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Organoid technology has significantly advanced in recent years and revolutionized the
field for generation of organs using in vitro systems (a.k.a “organs in a dish”). The use of
pluripotent stem cells or tissue derived cells for generating a 3-dimensional culture
system to recapitulate the architecture and function of the organ is central in achieving
and improving organoid systems. Unlike most organs in the body, very little progress
has been made in cardiac organoid due to its structural complexity and vascularization.
In this review, we will discuss the current applications of human cardiac organoids for
cardiac disease modeling, drug discovery, drug cardiotoxicity testing, and clinical
applications.

Keywords: organoids, heart, tissue culture, iPSC, stem cells

1 INTRODUCTION

The organoids are described as cells that are grown in a distinct 3-dimensional environment in vitro,
creating mini-clusters that undergo self-organization and division into functional organ in the dish.
(Corrò et al., 2020). Recent advances in the organoid technology have revolutionized the in vitro
culture tools for biomedical research by creating powerful three-dimensional (3D) models to
recapitulate the cellular heterogeneity, structure, and functions of the primary tissues. Organoids
have been used in disease modeling and drug discovery with a wide range including brain (Lancaster
et al., 2013), kidney (Takasato et al., 2015), liver (Hu et al., 2018), intestine (Fujii et al., 2018).
However, relatively less progress has been made in cardiac organoids due to structural complexity
and vascularization. Currently, there are two major approaches for generation of cardiac organoids
including direct assembly of either primary cardiac cells or pluripotent stem cells (PSCs) derived
cardiac cells and self-organization by PSCs. Cell culture techniques involving primary and
immortalized cells are mainstream approaches which are used to recapitulate some facets of the
human disease for investigating disease mechanisms and pharmacological treatments. However, the
lack of direct relevance of organoids to human diseases due to cellular complexity of the tissues and
organs has posed significant limitations and decreased their translational potential and clinical
relevance. Despite these limitations, human cardiac cells derived organoids hold great potential and
promise in modeling human cardiovascular diseases for mechanistic studies, drug development and
precision medicine. This progress has been made possible due to the invention of induced
pluripotent stem cells, advanced imaging, molecular techniques, and 3D organoid technology
(Kim et al., 2022).

In this review, we present the current applications of human cardiac organoids in cardiac diseases
modeling, including congenital heart diseases, myocardial infarction, cardiomyopathy, and heart
failure. In addition, we will also discuss the application of organoid technology in drug screening for
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cardiovascular disease therapy and drug cardiotoxicity testing.
Finally, we will explore the clinical applications of cardiac
organoids, limitations, and future directions.

2 APPLICATION OF CARDIAC ORGANOIDS

2.1 Heart Diseases Modeling
2.1.1 Congenital Heart Disease
Congenital heart defect (CHD) is among the most common types
of birth defects and the major complications are left ventricular
non-compaction cardiomyopathy and heart failure. However, the
molecular mechanisms and origin of these disorders remain
poorly understood. Despite the use of transgenic mouse
models, the need for human relevant disease models remains
in high demand for research and translational application, with
major emphasis on models designed to recapitulate post-natal
and developmental regulation of heart in early stages. Human
pluripotent stem cells (hPSCs), including embryonic stem cells
(hESCs) and induced PSCs (hiPSCs), can differentiate into any
cell type in the body. hPSCs can form the 3D tissue resembling
embryo-like tissue patterns in vitro by manipulating cardiac
developmental program, which enable researchers to study
human cardiac development and cardiac defects.

The previous research work points to major pathways and
mechanisms using in vitro models that allow to identify the
similarities and molecular features that complement findings
obtained in vivo towards human disease. Drakhlis et al.
combined directed cardiac differentiation by Wnt pathway
modulation and encapsulation of hPSCs in matrigel to
generate self-organizing cardiac organoids which resembled
early embryonic heart anlagen (Drakhlis et al., 2021). Nkx2.5
is an important cardiac transcription factor for heart
development and its mutations lead to human structural
cardiac defects (McElhinney et al., 2003; Zhang et al., 2014).
In addition, Drakhlis et al. studied genetic defects using Nkx2.5
knock out hESCs (HES3-Nkx2.5-KO) derived cardiac organoids
and reported that Nkx2.5 deletion showed a phenotype
reminiscent of cardiac malformations previously observed in
transgenic mice. These findings highlight that cardiac
organoids likely mimic properties of human heart in vitro.
However, cardiac organoids are far away from structural and
cellular complexity of the heart. Similarly, Lewis-Israeli et al. used
three sequential Wnt modulation steps (activation/inhibition/
activation) for cardiac mesoderm induction and epicardial
induction at specific time points on embryoid bodies (EB)
with suspension culture to generate cardiac organoids.
Transcriptomic analysis reveals that organoids closely model
human fetal cardiac development and produce multiple
cardiac-specific cell lineages with a composition of
cardiomyocytes, cardiac fibroblasts, endocardial cells, and
endothelial cells. Importantly, these organoids displayed well-
defined sarcomeres surrounded by mitochondria, gap junctions
and the presence of tubular structures reminiscent of T-tubules.
Robust beating and normal electrophysiological activity with
well-defined action potential waves reminiscent of QRS
complexes, T and P waves and regular action potentials were

also detected using a multi-electrode array. This study strongly
supports that heart organoids are functional and will likely serve
as good candidates for disease modeling.

Furthermore, the combination of growth factors, bone
morphogenetic protein 4 and activin A improved heart
organoid chamber formation and vascularization (Lewis-Israeli
et al., 2021a; Lewis-Israeli et al., 2021b). Pregestational diabetes
(PGD) which starts before pregnancy and present during at least
the 1st trimester of fetal development affects nearly 2% of all
pregnancies (Pauliks, 2015), and increases the risk of fetal
congenital heart disease. It is also known to cause fetal
hypertrophic cardiomyopathy and impairs cardiac function in
infants (Pauliks, 2015). Lewis-Israeli et al. utilized the heart
organoid platform to model the effects of PGD on the
developing heart. This platform recreates complex metabolic
disorders with decreased oxygen consumption and increased
glycolysis in pregestational diabetes-like conditions (Lewis-
Israeli et al., 2021b). Overall, these studies provide the basic
constituents for developing cardiac organoids derived from PSCs
which might serve as good models for studying molecular
pathology of CHD in humans.

2.1.2 Ischemic Heart Disease
Ischemic heart disease (IHD) is a leading cause of death
worldwide, which manifests clinically as myocardial infarction
(MI) (i.e., heart attack) and ischemic cardiomyopathy (Shao et al.,
2020). Heart attacks are a common cause of heart failure with a
40% 5-year mortality (Lauridsen et al., 2021). During the past
decades, clinical trials show limited success in heart failure for
translation using information from animal models to human
studies. Human cardiac organoids showed a great translational
potential to bridge and connect basic research findings using
animal models of heart failure and transition towards human
studies.

Newborn rodent hearts possess an endogenous regenerative
capacity following injuries including ventricular resection,
cryoinjury, and coronary artery ligation (Lam and Sadek,
2018; Shen et al., 2021); however, such regenerative capacity
rapidly diminishes during the first 7 days after birth in mice.
Advances have been made to understand the underlying
mechanism for such loss of mammalian cardiac regenerative
potential and to identify the potential approaches for boosting
regenerative capacity in adulthood upon injury (Hirose et al.,
2019). Voges et al. generated cardiac organoids by fabrication of
hESCs derived cardiac cells in the mold and showed that
following cryoinjury the human cardiac organoids exhibited an
endogenous regenerative response with complete functional
recovery. Importantly, this model provides a unique
opportunity to explore the molecular and cellular mechanisms
governing regeneration of immature human heart tissue (Voges
et al., 2017). The bioengineered heart organoids provide a great
potential, however there are currently limitations since organoids
do not display initial ECM accumulation typical for the early
stages of both regeneration and fibrosis (Voges et al., 2017;
Hofbauer et al., 2021). Hofbauer et al. established hPSCs
derived self-organizing “cardioids” that recapitulate chamber-
like morphogenesis in the absence of non-cardiac tissues
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(Hofbauer et al., 2021). These cardioids contained all three major
cardiac lineages, solely relying on developmental mechanisms
without external ECM scaffolds and produced a more
physiological response upon cryoinjury. In trilineage
“cardioids”, a rapid recruitment of either endothelial cells or
epicardial associated fibroblast-like cells was observed after
cryoinjury, suggesting they could mimic an important early
aspect of regenerative and fibrotic response (Hofbauer et al.,
2021). Richards et al. utilized oxygen diffusion together with
chronic adrenergic stimulation to create a gradient of “apoptotic
center-dysfunctional interior functional edge” in human cardiac
organoids generated by fabrication of 50% hiPSCs derived
cardiomyocytes and 50% non-myocytes. This setting
recapitulated the “infarct-border-remote zones” of infarct
hearts. In addition, the composition of multiple cell types
facilitated to mimic organotypic myocardial response to
infarction in cardiac organoids including fibrosis and
pathological calcium-handling. They also demonstrated that
organoid based myocardial infarction model recapitulates
hallmarks of myocardial infarction (pathological metabolic
shifts, fibrosis, and calcium handling) (Richards et al., 2020).

2.1.3 Non-ischemic Cardiomyopathy
Non-ischemic cardiomyopathy is a major underlying cause of
heart failure (Seferovic et al., 2019). The pathophysiology of non-
ischemic cardiomyopathy is multifactorial and includes genes
and environment interactions along with other comorbidities
(Wu, 2007; Shanbhag et al., 2019; Lombardi and Chen, 2020).
Tiburcy et al. used human cardiac organoids generated with PSCs
derived cardiomyocytes, fibroblasts, and ECM to model heart
failures with isoprenaline and norepinephrine stimulation.
Cardiomyocyte hypertrophy was developed in response to
catecholamine stimulation, in which the cardiac organoids
showed a loss of a positive force-frequency-response, and
adrenergic signal desensitization (Tiburcy et al., 2017).

iPSCs derived from patient tissue and utilized for mutagenic
studies allow for the development of cardiac organoids which are
physiologically relevant to model familial cardiomyopathy under
in vitro settings. Recently, Yang et al. generated cardiac constructs
by direct assembly of hiPSCs derived cardiomyocytes and human
marrow stromal cells from myosin heavy-chain 7 mutation
(E848G) patients. These cardiac organoids carrying E848G
mutation exhibited significantly less alignment, significant
reduction of systolic function and minimal impact on diastolic
function (Yang et al., 2018). Similarly, Buono et al. directly
assembled iPSCs derived cardiomyocytes from hypertrophic
cardiomyopathy (HCM)-patient carrying an MYH7 mutation
and human cardiac endothelial cells and cardiac fibroblasts at a
physiological cell ratio of 3:5:2 to construct cardiac organoids
which displayed arrhythmia phenotype (Filippo Buono et al.,
2020). Long et al. generated engineered heart muscle using
Duchenne muscular dystrophy (DMD) patient hiPSCs derived
cardiomyocytes and human fibroblasts to model DMD
cardiomyopathy. They also generated the heart muscle using
cardiomyocytes with correction of DMD mutation by CRISPR/
Cas9 technology. After correction of DMD mutation, dystrophin
expression was restored, and the heart tissue showed

improvement of mechanical contraction (Long et al., 2018).
This study provides an insight for genetic cardiomyopathy
modeling and functional effects of gene editing in human
cardiac tissue level. Overall, these studies supported the
approach that human cardiac organoid is useful for modeling
non-ischemic cardiomyopathy with variety of pathogenesis
causes.

2.2 Drug Development for Cardiovascular
Diseases
Majority of the drugs that are approved in the pre-clinical stages
of drug development fail at the clinical trial level since most of the
initial testing and target validation are conducted using 2D cell
culture or small animal models (Mokry et al., 2015). In recent
years, hiPSCs-based disease models represent a useful and
powerful tool for drug discovery. The new advances and
opportunities in the field allow for drug screening using
patient-specific iPSCs and differentiation of disease affected
cells. In this respect, iPSCs-cardiomyocytes can be used for
personalized drug screening and clinically relevant diseases
models. In fact, successful pre-clinical application of iPSCs-
derived cardiomyocytes for drug screening assays has been
demonstrated recently, to assess the proarrhythmic risk of
novel cardio therapeutics (Kussauer et al., 2019). However,
despite great advantages of iPSCs for drug development, one
hurdle is a lack of functional maturation of iPSCs-derived
cardiomyocytes in 2D culture. In addition, the biological
architecture and intercellular interactions contribute to disease
pathogenesis. Therefore, organoid-based technologies offer a
greater physiological relevance relative to their 2D counterparts.

Mills et al. performed drug screening to identify pro-
proliferative compounds using bioengineered human cardiac
organoids (Mills et al., 2019) using 2D iPSCs-derived
cardiomyocytes and then in immature proliferative cardiac
organoids, followed by validation in mature, cell-cycle-arrested
cardiac organoids. Furthermore, under conditions recapitulating
postnatal metabolic environment, maturation of human cardiac
organoids can be further enhanced, which is evidenced by a
metabolic switch from glycolysis to fatty acid oxidation,
expression of adult sarcomere isoforms, t-tubules, adult-like
electrophysiological properties, extracellular matrix remodeling,
and cardiomyocyte cell-cycle arrest. The maturity of cardiac
organoids provides detailed insight for pro-regenerative drug
development. In combination with proteomics analysis, this
study identified two pro-proliferative compounds without
functional side effects and their underlying biological
mechanisms.

With the emergence of SARS-Cov-2 infections, epidemiology
studies show high morbidity and mortality rates in patients with
pre-existing cardiovascular disease which lead to cardiac injury,
dysfunction or death (Italia et al., 2021). Mills et al. also utilized
the mature human cardiac organoids for drug screening in
cardiac dysfunction with SARS-Cov-2 infection setting (Mills
et al., 2021). They used a cocktail of inflammatory cytokines to
mimic SARS-Cov-2 infection. In response to the “cytokine
storm,” those cardiac organoids exhibited diastolic dysfunction
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with similar transcriptional profiling as hearts of SARS-Cov-2
infected K18-hACE2 mice. Subsequently, a targeted drug screen
identified bromodomain and extra-terminal family (BET)
inhibition is an attractive therapeutic candidate. They also
validated that one of the BET inhibitor-INCB054329 prevents
cardiac dysfunction in a mouse lipopolysaccharide-induced
cytokine storm model and in cardiac organoids in response to
COVID-19 patient serum. The study further identified two BD2-
selective BET inhibitors RXV-2157 and apabetalone which were
effective against COVID-19 damage (Mills et al., 2021). Overall,
these studies indicated that compared with traditional 2D culture
formats, human cardiac organoid screening platforms are directly
relevant towards the drug development and discovery.

2.3 Cardiotoxicity
Cardiotoxicity is a major concern for delivery, development of
systemic utilization of drugs and investigational approaches, and
during different stages of approval process. Specifically, the ability
to detect drug-induced exacerbation of cardiotoxicity is an unmet
need for all drug development to address safety concerns for
patients with pre-existing cardiovascular conditions. Impactful
areas of focus include cardio-oncology for cancer patients with
pre-existing cardiovascular diseases or related risk factors who are
at a greater risk of cardiac complications from use of anti-cancer
therapies (Curigliano et al., 2020). A previous study showed that
anti-cancer drugs can cause life-threatening ventricular
arrhythmias with prolonged QT and torsades de pointes (TdP)
(Duan et al., 2018). Efforts have been made to assess the drug
toxicity using hiPSCs derived cardiomyocytes. However, the lack
of interaction between cardiomyocytes and non-myocytes may

not fully represent the effects of testing drugs on cardiac structure
and function.

Compared to 2D monolayer cultures, human cardiac
organoids allowed for recapitulation of 3D tissue-level
responses. Using 3D vascularized cardiac tissue consisting of
hiPSCs derived cardiomyocytes and fibroblasts, Tadano et al.
successfully detected drug-induced modulation in repolarization
and contractility (Tadano et al., 2021). Archer et al. generated 3D
cardiac microtissues with three major cardiac cells including
cardiomyocytes, endothelial cell, and fibroblasts to detect drug
induced changes in cardiac morphology. Effects of 15 FDA
approved structural cardiotoxins and 14 FDA approved non-
structural cardiotoxins on structure of these 3D cardiac
microtissues including mitochondrial membrane potential,
endoplasmic reticulum integrity and cellular viability were
successfully evaluated. This study demonstrated that the 3D
cardiac microtissues can be used as a high-throughput
experimental model to detect cardiotoxicity in cardiac
structure and to provide insights into the phenotypic
mechanisms of this liability (Archer et al., 2018). Unlike the
direct assembled cardiac organoids, self-organized organoids can
be used for studying drug-induced cardiac developmental toxicity
by quantifying the drug effects based on cardiac differentiation,
contractile, and 3D tissue morphology (Hoang et al., 2021). Thus,
this platform can be adopted for pharmaceutical development
and fetal safety assessments. Additionally, the cardiac organoid
models can be used for mimicking the pre-existing cardiovascular
conditions in patients for studying enhanced doxorubicin
induced cardiotoxicity (Voges et al., 2017). In summary, these
studies support the use of human cardiac organoids for

FIGURE 1 | Generation, application and challenges of human cardiac organoids in cardiovascular diseases. PSCs: pluripotent stem cells; ECs: endothelial cells;
FBs: fibroblasts; CMs: cardiomyocytes.
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investigating drug-induced cardiotoxicity in humans with a high
accuracy during the early stages of drug development.

2.4 Clinical Application of Cardiac
Organoids
The recent advent of iPSC has accelerated the progress on
organoids production for transplantation in target organs. The
transplantation of tissue-specific organoids leads to improvement
in tissue function. Transplants have been tested in mouse models
for tissue engraftment, biocompatibility, and functionality. In
2014, Watson et al. generated human intestinal organoids
produced in vitro from hiPSCs for engraftment in vivo. The
transplanted organoids showed successful engraftment and
presence of enterocytes, enteroendocrine cells, paneth cells,
and goblet cells and reepithelization of damaged ileal mucosa
(Watson et al., 2014). Subsequently, retinal, kidney, liver,
pancreas and brain organoids have been transplanted
successfully (Xu et al., 2018). Varzideh et al. developed the
first hiPSCs-derived cardiac organoids for transplantation.
After 24 h of organoid formation, the presence of three
different cell types was observed, cardiac progenitor cells
(CPC), MSCs, and endothelial cells (Varzideh et al., 2019).
These cells started to self-organize into 3D organoids after
72 h, and after 1-week, cardiac organoids presented a
homogeneous beating with mature cardiomyocytes. More
recently, Sawa group in Japan successfully implanted
allogeneic hiPSCs-CM patches in a patient with ischemic
cardiomyopathy. These patches were comprised of
cardiomyocytes, a component of cardiac organoids. The
changes in the wall motion in the transplanted site were
recovered after 6 months of transplantation. Additional
ongoing studies will further show their therapeutic efficacy
and safety in patients (Miyagawa et al., 2022).

3 LIMITATION AND PERSPECTIVES

Recent advances in the generation of human cardiac organoids
helped to bridge the gap between animal models of disease and
drug discovery (Figure 1). There are still numerous challenges
namely reproducibility, vascularization, lack of adult phenotype

that need to be addressed to practically integrate cardiac
organoids into preclinical studies of drug development. In
combination with hiPSCs technology, reprogramming from
patient specific somatic cells into hiPSCs offers not only the
possibility of differentiating all cell types involved in the
generation of cardiac organoids but also offers new
perspectives for personalized drug screening to achieve
optimal therapeutic applications and mechanistic insights.
However, there are a few limitations for the current cardiac
organoids and tissue engineering technology which does not
enable the organoids to fully recapitulate the human heart.
Overcoming the limitations of current approaches of
developmental modeling by refining differentiation protocols
for diverse cell types in an organoid and prolonging the
viability of the organoids over time will open the field to a
wide range of applications beyond fetal heart development and
disease discovery. Furthermore, the current cardiac organoids
mainly consist of cardiac cells with cardiomyocytes, endothelial
cells, and fibroblasts but the lack of immune cells fails to address
the immunological responses in cardiac inflammatory models. In
this regard, vaccination with mRNA vaccines against coronavirus
disease 2019 has been associated with a risk of developing
myocarditis and pericarditis and the current models of
organoids fail to address the pathophysiology of this disease.
The ongoing rapid pace of research on cardiac organoids will
likely overcome these limitations and facilitate their use for
cardiac development and disease studies as well as clinical
applications.
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