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Abstract

Cardiac pain is difficult to diagnose and treat in part because existing models fail to capture human
neuro-cardiac signaling. This review examines how iPSC-derived cardiomyocytes and sensory
neurons in co-culture and organoid systems model ischemic and neuro-immune mechanisms, and
how such platforms enable regenerative and neuromodulatory translation. We identify key barriers
(maturation, heterogeneity, scalability, safety) and propose priorities to bridge discovery and clinical
application.
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1. Introduction

Cardiac-related pain encompasses chest discomfort arising from underlying heart pathology [1].
It is most commonly a manifestation of myocardial ischemia, which occurs when coronary blood flow
fails to meet myocardial oxygen demand [2]. Clinically, this pain is a hallmark of conditions such as
angina pectoris and acute myocardial infarction; patients typically describe it as a pressure,
squeezing, or tightness in the chest that may radiate to the neck, jaw, shoulder, or arms [3]. Because
ischemic heart disease is a leading cause of death worldwide, timely recognition of cardiac pain is
critical [4]. Cardiac pain can present acutely (as in myocardial infarction) or chronically (as in stable
angina), and it often varies with activity and rest [5,6].

Major forms of cardiac-related pain include stable angina pectoris, acute myocardial infarction,
pericarditis and microvascular angina which share a common pathophysiology: myocardial ischemia
leads to the release of metabolites (such as adenosine, bradykinin, and lactate) that activate cardiac
nociceptors [7]. However, unlike somatic pain, cardiac pain signals are often poorly localized [5]. The
heart has relatively sparse sensory innervation, and its afferent fibers converge centrally with somatic
pathways, so ischemic pain is frequently diffuse or referred [8]. As a result, patients may report
atypical symptoms (e.g. jaw or arm pain, nausea, or shortness of breath) instead of classic chest
pressure [9]. This complex presentation underscores the clinical significance of cardiac pain: it is a
warning sign of potentially life-threatening heart disease, yet it can be easily missed or
misinterpreted.

Psychological variables are increasingly recognized as critical modulators of cardiac pain [10].
Anxiety and emotional distress can amplify pain perception, leading to an increased reliance on
psychological rather than purely ischemic determinants of pain [11]. Studies have demonstrated that
individuals with high neuroticism exhibit greater pain sensitivity, whereas those with lower
neuroticism are more likely to experience silent ischemia. These findings highlight the role of
personality traits in shaping subjective pain perception and regulation.

Despite its clinical importance, cardiac-related pain remains challenging to understand and
manage. The high prevalence of atypical presentation leading to 26% of MI patients can present
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without typical chest pain [12]. For example, many women, elderly patients, and people with diabetes
experience “silent” ischemia, presenting with minimal or no pain [13]. Up to one-third of myocardial
infarctions may be clinically silent [14]. Besides, the paucity of cardiac sensory endings and the
convergence of visceral afferents in the spinal cord lead to imprecise pain perception [15]. Patients
may have difficulty pinpointing heart pain, and clinicians may confuse it with non-cardiac causes of
chest pain (such as gastrointestinal or musculoskeletal pain) [16]. Likewise, cardiac pain can manifest
as shortness of breath, fatigue or jaw/arm discomfort, which complicates diagnosis and delays
treatment [14]. This neuroanatomical complexity obscures the link between symptoms and
underlying myocardial events [15].

Traditional anti-ischemic drugs have shown limited efficacy in certain patient populations,
while anxiolytics and antidepressants, despite their potential to improve psychological well-being,
have yet to demonstrate definitive benefits in the direct modulation of non-ischemic cardiac pain [17].
Agents like nitrates, beta-blockers, and revascularization procedures improve blood flow but do not
directly address nociceptive signaling [18]. Opioids and analgesics are used cautiously in acute
coronary syndromes due to hemodynamic side effects [19]. For chronic angina, options (e.g.
ranolazine, nerve stimulation) are limited and often fail to fully alleviate pain [20,21]. Moreover,
existing animal models and cell cultures fail to replicate the complex crosstalk between human
cardiomyocytes and sensory neurons, and no robust “disease-in-a-dish” model of ischemic chest pain
currently exists. This gap hampers translational efforts to identify novel analgesics and
cardioprotective strategies.

In summary, diagnosing and treating cardiac-related pain is hindered by variable clinical
manifestations, incomplete understanding of pain mechanisms, and an absence of suitable human
models. These challenges highlight an urgent need for innovative platforms—such as induced
pluripotent stem cell (iPSC)-based systems—to elucidate cardiac nociception and accelerate the
development of targeted treatments.

1. Role of Induced Pluripotent Stem Cells (iPSCs) in Regenerative Medicine and
Pain Research

iPSCs offer a transformative platform to overcome many of the above challenges [22]. iPSCs are
generated by reprogramming adult somatic cells (e.g. skin fibroblasts or blood cells) back to a
pluripotent state, as first demonstrated by Takahashi and Yamanaka [23]. This allows creation of
patient-specific stem cells without ethical issues associated with embryonic sources [24].

Because they retain the donor’s genetic makeup, iPSCs enable personalized disease modeling;
for example, cardiomyocytes derived from individuals with heart disease can replicate patient-
specific mutations or risk factors [25]. Their pluripotency allows differentiation into virtually any cell
type, including functional cardiomyocytes and peripheral sensory neurons, using established
protocols to generate beating heart cells or nociceptive neurons in vitro [26-28]. iPSCs are also
scalable and amenable to genetic modification with tools like CRISPR, making them ideal for large-
scale mechanistic studies and drug screening [28]. Crucially, iPSC-based models bypass interspecies
differences, enabling human-specific “disease-in-a-dish” systems that have already advanced
research into inherited cardiac conditions and neuropathic pain syndromes under controlled
laboratory settings [29,30].

In cardiovascular research, iPSC-derived cardiomyocytes (iPSC-CMs) have proven invaluable
[31-33]. These cells beat spontaneously in culture and recapitulate many features of human heart cells
[31]. Patient-specific iPSC-CMs have been used to model genetic cardiomyopathies, channelopathies,
and the cardiotoxic effects of drugs [34-36]. In experimental studies, transplantation of iPSC-CMs
into infarcted hearts of animals has shown improved cardiac function, illustrating their regenerative
potential [37]. Such advances position iPSCs as a promising avenue for repairing damaged
myocardium and restoring cardiac function.

Importantly for pain research, iPSCs have also been harnessed to generate human sensory
neurons [38-40]. Protocols involving small molecules or transcription factors can produce iPSC-
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derived nociceptors that express key pain-sensing ion channels (such as Nav1.7 and Nav1.8) [41,42].

These iPSC-derived nociceptors have been used to model inherited pain disorders and to test

analgesic compounds, faithfully reflecting patient phenotypes in vitro. By combining iPSC

technologies, it is now conceivable to create co-culture systems or organoid models that integrate

patient-derived cardiomyocytes and sensory neurons [43]. Such integrated models could mimic how

ischemic myocardium communicates with cardiac afferents to produce pain.

Overall, iPSC technology provides a new paradigm for studying cardiac-related pain. By

enabling generation of human cardiomyocytes, neurons, and hybrid tissues in the laboratory, iPSCs

bridge the gap between bench and bedside. This approach holds promise not only for unravelling

the cellular mechanisms of cardiac nociception, but also for screening cardioprotective and analgesic

agents on patient-specific tissue.

Table 1. Clinical Forms of Cardiac Pain.

Underlyin Distinguishin
. Pain quality / triggers ymg et J iPSC model relevance
Clinical form . pathophysiolog clinical /
/ duration . . (recommended)
y diagnostic clues
Demand- Patient iPSC-derived
supply Predictable cardiomyocytes
. mismatch due exertional pattern; | (iPSC-CMs) for ischemic
Pressure/squeezing; . ) .
. to fixed ischemic ECG stress assays, drug
. exertion- or stress- . .
Stable angina . epicardial changes on stress response and
provoked; relieved by . . . . .
. atherosclerotic | testing; obstructive arrhythmia testing;
rest/nitrates . . . L
stenosis — lesions on patient-specific
transient angiography cardiotoxicity screens.
ischemia [31-37]
Acute plaque
rupture with Dynamic ECG .
P Y . iPSC-CMs to model
Severe, prolonged partial/complet | changes; troponin . . .
Unstable . . ischemia-reperfusion
. (>20 min), may occur e coronary rise (MI); urgent ..
angina / ACS / ) . injury and
at rest; autonomic occlusion — coronary R .
MI . . . . cardioprotective drug
features common sustained imaging/interventi
. . . screens. [31,34,37]
ischemia and on required
myocyte injury
Coronar
. y iPSC-derived
microvascular Normal .
. . endothelial cells,
L L dysfunction angiogram; )
. Angina-like pain with . microvascular
Microvascular . . (endothelial or abnormal .
. normal epicardial . organ-on-chip models
angina / . . small-vessel microvascular
. coronaries; exertional . K . . and co-cultures to study
Cardiac dysfunction) testing or ischemia .
or spontaneous ) ) microvascular
syndrome X . causing on stress testing; .
episodes . . . physiology and test
ischemia higher prevalence .
despite patent i women endothelium-targeted
i in wi
PIte P . therapies. [28,31-33]
large arteries
iPSC co-cultures of
Sharp, pleuritic . . Positional pain, ) .
. Pericardial . i cardiomyocytes with
retrosternal pain; . . pericardial friction .
. inflammation . immune cells and/or
worse with . . rub, diffuse ST .
. .. . . (infectious, . mesothelial cell models
Pericarditis inspiration or supine, . elevation on ECG; . K
. autoimmune, to investigate
relieved by responds to . . .
. . post-MI, .. . inflammatory signaling
sitting/leaning ) anti-inflammatorie ..
uremic, etc.) and anti-inflammatory
forward s . .
interventions. [22,24]
Intimal tear Sudden onset; iPSC-derived vascular
Sudden, severe . Lo
Aortic tearing/ripping chest with blood asymmetric limb smooth muscle cells
ing/rippi
. . §/TIPPINg ¢ dissecting blood pressures; (VSMCs) and ECM
dissection or back pain; radiates; . . .
. between aortic widened models for studying
maximal at onset . .
layers — mediastinum on chronic aortopathy
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catastrophic imaging; surgical | mechanisms; less useful
structural emergency for acute diagnosis but
failure informative for genetic
predisposition research.
[22,31]
Activation and .
sensitization of Co-culture organoids of
Pain referred to arm, cardiac afferent Atvpical iPSC-CMs with
i i
Referred / jaw, neck or back; . . L. tyP iPSC-derived
. . . fibers during distribution; often . .
ischemia-relat may be atypical ischermi . nociceptors (nociceptors
) . ischemia; requires
ed epigastric/back), . : express Nav1.7/1.8) to
. (epig /b_ ) spinal/central ECG/biomarkers P /18)
neuropathic common in convercence to rule infout model neuron-—
pain women/elderly/diabet 5 . cardiomyocyte
. produces cardiac cause
ics referred cross-talk and test
. . analgesics. [38-43]
somatic pain
Persistent localized or | Nerve injury, Temporal relation | iPSC nociceptor models
Postoperative referred chest pain scar, chronic to surgery; and inflamed co-culture
/ chrorI:ic chest after surgery or inflammation neuropathic systems to study chronic
ain myocardial injury; and descriptors; sensitization and screen
P may have burning or | central/periphe | exclude recurrent | neuromodulatory/analg
hyperalgesia ral sensitization ischemia esic compounds. [38—43]

2. Pathophysiological Mechanisms of Cardiac-Related Pain

2.1. Ischemic Myocardial Injury and Nociceptive Signaling Networks

Coronary oxygen supply-demand imbalance triggers a metabolic crisis that amplifies
nociceptive signaling cascades. When myocardial oxygen imbalance exceeds a critical threshold
(typically >15 minutes), ATP depletion-induced ionic homeostasis collapse initiates a biphasic
pathological process [44,45]. The early phase (20-60 minutes) is characterized by calcium overload-
mediated contraction band necrosis, while the late phase involves irreversible damage due to
sustained mitochondrial permeability transition pore opening [46]. Notably, this injury exhibits
(e.g.

subendocardial myocardium and papillary muscles) and forming a "wave-like" necrosis pattern

spatial heterogeneity, preferentially affecting hemodynamically vulnerable regions
extending toward the epicardium [44].

Dynamic oxygen gradient experiments using iPSC-derived cardiomyocyte models demonstrate
that reperfusion injury arises from a spatial and temporal discord between the restoration of energy
metabolism and the induction of oxidative stress [47,48]. The early reperfusion period produces
reactive oxygen species (ROS) which modify vital contractile proteins like troponin I through
oxidation and simultaneously cause peripheral sensitization by activating nociceptive ion channels
such as TRPV1/TRPA1 [49-51]. Silent nociceptors in cardiac dorsal root ganglia become active
through ASIC3 channels when lactate/proton accumulation creates a "metabolic fingerprint" which
serves as molecular targets for iPSC-based neuro-cardiac co-culture systems in pain transmission
research [52-54].

Of particular significance, myocardial stunning and hibernation may constitute the
microenvironmental basis for chronic angina [55,56]. Emerging evidence from iPSC-engineered
myocardial tissue models has elucidated the critical role of intermittent hypoxia in driving HIF-1a-
dependent metabolic reprogramming. This adaptive response stimulates sustained nerve growth
factor (NGF) secretion, which has been mechanistically linked to aberrant sprouting and
hypersensitivity of cardiac afferent nerves [56,57]. Such findings underscore the potential of iPSC-
based platforms to recapitulate neuro-cardiac crosstalk, offering a robust framework for identifying
neuromodulatory targets through high-throughput drug screening [53,55,58].
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2.2. Post-Myocardial Infarction Neuro-Immune Crosstalk

Mitochondrial DNA and HMGBI released from the infarct core serve as initial signals for
neuroimmune communication [59]. The dual activation mechanism of the TLR4/MyD88 axis
warrants attention: while initiating an inflammatory storm via NF-«B, it directly activates TLR4+
sensory neurons in dorsal root ganglia [59]. Co-culture experiments with iPSC-derived microglia
reveal that IL-1f3 not only lowers nociceptive neuron activation thresholds through the COX-2/PGE2
pathway but also induces epigenetic modifications of Navl.8 sodium channels, forming the
molecular basis of pain memory [60,61].

Neutrophil infiltration exhibits a dynamic double-edged effect: early-stage MMP-9-mediated
perineural degradation facilitates nociceptive signal transmission, while later stages involve
resolving D1 secretion to promote inflammation resolution [62]. Recent single-cell sequencing studies
identified specific macrophage subsets (CD9+ Trem2+) in infarcted regions that secrete brain-derived
neurotrophic factor (BDNF), triggering central sensitization via TrkB receptors [63,64]. This suggests
that iPSC-differentiated regulatory macrophages may serve as therapeutic vectors to disrupt
neuroimmune vicious cycles.

2.3. Metabolic-Autonomic Axis Dysregulation

Diabetic cardiac autonomic neuropathy fundamentally arises from Schwann cell energy crisis
induced by hyperglycemic microenvironments. Mitochondrial pyruvate carrier (MPC) dysfunction
leads to impaired lactate shuttling, while endoneurial hypoxia causes paradoxical VEGF
downregulation, creating a "dual energy failure" pathology [65,66]. Chemotherapeutic agents (e.g.,
paclitaxel) synergistically amplify diabetic damage by stabilizing microtubules and disrupting
mitochondrial dynamin-related protein (DRP1) shuttling [67].

Advancing iPSC-based models have delineated the temporal dynamics of post-injury
sympathetic remodeling, revealing distinct phases of neural plasticity. Early-phase responses (2-3
weeks post-injury) are marked by tyrosine hydroxylase-positive (TH+) nerve hyperinnervation,
whereas chronic stages (>8 weeks) exhibit progressive epigenetic suppression of the NGF/TrkA
trophic signaling axis [57,68]. These temporal shifts correlate with (-adrenergic receptor
desensitization patterns, creating phase-specific therapeutic opportunities—notably, stem cell-
derived exosome miR-133 has emerged as a promising modulator of maladaptive neural circuit
reorganization [69].

Notably, integrated iPSC-neuromuscular platforms have uncovered IL-6/JAK2/STAT3-
mediated dysregulation of neuro-cardiac electrophysiological coupling. This mechanistically links
neuroinflammatory signaling to arrhythmogenic pain pathways, providing a plausible explanation
for the chest pain symptomatology observed in rhythm disorders [70].

3. iPSC-Derived Models for Studying Cardiac Pain

The utilization of induced pluripotent stem cells (iPSCs) within cardiovascular research is an
innovative approach for the comprehension and management of cardiac pain. iPSCs are derived from
adult cells that have been reprogrammed to an embryonic-like state, thereby acquiring pluripotency,
meaning that they can differentiate into most kind of cells in the human body, including cardiac cells
[70]. Differentiation protocols have been developed to induce differentiation of iPSCs into human
cardiomyocytes (CMs) with high yield and purity. These iPSC-derived human cardiomyocytes are
very similar to naturally occurring CMs in terms of structure and functions, and therefore offers
numerous advantages for studying cardiac pain, as it provides a method to explore the mechanisms
underlying cardiac disease in details, facilitating novel drug discovery and testing for drug toxicity,
as well as a promising source for regenerative therapy for the diseased human heart [58,70].
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3.1. iPSC-Derived Cardiomyocytes for Modeling Cardiac Diseases

One of the primary applications of iPSCs is the creation of patient-specific cardiac disease
models. Researchers can generate iPSCs from patients suffering from various cardiac conditions and
differentiate these cells into cardiomyocytes. These patient-specific cardiomyocytes can subsequently
be utilized to study the pathophysiology, cellular and molecular mechanisms of various cardiac
diseases and related pain. Numerous inherited cardiac disorders such as channelopathies and
arrhythmogenic syndromes have been successfully modelled by iPSC-derived CMs. These include
familial long QT syndrome, arrhythmogenic right ventricular dysplasia and catecholaminergic
polymorphic ventricular tachycardia. Cardiomyopathies such as hypertrophic cardiomyopathy and
dilated cardiomyopathy involve dysfunctional sarcomeric and cytoskeletal proteins, have also been
studied using iPSC-derived CMs [55,70].

3.2. Drug Screening and Testing

iPSC-derived CMs enable researchers test therapeutic drugs and develop new treatment
strategies in a personalized manner. Traditional methods of drug discovery often rely on animal
models, which may not accurately reflect human physiology. By using iPSC-derived cardiomyocytes,
researchers can test the efficacy and safety of new drugs on human cardiomyocytes or even heart
models. This approach can help identify compounds that improve heart function and alleviate
cardiac pain. Additionally, it allows for the assessment of drug toxicity, thereby reducing the risk of
adverse effects in clinical trials [58,70].

3.3. iPSC-Derived Sensory Neurons (iPSC-SNs)

Traditionally, pain mechanisms were studied in animal models which may not reflect the exact
mechanisms and physiology in human pain due to species-related differences and also contextual
differences which generate the pain. iPSC can be induced to differentiate into sensory neurons. This
provides a new avenue for studying pain mechanisms, electrophysiology and pathophysiology in
human sensory neurons. Scientists has also used multicellular strategies mimicking in vivo
micorenvironments, improving cell contact and communication (co-culture), and developing three-
dimesional organoid structure of sensory neurons to closely resemble native human sensory system
functions. Like iPSC-CMs, iPSC-SNs can also be deployed for screening potential novel therapeutic
drugs and testing for drug toxicity [55,58].

4. Therapeutic Applications of iPSCs in Cardiac Pain

Apart from studying cardiac diseases and pain processes, iPSC-CM is also implicated as a direct
therapeutic agent for cardiac disease and pain. Stem cell therapy aims to enhance the repair and
regeneration of damaged heart tissues, thereby improving blood flow and reducing angina
symptoms.

4.1. Cell-Based Cardiac Regeneration

Several preclinical animal studies have shown that cardiac stem cell therapy was feasible and
effective in improving cardiac function. Chong et al. injected 1 billion human PSC derived CMs intra-
myocardially in to adult macaque monkey heart 2 weeks after acute myocardial ischemia reperfusion
injury [71]. Over the next 3 months, it was found that a significant proportion of of the injected PSC-
CM survived and were able to form electrical coupling with host myocardium. No teratoma
formation or off-target effects were detected. Zhu et al. examined the effect of human PSC-derived
cardiovascular progenitor cells (PSC-CVPC) on myocardial infarction in cynomolgus monkeys. In
this study, they injected PSC-CVPC into the monkey heart 30 minutes after induction of MI [72].
However, they could not detect any transplanted cells or remuscularization of infarcted heart at 20
weeks after transplantation. The left ventricular ejection fraction improved from 37.5% to 43.5%. The
discrepancy might be due to differences in the disease model (I/R vs. MI), timing of cell delivery (2
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weeks vs. 30 minutes after ischemic injury), the type and the dose of transplanted cells (1 billion
hESC-CMs vs 10 million hPSC-CVPCs) [72].

4.2. Paracrine Effects of Stem Cell Therapy

Various studies have shown that functional recovery can be achieved with stem cell
transplantation in myocardial infarction, despite suboptimal survival of the transplanted cells. This
leads to the concept of paracrine effects of the stem cells which promotes recovery of the diseased
host myocardium. Increased angiogenesis and reduced apoptosis of host myocardium were observed
after iPSC-CM transplantation [73]. Anti-apoptotic factors (such as tumour necrosis factor alpha),
pro-angiogenic factors (such as interleukin-8, placental growth factor-1, vascular endothelial growth
factor), pro-cell migration factors (such as stromal cell-derived factor-1 a , TNF-a, vascular cell
adhesion protein 1 VCAM-1, and plasminogen activator inhibitor-1 PAI-1) among other cytokines
were detected after iPSC-CM transplantation [74]. These paracrine factors play a significant role in
functional recovery of host myocardium even in the absence of successful engraftment of the
transplanted iPSC-CM.

4.3. Bioengineering of iPSC-CM to Enhance Therapeutic Effects

One problem with stem cells therapy is the low survival rate of the transplanted cells, partly due
to the harsh environment in host myocardium which is often ischemic and possibly with non-
functional scar tissues [75]. Two major forms of engineered PSC-CM has been developed to counter
the problem, namely injectable biomaterials and engineered cardiac tissue patch [76]. Improved
survival of PSC-CMs in these engineered forms increase the chance of mechanical and electrical
coupling with host myocardium and prolong paracrine secretion, thereby further improving heart
function [77].

Injectable biomaterials or hydrogels contain extracellular matrix proteins such as matrigel, fibrin
and collagen as scaffold material. The scaffold material encapsulates the iPSC-CM and promotes the
survival and engraftment of transplanted iPSC-CM in host myocardium [73].

Cell sheets of PSC-CM can be stacked together to generate three-dimensional cardiac tissue
patch. Initially the number of layers of cell sheet was limited due to inadequate perfusion causing
insufficient oxygen and nutrient delivery to the cells [78]. With the use of omental flap which
improves blood supply, cell sheets of seven layers have been transplanted into infarcted pig hearts
which significantly improved heart contractility from LVEF of 36.8% to 52.1% [79].

3D printing technology has also been used in cardiac tissue engineering and to generate cardiac
tissue patch that closely resembles native human heart tissue. Gao et al. used 3D printing technique
to produce a cardiac muscle patch containing hiPSC-CMs, hiPSC-ECs, and iPSC-SMCs in 2:1:1 ratio,
within a ECM-based scaffold [80]. When transplanted onto the heart, the cardiac muscle patch
increased contraction speed and calcium handling in the infarcted myocardium of mice. Graft
survival and improved cardiac function were also confirmed 1 month after graft transplantation [81].

Although these tissue-engineered patches have multiple benefits for cell survival, they have
limitations such as the need for open-chest surgery, non-migration of transplanted cells into host
myocardium, arrhythmogenicity and biodegradability of scaffold biomaterials.

4.4. MicroRNAs and Cell Survival

MicroRNAs have also been shown to have therapeutic role in cardiac regeneration. MicroRNAs
are small (20-25 nucleotides), non-coding RNAs that regulatepost-transcriptional gene expression
[82]. Some of them promotes angiogenesis and cell survival, while others promote apoptosis.
MicroRNA-126 and microRNA-155 overexpression in stem cells prevent cell apoptosis and promote
cell survival, migration and angiogenesis [83,84]. On the other hand, microRNA-15, microRNA-34,
microRNA-140 and microRNA-320, negatively influenced CM survival and proliferation [85,86].
Inhibition of these microRNAs promotes cell survival and heart regeneration. In vivo manipulation
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of the microRNAs has resulted in CM dedifferentiation and improved heart functionality after injury
[87]. This provides evidence that microRNA modification and manipulation can be a potential
therapeutic target to promote CM survival, whether as a stand-alone therapy or combined therapy
with iPSC-CM.

4.5. Exosomes: A Potential Cell-Free Regenerative Therapy

Stem cell-conditioned medium has been shown to promote heart regeneration, further
supporting the paracrine hypothesis [88]. Stem cells produce cytokines, growth factors and
membranous vesicles called exosomes, which aid intercellular communication [89]. Exosomes are
small vesicles that are natural carriers of mMRNA, microRNA, and proteins among different cells. They
are formed from fusion of multivesicular bodies with the plasma membrane of stem cells [89,90].
They have cardioprotective functions by means of promoting angiogenesis, reducing fibrosis, and
preventing apoptosis.

Mouse ESC-derived exosomes have improved heart function and cell proliferation in
myocardial infarction (MI) models. MicroRNA-294 in the exosomes was implicated and
hypothesized to play a significant role in cardiac regeneration [91]. Similarly, exosomes derived from
cardiosphere-derived cells, rich in microRNA-146a, have shown regenerative potential in damaged
heart muscles [91].

Extensive ongoing research explores the use of exosomes as an alternative to cell-based stem cell
therapy, as the use of exosome itself eliminates some of the major problems associated with stem-
cells, such as chromosomal instability, tumorigenicity and scalability [92,93]. While exosomes offer a
promising cell-free therapy alternative to stem cells, challenges like exosome-mediated immune
reactions and incomplete understanding of their repair mechanisms remain [94].

Table 2. Maturation Strategies for iPSC-CMs.

. . . Typical implementation | Maturi endpoints e
Strategy Mechanistic rationale yP P . ty P Key limitations
/ examples improved
AP  waveform, ion-
. . Activity-dependent Long-term field . Requires specialized
Electrical pacing / . . . L channel expression,
.. A electrophysiological stimulation in plates or hardware; long culture
chronic stimulation . . synchronous .
remodeling bioreactors (weeks) . periods
contractions
Sarcomeric
Hormonal / . L - Requires dose/timing
A . Recreates endocrine cues [ T3/T4,  glucocorticoids, | organization, Caz+ L .
biochemical ) . .| optimization; partial effect
. of late development IGF, thyroid hormones handling, metabolic
supplementation alone
markers
Tunable hydrogels,
Substrate Mechanical cues drive ) yarog Cell alignment, force . . s
. . . micropatterned Lo Material biocompatibility;
engineering /| structural/contractile . generation, improved E—
. . R substrates, stiffness . scale-up challenges
stiffness tuning maturation . C coupling
matching
Cardiac organoids, | Mature sarcomeres,
3D culture / tissue | Enhances cell-cell and . g‘ . e Perfusion/oxygenation
. R . . engineered heart tissues, | higher contractility, | ;. .
engineering cell-matrix interactions . . limits; complex assays
stacked cell sheets improved metabolism
. Paracrine and structural | Endothelial cells, | Vascular cues, ECM . .
Co-culture with . . R Variable cell ratios;
support from stromal | fibroblasts, macrophages | deposition,  improved | . .
non-myocytes . increased complexity
cells co-culture electrophysiology
Extended culture; fatty-
Long-term culture + . . . . . Y™ | Mitochondrial . . .
. Drives metabolic switch |acid  supplementation; . .. | Time-consuming; genomic
metabolic L. . ' maturation, adult-like .
.. toward FA oxidation mitochondrial . stability concerns
conditioning metabolism
modulators
Scalable mechanical, More homogeneous
Bioreactor / . Stirred, perfused, or . 8 . Costly  setup;  process
. nutritional control and . . maturation; higher R R
perfusion systems shear microfluidic bioreactors yields optimization required
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engineering /
stiffness tuning

structural/contractile
maturation

substrates, stiffness
matching

generation, improved
E—C coupling

Typical implementation | Maturity endpoints
Strategy Mechanistic rationale yP P . ty endp Key limitations
/ examples improved
AP waveform, ion-
. . Activity-dependent Long-term field . Requires specialized
Electrical pacing / s . L channel expression,
- g electrophysiological stimulation in plates or hardware; long culture
chronic stimulation . . synchronous .
remodeling bioreactors (weeks) . periods
contractions
Sarcomeric
Hormonal / . . - Requires dose/timing
) . Recreates endocrine cues | T3/T4, glucocorticoids, organization, Ca?* L .
biochemical . . . optimization; partial effect
. of late development IGF, thyroid hormones handling, metabolic
supplementation alone
markers
Tunable hydrogels,
Substrate Mechanical cues drive . yarog Cell alignment, force . X o
micropatterned Material biocompatibility;

scale-up challenges

3D culture / tissue
engineering

Enhances cell-cell and
cell-matrix interactions

Cardiac organoids,
engineered heart tissues,
stacked cell sheets

Mature sarcomeres,
higher contractility,
improved metabolism

Perfusion/oxygenation
limits; complex assays

Co-culture with
non-myocytes

Paracrine and structural
support from stromal
cells

Endothelial cells,
fibroblasts, macrophages
co-culture

Vascular cues, ECM
deposition, improved
electrophysiology

Variable cell ratios;
increased complexity

Long-term culture +
metabolic

Drives metabolic switch

Extended culture; fatty-
acid supplementation;

Mitochondrial
maturation, adult-like

Time-consuming; genomic

perfusion systems

nutritional control and
shear

microfluidic bioreactors

maturation; higher
yields

e . toward FA oxidation mitochondrial . stability concerns
conditioning metabolism
modulators
. Scalable mechanical, . More homogeneous
Bioreactor / Stirred, perfused, or & Costly setup; process

optimization required

5. Challenges and Future Perspectives

Although the application of induced pluripotent stem cells (iPSCs) in cardiomyocyte modelling
and myocardial disease research holds significant promise, several critical limitations remain—
particularly with regard to cell heterogeneity and maturation.

First, standard differentiation protocols often yield a mixed population of cardiomyocyte
subtypes—including ventricular, atrial, and nodal-like cells—each with distinct electrophysiological
and contractile properties [95]. This subtype variability can obscure disease-specific phenotypes and
complicate the interpretation of functional assays. Additionally, batch-to-batch inconsistencies and
clonal variability hinder experimental reproducibility and may exaggerate or mask disease-relevant
signals [96,97]. Such heterogeneity presents a major obstacle in complex co-culture systems that aim
to model nociceptor—-cardiomyocyte interactions. Variations in subtype composition and maturation
state can produce inconsistent results in pain-relevant assays, making it difficult to isolate genuine
biological effects from experimental noise.

These challenges underscore the need for more refined differentiation protocols, rigorous
quality control benchmarks, and subtype-specific purification strategies to fully realize the potential
of iPSC-derived cardiomyocytes in both basic research and translational applications.

Another persistent limitation is the immature, fetal-like phenotype retained by iPSC-derived
cardiomyocytes [98]. Compared to adult cardiomyocytes, they exhibit different action potential
durations and immature ion-channel expression profiles, which can increase susceptibility to
arrhythmias [99]. Their calcium handling apparatus also remains underdeveloped, with reduced
sarcoplasmic reticulum density and diminished levels of key regulators such as SERCA2a and
ryanodine receptors, resulting in inefficient excitation—contraction coupling [100].

Moreover, iPSC-derived cardiomyocytes often display a metabolic profile that diverges from
adult physiology. Notably, there is a shift from fatty acid oxidation to glycolysis, accompanied by
mitochondrial dysfunction. This metabolic immaturity compromises the cells’ ability to model stress
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responses such as those triggered by ischemia-reperfusion injury. Consequently, modeling pain-
related triggers—such as reperfusion-induced calcium overload or oxidative damage—may yield
misleading conclusions if the metabolic and contractile machinery does not faithfully mimic adult
pathophysiology. Strategies such as electrical pacing, hormonal supplementation, and substrate
engineering are essential to enhance functional maturation [101].

Scaling up the production of iPSC-derived cardiomyocytes also poses a significant challenge
[102]. Most differentiation protocols generate only limited numbers of cardiomyocytes —typically in
the low millions—which is insufficient for high-throughput drug screening or therapeutic
applications. Furthermore, reliance on costly growth factors and small molecules inflates production
costs. While cell surface markers like SIRPA and VCAMI1 are used for enrichment through
fluorescence-activated or magnetic-activated sorting, these methods may introduce shear stress and
affect cell viability or phenotype [103]. To overcome these issues, more efficient differentiation
matrices, bioreactor systems, and marker-free purification strategies must be developed to improve
both yield and quality.

Despite progress, there is currently no consensus on standardized assays for evaluating "pain-
relevant”" cardiac endpoints. Critical molecular mediators—such as TRPV1 channels, which link
nociceptive signaling to cardiomyocyte function—are rarely quantified during differentiation [104].
Likewise, the establishment of neuro-cardiac synapses, key for modeling sensory—myocyte cross-talk,
lacks reliable in vitro benchmarks. Commonly used functional readouts, such as calcium transients
or contractility, do not necessarily reflect clinically observed pain manifestations like ischemia-
induced chest pain or arrhythmogenic discomfort [105]. Developing reproducible, scalable assays
that can bridge in vitro findings with in vivo pain phenotypes will be critical for validating future
therapeutic targets.

Furthermore, generating iPSC-derived cardiomyocytes that accurately emulate adult heart
tissue typically requires prolonged culture periods—often three to four weeks—to reach a late fetal-
like stage [27]. During this time, the absence of a supportive cardiac microenvironment, including
fibroblasts, endothelial cells, and an appropriate extracellular matrix, limits structural and functional
maturation [106]. Extended culture also increases the risk of genomic instability, including
chromosomal aberrations and copy number variations, which may compromise reproducibility and
safety [107]. Addressing these issues requires the development of co-culture systems, engineered
biomaterials that replicate myocardial stiffness, and robust genomic surveillance protocols.

5.2. Ethical and Safety Concerns in Ipsc-Based Therapies

The reprogramming of somatic cells into iPSCs introduces several safety and ethical challenges,
particularly when integrating viral vectors or transposons are used. These methods may induce
genomic alterations—including single-nucleotide mutations and chromosomal aberrations—that
could predispose derived cardiomyocytes to malignant transformation [108,109]. In addition, from
the donor cell type can result in aberrant methylation patterns that persist through differentiation,
potentially altering gene expression in ways that affect safety and function. Of particular concern is
the presence of undifferentiated iPSCs, which carry a well-established risk of teratoma formation
after transplantation [110]. Therefore, comprehensive genomic and epigenomic screening at multiple
production stages is essential to mitigate these risks.

Although autologous iPSC-based therapies offer the theoretical advantage of immune
compatibility, their clinical application is constrained by the time, cost, and complexity involved in
generating patient-specific lines [111,112]. As an alternative, allogeneic iPSC banks with selected
HLA haplotypes provide a scalable "off-the-shelf" solution [113]. However, even partially matched
iPSCs may trigger alloimmune responses or activate innate immunity. Approaches such as partial
HLA matching or CRISPR/Cas9-mediated deletion of immunogenic loci are under exploration,
though each introduces its own set of technical, regulatory, and ethical challenges [114].
Comprehensive preclinical evaluation of both humoral and cellular immune responses is necessary
to ensure long-term graft survival without chronic immunosuppression [115].
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The use of donor cells for iPSC generation also raises important ethical considerations regarding
informed consent. Donors must be fully aware of the potential uses of their cells—including
commercial applications and future genomic analyses—and how their genetic information will be
stored, shared, and protected. Adherence to regulatory frameworks such as the General Data
Protection Regulation (GDPR) and evolving FDA guidelines is essential for maintaining public trust
and supporting large-scale biobanking initiatives [116].

Regulatory frameworks for iPSC-based therapies are still evolving. Agencies such as the U.S.
FDA and the European Medicines Agency (EMA) require adherence to Good Manufacturing Practice
(GMP) standards during iPSC derivation, cardiac differentiation, and cryopreservation, along with
comprehensive safety assessments covering genomic integrity, residual pluripotent cells, and
tumorigenicity [117,118]. Clinical trial protocols must also include long-term monitoring and adverse
event reporting. Yet, the criteria for determining “acceptable risk” are not fully standardized.
Collaborative efforts among academic institutions, industry partners, and regulators are necessary to
harmonize guidelines and expedite the safe clinical translation of iPSC technologies.

Finally, while genome editing tools such as CRISPR/Cas9 offer powerful avenues for enhancing
cardiomyocyte function or improving stress resilience, they also raise serious ethical concerns. Off-
target effects and the potential for dual-use applications necessitate strict oversight [119]. It is
imperative that genome editing be used strictly for therapeutic purposes rather than cosmetic or non-
medical enhancements. Equitable access to these advanced therapies must also be a priority to avoid
exacerbating existing health disparities and to ensure that the benefits of iPSC technologies are
accessible to diverse patient populations.

6. Conclusion

Cardiac-related pain arises predominantly from myocardial ischemia and manifests in diverse
clinical forms—from stable angina and microvascular angina to acute myocardial infarction and
pericarditis [5]. Its diffuse, poorly localized nature stems from sparse cardiac innervation and
convergence of visceral and somatic pathways, often leading to atypical presentations and diagnostic
challenges. Traditional pharmacotherapies improve perfusion but do not directly address nociceptive
signaling, and existing preclinical models fail to recapitulate human neuro-cardiac interactions.
iPSC-based platforms overcome many of these barriers: patient-derived cardiomyocytes faithfully
model genetic and metabolic contributors to ischemic injury, while iPSC-derived sensory neurons
capture human nociceptor physiology [120]. Co-culture and organoid systems further enable
mechanistic dissection of neuro-cardiac crosstalk and high-throughput screening of analgesic
candidates [121].

Harnessing iPSC models promises to shift cardiac pain management from symptom control
toward mechanism-driven interventions. By integrating human iPSC-CMs and nociceptors,
researchers can pinpoint novel targets—such as specific ion channels or neurotrophic pathways—
that mediate ischemia-induced sensitization. Improved in vitro assays will facilitate more predictive
drug screening, reducing reliance on animal models and accelerating translation. Moreover,
patient-specific iPSC lines enable personalized risk stratification and may guide individualized
therapy choices, particularly in populations prone to silent ischemia. Ultimately, combining
regenerative approaches with targeted neuromodulation could yield hybrid treatments that both
repair damaged myocardium and dampen maladaptive nociception.

Induced pluripotent stem cells represent a paradigm shift in cardiac pain research and therapy.
Beyond modelling, iPSC-derived cardiomyocytes offer prospects for cell-based regeneration of
ischemic myocardium, while iPSC-engineered sensory neurons enable unprecedented study of
human pain pathways. Advances in bioengineering, genome editing, and co-culture technologies
will refine these systems, paving the way for “disease-in-a-dish” platforms that predict clinical
outcomes and identify safe, effective analgesic and cardioprotective agents. As protocols mature and
standardize, iPSC approaches may transition from the bench to first-in-human trials—ushering in an
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era where cardiac pain is not merely managed, but fundamentally understood and treated at its
source.
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