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Abstract

Cardiovascular diseases rank as the leading cause of death worldwide and are a major contributor to disability, posing a significant threat
to human health. Organoids offer a partial simulation of the structure and function of the tissue of origin. It is a promising model that can
supplement the disadvantages of two-dimensional culture and animal models. Due to the complexity of heart development, the research
of cardiac organoids is still maturing. The advancement of technology has helped address certain challenges, but it has also unveiled
new issues and complexities. This paper summarizes the application of organoids technology in the cardiovascular field, the common
construction methods of cardiac organoids, and the latest progress of cardiac organoids in the fields of disease model construction, cardiac
development research, drug research, and regenerative medicine. The future development and challenges of cardiac organoids are also
addressed.
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1. Introduction
The prevalence and mortality of cardiovascular dis-

eases have gradually increased from 1990 to 2019, ranking
first in the global mortality rate. Cardiovascular diseases
also the main factor leading to disability, which has brought
a serious burden to the global medical economy [1]. Re-
search has revealed variations in the incidence of cardiovas-
cular diseases across countries with different income lev-
els, as well as differences observed between genders [2,3].
With the in-depth study of cardiovascular diseases, these
complex issues demand effective solutions.

Organoids are structures comprised of organ-specific
cells that originate from stem cells or organ progenitors.
They can self-organize and assemble through processes like
cell sorting out and spatially restricted lineage differentia-
tion within a living organism. Unlike other multicellular
3D tissue models such as gastruloids and embryoid bodies,
organoids represent only a single organ (or parts thereof),
while gastruloids and embryoid bodies include precursor
cells of endoderm, mesoderm and ectodermal lineages. In
gastruloids, as with embryos, the trilineage precursors orga-
nize spatiotemporally relative to each other [4–6]. In this re-
view, we only discuss organoid technology. In 2008, Eiraku
et al. [7] used embryonic stem cells (ESC) to produce cor-

tical neurons within a 3D structure in cell aggregation cul-
tures. In 2009, Sato et al. [8] found that adult stem cells,
namely small intestine crypt Lgr5+stem cells, can self-
organize/assemble to form a crypt-villus structure. Of pio-
neering significance, these two studies cultivated organoid
cells with ESC and adult stem cells, respectively. Conse-
quently, the field of organoids has flourished, with numer-
ous research findings published in recent years across var-
ious organ systems, including the brain, lung, heart, liver,
kidney, blood vessels, and retina [9–16] (Table 1, Ref. [7,9–
11,13–15,17–24]).

At present, two-dimensional culture and animal mod-
els are the main models for studying cardiovascular dis-
eases. Two-dimensional culture models have been used in
the field of life science for decades, enabling researchers to
study the physiological and pathological activities of cells
in vitro. However, this method typically only involves a sin-
gle cell type and lacks the interaction and information ex-
change between cells and the cell matrix [25]. The growth
environment of this cell is far from that in vivo, resulting in a
discrepancy between two-dimensional cell experiments and
those done in animal or outcomes of human clinical trials
[26,27]. Animal models have been instrumental in advanc-
ing our understanding of diseases. However, the limitations

https://www.imrpress.com/journal/FBL
https://doi.org/10.31083/j.fbl2809221
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Table 1. Variation in duration, signaling pathways, and factors applied in construction methods of organoids.
Organoids Cell resource Cultivation duration Essential signaling pathways Factors Ref.

Brain organoids
hiPSC 20–30 days FGF/WNT/BMP signaling SAG, SB431542, IWR1 [9]
mESC 10 days FGF/WNT/BMP signaling SAG, SB431542, IWR1 [7]

Lung organoids
hPSC 50–80 days FGF/WNT/BMP signaling SB431542, CHIR99021, SAG, FGF4, FGF10 [10]

Xenopus laevis foregut 19 days FGF/WNT/BMP signaling - [17,18]

Heart organoids
hPSC 7 days WNT/BMP signaling CHIR99021, BMP4, IWR1, XAV939 [11]
hiPSC 20 days - CHIR99021, Y-27632, IWP4 [19]

Cardioids (a gastruloid model) hiPSC 7 days WNT/BMP signaling CHIR99021, BMP4, HGF, IGF-1, VEGF, Y-27632, FGF2 [20]

Liver organoids
Lgr5+stem cells of mice Several months FGF/BMP signaling EGF, HGF, BMP7, FGF19 [10]

hiPSC 20 days - FGF2, VEGF, EGF, CHIR-99021, A83-01 [21]

Kidney organoids
hiPSC 20 days FGF/WNT signaling CHIR99021, FGF9 [13]
hiPSC 14 days FGF/WNT signaling CHIR99021, FGF9, Y27632, BMP4 [22]

Blood vessel organoids
hPSC 18 days BMP/WNT/NOTCH signaling BMP4, VEGF-A, SB43152, CHIR99021, FGF2 [14]
hiPSC 30–50 days BMP/WNT/NOTCH signaling SB43152, CHIR99021, BMP4, Y27632, VEGF-A, FGF2 [23]

Retina organoids
hESC 126 days WNT/BMP signaling IWR1, CHIR99021, SAG [15]
hiPSC 18 days - IWR1, SAG [24]

hiPSC, human induced pluripotent stem cells; mESC, mouse embryonic stem cells; hPSC, human pluripotent stem cells; hESC, human embryonic stem cells; SAG, Hedgehog/Smoothened agonist; SB431542,
a TGF-β inhibitor; IWR1, a tankyrase inhibitor which inhibits WNT/β-catenin signaling pathway; CHIR99021, a glycogen synthase kinase 3β (GSK3β) inhibitor; FGF, fibroblast growth factor; A83-01,
TGF-β inhibitor; BMP, bone morphogenetic protein; XAV939, a WNT/β-catenin signaling inhibitor; EGF, epidermal growth factor; HGF, hepatocyte growth factor; VEGF, vascular endothelial growth
factor; Y-27632, an inhibitor of protein kinase; IWP4, a WNT/β-catenin signaling inhibitor.
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Fig. 1. Advantages and disadvantages of two-dimensional culture, three-dimensional culture, and animalmodel. Two-dimensional
culture, three-dimensional culture, and animal models play an important role in biomedicine.

posed by the use of different species and the high costs asso-
ciated with animal modeling restrict their application [28–
30]. Comparing the two models, the organoids produced by
three-dimensional culture have the following advantages:

• The structure and function of the culture is closer to
that of in vivo culture, and the response to drugs and physi-
cal and chemical stimuli better approximates that of physi-
ological conditions [31,32].

• It can simulate the growth and development of cells
under physiological conditions, facilitating the study of
complex mechanism [6].

• It provides a higher surface volume ratio and short-
ens the cell proliferation process [31,33].

• To better maintain the pluripotency of mesenchy-
mal stem cells, cells have better differentiation ability [33]
(Fig. 1).

Organoids are an important supplement to the research
model of heart disease. At present, organoids are expected
to be applied to many research fields, such as establish-
ing disease models, studying the molecular mechanism of
disease, drug research and regenerative medicine [34–36].
The emergence of organoids is of great significance. Al-
though many technical difficulties and problems remain to
be solved, organoids have the potential to bridge the transi-
tion from basic cell biology research to clinical medicine.

2. Construction of Human Cardiac
Organoids

In the initial stages of research, scientists commonly
generated embryoid bodies through the suspension culture
of ESC or pluripotent stem cells. Subsequently, they in-
duced the differentiation of these cells into cardiomyocytes.
Chen et al. [37] developed a polymerized suspension cul-
ture system for human-induced pluripotent stem cells (hiP-
SCs). This system effectively guides the differentiation of
hiPSCs into cardiomyocytes by modulating the WNT path-
way and utilizing suspension culture techniques, resulting
in myocardial cells with a purity of up to 90%. The car-
diomyocytes produced by this method showed typical mor-
phological and electrophysiological characteristics of car-
diomyocytes. Likewise, by using patch clamp to analyze
electrophysiological properties, cardiomyocytes show ac-
tion potential, representing nodal-, atrial-, and ventricular-
like cardiomyocytes. Electrophysiological analysis also
showed that from day 8 to day 28, cardiomyocytes’ key
action potential characteristics gradually matured (or in-
creased). The maximum rise rate (Vmax) expressed by V/s
was 34.2± 3.6 at 28–32 days, significantly higher than that
of 8–12 days [37]. Feyen’s team [38] successfully differ-
entiated multiple extended pluripotent stem cell lines into
cardiomyocytes. Shkumatov et al. [39] inserted an onco-
gene into the DNA of cardiomyocytes, enabling a large ex-
pansion of atrial myocytes by changing the expression con-
ditions of the oncogene; these cells could then be used to
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Fig. 2. Construction methods of cardiac organoids. Cardiac organoids are mainly induced by human pluripotent stem cells. Common
construction methods include tissue engineering, self-organization/assembly, 3D bioprinting, and heart-on-a-chip technologies.

model extracorporeal atrial fibrillation. These methods of
producing cardiomyocytes in vitro lay a foundation for re-
searching cardiac organoids.

The strategy employed in organoid culture primarily
relies mimicking the growth signals that occur during the
development of the target organ, as well as replicating the
requirements for tissue environment homeostasis. In recent
years, the advancement of tissue engineering technology
and the deepening understanding of organoid construction
methods, have led to various approaches in constructing
cardiac organoids. These methods predominantly include
tissue engineering techniques, self-organization/assembly
methods, 3D printing and organ-on-a-chip technologies
(Fig. 2). Tissue engineering includes regulatingmetabolism
[38], matrix rigidity [39] and tissue patches [40]. Self-
organization/assembly includes cardioids [11] and other
heart organoids [41]. Some 3D printing studies include
cardiac patches [42], collagen [43] and vascular conduits
[44]. Organ-on-chips include microfluidic devices [45] and
miniature cell culture chambers [46].

2.1 Cell Types
Many methods for constructing heart organoids in

vitro have been reported, but there are some differences
in the methods applied and the cell types used to gener-
ate them. The main cell types used to construct cardiac
organoids include hiPSCs, embryonic stem cells, and car-
diac progenitor cells. Ergir et al. [47] uses hiPSCs to dif-
ferentiate into a cardiovascular lineage and further aggre-

gate them in a low-adhesion dish in 3D. The resulting hu-
man organotypic cardiac microtissues contain various cell
types and can beat without external stimuli for over 100
days. Lee et al. [48] optimized the method for cultur-
ing human cardiac organoids from embryonic stem cells
in the presence of high concentrations of laminin-entactin
and fibroblast growth factor 4. The resulting human heart
organoids have a unique cardiac morphology, with atrium-
and ventricle-like chambers composed of cardiomyocytes,
and express the integral proteins of gap junctions and ion 20
channels [48]. Ho et al. [49] successfully obtained human
cardiovascular progenitor cells by utilizing hiPSCs and in-
ducing targeted differentiation to generate cardiomyocytes.
They used human cardiovascular progenitors to differen-
tiate chambered cardiac organoids by regulating WNT/ß-
catenin signaling, as well as several growth factors neces-
sary for the expansion of human cardiovascular progenitors.
It is worth mentioning that these are cardiac organoids de-
rived from different cells and different construction meth-
ods and thus have different applications.

2.2 Bioengineering Strategies

Induced pluripotent stem cell-derived cardiomyocytes
show great potential in the research of human heart disease.
However, thematurity of cardiomyocytes obtained by tradi-
tional methods is low, which seriously restricts their use as a
diseasemodel and their application in drug research. Imma-
ture cardiomyocytes have a low resting potential (approx-
imately –60 mV) and the current is mediated by inward-
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rectifying potassium channel Kir2.1. Meanwhile, mature
ventricular cardiomyocytes have a resting potential of ap-
proximately –90 mV. The action potential of immature car-
diomyocytes rises much more slowly than in mature car-
diomyocytes, and repolarization begins soon after depolar-
ization. The rapid repolarization phase is mainly mediated
by rapid delayed-rectifier potassium currents, while ma-
ture ventricular cardiomyocytes have a plateau phase [50].
Sarcomere is the basic unit of cardiomyocyte contraction.
Monitoring the expression levels of troponins such as car-
diac troponin T, cardiac troponin I, α actin, and β myosin
heavy chains provides a basic assessment of cardiomyocyte
maturity.

In adult cardiomyocytes in a relaxed state, the gan-
glion length is approximately 2.2 µm, while the sarcomere
length of immature cardiomyocytes is approximately 1.65
µm [51]. Tissue engineering is an emerging field that inte-
grates the principles of cell biology and materials science
to construct functional tissues or organs. The application
of tissue engineering methods in the cardiovascular field
can mitigate the issue of cardiomyocyte immaturity. Re-
searchers mainly combine the induced cardiomyocytes with
biomaterials such as hydrogel or extracellularmatrix to gen-
erate a series of myocardial tissues with similar structure
and contraction characteristics to adult myocardium. Feyen
et al. [38] developed a medium culture formula differ-
ent from the traditional cardiomyocytes culture medium to
maintain the fatty acid β-oxidation of myocardial cells and
promote myocardial cell differentiation by providing oxi-
dation substrate, L-carnitine, taurine, calcium ion, and low-
sugar state. The cardiomyocytes produced by this method
are more mature.

The contractile performance of myocytes was evalu-
ated using dynamic monolayer force microscopy, and the
intracellular tension was significantly increased from 2.01
± 0.9 to 6.64 ± 2.1 nN/µm. Furthermore, the increase
in force was accompanied by increased maximal contrac-
tion (0.17 ± 0.06 nN/(µm s)) and relaxation (0.14 ± 0.04
nN/(µm s)) rates as well as faster relaxation (fall) (0.15 ±
0.02 s) times. Patch clamp electrophysiology showed that
cardiomyocytes had large inward rectifier potassium ion
currents (–10.3 ± 1.2 pA/pF at –140 mV, 1.2 ± 0.2 pA/pF
at +60 mV), the polarized diastolic membrane potential of
–80.3± 0.6 mV, and a faster rise in action potential (250±
18 V/s dV/dtmax), which were close to normal adult ven-
tricular myocytes. The different stiffness of the matrix will
lead to different differentiation degrees of cells. Collagen-
based hydrogel with a matrix stiffness similar to myocar-
dial tissue (E of 6 kPa) can promote the proliferation and
differentiation of myocardial cells. At the same time, a soft
matrix (E of 0.2 kPa) cannot transmit physical-mechanical
signals during the differentiation of myocardial cells. The
differentiation ability of myocardial cells formed by embry-
oid bodies cultured on hydrogel with brain or adipose tissue
hardness (E of 0.2 kPa) is limited. Similarly, EBs cultured

on a gel with a stiffness of non-mineralized bone matrix (E
of 40 kPa) showed decreased cardiomyogenic differentia-
tion [39]. In a similar study, Ribeiro cultured cardiomy-
ocytes on a polyacrylamide substrate with a stiffness of 10
kPa [52].

With the development of tissue engineering technol-
ogy, more research is devoted not only to cell research but
also the use of disease animal models as well as drug test-
ing applications. Querdel et al. [40] applied tissue en-
gineering to produce a myocardial tissue patch and trans-
planted it into the guinea pig model of hypothermic injury.
The experiment showed that it could maintain the mechani-
cal and electrophysiological characteristics of myocardial
tissue and improve guinea pigs’ left ventricular function
through the muscle. Goldfracht et al. [53] combined car-
diomyocytes with chitosan-enhanced extracellular matrix
hydrogel from an acellular pig heart. The effect of myocar-
dial tissue produced by this method on drugs such as iso-
proterenol, carnitine, E-4031, ATX2, Uben, and quinidine
is similar to that observed in adult cardiac tissue. However,
this method carries certain limitations. There is still a gap
between the maturity level of this kind of myocardial tissue
and adult cardiac myocytes. The force it generates is at least
one order of magnitude lower than that of adult cardiac my-
ocytes. With the rapid development of tissue engineering,
the cardiac organoids constructed are increasingly complex
and more reflective of normal cardiac tissue. This is an ef-
fective supplement to the traditional culture mode.

2.3 Self-Organizing/Assembling Systems

The process of cardiac development involves complex
morphological construction events, including the formation
an early cardiac tube, a cardiac tube ring, an atrioventricu-
lar cavity, the cardiac septum and valve, connection of out-
flow tract, the conduction system and coronary circulation
[54]. Although 3D organoid technology based on tissue en-
gineering can construct cardiac organoids, it cannot reflect
the heart development and formation process. This is so
because in the process of embryonic development, the for-
mation of tissues and organs is not controlled artificially but
is formed by cell self-organization/assembly.

Hofbauer’s team [11] induced hPSC to proliferate
and differentiate by activating six known signal pathways
involved in embryonic heart development. The experi-
ment found that with the activation of the development
signal pathway, the mesoderm induced by hiPSC self-
organized/assembled into a single closed chamber that
could beat autonomously, while the sarcomere and inter-
calated disc could be observed under the ultrastructure. It
[11] includes common cell types at this stage of develop-
ment, such asmyocardial cells, endothelial cells, fibroblasts
and epicardium. In response experiments to tissue damage,
researchers observed that fibroblasts in cardiac organs im-
mediately recruited and migrated to the injured site. These
cells also synthesized certain proteins to repair the dam-
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aged tissue. Compared with tissue engineering, the cardiac
organoids constructed by this method do not require exter-
nal matrix scaffolds. Rather, they rely only on the mecha-
nism of cardiac development; the process is similar to the
track of spontaneous growth of the human heart [55].

Lee et al. [41] applied the self-organization/assembly
method to construct cardiac organoids and used its mechan-
ical contraction amplitude analysis to confirm that high-
dose nifedipine treatment in clinical trials may cause car-
diac arrest. They also proved for the first time that in-
hibition of the hERG channel could lead to QT prolon-
gation or early and late depolarization of arrhythmia in
cardiac organoids. Other studies have shown that us-
ing self-organizing/assembling methods to construct car-
diac organoids can aid in studying the influence of dia-
betes conditions on the development of cardiac organoids
[56]. These data show that cardiac organoids constructed
by the self-organization/assembly method are a useful tool
for studying the mechanism of cardiovascular diseases and
lay a foundation for pharmacological research on the treat-
ment and prevention of these diseases.

The method of producing cardiac organoids by self-
organization/assembly has significant advantages in reveal-
ing the process of organogenesis and development in vivo.
However, it has some limitations. Organoids represent sin-
gle organs (or parts of them) that lack stimulation from other
tissues, such as nerve cells, that are important for heart de-
velopment. Further, gastruloids can be used to establish
an advanced model for human cardiogenesis with multi-
lineage and multisystem integration that includes neurons
toward the goal of organ innervation [20]. Amadei con-
structed an embryonic model using embryonic stem cells
and extra-embryonic stem cells, including trophoblast cells,
embryonic ectodermal stem cells, and induced embryonic
ectodermal stem cells [57]. These models demonstrate self-
organizing/assembling ability to reconstruct mammalian
development through gastrulation, neurulation, and early
organogenesis. These methods have broadened our think-
ing. Presently such models are representative of the fetal
heart. In an organoid study with cardioid organoids [11]
and human heart organoids [56], attempts to achieve further
developmental growth progress by a longer incubation time
under those conditions was insufficient to progress along a
normal development path.

2.4 3D Bioprinting Artificial Heart

3D bio-printing technology is a technology that com-
bines computers and biomaterials that can realize the per-
sonalized spatial layout of cells and biomaterials, thus
building the desired model. Noor et al. [42] extracted
omental tissue from patients, reprogrammed them into hiP-
SCs, and differentiated them into cardiomyocytes and en-
dothelial cells. They then combined these two cells with
personalized hydrogels to produce cardiac parenchyma and
blood vessels, and used them as a biological ink. The

printed autologous tissue has the same anatomical structure
as the original tissue and all cellular components and is not
expected to produce a rejection reaction if transplanted back
into the patient. This functional vascularized tissue, printed
according to the patient’s anatomical structure, is expected
to repair or replace damaged/diseased organs. Lee et al.
[43] successfully constructed a newborn human heart us-
ing 3D bio-printing technology, pulmonary valve, and aor-
tic valve. Wang et al. [44] constructed arterial and venous
tissues. These 3D bioprinted arterial and venous catheters
display the basic characteristics of blood vessels, includ-
ing related mechanical properties, barrier function, and the
expression of vascular-specific markers. The authors anas-
tomosed the printed blood vessels with different diameters
to mice’s aorta and vena cava through in vitro transplan-
tation. They observed that blood flow passed through the
transplanted blood vessels normally and without obvious
leakage.

3D bioprinting is a promisingmethod, providing a fine
basis for building a complete organ. However, some chal-
lenges still affect its application, including the need to ob-
tain a large number of cells and achieve the physiological
distribution of relevant cell types to obtain the engineering
of large and functional organs. Constructing a perfusion
vascular network in thick tissue remains an additional chal-
lenge [58].

2.5 Organ-on-a-Chip

Organ-on-a-chip is a new technology that combines
lab-on-a-chip and organoids. It can build and simulate
the microenvironment of human tissue and form a micro-
physiological system akin to the human body. Grosberg
et al. [45] designed a specific microfluidic device to col-
lect myocardial contractility and electrophysiological data.
The cytoskeletal structure of multiple tissues can be ob-
served in the same experiment. This technology can col-
lect organization-scale data and effectively reduce the error
caused by the traditional test of multiple single samples.

Other scholars have built a miniature cell culture
chamber using a microfluidic device. The lateral channel
of the device can precisely adjust the flow rate of the cul-
ture fluid in the culture chamber, mimicking the passing of
blood through local areas in the capillaries under physiolog-
ical conditions. The mouse cardiomyocytes planted in this
device can closely simulate the physiological state of car-
diomyocytes [46]. Because of the physiological character-
istics of myocardial cells, such as contractility and electro-
physiological response, it is extremely difficult to replicate
the real internal environment of heart tissue in vitro.

Microfluidic technology makes it possible to closely
simulate the internal environment, which is also the core
value of organ chips. This technique has been applied to
the construction of disease models, drug testing and toxi-
cological research. Myocardial infarction and heart failure
models were included in the basic and preclinical research
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Fig. 3. Application of cardiac organoids. Cardiac organoids are widely used, including in the construction of disease models, the
pathogenesis of congenital heart disease, cardiac development, regenerative medicine, drug development, and toxicological detection.

[46,59]. In drug testing and toxicological research, a dox-
orubicin toxicological model was constructed [60]. Organ-
on-a-chip can also be used to determine the partial pressure
of oxygen [61]. This technology has been used to explore
the effects of different culture conditions on cardiomyocyte
proliferation, morphology, and arrangement [62].

3. Application of Cardiac Organoids
Cardiac organoids are a highly promising technol-

ogy. With the deepening of research, more and more re-
ports have shown its extensive application, such as con-
struction of heart disease model, heart development, drug
research, and regenerative medicine. In the construction
of disease models, such applications include models of
myocardial infarction [63], heart failure [64] and arrhyth-
mia [65]. Researchers have also looked at cardiopul-
monary co-development, and congenital heart disease [66–
68]. Some drug studies include tacrolimus (calcineurin in-
hibitor), sirolimus (proliferative signaling inhibitor), and
doxorubicin [63,69]. In regenerative medicine, this in-
cludes the transplantation of cardiac damage repair models
and printed cardiac tissue [70,71] (Fig. 3).

3.1 Construction of Acquired Heart Disease Models
Myocardial infarction is an acute disease that may

be life-threatening due to acute coronary artery obstruc-
tion and cardiac muscle necrosis due to lack of blood sup-
ply. Richards et al. [63] used the iPSC to build car-
diac organoids and built a model combining oxygen dif-

fusion gradient. Norepinephrine stimulation can simulate
the heart’s “infarct edge remote region” of the heart after
myocardial infarction. The disease model reproduced the
characteristics of myocardial infarction (such as metabolic
changes after myocardial infarction and pathological fibro-
sis) at the transcriptome, structure, and function levels. No-
tably, due to the lack of inflammatory cells, this model can-
not reflect the immune system’s role in vivo. Heart-on-a-
chip can be used to build myocardial infarction models.
Using serum-free medium and common medium to reg-
ulate heart-on-a-chip perfusion precisely can simulate the
low perfusion state when myocardial infarction occurs. It
can be observed that myocardial cells are separated from
each other in space, actin filament is decomposed, and cell
volume is gradually reduced. The above changes are posi-
tively related to the degree of hypoxia. The device can regu-
late andmeasure the extracellular microenvironment of my-
ocardial cells in physiological and pathological conditions,
greatly promoting myocardial infarction research [46].

Heart failure is common at the end stage of cardio-
vascular disease, manifested by blood stasis in the venous
system and insufficient perfusion in the arterial system.
Tiburcy et al. [64] used cardiomyocytes cultured with hiP-
SCs to study heart failure under specific serum-free condi-
tions. They found that the toxic response of these kinds
of organoids to chronic catecholamine was characterized
by systolic dysfunction, cardiomyocyte hypertrophy, car-
diomyocyte death, and the release of heart failure mark-
ers. These phenotypes are typical features of heart fail-
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ure. Although the maturity of the organoids obtained by
the method is only at the level of the 13-week fetus in the
unbiased global transcriptome profiling [59], the cardiac
organoids still show great potential for modeling heart fail-
ure.

Arrhythmia is a common heart disease caused by
abnormality of the cardiac electrical conduction system.
Lee et al. [72] used mouse ESC to construct cardiac
organoids with atrial and ventricular structures, including
myocardium, smooth muscle, endothelial cells, and con-
ductive tissue. They evaluated the electrophysiology of this
model and found that it showed normal excitability. After
using the K+ channel blocker E4031, the action potential
duration was significantly prolonged, indicating that car-
diac organoids may be used for arrhythmia research. Shin-
nawi et al. [65] reprogrammed fibroblasts from patients
with short QT syndrome (SQTS) to establish a specific car-
diac organoid model. This model successfully reproduced
the disease characteristics of short QT syndrome type 1,
characterized by shorter action potential duration and re-
fractory period, making it easier to induce reentrant arrhyth-
mia. At the same time, the authors found that quinidine and
dibromide can normalize the action potential duration and
inhibit the induction of arrhythmia. The emergence of car-
diac organoids provides new pathways for the pathophysi-
ological research and treatment of arrhythmia.

Between 20% and 25% of patients with novel coron-
avirus pneumonia have acute heart injury during hospital-
ization. Arhontoulis’s team [73] utilized IL-1 β to treat car-
diac organoids and induce the release of proinflammatory
cytokines similar to novel coronavirus pneumonia. This
model approximates heart injury caused by novel coro-
navirus pneumonia, which leads to cardiac dysfunction
and pathological fibrosis. The model of endothelial defi-
ciency was also used to prove the cardioprotective effect
of endothelial cells. These results indicate that the cardiac
organoids provide a reliable model for studying the mecha-
nism of novel coronavirus infection.

3.2 Heart Development in the Context of Multisystem,
Multiorgan, and Congenital Defects

The process of hiPSC self-organizing/assembling to
form cardiac organoids can partially stimulate the growth
and development of the heart under natural conditions. As
such, the process provides new avenues for studying or-
gan growth and development and the pathogenesis of con-
genital heart disease. To study the interaction between the
heart and lungs during human embryogenesis, Ng et al. [66]
used hiPSCs to cultivate heart organoids and lung progen-
itors. The heart-lung co-culture micro-tissue was estab-
lished through three-dimensional suspension culture tech-
nology, and it was found that the alveolar maturation was
accelerated in the presence of the heart. How the human
body separates different tissues and organs in close contact
and maintains the boundary between organs remains un-
clear. After stopping the WNT agonist, the heart and lung

tissues were effectively separated. This work provides a
new model for studying the molecular and cellular mecha-
nisms of the co-development of the human heart and lung
and the formation of tissue boundaries.

Congenital heart disease is caused by abnormal car-
diovascular development in the fetal period. Marini et al.
[67] used hiPSCs from patients with Duchenne muscular
dystrophy (an X-chromosome recessive disease) to con-
struct cardiac organoids and observed cardiac hypertrophy
or expansion caused by myocardial cell degeneration, fol-
lowed by fibrosis and adipose tissue formation. At the
same time, they also identified five microRNAs considered
to play a key role in this gene network. This model per-
mits a deeper understanding of the pathogenesis of hyper-
trophic/dilated cardiomyopathy associated with Duchenne
muscular dystrophy. Lewis-Israeli et al. [56] used GSK3
and PORCN inhibitors to optimize the multi-step operation
conditions of standard WNT signals and constructed self-
assembled cardiac organoids. Diabetes in pregnant women
is one of the common causes of neonatal coronary heart dis-
ease. The team used glucose and insulin at the level of di-
abetes in the culture medium, proving the influence of dia-
betes conditions on the development of cardiac organoids.
They found that the cardiac organoids in this medium had a
large volume; at the microscopic level, mitochondria were
reduced, while lipid metabolism dysfunction and structural
tissue damage were observed. Studies have also been pub-
lished on the use of cardiac organoids for congenital heart
diseases, such as Ebstein syndrome [68].

3.3 Drug Research

Animal models are widely employed for preclinical
drug efficacy research and toxicological studies. Still, the
characteristics of species differences have great limitations,
while the translation of numerical data obtained from ani-
mal experiments to reflect real human conditions is chal-
lenging. The advent of organoids is an important supple-
ment. Organoids possess certain structural and functional
characteristics of the original tissue, thus typically meet-
ing the needs of drug researchers. Sallam et al. [69] stud-
ied the cardiovascular effects of tacrolimus (calcineurin in-
hibitor) and sirolimus (proliferation signal inhibitor) using
the cardiac organoid model produced by hiPSC. After treat-
ment with tacrolimus, the markers of cardiac fibrosis re-
sponse were significantly up-regulated. Compared with
tacrolimus, sirolimus has no such effect. Cardiomyopathic
and cardiac allograft dysfunction generally pose problems
of increased fibrosis and extracellular matrix deposition.
These findings explain the long-term benefits of prolifer-
ative signal inhibitors on adverse remodeling after heart
transplantation. However, calcineurin inhibitors may be re-
lated to the fibrotic phenotype in cardiac tissue, leading to
poor cardiac remodeling. Richards et al. [63] used the iPSC
to build cardiac organoids, developing a tissue-level human
myocardial infarction model for drug screening. The au-
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thors found that doxorubicin expressed more vimentin in
the myocardial infarction group, consistent with the results
of anthracycline drugs leading to myocardial fibrosis previ-
ously reported. This myocardial infarction model simulates
the process of hypoxia enhancing doxorubicin cardiotox-
icity. In addition, some teams use cardiac organoids to
study the impact of environmental exposure on cardiovas-
cular diseases, explore the mechanism of gene-environment
interaction, and understand the impact of individual suscep-
tibility to the environment [74].

To summarize, cardiac organoids derived from hiP-
SCs provide a platform for future drug research that may be
more useful to study targeted relationships between drugs
and specific human organs. The application of cardiac
organoids alleviates the limitations of animal models that
are non-anthropogenic, require a lengthy period to model,
and cannot be modeled in large quantities simultaneously.
However, the maturity of cardiac organoids still presents a
challenge.

3.4 Regenerative Medicine

Unlike Zebrafish, human cardiomyocytes are perma-
nent cells and do not have the ability to regenerate and repair
without intervention [75,76]. After a myocardial injury,
they are usually repaired with fibrous tissue [77]. Heart
transplantation is still the gold standard for the treatment
of heart failure. Although the heart transplantation rate has
improved in the last decade with economic development,
we have observed the aging of the donor population and
the increase in the prevalence of diabetes, hypertension,
obesity, and other diseases in the donor population. These
donor risk factors are significantly related to the short-term
mortality rate, long-term mortality rate, and the occurrence
of vascular diseases in heart allograft transplantation [78].
Therefore, heart transplantation is still limited by the lack
of donor organs.

The emergence of cardiac organoids provides a new
strategy for the replacement therapy of myocardial injury.
Voges et al. [70] used embryonic stem cells to construct
cardiac organoids and study the regeneration ability of im-
mature heart tissue in the injury response. They found
that this organoid model is useful in studying repair after
hypothermic injury. The tissue repair process showed no
pathological fibrosis or unregulated growth resulting in car-
diac hypertrophy. Their findings demonstrate that cardiac
organoids show great potential for repairing damaged my-
ocardium. Kawai et al. [71] employed cardiac myocytes,
human umbilical vein endothelial cells, and human fibrob-
lasts derived from hiPSC to derive cardiac organoids. Com-
bined with 3D printing technology, tubular cardiac tissue
without stent was constructed and transplanted to immun-
odeficient mice’s abdominal aorta and inferior vena cava.
As a result, transplanted cardiac tissue was found to spon-
taneously beat in mice; tissue level changes included my-
ocardial stripes and blood vessel formation. However, the

amount of implanted cardiac tissue was insufficient, was
not conducive to blood circulation integration and did not
restore organ contractility of the heart. Therefore, questions
remain on what is needed for full recovery by such meth-
ods. The limitation is that the implanted heart tissue is too
small and immature, and thus is not conducive to blood cir-
culation. In addition, by not assessing the contractility of
the tissue, the authors do not shed light on the maturity of
the tissue. Therefore, future research must focus on how
to create larger and thicker engineered heart tissue and suc-
cessfully transplant it into large animal models. Changing
the design of the engineered heart tissue or culture system
is one of the directions [71]. Despite its limitations, this
model is expected to provide a complementary pipeline for
patients with congenital heart disease. Other studies point
to the importance of multilineage cell types in repair. For
example, the simultaneous injection of hiPSC derived car-
diomyocytes with patches containing human mesenchymal
stem cells on the surface of the heart of myocardial infarc-
tion site can significantly improve the function of the heart
following injury and can promote the formation of blood
vessels [79].

In addition to hiPSCs and embryonic stem cells, mes-
enchymal stem cells are worthy of our attention. Lee et al.
[80] found that low-frequency mechanical loading (0.1 Hz,
5% maximal strain) and the addition of TGF-β1 synergisti-
cally increased the activation of Smad2 and YAP-mediated
signals. These conditions increase the angiogenic activity
of mesenchymal stem cells. By RNA sequencing, mes-
enchymal stem cells enhance gene expression in pericyte
and endothelial cell phenotypes and can improve vascular
formation in hindlimb ischemia models. However, under
conventional culture conditions, bone marrow mesenchy-
mal stem cells lose their differentiation potential after ex-
pansion, reducing their therapeutic performance [80].

To summarize, cardiac organoid technology shows
great promise that may include patient-matched tissue re-
pair for transplantation relevant to cardiac repair. However,
there is still much progress to be made to ensure consis-
tency and precise conditions necessary for cardiomyocyte
replacement, vascular integration, and regular heart con-
tractile function in heart transplantation.

4. Outlook
The emergence of cardiac organoids has opened a new

door for the research of disease modeling, mechanism re-
search, and precise treatment in the cardiovascular field.
The hiPSC used to generate cardiac organoids can be ob-
tained from re-edited patient-derived cells, meaning that the
cardiac organoids constructed by this method have the phe-
notype of patients. It carried the unique advantage of per-
mitting researchers to study the diseases’ occurrence and
development mechanisms, especially congenital heart dis-
ease, and its application in precision medicine. Precision
medicine focuses on using patient data to implement per-
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sonalized disease management methods. By leveraging the
diversity of patient populations and conducting multi-group
analyses, researchers can gain deeper insights into the fun-
damental mechanisms of diseases, going beyond relying
solely apparent clinical phenotypes. This approach facili-
tates the advancement of precision medicine, allowing for
a better understanding of individual variations and tailoring
treatments accordingly [81].

The replacement therapy of cardiac organoids for the
cardiovascular system is another area for future develop-
ment. Artificial cardiac tissue, even a mature artificial
heart, is an important means to treat myocardial injury
and heart failure. Current studies have reported a prob-
lem with immature cardiomyocytes. The cardiac organoids
constructed in vitro can only reach the fetal level, which
presently limits applications for full adult organ transplan-
tations. The potential applications in both physiological and
pathological aspects of human heart development may be a
closer target. Some studies have reported that more mature
cardiomyocytes can be obtained by some means, such as
prolonging the culture time, transplanting into a human or
animal body, mechanical signal, and three-dimensional cul-
ture, among other approaches. At the same time, they also
pointed out the limitations of using fully mature cardiomy-
ocytes. For example, mature cells could not survive after
being transplanted into the recipient’s body. The preferred
method might be the maturation of cardiomyocytes after
transplantation [50]. These achievements have brought new
thinking about how to induce mature cardiomyocytes and
the application of cardiac organoid transplantation in the fu-
ture.

Here, we should also point out the challenges cardiac
organoids face. First, as mentioned above, there is a gen-
eral problem of immaturity in cultured cardiac organoids.
How to obtainmature cardiacmyocytes is still the focus and
primary challenge of current research [11]. Second, there
are numerousmethods of cultivating cardiac organoids with
different standards. An efficient method of obtaining high-
quality cardiac organoids should be standardized. Third,
cardiac organoids lack interaction with the microenviron-
ment, such as inflammatory cells and hormones, which can-
not completely simulate the internal environment. Fourth,
there is a lack of vascular network in cardiac organoids,
which mainly transports nutrients through diffusion, result-
ing in uneven distribution of nutrients in organoids and lim-
iting the size of organoids.

Overall, despite the existing deficiencies and chal-
lenges in current cardiac organoid research, they hold sig-
nificant potential for broad applications and irreplaceable
research opportunities in the future. As technology ad-
vances and our understanding of organoids improves, these
miniature tissue models have the capacity to revolutionize
various aspects of cardiovascular research, drug discovery,
disease modeling, and potentially contribute to personal-
ized medicine approaches.
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