trial (phase 3), which will involve a single
intracoronary administration of adenovirus type 5 (Ad5)-based human adenylyl cyclase 6
(Ad5-hACo6) for patients with heart failure with reduced ejection fraction (HFrEF), is still in
the clinical development stage, the CUPID trial series—which used rAAV1-SERCA2a-based
treatment for HFrEF and dilated cardiomyopathy through the same invasive administra-
tion method—was prematurely stopped at phase 2b because of insufficient myocardial
SERCAZ2a gene delivery.

5.5.2. Exploring Gene Therapy Options for Heart Failure and Cardiomyopathies

Heart-directed gene therapy procedures have been difficult to establish since the heart
has proven to be a difficult target organ for rAAV vectors. Usually, percutaneous catheter-
based delivery into veins or coronary arteries is used in these procedures. Percutaneous
catheter-based delivery systems offer a balanced approach, providing precise and targeted
delivery of therapeutic agents with fewer risks compared with surgical methods. They are
minimally invasive, reducing systemic exposure and associated side effects compared with
intravenous methods [102]. Animal models are often used in scientific research; however,
the limitations of animal models, particularly the reliance on young and healthy animals,
significantly impact the translatability of nucleic acid therapies to human clinical practice.
These models often fail to accurately represent the complexity of human diseases, the
impact of aging, the varied immune responses seen in human patients, and the diverse
patient populations that therapies aim to treat. However, these routes have successfully
delivered sufficient myocardial genes in both small and large animal models, resulting in
enhanced cardiac function in preclinical studies, and clinical trials like CUPID (Calcium
Upregulation by Percutaneous Administration of Gene Therapy in Cardiac Disease). The
conclusions of the CUPID clinical study were that gene therapy targeting SERCA?2a is safe
and shows potential efficacy for treating heart failure, though long-term benefits were
mixed. These findings have significant implications for the future of gene therapy in
heart failure, highlighting the need for refined targeting, understanding patient variability,
combining therapies, enhancing delivery systems, focusing on clinical endpoints, and the
necessity of conducting further research [103-107].

The development of guided rAAV evolution technologies presents a viable avenue
to produce synthetic rAAVs specific to the heart that may be administered systemically
by intravenous injection. This will enable accurate transduction of the heart with little off-
target activity. This development is essential to opening the heart for therapeutic purposes.
Therefore, until effective delivery mechanisms are developed, it could be wise to postpone
the clinical development of other established heart failure targets, including S100A1 or
the GRK2 inhibitor bARKct. By utilizing enhanced clinical delivery systems, these tools
may facilitate the creation of next-generation cardiac GTMPs with adequate myocardial
transduction efficiency for gene silencing, gene editing, and supplementation strategies to
treat different types of acquired heart failure and hereditary cardiomyopathies [108-110].
However, considering the results of Ad5-hAC6 clinical development so far, it is also
imperative to investigate if, in contrast to current scientific consensus, Ad5 might function
as a good carrier for cardiac indications such as heart failure.



Cardiogenetics 2024, 14

161

Creating efficient delivery systems for gene therapy specific to the heart faces sev-
eral obstacles. Overcoming the obstacles to creating efficient delivery systems involves
addressing challenges in targeted delivery, immune response, sustained gene expression,
vector safety, and cellular uptake. Advances in viral vector engineering, non-viral delivery
methods, precision targeting techniques, immune modulation, gene construct optimization,
and sustained release formulations have collectively contributed to improving the efficacy
and safety of gene therapy for heart conditions. Despite significant progress, ongoing
research and innovation are crucial to realizing the full potential of gene therapy in treating
heart diseases [103-110].

5.5.3. Targeting Tomorrow: Novel Insights from Human Genome and Epigenome Research

To create novel therapeutic ncRNA tools suited for therapeutic needs, an increasing va-
riety of endogenous ncRNAs are being used [111,112]. Interestingly, non-coding (regulatory,
architectural) transcripts, including microRNAs (miRs), IncRNAs, circRNAs, and others,
are not only used as tools but also as a broad repertoire of possible therapeutic targets, as
presented in Figure 2 [113-117]. This area of non-coding transcripts is largely unexplored.
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Figure 2. Possible therapeutic targets in the treatment of cardiovascular diseases. Viral vectors
efficiently deliver genes to the heart and are used in gene therapy to treat heart failure by promoting
angiogenesis or myocardial repair. DNA nanoparticles deliver genes to cardiac cells to promote repair
and regeneration; they can be engineered to target specific cells and tissues. RNA nanoparticles
deliver RNA molecules such as mRNA for protein expression or siRNA for gene silencing to modulate
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gene expression in cardiovascular tissues. Cell vesicle (extracellular vesicles) exosomes are naturally
occurring vesicles that carry proteins, lipids, and nucleic acids; they can be engineered to deliver
therapeutic molecules to cardiac cells, promoting repair and reducing inflammation. Microvesicles
are similar to exosomes but are larger, are involved in intercellular communication, and can be
harnessed to deliver therapeutic agents. Lipid nanoparticles encapsulate nucleic acids (e.g., mRNA,
siRNA) or small molecules for delivery to cardiac cells; they are used to deliver therapeutic genes or
gene-silencing agents to reduce pathological gene expression. Polymeric nanoparticles are used for
the controlled release of drugs or genes to treat cardiovascular diseases; they offer protection and
sustained release of encapsulated therapeutics and are often functionalized with ligands or antibodies
to target specific cardiac tissues. siRNA conjugates are small interfering RNA molecules conjugated
with ligands (e.g., peptides, antibodies) for targeted gene silencing; they are used to downregulate
pathogenic genes involved in cardiovascular diseases, such as genes promoting fibrosis or inflamma-
tion. Each of these therapeutic targets offers promising avenues for treating cardiovascular diseases
through precise and targeted interventions.

Growing data suggest that many non-coding genomic regions are not single units
that act like traditional protein-coding genes. Rather, they are complex networks of RNA
processing machinery that control several biological functions, including cellular migration
and proliferation [118]. Furthermore, they could coordinate intricate biological processes
occurring at the systemic level, such as innate and acquired immunological responses.
Several CVDs have been linked to the dysregulation of these systems, and restoring proper
control may have a significant impact on the course of the illness or recovery [119]. Accord-
ing to recent research, there may be “master regulators” that function at the non-coding and
epigenome levels of the genome, offering fresh and intriguing targets for treatment [48].

5.6. Facing Challenges: Clinical Translation of Next-Generation Nucleic Acid Therapies

Obstacles to clinical translation of the compelling and broad choices outlined above
range from clinical safety and regulatory problems to molecular drug design and delivery.
Although animal experiments offer priceless proof-of-principle results, they frequently use
young, otherwise healthy animals, which departs from clinical practice. Notwithstanding
this drawback, several innovative clinical studies have effectively demonstrated the techni-
cal and therapeutic viability of nucleic acid treatment modalities, bolstering a strong base
of substantial animal research. However, safety concerns are a major concern because every
new medication and treatment target may reveal unique and unanticipated difficulties.
These issues—which include immunological activation, cellular off-target effects, systemic
mistargeting and accumulation, and delayed-onset safe effects—represent important factors
to consider as one moves closer to clinical use [48].

6. What Does the Future Bring?

Introducing genetic testing into the assessment process for CVDs offers a unique
opportunity to better tailor a patient’s diagnosis and treatment plan. This can also be
utilized in some circumstances to target family members for clinical and genetic assessment.
However, there are still a lot of significant gaps that make it challenging to incorporate
these useful methods into more conventional clinical practice.

The spectrum of individuals who can benefit from these new resources is increased
by inclusion and diversity in genomic research, which also increases our understanding
of the genetics underlying CVDs. The goal of regulatory measures has been to increase
diversity and include more research participants in genetic investigations. Validation
studies in historically underrepresented ancestry groups, however, can show diminished or
non-significant results. Additionally, large inequalities in health outcomes persist among
persons from underrepresented ancestry groups [120]. Numerous studies have shown that
individuals from other ancestry groups have a higher incidence of variants of unknown
significance, which leads to a worse diagnostic yield from genetic testing as compared with
those of European ancestry [121].
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Conducting implementation research and prospective studies is paramount in as-
sessing the multifaceted impacts of genetic testing on the diagnosis and treatment of
cardiovascular diseases. It is imperative to thoroughly evaluate not only the psychological
effects and economic ramifications but also the overall effectiveness of incorporating ge-
netic testing into clinical practice. To achieve this, it is essential to establish and maintain
collaborative efforts among various stakeholders, including clinical geneticists, payers,
primary care and specialty physicians, academic researchers, and health policy experts. By
fostering these partnerships, we can conduct comprehensive and forward-thinking clinical
implementation studies that provide valuable insights into the utility and feasibility of new
genetic testing methods in real-world healthcare settings.

7. Conclusions

Considerable progress has been made in the past thirty years in establishing the con-
nection between genetic risk factors and CVDs. Through extensive research, numerous
genetic variants associated with cardiovascular conditions have been identified, shedding
light on the underlying mechanisms and pathways involved. In several cases, genetic
testing has not only enhanced patients’ risk assessments but has also guided treatment
decisions, enabling healthcare providers to tailor interventions based on individual ge-
netic profiles. Additionally, genetic testing has facilitated cascade screening for at-risk
biological family members, allowing for the early detection and intervention of potential
cardiovascular issues.

Recent advancements in CVD therapies have focused on novel drug treatments, gene
therapy, regenerative medicine, and advanced device technologies. Gene therapy aims
to improve calcium concentration in heart cells to enhance cardiac function. Trials like
the CUPID study have shown mixed but promising results, indicating potential for future
refinement. Emerging applications like CRISPR-Cas9 include editing genes associated
with inherited cardiovascular diseases, though clinical use is still in the early stages. Im-
munomodulation represents a promising option, where certain cytokine inhibitors are
shown to reduce recurrent cardiovascular events in patients with a history of myocardial
infarction and elevated inflammatory markers, supporting the role of inflammation in
CVDs. Finally, a biomarker-guided therapy utilizing genetic and proteomic markers to
tailor treatments to individual patient profiles should help in improving outcomes and
reducing adverse effects. These advancements represent significant progress in the treat-
ment and management of CVDs, offering hope for improved patient outcomes through
innovative and personalized approaches. However, despite these advancements, further
implementation and rigorous clinical trial research are needed to generate robust evidence
supporting the successful incorporation of genetic testing into routine medical practice.
Continued efforts in this direction will be vital in optimizing patient care and improving
outcomes in the field of cardiovascular medicine.
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