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Cardiac tissue injury and repair have always been a research hotspot in the field of
cardiovascular disease. Limited and lost myocardial cells are non-renewable, and
the current clinical treatment effect is still poor. The stem cells-based treatment
strategy for cardiomyopathy is expected to solve the current treatment pain
points. A variety of stem cells have the potential to differentiate into
cardiomyocytes and form cardiac tissue, and the strong paracrine activity of
stem cells also plays an important role in the regulation of inflammation, oxidative
stress and cardiomyocyte apoptosis in cardiac tissue. Limited by the survival rate
and stem cells activity after stem cells transplantation, the effect of stem cells
therapy on cardiomyopathy is still not ideal. Pretreatment of stem cells or genetic
modification to enhance the adaptability of stem cells to the environment, or the
use of new biomaterials to assist stem cells transplantation is an effective
optimization scheme and significantly enhances the therapeutic effect of stem
cells therapy for cardiomyopathy. In this review, the types of stem cells widely
studied in the treatment of cardiomyopathy, the role of stem cells in the
treatment of cardiomyopathy, and how to efficiently use stem cells to treat
cardiomyopathy are described in detail, which provides a theoretical basis for
promoting the preclinical research and clinical transformation of stem cell
therapy for cardiomyopathy.
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1 Introduction

Cardiomyopathy is a myocardial injury affected by many factors. It involves changes in
myocardial structure and function, resulting in abnormal cardiac pumping function, and
ultimately the development of heart failure (HF) (Arany, 2024; Ren et al., 2021; Zhang
J. et al., 2022). Common ischemic injury caused by acute and chronic myocardial infarction
(MI) (Damluji et al., 2021; Dauerman and Ibanez, 2021; Murphy and Goldberg, 2022),
ischemia-reperfusion (IR) injury (Ma H. et al., 2022; Xiang et al., 2024), myocardial toxicity
from drugs such as adriamycin and alcohol (Song et al., 2021), myocardial injury caused by
inflammation or autoimmune diseases, diabetes, or myocardial mechanical injury
fromlong-term hypertension (Tan et al., 2020). The pathological process of
cardiomyopathy is affected by many factors, including acute and chronic inflammation
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following injury, resulting in myocardial fibrosis and remodeling.
These changes result in decreased myocardial systolic function, thus
affecting the heart’s pumping capacity and reducing cardiac output
(Hollenberg and Singer, 2021). The treatment of cardiomyopathy
primarily involves basic etiological treatment, surgical implantation
treatment, pharmacotherapy and lifestyle intervention (Honigberg
and Givertz, 2019; Ruberg and Maurer, 2024). However, current
treatment plans fail to address the core problems of cardiac
structural changes and cardiac function loss in patients (Bogle
et al., 2023). With the continuous development of stem cells-
based therapies for myocardial injury and heart disease have
became as a hot research in recent years (Meng et al., 2018; Ning
et al., 2023; Nishiyama et al., 2022). The core of stem cells therapy is
to use the regenerative repair potential of stem cells to improve
cardiac function and even reverse the course of cardiomyopathy. It
has shown great potential for treatment and application in
preclinical research on cardiomyopathy (Zhao et al., 2020).
Although some studies on cardiac stem cells have yielded
disappointing results, other types of stem cells, including induced
pluripotent stem cells (iPSCs) (Sayed et al., 2020) and mesenchymal
stem cells (MSCs) (Matta et al., 2022), have demonstrated efficacy in
treating cardiomyopathy. However, despite the potential shown by
stem cells in the treatment of cardiomyopathy myocardial injury,
several factors still limit the research and clinical translation. These
include cell viability and differentiation capacity, immune rejection,
and the need to further explore long-term effects. (Liu and Olson,
2022). Therefore, this review provides a detailed overview of the
current stem cells types used for cardiomyopathy therapy,
therapeutic mechanisms, limitations, and optimization of stem
cells therapeutic regimens, such as genetically modifying stem
cells or improving stem cells inhibition protocols, with the aim
of providing a detailed theoretical basis for cardiomyopathy stem
cells therapy.

2 Types of stem cells in the treatment of
cardiomyopathy

Research has focused on iPSCs, MSCs, and embryonic stem cells
(ESCs). Each type of stem cells possesses distinct characteristics and
therapeutic roles that usually need to be determined based on the
type of cardiac injury.

2.1 iPSCs

iPSCs are stem cells obtained by reprogramming adult cells,
including skin-derived or blood-derived cells, with transcription
factors to confer pluripotency (Zhang et al., 2021). iPSCs have a high
capacity for value-addition and differentiation and can potentially
differentiate into a wide range of cell types, including
cardiomyocytes, vascular endothelial cells, smooth muscle cells,
and bone (Meng and Guo, 2023). A recent study demonstrated
that human-derived iPSCs (hiPSCs) can successfully differentiate
into cardiomyocytes when exposed to a combination of isulfonic
acid and Gremlin 2, a member of the Gremlin family of proteins,
exhibiting a high proportion of elongated cells, some of which
displayed a remarkable adult AM-like morphology (Tay and

Melosh, 2019). And human induced pluripotent stem cells-
derived cardiomyocytes (hiPSCs-CM) exhibited similar electrical
signaling properties as cardiomyocytes, and upon electrical
stimulation, hiPSCs-CM showed distinct atrial morphology
action potentials. Also hiPSCs-CM were able to respond to
adrenergic stimulation (Ahmad et al., 2023). Xin et al. used
highly purified hiPSCs-CMs to treat myocardial infarction (MI)
in mice. After a 4-week treatment period, a significant increase in
capillary density and a decrease in cardiomyocyte apoptosis were
observed. These treatments also led to significant improvements in
left ventricular ejection fraction (LVEF), end-diastolic left
ventricular internal diameter (LVIDd), and maximum positive
and negative pressure derivatives (±dp/dt) in MI mice (Jiang
et al., 2020; Wu et al., 2024).

As the source of iPSCs is identified, they can usually be obtained
from reprogramming of the patient’s own cells, avoiding the risk of
short-term or long-term rejection, and ensuring the safety needs of
iPSCs in research and promotion. Tobias Deuse et al. obtained
mouse engineered iPSCs through lentiviral transfection, and during
a 5-day transplantation of homozygous mice, there was no
significant increase in mouse interferon γ (IFN-γ) as well as
interleukin (IL)-4 suggesting that immunosuppression did not
occur. In contrast, homozygous mice showed a strong increase in
IFN-γ and IL-4 expression, and only homozygous mice showed a
robust IgM antibody response against mouse iPSCs (homozygous
mice did not) (Deuse et al., 2019).

The excellent differentiation ability has enabled IPSCs to show
some pro-tissue repair ability in cardiomyopathy disease treatment
and has also provided a research basis for establishing in vitro
cardiac disease models, especially for some cardiac diseases caused
by genetic defects. In the study of dilated cardiomyopathy (DCM)
with mutations in RNA-binding motif protein 20 (RBM20),
Takahiko Nishiyama et al. constructed a genetically defective
mouse model of DCM using adenine base editing (ABE) and
primer editing (PE), which provided an experimental basis for
the study of DCM (Nishiyama et al., 2022).

iPSCs show great potential in heart disease research and therapy.
They can be generated through the reprogramming of adult cells
using transcription factors and possess excellent differentiation
potential, allowing them to generate a wide range of cell types
such as cardiomyocytes, vascular endothelial cells, and smooth
muscle cells. iPSCs-derived cardiomyocytes are like adult
cardiomyocytes in electrophysiological properties and are able to
exhibit normal cardiac function in response to electrical and
hormonal stimulation, which provides a new direction for cardiac
repair. The source of iPSCs is usually from the patient’s own cells,
which effectively avoids the risk of immune rejection and enhances
the safety of their clinical application. iPSCs are also important in
constructing models of genetic defects, especially in the study of
cardiac diseases caused by genetic mutations, such as DCM.

2.2 MSCs

MSCs are derived from bones, adipose tissue, umbilical cord, or
dental pulp, etc.,(Bian et al., 2022; Ma T. et al., 2022; Yan et al., 2023).
Depending on their origin, MSCs differ in their ability to
differentiate, and usually have the potential to differentiate into
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bone, cartilage, or adipocytes. However, current studies have shown
that MSCs usually do not have the ability to differentiate directly
into cardiomyocytes, and therefore, current studies on the use of
MSCs for cardiomyopathy therapy have focused on the paracrine
effects of MSCs in the therapeutic effects of cardiomyopathy (Wu
et al., 2023). Numerous preclinical and clinical studies have shown
that MSCs release large amounts of anti-inflammatory, anti-fibrotic,
and growth factors that protect cardiomyocytes from apoptosis.
Additionally, MSCs secrete a variety of non-coding RNAs after
transplantation. These mechanisms enable MSCs transplantation to
play an important role in the prevention and treatment of
cardiomyopathy, including MI, ischemic heart failure, myocardial
inflammation, and drug-induced myocardial injury (Zhang Z. et al.,
2022). In a recent study by Xue Wang et al., adipose-derived MSCs
and their secreted exosomes were found to significantly increase
cardiomyocyte viability and reduce cardiomyocyte apoptosis in aMI
model by directly targeting transforming growth factor beta receptor
2 (TGF-βR2) and reducing the phosphorylation of Smad protein
family member 2 (Smad2), as well as exhibiting extremely strong in
vivo and in vitro anti-inflammatory and anti-fibrotic capacity in vivo
and in vitro (Wang et al., 2021). In another study, Ronald J Vagnozzi
et al. found that direct intracardiac injection of MSCs induced
CCR2+ and CX3CR1+ macrophage accumulation and successfully
partially restored cardiac viability in ischemia-reperfusion-injured
hearts, by selectively inducing macrophage aggregation, MSCs
ameliorated local inflammation and improved the activity of
cardiac fibroblasts, reduced extracellular matrix (ECM) collagen
deposition, and improved fibrosis while enhancing the
mechanical properties of the injured part. It was suggested that
the therapeutic effect of MSCs was realized based on the pathway
related to wound healing in the acute inflammatory phase
(Vagnozzi et al., 2020). Thus, although MSCs have a limited
capacity for direct cardiomyocyte differentiation, their potent
secretory capacity also provides a therapeutic effect for
cardiomyopathy.

Although MSCs have limitations in direct differentiation into
cardiomyocytes, their therapeutic potential through paracrine
effects is particularly prominent in cardiomyopathy therapy.
MSCs were able to significantly improve cardiomyocyte survival,
reduce apoptosis, and promote cardiac tissue repair by secreting a
variety of anti-inflammatory and anti-fibrotic factors as well as non-
coding RNAs. Transplantation of MSCs can restore cardiac function
by ameliorating the local inflammatory response and fibrotic process
in the treatment of a variety of cardiac diseases, including ischemic
heart disease, myocarditis, and myocardial infarction. MSCs also
play an important role in wound healing during the acute
inflammatory phase by inducing macrophage accumulation and
selectively modulating the immune response.

2.3 ESCs

ESCs are derived from early embryos and have an extremely
high value-added capacity and many functionalities (Wang et al.,
2022). Numerous studies have shown that ESCs have a strong ability
to differentiate into cardiomyocytes and can differentiate into
various types of cardiac cells and provide strong cellular support
for repair of damaged myocardium (Chen et al., 2020; Guénantin

et al., 2021; Qiu et al., 2024). Most importantly, ESCs have the ability
to fully develop into specific organs. In the study of in vitro culture of
ESCs, Kasey Y C Lau et al.successfully obtained the beating heart
tissue of mice in 5.5 ~ 8.5 days of culture of two ectodermal lineages
and post-implantation embryos of the pluripotency ESC lineage
reconstructed by transcription factor-mediated induction. It is
proved that ESCs have excellent plasticity, can develop on their
own and produce complete embryo-like structures. (Lau et al.,
2022). However, studies utilizing the property of direct
differentiation of ESCs into cardiomyocytes for the treatment of
cardiomyopathy are currently insufficient. Although ESCs, like
iPSCs, have a strong ability to differentiate into cardiomyocytes,
the role of paracrine activation of ESCs in cardiomyopathy therapy
should likewise not be overlooked. A recent comparison of the roles
of different stem cells in cardiomyopathy showed that ESCs, like
MSCs, secrete extracellular vesicles (EVs) that are rich in proteins,
metabolic intermediates, and nucleic acids, with mRNAs,
microRNAs, and long-stranded noncoding RNAs predominating.
ESCs reduce adverse cardiac remodeling after MI by downregulating
fibrosis and increasing angiogenesis through paracrine effects
(González-King et al., 2024).

2.4 Other stem cells

In addition to the above mentioned stem cells, vascular
endothelial progenitor cells (EPCs) (Roura et al., 2007),
monocytes, and brown adipose stem cells (BASCs) (Moon et al.,
2022) have been mentioned in some of studies, we will not discuss
cardiac stem cells (CSCs) here. EPCs exhibit functionally similar
paracrine activity to MSCs and are mainly focused on
hemotransfusion remodeling, e.g., EVs derived from EPCs are
enriched in miR-126a-3p and a large number of vascular growth
factors, including vascular endothelial growth factor (VEGF),
stromal cell-derived factor-1 (SDF-1), C-X-C chemokine receptor
type 4 (CXCR4), and endothelial nitric oxide synthase (eNOS),
thereby promoting vascular growth (Yu et al., 2023). However, the
instability of EPCs in therapy, the small research base, and the
effectiveness of EPCs in clinical care that remains to be
demonstrated limit the research and clinical translation of EPCs.
Whether EPCs have the potential to be used in the treatment of
cardiomyopathy is currently in doubt (Bianconi et al., 2018).
Monocytes is an important type of white blood cells in the
blood, belonging to the mononuclear phagocyte system. They
mainly regulate inflammation activation and abatement, as well
as the activation of the repair process of the damaged tissues.
Although there are no separate studies on the use of monocytes
for the treatment of cardiomyopathy, they still hold research value
(Peet et al., 2020). BASCs have the potential to differentiate into
CMs and are subject to mechanical stress like ESCs and iPSCs, e.g.,
in electrostatic spinning, BASCs can differentiate into myocardial-
like structures and accelerate the growth of cardiomyopathy -injured
blood vessels (Wei et al., 2023). A series of studies by Changyong
Wang’s team have demonstrated that BASCs have excellent ability
to regulate inflammation, anti-oxidative stress and improve
cardiomyocyte apoptosis (Hao et al., 2017; 2018; Liu et al., 2023;
Wang et al., 2014). Although the cell types mentioned above are
therapeutically effective in the treatment of cardiomyopathy, the
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likelihood of achieving clinical translation remains low at this time
due to the lack of current research.

3 Mechanisms and risks of stem cells
therapy for cardiomyopathy

3.1 Stem cells differentiation and tissue
regeneration

One of the important causes of death in patients associated with
cardiomyopathy is CM loss and abnormal function caused by
apoptosis of CMs during injury and during recovery, and usually
accompanied by HF, and one of the key therapeutic ideas is to
regenerate CMs to replace the damaged tissue. Since 2006,
Takahashi and Yamanaka et al. have demonstrated by
introducing four transcription factors, OCT3/4, c-MYC, SOX2,
and KLF4, into mouse fibroblasts, they created mouse induced
iPSCs and somatic cells that exhibit some properties similar to
ESCs by expressing specific transcription factors and thereby
(Takahashi and Yamanaka, 2006). Therefore, in this part, we
mainly narrate the factors affecting the myocardial differentiation
of ESCs and iPSCs. The developmental patterns of ESCs and iPSCs
are extremely similar, and inducing the differentiation of ESCs and
iPSCs to CM is an important step in this field of research. The CM-

directed differentiation of ESCs and iPSCs is affected by growth
factors, some of the signaling pathways as well as pharmacological
factors (Figure 1).

Studies have shown that VEGF, bone morphogenetic protein 4
(BMP-4), activin A, and basic fibroblast growth factor (bFGF) are
able to promote the differentiation of ESCs and iPSCs to CMs
(Farboud et al., 2024). In addition, a number of signaling pathways,
which are involved in multiple embryonic development, cell
proliferation, differentiation, migration and maintenance of tissue
homeostasis, greatly influence the differentiation process of ESCs
and iPSCs. In the study by Loic Fort et al., CMs differentiation of
iPSCs was influenced by Wnt signaling (cell proliferation,
differentiation, migration related), and activation of Wnt
signaling promoted mesodermal transformation of iPSCs (Fort
et al., 2022). In Bin Jiang et al.’s study, CMs differentiation of
iPSCs was affected by the activation level of Rho-associated protein
kinase (ROCK) signaling (apoptosis-associated pathway), and
inhibition of ROCK severely impaired the differentiation of
iPSCs to CM (Jiang et al., 2022). AMP-activated protein kinase
(AMPK) is an important energy, growth, and value-added
regulatory pathway in cells. Studies have shown that the
Thr172 site of AMPK is significantly phosphorylated during
differentiation and that sustained activation of AMPK induces
sirtuin-mediated deacetylation of histones and enhances the
differentiation of iPSCs to the CM (Sarikhani et al., 2020).

FIGURE 1
Factors affecting stem cell differentiation, including proteins, cytokines, related pathways, and drugs.

Frontiers in Pharmacology frontiersin.org04

Yang et al. 10.3389/fphar.2025.1600604

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1600604


Pharmacological factors also influence the differentiation
process of ESCs and iPSCs and can induce the final course of
stem cells differentiation through drug targeting. For example, the
use of doxycycline to iPSCs can drive the transformation of iPSCs to
endothelial cells (ECs) and stabilize the generation of induced ECs
(iECs) (Luo et al., 2024). Inhibition of rapamycin signaling, on the
other hand, could drive the maturation of iPSCs-CMs, which were
prompted to exhibit contractile, metabolic, and electrophysiological
properties similar to those of mature cardiomyocytes.

The study of ESCs and iPSCs in myocardial differentiation
provides an important cell therapy strategy for the treatment of
cardiomyopathy. The targeted differentiation of ESCs and iPSCs
into CMs can be significantly promoted by growth factors,
signaling pathways, and drug modulation. Factors such as
VEGF and BMP-4, as well as the activation of signaling
pathways such as Wnt, ROCK, and AMPK, play a key role in
this process. Meanwhile, pharmacological factors such as
doxycycline and rapamycin have also been shown to promote
the transformation of stem cells to target cell types by modulating
the differentiation process. Nonetheless, challenges in the clinical
application of ESCs and iPSCs, such as differentiation efficiency,
maturation of cells, and immune rejection issues, still need to be
further optimized.

3.2 Paracrine effect

Paracrine effect is one of themost important core key links in the
process of stem cells therapy for cardiomyopathy, in which the
paracrine effect of MSCs as well as ESCs has been widely studied. A
large number of studies have shown that the implantation of ESCs
and MSCs in cardiomyopathy models induces the secretion of many
EVs from ESCs and MSCs, which contain cytokines, growth factors,
and various types of RNAs. EV influences the recovery of
cardiomyopathy-injured tissues in multiple ways by regulating
inflammatory signaling, oxidative stress, immunity, vascular
growth, cellular value-added apoptosis and differentiation, and

fibrosis (Figure 2) (Ren et al., 2024). In a recent study, umbilical
cord mesenchymal stem cells (UCMSC)-derived small extracellular
vesicles (sEVs) demonstrated potent anti-cardiac damage capacity in
the treatment of radiotherapy-induced cardiac injury. The cardiac
ejection function was protected by improving radiotherapy-
injured cardiac energy metabolism, mitigating organelle
structural damage in cardiac organs, alleviating oxidative stress
state, and restoring cardiac calcium transients (Cao et al., 2024).
Immune activation and suppression are important factors
influencing the recovery of cardiomyopathy-injured tissues, and
a recent study by Dashuai Zhu et al. demonstrated that direct
cardiac injection of MSCs-derived EVs induced the activation of
Forkhead box protein O3 (Foxo3) and promoted the expression of
IL-10, IL33, and IL34 through protein phosphatase (PP)-2A/
p-Akt/Foxo3 pathway, and greatly ameliorated the
differentiation of Tregs from T cells. Interleukin 10, interleukin
33, and interleukin 34 (IL-10, IL33, and IL34), and induced the
differentiation of Tregs from T cells, which greatly ameliorated the
inflammation at the site of injury and promoted the repair of MI-
injured myocardial tissue (Zhu et al., 2022).

A large number of RNAs contained in EVs also play a key role in
cardiomyopathy recovery, such as microRNAs, miR-185, miR-221-
3p, miR-19a, miR-144, miR-29c, miR-106a-363, miR-221, miR222,
and miR-25-3p, by modulating the relevant gene expression and
improved cardiac function after MI (Ala, 2023). Taking miR-106a-
363 as an example, miR-106a-363 enrichment in EVs improved cell
survival and contractility of elevated hypoxia-injured iPSCs-CM by
upregulating cell cycle activators and cytoplasmic cleavage genes,
while decreasing the level of myocardial fibrosis, and consequently,
maintained the structure of the mouse left ventricle (LV), and
increased the LVEF of the LV (Jung et al., 2021). Tzu-Lin Lee
et al. also demonstrated that EVs secreted by adipose-derived MSCs
contained a large amount of miR-221/222, which targeted and
regulated the expression levels of PUMA or ETS-1 proteins
through the miR-221/222/p38/NF-κB pathway and successfully
reduced the apoptosis level and fibrosis level of CM (Lee T. L.
et al., 2021).

FIGURE 2
Paracrine effects of stem cells for amelioration of inflammation, mitigation of oxidative stress, promotion of vascular growth, and amelioration of
myocardial fibrosis.
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MSCs and ESCs carry a variety of cytokines, RNAs, and growth
factors through their secreted EVs, which can effectively regulate the
processes of inflammatory response, oxidative stress, immune
response, cell proliferation and apoptosis, thus accelerating the
repair of myocardial injury. Due to the limitation of the isolation
and purification technology of EVs, as well as the lack of
understanding of the safety and efficacy of EVs, the conditions
for clinical translation of EVs are still insufficient.

Although iPSCs, ESCs, and MSCs all have potent paracrine
activity and exhibit beneficial effects on the recovery of injured
cardiac tissue, the EVs secreted by different stem cells differ
significantly. iPSCs/ESCs-EVs are enriched with a variety of
functional signaling molecules as well as value-adding signals
focused on influencing myocardial repair (Crow, 2019). For
example, iPSCs/ESCs-EVs are enriched in transcription factors
that maintain pluripotency such as Octamer-binding
transcription factor 4 (OCT4), Sex-determining region Y-box 2,
Nanog homeobox, etc., which may be delivered to the target cells
through EVs and affect the gene expression reprogramming
(Karagiannis et al., 2019; Lin et al., 2022). Some anti-apoptotic
and pro-value-added signaling molecules, such as B-cell lymphoma-
2, Insulin-like growth factor 1, and Fibroblast Growth Factor-2,
promote cell survival and division (Karagiannis et al., 2019). Nucleic
acid contents enriched in iPSCs/ESCs-EVs also influence the cellular
value-added process, e.g., miR-302 family, miR-290/295 clusters,
and targeted inhibition of differentiation-associated genes (e.g., p53,
Rb) may induce cardiac progenitor cell proliferation (Ye e al., 2025).
In contrast, MSCs-EVs focused on regulating the cardiac
microenvironment and affecting the inflammatory response and
vascular growth process in the heart. MSCs-EVs were enriched with
a large number of anti-inflammatory and repair factors, with high
expression of IL-10, Transforming Growth Factor - β (TGF-β),
Human Growth Factor (HGF), VEGF, etc., which directly inhibit the
Nuclear Factor-κB (NF-κB) inflammatory pathway and promote
M2-type macrophage polarization (Hu et al., 2023; Yan et al., 2023).
Some tissue repair-related proteins, such as Platelet-Derived Growth
Factor (PDGF) and Insulin-like Growth Factor 1 (IGF-1), can
synergistically promote neovascularization and extracellular matrix
remodeling, and compared with iPSCs/ESCs-EVs, MSCs-EVs are
almost do not contain transcription factors such as Oct4, and are
dominated by mature tissue repair-related proteins (Guo et al., 2024;
Xu et al., 2020). Meanwhile the function of nucleic acid contents
contained within MSCs-EVs is focused on the protection of cardiac
function, such as miR-1, miR-133 (promoting cardiomyocyte
differentiation and electrophysiological stabilization), miR-21
(inhibiting fibrosis and targeting PTEN to reduce apoptosis), miR-
126 (promoting angiogenesis), and the miR-29 family (targeting
collagen genes COL1A1/COL3A1), reducing scar formation after
myocardial infarction (Chen et al., 2017; Ding et al., 2024; Lee K.
S. et al., 2021; Liu et al., 2020).

3.3 Risks of stem cells therapy for
cardiomyopathy

The risks of stem cells therapy for cardiomyopathy are closely
related to its type, source, preparation technique, and individual
patient differences, with the core challenges being tumorigenicity,

immune response, inconsistent efficacy, and unknown long-
term safety.

Teratogenicity, the risk of tumor formation, is one of the central
risks of stem cells use in cardiomyopathy treatment (Ko and Gelb,
2014). Among them, ESCs and iPSCs are prone to form tumors,
including teratomas or other types of tumors, when ESCs and iPSCs
are incompletely differentiated in vivo or proliferate abnormally in
vivo due to their strong potential for multidirectional differentiation
(Ash et al., 2017). While MSCs have a low risk of forming tumors
(Gugjoo et al., 2019), prolonged in vitro culture or accumulation of
mutations during induced differentiation also increases the risk of
tumors in MSCs (Ash et al., 2017). Also, the effects of the stem cells
transplantation process on other types of cells, including epithelial
cells and vascular endothelial cells, increase the risk of tumorigenesis
(Bartfeld et al., 2015; Mansour et al., 2018). For example, abnormal
differentiation of stem cells leads to abnormal differentiation of
epithelial cells, which affects the course of myocardial fibrosis
(Tsukui et al., 2024). Stem cells have a strong role in promoting
blood vessel growth, but abnormal blood vessel appreciation may
lead to the development of hemangiomas. Rapid vascular
appreciation also provides an ideal environment for
tumorigenesis and further increases the risk of tumors treated
with stem cells (Sun et al., 2023; Wei et al., 2021).

The immune response is a central issue that needs to be urgently
addressed in stem cells therapy protocols and occurs primarily during
allogeneic stem cells inhibition, with the consequences of the immune
response being twofold (Ankrum et al., 2014). First, it has been shown
that the immune response is one of the main reasons limiting stem
cells therapy, including effects on stem cells activity, differentiation,
and secretory functions (Burdick et al., 2016; Wang et al., 2024). For
example, the release of inflammatory factors in the microenvironment
after myocardial infarction severely affects the antioxidant,
differentiation, and paracrine functions of Brown Adipose-Derived
Stem Cells (BASC), which is beneficial to the graft survival and
function of BASC by scavenging free radicals and ameliorating
inflammation (Liu et al., 2023). Second, Cytokine storm from
immune activation increases the risk of several complications in
the transplanted subject, and prolonged immunosuppressive
therapy increases the risk of host infection and tumorigenesis
(Norelli et al., 2018). Although autologous stem cells theoretically
have no or mild immune response, the difficulty in obtaining
autologous stem cells, the tendency of stem cells to age, and the
low efficiency of transplantation have limited the research and
application of autologous stem cells (Golpanian et al., 2016).

4 Enhancing the effectiveness of stem
cell therapy

Although stem cells have shown good therapeutic efficacy in the
treatment of cardiomyopathy, they have long been limited by a
number of factors and have not been able to realize the translation of
therapeutic options into the clinic. First, the source of stem cells is
difficult, and due to the ethical constraints of stem cells acquisition,
ESCs can only be used in preclinical studies at present. Although
iPSCs do not face ethical restrictions, current technology does not
yet allow access to iPSCs that can be widely used, limiting the need
for personalization in cardiomyopathy therapy. Second, various types
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of stem cells differentiate into CMs less efficiently and still have some
functional differences from native CMs, such as contractility, secretory
activity, and electrophysiological properties. Finally, injury during
transplantation and post-transplantation immune rejection as well
as an cardiomyopathy -injured environment can lead to poor survival,
loss of function, and increased immune risk due to immune rejection
after stem cells transplantation. The unpredictable unrestricted
increase in stem cells after transplantation also increases the risk of
tumorigenesis due to their potent value-adding and differentiation
activity. Therefore, the use of stem cells for cardiomyopathy therapy
still has many issues that need to be addressed. In order to address
these issues, a large amount of research in recent years has focused on
how to increase access to more efficiently differentiated and secreted
stem cells, how to efficiently use stem cells in cardiomyopathy
treatments and address the low survival rate of stem cells
transplants, and how to reduce the immunological risks of stem
cells transplantation. This includes the pre-treatment of stem cells,
the use of biomaterials or nanotechnology to assist stem cells
transplantation or the use of pharmacologically active molecules or
proteins to assist in stem cells inhibition.

4.1 Construction and maturation of
stem cells

4.1.1 Pretreatment of stem cells
Pretreatment of stem cells is designed to improve their tolerance

to graft injury, promote their differentiation, increase their activity,

orconfer specific functions upon them, and treatments include
hypoxia, serum deprivation, electrical stimulation, or treatment
with biologically active drug/non-drug molecules. The ability of
stem cells to combat injury and increase their activity can be
increased by preconditioning, and this type of protocol is usually
achieved by modulating stem cells sugar/oxygen metabolism-related
genes and pathways, including some endogenous active molecules or
metabolism-regulation-related drugs (Figure 3). Zheng Zhang et al.
found that pretreatment of MSCs with an inhibitor of inositol
hexakisphosphate kinases significantly increased MSCs’ resistance
to hypoxic and ischemic environments and increasedMSCs’ survival
after transplantation into MI tissues (Zhang et al., 2014). Some
molecules that improve mitochondrial function also enhance the
survival of MSCs, such as leptin-treated MSCs that maintain
mitochondrial integrity and cope with various stresses (Yang
et al., 2018). Growth differentiation factor 15 increases the
tolerance of MSCs to hypoxic environments by improving
mitochondrial function and significantly increases the survival of
MSCs after cardiac transplantation (Huang et al., 2024). To
counteract ROS in the cardiomyopathy-injured environment,
Chan Wu et al. developed a bradykinin peptide to pretreat MSCs
and successfully reduced the expression of caspase 3 and Bcl-2-
associated X protein (Bax) and inhibited apoptosis in MSCs in the
ROS environment (Wu et al., 2021).

Some treatment protocols can confer specific secretory activity
to stem cells. Hypoxic-ischemic preconditioning is one of the widely
used preconditioning protocols for stem cells (Zhao et al., 2022).
Under the hypoxic-ischemic environment, the tissue repair-related

FIGURE 3
Stem cells pretreatment scheme and effect.
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activity of stem cells is activated in advance, exerting a strong pro-
neoplastic capacity. This is conducive to the reduction of MI infarct
area and acceleration of neovascularization (Xiong et al., 2022a).
Some drugs widely used in cardiovascular diseases are also used in
stem cells preconditioning. For example, EVs secreted by bone
marrow MSCs treated with atorvastatin, a clinical drug that
improves blood lipids, regulate macrophage phenotype through
the miR-139-3p/Stat1 pathway and thus have excellent
therapeutic and repair effects in acute myocardial infarction
(AMI) (Ning et al., 2023). Meanwhile, long chain non-coding
RNAs contained in EVs secreted by MSCs pretreated with
atorvastatin. e.g., miR-675 also improved the prognosis of AMI
treatment by promoting vascular growth (Huang et al., 2020). Some
analogous nitrate drugs are also beneficial in enhancing the secretory
activity of stem cells, and in a recent study by Zhao-Ting Gong et al.,
Nicorandil-pretreated MSCs improved macrophage phenotype and
enhanced myocardial repair after MI by modulating miR-125a-5p/
TRAF6/IRF5 signaling (Gong et al., 2024). Several physical protocols
are also beneficial in promoting the fractionation of stem cells to
CMs and conferring cardiomyocyte-like secretion and functionality.
iPSCs pretreated with electrical stimulation exhibited a more CM-
like secretory capacity through activation of Ca2+/PKC/ERK (Ma
et al., 2018). Stem cells differentiation also induces the effects of
mechanical stress in the culture environment, and one study showed
that periodontal ligament-derived stem cells (PDLSC) pretreated
with mechanical tensile stress were able to produce more ganglionic
actin and secrete nitric oxide (Pelaez et al., 2017).

In addition, some pretreatment methods based on the active
ingredients of traditional Chinese medicine/herbal medicine have
shown promising results in the development of stem cells (Huang
et al., 2018). Pretreatment regimens in this category usually improve
the ability of stem cells to cope with stressful conditions through
oxygen cycle-related pathways. For example, MSCs pretreated with
the traditional Chinese medicine Tongxinluo (TXL) showed
excellent secretory activity in secreting anti-apoptotic and anti-
inflammatory molecules (Xiong et al., 2022b). MSCs treated with
tachyphylaxis also exhibited longer cardiac mainstreaming capacity,
while enhanced paracrine activity promoted cardiomyocyte value-
addition (Ruan et al., 2018). Artemisinin, an antimalarial drug from
traditional Chinese medicine, reduced the ROS level and decreased
the expression of Caspase-3 in MSCs during pretreatment of bone
marrow MSCs, effectively improving the apoptosis level of MSCs in
a ROS environment (Fang et al., 2019).

4.1.2 Genetic modification
Genetic modification of stem cells also aims to improve cell

survival and ensure stem cells activity after transplantation and also
provides theoretical and practical ideas for human intervention in
stem cells differentiation. In order to combat apoptosis after stem
cells transplantation, researchers usually choose to gene-edit stem
cells to make them express a large number of proteins, such as
apoptotic proteins, including growth factors, interleukins, and some
anti-cellular senescence factors (Raziyeva et al., 2020), or
overexpression of some miRNAs to play the role of inflammation
inhibition and repair. Yun Zhao et al. successfully obtained MSCs
with high expression of growth differentiation factor 11 (GDF11) by
genetic lentiviral transfection, and explored the therapeutic efficacy
of GDF11 to enhance the therapeutic efficacy of MSCs through the

TGF-β receptor/Smad2/3/YME1L-OPA1 pathway (Zhao et al.,
2020). The implantation of some similar growth factors such as
HGF (Zhao et al., 2016), IGF-1 overexpression genes has also
conferred a similar high survival rate of stem cells
transplantation (Lin et al., 2020). Some studies have also focused
on combating inflammation, mainly interleukins, including IL-7
(Haneef et al., 2018), IL-10 (Meng et al., 2018) and IL-33 (Chen et al.,
2019), and some miRNAs that inhibit inflammation. High
expression of anti-inflammatory interleukins enhanced the
therapeutic capacity of MSCs after transplantation, mainly in
terms of improved inflammation after cardiac injury, including
modulation of inflammatory factor expression and of
macrophage phenotypes, and consequently significantly reduced
infarct size (Chen et al., 2019). Some inflammation-suppressing
miRNAs showed similar therapeutic effects, e.g., miR-15a/b, miR-
19a/b. miR-15a/b could enhance cardiac repair in MI mice via
VEGFR-2/PI3K/Akt pathway (Chen et al., 2021; Tu et al., 2019).

Stem cells pretreatment, as a strategy to enhance the
effectiveness of stem cells transplantation, is of great significance
in improving the therapeutic efficiency of stem cells. Through
different treatments, it can effectively improve the tolerance of
stem cells to environmental damage, enhance their survival rate,
promote differentiation, and even endow them with specific
secretory activities. Treatments such as hypoxia, serum
deprivation, electrical stimulation, and pharmacologic
preconditioning can significantly improve stem cells function.
Hypoxic-ischemic pretreatment activates the repair potential of
stem cells in advance, which helps accelerate neovascularization
and myocardial repair, while drugs such as atorvastatin improve
repair after myocardial infarction by modulating stem cells
secretions. Some traditional Chinese medicines and their active
ingredients have also shown promising results in stem cells
preconditioning studies and can enhance the therapeutic
potential of stem cells by improving oxygen circulation and stress
response. Although these preconditioning regimens still face some
challenges in clinical application, they undoubtedly provide new
ideas and methods for stem cells therapy of cardiac diseases.

4.2 Stem cells transplantation optimization

Stem cells transplantation optimizes the process of
transplantating cells that require protection to safeguard them
from mechanical damage during transplantation. As the field of
biomaterials continues to evolve, a number of stem cells
transplantation strategies with stem cells protection have been
progressively developed, including hydrogels (Figure 4). These
transplantation protocols aim to enhanced the therapeutic effect
of stem cells in cardiomyopathy. Hydrogels are among the most
common biomaterials used in stem cells transplantation for
cardiomyopathy therapy and provide important protocol support
to advance the clinical translation of stem cells therapy, mainly
playing an important role in providing a supportive environment
(Table 1) (Roshanbinfar et al., 2023), regulating stem cells growth
and differentiation, mimicking the ECM environment, combining
drugs for synergistic therapies, reducing immune rejection, and
restoring electrophysiological properties. Hydrogels for stem cells
delivery typically have excellent injectable properties, in situ gelation
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effects, and good biocompatibility. In situ gelation can be achieved
by a variety of factors, including temperature, time, and proteins in
the organism (Gao et al., 2020). For example, hydrogel patches
constructed by modulating the formation time of hydrogels and
incorporating the natural structure of the pericardial cavity
successfully reduced the immune response and increased the
retention time of stem cells in the pericardial cavity during the
transplantation of iPSCs or MSCs (Zhu et al., 2021). Temperature is
likewise an available condition for hydrogel formation, as in the case
of hydrogels constructed on the basis of chitosan/dextran/β-
glycerophosphate, which formed hydrogels and prolonged
myocardial retention time and facilitated myocardial
differentiation of umbilical cord MSCs at post-injection body
temperature temperatures (Ke et al., 2020). Utilizing good
degradability also provides a safety basis for in vivo implantation
of hydrogels, which is usually achieved using biologically responsive
breakable cross-linking, e.g., 2-ethyl-2-oxazoline and 2-butenyl-2-
oxazoline cross-linking of hydrogels via dicysteine carrying MSCs
significantly increased pro-vascular genes in MSCs after
implantation expression and degraded and metabolized out of

the body after transplantation (You et al., 2021). Regulation of
stem cells growth and differentiation is also one of the important
functions of hydrogels, and many previous studies have shown that
encapsulating stem cells in hydrogels facilitates cardiac
differentiation of stem cells, including adipose-derived MSCs
(Wang et al., 2014) as well as iPSCs (Kerscher et al., 2016).
Taking polyethylene glycol-fibrin hydrogel as an example, the
well-biomimetic 3D structure provides environmental support for
the development of iPSCs to have cardiac tissue structure and
function (Kerscher et al., 2016).

In addition, the diversity of sources for constructing hydrogel
substrates provides a material basis for the construction of hydrogel
functionality and the possibility of modulating the ECM, thereby
increasing the therapeutic efficacy of stem cells. The development of
cardiomyopathy is usually accompanied by inflammatory activation
of the ECM and overloading of ROS, which greatly affects the
engraftment and activity of stem cells. Therefore, a great deal of
research has focused on how to utilize hydrogels to load stem cells
while empowering the hydrogels to improve the ECM. To achieve
this function, Wang C et al. loaded fullerol nanoparticles in alginate

FIGURE 4
Emerging delivery strategies for stem cells.

TABLE 1 Types and roles of hydrogels for stem cells protection.

Hydrogel function Cell
types

Hydrogel material Diseases References

Supportive environment, eliminate ROS MSCs HA HF Yue et al. (2024)

Simulation of ECM environment with loaded
functional nanoparticles

MSCs Natural Alginate Hydrogel MI Liu et al. (2023)

Enhancement of stem cells secretory activity iPSCs HA MI Zhu et al. (2021)

Regulates stem cells growth and differentiation,
loads therapeutic drugs

hPSC Collagen Hydrogel MI Goldfracht et al. (2020)

3D Printing, Protecting Stem Cells iPSCs 3D printed bio-inks MI Noor et al. (2019)

Light curing, delivery of EVs iCM-EVs Light curing Inhibition of myocardial
adhesion

Wang et al. (2023)

Conductive biomaterials, protection of stem
cells

hPSC Polypyrrole chitosan MI Yan et al. (2024)

Improvement of electrical signals, delivery of
stem cells

iPSCs Poly (3,4-ethylenedioxybiphenyl) polystyrene
sulfonate

MI Roshanbinfar et al.
(2024)
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hydrogels and effectively scavenged superoxide anion and hydroxyl
radicals in ECM and enhanced the therapeutic capacity of brown
adipose stem cells (Hao et al., 2017). Subsequently, the team
optimized the protocol several times over the years, and in a
recent study, the team successfully encapsulated bifunctional
Au@Pt core-shell nanoparticles into a hydrogel, which endowed
it with free radical scavenging ability and also opened up the
possibility of improving the electrophysiological properties of the
heart by the hydrogel. In the MI model of mice, the composite
hydrogel loaded with brown adipose stem cells successfully
enhanced the angiogenesis and improved electrical signal
conduction in the heart by brown adipose stem cells. In a mouse
MI model, the composite hydrogel loaded with brown adipose stem
cells successfully enhanced the pro-angiogenic ability of brown
adipose stem cells and improved cardiac electrical signaling (Liu
et al., 2023).

The development of injectable hydrogels has provided some
viable options for mimicking ECM in vitro, but decellularized
extracellular matrix (dECM), obtained by directly removing cells,
appears to provide more favorable conditions for stem cells
engraftment. In 2022, Jonathan H Tsui et al. developed a porcine
heart-derived dECM hydrogel and combined it with reduced
graphene oxide to form a hybridized hydrogel that was able to
maintain cardiac electrophysiological properties while also
significantly enhancing contractility and increasing expression of
genes related to the regulation of contraction in iPSCs-CMs (Tsui
et al., 2021). It was also found that the preparation of porcine heart-
derived dECM into granular hydrogel-embedded iPSCs was able to
maintain the optimal viability of iPSCs, which may be a function of
the fibronectin enriched in dECM (Shaik et al., 2024). Moreover,
dECM, which is rich in various cytokines and growth factors, is
more effective in improving fibrosis and promoting capillary growth
compared to other hydrogels (Shaik et al., 2023). Although dECM
shows great potential in maintaining stem cells function, the
acquisition of hydrogels in this manner is currently in the
laboratory research stage and subsequent dissemination may be
limited by the process of dECM acquisition and preparation as well
as ethical constraints.

The loss of CMs following myocardial injury and induced
consequent fibrosis leads to abnormal cardiac electrical signaling,
therefore, abnormal cardiac electrical signaling function should not
be ignored while replenishing CMs. In many recent studies,
researchers have endowed hydrogels with excellent conductive
properties and play an important role in maintaining normal
cardiac rhythms. The conductive properties of hydrogels can
usually be achieved by the presence of organic polymers with
active electrons or metal ions. For example, the incorporation of
Au@Pt core-shell nanoparticles in hydrogels, as mentioned earlier, has
conferred excellent electrical signaling capabilities to hydrogels (Liu
et al., 2023). Or other forms of gold nanoparticles, such as positively
charged gold nanoparticles carrying gold chloride reduced by
branched polyethyleneimine (Roshanbinfar et al., 2023). In a recent
report, Kaveh Roshanbinfar et al. developed an injectable collagen-
PEDOT: PSS (poly (3,4-ethylenedioxythiophene) polystyrene
sulfonate) hydrogel was developed that protects infarcted hearts
from ventricular tachycardia (VT) and binds to hiPSCs-
cardiomyocytes to promote partial cardiac remuscularization
(Roshanbinfar et al., 2024).

A number of different morphological matrices may play
unexpected roles in stem cells transplantation. Xu et al.
significantly increased the activity of iPSCs and efficiently
differentiated them into cardiac tissues by loading them in
hyaluronic acid hydrogel microspheres to mimic the natural
process of early embryonic development (Xu et al., 2021). Protein
nanosheets developed by Elijah Mojares et al. enabled stem cells to
maintain the stem cells phenotype and exhibit potent secretory
activity in long-term culture due to their unique interfacial
mechanical properties (shear modulus >10–30 mN m).

With the development of biomaterials technology, hydrogels have
shown great potential as important carriers in stem cells
transplantation. Hydrogels not only provide physical support and
mimic the ECM environment but also provide an ideal
microenvironment for stem cells therapy. They regulate the growth
and differentiation of stem cells as well as promoting the recovery of
cardiac electrophysiological properties, and have gradually become an
important part of cardiomyopathy protocols for stem cells therapy.

5 Conclusion

Cardiomyopathy is a serious threat to human health, and
traditional treatments have obvious limitations in repairing
damaged myocardium and restoring cardiac function. The
emergence of stem cells therapy has brought new hope for
cardiomyopathy. In the course of in-depth research on various
types of stem cells therapy for cardiomyopathy, we have gained
important results and profound understanding in various aspects.
Induced iPSCs, MSCs, ESCs and other stem cells have their own
unique advantages and potentials in the treatment of cardiomyopathy.
The strong differentiation ability of iPSCs, which come from abundant
sources and do not have the worry of immune rejection, provides
strong support for cardiomyocyte regeneration. Although MSCs
cannot be directly differentiated into cardiomyocytes, they can
improve the myocardial microenvironment and reduce
inflammation and fibrosis by virtue of their significant paracrine
effects. The high proliferation and differentiation potential of ESCs
makes them occupy an important position in the field of myocardial
repair, and their paracrine effects should not be underestimated. These
stem cells types provide possible pathways for improvement and
repair of cardiac function from different perspectives. At the level
of therapeutic mechanism, in terms of myocardial repair and
regeneration, research on the regulatory mechanism of ESCs and
iPSCs differentiation into cardiomyocytes has made progress, and the
clarification of growth factors, signaling pathways and drug effects has
provided a theoretical basis for directional induction of differentiation.
In terms of paracrine effect, the rich content of EVs secreted by MSCs
and ESCs has been gradually revealed to regulate the repair of
myocardial injury, which fully demonstrates the key significance of
intercellular interaction in cardiac repair. In view of the many
problems faced by stem cells therapy, the exploration of new
technologies has brought light to its clinical transformation.
Various means of stem cells pretreatment and genetic modification
can effectively enhance the tolerance, activity and function of stem
cells, and significantly increase their application value in
cardiomyopathy therapy. In terms of transplantation optimization,
the development and application of biomaterials such as hydrogels
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have played an important role in protecting stem cells, promoting their
action and improving cardiac electrophysiological properties by
constructing a suitable microenvironment for cell transplantation,
which provides a new direction for future research despite the
limitations of dECM. However, stem cells therapy for
cardiomyopathy is still in the developmental stage, and there is still
a long way to go before widespread clinical application. Future
research should focus on further improving the differentiation
efficiency and functional maturity of stem cells, in-depth
investigation of their long-term safety and efficacy in vivo,
optimization of transplantation technology and biomaterials,
strengthening of multidisciplinary cross-cooperation, integration of
basic research and clinical practice, and promotion of stem cells
therapy from the laboratory to the clinic, which will bring
practical, safe and efficient new therapeutic options for
cardiomyopathy patients, and is expected to reshape the landscape
of cardiomyopathy treatment and improve patients’ prognosis and
quality of life. It is expected to reshape the treatment pattern of
cardiomyopathy, improve patients’ prognosis and quality of life, and
open a new chapter in the treatment of cardiovascular diseases.

Author contributions

JY: Conceptualization, Formal Analysis, Investigation,
Methodology, Writing – original draft. TY: Conceptualization,
Investigation, Methodology, Writing – review and editing. JiH:
Formal Analysis, Methodology, Writing – review and editing. SX:
Data curation, Investigation, Writing – original draft. YL:
Investigation, Methodology, Writing – review and editing. JuH:
Conceptualization, Formal Analysis, Funding acquisition,
Methodology, Supervision, Writing – review and editing.

Funding

The author(s) declare that financial support was received for
the research and/or publication of this article. This work was
supported by the National Natural Science Foundation of China
(81900339), The Third People’s Hospital of Chengdu First-Class
Incubation Project (CSY-YN-01-2023-003), The Third People’s
Hospital of Chengdu Clinical Research Program (CSY-YN-03-
2024-002).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Ahmad, F. S., Jin, Y., Grassam-Rowe, A., Zhou, Y., Yuan, M., Fan, X., et al. (2023).
Generation of cardiomyocytes from human-induced pluripotent stem cells resembling
atrial cells with ability to respond to adrenoceptor agonists. Philos. Trans. R. Soc. Lond B
Biol. Sci. 378 (1879), 20220312. doi:10.1098/rstb.2022.0312

Ala, M. (2023). The beneficial effects of mesenchymal stem cells and their exosomes
on myocardial infarction and critical considerations for enhancing their efficacy. Ageing
Res. Rev. 89, 101980. doi:10.1016/j.arr.2023.101980

Ankrum, J. A., Ong, J. F., and Karp, J. M. (2014). Mesenchymal stem cells: immune
evasive, not immune privileged. Nat. Biotechnol. 32 (3), 252–260. doi:10.1038/nbt.2816

Arany, Z. (2024). Peripartum cardiomyopathy. N. Engl. J. Med. 390 (2), 154–164.
doi:10.1056/NEJMra2306667

Ash, P. E. A., Stanford, E. A., Al Abdulatif, A., Ramirez-Cardenas, A., Ballance, H.
I., Boudeau, S., et al. (2017). Dioxins and related environmental contaminants
increase TDP-43 levels. Mol. Neurodegener. 12 (1), 35. doi:10.1186/s13024-017-
0177-9

Bartfeld, S., Bayram, T., van de Wetering, M., Huch, M., Begthel, H., Kujala, P., et al.
(2015). In vitro expansion of human gastric epithelial stem cells and their responses to
bacterial infection. Gastroenterology 148 (1), 126–136.e6. doi:10.1053/j.gastro.2014.
09.042

Bian, D., Wu, Y., Song, G., Azizi, R., and Zamani, A. (2022). The application of
mesenchymal stromal cells (MSCs) and their derivative exosome in skin wound healing:
a comprehensive review. Stem Cell Res. Ther. 13 (1), 24. doi:10.1186/s13287-021-
02697-9

Bianconi, V., Sahebkar, A., Kovanen, P., Bagaglia, F., Ricciuti, B., Calabrò, P., et al.
(2018). Endothelial and cardiac progenitor cells for cardiovascular repair: a
controversial paradigm in cell therapy. Pharmacol. Ther. 181, 156–168. doi:10.1016/
j.pharmthera.2017.08.004

Bogle, C., Colan, S. D., Miyamoto, S. D., Choudhry, S., Baez-Hernandez, N., Brickler,
M. M., et al. (2023). Treatment strategies for cardiomyopathy in children: a scientific

statement from the American heart association. Circulation 148 (2), 174–195. doi:10.
1161/cir.0000000000001151

Burdick, J. A., Mauck, R. L., and Gerecht, S. (2016). To serve and protect: hydrogels to
improve stem cell-based therapies. Cell Stem Cell 18 (1), 13–15. doi:10.1016/j.stem.2015.
12.004

Cao, H., Yue, L., Shao, J., Kong, F., Liu, S., Huai, H., et al. (2024). Small extracellular
vesicles derived from umbilical cordmesenchymal stem cells alleviate radiation-induced
cardiac organoid injury. Stem Cell Res. Ther. 15 (1), 493. doi:10.1186/s13287-024-
04115-2

Chen, A. C., Lee, K. F., Yeung, W. S. B., and Lee, Y. L. (2020). Human embryonic stem
cells as an in vitro model for studying developmental origins of type 2 diabetes. World
J. Stem Cells 12 (8), 761–775. doi:10.4252/wjsc.v12.i8.761

Chen, C., Chen, T., Li, Y., and Xu, Y. (2021). miR-19a/19b improves the therapeutic
potential of mesenchymal stem cells in a mouse model of myocardial infarction. Gene
Ther. 28 (1-2), 29–37. doi:10.1038/s41434-020-0122-3

Chen, Y., Zhao, Y., Chen, W., Xie, L., Zhao, Z. A., Yang, J., et al. (2017). MicroRNA-
133 overexpression promotes the therapeutic efficacy of mesenchymal stem cells on
acute myocardial infarction. Stem Cell Res. Ther. 8 (1), 268. doi:10.1186/s13287-017-
0722-z

Chen, Y., Zuo, J., Chen, W., Yang, Z., Zhang, Y., Hua, F., et al. (2019). The enhanced
effect and underlying mechanisms of mesenchymal stem cells with IL-33
overexpression on myocardial infarction. Stem Cell Res. Ther. 10 (1), 295. doi:10.
1186/s13287-019-1392-9

Crow, D. (2019). Could iPSCs enable “Off-the-Shelf” cell therapy? Cell 177 (7),
1667–1669. doi:10.1016/j.cell.2019.05.043

Damluji, A. A., van Diepen, S., Katz, J. N., Menon, V., Tamis-Holland, J. E., Bakitas,
M., et al. (2021). Mechanical complications of acute myocardial infarction: a scientific
statement from the American heart association. Circulation 144 (2), e16–e35. doi:10.
1161/cir.0000000000000985

Frontiers in Pharmacology frontiersin.org11

Yang et al. 10.3389/fphar.2025.1600604

https://doi.org/10.1098/rstb.2022.0312
https://doi.org/10.1016/j.arr.2023.101980
https://doi.org/10.1038/nbt.2816
https://doi.org/10.1056/NEJMra2306667
https://doi.org/10.1186/s13024-017-0177-9
https://doi.org/10.1186/s13024-017-0177-9
https://doi.org/10.1053/j.gastro.2014.09.042
https://doi.org/10.1053/j.gastro.2014.09.042
https://doi.org/10.1186/s13287-021-02697-9
https://doi.org/10.1186/s13287-021-02697-9
https://doi.org/10.1016/j.pharmthera.2017.08.004
https://doi.org/10.1016/j.pharmthera.2017.08.004
https://doi.org/10.1161/cir.0000000000001151
https://doi.org/10.1161/cir.0000000000001151
https://doi.org/10.1016/j.stem.2015.12.004
https://doi.org/10.1016/j.stem.2015.12.004
https://doi.org/10.1186/s13287-024-04115-2
https://doi.org/10.1186/s13287-024-04115-2
https://doi.org/10.4252/wjsc.v12.i8.761
https://doi.org/10.1038/s41434-020-0122-3
https://doi.org/10.1186/s13287-017-0722-z
https://doi.org/10.1186/s13287-017-0722-z
https://doi.org/10.1186/s13287-019-1392-9
https://doi.org/10.1186/s13287-019-1392-9
https://doi.org/10.1016/j.cell.2019.05.043
https://doi.org/10.1161/cir.0000000000000985
https://doi.org/10.1161/cir.0000000000000985
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1600604


Dauerman, H. L., and Ibanez, B. (2021). The edge of time in acute myocardial
infarction. J. Am. Coll. Cardiol. 77 (15), 1871–1874. doi:10.1016/j.jacc.2021.03.003

Deuse, T., Hu, X., Gravina, A., Wang, D., Tediashvili, G., De, C., et al. (2019).
Hypoimmunogenic derivatives of induced pluripotent stem cells evade immune
rejection in fully immunocompetent allogeneic recipients. Nat. Biotechnol. 37 (3),
252–258. doi:10.1038/s41587-019-0016-3

Ding, Z., Ma, G., Zhou, B., Cheng, S., Tang, W., Han, Y., et al. (2024). Targeting miR-
29 mitigates skeletal senescence and bolsters therapeutic potential of mesenchymal
stromal cells. Cell Rep. Med. 5 (8), 101665. doi:10.1016/j.xcrm.2024.101665

Fang, J., Zhao, X., Li, S., Xing, X., Wang, H., Lazarovici, P., et al. (2019). Protective
mechanism of artemisinin on rat bone marrow-derived mesenchymal stem cells against
apoptosis induced by hydrogen peroxide via activation of c-Raf-Erk1/2-p90(rsk)-CREB
pathway. Stem Cell Res. Ther. 10 (1), 312. doi:10.1186/s13287-019-1419-2

Farboud, S. P., Fathi, E., Valipour, B., and Farahzadi, R. (2024). Toward the latest
advancements in cardiac regeneration using induced pluripotent stem cells (iPSCs)
technology: approaches and challenges. J. Transl. Med. 22 (1), 783. doi:10.1186/s12967-
024-05499-8

Fort, L., Gama, V., and Macara, I. G. (2022). Stem cell conversion to the cardiac
lineage requires nucleotide signalling from apoptosing cells. Nat. Cell Biol. 24 (4),
434–447. doi:10.1038/s41556-022-00888-x

Gao, L., Yi, M., Xing, M., Li, H., Zhou, Y., Xu, Q., et al. (2020). In situ activated
mesenchymal stem cells (MSCs) by bioactive hydrogels for myocardial infarction
treatment. J. Mater Chem. B 8 (34), 7713–7722. doi:10.1039/d0tb01320j

Goldfracht, I., Protze, S., Shiti, A., Setter, N., Gruber, A., Shaheen, N., et al. (2020).
Generating ring-shaped engineered heart tissues from ventricular and atrial human
pluripotent stem cell-derived cardiomyocytes. Nat. Commun. 11 (1), 75. doi:10.1038/
s41467-019-13868-x

Golpanian, S., Wolf, A., Hatzistergos, K. E., and Hare, J. M. (2016). Rebuilding the
damaged heart: mesenchymal stem cells, cell-based therapy, and engineered heart
tissue. Physiol. Rev. 96 (3), 1127–1168. doi:10.1152/physrev.00019.2015

Gong, Z. T., Xiong, Y. Y., Ning, Y., Tang, R. J., Xu, J. Y., Jiang, W. Y., et al. (2024).
Nicorandil-pretreated mesenchymal stem cell-derived exosomes facilitate cardiac repair
after myocardial infarction via promoting macrophage M2 polarization by targeting
miR-125a-5p/TRAF6/IRF5 signaling pathway. Int. J. Nanomedicine 19, 2005–2024.
doi:10.2147/ijn.S441307

González-King, H., Rodrigues, P. G., Albery, T., Tangruksa, B., Gurrapu, R., Silva, A.
M., et al. (2024). Head-to-head comparison of relevant cell sources of small extracellular
vesicles for cardiac repair: superiority of embryonic stem cells. J. Extracell. Vesicles 13
(5), e12445. doi:10.1002/jev2.12445

Guénantin, A. C., Jebeniani, I., Leschik, J., Watrin, E., Bonne, G., Vignier, N., et al.
(2021). Targeting the histone demethylase LSD1 prevents cardiomyopathy in a mouse
model of laminopathy. J. Clin. Invest 131 (1), e136488. doi:10.1172/jci136488

Gugjoo, M. B., Fazili, M. R., Gayas, M. A., Ahmad, R. A., and Dhama, K. (2019).
Animal mesenchymal stem cell research in cartilage regenerative medicine - a review.
Vet. Q. 39 (1), 95–120. doi:10.1080/01652176.2019.1643051

Guo, T., Pei, F., Zhang, M., Yamada, T., Feng, J., Jing, J., et al. (2024). Vascular
architecture regulates mesenchymal stromal cell heterogeneity via P53-PDGF signaling
in the mouse incisor. Cell Stem Cell 31 (6), 904–920.e6. doi:10.1016/j.stem.2024.04.011

Haneef, K., Ali, A., Khan, I., Naeem, N., Jamall, S., and Salim, A. (2018). Role of
interleukin-7 in fusion of rat bone marrow mesenchymal stem cells with
cardiomyocytes in vitro and improvement of cardiac function in vivo. Cardiovasc
Ther. 36 (6), e12479. doi:10.1111/1755-5922.12479

Hao, T., Li, J., Yao, F., Dong, D., Wang, Y., Yang, B., et al. (2017). Injectable fullerenol/
alginate hydrogel for suppression of oxidative stress damage in Brown adipose-derived
stem cells and cardiac repair. ACS Nano 11 (6), 5474–5488. doi:10.1021/acsnano.
7b00221

Hao, T., Li, J., Yao, F., Dong, D., Wang, Y., Yang, B., et al. (2018). Correction to
injectable fullerenol/alginate hydrogel for suppression of oxidative stress damage in
Brown adipose-derived stem cells and cardiac repair. ACS Nano 12 (10), 10564. doi:10.
1021/acsnano.8b06561

Hollenberg, S. M., and Singer, M. (2021). Pathophysiology of sepsis-induced
cardiomyopathy. Nat. Rev. Cardiol. 18 (6), 424–434. doi:10.1038/s41569-020-00492-2

Honigberg, M. C., and Givertz, M. M. (2019). Peripartum cardiomyopathy. Bmj 364,
k5287. doi:10.1136/bmj.k5287

Hu, H., Wang, Z., Yang, H., Bai, Y., Zhu, R., and Cheng, L. (2023). Hypoxic
preconditional engineering small extracellular vesicles promoted intervertebral disc
regeneration by activating mir-7-5p/NF-Κb/Cxcl2 Axis. Adv. Sci. (Weinh) 10 (35),
e2304722. doi:10.1002/advs.202304722

Huang, D., Yin, L., Liu, X., Lv, B., Xie, Z., Wang, X., et al. (2018). Geraniin protects
bone marrow-derived mesenchymal stem cells against hydrogen peroxide-induced
cellular oxidative stress in vitro. Int. J. Mol. Med. 41 (2), 739–748. doi:10.3892/
ijmm.2017.3276

Huang, P., Wang, L., Li, Q., Tian, X., Xu, J., Xu, J., et al. (2020). Atorvastatin enhances
the therapeutic efficacy of mesenchymal stem cells-derived exosomes in acute
myocardial infarction via up-regulating long non-coding RNA H19. Cardiovasc Res.
116 (2), 353–367. doi:10.1093/cvr/cvz139

Huang, X., Liang, X., Han, Q., Shen, Y., Chen, J., Li, Z., et al. (2024). Pretreatment with
growth differentiation factor 15 augments cardioprotection by mesenchymal stem cells
in myocardial infarction by improving their survival. Stem Cell Res. Ther. 15 (1), 412.
doi:10.1186/s13287-024-04030-6

Jiang, B., Ou, W., Shamul, J. G., Chen, H., Van Belleghem, S., Stewart, S., et al.
(2022). Rock inhibitor may compromise human induced pluripotent stem cells for
cardiac differentiation in 3D. Bioact. Mater 9, 508–522. doi:10.1016/j.bioactmat.
2021.07.013

Jiang, X., Yang, Z., and Dong, M. (2020). Cardiac repair in a murine model of
myocardial infarction with human induced pluripotent stem cell-derived
cardiomyocytes. Stem Cell Res. Ther. 11 (1), 297. doi:10.1186/s13287-020-01811-7

Jung, J. H., Ikeda, G., Tada, Y., von Bornstädt, D., Santoso, M. R., Wahlquist, C., et al.
(2021). miR-106a-363 cluster in extracellular vesicles promotes endogenous myocardial
repair via Notch3 pathway in ischemic heart injury. Basic Res. Cardiol. 116 (1), 19.
doi:10.1007/s00395-021-00858-8

Karagiannis, P., Takahashi, K., Saito, M., Yoshida, Y., Okita, K., Watanabe, A., et al.
(2019). Induced pluripotent stem cells and their use in human models of disease and
development. Physiol. Rev. 99 (1), 79–114. doi:10.1152/physrev.00039.2017

Ke, X., Li, M., Wang, X., Liang, J., Wang, X., Wu, S., et al. (2020). An injectable
chitosan/dextran/β -glycerophosphate hydrogel as cell delivery carrier for therapy of
myocardial infarction. Carbohydr. Polym. 229, 115516. doi:10.1016/j.carbpol.2019.
115516

Kerscher, P., Turnbull, I. C., Hodge, A. J., Kim, J., Seliktar, D., Easley, C. J., et al.
(2016). Direct hydrogel encapsulation of pluripotent stem cells enables ontomimetic
differentiation and growth of engineered human heart tissues. Biomaterials 83, 383–395.
doi:10.1016/j.biomaterials.2015.12.011

Ko, H. C., and Gelb, B. D. (2014). Concise review: drug discovery in the age of the
induced pluripotent stem cell. Stem Cells Transl. Med. 3 (4), 500–509. doi:10.5966/sctm.
2013-0162

Lau, K. Y. C., Rubinstein, H., Gantner, C. W., Hadas, R., Amadei, G., Stelzer, Y., et al.
(2022). Mouse embryo model derived exclusively from embryonic stem cells undergoes
neurulation and heart development. Cell Stem Cell 29 (10), 1445–1458.e8. doi:10.1016/j.
stem.2022.08.013

Lee, K. S., Lee, J., Kim, H. K., Yeom, S. H., Woo, C. H., Jung, Y. J., et al. (2021).
Extracellular vesicles from adipose tissue-derived stem cells alleviate osteoporosis
through osteoprotegerin and miR-21-5p. J. Extracell. Vesicles 10 (12), e12152.
doi:10.1002/jev2.12152

Lee, T. L., Lai, T. C., Lin, S. R., Lin, S. W., Chen, Y. C., Pu, C. M., et al. (2021).
Conditioned medium from adipose-derived stem cells attenuates ischemia/reperfusion-
induced cardiac injury through the microRNA-221/222/PUMA/ETS-1 pathway.
Theranostics 11 (7), 3131–3149. doi:10.7150/thno.52677

Lin, M., Liu, X., Zheng, H., Huang, X., Wu, Y., Huang, A., et al. (2020). IGF-1
enhances BMSC viability, migration, and anti-apoptosis in myocardial infarction via
secreted frizzled-related protein 2 pathway. Stem Cell Res. Ther. 11 (1), 22. doi:10.1186/
s13287-019-1544-y

Lin, Z., Wu, Y., Xu, Y., Li, G., Li, Z., and Liu, T. (2022). Mesenchymal stem cell-
derived exosomes in cancer therapy resistance: recent advances and therapeutic
potential. Mol. Cancer 21 (1), 179. doi:10.1186/s12943-022-01650-5

Liu, N., and Olson, E. N. (2022). CRISPR modeling and correction of cardiovascular
disease. Circ. Res. 130 (12), 1827–1850. doi:10.1161/circresaha.122.320496

Liu, W., Li, L., Rong, Y., Qian, D., Chen, J., Zhou, Z., et al. (2020). Hypoxic
mesenchymal stem cell-derived exosomes promote bone fracture healing by the
transfer of miR-126. Acta Biomater. 103, 196–212. doi:10.1016/j.actbio.2019.12.020

Liu, W., Zhao, N., Yin, Q., Zhao, X., Guo, K., Xian, Y., et al. (2023). Injectable
hydrogels encapsulating dual-functional Au@Pt core-shell nanoparticles regulate
infarcted microenvironments and enhance the therapeutic efficacy of stem cells
through antioxidant and electrical integration. ACS Nano 17 (3), 2053–2066. doi:10.
1021/acsnano.2c07436

Luo, A. C., Wang, J., Wang, K., Zhu, Y., Gong, L., Lee, U., et al. (2024). A streamlined
method to generate endothelial cells from human pluripotent stem cells via transient
doxycycline-inducible ETV2 activation. Angiogenesis 27 (4), 779–795. doi:10.1007/
s10456-024-09937-5

Ma, H., Guo, X., Cui, S., Wu, Y., Zhang, Y., Shen, X., et al. (2022). Dephosphorylation
of AMP-activated protein kinase exacerbates ischemia/reperfusion-induced acute
kidney injury via mitochondrial dysfunction. Kidney Int. 101 (2), 315–330. doi:10.
1016/j.kint.2021.10.028

Ma, R., Liang, J., Huang, W., Guo, L., Cai, W., Wang, L., et al. (2018). Electrical
stimulation enhances cardiac differentiation of human induced pluripotent stem cells
for myocardial infarction therapy. Antioxid. Redox Signal 28 (5), 371–384. doi:10.1089/
ars.2016.6766

Ma, T., Wu, J., Mu, J., and Gao, J. (2022). Biomaterials reinforced MSCs
transplantation for spinal cord injury repair. Asian J. Pharm. Sci. 17 (1), 4–19.
doi:10.1016/j.ajps.2021.03.003

Mansour, A. A., Gonçalves, J. T., Bloyd, C. W., Li, H., Fernandes, S., Quang, D., et al.
(2018). An in vivo model of functional and vascularized human brain organoids. Nat.
Biotechnol. 36 (5), 432–441. doi:10.1038/nbt.4127

Frontiers in Pharmacology frontiersin.org12

Yang et al. 10.3389/fphar.2025.1600604

https://doi.org/10.1016/j.jacc.2021.03.003
https://doi.org/10.1038/s41587-019-0016-3
https://doi.org/10.1016/j.xcrm.2024.101665
https://doi.org/10.1186/s13287-019-1419-2
https://doi.org/10.1186/s12967-024-05499-8
https://doi.org/10.1186/s12967-024-05499-8
https://doi.org/10.1038/s41556-022-00888-x
https://doi.org/10.1039/d0tb01320j
https://doi.org/10.1038/s41467-019-13868-x
https://doi.org/10.1038/s41467-019-13868-x
https://doi.org/10.1152/physrev.00019.2015
https://doi.org/10.2147/ijn.S441307
https://doi.org/10.1002/jev2.12445
https://doi.org/10.1172/jci136488
https://doi.org/10.1080/01652176.2019.1643051
https://doi.org/10.1016/j.stem.2024.04.011
https://doi.org/10.1111/1755-5922.12479
https://doi.org/10.1021/acsnano.7b00221
https://doi.org/10.1021/acsnano.7b00221
https://doi.org/10.1021/acsnano.8b06561
https://doi.org/10.1021/acsnano.8b06561
https://doi.org/10.1038/s41569-020-00492-2
https://doi.org/10.1136/bmj.k5287
https://doi.org/10.1002/advs.202304722
https://doi.org/10.3892/ijmm.2017.3276
https://doi.org/10.3892/ijmm.2017.3276
https://doi.org/10.1093/cvr/cvz139
https://doi.org/10.1186/s13287-024-04030-6
https://doi.org/10.1016/j.bioactmat.2021.07.013
https://doi.org/10.1016/j.bioactmat.2021.07.013
https://doi.org/10.1186/s13287-020-01811-7
https://doi.org/10.1007/s00395-021-00858-8
https://doi.org/10.1152/physrev.00039.2017
https://doi.org/10.1016/j.carbpol.2019.115516
https://doi.org/10.1016/j.carbpol.2019.115516
https://doi.org/10.1016/j.biomaterials.2015.12.011
https://doi.org/10.5966/sctm.2013-0162
https://doi.org/10.5966/sctm.2013-0162
https://doi.org/10.1016/j.stem.2022.08.013
https://doi.org/10.1016/j.stem.2022.08.013
https://doi.org/10.1002/jev2.12152
https://doi.org/10.7150/thno.52677
https://doi.org/10.1186/s13287-019-1544-y
https://doi.org/10.1186/s13287-019-1544-y
https://doi.org/10.1186/s12943-022-01650-5
https://doi.org/10.1161/circresaha.122.320496
https://doi.org/10.1016/j.actbio.2019.12.020
https://doi.org/10.1021/acsnano.2c07436
https://doi.org/10.1021/acsnano.2c07436
https://doi.org/10.1007/s10456-024-09937-5
https://doi.org/10.1007/s10456-024-09937-5
https://doi.org/10.1016/j.kint.2021.10.028
https://doi.org/10.1016/j.kint.2021.10.028
https://doi.org/10.1089/ars.2016.6766
https://doi.org/10.1089/ars.2016.6766
https://doi.org/10.1016/j.ajps.2021.03.003
https://doi.org/10.1038/nbt.4127
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1600604


Matta, A., Nader, V., Lebrin, M., Gross, F., Prats, A. C., Cussac, D., et al. (2022). Pre-
conditioning methods and novel approaches with mesenchymal stem cells therapy in
cardiovascular disease. Cells 11 (10), 1620. doi:10.3390/cells11101620

Meng,W. T., and Guo, H. D. (2023). Small extracellular vesicles derived from induced
pluripotent stem cells in the treatment of myocardial injury. Int. J. Mol. Sci. 24 (5), 4577.
doi:10.3390/ijms24054577

Meng, X., Li, J., Yu, M., Yang, J., Zheng, M., Zhang, J., et al. (2018). Transplantation of
mesenchymal stem cells overexpressing IL10 attenuates cardiac impairments in rats
with myocardial infarction. J. Cell Physiol. 233 (1), 587–595. doi:10.1002/jcp.25919

Moon, H., Choi, J. W., Song, B. W., Kim, I. K., Lim, S., Lee, S., et al. (2022). Brite
adipocyte FGF21 attenuates cardiac ischemia/reperfusion injury in rat hearts by
modulating NRF2. Cells 11 (3), 567. doi:10.3390/cells11030567

Murphy, A., and Goldberg, S. (2022). Mechanical complications of myocardial
infarction. Am. J. Med. 135 (12), 1401–1409. doi:10.1016/j.amjmed.2022.08.017

Ning, Y., Huang, P., Chen, G., Xiong, Y., Gong, Z., Wu, C., et al. (2023). Atorvastatin-
pretreated mesenchymal stem cell-derived extracellular vesicles promote cardiac repair
after myocardial infarction via shifting macrophage polarization by targeting
microRNA-139-3p/Stat1 pathway. BMC Med. 21 (1), 96. doi:10.1186/s12916-023-
02778-x

Nishiyama, T., Zhang, Y., Cui, M., Li, H., Sanchez-Ortiz, E., McAnally, J. R., et al.
(2022). Precise genomic editing of pathogenic mutations in RBM20 rescues dilated
cardiomyopathy. Sci. Transl. Med. 14 (672), eade1633. doi:10.1126/scitranslmed.
ade1633

Noor, N., Shapira, A., Edri, R., Gal, I., Wertheim, L., and Dvir, T. (2019). 3D printing
of personalized thick and perfusable cardiac patches and hearts. Adv. Sci. (Weinh) 6
(11), 1900344. doi:10.1002/advs.201900344

Norelli, M., Camisa, B., Barbiera, G., Falcone, L., Purevdorj, A., Genua, M., et al.
(2018). Monocyte-derived IL-1 and IL-6 are differentially required for cytokine-release
syndrome and neurotoxicity due to CAR T cells. Nat. Med. 24 (6), 739–748. doi:10.
1038/s41591-018-0036-4

Peet, C., Ivetic, A., Bromage, D. I., and Shah, A. M. (2020). Cardiac monocytes and
macrophages after myocardial infarction. Cardiovasc Res. 116 (6), 1101–1112. doi:10.
1093/cvr/cvz336

Pelaez, D., Acosta Torres, Z., Ng, T. K., Choy, K. W., Pang, C. P., and Cheung, H.
S. (2017). Cardiomyogenesis of periodontal ligament-derived stem cells by
dynamic tensile strain. Cell Tissue Res. 367 (2), 229–241. doi:10.1007/s00441-
016-2503-x

Qiu, M., Chen, J., Liu, M., Shi, Y., Nie, Z., Dong, G., et al. (2024). Reprogramming
of DNA methylation patterns mediates perfluorooctane sulfonate-induced fetal
cardiac dysplasia. Sci. Total Environ. 919, 170905. doi:10.1016/j.scitotenv.2024.
170905

Raziyeva, K., Smagulova, A., Kim, Y., Smagul, S., Nurkesh, A., and Saparov, A. (2020).
Preconditioned and genetically modified stem cells for myocardial infarction treatment.
Int. J. Mol. Sci. 21 (19), 7301. doi:10.3390/ijms21197301

Ren, J., Wu, N. N., Wang, S., Sowers, J. R., and Zhang, Y. (2021). Obesity
cardiomyopathy: evidence, mechanisms, and therapeutic implications. Physiol. Rev.
101 (4), 1745–1807. doi:10.1152/physrev.00030.2020

Ren, Y., Wang, W., Yu, C., Wang, Y., Qiu, Y., Yue, Z., et al. (2024). An injectable
exosome-loaded hyaluronic acid-polylysine hydrogel for cardiac repair via modulating
oxidative stress and the inflammatory microenvironment. Int. J. Biol. Macromol. 275 (Pt
2), 133622. doi:10.1016/j.ijbiomac.2024.133622

Roshanbinfar, K., Kolesnik-Gray, M., Angeloni, M., Schruefer, S., Fiedler, M.,
Schubert, D. W., et al. (2023). Collagen hydrogel containing polyethylenimine-gold
nanoparticles for drug release and enhanced beating properties of engineered cardiac
tissues. Adv. Healthc. Mater 12 (20), e2202408. doi:10.1002/adhm.202202408

Roshanbinfar, K., Schiffer, M., Carls, E., Angeloni, M., Koleśnik-Gray, M., Schruefer,
S., et al. (2024). Electrically conductive collagen-PEDOT:PSS hydrogel prevents post-
infarct cardiac arrhythmia and supports hiPSC-cardiomyocyte function. Adv. Mater 36
(28), e2403642. doi:10.1002/adma.202403642

Roura, S., Planas, F., Prat-Vidal, C., Leta, R., Soler-Botija, C., Carreras, F., et al. (2007).
Idiopathic dilated cardiomyopathy exhibits defective vascularization and vessel
formation. Eur. J. Heart Fail 9 (10), 995–1002. doi:10.1016/j.ejheart.2007.07.008

Ruan, X. F., Li, Y. J., Ju, C.W., Shen, Y., Lei, W., Chen, C., et al. (2018). Exosomes from
Suxiao Jiuxin pill-treated cardiac mesenchymal stem cells decrease H3K27 demethylase
UTX expression in mouse cardiomyocytes in vitro. Acta Pharmacol. Sin. 39 (4),
579–586. doi:10.1038/aps.2018.18

Ruberg, F. L., and Maurer, M. S. (2024). Cardiac amyloidosis due to transthyretin
protein: a review. Jama 331 (9), 778–791. doi:10.1001/jama.2024.0442

Sarikhani, M., Garbern, J. C., Ma, S., Sereda, R., Conde, J., Krähenbühl, G., et al.
(2020). Sustained activation of AMPK enhances differentiation of human iPSC-derived
cardiomyocytes via sirtuin activation. Stem Cell Rep. 15 (2), 498–514. doi:10.1016/j.
stemcr.2020.06.012

Sayed, N., Liu, C., Ameen, M., Himmati, F., Zhang, J. Z., Khanamiri, S., et al. (2020).
Clinical trial in a dish using iPSCs shows lovastatin improves endothelial dysfunction
and cellular cross-talk in LMNA cardiomyopathy. Sci. Transl. Med. 12 (554), eaax9276.
doi:10.1126/scitranslmed.aax9276

Shaik, R., Brown, J., Xu, J., Lamichhane, R., Wang, Y., Hong, Y., et al. (2024). Cardiac
matrix-derived granular hydrogel enhances cell function in 3D culture. ACS Appl. Mater
Interfaces 16 (43), 58346–58356. doi:10.1021/acsami.4c12871

Shaik, R., Xu, J., Wang, Y., Hong, Y., and Zhang, G. (2023). Fibrin-enriched cardiac
extracellular matrix hydrogel promotes in vitro angiogenesis. ACS Biomater. Sci. Eng. 9
(2), 877–888. doi:10.1021/acsbiomaterials.2c01148

Song, Y., Xu, C., Liu, J., Li, Y., Wang, H., Shan, D., et al. (2021). Heterodimerization
with 5-HT(2B)R is indispensable for β(2)ar-mediated cardioprotection. Circ. Res. 128
(2), 262–277. doi:10.1161/circresaha.120.317011

Sun, S., Meng, Y., Li, M., Tang, X., Hu, W., Wu, W., et al. (2023). CD133(+)
endothelial-like stem cells restore neovascularization and promote longevity in
progeroid and naturally aged mice. Nat. Aging 3 (11), 1401–1414. doi:10.1038/
s43587-023-00512-z

Takahashi, K., and Yamanaka, S. (2006). Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast cultures by defined factors. Cell 126 (4), 663–676.
doi:10.1016/j.cell.2006.07.024

Tan, Y., Zhang, Z., Zheng, C., Wintergerst, K. A., Keller, B. B., and Cai, L. (2020).
Mechanisms of diabetic cardiomyopathy and potential therapeutic strategies: preclinical
and clinical evidence. Nat. Rev. Cardiol. 17 (9), 585–607. doi:10.1038/s41569-020-
0339-2

Tay, A., and Melosh, N. (2019). Nanostructured materials for intracellular cargo
delivery. Acc. Chem. Res. 52 (9), 2462–2471. doi:10.1021/acs.accounts.9b00272

Tsui, J. H., Leonard, A., Camp, N. D., Long, J. T., Nawas, Z. Y., Chavanachat, R., et al.
(2021). Tunable electroconductive decellularized extracellular matrix hydrogels for
engineering human cardiac microphysiological systems. Biomaterials 272, 120764.
doi:10.1016/j.biomaterials.2021.120764

Tsukui, T., Wolters, P. J., and Sheppard, D. (2024). Alveolar fibroblast lineage
orchestrates lung inflammation and fibrosis. Nature 631 (8021), 627–634. doi:10.
1038/s41586-024-07660-1

Tu, Y., Qiu, Y., Liu, L., Huang, T., Tang, H., Liu, Y., et al. (2019). Mi R -15a/15b cluster
modulates survival of mesenchymal stem cells to improve its therapeutic efficacy of
myocardial infarction. J. Am. Heart Assoc. 8 (1), e010157. doi:10.1161/jaha.118.010157

Vagnozzi, R. J., Maillet, M., Sargent, M. A., Khalil, H., Johansen, A. K. Z.,
Schwanekamp, J. A., et al. (2020). An acute immune response underlies the benefit
of cardiac stem cell therapy. Nature 577 (7790), 405–409. doi:10.1038/s41586-019-
1802-2

Wang, H., Shi, J., Wang, Y., Yin, Y., Wang, L., Liu, J., et al. (2014). Promotion of
cardiac differentiation of brown adipose derived stem cells by chitosan hydrogel for
repair after myocardial infarction. Biomaterials 35 (13), 3986–3998. doi:10.1016/j.
biomaterials.2014.01.021

Wang, L., Chen, P., Pan, Y., Wang, Z., Xu, J., Wu, X., et al. (2023). Injectable
photocurable Janus hydrogel delivering hiPSC cardiomyocyte-derived exosome for
post-heart surgery adhesion reduction. Sci. Adv. 9 (31), eadh1753. doi:10.1126/sciadv.
adh1753

Wang, L., Wei, X., He, X., Xiao, S., Shi, Q., Chen, P., et al. (2024). Osteoinductive
dental pulp stem cell-derived extracellular vesicle-loaded multifunctional hydrogel
for bone regeneration. ACS Nano 18 (12), 8777–8797. doi:10.1021/acsnano.
3c11542

Wang, X., Zhu, Y., Wu, C., Liu, W., He, Y., and Yang, Q. (2021). Adipose-derived
mesenchymal stem cells-derived exosomes carry MicroRNA-671 to alleviate myocardial
infarction through inactivating the TGFBR2/smad2 Axis. Inflammation 44 (5),
1815–1830. doi:10.1007/s10753-021-01460-9

Wang, Y., Elsherbiny, A., Kessler, L., Cordero, J., Shi, H., Serke, H., et al. (2022). Lamin
A/C-dependent chromatin architecture safeguards naïve pluripotency to prevent
aberrant cardiovascular cell fate and function. Nat. Commun. 13 (1), 6663. doi:10.
1038/s41467-022-34366-7

Wei, X., Chen, Y., Jiang, X., Peng, M., Liu, Y., Mo, Y., et al. (2021). Mechanisms of
vasculogenic mimicry in hypoxic tumor microenvironments. Mol. Cancer 20 (1), 7.
doi:10.1186/s12943-020-01288-1

Wei, X., Wang, L., Duan, C., Chen, K., Li, X., Guo, X., et al. (2023). Cardiac patches
made of brown adipose-derived stem cell sheets and conductive electrospun nanofibers
restore infarcted heart for ischemic myocardial infarction. Bioact. Mater 27, 271–287.
doi:10.1016/j.bioactmat.2023.03.023

Wu, C., Zhou, X. X., Li, J. Z., Qiang, H. F., Wang, Y., and Li, G. (2021). Pretreatment of
cardiac progenitor cells with bradykinin attenuates H(2)O(2)-induced cell apoptosis
and improves cardiac function in rats by regulating autophagy. Stem Cell Res. Ther. 12
(1), 437. doi:10.1186/s13287-021-02503-6

Wu, F., She, Z., Li, C., Mao, J., Luo, S., Chen, X., et al. (2023). Therapeutic potential of
MSCs and MSC-derived extracellular vesicles in immune thrombocytopenia. Stem Cell
Res. Ther. 14 (1), 79. doi:10.1186/s13287-023-03323-6

Wu, X., Swanson, K., Yildirim, Z., Liu, W., Liao, R., andWu, J. C. (2024). Clinical trials
in-a-dish for cardiovascular medicine. Eur. Heart J. 45 (40), 4275–4290. doi:10.1093/
eurheartj/ehae519

Xiang, Q., Yi, X., Zhu, X. H., Wei, X., and Jiang, D. S. (2024). Regulated cell death in
myocardial ischemia-reperfusion injury. Trends Endocrinol. Metab. 35 (3), 219–234.
doi:10.1016/j.tem.2023.10.010

Frontiers in Pharmacology frontiersin.org13

Yang et al. 10.3389/fphar.2025.1600604

https://doi.org/10.3390/cells11101620
https://doi.org/10.3390/ijms24054577
https://doi.org/10.1002/jcp.25919
https://doi.org/10.3390/cells11030567
https://doi.org/10.1016/j.amjmed.2022.08.017
https://doi.org/10.1186/s12916-023-02778-x
https://doi.org/10.1186/s12916-023-02778-x
https://doi.org/10.1126/scitranslmed.ade1633
https://doi.org/10.1126/scitranslmed.ade1633
https://doi.org/10.1002/advs.201900344
https://doi.org/10.1038/s41591-018-0036-4
https://doi.org/10.1038/s41591-018-0036-4
https://doi.org/10.1093/cvr/cvz336
https://doi.org/10.1093/cvr/cvz336
https://doi.org/10.1007/s00441-016-2503-x
https://doi.org/10.1007/s00441-016-2503-x
https://doi.org/10.1016/j.scitotenv.2024.170905
https://doi.org/10.1016/j.scitotenv.2024.170905
https://doi.org/10.3390/ijms21197301
https://doi.org/10.1152/physrev.00030.2020
https://doi.org/10.1016/j.ijbiomac.2024.133622
https://doi.org/10.1002/adhm.202202408
https://doi.org/10.1002/adma.202403642
https://doi.org/10.1016/j.ejheart.2007.07.008
https://doi.org/10.1038/aps.2018.18
https://doi.org/10.1001/jama.2024.0442
https://doi.org/10.1016/j.stemcr.2020.06.012
https://doi.org/10.1016/j.stemcr.2020.06.012
https://doi.org/10.1126/scitranslmed.aax9276
https://doi.org/10.1021/acsami.4c12871
https://doi.org/10.1021/acsbiomaterials.2c01148
https://doi.org/10.1161/circresaha.120.317011
https://doi.org/10.1038/s43587-023-00512-z
https://doi.org/10.1038/s43587-023-00512-z
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1038/s41569-020-0339-2
https://doi.org/10.1038/s41569-020-0339-2
https://doi.org/10.1021/acs.accounts.9b00272
https://doi.org/10.1016/j.biomaterials.2021.120764
https://doi.org/10.1038/s41586-024-07660-1
https://doi.org/10.1038/s41586-024-07660-1
https://doi.org/10.1161/jaha.118.010157
https://doi.org/10.1038/s41586-019-1802-2
https://doi.org/10.1038/s41586-019-1802-2
https://doi.org/10.1016/j.biomaterials.2014.01.021
https://doi.org/10.1016/j.biomaterials.2014.01.021
https://doi.org/10.1126/sciadv.adh1753
https://doi.org/10.1126/sciadv.adh1753
https://doi.org/10.1021/acsnano.3c11542
https://doi.org/10.1021/acsnano.3c11542
https://doi.org/10.1007/s10753-021-01460-9
https://doi.org/10.1038/s41467-022-34366-7
https://doi.org/10.1038/s41467-022-34366-7
https://doi.org/10.1186/s12943-020-01288-1
https://doi.org/10.1016/j.bioactmat.2023.03.023
https://doi.org/10.1186/s13287-021-02503-6
https://doi.org/10.1186/s13287-023-03323-6
https://doi.org/10.1093/eurheartj/ehae519
https://doi.org/10.1093/eurheartj/ehae519
https://doi.org/10.1016/j.tem.2023.10.010
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1600604


Xiong, Y., Tang, R., Xu, J., Jiang, W., Gong, Z., Zhang, L., et al. (2022a). Sequential
transplantation of exosomes andmesenchymal stem cells pretreated with a combination
of hypoxia and Tongxinluo efficiently facilitates cardiac repair. Stem Cell Res. Ther. 13
(1), 63. doi:10.1186/s13287-022-02736-z

Xiong, Y., Tang, R., Xu, J., Jiang, W., Gong, Z., Zhang, L., et al. (2022b). Tongxinluo-
pretreated mesenchymal stem cells facilitate cardiac repair via exosomal transfer of
miR-146a-5p targeting IRAK1/NF-κB p65 pathway. Stem Cell Res. Ther. 13 (1), 289.
doi:10.1186/s13287-022-02969-y

Xu, J., Shamul, J. G., Staten, N. A., White, A. M., Jiang, B., and He, X. (2021).
Bioinspired 3D culture in nanoliter hyaluronic acid-rich core-shell hydrogel
microcapsules isolates highly pluripotent human iPSCs. Small 17 (33), e2102219.
doi:10.1002/smll.202102219

Xu, J., Wang, X., Chen, J., Chen, S., Li, Z., Liu, H., et al. (2020). Embryonic stem cell-
derived mesenchymal stem cells promote colon epithelial integrity and regeneration by
elevating circulating IGF-1 in colitis mice. Theranostics 10 (26), 12204–12222. doi:10.
7150/thno.47683

Yan, C., Wang, X., Wang, Q., Li, H., Song, H., Zhou, J., et al. (2024). A novel
conductive polypyrrole-chitosan hydrogel containing human endometrial
mesenchymal stem cell-derived exosomes facilitated sustained release for cardiac
repair. Adv. Healthc. Mater 13 (10), e2304207. doi:10.1002/adhm.202304207

Yan, L., Li, J., and Zhang, C. (2023). The role of MSCs and CAR-MSCs in cellular
immunotherapy. Cell Commun. Signal 21 (1), 187. doi:10.1186/s12964-023-01191-4

Yang, F., Wu, R., Jiang, Z., Chen, J., Nan, J., Su, S., et al. (2018). Leptin increases
mitochondrial OPA1 via GSK3-mediated OMA1 ubiquitination to enhance therapeutic
effects of mesenchymal stem cell transplantation. Cell Death Dis. 9 (5), 556. doi:10.1038/
s41419-018-0579-9

Ye, J., Boileau, R. M., Parchem, R. J., Judson-Torres, R. L., and Blelloch, R. (2025). The
miR-290 andmiR-302 clusters are essential for reprogramming of fibroblasts to induced
pluripotent stem cells. Stem Cells 43 (2), sxae080. doi:10.1093/stmcls/sxae080

You, Y., Kobayashi, K., Colak, B., Luo, P., Cozens, E., Fields, L., et al. (2021).
Engineered cell-degradable poly(2-alkyl-2-oxazoline) hydrogel for epicardial
placement of mesenchymal stem cells for myocardial repair. Biomaterials 269,
120356. doi:10.1016/j.biomaterials.2020.120356

Yu, B., Li, H., Zhang, Z., Chen, P., Wang, L., Fan, X., et al. (2023). Extracellular vesicles
engineering by silicates-activated endothelial progenitor cells for myocardial infarction
treatment in male mice. Nat. Commun. 14 (1), 2094. doi:10.1038/s41467-023-37832-y

Yue, T., Zhang, W., Pei, H., Danzeng, D., He, J., Yang, J., et al. (2024). Monascus
pigment-protected bone marrow-derived stem cells for heart failure treatment. Bioact.
Mater 42, 270–283. doi:10.1016/j.bioactmat.2024.08.038

Zhang, J., Chou, O. H., Tse, Y. L., Ng, K. M., and Tse, H. F. (2021). Application of
patient-specific iPSCs for modelling and treatment of X-linked cardiomyopathies. Int.
J. Mol. Sci. 22 (15), 8132. doi:10.3390/ijms22158132

Zhang, J., Liang, R., Wang, K., Zhang, W., Zhang, M., Jin, L., et al. (2022). Novel
CaMKII-δ inhibitor hesperadin exerts dual functions to ameliorate cardiac ischemia/
reperfusion injury and inhibit tumor growth. Circulation 145 (15), 1154–1168. doi:10.
1161/circulationaha.121.055920

Zhang, Z., Liang, D., Gao, X., Zhao, C., Qin, X., Xu, Y., et al. (2014). Selective
inhibition of inositol hexakisphosphate kinases (IP6Ks) enhances mesenchymal stem
cell engraftment and improves therapeutic efficacy for myocardial infarction. Basic Res.
Cardiol. 109 (4), 417. doi:10.1007/s00395-014-0417-x

Zhang, Z., Zhou, X., Guo, J., Zhang, F., Qian, Y., Wang, G., et al. (2022). TA-MSCs,
TA-MSCs-EVs, MIF: their crosstalk in immunosuppressive tumor microenvironment.
J. Transl. Med. 20 (1), 320. doi:10.1186/s12967-022-03528-y

Zhao, L., Liu, X., Zhang, Y., Liang, X., Ding, Y., Xu, Y., et al. (2016). Enhanced cell
survival and paracrine effects of mesenchymal stem cells overexpressing hepatocyte
growth factor promote cardioprotection in myocardial infarction. Exp. Cell Res. 344 (1),
30–39. doi:10.1016/j.yexcr.2016.03.024

Zhao, L. M., Wang, L., Zhang, W. Q., Wang, R., Zhang, X. Z., Lei, X. X., et al. (2022).
Promotion of right ventricular outflow tract reconstruction using a novel cardiac patch
incorporated with hypoxia-pretreated urine-derived stem cells. Bioact. Mater 14,
206–218. doi:10.1016/j.bioactmat.2021.11.021

Zhao, Y., Zhu, J., Zhang, N., Liu, Q., Wang, Y., Hu, X., et al. (2020). GDF11 enhances
therapeutic efficacy of mesenchymal stem cells for myocardial infarction via YME1L-
mediated OPA1 processing. Stem Cells Transl. Med. 9 (10), 1257–1271. doi:10.1002/
sctm.20-0005

Zhu, D., Li, Z., Huang, K., Caranasos, T. G., Rossi, J. S., and Cheng, K. (2021).
Minimally invasive delivery of therapeutic agents by hydrogel injection into the
pericardial cavity for cardiac repair. Nat. Commun. 12 (1), 1412. doi:10.1038/
s41467-021-21682-7

Zhu, D., Liu, S., Huang, K., Wang, Z., Hu, S., Li, J., et al. (2022). Intrapericardial
exosome therapy dampens cardiac injury via activating Foxo3. Circ. Res. 131 (10),
e135–e150. doi:10.1161/circresaha.122.321384

Frontiers in Pharmacology frontiersin.org14

Yang et al. 10.3389/fphar.2025.1600604

https://doi.org/10.1186/s13287-022-02736-z
https://doi.org/10.1186/s13287-022-02969-y
https://doi.org/10.1002/smll.202102219
https://doi.org/10.7150/thno.47683
https://doi.org/10.7150/thno.47683
https://doi.org/10.1002/adhm.202304207
https://doi.org/10.1186/s12964-023-01191-4
https://doi.org/10.1038/s41419-018-0579-9
https://doi.org/10.1038/s41419-018-0579-9
https://doi.org/10.1093/stmcls/sxae080
https://doi.org/10.1016/j.biomaterials.2020.120356
https://doi.org/10.1038/s41467-023-37832-y
https://doi.org/10.1016/j.bioactmat.2024.08.038
https://doi.org/10.3390/ijms22158132
https://doi.org/10.1161/circulationaha.121.055920
https://doi.org/10.1161/circulationaha.121.055920
https://doi.org/10.1007/s00395-014-0417-x
https://doi.org/10.1186/s12967-022-03528-y
https://doi.org/10.1016/j.yexcr.2016.03.024
https://doi.org/10.1016/j.bioactmat.2021.11.021
https://doi.org/10.1002/sctm.20-0005
https://doi.org/10.1002/sctm.20-0005
https://doi.org/10.1038/s41467-021-21682-7
https://doi.org/10.1038/s41467-021-21682-7
https://doi.org/10.1161/circresaha.122.321384
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1600604

	Stem cells in the treatment of myocardial injury-induced cardiomyopathy: mechanisms and efficient utilization strategies
	1 Introduction
	2 Types of stem cells in the treatment of cardiomyopathy
	2.1 iPSCs
	2.2 MSCs
	2.3 ESCs
	2.4 Other stem cells

	3 Mechanisms and risks of stem cells therapy for cardiomyopathy
	3.1 Stem cells differentiation and tissue regeneration
	3.2 Paracrine effect
	3.3 Risks of stem cells therapy for cardiomyopathy

	4 Enhancing the effectiveness of stem cell therapy
	4.1 Construction and maturation of stem cells
	4.1.1 Pretreatment of stem cells
	4.1.2 Genetic modification

	4.2 Stem cells transplantation optimization

	5 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


