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1. Introduction

1.1. Ischemic heart disease

1.1.1. Epidemiology

Ischemic heart disease (IHD) or coronary artery disease (CAD) is the leading cause of
death worldwide. In 2021, around 9 million people died from IHD, according to the
Global Burden of Disease Study that analyzed the mortality data in 204 countries (1).
Metabolic risk factors, like high systolic blood pressure, high low-density lipoprotein-
cholesterol (LDL-C) levels, high fasting glucose, or high body mass index, are the leading
drivers of IHD (2, 3). Lifestyle choices, including smoking, alcohol consumption, a high-
sugar diet, and a lack of physical activity, contribute to the onset of these metabolic risk
factors and, consequently, the manifestation of IHD (4). Older people account for the
majority of IHD-related deaths; however, premature deaths also increased in the past 30
years (2, 3).

1.1.2. Pathophysiology of myocardial infarction

Atherosclerotic plaque erosion, which leads to thrombosis and subsequently to coronary
artery occlusion, is the major cause of acute myocardial infarction (MI). Plaque buildup
gradually narrows arteries, reducing blood flow. When myocardial demand increases, this
causes insufficient oxygen supply, resulting in ischemia and angina pectoris (5). Besides
atherosclerosis, coronary embolism due to endocarditis, spontaneous coronary artery
dissection, or arteritis due to autoimmune or infectious causes may also lead to coronary
artery occlusion or narrowing and, consequently, Ml (5). During an ischemic event,
cardiomyocytes lose their contractile ability within 5 minutes due to the rapid inhibition
of contractile proteins by inorganic phosphate accumulation and reduced calcium binding
caused by intracellular acidosis. 10-20 minutes of ischemia leads to a sustained contractile
dysfunction caused by the generation of reactive oxygen species (ROS) that oxidize
contractile proteins and calcium overload-induced damage in cardiomyocytes. Early
cardiac dysfunction is reversible if blood flow is restored within 5-15 minutes; however,
the prolonged dysfunction can last for 24 hours even after the complete restoration of the
blood flow (6). MI also impairs oxidative phosphorylation and subsequently ATP
production in cardiomyocytes. Consequently, anaerobic glycolysis using glycogen stores
becomes the primary energy source. However, anaerobic glycolysis is less efficient,

leading to lactate accumulation and intracellular acidosis, which inhibits glycolytic



enzymes. After 15-20 minutes of ischemia, the glycolysis is completely impaired, and the
severe ATP depletion causes irreversible damage to the cardiomyocytes (5). The
indicators of irreversibly damaged cardiomyocytes are sarcolemmal disruption and
alterations in the mitochondrial structure, such as mitochondrial swelling or disorganized
cristae (7).

Both apoptosis and necrosis play a role in cardiomyocyte cell death following MI.
Apoptosis is a regulated process involving cellular shrinkage and dead cell removal by
phagocytic cells (7). DNA damage, elevated ROS, and increased cytosolic calcium trigger
apoptosis, resulting in the release of cytochrome c¢ from mitochondria, caspase activation,
and DNA fragmentation (6). In contrast, necrosis is an uncontrolled event marked by cell
swelling, membrane damage and inflammation due to the failure of ion pumps, acidosis,
and calcium overload (6, 7). Recent findings indicate that apoptosis and necrosis may
occur simultaneously; however, their relative contribution to cardiomyocyte death is
poorly understood. It is proposed that ischemia primarily causes necrosis, while
reperfusion triggers apoptosis (7).

Several factors determine the infarction onset, including the duration of the coronary
occlusion, the size of the myocardial region affected by the coronary occlusion, known
as the ischemic area at risk, and the scope of coronary microvascular dysfunction. The
infarction occurs in a characteristic pattern, beginning in the subendocardium and moving
outward into the subepicardial layers and the border zones of the area at risk as the
coronary occlusion continues (5, 7). The acute loss of myocardium results in a remodeling
process in the border zone of the infarct and the noninfarcted myocardium.
Cardiomyocyte necrosis and the subsequent increase in cardiac load activate biochemical
pathways that initiate reparative changes and cardiac remodeling. These include
ventricular dilatation, cardiomyocyte hypertrophy compensating increased workload, and
collagen scar formation (7, 8). The ventricular remodeling process may persist for weeks
or months (8). Necrotic cardiomyocytes also release danger signals that trigger
inflammation, which activate the immune system (7). Inflammatory cells infiltrate the
infarcted region to help the removal of necrotic cells and to initiate a healing response,
which allows scar tissue development (9). These alterations result in the loss of contractile

myocardium, leading to impaired systolic function, elevated mortality rates, a higher



incidence of arrhythmias, and a poorer overall prognosis (7). Figure 1 summarizes the key

mechanisms in the pathophysiology of MI.
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Figure 1. Overview of the key pathophysiological processes occurring in cardiomyocytes

after myocardial infarction (5-9). This figure was created with Canva.com.

1.1.3. Diagnosis of myocardial infarction

Acute chest discomfort is the most common symptom that raises suspicion for acute
coronary syndrome. Immediate medical help should be requested if the chest pain lasts
longer than 15 minutes and/or recurring pain is present within one hour. The resting 12-
lead electrocardiogram (ECG) is the primary diagnostic tool for evaluating patients with
suspected acute coronary syndrome. Based on the initial ECG, patients can be categorized
into two primary diagnostic groups: (i) patients with acute chest pain and persistent ST-
segment elevation (STEMI), and (ii) patients with acute chest pain but without persistent
ST-segment elevation (NSTEMI). Biomarkers, like cardiac troponins, have a
complementary role in diagnostics. In Ml patients, cardiac troponin levels usually rise
quickly after symptoms begin, and stay elevated for several days (10).

1.1.4. Current clinical practice in ischemic heart disease treatment

For patients experiencing acute coronary syndromes, immediate invasive management is
crucial. An emergency angiography is required as quickly as possible for all STEMI
patients or very high-risk NSTEMI patients with cardiogenic shock, life-threatening
arrhythmias, or cardiac arrest (10, 11). For STEMI patients, primary percutaneous

coronary intervention (PPCI) is the preferred reperfusion strategy, optimally within 120



minutes of the ECG-based diagnosis (10). PPCI is a minimally invasive procedure that
mechanically opens narrowed coronary arteries with stents (12). In situations where
immediate PPCI is not possible, fibrinolysis should be initiated within 12 hours of
symptom onset that involves the intravenous administration of streptokinase, alteplase,
reteplase, or tenecteplase to dissolve the thrombus in the coronary artery (10). In Western
nations, approximately 80% of STEMI patients are treated with PPCI, about 10% receive
fibrinolysis as their initial reperfusion therapy, resulting in approximately 10% of patients
not undergoing any reperfusion therapy (13).

Emergency coronary artery bypass grafting (CABG) should be considered in patients
with an open infarct-related artery but anatomy unsuitable for PPCI, particularly if a large
area of myocardium is at risk or cardiogenic shock is present (10). In contrast to PPCI,
CABG is an open-heart surgery, during which healthy vessels from another part of the
body are grafted to the coronary artery, bypassing the blocked sections. CABG has a
higher procedural risk, but improved survival can be observed compared to PPCI by
reducing the occurrence of new Mls (12).

1.1.5. Pharmacotherapy for ischemic heart disease

Anticoagulation plays a key role in the initial management of acute coronary syndrome
during PPCI and is typically stopped immediately after PCI unless specific conditions,
such as left ventricular aneurysm with thrombus or atrial fibrillation, require continued
anticoagulation (10).

Antithrombotic therapy is crucial for CAD patients undergoing myocardial
revascularization, with treatment choice guided by patient factors, comorbidities, clinical
context, and revascularization type (PPCI or CABG). Both ischemic and bleeding risks
critically impact patient outcomes and mortality, so treatment decisions must carefully
balance these risks (11). Standard treatment involves 12 months of dual antiplatelet
therapy, followed by a single antiplatelet therapy(14).

Secondary prevention after acute M1 is recommended to be started as early as possible to
improve quality of life and reduce morbidity and mortality. Dyslipidemia is usually
managed by combining lifestyle changes and pharmacotherapy. Lowering LDL-C is
strongly linked to reduced cardiovascular event rates. High-intensity statin therapy is
recommended ideally before PPCI, with lipid levels monitored 4-6 weeks after starting

treatment to ensure targets are met. If LDL-C goals are not achieved with maximal statins,
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additional lipid-lowering agents are recommended (10). In some instances, other
therapeutic agents might be recommended post-MI to prevent recurring M1 and to reduce
mortality (10). Healthy lifestyle changes such as quitting smoking, limiting alcohol, a
balanced diet, and regular aerobic and resistance exercise are essential for all CAD
patients (10, 15). Although there are various pharmacological treatments available to
improve the quality of life for patients, none are able to cure the tissue damage caused by
MI, highlighting the necessity for continued research and the development of novel
causative therapeutic agents.

1.1.6. Stem cell and exosome therapies

In the last decade, regenerative medicine has also attracted significant attention to
revolutionize the treatment of MI. Several types of stem cells have been investigated for
MI treatment in several preclinical studies, which can contribute to cardiac regeneration
by differentiating into cardiomyocytes and other cardiac lineages, releasing paracrine
factors that stimulate angiogenesis, reduce inflammation, prevent fibrosis, and regulate
immune responses (16). However, due to the complex structural and functional
characteristics of the myocardium, the simple transplantation of stem cells into the
infarcted region is unlikely to result in effective cardiac repair unless the engrafted cells
successfully integrate with the native myocardium, which is a crucial factor for restoring
functional cardiac tissue (17). Stem cell-derived exosomes loaded with microRNAS
(miRNAs) and paracrine factors present a promising, cell-free approach that might
contribute to cell survival, angiogenesis, and immune modulation. However, advancing
knowledge in this field is still required to develop novel therapeutic strategies that utilize
microvesicles to treat M1 (16, 17).

1.1.7. Reperfusion injury

It is well established that urgent coronary intervention in STEMI patients provides
significant clinical benefits. This intervention helps to preserve viable myocardium,
reduce the infarct size, and attenuate adverse left ventricular remodeling. However,
paradoxically, restoring myocardial blood flow through reperfusion can exacerbate tissue
damage by increasing infarct size, a phenomenon known as ischemia/reperfusion (I/R)
injury (9).

Reperfusion is characterized by a greater ROS generation than ischemia, which degrades

cytoskeletal and sarcolemmal proteins (6). Ischemia also leads to succinate accumulation,
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which undergoes rapid oxidation upon reperfusion, triggering the generation of ROS. The
sustained elevation of ROS contributes to a vicious cycle of cardiac hypertrophy, myocyte
death, and ventricular remodeling through matrix metalloproteinase activation (9).
During the early phase of reperfusion, calcium overload and the subsequent increased
calcium cycling between the sarcoplasmatic reticulum and cytosol lead to uncoordinated
myofibrillar contractions (6). Besides the elevated levels of ROS and intracellular
calcium, reperfusion also exacerbates proteinase activity, collectively contributing to the
degradation of proteins, lipids, and DNA (18). These changes result in chronic
mitochondrial remodeling, impaired energy production, and ultimately promote the
development of heart failure (9). To date, there are no clinically approved
cardioprotective therapeutic approaches targeting I/R injury; therefore, there is an unmet
need to develop new therapeutic agents.

1.1.8. Ischemic conditioning

Ischemic conditioning, during which short cycles of ischemia and reperfusion are applied
to the heart or distant organs, was shown to be a promising strategy in preclinical settings
to reduce infarct size. Ischemic conditioning can be applied in experimental models
before, during, or after a prolonged ischemic event, known as preconditioning,
perconditioning, or postconditioning, respectively (19).

The first study on ischemic conditioning, conducted by Murry et al., demonstrated that
ischemic preconditioning (IPreC), consisting of four cycles of 5-minute coronary artery
occlusion each followed by 5 minutes of reperfusion prior to a sustained 40-minute
coronary occlusion, significantly reduced infarct size in dogs, as measured after 4 days of
reperfusion (20). Despite the successful preclinical studies, the effective translation of
IPreC to clinical treatment remains limited. In a clinical setting, IPreC would require
predicting an upcoming ischemic event and a direct intervention to the heart during
surgery, both of which are not feasible scenarios (19).

Ischemic postconditioning (IPostC) is applied during early reperfusion in a similar
approach to IPreC by performing short reocclusion-reperfusion on the coronary artery
following a longer ischemic period (6). Zhao et al. concluded that the infarct size-
reduction and preservation of endothelial function achieved by IPostC in dogs are
comparable to those observed with IPreC (21). Although IPostC could be a more

applicable approach in clinical settings, results from clinical trials investigating its
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efficacy have been inconsistent (22). The first randomized clinical trial demonstrated that
repeated inflation and deflation of the angioplasty balloon reduces the infarct size by 36%
(23). Shortly thereafter, the same research group reported improvements in myocardial
function in patients one year after undergoing IPostC (24). Controversially, other research
groups failed to prove cardioprotection and even suggested a potentially harmful effect
of IPostC in STEMI patients (25-27).

Remote ischemic conditioning (RIC), which involves brief cycles of occlusion and
reperfusion applied to distant organs such as the limbs or abdominal organs, has also been
shown to significantly reduce myocardial infarct size in preclinical models. RIC can be
performed before, during, or after the prolonged ischemic event, which makes this
procedure more versatile compared to IPreC or IPostC (19, 28). The first demonstration
of the infarct size-reducing effect of RIC was conducted in a canine model, where four
cycles of 5-minute circumflex branch occlusion and 5-minute reperfusion were applied
before a 1-hour left anterior descending (LAD) coronary artery occlusion (29). RIC is
non-invasive, easy to perform, and can be applied in a clinical setting during a coronary
occlusion before PPCI, which makes it an advantageous intervention compared to IPreC
or IPostC (6). However, the clinical trials investigating the effect of RIC in STEMI
patients are controversial. RIC has demonstrated promising results in numerous clinical
trials, showing a reduction in infarct size and myocardial edema (30-33), an increase in
myocardial salvage index (31, 34), and a decrease in biomarkers of myocardial injury (32,
33). In contrast, the large-scale, multicenter CONDI-2/ERIC-PPCI trial, including 5401
STEMI patients undergoing PPCI, did not find any significant long-term benefit of RIC
on cardiac death or heart failure hospitalization (35).

1.1.9. Pharmacological conditioning

Several cardioprotective pharmacological agents were also identified in preclinical
experimental studies by discovering signaling cascades involved in endogenous
cardioprotection (22). Many substances have been shown to reduce infarct size when
administered exogenously in preclinical models; however, these results have often lacked
confirmation by independent research groups (6). Although nitrates have been shown to
protect ischemic myocardium through pharmacological preconditioning in rat models
(36), their use has not reduced infarct size or ventricular remodeling in acute MI patients

(37). Similarly, a randomized controlled trial found that administering sodium nitrite
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intravenously before PPCI did not decrease infarct size, improve ejection fraction, or
lower troponin | levels (38). Another clinical trial did not find evidence of
cardioprotective effects from inhaled nitric oxide following PPCI in STEMI patients (39).
Another promising area of research involves targeting the mitochondrial permeability
transition pore. The opening of these pores, which occurs at the beginning of myocardial
reperfusion, plays a key role in mediating reperfusion injury in the heart (19).
Cyclosporine A, a mitochondrial permeability transition pore inhibitor, initially showed
promising results in reducing infarct size in small and large animal models (40, 41).
Moreover, early phase 2 clinical trials indicated that Cyclosporine A could reduce
perioperative myocardial injury in CABG patients (42) and decrease infarct size in
STEMI patients (43). However, two large multicenter clinical trials did not confirm any
improvement in clinical outcomes when Cyclosporine A was administered before
reperfusion in STEMI patients (44, 45). Besides these approaches, several other agents
have been tested for cardioprotection in various preclinical and clinical studies, all of
which have not yet been proved to be clinically effective drugs (6, 17, 19, 22, 46).
1.1.10. Clinical translation of cardioprotective therapeutics

Although multiple promising proof-of-concept clinical studies have demonstrated
cardioprotective effects of mechanical and pharmacological interventions in STEMI
patients, an increasing number of recent phase 2 trials have failed to show reductions in
IS, and several large phase 3 trials have not confirmed improvements in clinical outcomes
despite encouraging earlier phase 2 results (22). The failure of clinical translation of the
therapeutic approaches for I/R injury might be related to several factors, including the
lack of conclusive evidence of cardioprotection in preclinical studies before clinical trials;
the limitations of current animal models of I/R injury, which do not adequately reflect the
comorbidities found in patients with cardiovascular disease (CVD) or other influencing
factors such as age and other medical treatments; and the design flaws in clinical studies,
which have not properly incorporated findings from experimental research (6, 19, 22). To
ensure that only robust and reproducible cardioprotective therapies advance to clinical
trials, it would be beneficial to establish standardized guidelines for preclinical evaluation
(22). The advancement of cardioprotective treatments depends on a deeper understanding
of the pathophysiological mechanisms underlying I/R injury (6). Additionally, identifying

molecular signaling pathways involved in ischemic conditioning, which provide potent
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cardioprotection in preclinical models, is essential for understanding the mechanisms that
preserve myocardial integrity. Improving clinical translation may also benefit from a
multitarget strategy, either using single agents with multiple targets or combining
therapies addressing different mechanisms. Such a multitargeted approach is likely more
effective than single-target therapies, given the complex and multifaceted nature of acute
myocardial I/R injury (22).

1.2. Preclinical models of ischemia/reperfusion injury

Preclinical models are essential for understanding the mechanisms of myocardial I/R
injury and developing cardioprotective therapies. Since the underlying mechanisms of
diseases often cannot be directly studied in patients, experimental models are crucial for
gaining deeper mechanistic insights. To achieve this, experimental studies usually take a
reductionist approach that may have limited relevance to clinical conditions, for example,
by temporarily increasing or decreasing the expression of a specific gene in certain cells.
Another important objective of preclinical models is to generate mechanistic knowledge
that can be effectively translated to clinical practice. For this purpose, experimental
models need to closely mimic the clinical situation to ensure their findings are relevant
and translatable. This requirement can contradict the reductionist approach, highlighting
a fundamental challenge in designing preclinical studies (47).

1.2.1. Invivo small and large animal models

In vivo, small and large animal models are used to investigate the progression of Ml
induced by coronary artery occlusion, with or without subsequent reperfusion (48).
Small animal models such as mice, rats, and rabbits are commonly used in
cardioprotection research due to their size, cost-effectiveness, and ease of handling (49).
The first mouse model of myocardial I/R was developed to study the pathophysiology of
acute and chronic coronary occlusion by examining cardiac histological changes and
infarct size (50). Several factors must be considered when selecting a mouse model for
MI. The C57BL6 strain is recommended due to its consistent infarct size compared to
other strains (51). Young mice aged 4-8 weeks are typically used, as older animals may
have a reduced response to cardioprotective interventions. Female mice exhibit inherent
cardioprotection, likely linked to sex-specific B1-adrenergic signaling responses and
higher estrogen levels. These variables limit the translational relevance of mouse models;

however, they are widely used in preclinical I/R studies, primarily because mice are more
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cost-effective than larger animals and their genome can be easily manipulated to produce
knockout and transgenic lines (49).

The rat model of MI was first developed in 1946 and has since been refined by various
research groups (52). This model has become popular because rats are easy to handle and
maintain, have short gestation periods, allow for genetic manipulation, and have lower
maintenance costs than larger animals. These advantages make both rats and mice suitable
for high-throughput experimental studies (49). Lewis and Wistar strains are preferred for
I/R experiments due to their intermediate infarct size compared to other strains (53).
Similar to mice, estrogen has a cardioprotective effect in female rats (54). Therefore, for
initial I/R experiments, male rats aged 3-4 months and weighing between 200 and 300
grams are recommended (49).

New Zealand white rabbits are also commonly used in MI studies due to several
advantages. As a medium-sized animal, it is easy to handle thanks to its calm and non-
aggressive nature, making it cost-effective for research purposes. Crucially, the rabbit
heart lacks collateral circulation and has fewer fatal arrhythmias and deaths following
coronary occlusion than other animal models (49).

Large animal models, such as pigs and historically dogs, possess significant translational
relevance and are crucial to be involved in the preclinical stage of drug development
before initiating clinical trials (49).

Pigs are a commonly used large animal model for IHD research because of their
anatomical, physiological, and pathophysiological similarities to humans (55). The heart
size and the coronary anatomy of pigs are similar to those of humans, as both species
have left and right coronary arteries arising from the aortic root and branching into the
atrial and ventricular regions. Additionally, the porcine heart has minimal coronary
collateral circulation, which allows for consistent and reproducible induction of ischemic
injury, making pigs especially suitable for MI models. The close anatomical and
physiological similarities between pig and human hearts increase the translational
relevance of porcine models. These models allow accurate simulation of human cardiac
conditions and offer a reliable platform for evaluating the effectiveness and safety of
different therapeutic approaches (55). Unlike in small animal models, strain and gender
have not been shown to affect MI outcomes or cardioprotection in pigs significantly.

However, younger animals (6-7 months old) are still preferred over older ones for
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experimental consistency (49). Pigs are also well-suited for a closed-chest coronary
occlusion using a balloon catheter, a procedure that closely resembles clinical PCI (56).
Unlike genetically uniform small rodents, large animals exhibit greater genetic diversity,
resulting in increased variability in infarct size development. While this variability
enhances translational relevance by better reflecting patient heterogeneity, it also
complicates experimental consistency. Additionally, developing transgenic large animal
models is expensive, time-consuming, and technically challenging (49).

In animal models, myocardial infarct size and the area at risk are key endpoints for
assessing I/R injury and cardioprotection. Infarct size depends on the area at risk,
ischemia duration, severity, and systemic hemodynamics. In small animals, infarct size is
measured postmortem using 2,3,5-triphenyltetrazolium chloride staining, while area at
risk is identified by Evans blue dye. In large animals, infarct size is assessed via delayed
gadolinium-enhanced cardiac magnetic resonance imaging (MRI), similar to clinical
practice (6). Echocardiography is commonly used to evaluate cardiac performance after
I/R injury, and ECG can detect arrhythmias and ST-segment elevation. Additional
endpoints to determine the cardioprotection include quantifying inflammation,
neovascularization, and evaluating microvascular damage (57). These parameters
collectively provide insight into the extent of myocardial injury and the efficacy of
therapeutic agents.

1.2.2. Exvivo models

Ex vivo models of myocardial I/R injury primarily involve isolated perfused hearts or
myocardial tissue slices (48). Retrograde perfusion is most commonly performed on adult
rat or mouse hearts using a physiological saline solution (57). The advantages of isolated
perfused heart models is that cardiac cells remain in the native environment; however, the
nervous system and other systemic effects are excluded from the model (49). Myocardial
tissue slices allow the studying of the cardiomyocyte function, as well as other cell
populations, in their physiological state (48). Both models provide valuable insights into
I/R injury mechanisms that closely resembles the in vivo physiology, while offering
controlled experimental conditions (57).

1.2.3. Invitro cardiomyocyte models

For ethical reasons, minimizing the use of laboratory animals in preclinical research is

highly desirable. Therefore, there is a need to develop reliable in vitro cell-based
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platforms to model cardiac cells and CVDs. In vitro models, including cultured
myocardial cells, are valuable tools for investigating the cellular and molecular
mechanisms underlying ischemic injury (48). To simulate I/R injury in isolated fresh or
cultured cardiomyocytes, hypoxia and reperfusion by reoxygenation (H/R) are performed
in controlled conditions (57). Ideally, freshly isolated adult cardiomyocytes are
considered the gold standard for H/R experiments; however, alternatives such as neonatal
cardiomyocytes, cell lines like AC16, H9C2, and HL-1, and human induced pluripotent
stem cell-derived cardiomyocytes (hiPSC-CMs) are also commonly utilized (57).

Fresh isolation of cardiomyocytes eliminates potential phenotypic changes associated
with cell culture (57). Primary adult cardiomyocytes are most commonly isolated from
mice, rats, or rabbits, though they can also be sourced from guinea pigs, dogs, pigs, and
humans (58). However, isolating adult myocytes is technically challenging, requires a
high number of animals, and their limited survival in culture restricts longer H/R
protocols or procedures requiring transfection before H/R (57, 59). Therefore, neonatal
cardiomyocytes are more frequently used due to their easier isolation, sustained viability
in culture for several days, and ability to be genetically modified. However, they exhibit
greater resistance to hypoxia compared to adult cardiomyocytes, which may limit the
translational relevance of findings (57).

In place of primary cardiomyocytes, several immortalized cell lines generated from
primary cells are also used as experimental models of I/R. Kimes and Brandt first
described the rat cardiomyoblast cell line HOC2 in 1976 (60). The mouse atrial myocyte-
derived HL-1 line was introduced by Claycomb et al. in 1998 (61), which was followed
by the establishment of the human AC16 cell line by Davidson et al. in 2005 (62). These
cell lines are characterized by rapid growth in culture and consistent responses to stimuli,
making them suitable for high-throughput drug screening and modeling
cardiomyopathies, hypertrophic responses, adverse cardiac remodeling, metabolic
changes, and I/R injury. Furthermore, their maintenance is easier and less costly than that
of primary isolated cells. On the other hand, cardiac cell lines have several limitations,
including the loss of specific cardiac characteristics and increased resistance to ischemic
injury (63). These factors can significantly affect the translation of in vitro findings to in

vivo cardiac mechanisms. To address these issues, differentiation protocols have been
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developed to induce the cells to adopt a more mature cardiac phenotype; however,
thorough characterization of these differentiated cells remains limited (62, 64, 65).

In addition to primary and immortalized cardiomyocytes, stem cell-derived
cardiomyocytes, including hiPSC-CMs and embryonic-stem cell derived
cardiomyocytes, have recently gained considerable attention as experimental models
(66). Cardiomyocytes derived from rodent or human embryonic stem cells are promising
tools for drug testing and regenerative medicine. However, ethical concerns, risk of tumor
formation and immune rejection limit their therapeutic application (67). Differentiation
protocols of hiPSCs yield cultures with cardiomyocyte purity exceeding 80%, yet these
cultures are heterogeneous, comprising a mixture of atrial, ventricular, and nodal-like
cells with diverse phenotypes (68). Due to their human origin, functional properties, and
degree of differentiation, hiPSC-CMs are more relevant for translational studies than
other cardiomyocyte models. However, they typically retain fetal-like characteristics and
have limited commercial availability, which may influence their applicability (69). While
hiPSC-CMs overcome some of the challenges associated with primary cells, their
response to H/R injury is not fully understood and appears to be influenced by their
maturation status (70). Despite these limitations, hiPSC-CMs are particularly valuable for
investigating complex cellular interactions, making them a promising tool for enhancing
the physiological relevance of in vitro cardiovascular research (49).

In vitro models can be used to assess the direct effects of H/R on cardiomyocytes without
influence from other cell types or circulating factors. The in vitro conditions simulation
of in vivo ischemia include a low oxygen level (1% Oz, 5% CO-, 94% N2) and can be
combined with serum- and glucose-deprivation (57). The duration of hypoxia and
reoxygenation influence cardiomyocyte viability and must be carefully considered to
optimize the experimental model (71). After H/R, cardiomyocytes undergo apoptosis or
necrosis; thus, cell viability assays are usually performed to determine the
cardioprotective effect of genetic or pharmacological interventions. Cell viability can be
measured by lactate dehydrogenase release, various fluorescent dyes, or ATP assay, while
apoptosis is commonly measured by TUNEL or annexin V staining. Mitochondrial
membrane potential and ROS production is also frequently measured due to their role in
H/R injury. Additionally, cardiomyocyte morphology, contractility, calcium handling,
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and electrical activity can also be assessed to gain more insight of the functional
properties of cells (57).

1.3. MicroRNAs

Non-coding RNAs (ncRNAs) are RNA molecules that do not code for proteins. They
regulate processes linked to cellular functions and various diseases, including IHD. They
act as both pathogenic factors and mediators of protective or reparative signals. ncRNASs
are classified based on structure, function, mechanism, and length. Small ncRNAs include
miRNAs, small nuclear RNAs involved in splicing, small nucleolar RNAs that modify
ribosomal RNA, transfer RNA-derived small RNAs, and piwi-interacting RNAs. Long
NcRNAs consist of linear long ncRNASs and circular RNAS (72).

miRNAs are double-stranded, 19-23 nucleotide-long RNA molecules. They regulate gene
expression by binding to complementary sequences on target mMRNAs, leading to mMRNA
degradation or inhibition of translation. Since binding relies on a short complementary
region, the 7-nucleotide seed sequence located between positions 2 and 8, each miRNA
is capable of targeting hundreds of different mRNA transcripts due to sequence
similarities (73). It is estimated that over 2588 mature miRNAs are expressed in human
cells, with unique expression patterns that vary by tissue type and developmental stage.
These miRNAs are believed to regulate more than 60% of human genes, highlighting
their role in controlling a wide range of physiological functions (74). The first miRNA
was identified in Caenorhabditis elegans in 1993, a discovery for which Victor Ambros
and Gary Ruvkun were awarded the Nobel Prize in Physiology or Medicine in 2024 (75,
76). Since then, it has become clear that miRNAs are expressed across all animal and

plant species, with some exhibiting conserved sequences across different species (77).
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1.3.1. MicroRNA biogenesis and gene regulation mechanisms
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Figure 2. Biogenesis and mechanism of miRNAs (78). miRNAs are transcribed from specific
gene regions as primary miRNAs (pri-miRNA), which are processed by the Drosha-DGCR8
complex into precursor miRNAS (pre-miRNA) in the nucleus. Pre-miRNAs are then transported
to the cytoplasm, where Dicer processes them into their final duplex form. The active strand of
the miRNA duplex is loaded into the RISC complex, which facilitates binding to the 3’
untranslated region of their target mRNA. This binding leads to target mMRNA de-capping,
deadenylation, degradation or repression of its translation into protein. Figure is obtained from
van Rooij et al, with permission from Springer Nature (License number: 6107640524318).
DGCRS8: DiGeorge Syndrome Critical Region 8, IncRNA: long non-coding RNA, mRNA:
messenger RNA, miRNA: microRNA, ORF: open reading frame, Pol 1I: RNA polymerase I,
RISC: RNA-induced silencing complex.

The canonical miRNA biogenesis begins with the transcription of miRNA genes or
intergenic regions, producing primary miRNAs (pri-miRNAs) that contain hairpin
structures (Figure 2). These pri-miRNAs undergo a cleavage by the Drosha-DiGeorge
Syndrome Critical Region 8 (DGCR8) complex in the nucleus to precursor miRNAs (pre-
miRNAS), followed by export to the cytoplasm. Then, they are further processed by the
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Dicer-transactivation response element RNA binding protein (TRBP) endoribonuclease
complex into two short mature miRNA strands from the 5° and 3’ arms of the pre-miRNA,
miR-5p and miR-3p, both of which can be loaded separately into the Argonaute 2 (AGO?2)
protein to form the RNA-induced silencing complex (RISC). The RISC then silences
target gene expression through mRNA degradation, deadenylation, or translational
repression (72, 78).

1.3.2. The role of microRNAs in myocardial infarction

miRNAs regulate diverse processes relevant to IHD, including cardiomyocyte
proliferation, cell death, angiogenesis, hypertrophy, fibrosis, and inflammation (72). The
miR-15 and miR-34 families were identified to be upregulated by ischemia, and promote
cardiomyocyte apoptosis. Cardiac-enriched miRNAs like miR-1 and miR-499 enhance
cardiac differentiation and lineage commitment in pluripotent stem cells, highlighting
their therapeutic potential for reprogramming fibroblasts into cardiomyocytes (79). The
miR-212/132 family, activated during heart failure, influences cardiomyocyte
hypertrophy and autophagy by modulating the transcription factor FOXO3 (80). In
preclinical studies, targeting these miRNAs seemed to be promising (79, 80); however,
additional evidence is needed to confirm their therapeutic benefits.

1.3.3. MicroRNAs as therapeutic agents

Since their discovery, there has been growing interest in the therapeutic potential of
miRNAs due to several reasons. First, miRNAs are natural molecules with precise
regulatory functions. In addition, their ability to target multiple mRNA targets
simultaneously allows the modulation of complex phenotypes, which is particularly
important in certain diseases (73). Although the results in preclinical research are
promising, miRNA-based diagnostics and therapeutics remain in early development with
only a few miRNA therapies entering clinical trials and none reaching phase Il or drug
approval. Current efforts focus on two main types of miRNA drugs: mimics and inhibitors
(antagomiRs), with an increasing number of these therapeutics being tested for various
diseases (74). miRNA mimics replicate a desired endogenous miRNA strand, while their
complementary passenger strand, which is usually a perfect complement, is usually
chemically modified to prevent its incorporation into the RISC complex (73).
AntagomiRs bind to the endogenous miRNAs through complementary base pairing, and

22



are chemically modified to improve binding strength, resistance to nucleases, and cellular
uptake (78).

1.3.4. Development and challenges of microRNA therapeutics

The development of mMiRNA therapeutics begins with identifying targets and discovering
miRNAs through patient samples or preclinical disease models, combining
bioinformatics and biological validation. The relevance and effective modulation of
miRNAs in specific diseases are then confirmed using cell culture and animal models.
The stability of therapeutic miRNAs is enhanced by various chemical modifications such
as 2'-O-methyl, 2'-fluoro, locked nucleic acid, phosphorothioate, and peptide nucleic acid
modifications. Precise delivery to target tissues and organs is achieved by conjugating
miRNAs with biomolecules and optimizing delivery systems like lipid nanoparticles.
Pharmacokinetic and pharmacodynamic studies follow, along with efficacy and toxicity
testing in vivo. Subsequently, manufacturing, regulatory submissions, and comprehensive
Phase I-111 clinical trials assessing dosage, safety, and efficacy are conducted. This
complex and costly process ultimately aims for a medical approval based on rigorous
evaluation of safety and effectiveness (74).

Despite the potential of miRNA-based therapeutics, numerous challenges remain. Each
miRNA regulates multiple genes, including unrelated ones, which can cause side effects
across different tissues. This complex regulation means systemic overexpression or
inhibition may yield both beneficial and harmful effects, complicating therapeutic use. In
addition, most in vivo studies focus only on target tissues, often overlooking off-target
effects. Preclinical doses may also be clinically unfeasible, highlighting the need for
further research to determine safe and effective dosing (78). Another challenge is the
delivery of miRNA therapeutics specifically to the desired cell types, such as vascular
cells, cardiomyocytes, fibroblasts, and macrophages in IHD. Effective delivery relies on
appropriate administration methods and vectors that ensure specific cellular uptake and
reduce immune responses. Addressing these challenges is essential for advancing miRNA
therapies, especially for IHD (72).

1.3.5. Clinical trials of microRNA therapies for cardiovascular diseases

Despite the challenges of miRNA therapeutics development, some miRNA targeting
agents are currently being tested in clinical trials for CVDs. The inhibitor of miR-132,

CDR132L, which is a synthetic oligonucleotide developed by Cardior Pharmaceuticals
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for the treatment of heart failure, was the first to reach clinical trials in cardiology (72).
Overexpression of miR-132-3p in cardiac cells contributes to cardiac remodeling and
heart failure by suppressing important molecules like the anti-hypertrophic transcription
factor FoxO3 and calcium-handling genes such as SERCA2A (81). The efficacy of
CDR132L was validated in various models, including a porcine model of heart failure
(82). The first phase Ib clinical trial confirmed CDR132L to be well-tolerated and safe in
heart failure patients, producing a dose-dependent reduction of the miR-132 levels in
plasma (83). CDR132L is currently being evaluated in the multicenter, phase Il HF-
REVERT trial. This randomized, placebo-controlled study involves 280 patients with
cardiac dysfunction after MI, with an ejection fraction <45%, and tests two doses of
CDR132L against placebo (81).

MRG-110, an locked nucleic acid-based inhibitor of miR-92a-3p by miRagen
Therapeutics, showed promise in treating ischemia in animal models, including pigs with
MI. A phase I trial with 48 healthy volunteers with small skin wounds and a single
intradermal injection of MRG-110 had positive results, but the therapy has not yet
advanced to trials in patients with IHD or other conditions (72).

1.3.6. ProtectomiR concept

Nevertheless, several promising candidates for cardioprotective miRNA therapeutics
have emerged from preclinical studies. Our research group previously demonstrated the
differential expression of MmiRNAs in an ex vivo rat model of ischemic pre- and
postconditioning compared to I/R alone, and validated the cytoprotective effects of miR-
139-5p, miR-125b*, and let-7b mimics, and the miR-487b antagomiR in vitro. We have
termed the miRNAs that are potential therapeutic targets for cardioprotection as
“protectomiRs” (84). In addition, several other miRNAs, such as miR-1, miR-21, miR-
107, miR-133, miR-144, and miR-210, have been identified as regulators of various
ischemic conditioning protocols, underscoring their crucial role in modulating
cardioprotection (85-88). This suggests that miRNAs play a key regulatory role in
cardioprotection, highlighting the importance of identifying and understanding additional

miRNAs involved in protective mechanisms.
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2. Objectives

In vitro cardiomyocyte models, including primary isolated cardiomyocytes, cell lines, and
induced pluripotent stem cell-derived cardiomyocytes, have been previously
characterized individually; however, a systematic comparison of these models has not yet
been performed. These cardiomyocyte models are also well-suited for testing novel
cardioprotective agents against ischemia/reperfusion injury, which are currently lacking
in clinical practice. We hypothesize that novel therapeutic molecules or targets can be
identified by investigating the molecular mechanisms underlying cardioprotective
iIschemic conditioning within a relevant and translational model of acute myocardial
infarction. Cardioprotective miRNAs, termed protectomiRs, are promising therapeutic
candidates; thus, their identification in clinically relevant models could provide new
treatments for ischemia/reperfusion injury.

To deepen our understanding of in vitro cardiomyocyte models and to identify
protectomiRs, the following objectives have been defined:

I.  Systematic comparison of commonly used cardiomyocyte models from rats, mice,
and humans based on transcriptomic analysis, their response to hypertrophic and
adrenergic stimuli, and their tolerance to simulated ischemia/reperfusion injury,
in order to determine their similarities or cell-specific characteristics.

Il.  ProtectomiR identification and validation:

lla.  Analysis of the miRNA expression profile of a clinically relevant closed-chest
porcine model of acute myocardial infarction in combination with ischemic
preconditioning, postconditioning, or remote perconditioning, to identify
miRNAs in association with cardioprotection (protectomiRs).

IIb.  Validation of the cardiocytoprotective effect of identified protectomiR candidates
in cardiomyocyte models subjected to simulated ischemia/reperfusion injury.

llc.  Investigation of the mechanism of action of the identified protectomiRs through
bioinformatics target prediction and subsequent functional analysis.

Together, these objectives aim to provide comprehensive insights into the properties of

different cardiomyocyte models, and to propose novel therapeutic agents or targets for

myocardial ischemia/reperfusion injury.
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3. Methods

3.1. Ethical statements

All experimental procedures were conducted in compliance with the ethical standards set
by the institutional and national committees on human experimentation, following the
Helsinki Declaration (1975). Written informed consent was obtained from every patient
participating in the study, by the protocol approved by the Local Ethics Committees of
the Institute of Cardiology, Warszawa, Poland (IK-NP-0021-24/1426/14).

The study adhered to the Guide for the Care and Use of Laboratory Animals, 8" edition
issued by the National Research Council (US) Committee (National Academies Press
(US), 2011) and the EU Directive (2010/63/EU), with approval granted by the
Institutional Animal Care and Use Committee of Semmelweis University, Budapest,
Hungary (PE/EA/1784-7/2017).

3.2. H9C2 cell line maintenance and differentiation

The rat myoblast cell line, H9C2, was obtained from the European Collection of
Authenticated Cell Culture (#CRL-1446, Salisbury, UK). H9C2 cells were maintained in
DMEM (#10-014-CVR, Corning Inc., Corning, NY, USA), supplemented with 10% fetal
bovine serum (FBS, #35-015-CV, Corning Inc., Corning, NY, USA), 2 mM L-glutamine
(#25-005-Cl, Corning Inc., Corning, NY, USA) and 1% Antibiotic-Antimycotic solution
(#30-004-Cl, Corning Inc., Corning, NY, USA) at 37 °C in a humidified incubator with
5% COa2. Cells were passaged every 2-3 days at 70% confluence to maintain
morphological characteristics. All experiments were performed within 10 passages after
thawing. The differentiation of H9C2 cells to cardiomyocytes was conducted as described
previously (89). To test the differentiation protocol, cells were seeded onto 6-well or 96-
well plates. Upon reaching full confluence (day 0), the growth medium was replaced with
1% FBS medium for 24 hours. On day 1, 10 nM all-trans retinoic acid (ATRA, #R2625,
Merck, Brighton, MA, USA) was added to the medium, which was changed every two to
three days. ATRA was kept and used in the dark to prevent degradation. Cells in 6-well
plates were collected either during the proliferation stage (one day before confluence; day
-1) or after differentiation (days 8-10) using Qiazol Lysis buffer (#79306, Qiagen,
Hilden, Germany) for RNA isolation. Cells in 96-well plates were used for sl/R
experiments (Figure 3).
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Figure 3. Overview of the experimental design for the systematic comparison of
cardiomyocyte models. Obtained from Onddi et al. (89) FBS: fetal bovine serum, ATRA: all-
trans retinoic acid, ITS: insulin-transferrin-selenium supplement, Diff: differentiated, hiPSC-CM:
human induced pluripotent stem cell derived cardiomyocytes, NRCM: neonatal rat
cardiomyocytes, NMCM: neonatal mouse cardiomyocytes, Ctrl/CON: control, Angll:

angiotensin 11, ISOP: isoprenaline, SI/R: simulated ischemia-reperfusion.

3.3.  AC16 cell line maintenance and differentiation

The human cardiomyocyte cell line, AC16, was obtained from Merck (LOT: RD1606008,
#SCC109, Brighton, MA, USA). AC16 cells were maintained in DMEM-F12 (#04-
687F/U1, Lonza, Basel, Switzerland), supplemented with 12.5% FBS (#35-015-CV,
Corning Inc., Corning, NY, USA), 2 mM L-glutamine (#25-005-Cl, Corning Inc.,
Corning, NY, USA), 10 mM HEPES (#15630080, Thermo Fisher Scientific, Waltham,
MA, USA) and 1% Antibiotic-Antimycotic solution (#30-004-Cl, Corning Inc., Corning,
NY, USA) at 37 °C in a humidified incubator with 5% CO,. Cells were passaged every
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2-3 days at 90% confluence to maintain morphological characteristics. All experiments
were performed within 10 passages after thawing. To test differentiation protocols, cells
were seeded onto 6-well or 96-well plates. Upon reaching 80% confluence (day 0), the
growth medium was replaced with differentiation medium containing 2% FBS, 1x
insulin-transferrin-selenite supplement (ITS, #13146, Merck, Brighton, MA, USA), and
10 nM ATRA (#R2625, Merck, Brighton, MA, USA). Differentiation was carried out
with or without cell passaging (referred to as AC16 Diff + Pass and AC16 Diff,
respectively) according to the observed confluency during differentiation. Cells were
harvested either during the proliferation stage (day -1, before full confluence) or at the
differentiated stage (days 8-10) using Qiazol Lysis buffer (#79306, Qiagen, Hilden,
Germany) for RNA isolation. Cells seeded in 96-well plates were used for sl/R
experiments (Figure 3).

3.4. HL-1 cell line maintenance

The mouse cardiomyocyte cell line, HL-1 (LOT: RD1601001, #SCC065), was obtained
from Merck. HL-1 cells were maintained in Claycomb medium (#51800C, Merck,
Brighton, MA, USA), supplemented with 10% HL-1 Qualified FBS (#TMS-016-B,
Merck, Brighton, MA, USA), 2 mM L-glutamine (#25-005-CI, Corning Inc., Corning,
NY, USA), 100 nM norepinephrine (#A0937, Merck, Brighton, MA, USA, 100x stock in
30 mM L-Ascorbic Acid (#A7506, Merck, Brighton, MA, USA)) and 1% Antibiotic-
Antimycotic solution (#30-004-Cl, Corning Inc., Corning, NY, USA) at 37 °C in a
humidified incubator with 5% CO». Cells were passaged every 2-3 days at 100%
confluence to maintain morphological characteristics. All experiments were performed
within five passages after thawing. To compare with primary cell cultures and heart tissue,
cells were seeded onto 6-well or 96-well plates. Once cells reached full confluence (day
0) and began beating, typically by day 1, they were harvested in Qiazol Lysis buffer
(#79306, Qiagen, Hilden, Germany) for RNA isolation. Cells seeded in 96-well plates
were used for slI/R experiments (Figure 3).

3.5.  Human induced pluripotent stem cell (hiPSC) culture and differentiation
Human induced pluripotent stem cells-derived cardiomyocytes were differentiated from
the XCL-1 stem cell line, purchased from XCellScience (#CAXIP-001-1V, Novato, CA,
USA). The hiPSCs were cultured under standard conditions in a 5% CO: incubator at
37°C on Matrigel-coated (#356237, Corning Inc., Corning, NY, USA) 6-well or 96-well
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plates using mTeSR medium (#100-0276, Stemcell Technologies, Vancouver, Canada).
Differentiation into dense cardiomyocyte monolayers (75-90% confluence) was initiated
at passage 26 by switching to RPMI 1640 medium (#21875034, Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with insulin-free B27 (#17504044, Thermo Fisher
Scientific) and 10 puM CHIR99021 (#S1263, Selleckchem, Houston, TX, USA). On day
2, the medium was replaced with RPMI plus insulin-free B27, followed on day 3 by RPMI
with insulin-free B27 containing 2.5 uM C59 Wnt inhibitor (#S7037, Selleckchem). From
day 5 onward, the medium was changed every other day with RPMI supplemented with
B27 containing insulin (#A1895601, Thermo Fisher Scientific). Beating areas typically
appeared around day 7 post-induction. Between days 10 and 14, metabolic selection was
performed by culturing cells in glucose-free RPMI (#11879020, Thermo Fisher
Scientific) supplemented with B27 for four days. All experiments were conducted
between days 35 and 40 (Figure 3).

3.6. Primary neonatal rat and murine cardiomyocyte isolation

Neonatal rat and murine cardiomyocytes (NRCM and NMCM, respectively) were
isolated from newborn (1-3 day-old) Wistar rats or C57BL/6 mice obtained from Toxi-
Coop Zrt. with the Pierce™ Primary Cardiomyocyte Isolation Kit purchased from
Thermo Fisher Scientific (#88281, Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer's protocol. Briefly, after cervical dislocation of the animals,
the chest was opened, and the heart was dissected using forceps. The hearts were
immediately placed in ice-cold Hanks' Balanced Salt Solution (#88284, Thermo Fisher
Scientific, Waltham, MA, USA). Then, the hearts were minced into 1-3 mm pieces using
sterile scissors under a laminar hood. The tissue pieces were washed twice with Hanks'
Balanced Salt Solution, then Cardiomyocyte Isolation Enzyme 1 (#88288, Thermo Fisher
Scientific, Waltham, MA, USA) and Enzyme 2 (#88289, Thermo Fisher Scientific,
Waltham, MA, USA) were added to each sample. Following a 30-minute digestion period
at 37 °C, the samples were washed twice with Hanks' Balanced Salt Solution. Then, the
digested tissue was resuspended in DMEM (#88287, Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with 10% FBS (#35-015-CV, Corning Inc., Corning, NY,
USA) and 1% Antibiotic-Antimycotic (#30-004-Cl, Corning Inc., Corning, NY, USA),
quantified, and seeded onto 6-, 24- or 96-well plates according to the experimental setup.
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The cells were kept at 37 °C in a humidified incubator with 5% CO.. Cell cultures were
used at day 1 or day 3 after isolation. (Figure 3).

3.7. Tissue collection from human, rat, and mouse hearts

Whole heart tissue samples were collected from humans, rats, and mice for RNA
sequencing, as previously described (89):

Human heart tissues were collected at the Department of Heart Failure and
Transplantology, Cardinal Stefan Wyszynski Institute of Cardiology, Warsaw, Poland, as
previously described (90). Healthy hearts were obtained from organ donors (n=3) whose
hearts were not used for transplantation due to technical reasons, such as donor-recipient
incompatibility. These donors had no significant cardiovascular history and showed no
abnormalities in ECG or echocardiography. Left ventricular tissue samples were taken
from the free wall at the time of heart explantation, avoiding scarred, fibrotic, or adipose
tissue, as well as the endocardium, epicardium, and coronary vessels. Patient

characteristics are summarized in Table 1.

Table 1. Patient characteristics. Obtained from Onddi et al. (89).

Patient #1 Patient #2 Patient #3
Sex, age Female, 41 Male, 27 Male, 30
Body mass index
(kg/m2) 20.3 31.7 27.7
Cause of death Sﬁ:;?ﬁ?}g;:ed head injury head injury
Medical history o relevant conditions
Echocardiography ejection fraction > 60%, normal left ventricle dimensions
Medications _ noradrenali_ne, noradn?naline,
administered before no_radrenalme,_ levofloxacin, mgtromqia_zole,
explantation mannitol, furosemide metoprolc_)l, piperacillin +
enoxaparin tazobactam

Left ventricular tissue was collected from healthy male Wistar rats (7-8 weeks old, 280-
330 g, n=3) and male C57BL/6 mice (11-12 weeks old, 25-30 g, n=3). Following
anesthesia with an intraperitoneal injection of 60 mg/kg pentobarbital (#17F015,
Produlab Pharma, Raamsdonksweer, The Netherlands), hearts were excised. Samples
were immediately rinsed in saline, blotted dry, flash-frozen in liquid nitrogen, and stored
at -80 °C until further analysis.

3.8. RNA isolation, library preparation, and RNA sequencing

Cells and tissue samples were lysed in 1 mL of QIAzol Lysis Reagent (#79306, Qiagen,
Hilden, Germany). Total RNA was extracted from 350 uL of lysate using the Direct-zol
RNA MiniPrep System with on-column DNase | treatment (#R2053, Zymo Research,
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Irvine, CA, USA) following the manufacturer’s instructions. RNA integrity and
concentration were assessed using the RNA ScreenTape system with the 2200
TapeStation (#5067-5579, Agilent Technologies, Santa Clara, CA, USA) and the RNA
HS Assay Kit with Qubit 3.0 Fluorometer (#Q32855, Thermo Fisher Scientific, Waltham,
MA, USA), respectively. For gene expression profiling, libraries were prepared using the
QuantSeq 3° mRNA-Seq Library Prep Kit FWD for Illumina (#015.96, Lexogen GmbH,
Vienna, Austria) following the manufacturer’s protocol. Library quality and quantity
were evaluated with the High Sensitivity DNA1000 ScreenTape system on the 2200
TapeStation (#5067-5585, Agilent Technologies) and the dSDNA HS Assay Kit with
Qubit 3.0 (#Q32854, Thermo Fisher Scientific). Pooled libraries were diluted to 1.8 pM
and sequenced with 1x86 bp single-end reads using the 75-cycle High Output v2.5 Kit on
the NextSeq 500 Sequencing System (#20024906, Illumina, San Diego, CA, USA)
according to the manufacturer’s guidelines.

3.9. Bioinformatic analysis of RNA sequencing

The analysis of RNA sequencing data was described previously (89). Briefly, raw RNA-
sequencing reads were preprocessed using Cutadapt (v1.15) to trim adapters, poly(A)
tails, and bases below Phred score 30, filtering out reads shorter than 19 nt. Quality
control was done with FastQC (v0.11.8) and MultiQC (v1.7). HISAT2 (v2.0.4),
featureCounts (Subread 2.0.0), and DESeq2 (v1.10.1) were used for alignment,
annotation, normalization, and differential expression analysis. Reference genomes from
Homo sapiens (GRCh37), Rattus norvegicus (Rnor_6.0), and Mus musculus (GRCm38)
guided species-specific analysis. Principal component analysis (PCA) via DESeq2 was
performed to visually compare whole transcriptome similarities among groups.
Functional analysis of transcriptomic profiles involved manually selecting Gene
Ontology (GO) biological process terms related to cardiovascular functions. Mean
DESeqg2-normalized gene abundances were calculated per group, and functional
expression vectors were created by filtering genes annotated to each GO term or its
descendants via “is a” relationships. Construction used Gene Ontology OBO v1.2 and
taxon-specific GAF v2.1 files. To compare biological functions, a signed cosine distance
was computed between the groups’ functional expression vectors and reference tissue,
indicating the magnitude and direction of their differences. The signed cosine distance

was calculated using the following formula:
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where Ai and Bi represent the components of the reference and studied vectors,
respectively. The distance metrics were computed using scripts developed in R (version
3.2.3).
3.10. Functional response to hypertrophic and adrenergic signals
AC16 cells, differentiated AC16 cells, H9C2 cells, differentiated H9C2 cells, and
NRCMs were seeded into 6-well plates or 13 mm cover slips in 24-well plates for real-
time polymerase chain reaction (RT-PCR) or cell surface area measurements,
respectively. The cells were treated with 100 nM, 500 nM or 1 uM angiotensin II (ANGII,
#A9525, Sigma, St. Louis, MO, USA) for 24 hours, or 100 nM or 1 uM isoprenaline
(ISOP; #12760, Sigma, St. Louis, MO, USA) for 24 hours to test their functional response
to hypertrophic or adrenergic stimuli. Following treatment, the cells were harvested for
RNA isolation and RT-PCR as described in Section 3.11, or their cell surface area was
measured as described in Section 3.12.
3.11. Real-time polymerase chain reaction
Total RNA isolation, reverse transcription, and RT-PCR were performed as previously
described (89). Briefly, the cells were homogenized in Qiazol (#79306, Qiagen, Hilden,
Germany), and total RNA was isolated using a chloroform/isopropanol precipitation
method. The isolated RNA samples were digested by DNase | (#AM2224, Thermo Fisher
Scientific, Waltham, MA, USA), and then RNA concentrations were determined with
NanoDrop 1000 (Thermo Scientific, Waltham, MA, USA). The reverse transcription
using 2 ug RNA was conducted by High-Capacity cDNA Reverse Transcription Kit
(#4374966, Applied Biosystems, Foster City, CA, USA). The target genes were amplified
using the SYBR® Select Master Mix (#4472920, Thermo Fisher Scientific, Waltham,
MA, USA) using LightCycler® 480 (Roche Molecular Systems, Pleasanton, CA, USA)
with the following protocol: 95 °C for 1 minute, 60 cycles of 95 °C for 10 seconds, and
60 °C for 10 seconds, followed by final cooling to 40 °C for 10 seconds. Rplp0 was used
as a reference gene. The forward and reverse primer sequences are provided in Table 2.

Gene expression differences were calculated by the AACt method.
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Table 2. List of primers used for real-time polymerase chain reaction analysis. Obtained from
Onodi et al (89). Tm: melting temperature; RplpO: ribosomal protein lateral stalk subunit PO; Ctgf:
connective tissue growth factor; Collal: collagen type | alpha 1 chain; Nppb: natriuretic peptide

B; Col3al: collagen type 111 alpha chain.

Gene Species Forward Reverse ﬁ;ﬁggﬁt (1- g])
Rplp0 Rat TTGAAATCCTGAGCGATGTGCAGC GCCATTGTCAAACACCTGCTGGAT 134 64
Rplp0 Human GCGTCCTCGTGGAAGTGACA GCATCTGCTTGGAGCCCACA 184 62
Rplp0 Mouse TCCAGGCTTTGGGCATCA CTTTATCAGCTGCACATCACTCAGA 74 60
Ctgf Rat GCGAGCCAACTGCCTGGTCC GCGTCCGGATGCACTTTTTGCC 194 65
Ctgf Human GGAAGAGAACATTAAGAAGGGCA TCCGGGACAGTTGTAATGGC 256 55
Ctgf Mouse AGCGGTGAGTCCTTCCAAAG TTCCAGTCGGTAGGCAGCTA 222 61
Collal Rat TGGACCTCCGGCTCCTGCTC TCGCACACAGCCGTGCCATT 172 65
Collal Human GTGGACACTACCCTCAAGAGC AGTGGCACATCTTGAGGTCAC 109 60
Collal Mouse TCTCCACTCTTCTAGTTCCT TTGGGTCATTTCCACATGC 226 62
Nppb Rat GACGGGCTGAGGTTGTTTTA ACTGTGGCAAGTTTGTGCTG 195 58
Nppb Human CGCAAAATGGTCCTCTACAC CCGTGGAAATTTTGTGCTC 298 55
Nppb Mouse TTTGGGCTGTAACGCACTGAA TGTGGCAAGTTTGTGCTCCA 219 60
Col3al Rat CTGTCCCGCGGAAGCACTGG ATGTTCTGGGAGGCCCGGCT 178 65
Col3al Human GACAGATGCTGGTGCTGAGAAG TCTGAGGAAGGCCAGCTGTAC 127 61
Col3al Mouse GCTCGAGGCAATGATGGT ACCCTGCAGGTCCAACTTC 118 58

3.12. Cell surface area measurement

Treated cells were fixed with 2% paraformaldehyde in 1x PBS for 5 minutes at room
temperature, followed by permeabilization with 0.2% Triton X-100 diluted in PBS
(#T8787, Sigma, St. Louis, MO, USA) for 10 minutes at room temperature. Slides were
then stained with phalloidin iFluor-594 (#ab176757, Abcam, Cambridge, UK) and DAPI
(#D1306, Thermo Fisher Scientific, Waltham, MA, USA). Images were captured using a
Leica LMD6 microscope (Leica Microsystems, Wetzlar, Germany). The surface area of
80-180 cells from eight independent fields per well was measured blinded using ImageJ
software (version 1.8.0) (91).
3.13. Porcine model of acute myocardial infarction and ischemic conditioning
25-35 kg domestic female pigs were subjected to acute MI and ischemic conditioning
stimuli in a previous study by Baranyai et al., as described previously (56, 92). The
cardioprotective phenotype due to ischemic conditioning was determined by cardiac
MRI, measuring infarct size, myocardial edema, and microvascular obstruction (56).
Here, we collected left ventricular tissue samples that were snap-frozen in liquid nitrogen
and stored at -80 °C until use. The following groups were utilized in the current study
(Figure 4):

1) Sham-operated control group (Sham): a balloon catheter was inserted into the

coronary artery but was not inflated.
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i) Ischemia-reperfusion group (AMI): MI was induced by occluding the LAD
coronary artery for 90 minutes, followed by a 3-hour reperfusion.

iii) Ischemic preconditioning group (IPreC): three cycles of 5-minute I/R were
applied before the 90-minute LAD artery occlusion, followed by a 3-hour
reperfusion.

Iv) Ischemic postconditioning group (IPostC): six cycles of 30-second I/R were
applied at the onset of the 3-hour reperfusion immediately after the 90-minute
LAD occlusion.

V) Ischemic remote perconditioning (RIPerC): four cycles of 5-minute I/R were
induced in the hind limb during the final 40 minutes of the 90-minute LAD
artery occlusion, followed by a 3-hour reperfusion.

ﬂ ' ' | |
30 N 30" 90’ . 3h
r T 0

<

Sham : : . : *
AV — *
Prec. ——HHHE— *
IPostC ———HHI } *
RIPerC : | : | *
HE LAD occlusion B B B 3x5 LAD occlusion vk miRNA HT-PCR

IRRREN 6x30” LAD occlusion B 8 B B 4x5 hind limb ischemia
Figure 4. Treatment protocol of pigs subjected to closed-chest coronary artery

occlusion/reperfusion and various ischemic conditioning protocols. Obtained from Nagy et
al. (92) Sham: sham-operated control; AMI: acute myocardial infarction; IPreC: ischemic

preconditioning; IPostC: ischemic postconditioning; RIPerC,: remote ischemic perconditioning).

3.14. MicroRNA isolation and high-throughput RT-PCR

miRNA was isolated from left ventricular tissue samples using the High Pure miRNA
Isolation Kit (#05080576001, Roche Molecular Systems, Pleasanton, CA, USA)
according to the manufacturer’s protocol. MiRNA quantity was measured by NanoDrop
1000 (Thermo Scientific, Waltham, MA, USA). 1 ug of miRNA was reverse-transcribed
to cDNA by the TagMan™ MicroRNA Reverse Transcription Kit (#4366597, Applied
Biosystems, Foster City, CA, USA). 4 ng of cDNA was used for each reaction with 10
pmol miRNA-specific primers and 1 pL LightCycler 1536 DNA Green Master
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(#05573092001, Roche Molecular Systems, Pleasanton, CA, USA). All primers were
purchased from Bioneer (Daedong, Korea). A total of 220 pig miRNAs were selected
based on miRBase Release 20 (June 2013) (93), and further confirmation of their
myocardial expression by a literature search in PubMed. The following search string was
used for literature search in January 2016: “(pig OR swine OR porcine OR sus) AND
(miRNA OR microRNA OR miR OR (micro AND RNA)) AND (heart OR cardi* OR
myocardi*)”. The LightCycler 1536 System (Roche Life Science, Basel, Switzerland)
was used for performing the high-throughput RT-PCR with the following protocol:
activation at 95 °C for 1 minute, then amplification by 60 cycles of 95 °C for 10 seconds,
and 60 °C for 10 seconds, followed by final cooling to 40 °C for 10 seconds. MiRNA
expression patterns were determined by the AACt method.

3.15. Selection of protectomiR candidates

Differential miRNA expression was identified using criteria of log. fold changes > 0.586
(upregulation) or < -0.586 (downregulation) with p-values < 0.05 by Student’s t-test.
First, miRNAs differentially expressed in IPreC versus AMI were selected, followed by
those altered in IPostC and RIPerC versus AMI. Overlapping miRNAs among all three
cardioprotective conditioning protocols, IPreC, IPostC, and RIPerC, were identified as
protectomiR candidates, assuming their expression changes participate in
cardioprotection. During the in vitro validation experiments, miRNAs upregulated due to
all three conditioning stimuli were modulated by miRNA mimics, while the
downregulated miRNAs were suppressed by antagomiRs, simulating potential protective
interventions.

3.16. Cross-species pig-rat-human microRNA sequence similarity

To determine the sequence orthologues of the selected protectomiR candidates in rats and
humans, we used NCBI RNA BLAST and miRBase database (93). During the in vitro
validation experiments in NRCMs, those protectomiR candidates were screened for
cardiocytoprotection, which showed 100% sequence similarity across all three species.
3.17. MicroRNA transfection of cardiomyocytes

NRCM and AC16 cells were transfected with selected protectomiR candidates as we
previously described (92). Briefly, 25 nM, 50 nM, or 100 nM of Dharmacon miRIDIAN
microRNA Mimics or Hairpin Inhibitors (Horizon Discovery, Waterbeach, UK) were

transfected by DharmaFECT1 transfection reagent (Horizon Discovery, Waterbeach,
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UK) in antibiotic-free growth medium for 10 hours, followed by a 10-hour recovery phase
without miRNA treatment. As a negative control, 50 nM of miRIDIAN microRNA Mimic
(#CN-001000-01-05, Horizon Discovery, Waterbeach, UK) or Hairpin Inhibitor (#IN-
001005-01-05, Horizon Discovery, Waterbeach, UK) Negative Control, a non-targeting
miRNA from Caenorhabditis elegans, was used.

3.18. Simulated ischemia/reperfusion injury

Simulated ischemia/reperfusion (sI/R) injury was performed as we described previously
(89, 92). Briefly, the cells were seeded onto 24-well or 96-well plates. 24 hours after
seeding, the cell culture medium was changed to a hypoxic solution (119 mM NacCl, 5.4
mM KCI, 1.3 mM MgSO4, 1.2 mM NaH2POs, 5 mM HEPES, 0.5 mM MgCl, 0.9 mM
CaCl,, 20 mM Na-lactate and 0.1% BSA, pH 6.4) or a normoxic solution (125 mM NacCl,
5.4 mM KClI, 1.2 mM NaH2POs, 0.5 mM MgClz, 20 mM HEPES, 1.3 mM MgSO4, 1 mM
CaClz, 15 mM glucose, 5 mM taurine, 2.5 mM creatine-monohydrate, and 0.1% BSA, pH
7.4) as a control. To mimic ischemia, the hypoxia-treated cells were placed into a three-
gas incubator in a hypoxic atmosphere (94% N2, 5% CO2, 1% O2), while the control cells
were placed in a standard CO> incubator. The length of the simulated ischemic period
was 6 hours for the NRCM and NMCM cells, and 16 hours for the AC16, H9C2, HL-1
cell lines and hiPSC-CMs, based on our preliminary results and literature, in line with the
recommendation of the European Society of Cardiology (ESC) Working Group Cellular
Biology of the Heart, which suggests that the optimal in vitro setting for cardioprotection
testing requires 50% cell death following I/R injury (58).

3.19. Cell viability measurements

To assess cell viability, the cell culture medium was removed, and the cells were washed
twice with 1x DPBS. The cells were then incubated with 1 uM calcein-AM (#PK-CA707-
80011, PromocCell, Heidelberg, Germany) for 30 min in a dark chamber. The fluorescence
intensity was measured at 490 nm excitation and 520 nm emission using a VarioscanLUX
plate-reader (Thermo Fisher Scientific, Waltham, MA, USA). In AC16 cells, following
mMIRNA transfection experiments, the CellTiter-Glo Luminescent Viability Assay kit
(#G7571, Promega, Madison, WI, USA) was applied according to the manufacturer’s

protocol.
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3.20. MicroRNA target prediction, selection, and functional annotation

The targets of the endogenous sequences or porcine, rat and human miR-450 were
predicted separately by miRNAtarget™  software  (http://mirnatarget.com;
Pharmahungary, Szeged, Hungary) (94-97), that integrates experimentally validated
miRNA-target interactions from miRTarBase (version 9.0) (98), and predicted
interactions from miRDB (version 6.0, with score > 80.0) (99, 100) and TargetScan
(version 8.0) (101) databases. To identify targets expressed in the myocardium, we
analyzed our RNA sequencing data from rat and human samples. We considered a target
to be cardiac-expressed if it was detected in at least two left ventricular samples. The
cardiac expression was shown as transcripts per million (TPM) units. We then identified
the common predicted cardiac targets across all three species. Since target gene symbols
may vary between species, ortholog information from Ensembl (release 111) was used to
match genes across species. GO and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analyses were conducted on all porcine and filtered rat and human targets.
GO enrichment for biological processes was performed using the statistical
overrepresentation test from the PANTHER Classification System (version 18.0) (102)
via the Gene Ontology Consortium website (release 2024-01-17), applying default
settings (103, 104). KEGG pathway enrichment was analyzed using DAVID (Database
for Annotation, Visualization, and Integrated Discovery; Knowledgebase release
v2024q1) (105, 106). We then identified the common GO biological processes and KEGG
pathways across all three species.

3.21. Statistical analysis

All data are displayed as mean + standard error of mean (SEM), except miRNA RT-PCR
data, that is presented as mean + standard deviation (SD), showing log> changes. The
unpaired Student’s t-test was applied to compare two groups. To compare more than two
groups, following testing for normal distribution, one-way analysis of variance (ANOVA)
with Tukey’s or Dunnett’s multiple comparison test or Kruskal-Wallis test with Dunn’s
multiple comparisons test was applied to evaluate cell viability measurements. P-value
<0.05 was considered statistically significant. Statistical analysis was performed using
GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA, USA).
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4. Results

4.1. Systematic comparison of cardiomyocyte models

4.1.1. Transcriptomic profile analysis of cardiomyocyte models

To systematically compare the gene expression profiles of the most commonly used
cardiomyocyte models with their corresponding source tissues, we performed deep RNA
sequencing. We evaluated the transcriptomic similarities between the different cellular
models and adult cardiac tissues by analyzing the number of differentially expressed
genes, conducting PCA, and hierarchical clustering. Our results showed that NRCM,
NMCM, and hiPSC-CM cells exhibited a greater similarity to adult cardiac tissue samples
compared to cell line models, regardless of their differentiation level (Figure 5).
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Figure 5. Transcriptomic analysis of human, rat, and mouse cardiomyocyte models and

Principal component 1

adult cardiac tissue. Whole transcriptome analysis of cellular models and cardiac tissues,
including the number of differentially expressed genes (DEGS), principal component analysis
(PCA), and hierarchical clustering. The plot displays the first two principal components, with dots
colored according to their respective cell or tissue types. N = 3/group individual samples.
Obtained from Onddi et al. (89).

To identify functional differences between cellular models and adult cardiac tissues, we
selected GO terms relevant to cardiac functional parameters investigated in this study.
Using our sequencing data, we calculated the signed cosine distances based on the

differential expression of genes annotated to these GO terms (Figure 6). Our results
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Cardiac developement and

revealed that hiPSC-CMs are more similar to human cardiac tissues compared to
proliferative or differentiated AC16 cells. However, both hiPSC-CMs and AC16 cells
showed low expression of genes related to the inflammatory response. Furthermore,
differentiation of AC16 cells towards a more mature cardiomyocyte did not lead to
significant changes in the expression of functionally relevant genes. H9C2 cells and
NRCMs demonstrated low functional similarity based on our transcriptomic data to rat
myocardium, particularly in striated muscle cell development, inflammatory response,
and skeletal muscle fiber development. In contrast, HL-1 cells and NMCMs showed
greater similarity to murine cardiac tissue; however, genes associated with inflammatory
response, endocardium development, and cardiac muscle cell differentiation exhibited
less similar expression patterns in these models (Figure 6). Taken together, primary cells
and hiPSC-CMs exhibit greater transcriptomic and functional similarity to adult cardiac

tissues than cell line models.
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Figure 6. Radar plot illustrating the similarity of functional expression profiles based on
GO terms between cardiac cell lines or primary cultures and their corresponding adult
cardiac tissues across human, rat, and mouse species. In the radar plots, each concentric ring
corresponds to a change in signed cosine distance, which quantifies the dissimilarity of functional
expression vectors. The outermost ring represents the minimum value (—1.0), while the central

point corresponds to +0.5. Negative and positive signed cosine distances indicate a relative
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decrease or increase, respectively, in the expression of genes associated with the selected Gene
Ontology terms. The reference baseline (zero) for this analysis is the corresponding heart tissue
for each species. N = 3/group individual samples. Obtained from Onddi et al. (89)

4.1.2. Response of cardiomyocyte models to hypertrophic stimuli

Cardiac hypertrophy is a key adaptive response of cardiomyocytes to ischemic stress.
Therefore, studying hypertrophic responses in vitro provides valuable insights into the
underlying mechanism. Cell lines and primary NRCMs were treated with increasing
doses of ANGII (100, 500, 1000 nM) or ISOP (100, 1000 nM) for 24 hours to examine

their response to hypertrophic or adrenergic stimuli. Cell surface area measurements
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Figure 7. Changes in cell surface area and mRNA levels of hypertrophy markers (Nppb,
Ctgf, Collal, and Col3al) following angiotensin Il or isoprenaline treatment. *p<0.05 vs
corresponding control, one-way ANOVA followed by Tukey’s post-hoc test; n=3-9/group
individual samples per condition. Cells were stained with phalloidin (red) and DAPI (blue). Scale

bar: 100 um. Obtained from Onodi et al. (89)

revealed that only NRCMs responded to ANGII and ISOP treatment, while all other
investigated cells showed no significant increase in cell surface area. The mMRNA levels

of widely-used hypertrophy markers Nppb, Ctgf, Collal, or Col3al remained unchanged

Vehicle

ANGII 1uM

ANGII 0.1uM
ISOP 0.1uM

ANGII 0.1uM ANGII 0.5uM

ANGIl 1uM

w ANG"O'SHM
ISOP 0.1pM

>
P
o) ;
=
=

following ANGII or ISOP treatment in all cellular models (Figure 7).
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4.1.3. Response of cardiomyocyte to simulated ischemia/reperfusion injury

sI/R injury is the most widely used experimental model for evaluating cardioprotective
effects of novel drug targets. To compare the hypoxic tolerance of the cellular models
investigated, we subjected primary isolated NRCM and NMCM cell to 6 hours of
simulated ischemia, while cell lines and hiPSC-CMs were treated for 16 hours. In all
experimental groups, the ischemic period was followed by a 2-hour reperfusion, after
which cell viability was assessed. The duration of sI/R was selected in line with the
recommendation of the ESC Working Group Cellular Biology of the Heart, which
suggests aiming for approximately 50% cell death by the end of the protocol (58).

Table 3. Responder ratios of cardiomyocyte models to simulated ischemia/reperfusion
injury. Responder ratio was calculated as a percentage of responder plates/all stimulated plate.
Obtained from Onddi et al. (89)

. . Responder ratio . Responder ratio
| | Il P Il cul
mmortalized cell line 16H2H rimary cell culture 16H2H 6H2R
proliferative 45,5% . o 0
AC16 differentiated 100% hiPSC-CM 83.3% 0%
proliferative 76.9% i 0
HoC2 differentiated 100% NRCM 75%
HL-1 proliferative 17% NMCM - 50%

The responder ratio to sI/R was calculated as the percentage of successful slI/R
experiments in which cell viability significantly decreased based on unpaired Student’s
t-test following sI/R treatment, relative to the total number of experiments performed
using the same cellular model (Table 3). 6 hours of sl significantly reduced cell viability
in primary NRCM and NMCM cell cultures, with responder ratios of 75% and 50%,
respectively (Table 3, Figure 8). The same 6-hour protocol applied to hiPSC-CMs
resulted in a 0% responder ratio; however, extending sl to 16 hours was able to decrease
cell viability in 83.3% of the experiments (Table 3, Figure 8). Immortalized cell lines
demonstrated a greater resistance to sl/R injury. Proliferative AC16 and H9C2 cells
showed responder ratios of 45.5% and 76.9%, respectively (Table 3, Figure 8).
Differentiation of AC16 and H9C2 cells resulted in an increased hypoxic sensitivity, as
evidenced by responder ratios of 100% in both differentiated cell lines (Table 3, Figure
8). By contrast, murine HL-1 cardiomyocytes paradoxically exhibited a modest increase

in cell viability after sI/R, with a responder ratio of only 17%, suggesting they possess
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the greatest resistance to hypoxic stress among all cardiomyocyte models tested (Table 3,

Figure 8).
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Figure 8. Cell viability of cardiomyocytes following simulated ischemia/reperfusion injury.

Cell viability measurement of proliferative or differentiated cell lines and hiPSC-CMs after 16
hours, and primary NRCMs or NMCMs after 6 hours of simulated ischemia and 2 hours of
reperfusion. Data is normalized to normoxic control (considered 100%) and expressed as mean +
SEM; *p<0.05 vs normoxia, Student’s t-test, n=5-8/group independent experiments. Obtained
from Onddi et al. (89)

4.2. ldentification of novel cardioprotective miRNAs, protectomiRs
4.2.1. MicroRNA expression changes in a porcine model of acute myocardial infarction
and ischemic conditioning stimuli

To identify novel cardioprotective miRNAs, we utilized a clinically relevant closed-chest
porcine model of AMI combined with ischemic conditioning, and evaluated the miRNA
expression changes associated with cardioprotection. Domestic pigs were subjected to 90
minutes of LAD coronary artery occlusion, followed by 3 hours of reperfusion to induce
AMI as demonstrated in our previous study (56). This was combined with various
ischemic conditioning protocols, IPreC, IPostC, and RIPerC to induce cardioprotection,
show by the reduction in infarct size, microvascular obstruction or myocardial edema
(56). At the end of reperfusion, the miRNA expression profiles were analyzed from left
ventricular tissue samples across all experimental groups using high-throughput RT-PCR.
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Out of 220 known porcine cardiac miRNAs assayed, the following numbers were
detected in at least one myocardial sample: 186 in Sham, 196 in AMI, 199 in IPreC, 194
in IPostC, and 195 in RIPerC. Eight miRNAs could not be detected in any of the samples,
namely miR-10a-3p, miR-24-2, miR-146a, miR-148a, miR-202-5p, miR-374a, miR-
1277, and miR-1297.

The relative expression levels of 212 miRNAs were quantified across the comparisons of
AMI versus Sham, IPreC versus AMI, IPostC versus AMI, and RIPerC versus AMI.
Figure 9 shows the number of miRNAs that are significantly upregulated or
downregulated, across one or more ischemic conditioning protocols compared to AMI,
based on screening criteria predifined in Section 3.15. In the IPreC group, 29 miRNAs
were significantly upregulated, while 28 were downregulated. 1PostC resulted in 19
upregulated and 35 downregulated miRNAs, whereas RIPerC showed 33 upregulated and
35 downregulated miRNAs. Multiple miRNAs exhibited consistent changes in expression
across various ischemic conditioning protocols, suggesting that these alterations are
linked to cardioprotective effects that are not restricted to a single treatment method

(Figure 9, intersections).

“ IPreC vs AMI

9 miRNAs
6 miRNAs |

3 miRNAs 1 13 miRNAs P
4 miRNAs | 4 miRNAs 1 8 miRNA |
10 miRNAs
7 miRNAs 11 miRNAs

12 miRNAs 5 miRNA 8 miRNAs |
9 miRNAs |,

IPostC vs AMI RIPerC vs AMI
Figure 9. MicroRNA expression profile analysis of left ventricular samples from a porcine

model of acute myocardial infarction and ischemic conditioning stimuli. Number of miRNAs
linked to cardioprotection induced by ischemic preconditioning, postconditioning, and/or remote
perconditioning, based on RT-PCR analysis. The three circles in the Venn diagram correspond to
the miRNA expression profiles of each conditioning protocol compared to the
ischemia/reperfusion (AMI) group. The numbers shown in the outer sections represent miRNAS
uniquely associated with IPreC, IPostC, or RIPerC, while the overlapping areas indicate miRNAS
exhibiting the same expression changes in two conditioning groups. The central overlap includes
miRNAs commonly regulated by all three ischemic conditioning methods. AMI:
ischemia/reperfusion; IPreC: ischemic preconditioning; IPostC: ischemic postconditioning;

RIPerC: remote ischemic perconditioning. Obtained from Nagy et al. (92).
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4.2.2. Selection of protectomiR candidates

miRNAs that were consistently modulated by all three ischemic conditioning protocols
compared to AMI were identified as the most promising candidates for involvement in
cardioprotection. Specifically, four miRNAs, miR-199a-3p, miR-450a, miR-450c-3p,
and miR-451 were upregulated, while ten miRNAs, miR-181a, miR-339, miR-142, miR-
193a-3p, miR-29a, miR-204a, miR-424-3p, miR-127, miR-34a, and miR-105-2 were
downregulated. The detailed expression profiles of these 14 miRNAs across all

comparisons are displayed in Figure 10.
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Figure 10. Analysis of the expression patterns of selected protectomiR candidate
microRNAs associated with cardioprotection induced by ischemic preconditioning,
postconditioning, and remote conditioning. (A) Four microRNAs (miR-199a, miR-450a, miR-
450c-3p, and miR-451) were consistently upregulated across all three conditioning protocols
(IPreC, IPostC, and RIPerC) compared to AMI. (B, C) Ten microRNAs (miR-29a, miR-34a, miR-
105-2, miR-127, miR-142, miR-181a, miR-193a, miR-204a, miR-339a, and miR-424-3p) were

downregulated across the same conditioning groups relative to AMI. N=3/group individual
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samples; technical replicates: n=2. Results are presented as log. fold changes = SD. Expression
changes meeting the screening criteria had log. fold changes > +0.585 (indicated by the dashed
lines) and *p<0.05 vs. Sham or #p<0.05 vs. AMI by Student’s t-test. Sham: sham-operated
control; AMI: ischemia/reperfusion; IPreC: ischemic preconditioning; IPostC: ischemic
postconditioning; RIPerC: remote ischemic perconditioning. Obtained from Nagy et al. (92)

Based on whether their expression was increased or decreased, the protectomiR
candidates were divided into two groups. Those miRNAs that were upregulated are
considered protectomiRs when mimicked, while those that were downregulated are

considered protectomiRs when inhibited by antagomiRs (Figure 11).

Endogenous cardioprotective Selection of protectomiR mimic
miRNA expression or antagomiR candidates

Upregulated
in IPreC, IPostC and RIPerC

(vs. AMI) - ProtectomiR
mimic

miR-199a-3p, miR-451, miR-

450a, miR-450c-3p

Downregulated
in IPreC, IPostC and RIPerC :
(vs. AMI) ‘ ProtectomiR
antagomiR
miR-181a, miR-339, miR-142,
miR-193a-3p, miR-29a, miR-424-

3p, miR-127, miR-34a, miR204a,
miR-105-2

Figure 11. Selection of modulation strategies, using either protectomiR mimics or

antagomiRs, based on the direction of miRNA expression changes observed after ischemic

conditioning. Obtained from Nagy et al. (92)

4.2.3. Cross-species pig-rat-human miRNA sequence similarity assessment

We conducted in vitro validation in NRCM and AC16 cells; thus, we wanted to assess
the sequence similarity of the protectomiR candidates to ensure that the selected miRNAs
are relevant across species. Using the NCBI RNA Blast tool in conjunction with the
miRBase database, we identified orthologous miRNAs of the investigated porcine
sequences in rat and human species (Table 4). Of the 14 selected porcine miRNAs, 12
exhibited both rat and human orthologs with 100% sequence identity. However, the rat
orthologue of miR-105-2 demonstrated less than 60% sequence similarity. Additionally,
no rat orthologue was identified for miR-424-3p. Consequently, miR-105-2 and miR-

424-3p were excluded from the validation experiments conducted in rat cardiomyocytes.
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Table 4. Cross-species pig-rat-human miRNA orthologues. The first, second and third

columns lists the name of the porcine, rat and human protectomiR candidates, respectively. The

last two columns show the sequence similarity matching, and the sequence similarity ratios.
Obtained from Nagy et al. (92)

Pig miRNA

Rat miRNA

Human miRNA

Pig-Rat-Human (ssc-rno-hsa) cross-species

miRNA sequence matching

Sequence
similarity ratio

ssc-miR-181a

rno-miR-181a-5p

hsa-miR-181a-5p

ssc-miR:

rno-miR:

hsa-miR:

.acauucaacgcugucggugaguu

aacauucaacgcugucggugagu-

aacauucaacgcugucggugagu-

100%

ssc-miR-339

rno-miR-339-5p

hsa-miR-339-5p

ssc-miR:

rno-miR:

hsa-miR

ucccuguccuccaggageuca--

ucccuguccuccaggagcuca--

: ucccuguccuccaggagecucacg

100%

ssc-miR-142

rno-miR-142-5p

hsa-miR-142-5p

ssc-miR:

rno-miR:

hsa-miR:

Cauaaaguagaaagcacuacu

cauaaaguagaaagcacuacu

cauaaaguagaaagcacuacu

100%

miR-193a-3p

rno-miR-193a-3p

hsa-miR-193a-3p

ssc-miR:

rno-miR

hsa-miR:

aacuggccuacaaagucccagu

: aacuggccuacaaagucccagu

aacuggccuacaaagucccagu

100%

ssc-miR-29a

rno-miR-29a-3p

hsa-miR-29a-3p

ssc-miR:

rno-miR:

hsa-miR:

cuagcaccaucugaaaucgguua

cuagcaccaucugaaaucgguua

-uagcaccaucugaaaucgguua

100%

ssc-miR-127

rno-miR-127-3p

hsa-miR-127-3p

ssc-miR:

rno-miR:

hsa-miR:

ucggauccgucugagcuuggcu

ucggauccgucugagcuuggcu

ucggauccgucugagcuuggeu

100%

ssc-miR-424-3p

no rat orthologue
miRNA

hsa-miR-424-3p

ssc-miR:

rno-miR:
hsa-miR:

caaaacgugaggcgcugcuau

caaaacgugaggcgcugcuau

porcine-human:
100%

ssc-miR-34a

rno-miR-34a-5p

hsa-miR-34a-5p

ssc-miR:

rno-miR:

hsa-miR:

uggcagugucuuagcugguugu

uggcagugucuuagcugguugu

uggcagugucuuagcugguugu

100%

ssc-miR-204a

rno-miR-204-5p

hsa-miR-204-5p

ssc-miR:

rno-miR:

hsa-miR:

uucccuuugucauccuaugccu

uucccuuugucauccuaugccu

uucccuuugucauccuaugecu

100%
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ssc-miR-105-2 rno-miR-105 has-miR-105-5p ssc-miR: ucaaaugcucagacuccuug--- porcine-rat:

=R === 1= < 60%
rno-miR: -caagugcucagaugucuguggu porcine-human:
hsa-miR: ucaaaugcucagacuccuguggu 90%
ssc-miR-199a-3p rno-miR-199a-3p hsa-miR-199a-3p ssc-miR: acaguagucugcacauugguua 100%
ARRARRRRRRARRARRANINY
rno-miR: acaguagucugcacauugguua
ARRARRRRRRARRARRAINY
hsa-miR: acaguagucugcacauugguua
ssc-miR-451 rno-miR-451-5p hsa-miR-451a ssc-miR: aaaccguuaccauuacugaguu 100%
ARRRRRRRRRAR A
rno-miR: aaaccguuaccauuacugaguu
ARRRRRRRRRARRA
hsa-miR: aaaccguuaccauuacugaguu
miR-450a rno-miR-450b-5p hsa-miR-450a-5p ssc-miR: uuuugcgauguguuccuaaua- 100%
ARRRRRRARRARAmn
rno-miR: uuuugcgauguguuccuaaua-
ARRRRRRRRRARRAn
hsa-miR: uuuugcgauguguuccuaauau
miR-450c-3p rno-miR-450a-3p  hsa-miR-450a-1-3p  ssc-miR: -auugggaacauuuugcauucgu 100%

rno-miR: uauugggaacauuuugcauaa-

hsa-miR: -auugggaacauuuugcauguau

4.2.4. Cardioprotective effect of protectomiRs in neonatal rat cardiomyocytes and AC16

cells following simulated ischemia/reperfusion
To assess the cardiocytoprotective effects of the protectomiR candidates, NRCMs were
transfected with either miRNA mimics or antagomiRs at 25, 50, or 100 nM concentration,
and then subjected to sI/R injury, followed by cell viability measurement. Transfection
with two protectomiR mimics at 25 nM, rno-miR-450a-3p and rno-miR-451-5p,
significantly improved cardiomyocyte survival following sI/R (93.71 + 3.47% and 84.84
+2.61%, respectively) compared to cells transfected with a negative control mimic under
the same sI/R conditions (Figure 12). In contrast, transfection with other miRNA mimics
(rno-miR-199a-3p and rno-miR-450b-5p) or antagomiRs targeting rno-miR-29a-3p, rno-
miR-34a-5p, rno-miR-127-3p, rno-miR-142-5p, rno-miR-181a-5p, rno-miR-193a-3p,
rno-miR-204-5p, and rno-miR-339-5p did not result in a significant increase in cell
viability after sI/R (Figure 12 and 13). Notably, the antagomiRs of rno-miR-29a-3p, rno-
miR-34a-5p, rno-miR-127-3p, and rno-miR-142-5p, as well as the rno-miR-450b-5p
mimic, appeared to exacerbate sl/R-induced injury at 50 or 100 nM concentrations
(Figure 12 and 13).
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Figure 12. Effect of protectomiR mimics on
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cell survival

following simulated

ischemia/reperfusion in primary neonatal rat cardiomyocytes. Cell viability is presented as a

percentage relative to the normoxic group transfected with negative control mimic. Transfection

with (A) miR-451-5p and (B) miR-450a-3p mimics significantly improved cardiomyocyte
survival. (C) miR-450b-5p mimic transfection exhibited a harmful effect, while (D) miR-199a-

3p mimic had no significant impact on cell viability after sI/R injury. N=6 for miR-451-5p and
miR-450b-5p, N=5 for miR-450a-3p, and N=4 for miR-199a-3p per treatment group, technical
replicates n=6-12, values are mean = SEM, *p < 0.05 vs. N+NC, #p < 0.05 vs. SI+NC one-way

ANOVA with Dunnett’s post-hoc test or Kruskal-Wallis test with Dunn’s post-hoc test. N:

normoxia, Sl: simulated ischemia, NC: negative control (92).
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Figure 13. Effect of protectomiR antagomiRs on cell survival following simulated

ischemia/reperfusion in primary neonatal rat cardiomyocytes. Cell viability is presented as a

percentage relative to the normoxic group transfected with negative control antagomiR.
Transfection with antagomiRs targeting (A) miR-29a-3p, (B) miR-34a-5p, (C) miR-127-3p, and
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(D) miR-142-5p resulted in cell viability reduction. In contrast, antagomiRs against (E) miR-
181a-5p, (F) miR-193a-3p, (G) miR-204-3p, and (H) miR-339-5p had no significant impact on
cardiomyocyte viability after sI/R. N=6 for miR-29a-3p, miR-127-3p, miR-142-5p, miR-181a-
5p, and miR-339-5p; N=5 for miR-34a-5p and miR-204-3p; and N=4 for miR-193a-3p per
treatment group, with 6-12 technical replicates, values are mean + SEM, *p < 0.05 vs. N+NC,
#p < 0.05 vs. SI+NC, one-way ANOVA with Dunnett’s post-hoc test or Kruskal-Wallis test with
Dunn’s post-hoc test. N: normoxia, SI: simulated ischemia, NC: negative control (92).

To further confirm the cardiocytoprotective effects of miR-450a and miR-451 mimics,
we transfected the human cardiomyocyte cell line AC16 at 25, 50, and 100 nM and
subjected them to sI/R, followed by assessing cell viability. Consistent with our findings
in NRCMs, transfection with the miR-450a mimic at 25 nM significantly enhanced AC16
cell survival following sI/R injury compared to cells transfected with a negative control
miRNA, showing 87.10 + 5.03% viability. In contrast, miR-451 mimic transfection did
not alleviate sI/R-induced cell death in AC16 cells (Figure 14).
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Figure 14. Effect of miR-450a-3p and miR-451-5p protectomiR mimics on cell survival
following simulated ischemia/reperfusion in AC16 cardiomyocytes. Cell viability is presented
as a percentage relative to the normoxic group transfected with negative control mimic. (A)
Transfection with miR-450a-3p at 25 nM significantly enhanced cell survival following 16 hours
of ischemia and 2 hours of reperfusion. (B) In contrast, miR-451-5p mimic did not show
cardiocytoprotective effects under the same conditions. N=6 per treatment group, with 6-12
technical replicates, values are mean + SEM, *p < 0.05 vs. N+NC, #p < 0.05 vs. SI+NC, one-way
ANOVA with Dunnett’s post-hoc test or Kruskal-Wallis test with Dunn’s post-hoc test. N:

normoxia, Sl: simulated ischemia, NC: negative control (92).

4.2.5. Functional analysis of miR-450a target genes
To uncover the potential molecular mechanisms underlying the cardioprotective effects

of miR-4504a, a target prediction of endogenous miR-450a across pigs, rats, and humans
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was conducted. We then assessed the functional relevance of these targets in cardiac

tissue using GO and KEGG pathway enrichment analyses.
Our predictions identified 3987, 4279, and 8328 mRNA targets of miR-450a in pigs, rats,

and humans, respectively. Based on our RNA sequencing data from rat and human left

ventricular samples, we filtered these predictions to include only genes expressed in the

myocardium, resulting in 2682 rat and 6099 human cardiac-expressed target genes. We

identified 607 common predicted target genes of miR-450a in pigs, rats, and humans. The

top 50 genes were selected from this common set based on their target prediction strength

score in humans and are presented in Table 5.

Table 5. Top 50 predicted target genes of miR-450a across pigs, rats, and humans, ranked

by TargetScan strength in humans. Obtained from Nagy et al. (92)

Target _ Pig _ . Rat . . Human
Symbol mirdb targetscan | mirtarbase mirdb targetscan | mirtarbase mirdb targetscan | mirtarbase
strength strength strength strength strength strength strength strength strength
SMAD2 0.000 -0.767 0 0.000 -0.552 0 84.927 -12.588 0
VPS35 0.000 -0.667 0 0.000 -0.220 0 0.000 -4.929 0
PPM1L 0.000 -4.051 0 0.000 -2.658 0 86.291 -4.574 1
AP1M1 0.000 -0.476 0 0.000 -0.245 0 0.000 -4.207 0
TNRC6A 0.000 -0.456 0 0.000 -0.488 0 0.000 -4.188 0
AAK1 0.000 -1.032 0 0.000 -1.856 0 89.394 -4.185 0
DNAJC10 0.000 -0.539 0 0.000 -0.670 0 0.000 -4.080 1
RNF169 0.000 -2.258 0 0.000 -0.224 0 0.000 -4.070 0
RPS6KA5 0.000 -0.585 0 0.000 -0.842 0 0.000 -3.974 0
HS2ST1 0.000 -0.590 0 0.000 -0.424 0 0.000 -3.940 0
CIITA 0.000 -1.407 0 0.000 -0.606 0 0.000 -3.521 0
MTHFD2 0.000 -0.549 0 0.000 -0.694 0 86.302 -3.495 0
GNL3L 0.000 -0.207 0 0.000 -0.202 0 0.000 -3.433 1
RGMA 0.000 -0.365 0 0.000 -0.785 0 0.000 -3.418 0
GPC6 0.000 -1.071 0 0.000 -1.227 0 98.925 -3.415 0
ZBTB25 0.000 -0.533 0 0.000 -0.524 0 0.000 -3.388 0
FAM78B 0.000 -0.569 0 0.000 -2.708 0 0.000 -3.357 0
MED28 0.000 -0.690 0 0.000 -0.233 0 0.000 -3.316 1
CBX5 0.000 -2.626 0 0.000 -0.527 0 0.000 -3.300 0
EIF5A2 0.000 -0.599 0 0.000 -0.823 0 0.000 -3.290 0
DCTN5 0.000 -0.710 0 0.000 -1.394 0 0.000 -3.277 0
KIAA1958 0.000 -0.577 0 0.000 -1.033 0 0.000 -3.257 0
PDK3 0.000 -0.970 0 0.000 -0.724 0 0.000 -3.235 0
ATE1 0.000 -1.741 0 0.000 -0.226 0 0.000 -3.232 0
GULP1 0.000 -1.960 0 0.000 -0.592 0 80.527 -3.219 0
GGCX 0.000 -0.377 0 0.000 -0.237 0 0.000 -3.148 1
CEP57L1 0.000 -0.532 0 0.000 -0.615 0 0.000 -3.136 0
TNPO1 0.000 -0.273 0 0.000 -0.697 0 0.000 -3.113 0
DAPK2 0.000 -0.443 0 0.000 -0.502 0 0.000 -3.026 0
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DGKH 0.000 -1.005 0 0.000 -0.345 0 92.304 -3.000 0
PAIP2B 0.000 -2.599 0 0.000 -1.410 0 0.000 -2.941 0
APBB2 0.000 -0.793 0 0.000 -1.272 0 0.000 -2.918 0
GPATCH2 0.000 -2.269 0 0.000 -1.153 0 85.990 -2.868 0
NABP1 0.000 -1.054 0 0.000 -0.568 0 0.000 -2.837 0
CPPED1 0.000 -0.988 0 0.000 -0.849 0 0.000 -2.748 0
DBT 0.000 -0.444 0 0.000 -2.082 0 0.000 -2.708 0
SNX19 0.000 -1.444 0 0.000 -0.843 0 0.000 -2.665 0
CHN2 0.000 -0.928 0 0.000 -0.614 0 0.000 -2.657 0
EXOSC2 0.000 -0.512 0 0.000 -0.755 0 0.000 -2.610 0
SPRTN 0.000 -2.332 0 0.000 -0.207 0 90.994 -2.575 0
RRM2B 0.000 -1.286 0 0.000 -1.228 0 0.000 -2.538 0
CCDC50 0.000 -1.158 0 0.000 -0.210 0 0.000 -2.490 0
NFIC 0.000 -0.610 0 0.000 -0.682 0 0.000 -2.485 0
PAQR3 0.000 -0.526 0 0.000 -0.724 0 0.000 -2.473 0
CHD9 0.000 -0.615 0 0.000 -0.636 0 90.685 -2.473 0
ARHGEF18 0.000 -1.034 0 0.000 -0.522 0 80.171 -2.472 0
SOD2 0.000 -1.225 0 0.000 -0.457 0 0.000 -2.472 0
TOR1AIP2 0.000 -0.472 0 0.000 -0.975 0 0.000 -2.440 1
ORAI2 0.000 -0.594 0 0.000 -2.019 0 0.000 -2.433 0
CADM1 0.000 -1.068 0 0.000 -2.634 0 0.000 -2.425 0

Subsequent GO enrichment analysis of the predicted cardiac targets of miR-450a in each

species revealed 829 significantly enriched terms in pigs, 1161 in rats, and 1023 in

humans. Among these, 421 GO terms were shared across all three species and were

ranked according to their fold enrichment values in humans. The top 50 of these shared

GO terms are listed in Table 6, with the complete dataset available in our published work

(92). KEGG pathway analysis identified 56, 55, and 56 significantly enriched pathways

in pigs, rats, and humans, respectively, with 13 pathways common across all species
(Table 7).

Table 6. Top 50 of the shared, significantly enriched GO terms across pigs, rats, and

humans, ranked by their fold enrichment values in humans. Obtained from Nagy et al. (92)

FDR: false discovery rate, GO: gene ontology.

Fold Fold Fold
GO biological process enrichment FDR enrichment FDR enrichment FDR
(Pig) (Pig) (Rat) (Rat) (Human) (Human)
regulation of alternative mRNA
splicing, via spliceosome 2.28 0.009 2.17 0.045 1.88 0.002
(G0:0000381)
regulation of stress fiber assembly
(GO:0051492) 1.81 0.047 1.98 0.029 1.81 0.000
regulation of actomyosin structure
organization (GO:0110020) L7 0.045 2.04 0.009 18 0.000
nuclear envelope organization
(GO:0006998) 2.13 0.026 242 0.029 1.72 0.014
vesicle localization (GO:0051648) 1.69 0.023 2.23 0.000 1.71 0.000
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negative regulation of translation

(G0:0017148) 1.72 0.045 2.19 0.001 1.7 0.000
regulation of translational initiation

(G0:0006446) 1.93 0.037 2.6 0.001 1.67 0.003
negative regulation of amide

metabolic process (GO:0034249) 1.93 0.001 2.08 0.001 1.67 0.000
regulation of MRNA splicing, via

spliceosome (GO:0048024) 2.15 0.000 2.49 0.000 1.67 0.000
cytoskeleton-dependent intracellular

transport (GO:0030705) 1.62 0.019 1.82 0.005 1.66 0.000
protein-containing complex

localization (GO:0031503) 169 0.014 192 0.001 165 0.000
establishment of vesicle localization

(GO:0051650) 1.69 0.031 2.29 0.000 1.65 0.000
protein import into nucleus

(GO:0006606) 1.78 0.018 217 0.001 1.64 0.001
nuclear transport (GO:0051169) 1.61 0.004 1.78 0.001 1.63 0.000
nucleocytoplasmic transport

(GO:0006913) 1.62 0.003 18 0.001 1.62 0.000
import into nucleus (GO:0051170) 1.82 0.010 2.14 0.001 1.62 0.001
nucleobase-containing compound

transport (GO:0015931) 1.78 0.000 1.71 0.014 1.61 0.000
peptidyl-serine phosphorylation

(G0:0018105) 1.84 0.009 232 0.001 1.61 0.000
regulation of RNA splicing

(G0:0043484) 2.03 0.000 2.24 0.000 1.61 0.000
regulation of MRNA processing

(G0:0050684) 2.06 0.000 241 0.000 1.59 0.001
vesicle-mediated transport in synapse

(G0:0099003) 1.75 0.007 2.27 0.000 1.59 0.000
synaptic vesicle cycle (GO:0099504) 1.78 0.008 2.23 0.000 1.58 0.000
Golgi vesicle transport (GO:0048193) 1.63 0.001 1.72 0.002 1.57 0.000
mMRNA processing (GO:0006397) 1.57 0.000 1.94 0.000 1.56 0.000
regulation of translation

(G0:0006417) 1.63 0.000 1.81 0.000 1.56 0.000
MRNA metabolic process

(G0:0016071) 1.56 0.000 1.86 0.000 1.56 0.000
peptidyl-serine modification

(G0:0018209) 1.79 0.008 232 0.001 1.56 0.000
positive regulation of type | interferon

production (GO:0032481) 1.87 0.040 211 0.027 1.55 0.046
regulation of RNA stability

(G0:0043487) 1.76 0.003 1.65 0.042 1.55 0.000
regulation of amide metabolic process

(G0:0034248) 1.77 0.000 1.85 0.000 1.54 0.000
vesicle fusion (GO:0006906) 1.79 0.045 2.26 0.004 1.53 0.018
post-transcriptional regulation of gene

expression (GO:0010608) 1.61 0.000 1.77 0.000 1.53 0.000
protein-containing complex

disassembly (GO:0032984) 1.63 0.038 1.97 0.003 1.53 0.002
regulation of MRNA catabolic

process (GO:0061013) 1.82 0.000 1.64 0.046 1.53 0.000
protein localization to plasma

membrane (GO:0072659) 1.62 0.009 212 0.000 1.53 0.000
regulation of cellular response to

stress (GO:0080135) 1.54 0.000 1.47 0.007 1.53 0.000
organelle membrane fusion

(G0:0090174) 1.82 0.034 221 0.005 1.53 0.015
intracellular protein transport

(GO:0006886) 1.6 0.000 2 0.000 1.52 0.000
cell-matrix adhesion (GO:0007160) 1.82 0.006 1.95 0.009 1.52 0.003
intracellular receptor signaling 155 0.047 187 0.003 152 0.000

pathway (G0:0030522)
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protein localization to nucleus

(GO:0034504) 1.69 0.005 2.02 0.000 1.52 0.000
developmental cell growth

(GO:0048588) 1.79 0.045 1.98 0.005 1.52 0.013
regulation of MRNA metabolic

process (GO:1903311) 1.81 0.000 1.94 0.000 1.52 0.000
cell-substrate adhesion (GO:0031589) 1.62 0.014 1.94 0.001 151 0.000
phosphatidylinositol metabolic

process (GO:0046488) 1.66 0.010 2.01 0.001 151 0.002
intracellular transport (GO:0046907) 1.57 0.000 1.93 0.000 151 0.000
positive regulation of MRNA

metabolic process (GO:1903313) 1.86 0.006 1.93 0.012 151 0.005
protein localization to cell periphery

(GO:1990778) 1.64 0.002 1.96 0.000 1.51 0.000
regulation of small GTPase mediated

signal transduction (GO:0051056) 149 0.041 2.2 0.000 15 0.000
vacuole organization (GO:0007033) 1.62 0.012 1.7 0.030 1.49 0.000

Table 7. Shared, significantly enriched KEGG pathways across pigs, rats, and humans,

ranked by their Fold enrichment values in humans. Obtained from Nagy et al. (92) FDR: false

discovery rate.

Fold Fold Fold
KEGG Terms Enrichment ?PDIR) Enrichment (FR?; Enrichment (H'il?nzn)
(Pig) 9 (Rat) (Human)
Adherens junction 1.820 0.017 2.018 0.010 1.536 0.022
Phosphatidylinositol 1.726 0.023 2,018 0.010 1.505 0.022
signaling system
EGFR tyrosine kinase 1.831 0.023 2.182 0.009 1.494 0.034
inhibitor resistance
Proteoglycans in cancer 1.464 0.023 1.760 0.003 1.424 0.002
Focal adhesion 1.402 0.043 1.878 0.001 1.408 0.004
Autophagy - animal 1.507 0.026 1.667 0.015 1.374 0.022
Sphingolipid signaling 1.631 0.023 1.807 0.015 1.360 0.046
pathway
Hepatitis B 1.584 0.017 2.030 0.001 1.342 0.033
mTOR signaling 1.452 0.046 1.777 0.010 1.314 0.045
pathway
Axon guidance 1.482 0.025 1.551 0.034 1.280 0.048
Pathways in cancer 1.408 0.001 1.396 0.008 1.275 0.001
Regulation of actin 1.485 0.017 1.784 0.001 1.248 0.047
cytoskeleton
PISK-Akt signaling 1.296 0.041 1.626 0.001 1.237 0.023
pathway
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5. Discussion

This doctoral thesis primarily focuses on the research area that supports the development
of preclinical experimental cell-based models, thereby providing an opportunity to raise
the standard of preclinical drug development. Drug development for the treatment of
ischemic heart disease has long been a major area of interest for our research group, and
this work represents an important milestone in this line of research.

In this thesis, we aimed to systematically compare commonly used cardiomyocyte models
and identify novel protectomiRs in a clinically relevant porcine model of acute MI
combined with ischemic conditioning. We demonstrated that immortalized cardiac cell
lines (human AC16, murine HL-1, rat H9C2) differ considerably from their original
tissues or primary cardiomyocytes. Differentiation of HOC2 and AC16 cells induced only
moderate changes, with some cardiac markers increasing, but skeletal muscle traits also
becoming more prominent. Both proliferative and differentiated cell lines failed to
respond to short-term hypertrophic or ischemic stimuli, indicating their limited relevance
to in vivo conditions. Using a closed-chest porcine model of acute M1, we identified 14
miRNAs consistently regulated by different cardioprotective ischemic conditioning
protocols. Among these, miR-450a mimic showed a direct cardioprotective effect in vitro
in NRCMs and AC16 cells. This is the first evidence linking miR-450a to ischemic
conditioning-induced cardioprotection in a clinically relevant large animal model,
highlighting its potential as a therapeutic candidate.

5.1. Comparison of cardiomyocyte models

Animal models are frequently used in drug screening and disease modeling, but they raise
ethical concerns and involve high costs. Consequently, alternative methods such as
computational modeling, cell-based platforms and advanced 3D cell culture models are
increasingly favored for high-throughput screening and assessing drug safety during the
preclinical phase of drug development as supported by the recently approved
Modernization Act 2.0 by the US Food and Drug Administration (107). The
implementation of these alternatives aligns with the 3R principles (Replacement,
Reduction, Refinement) (108). Immortalized cardiac cell lines, primary isolated
cardiomyocytes, and stem cell-derived cardiomyocytes, particularly of human origin, are
emerging as valuable substitutes for animal models. However, it is important to note that

results observed in vitro do not always replicate in vivo; for example, some
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cardioprotective drugs and targets effective in cell studies have not shown benefits in
animal or clinical models (109-112). Therefore, a thorough understanding of both the
advantages and limitations of cardiac cell lines is essential.

5.1.1. Transcriptomic profiles of cardiomyocyte models

To date, only a limited number of studies have provided detailed analyses of the key
characteristics and gene expression profiles of cell lines and primary isolated
cardiomyocytes. Through comparative transcriptomic analysis, we revealed that
immortalized cardiac cell lines differ fundamentally in their cardiac and metabolic
profiles from both the original tissue and primary cell cultures. These gene expression
changes can significantly influence the results of in vitro studies using these cell lines.
For the murine HL-1 and human AC16 cells, no analyses have been conducted that
compare their gene expression profiles to cardiac tissue. The detailed genetic and
molecular characterization of the widely used cardiomyocyte cell line H9C2 was
published only recently. This study showed that undifferentiated H9C2 cells retain key
cardiac features, demonstrated by the expression of several myosin genes and other
cardiomyocyte-specific markers. However, the expression of natriuretic peptides, which
are abundant markers in mature cardiomyocytes, is absent in H9C2 cells, potentially
limiting their use in studies focused on heart failure or hypertrophy (113). H9C2 cells
were also shown to have a different pattern of equilibrative nucleoside transporter
expression compared to cardiomyocytes, which limits their suitability for drug screening
in adenosine pharmacology (114). Our findings highlight the necessity of thoroughly
characterizing each cell line before employing it as an in vitro cardiomyocyte model.
5.1.2. Impact of cell line differentiation on cellular characteristics

A major finding of our study is that differentiation of H9C2 and AC16 cells using all-
trans retinoic acid protocols significantly alters their gene expression profiles; however,
the differentiated cells continue to present a distinct gene expression pattern from primary
cardiac cells and adult heart tissue. Additionally, differentiation extends the culture period
by at least one week, and limited data is available on the functional properties of these
cells. Previous reports revealed that differentiation of H9C2 cells induces an increased
expression of cardiac-specific markers and signaling pathways, and results in metabolic
remodeling (64, 65). On the other hand, we confirmed that differentiated H9C2 cells

acquire skeletal muscle-like features, consistently with previous observations (115). In
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addition, multiple studies concluded that differentiation of H9C2 cells may occur in only
a subset of cells, resulting in a heterogeneous cell population, which suggests that careful
consideration is required when using this experimental model (116, 117). In our study,
the differentiation of AC16 cells showed a minimal enhancement of cardiac-specific gene
expression. However, a proteomic analysis of differentiated AC16 cells, conducted after
the publication of our study, revealed the expression of several cardiac-specific markers
and transcription factors, as well as non-cardiac-specific myosin proteins, in the
differentiated cells (118). Taken together, differentiation protocols only partially induce
cardiac-like gene expression in H9C2 and AC16 cells, their reliability is limited as
accurate models for cardiac research.

5.1.3. Ischemic tolerance of cardiomyocyte models

Only a few studies have examined the hypoxic sensitivity of various cell lines in detail.
These investigations have identified significant differences between cell lines and
primary cultures, particularly regarding their metabolism and mitochondrial function,
which may explain the wide variation in hypoxic sensitivity observed in our slI/R
experiments. Genes involved in key molecular pathways related to hypoxia, such as
oxidative phosphorylation, HIF-1 signaling, and mitochondrial respiration, were shown
to be consistently expressed in HIC2 cells and in an MI rat model (119). Similarly,
hypoxia induces changes in the expression of genes encoding calcium ion channels,
mitochondrial function, and key signaling pathways in proliferative AC16 cells (120). In
this study, we used different ischemic period lengths for primary cells and cell lines
according to the recommendation of the ESC Working Group Cellular Biology of the
Heart to make them comparable (58). Our results showed that the responder ratio of H9C2
and AC16 cells to sI/R was moderate but comparable to that of primary cardiomyocytes,
suggesting that these cell lines are suitable models for I/R injury. Differentiation further
increased the hypoxic sensitivity of AC16 and H9C2 cells in our study; however, another
study reported that AC16 cells become less responsive to hypoxia following
differentiation (118). Consistent with our findings, H9C2 cells have been shown to exhibit
greater sensitivity to hypoxia than HL-1 cells, along with higher mitochondrial function
(63). HL-1 cells are derived from atrial cardiomyocytes, which contain fewer
mitochondria with irregular distribution, lower oxidative activity, and reduced ATP

synthesis compared to ventricular cardiomyocytes (121-124). These results suggest that
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the HL-1 line may not serve as an ideal cellular model for I/R injury. In contrast, NRCMs
demonstrate mitochondrial reorganization and sarcolemmal changes after a short period
of ischemia, closely mirroring in vivo observations (125). Additionally, NRCMs display
a stable phenotype and contractile function during H/R comparable to in situ hearts during
I/R, making them a suitable model for I/R injury (126).

5.1.4. Response of cardiomyocytes to hypertrophic stimuli

The ability of cardiomyocyte cultures to respond to hypertrophic and other damaging
stimuli is a critical characteristic, especially when these models are used for drug
screening. In our study, cardiac cell lines showed no definitive response to hypertrophic
stimuli, as indicated by measurements of various markers and cell surface area following
angiotensin Il and isoprenaline treatment. These findings are in contrast with earlier
studies using similar concentrations and durations (127, 128). However, the literature is
inconsistent, with some reports failing to detect increases in cell size or hypertrophy-
related gene expression under comparable conditions (129, 130). Notably, higher doses
(above 1 uM) and longer exposure times (48 hours) have also been utilized to achieve
hypertrophic responses (131-133). This suggests that methodological variations, such as
treatment dosage, duration, and the choice of endpoints, can influence the hypertrophic
responsiveness of both cell lines and primary cultures. Given the considerable variability
and lack of standardized protocols in the field, it is recommended to conduct experiments
with sufficiently large sample sizes, multiple endpoints, and to validate cellular findings
in complementary animal models.

5.1.5. Characteristics of hiPSC-derived cardiomyocytes

This study highlights that commonly used cell lines poorly represent adult heart biology
in most aspects. Among the tested models, hiPSC-CMs are the closest to myocardial gene
expression; however, they are still not widely used in the literature. Despite commercial
availability, challenges such as diverse cell origins, variable differentiation protocols, and
the immature phenotype of hiPSC-CMs limit the accurate modeling of mature heart tissue
and in vivo translation (69, 134-136). Our transcriptomic analysis showed that hiPSC-
CMs exhibited greater similarity to adult cardiac tissue and primary cells, even without
additional maturation, in line with previous data (137). However, their metabolic
immaturity was evident in our sI/R experiments, where hiPSC-CMs showed increased

resistance to hypoxia compared to primary cardiomyocytes, likely due to a higher
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glycolysis rate compared to adult cardiomyocytes (138). Previous works suggest that with
further differentiation can improve the metabolic maturity of hiPSC-CMs (139-142). This
suggests that hiPSC-CMs represent a valuable tool for cardiac disease modeling and drug
screening, although additional refinement may be required.

5.2. Identification and selection of protectomiR candidates

To identify miRNAs involved in cardioprotection, protectomiRs, we compared the
miRNA expression profiles in cardiac tissue subjected to ischemic conditioning versus
I/R injury in a porcine MI model. Porcine MI models are valuable for translational
research to validate therapies before conducting clinical studies since their cardiac
anatomy, hemodynamics, and the timing and progression of MI closely resemble those
of humans (6, 143). Although the pig genome is less well annotated than those of humans
or mice, high-throughput omics tools are available for pigs (144). Our porcine model
showed that IPreC reduced IS, while IPostC and RIPerC alleviated microvascular
obstruction and edema (56). Building on previous findings from a rat model (84), we
analyzed 220 known pig miRNAs, using an unbiased high-throughput method. Consistent
with earlier reports, miR-29b and miR-199a expression changed significantly (145, 146).
However, miR-133a and miR-146b levels were not changed, in contrast to a previous
study, likely due to the differences in experimental protocols (145). By focusing on
miRNAs linked to reduced myocardial injury after ischemic preconditioning and also
involved in vascular protection during post- and remote conditioning, we narrowed down
14 protectomiR candidates. These included mimics of miR-199a, miR-450a, miR-450c,
and miR-451, and antagomiRs targeting miR-29a, miR-34a, miR-105-2, miR-127, miR-
142, miR-181a, miR-193a, miR-204a, miR-339a, and miR-424-3p, selected based on
their regulation patterns. Given the translational relevance of porcine models, this study
provides a valuable resource for identifying miRNA targets that mediate cardiac and
vascular protection during ischemic injury, with potential for therapeutic development.
5.2.1. Invitro validation of the cardioprotective effect of protectomiRs

To validate the cardioprotective effects of selected mimic and antagomiR protectomiRs,
we used a well-established in vitro NRCM I/R model (147, 148), chosen for its high
transfection efficiency (84, 149). Although adult pig ventricular cardiomyocytes are
physiologically more relevant, technical challenges make them less suitable for such

studies (149-151). To address species differences, we selected protectomiRs with 100%

59



cross-species sequence orthology between pig and rat miRNAs. Transfection with miR-
450a and miR-451 mimics significantly improved cell survival after sI/R. While miR-451
is known for hypoxia-related roles and cardioprotection in rodent and human studies (96,
152-155), it did not protect human cardiomyocytes from sl/R in our model. The
cardioprotective role of miR-450a had not been previously explored. Previous studies
conducted that miR-450a is enriched in exosomes from the pericardial fluid of patients
with atrial fibrillation, and its influence on cardiac fibroblast activity was confirmed in
primary rat cells (156, 157). In contrast, studies in mouse embryonic fibroblasts showed
that miR-450a-3p overexpression promoted apoptosis and inhibited proliferation by
downregulating Bubl protein (158). Our study is the first to demonstrate a
cardioprotective role for miR-450a in rat and human cardiomyocytes, indicating its
potential involvement in ischemic conditioning-induced protection. However, further
validation in in vivo models, including those with relevant comorbidities, is necessary to
better reflect clinical conditions.

Other protectomiR mimics and antagomiRs showed no cardioprotective effects in our
model. For instance, miR-29a and miR-34a antagomiRs were neutral or even toxic when
transfected at higher doses, despite previous reports of their inhibition reducing infarct
size and cardiomyocyte apoptosis in rodents (159-163). Both miR-142 and miR-181a
were downregulated after ischemic conditioning in our samples, but their inhibition did
not protect primary rat cardiomyocytes from sl/R injury. This contrasts with previous
reports showing improved cell viability or reduced apoptosis following their inhibition in
hypoxia-treated H9C2 cells (164-166). However, high concentrations of miR-142
inhibitor were found to increase apoptosis and reduce viability, suggesting dose-
dependent toxicity, which aligns with our results (167). miR-193a inhibition had no effect
on cell survival in our system, in contrast to findings in H9C2 cells (168). miR-204
expression was downregulated in our samples, but its inhibition did not enhance viability
in NRCMs after sl/R. In contrast, miR-204 mimics have been shown to provide
cardioprotection in rat and mouse I/R models (169-171). The role of miR-127-3p in
cardioprotection is unexplored, but its expression is reduced in hypoxic mouse hearts
(152). This may explain why high-dose miR-127 antagomiR decreased cardiomyocyte
viability in our study. miR-339, which targets mainly cell death genes, is known to be

upregulated after ischemia in human hearts (172). Consistently, we found its expression
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decreased after cardioprotective ischemic conditioning in porcine hearts. Finally, our
study is the first to demonstrate expression changes in miR-450b-5p and miR-105 after
ischemic conditioning, although their protective roles were not confirmed by our study.
5.2.2. mRNA targets of miR-450a and their role in cardioprotection

To explore the mechanism behind miR-450a-induced cardioprotection, we analyzed its
target genes and their potential functions across pigs, rats, and humans. Several of the top
50 predicted target genes of miR-450a are linked to key processes related to
cardioprotection, such as apoptosis, redox signaling, DNA damage response, and
autophagy. SMAD Family Member 2 (SMAD?2) is a regulator in transforming growth
factor beta (TGFp) signaling (173); Death Associated Protein Kinase 2 (DAPK2)
regulates apoptosis and is targeted by miR-133a to reduce I/R injury (174, 175); while
Superoxide Dismutase 2 (SOD2) is a key player in redox signaling and cardioprotection
against I/R damage (176). DNA damage response involves Ring Finger Protein 169
(RNF169) and SprT-Like N-Terminal Domain (SPRTN) genes (177, 178), while
autophagy is modulated by G Protein Nucleolar 3 Like (GNL3L), Arginyltransferase 1
(ATE1), and Coiled-Coil Domain Containing 50 (CCDC50) genes, the latter also
influencing type | interferon responses (179). The Eukaryotic Translation Initiation
Factor 5A2 (EIF5A2) gene is induced by hypoxia in cancer cells, but has an unknown
role in cardiac cells (180). These findings suggest that miR-450a likely exerts its
protective effects through the regulation of multiple cellular processes.

Our GO analysis identified 421 biological processes regulated by miR-450a across pigs,
rats, and humans. Among the top 100 enriched terms in humans were mRNA processing,
splicing, and vesicle transport, key mechanisms of miRNA function (181, 182). miR-450a
targets also influence stress fiber assembly and actomyosin organization, important for
cardiac structure and function (183-185). Our results suggest that miR-450a may regulate
TGFp signaling, which has pleiotropic effects in the infarcted heart (186). Our findings
indicate that miR-450a influences apoptotic signaling and DNA damage response,
suggesting that its cardioprotective effect may result from modulating these pathways.
While apoptosis is a primary cause of myocardial cell death, efforts to inhibit it clinically
have faced significant challenges (187). miR-450a also regulates type | interferon
production based on our GO analysis. Since MI activates the type | interferon response

in cardiac macrophages, potentially worsening cardiac damage, miR-450a may reduce
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cardiac inflammation by suppressing this pathway (188). Additionally, type I interferon
signaling influences phosphoinositide 3-kinase (PI3K) activity, which in turn activates
the mechanistic target of the rapamycin (mTOR) signaling pathway (189). Our KEGG
analysis also showed miR-450a targets involved in PI3K and mTOR signaling across
species. PI3K has a key role in M1 and post-MI remodeling (190), while mTOR activation
may reduce apoptosis early after ischemia, whereas its inhibition promotes autophagy
beneficial for heart repair (191). miR-450a might also impact sphingolipid signaling,
which is important in the pathophysiology of CVDs (192). Taken together, miR-450a
seems to modulate multiple interconnected pathways that support cardiomyocyte
survival, although further studies are required to fully elucidate the underlying molecular
mechanisms.

5.3. Limitations

Our study has some limitations. Transcriptome analysis was performed on whole heart
tissue rather than isolated adult cardiomyocytes, resulting in RNA samples containing
non-cardiomyocyte RNA as well. We used only XCL-1-derived hiPSC-CMs, which do
not capture the high variability of hiPSC-derived cardiac cells. While analyzing porcine
myocardial miRNA expression, only 220 known pig miRNAs were examined instead of
small RNA sequencing. In addition, the cell type-specific expression of miRNAs was not
determined due to the lack of porcine miRNA databases. A further limitation is that while
miRNA expression was measured in porcine samples, cytoprotective validation was
performed primarily in rat cardiomyocytes for ethical and technical reasons. However,
our selection for in vitro testing was limited to miRNAs with 100% sequence similarity
between rats and pigs. NRCMs were used due to their translational relevance and
transfection efficiency, while AC16 cells were used due to their human relevance.
Additionally, only miRNAs consistently altered by all three conditioning stimuli were
tested, possibly overlooking other relevant protectomiR candidates. Finally, in our
experimental setup, miRNAs were administered before simulated ischemia to enable
effective transfection of living cardiac myocytes, although this timing does not reflect a
clinically relevant design.

5.4. Future plans

Building on our promising results, our goal is to further explore the therapeutic potential

of miR-450a in preclinical studies, ultimately leading toward its clinical application for
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treating myocardial I/R injury. The next step involves determining the optimal timing and
dosing of miR-450a in an in vivo pharmacokinetic study. Subsequently, we aim to assess
the pharmacodynamic effects of miR-450a in mice to validate the effective target
inhibition in vivo. As a proof-of-concept, we will evaluate the potential of miR-450a to
reduce infarct size in a mouse model of myocardial I/R. Upon successful validation, we
will proceed to test the efficacy of the miR-450a-based therapeutic in a porcine M1 model
to generate the preclinical data required for approval of a subsequent clinical trial. These
plans will advance our understanding of the therapeutic potential of miR-450a and

enhance its translation into clinical trials for myocardial I/R injury.
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6. Conclusions

Although individual in vitro cardiomyocyte models have been characterized, a
comprehensive comparison was lacking in the literature. These models are valuable tools
for testing cardioprotective agents against ischemia/reperfusion injury, with miRNAs
emerging as promising therapeutic candidates. Here, we aimed to systematically compare
cardiomyocyte models, identify novel cardioprotective miRNAs (protectomiRs) in a
porcine myocardial infarction model, validate their effects in vitro, and explore their
underlying molecular mechanisms for cardioprotection.

In summary, we demonstrated that cardiac cell lines, such as the rat H9C2, murine HL-1,
and human AC16, offer valuable tools for cardiovascular research but have limitations
that can affect experimental outcomes. Therefore, selecting the most suitable model
requires careful consideration of the specific features of each cell line. In contrast, primary
cell cultures, especially human iPSC-derived cardiomyocytes, are often more suitable for
in vitro studies because they closely resemble adult cardiac tissue. However, their limited
availability restricts their use for applications like high-throughput drug screening. Thus,
additional studies are needed to validate findings from in vitro experiments and accurately
translate them to in vivo conditions.

By analyzing the cardiac miRNA expression profile of a clinically relevant porcine model
of acute myocardial infarction, we identified 14 protectomiRs, that were consistently
regulated by ischemic preconditioning, postconditioning and remote ischemic
perconditioning.

Among these protectomiRs, miR-450a and miR-451 mimics demonstrated direct
cardiocytoprotective effects in an in vitro model of I/R injury in neonatal rat
cardiomyocytes. Additionally, miR-450a showed cytoprotective effects in the human
AC16 cell line subjected to slI/R.

The mechanism of action of miR-450a is likely mediated through multiple
cardioprotective pathways, as suggested by its predicted targets and their functional
analysis. However, further studies are needed to experimentally confirm these
mechanisms.

In conclusion, miR-450a is a promising candidate for further development as a therapeutic
agent, with the potential to fulfill the unmet need for effective cardioprotective treatments.
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7. Summary

IHD is the leading cause of death globally (1). While coronary intervention preserves
heart tissue, reperfusion can worsen cardiac damage through I/R injury (9). Although
ischemic conditioning showed promising results in preclinical studies, its clinical
translation was not successful (19, 22). Improving the translation of cardioprotective
therapies requires a better understanding of molecular mechanisms, improved in vitro
cardiac models, and the development of multitargeted therapies like miRNAs that may
modulate complex conditions such as I/R injury (22, 73).

This thesis aims to 1) compare commonly used rat, mouse, and human cardiomyocyte
models with mature cardiac tissues to identify their limitations, 2) analyze miRNA
expression changes induced by ischemic conditioning in a porcine acute M1 model, 3)
validate the cytoprotective effects of selected protectomiRs in vitro, and 4) explore the
molecular mechanisms underlying their cardioprotective effects.

Cardiac cell lines (H9C2, AC16, HL-1) were cultured and differentiated, then compared
to cardiac tissue, primary cardiomyocytes, and hiPSC-CMs through RNA sequencing for
transcriptomic profiling. To assess their response to hypertrophic stimuli, cells were
treated with angiotensin 11 or isoprenaline. Hypoxic tolerance was evaluated by subjecting
cells to sl/R. Cell lines showed a lower cardiac marker expression than reference tissues,
a less mature cardiac gene expression profile, and a distinct response to sI/R injury and
hypertrophic stimuli compared to primary cells, regardless of their differentiation status.
Through the analysis of miRNA expression changes in cardiac tissues from a porcine
model subjected to various ischemic conditioning treatments compared to ischemia alone,
14 protectomiR candidates were identified.

Selected protectomiRs were validated in sI/R models using isolated NRCMs and AC16
cells. Among these, miR-450a demonstrated cardioprotective effects in both rat and
human cardiomyocytes.

The target prediction, GO and KEGG pathway analyses revealed that miR-450a targets
multiple mRNAs across pigs, rats, and humans, which are linked to cardioprotective
molecular pathways.

In conclusion, cardiac cell lines have limited similarity to primary cells, highlighting their
moderate translational value. We identified miR-450a as a promising candidate for the

development of cardioprotective therapies.
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