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Abstract

Exosomes (Exos) are extracellular vesicles secreted by cells and serve as crucial
mediators of intercellular communication. They play a pivotal role in the
pathogenesis and progression of various diseases and offer promising avenues for
therapeutic interventions. Exos derived from mesenchymal stem cells (MSCs)
have significant immunomodulatory properties. They effectively regulate
immune responses by modulating both innate and adaptive immunity. These
Exos can inhibit excessive inflammatory responses and promote tissue repair.
Moreover, they participate in antigen presentation, which is essential for
activating immune responses. The cargo of these Exos, including ligands,
proteins, and microRNAs, can suppress T cell activity or enhance the population
of immunosuppressive cells to dampen the immune response. By inhibiting
lymphocyte proliferation, acting on macrophages, and increasing the population
of regulatory T cells, these Exos contribute to maintaining immune and metabolic
homeostasis. Furthermore, they can activate immune-related signaling pathways
or serve as vehicles to deliver microRNAs and other bioactive substances to target
tumor cells, which holds potential for immunotherapy applications. Given the
immense therapeutic potential of MSC-derived Exos, this review comprehensively
explores their mechanisms of immune regulation and therapeutic applications in
areas such as infection control, tumor suppression, and autoimmune disease
management. This article aims to provide valuable insights into the mechanisms
behind the actions of MSC-derived Exos, offering theoretical references for their
future clinical utilization as cell-free drug preparations.
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Core Tip: Exosomes (Exos) are extracellular vesicles secreted by cells, and they serve as crucial mediators of intercellular
communication, playing a pivotal role in the pathogenesis, progression, and therapeutic interventions for various diseases.
Given the immense therapeutic potential of Exos derived from mesenchymal stem cells (MSC-Exos), this review article
comprehensively explores mechanisms underlying their immune regulation as well as their therapeutic applications in
infection control measures and tackling tumors or autoimmune diseases among others. This article aims to provide valuable
insights into further investigations regarding the mechanism behind MSC-Exo actions while offering theoretical references
for future clinical utilization of MSC-Exos as cell-free drug preparations.
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INTRODUCTION

Exosomes (Exos) were first discovered in 1983 as 50-nm vesicles released by reticulocytes carrying transferrin receptors
extracellularly[1]. Since then, the understanding of the mechanisms and functions of Exos has exponentially expanded[2].
Exos are extracellular vesicles (EVs) with a diameter ranging from 40 to 160 nm (mean, ~100 nm) that originate from
endosomes[3]. Depending on the specific cell type that they derive from, Exos contain various components such as DNA,
RNA, lipids, metabolites, cytoplasmic contents, and cell-surface proteins[4]. The exact physiological role of Exo
production by cells remains elusive and requires further investigation[5]. Due to their functional and targeted nature as
cellular constituents, Exos play a crucial role in intercellular communication[6]. Mesenchymal stem cells (MSCs) are a
class of adult stem cells first identified by Friedenstein in mouse bone marrow and characterized by their multilineage
differentiation potential. Caplan subsequently coined the term “mesenchymal stem cells”[7], although their definitive
stem cell properties have yet to be rigorously demonstrated in vivo[8]. MSCs have been shown to originate from
perivascular and pericytic progenitors in almost all tissues[9]. These cells possess trilineage differentiation potential,
enabling them to differentiate into osteoblasts, adipocytes, and chondrocytes. They express positive cell surface markers
CD90, CD105, and CD73, while lacking CD45, CD34, CD14, CD79a, and HLA-DR[10]. Under specific conditions, MSCs
can also differentiate into other cell types, such as neurons and cardiomyocytes[11].

MSCs possess a certain self-renewal capacity and can be propagated through multiple generations in vitro while
maintaining their phenotype and differentiation potential[12]. They secrete a variety of cytokines and growth factors,
which inhibit the proliferation of B cells and T cells, suppress monocyte maturation, and promote the generation of
regulatory T cells (Tregs) and M2 macrophages[13]. These characteristics endow MSCs with immunomodulatory
functions, forming the foundation for their application in treating various immune-related diseases. The primary clinical
value of MSCs appears to stem from secreted EVs (including Exos) and a range of cytokines and growth factors[14]. The
immunoregulatory effects of these secreted Exos have demonstrated therapeutic potential in numerous clinical studies.
These studies encompass conditions such as myocardial infarction, stroke, graft-versus-host disease (GvHD), systemic
lupus erythematosus (SLE), rheumatoid arthritis (RA), Crohn’s disease, acute lung injury, chronic obstructive pulmonary
disease, liver cirrhosis, multiple sclerosis (MS), amyotrophic lateral sclerosis, and diabetes[15].

A substantial body of evidence suggests that MSCs exert their immunomodulatory functions primarily through
paracrine pathways, particularly via Exos[16]. Exos derived from MSCs (MSC-Exos) exhibit comparable biological
activities to MSCs and possess several advantageous characteristics such as rapid passage through capillaries, inherent
stability, and robust information transfer capacity compared to MSCs[17]. Furthermore, the utilization of Exos can
circumvent issues associated with ectopic osteogenesis, tumor formation, pulmonary capillary blockade, and immune
rejection commonly encountered in cell therapy. The low immunogenicity and high stability of Exos make them a
promising alternative strategy for cell therapy[18]. Notably, Exos play pivotal roles in inflammation, tumors, and
autoimmune diseases, as well as graft rejection[19]. MSC-Exos have achieved several significant breakthroughs in recent
years. Research has demonstrated their ability to cross the blood-brain barrier, exert neuroprotective effects, and facilitate
nerve regeneration. This approach offers novel insights and potential strategies for the treatment of brain injuries, stroke,
and neurodegenerative diseases such as Alzheimer’s and Parkinson’s disease. MSC-Exos play a crucial role in immune
regulation by modulating immune responses and mitigating inflammation, which holds potential for treating
autoimmune diseases such as RA and SLE[20,21]. Additionally, MSC-Exos are being explored for cancer treatment,
including metastatic cancers. Studies have demonstrated their utility as drug delivery vectors to enhance the efficacy of
anticancer drugs while minimizing side effects. In cardiovascular disease and skin wound repair, MSC-Exos have
exhibited the capacity to promote tissue repair and regeneration, supporting myocardial cell survival and functional
recovery, as well as accelerating skin wound healing[22]. Recent technological advancements have improved the
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production efficiency and functional customization of MSC-Exos. For instance, genetic engineering and optimized culture
conditions have enhanced specific therapeutic properties of Exos[23]. These innovations highlight the significant potential
of MSC-Exos as a novel biologic therapeutic tool. Several clinical studies on Exos have been approved by the Food and
Drug Administration (FDA), including investigations into the molecular mechanisms of Exos in melanoma pathogenesis
(FDA lot number: NCT02310451), the clinical correlation of glioma exosomal molecular abnormalities (FDA batch No.:
NCT06116903), and the effect of Exo administration in preventing early leakage in patients with low anterior resection
rectal cancer (FDA Lot No.: NCT06536712). As research progresses, the application prospects for MSC-Exos will continue
to broaden[24]. Therefore, this article comprehensively reviews the mechanisms underlying immune regulation by MSC-
Exos along with their therapeutic applications in infection control, tumor management, and autoimmune diseases. This
article serves as a valuable reference for further investigations into the mechanisms governing MSC-Exo function while
providing theoretical support for future clinical implementation of MSC-Exos as cell-free drug preparations.

BIOLOGICAL CHARACTERISTICS OF EXOS DERIVED FROM MSCS

MSCs can be isolated from various tissues, and Exos derived from different tissues and cell types may carry distinct
biomolecules that confer unique immune properties and potential therapeutic applications. MSC-Exos exhibit significant
immunomodulatory effects, capable of downregulating inflammatory responses and promoting immune tolerance. They
are widely utilized in the treatment of inflammatory diseases and autoimmune conditions such as SLE and RA, as well as
in promoting tissue repair and regeneration[25]. Exos derived from tumor cells are frequently utilized as biomarkers and
therapeutic targets for developing novel cancer immunotherapies and diagnostic approaches[26]. Exos secreted by
cardiomyocytes can modulate cardiac inflammatory responses, enhance cardiomyocyte survival, and facilitate cardiac
tissue regeneration. In studies of myocardial infarction and other cardiovascular diseases, these Exos have demonstrated
potential therapeutic benefits[22]. Exos from adipose-derived stem cells are employed to treat conditions such as
impaired wound healing and skin disorders, promoting the regeneration process. Exos derived from neural stem cells
exhibit neuroprotective and anti-inflammatory properties, provide neurotrophic support, and regulate immune responses
within the nervous system, showing promise in treating neurodegenerative diseases like Alzheimer’s and Parkinson’s[27,
28]. These cells can be derived from diverse tissues depending on their origin. Exos are small vesicles released into the
extracellular space following fusion between intracellular multivesicular bodies and the cellular membrane[29]. This
secretory process involves recognition and trafficking of specific proteins and lipids[30], such as the ESCRT system
(endosomal sorting complex)[31]. Exos typically range in size from 40 to 160 nm[32] with a lipid bilayer membrane
structure that provides stability and protection[33], conferring them potential therapeutic utility due to their stable
structure and precise targeting ability[34,35]. Exos transport distinct proteins and RNA molecules that mirror the cellular
origin and exert an impact on the functionality of recipient cells[36]. They assume pivotal roles in intercellular
communication by transferring informational molecules to regulate immune response, inflammation, and tissue repair,
among other processes[37]. Consequently, owing to their inherent structural stability and precise targeting capabilities,
Exos are regarded as promising therapeutic tools[38] (Figure 1).

MSC-Exos not only express protein markers commonly found in all Exos[39], but also exhibit specific membrane
surface molecules on MSCs[40]. These Exos contain bioactive molecules such as microRNAs (miRNAs), mRNA, and
proteins that play a crucial role in regulating gene expression and function in target cells. Lai et al[41] first investigated
the role of MSC-Exos in a mouse model of myocardial ischemia-reperfusion injury in 2010, followed by studies conducted
across various disease models[42]. MSC-Exos have been shown to facilitate tissue regeneration through intercellular
communication, particularly following kidney, liver, cardiovascular, and nervous system injuries[43]. By secreting Exos,
MSCs modulate immune responses by reducing inflammatory factors while increasing anti-inflammatory factor levels
[44]. These Exos carry miRNAs and proteins that regulate apoptotic pathways to enhance the survival of target cells and
mitigate oxidative stress damage[45]. In heart disease models specifically, MSC-Exos improve cardiac function and
morphology by augmenting survival signaling pathways while suppressing inflammatory responses[46]. Therefore, the
clinical potential for utilizing MSC-Exos as a cell replacement therapy is extensive. However, MSC-Exos encounter
several practical challenges during the isolation process. For instance, Exo production can be influenced by multiple
factors such as the diversity of cell sources, variations in culture conditions, and differences in cell states. This variability
introduces uncertainty in Exo yield for each isolation procedure, thereby impacting its consistent supply[47]. Addi-
tionally, efficiently extracting high-purity Exos from other cellular components remains a significant challenge. Existing
separation techniques may introduce impurities, compromising the efficacy and safety of research outcomes and clinical
applications. Scaling up from laboratory to clinical use presents numerous difficulties. To address these issues, it is
essential not only to optimize the production process to enhance yield and purity but also to ensure stringent quality
control and standardization to meet rigorous clinical application requirements. Overcoming these challenges may involve
optimizing culture conditions, refining separation techniques, and developing innovative processes to facilitate the
widespread and effective utilization of MSC-Exos in practical applications.

ROLE OF MSC-EXOS IN IMMUNE REGULATION

MSC-Exos play a pivotal role in immunomodulation, which has been associated with their capacity to influence various
immune cell functions[48]. MSC-Exos possess the ability to regulate both innate and adaptive immune responses. In
terms of innate immunity, they modulate the polarization and cytokine secretion of macrophages and dendritic cells
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Figure 1 Exocytosis of exosomes derived from mesenchymal stem cells. The diagram illustrates the process of exosome biogenesis: From early
endosomes to multivesicular bodies, and finally the secretion of exosomes containing various components such as nucleic acids, proteins, lipids, cell adhesion
molecules, and transmembrane proteins. MSC: Mesenchymal stem cells.

(DCs) through interactions with these cells, thereby suppressing inflammatory responses[49]. Specifically, MSC-Exos can
attenuate inflammatory damage by polarizing macrophages towards an anti-inflammatory M2 phenotype rather than a
pro-inflammatory M1 phenotype[50]. Concerning adaptive immunity, MSC-Exos achieve immunosuppression by
regulating the activity of T cells and B cells. They inhibit the proliferation and cytotoxic functions of T cells while
promoting the generation of Tregs, which are crucial for maintaining immune tolerance and preventing autoimmune
diseases[51]. Through these mechanisms, MSC-Exos are capable of maintaining immune tolerance and preventing or
treating autoimmune diseases. This capability is especially valuable in scenarios where excessive immune responses must
be modulated in disease states such as RA and other autoimmune conditions[52]. MSC-Exos also have the ability to
modulate humoral immune responses by influencing the antibody-producing function of B cells[53]. The miRNAs,
proteins, and other bioactive molecules encapsulated within MSC-Exos can transmit signals between cells via various
pathways including direct targeting of specific mRNAs to regulate gene expression or activation/inhibition of immune
signaling pathways[54]. MiRNAs are a class of short non-coding RNA molecules that regulate gene expression. MiRNAs
encapsulated in Exos can modulate protein expression levels by targeting specific mRNAs, leading to their inhibition or
degradation[55]. Specific miRNAs can influence both pro-inflammatory and anti-inflammatory pathways. For instance,
certain miRNAs can downregulate the expression of pro-inflammatory factors in M1-type macrophages, thereby
promoting their transition to the M2-type (anti-inflammatory) phenotype[56]. Notably, miRNAs such as miR-223 and
miR-146a alter the functional state of macrophages by affecting key signaling nodes like nuclear factor-kappaB (NF-«B),
signal transducer and activator of transcription (STAT), and phosphatidylinositol 3-kinase/ protein kinase B. NF-«B plays
a crucial role in the development, differentiation, and responsiveness of immune cells. Exos can modulate the function of
immune cells, including T cells, B cells, and macrophages, by regulating the NF-xB pathway. Exos secreted by tumor cells
can promote tumor growth and immune escape through the activation of the NF-«xB pathway, whereas Exos derived from
stem cells may inhibit this pathway and enhance anti-tumor immunity[57]. By modulating the NF-xB signaling pathway,
Exos regulate inflammatory responses. For instance, MSC-Exos can exert anti-inflammatory effects by inhibiting NF-«xB
activity and reducing the production of pro-inflammatory cytokines such as tumor necrosis factor-a (TNF-a) and
interleukin (IL)-1B[58]. Cytokines within Exos directly influence immune cell behavior; for example, anti-inflammatory
cytokines like IL-10 or transforming growth factor-beta (TGF-p) delivered via Exos can modulate immune responses and
promote immune tolerance. Additionally, membrane proteins and signaling molecules in Exos can bind to receptors on
target cells, initiate intracellular signaling cascades, and regulate cellular behavior. Specific proteins within Exos can
directly modulate the immune response, such as by inhibiting immune cell activation or inducing immune cell apoptosis
to achieve immune regulatory effects[59]. As natural vectors for signal transduction, MSC-Exos possess significant
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regulatory capabilities in controlling immune system homeostasis by inhibiting excessive inflammatory responses while
promoting tissue repair.

MSC-Exos regulate immunity by delivering immunoactive substances

In recent years, it has been discovered that MSCs play a crucial role in intercellular communication through the secretion
of Exos[45]. These Exos possess the ability to modulate immune cell function and response. Through packaging and
transportation of signaling molecules, a diverse range of bioactive compounds can be encapsulated within Exos, ensuring
protection against degradation while enabling specific delivery to target cells[60]. Furthermore, Exo surfaces are adorned
with various membrane proteins involved in target cell recognition and binding[61]. Upon fusion with the target cell
membrane, the contents of Exos are released into the cytoplasm, thereby activating relevant signaling pathways[62].
MSC-Exos exhibit an abundance of miRNAs that specifically target and regulate immune-related gene expression[63].
Certain miRNAs have demonstrated their capability to shift macrophage polarization from proinflammatory M1
phenotype towards an anti-inflammatory M2 phenotype by regulating Toll-like receptor and NF-«B signaling pathways,
ultimately leading to inflammation reduction[64].

Proteins present in Exos, such as cytokines and signaling proteins, have a direct impact on the functionality of target
cells. Exos can deliver anti-inflammatory cytokines to inhibit the proliferation of T cells and B cells or facilitate the
generation of Tregs by delivering immunomodulatory proteins. Moreover, they can transport specific signaling molecules
that activate or suppress signaling pathways in target cells, thereby influencing the cellular immune response[65]. This
mechanism plays a crucial role in regulating immune system homeostasis and preventing potential damage caused by
excessive immune activity[66]. The utilization of MSC-Exos offers novel insights and potential applications for treating
various immune-related disorders through efficient delivery of diverse immunoactive substances while modulating
immune system responses (Figure 1).

MSC-Exos achieve immunosuppression through different mechanisms

Immunosuppression refers to the process of suppressing or reducing immune system activity through various
mechanisms. MSC-Exos modulate cytokines, such as IL-10 and prostaglandin E2, thereby regulating macrophage
polarization from a pro-inflammatory M1 to an anti-inflammatory M2 type, which reduces inflammation and promotes
tissue repair[67]. The role of MSC-Exos in immune regulation is primarily towards immunosuppression rather than
activation[68]. These Exos contain a variety of molecules that can regulate T cell function, including specific miRNAs and
proteins that downregulate T-cell receptor signaling, and inhibit T-cell proliferation and activation, thus reducing the
intensity of the immune response[69].

Exos contain specific components that can impede the maturation and antigen presentation capacity of DCs, thereby
diminishing their potential to activate T cells. Consequently, this effect mitigates the hyperactive response of the immune
system towards tissues or grafts[70]. Additionally, MSC-Exos exhibit inhibitory effects on B cell proliferation, differen-
tiation, and antibody production, thus contributing to the amelioration of pathological immune responses. Furthermore,
MSC-Exos possess the ability to attenuate inflammation and tissue damage by suppressing the cytotoxic activity of
natural killer cells and restraining aggressive behavior within their own tissues[71]. Although Exos can effectively
suppress unwanted immune responses and aid in the treatment of autoimmune diseases, prolonged immunosuppression
may render the body more susceptible to infections and certain diseases[72]. This is because some protective functions of
the immune system may also be compromised. Excessive immunosuppression could negatively impact the body’s
immune surveillance function, thereby increasing the risk of cancer or other abnormal cell proliferation. In cases of
immune suppression, this function may be weakened. Additionally, different tissues may respond variably to Exo
therapy. Improper immune regulation may result in incomplete or aberrant tissue repair. Long-term treatment might lead
to a decrease in Exo adaptability and efficacy. In addition, there are dosing and delivery challenges: Determining the
appropriate dose to avoid excessive suppression of immune system function remains a challenge. Efficiently delivering
Exos to specific target cells is also technically challenging. Therefore, when developing Exo-based therapies, thorough
research and clinical trials are essential to evaluate these potential risks and ensure their safety and efficacy for long-term
applications. Despite these challenges, Exos remain promising candidates for treating tumor-related diseases and
immune disorders such as autoimmune diseases, transplant rejection, and inflammatory diseases (Table 1).

ROLE OF MSC-EXOS IN DISEASES

Inflammatory diseases

MSC-Exos have the ability to mitigate inflammatory responses by modulating immune reactions in inflammatory
diseases. They facilitate the transportation of anti-inflammatory molecules and inhibit the release of pro-inflammatory
cytokines, thereby attenuating excessive immune responses triggered by bacterial or viral infections. These Exos express
multiple adhesion molecules (CD29, CD44, and CD73), enabling them to home in on injured and inflamed tissues[15].
Several studies have indicated that macrophages are the primary cellular targets of MSC-Exos for reducing colonic
inflammation. The activation of the NF-xB signaling pathway in colonic macrophages induced by damage-associated
molecular patterns released from damaged epithelial cells leads to increased expression of inducible nitric oxide synthase,
as well as elevated levels of inflammatory factors such as TNF-a, IL-1p, nitric oxide, and chemokines involved in
lymphocyte and monocyte recruitment (CCL-17 and CCL-24)[55]. Macrophages are considered pivotal cells responsible
for initiating colonic inflammation[73]. Cao et al’s study demonstrated that MSC-derived EVs significantly ameliorated
dextran sulfate sodium-induced colitis in mice by inducing polarization towards immunosuppressive M2 phenotype in
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colonic macrophages[74]. The therapeutic effect exerted by these EVs on ulcerative colitis repair seems to be associated
with JAK1/STAT1/STAT6 signaling[74]. Yang et al’s findings suggested that modulation of antioxidant/oxidative
balance within the affected gut is accountable for MSC-EV-induced phenotypic and functional effects on macrophages
[75]. Additionally, MSC-EV treatment resulted in a reduction in the cleavage of caspases-3, -8, and -9 as well as attenuated
release of damage-associated molecular patterns from damaged intestinal epithelial cells. This led to the attenuation of
NF-kB signaling pathway activation in colonic macrophages and subsequently promoted the generation of an immuno-
suppressive M2 phenotype[75].

MSC-Exos exhibit a protective effect on hepatocytes in cases of acute liver injury and fibrosis. In hepatitis, MSC-Exos
inhibit natural killer T cells, CD4* T lymphocytes, and hepatic stellate cells, thereby attenuating acute liver failure and
fibrosis[76]. Furthermore, they safeguard stem cells by suppressing pyroptosis, inhibiting hepatocyte death, and reducing
IL-1B- and IL-18-mediated inflammation[77]. Accumulating evidence suggests that MSC-Exos can shield lung epithelial
cells from reactive oxidants and proteolytic enzymes released by infiltrating neutrophils and monocytes[78]. Mansouri et
al[79] demonstrated that a single intravenous injection of Exos derived from human bone marrow-derived MSC (BM-
MSC) significantly mitigated bleomycin-induced pulmonary fibrosis in mice through modulation of the phenotype and
function of alveolar macrophages. Additionally, MSC-Exos alleviate inflammation at the site of nerve injury by inhibiting
microglial production of inflammatory factors (TNF-a and IL-1B) while promoting synthesis of anti-inflammatory factors
(IL-10 and TGE-)[80].

Tumor immunity and cancer therapy

The role of MSC-Exos in tumor immunity is dual, primarily determined by the bioactive molecular composition of the
Exos and their interaction with the tumor microenvironment[81]. They can deliver immunosuppressive molecules that
facilitate immune evasion by tumors, while also containing specific miRNAs and proteins that potentially exert immunos-
timulatory effects[82], enhancing immune recognition and cytotoxicity against tumor cells. MSC-Exos possess the ability
to modulate the immune balance within the tumor microenvironment and shape its characteristics[83]. Consequently,
their impact on tumor immunity is intricate and multifaceted, potentially providing both anti-tumor support or
promoting tumorigenesis[84]. Biswas et al[85] demonstrated in vivo that MSC-Exos upregulate programmed death-ligand
1 expression in bone marrow cells while downregulating programmed cell death-1 expression in T cells, thereby
suppressing protective antitumor immunity specifically in breast cancer models. Furthermore, MSC-Exos have been
shown to suppress proinflammatory responses and oxidative stress mediated by immune system cells as well as humoral
factors under both in vitro and in vivo conditions, creating a conducive environment for tissue regeneration[86].

Exos derived from human adipose-derived MSCs have been shown to exert inhibitory effects on ovarian cancer cells by
inducing cell cycle arrest and activating mitochondrial-mediated apoptotic signaling pathways[87]. Exo miR-187 derived
from human BM-MSCs was found to suppress malignant characteristics in prostate cancer cells[88] by targeting CD276,
thereby inhibiting the JAK3-STAT3-Slug pathway in PCa[89]. Exos derived from human umbilical cord MSCs were
utilized for paclitaxel loading and their effect on cervical cancer cell line (HeLa) was evaluated. These Exos accelerated
cancer cell death through modulation of Bax, BCL2, cleaved Caspase-3, and cleaved Caspase-9 levels, while reducing
chemotherapy resistance via regulation of epithelial-mesenchymal transition-related proteins such as TGF-p and catenin-f
[90]. MSC-Exos have emerged as a valuable tool for cancer suppression, exhibiting the potential to inhibit hepatocellular
carcinoma progression through blockade of the C5orf66-AS1/miR-127-3p/DUSP1/ERK axis[91].

Autoimmune diseases

It has been observed that MSC-Exos exhibit significant inhibitory effects on various effector cells involved in both innate
and adaptive immune responses. Remarkable progress has been achieved in the treatment of autoimmune disorders,
such as MS, SLE, type 1 diabetes mellitus, uveitis, and RA[92]. MSC-Exos demonstrate the ability to replicate MSC
functionality while surpassing the limitations associated with conventional cell therapies.

MS is the most prevalent inflammatory disease of the central nervous system (CNS). Microglia, as the primary immune
cells in the CNS, play a crucial role in maintaining tissue homeostasis under normal physiological conditions[93]. Glial
cells contribute to both neurodestructive and neuroprotective functions[94]. An imbalance between M1/M2 phenotypes
inhibiting neuroprotective functions can promote MS development. Isik et al[95] demonstrated that treatment with BM-
MSC-Exos suppressed microglial polarization towards the M1 phenotype while promoting polarization towards the M2
phenotype, leading to secretion of anti-inflammatory cytokines such as IL-10 and TGF-B. Notably, BM-MSC-Exos
treatment significantly ameliorated neurobehavioral symptoms of experimental autoimmune encephalomyelitis and
alleviated inflammation and demyelination within the CNS.

Uveitis, a leading cause of global visual impairment, is believed to be primarily driven by autoimmunity. Numerous
studies have demonstrated the beneficial effects of MSC-Exos on inflammatory ocular diseases. In autoimmune uveitis
mice, retinal photoreceptors exhibited severe damage accompanied by infiltration of inflammatory cells; however, when
MSC-Exos were administered via tail vein injection in autoimmune uveitis mice, their retinas resembled those of normal
mice with minimal structural damage and inflammatory infiltration[96,97]. Notably, T helper 1 (Th1) and Th17 cells play
crucial roles in the pathogenesis of autoimmune uveitis. Treatment with MSC-Exos resulted in significantly reduced
numbers of interferon-gamma+CD4* cells (Th1l) and IL-17+CD4" cells (Th17) compared to phosphate buffered saline-
treated mice[98]. These findings suggest that MSC-Exos possess the ability to suppress the development of autoimmune
uveitis through inhibition of Th1 and Th17 cell responses.

RA is a chronic inflammatory disease characterized by synovial hyperplasia and immune-cell infiltration, leading to
joint destruction[99]. Studies have found that exosomal miRNAs also play an important role in alleviating the
development of RA. MSC-Exos expressing miRNA-150-5p reduced the migration and invasion of RA fibroblast-like
synoviocytes and downregulated human umbilical vein endothelial cell tube formation by targeting matrix metallopro-
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teinase 14 and vascular endothelial growth factor[100]. MSC-EV provides new insights into the treatment of RA and may
provide new opportunities and strategies for the treatment of this autoimmune disease. SLE is a chronic autoimmune
disease characterized by immune inflammation and multiple organ damage. The pathogenesis of SLE is extremely
complex. With the help of follicular helper T (Tfh) cells, antinuclear antibodies are produced, leading to the deposition of
immune complexes in important organs. It has been found that the infusion of human BM-MSCs into a mouse model of
lupus nephritis improved the survival of mice and alleviated the clinical symptoms of glomerulonephritis by inhibiting
the development of Tfh cells and reducing the levels of autoantibodies[87].

Organ transplantation

Immune rejection is a crucial factor limiting the prognosis of organ transplantation and represents an urgent problem that
needs to be addressed. Previous studies have demonstrated that the inflammatory environment can influence the charac-
teristics and expression of biomolecules, such as proteins and nucleic acids, within Exos. Conversely, stem cells can
effectively modulate inflammatory responses by transferring genetic information, including miRNA, via Exos, thereby
playing an immunomodulatory role in tissue repair processes. Exosomal miRNAs serve as key regulators of islet cell
function encompassing insulin expression, processing, and secretion. These exosomal miRNAs act as valuable biomarkers
for assessing islet cell function and survival with significant implications for the outcome of islet transplantation[101].
Furthermore, they may be closely associated with vascular remodeling and immune regulation following islet trans-
plantation. Notably, miR-21-5p derived from BM-MSC-Exos has been found to prevent islet apoptosis by suppressing
PDCD4 expression, thus offering potential therapeutic applications as a cell-free agent to minimize beta-cell apoptosis
during early stages of islet transplantation[102]. The team led by Mahato successfully delivered Exos into a rat model
following islet transplantation, while co-culturing with peripheral blood mononuclear cells. This intervention
significantly downregulated the expression levels of Fas and miR-375 in the rat model post-transplantation, thereby
enhancing Tregs function through peripheral blood mononuclear cell proliferation. These findings highlight the
significant immunomodulatory potential of MSC-Exos in improving immune tolerance after islet transplantation.
Consequently, this study suggests that utilizing Exos as a means of immunomodulation holds great promise for
advancing research in organ transplantation[103].

Currently, the direct application of MSC-Exos in organ transplantation indicates a promising potential for MSCs in the
field of organ transplantation. Graft-infiltrating DCs and CD8" T lymphocytes play crucial roles in immune regulation
following liver transplantation (LT). Exos also emerge as a significant factor involved in transplantation immunity. Exos
derived from CD80* DCs negatively regulate CD8 T cells by suppressing nucleotide-binding domain, leucine-rich repeat,
and pyrin domain-containing protein 3 expression, thereby playing an essential role in attenuating acute LT rejection.

These findings unveil a novel function of Exos derived from CD80" DCs associated with the induction of LT tolerance
[104].

CLINICAL POTENTIAL AND APPLICATION OF MSC-DERIVED EXOS

MSCs have been extensively utilized in cell therapy due to their potent immunomodulatory and regenerative properties
[105]. The paracrine activity of MSCs, particularly the production of various factors through EVs, notably Exos, has been
demonstrated as a crucial determinant of their primary efficacy after infusion[106]. MSC-Exos possess significant
advantages over MSCs themselves and effectively mitigate adverse side effects such as infusion-related toxicity[107].
Consequently, MSC-Exos are emerging as a promising cell-free therapeutic tool with an increasing number of clinical
studies evaluating their therapeutic efficacy in diverse diseases[48]. MSC-Exos exhibit immense potential for clinical
application as cell-free agents[108].

MSC-Exos from diverse sources exhibit conserved biological functions; however, they may also display functional
disparities[109]. For instance, adipose tissue-derived MSC-Exos demonstrate superior angiogenic capacity compared to
those derived from bone marrow[110]. Conversely, BM-MSC-Exos possess immunomodulatory and anti-inflammatory
effects by inhibiting interferon-gamma secretion in T cells[111]. The route of administration is another crucial factor
influencing the therapeutic efficacy of MSC-Exos, with various routes being evaluated. Although intravenous injection
remains the most commonly employed route in preclinical studies[112], alternative approaches such as intraperitoneal
and subcutaneous administration result in enhanced accumulation of MSC-Exos within organs like the pancreas[113].

Clinical applications of MSC-Exos in different diseases
MSC-Exos were evaluated as therapeutic agents for various conditions, including acute respiratory distress syndrome,
renal disease, GVHD, osteoarthritis (OA), stroke, Alzheimer’s disease, and type 1 diabetes[46].

In neoplastic diseases, MSC-Exos, as natural nanocarriers, can serve as effective delivery vehicles for anticancer drugs
and gene therapy tools such as small interfering RNA or miRNA, directly targeting cancer cells. This approach enhances
treatment precision and mitigates the side effects associated with conventional chemotherapy. By modulating immune
cells within the tumor microenvironment, MSC-Exos can augment the immune system’s ability to recognize and attack
tumors. Additionally, MSC-Exos can transport anti-tumor molecules that inhibit tumor cell proliferation or induce
apoptosis[114]. Chronic kidney diseases are progressive and irreversible disorders that occur when renal function
declines below a certain threshold[115]. Progressive tubulointerstitial fibrosis is a common characteristic of end-stage
renal disease caused by chronic kidney disease. Nassar et al[116] utilized umbilical cord blood MSC-Exos to ameliorate
the progression of the disease. The umbilical cord blood MSC-Exos group exhibited significant improvements in glo-
merular filtration rate, serum creatinine level, blood urea nitrogen levels, and urinary albumin-to-creatinine ratio. These
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Table 1 Applications of exosomes from different sources in various diseases

Source cell Disease Effect Year Ref.

Bone marrow Acute kidney injury Promote renal tubular epithelial cell regeneration 2017 [42]

mesenchymal stromal cells

Mesenchymal stem cells Ischemic myocardium Cardioprotection 2015 [43]

Bone marrow Acute graft-versus-host Prolonged the survival of acute graft-versus-host disease mice and 2018 [52]

mesenchymal disease reduced pathological damage in multiple graft-versus-host disease target

stromal/stem cell organs

Tumor Colorectal cancer Promote liver metastasis 2020 [53]

Mesenchymal stromal cells Myocardial ischaemia- Attenuate myocardial ischaemia-reperfusion injury 2019 [54]

reperfusion

Bone marrow Acute lung injury Ameliorate LPS-induced acute lung injury 2024 [56]

mesenchymal stem cells

M1 macrophages Tumor Enhance antitumor immunity to inhibit tumor growth 2021 [57]

Mesenchymal stem cells Multiple sclerosis Reduce demyelination, decrease neuroinflammation, and increase the 2019 [63]
number of regulatory T cells in the spinal cord of EAE mice

Mesenchymal stem cells Acquired aplastic anemia Play a key role in immune dysregulation 2023 [65]

Hypoxic mesenchymal Bone fracture Promote bone fracture healing 2020 [66]

stem cells

Mesenchymal stem cells Osteochondral defects Mediate cartilage repair 2018 [67]

Mesenchymal stem cells Temporomandibular joint Alleviate temporomandibular joint osteoarthritis 2019 [69]

osteoarthritis

Bone marrow Ulcerative colitis Alleviate ulcerative colitis 2019 [74]

mesenchymal stem cells

Mesenchymal stem cells Ischemia/reperfusion injury  Alleviate ischemia/reperfusion injury 2019 [78]

Mesenchymal stromal cells Pulmonary fibrosis Alleviated the core features of pulmonary fibrosis and lung inflam- 2019 [79]
mation

Umbilical cord Nerve injury-induced pain ~ Possess anti-inflammatory and neurotrophic abilities 2019 [80]

mesenchymal stem cells

Mesenchymal stem cells Intrauterine adhesion Modify intrauterine adhesion 2022 [81]

Bone marrow-derived Prostate cancer Restrained prostate cancer 2022 [89]

mesenchymal stem cells

Wharton jelly-derived Cervical cancer As drug delivery systems for cervical cancer 2022 [90]

mesenchymal stem cells

Olfactory ecto- Murine Sjogren’s syndrome ~ Ameliorate murine Sjogren’s syndrome 2021  [96]

mesenchymal stem cells

Mesenchymal stem cells Autoimmune uveoretinitis  Inhibit activation of antigen-presenting cells and suppress development 2017 [97]
of T helper 1 and 17 cells

Mesenchymal stem cells Islet transplantation Improve islet transplantation 2016 [103]

Dendritic cells Liver transplantation Negatively regulate CD8" T cells via inhibition of NLRP3 2022 [104]

Endothelial cells ARDS Modulate the therapeutic efficacy of mesenchymal stem cells through 2024 [107]

IDH2/TET pathway in ARDS

LPS: Lipopolysaccharide; NLRP3: Nucleotide-binding domain, leucine-rich repeat, and pyrin domain-containing protein 3; ARDS: Acute respiratory

distress syndrome; IDH2: Isocitrate dehydrogenase 2; TET: Ten-eleven translocation.

improvements may be attributed to an elevation in circulating anti-inflammatory cytokines and a reduction in pro-
inflammatory cytokines; specifically, there was a notable increase in plasma TGF-p1 and IL-10 levels in the treatment
group. Skin pigmentation is a dermatological disorder that affects skin color through discoloration or darkening of the
skin. Studies have investigated the therapeutic effects of Exos derived from adipose tissue-derived MSCs on skin
pigmentation by potentially inducing ceramide or sphingosine 1-phosphate synthesis which regulates melanogenesis in
melanocytes and reduces melanin content in the treated group[117].

Allogeneic hematopoietic stem cell transplantation is a potentially life-saving treatment for patients with hematological
malignancies. One of the most serious complications associated with hematopoietic stem cell transplantation is acute or
chronic GVHD. A study utilized Exos derived from bone marrow MSCs in patients with GvHD, resulting in reduced
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Figure 2 Mesenchymal stem cell-derived exosomes regulate immune responses in diseases through different cytokines. PGE2:
Prostaglandin E2; IL-6: Interleukin 6; TGF-p: Transforming growth factor-beta; TNF-a:: Tumour necrosis factor-alpha; IL-10: Interleukin-10; NO: Nitric oxide; DC:
Dendritic cell.

secretion of pro-inflammatory cytokines and significant improvement in symptoms, including a reduction in diarrhea
and inhibition of skin and mucosal GvHD within 14 days. However, it should be noted that one patient died of
pneumonia seven months after treatment. Nevertheless, these results are promising and demonstrate potential efficacy in
the treatment of GVHD[118].

Exos derived from MSCs in infectious diseases mitigate tissue damage caused by excessive immune responses through
immune regulation. These Exos can transport antibacterial molecules or regulatory factors that either directly exert
antibacterial effects or enhance the body’s innate immunity, thereby enabling a more effective combat against pathogens
[119]. Coronavirus disease 2019 (COVID-19) is a respiratory disease caused by the coronavirus severe acute respiratory
syndrome coronavirus 2, which was discovered in 2020[120]. Inhalation of Exos is believed to reduce inflammation and
lung injury while inducing regenerative processes, suggesting a potential therapeutic role in treating COVID-19. In a
clinical study using BM-MSC-Exos, lymphopenia significantly improved and CD3*, CD4*, and CD8" T cells increased
following MSC-Exos injection, indicating the immunomodulatory effects as the therapeutic mechanism of MSC-Exos
[121]. Therefore, the authors consider MSC-Exos to hold promise as a treatment for COVID-19.

In autoimmune diseases, MSC-Exos can restore immune homeostasis and mitigate disease symptoms by suppressing
hyperactive immune cells, including T cells and B cells, and promoting the generation of Tregs. The bioactive molecules
within these Exos can attenuate chronic inflammatory responses in various autoimmune conditions, thereby alleviating
symptoms associated with diseases such as arthritis and SLE[118]. OA is an arthritic condition affecting joints that leads
to pain and stiffness. BM-MSC-Exos have been investigated as a therapeutic agent for OA across various joints. At six
months post-infusion, both Brief Pain Scale scores along with Upper Extremity Function Scale and Lower Extremity
Function Scale scores demonstrated improvement following treatment with BM-MSC-Exos. These findings indicate that
utilizing BM-MSC-Exos effectively improves OA joint conditions while ensuring safety[122].

CONCLUSION

MSC-Exos have the ability to regulate immune responses through various mechanisms, including modulation of both
innate and adaptive immune systems, inhibition of excessive inflammatory responses, and promotion of tissue repair.
They exert their effects by delivering immunoactive substances such as miRNAs and proteins directly to target cells,
playing a crucial role in maintaining immune system homeostasis. Additionally, Exos play a regulatory role in inflam-
matory diseases, tumors, autoimmune diseases, and organ transplantation. Due to their outstanding performance in
regulating inflammatory responses, inhibiting tumor growth, and promoting immune tolerance, Exos hold great
therapeutic potential for various pathological conditions as a cell-free therapy tool that offers higher safety and stability
compared to traditional cell therapy (Figure 2).
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However, challenges remain before clinical applications can be fully realized. These challenges include the standard-
ization and characterization of Exos, optimization of preparation processes, and determining the optimal route for
administration. Additionally, long-term safety and efficacy need to be thoroughly verified. Future research must focus on
bridging these gaps by developing strategies such as engineering Exos to enhance their functionality or to target specific
tissues more effectively.

To address these challenges, it will be essential to innovate methods for Exo engineering, enabling precise modulation
of their cargo and surface properties for targeted delivery. Techniques such as genetic modification or surface marker
manipulation could be employed to direct Exos specifically to disease sites, enhancing therapeutic outcomes. Further,
large-scale production techniques need to be optimized to ensure consistency and quality in Exo preparations.

More preclinical and clinical studies are necessary to advance this novel cell-free therapy into clinical use. Future
studies should continue exploring the mechanisms of action, optimizing production and preparation processes, and
verifying efficacy through more rigorous clinical trials. By addressing these knowledge gaps and developing robust
methodologies, the application of Exos as a novel cell-free therapy in clinical treatment can be promoted. Advancing their
application in regenerative medicine and other fields will require ongoing research and development to unlock their full
therapeutic potential.
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Abstract

Acute kidney injury (AKI) is a clinical syndrome characterized by a rapid deteri-
oration in kidney function and has a significant impact on patient health and
survival. Mesenchymal stem cells (MSCs) have the potential to enhance renal
function by suppressing the expression of cell cycle inhibitors and reducing the
expression of senescence markers and microRNAs via paracrine and endocrine
mechanisms. MSC-derived exosomes can alleviate AKI symptoms by regulating
DNA damage, apoptosis, and other related signaling pathways through the
delivery of proteins, microRNAs, long-chain noncoding RNAs, and circular
RNAs. This technique is both safe and effective. MSC-derived exosomes may have
great application prospects in the treatment of AKI. Understanding the under-
lying mechanisms will foster the development of new and promising therapeutic
strategies against AKI. This review focused on recent advancements in the role of
MSCs in AKI repair as well as the mechanisms underlying the role of MSCs and
their secreted exosomes. It is anticipated that novel and profound insights into the
functionality of MSCs and their derived exosomes will emerge.

Key Words: Mesenchymal stem cells; Exosomes; Delivery of molecules; Acute kidney
injury; Repair
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Core Tip: Exosomes secreted by mesenchymal stem cells are increasingly recognized for their small size, lack of cellular
components, stability, enhanced biocompatibility, and reduced toxicity. In studies of experimental acute kidney injury,
exosomes have shown great potential in terms of their safety and efficacy as well as their ability to modulate gene expression
and transcription in recipient cells.
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INTRODUCTION

Acute kidney injury (AKI) covers a range of clinical conditions characterized by a sudden and prolonged decline in renal
function. It is defined by an increase in serum creatinine by > 0.3 mg/dL (= 26.5 pmol/L) over a 48-h period or an increase
in serum creatinine to at least 1.5 times the baseline, which is either known or presumed to have occurred within the
preceding 7 days. Additionally, AKI may be indicated by a urine output of less than 0.5 mL/kg/hour for a duration of 6 h
[1,2]. AKI may present with oliguria (defined as urine output of less than 400 mL over 24 h or 17 mL/hour) or anuria
(defined as urine output of less than 100 mL over 24 h).

Identified risk factors for the development of AKI include advanced age, chronic hypertension, diabetes mellitus, a
high percentage of total body surface area burned, an elevated abbreviated burn severity index score, inhalation injury,
rhabdomyolysis, surgical intervention, a high Acute Physiology and Chronic Health Evaluation II score, an increased
Sequential Organ Failure Assessment score, sepsis, mechanical ventilation, hypoalbuminemia, specific genetic
polymorphisms, and drug-induced AKI[3-5]. AKI poses a significant threat to human health, with recent findings
indicating that approximately 30% of patients exhibited preadmission renal dysfunction. The period prevalence of acute
renal failure necessitating renal replacement therapy in the intensive care unit was 5.0%-6.0%, with an overall hospital
mortality rate of 60.3% (95% confidence interval: 58.0%-62.6%)[6].

Mesenchymal stem cells (MSCs) are stromal cells with the ability for self-renewal and multidirectional differentiation.
They can be isolated from various tissues, including adipose tissue, the umbilical cord, endometrial polyps, menstrual
blood, and bone marrow[7,8]. MSCs possess the ability to differentiate into various cell lineages, which has significantly
advanced the field of stem cell therapy and has become an innovative treatment method. As a key cellular component,
exosomes can replicate the biological potential of MSCs. Compared to MSCs, exosomes secreted by MSCs offer sub-
stantial advantages, notably in reducing adverse side effects such as infusion-related toxicities and immunogenicity[9,
10]. Exosomes are emerging as a novel cell-free therapeutic modality, prompting an increasing number of studies to
evaluate their therapeutic efficacy and capabilities in different diseases including AKI[11]. In this review, we summarized
the research progress on MSCs and their secreted exosomes in the context of AKI to highlight the latest developments in
this field.

AKI

The pivotal factors contributing to AKI encompass ischemia, hypoxia, immunological reactions, and nephrotoxicity[12,
13]. Inflammation is a significant supplementary aspect in AKI, orchestrating the progression to the extension phase of
renal damage. The kidney, a highly complex organ, is vulnerable to numerous injuries due to its intricate structure, which
includes tubules, glomeruli, interstitium, and intrarenal blood vessels. Consequently, kidney injury is classified into four
main categories: Tubular; glomerular; interstitial; and vascular damage. The progress in contemporary renal treatment
strategies includes two major approaches. One is to repair the damaged organ to restore its function, and the other is to
replace it with cells, bioengineering devices, or engineered tissues. In the event of kidney injury, diverse cellular demise
pathways manifest, including apoptosis, necroptosis, pyroptosis, and ferroptosis[14-17]. These intricate mechanisms
paradoxically act as protective shields for renal tissue against further insult. However, the kidney repair process, which is
highly complex, is mainly controlled by paracrine communication within the microenvironment.

Transforming growth factor-f, a cornerstone cytokine, plays a critical role in tissue repair and fibrosis[18]. Its
profibrotic signaling pathway converges at the activation of p-catenin. Remarkably, the p-catenin/Foxo interaction
redirects transforming growth factor-p signaling away from fibrosis towards physiological epithelial healing. In the
intricate process of renal injury repair, a wide range of cytokines and growth factors play crucial roles. Among these,
insulin-like growth factor-1[19], stromal cell-derived factor-1[20], vascular endothelial growth factor[21], and hepatocyte
growth factor (HGF)[22] are all intricately involved. These potent molecules work together to create a conducive
environment for kidney function restoration, tubular repair, and regeneration, thereby ensuring a smoother process. By
enhancing cellular proliferation, promoting angiogenesis, and facilitating the migration of reparative cells, they
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contribute significantly to the overall recovery from kidney injury[23]. Recently, the therapeutic potential of MSCs and
extracellular vesicles (EVs) has garnered significant attention among researchers exploring avenues to combat kidney
diseases[24]. These innovative therapeutic approaches offer the promise of revolutionizing the treatment of kidney
diseases.

AKI is now widely recognized as an expansive clinical syndrome with a diverse array of causative factors. This
expansive syndrome encompasses acute tubular necrosis, acute interstitial nephritis, prerenal azotemia, acute glomerular,
vasculitic renal disorders, and acute postrenal obstructive nephropathy, all of which contribute to its complex nature[25].
Based on the anatomical site of injury, AKI can be neatly categorized into three distinct groups, including prerenal,
intrinsic renal, and postrenal. Prerenal AKI stems from hypoperfusion of the kidneys, a condition colloquially known as
prerenal azotemia. This reduction in glomerular filtration rate arises from diminished blood flow to the kidneys,
occurring in the absence of any discernible parenchymal damage. Intrinsic AKI, the most prevalent form among these
categories, encompasses a broad spectrum of processes that inflict injury upon glomerular, interstitial, tubular, or
endothelial cells within the kidney itself[26]. These insults can be multifarious, ranging from inflammatory processes to
direct cellular damage. Lastly, postrenal AKI arises as a consequence of either partial or complete obstruction within the
venous outflow or urinary tract, impeding the normal flow of fluids and waste products. To provide a comprehensive
understanding, the underlying reasons for each category of AKI have been meticulously summarized in the Table 1,
offering a detailed glimpse into the intricacies of this complex clinical syndrome.

MSCS AND EVS

In recent years, the EVs that are liberated by MSCs have emerged as the epicenter of intense scientific inquiry. This shift
in focus underscores the growing recognition of the pivotal role that EVs play in mediating a myriad of biological
processes. Emerging evidence have definitively demonstrated that MSCs and their exosomes have therapeutic effects on
AKI. This section elaborates on the origin, function, and characteristics of MSCs and EVs and compares the therapeutic
effects of MSCs and EVs from different sources on AKL

Source of MSCs

MSCs, which are also known as mesenchymal stromal cells, were first discovered within the bone marrow stroma of pigs
in the 1960s[27]. MSCs are paramount in mitigating the harmful effects and promoting the body’s natural recovery
mechanisms in organ injury diseases[28]. MSCs are characterized by a distinct set of surface molecules, including CD73,
CD90, and CD105 as the prominent and key identifiers. Conversely, they are devoid of the expression of certain surface
molecules that are characteristic of other cell types, including CD34, CD45, human leukocyte antigen-D related, CD14,
CD11b, CD79a, and CD19[29,30]. MSCs possess an extraordinary plasticity including a high self-renewal capacity,
multilineage differentiation potential, and immunomodulatory properties[31].

A diverse array of human sources has been harnessed for the generation of differentiated MSC populations, spanning
across various tissues and organs. These include but are not limited to: bone and bone marrow, which offer a rich
repository[32-36]; cartilage, noted for its unique regenerative potential[37]; tendon, with its inherent strength and
flexibility[38]; muscle, for its dynamic properties[39]; liver, as a vital metabolic hub[40]; adipose tissue and skin, which
are abundant and accessible sources[41-43]; placenta and fetal membrane, representing early developmental stages[44];
the umbilical cord, serving as a bridge connecting mother and child; and even deciduous and permanent teeth[45],
highlighting the vast regenerative capabilities embedded within our bodies. This broad spectrum of sources underscores
the remarkable versatility of MSCs and their potential for use in diverse therapeutic applications, where each source may
confer unique advantages depending on the specific requirements of the targeted tissue or condition. Historically, bone
marrow has been the primary and well-established source of MSCs in human research and clinical applications[46].
However, umbilical cord tissue has proven to be a rich source of MSCs, and it is characterized by its pristine stemness,
making it a prominent alternative[34].

Characteristics and functionalities of MSCs

Many studies have illuminated the changes in MSC characteristics and functionalities across various settings, including
cell phenotype, proliferation, differentiation, migration, apoptosis, and factor secretion. Furthermore, their low immuno-
genicity coupled with their trophic properties underscores their remarkable therapeutic potential[47,48]. These distinctive
properties of MSCs endow them with immense potential for the development of innovative MSC-based or MSC-derived
therapeutic interventions. MSCs have a remarkable ability to enhance cell viability and proliferation, which is crucial for
tissue repair and regeneration.

Studies have shown that MSCs can promote the proliferation of muscle cells and enhance their differentiation. They
can also improve the contractile ability of muscle cells. Additionally, the effect of MSCs on angiogenesis and endothelial
cell proliferation is significant, particularly under hypoxic conditions, which further supports their role in tissue repair.
Moreover, they effectively inhibit cell apoptosis, thereby preserving vital cellular functions in the affected tissues. In some
cases, MSCs exhibit the capacity to modulate immune responses, orchestrating a healing environment that aids in the
restoration of injured and diseased tissues[28,49-53]. The broad therapeutic potential underscores the crucial role MSCs
could play in advancing the realm of regenerative medicine.
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Table 1 The causes of acute kidney injury

Gauses of Specific causes

AKI P

Prerenal Renal hypoperfusion, such as acute bleeding or diarrhea, dehydration, shock

Intrinsic Renal ischemia, drug nephrotoxicity, glomerulonephritis, infection, ischemia-reperfusion injury, different group blood transfusion,
vasculitis, efc.

Postrenal Lithiasis, tumor, prostatomegaly

AKT: Acute kidney injury.

Comparison of therapeutic effects of MSCs from different sources on AKI

AKI likely leads to cellular senescence, which may be closely related to mechanisms such as cell cycle arrest and
downregulation of Klotho protein expression[54]. Notably, human umbilical cord-derived MSCs (HucMSCs) are more
effective than bone marrow-derived MSCs (BMMSCs) or adult adipose-derived MSCs (ADMSCs) in reducing the
expression of cell cycle inhibitors[55]. In an experimental study on ischemia-reperfusion injury, the use of HuceMSCs has
recently been reported to improve renal function and downregulate the expression of senescence markers (-
galactosidase, p21Wafl/Cipl, and p16INK4a) and microRNAs (miRNA) (miR-29a and miR-34a) that are upregulated.
Compared to adult ADMSCs, younger (postnatal) cells appear to be more effective in treating AKI[56]. It was found that
MSCs derived from Wharton's jelly have a superior ability to increase Klotho protein levels compared to ADMSCs,
thereby more effectively protecting tissues from the effects of aging. The younger the cells, the more factors associated
with the youth they possess. By comparing cells collected from umbilical cords, newborns 4 days after birth, mothers, and
adult volunteers, the results showed that the levels of soluble Klotho in cells from umbilical cords were significantly
higher. Additionally, HucMSCs exhibited a higher expression of Klotho than ADMSCs[57,58].

MSC-derived EVs

Moreover, MSCs release EVs, which serve as vehicles for delivering crucial cargoes, enhancing their ability to promote
tissue regeneration and healing[59,60]. The established classification framework for electric vehicles, metaphorically
applied to membrane structures, meticulously segregates them into three distinct categories: Exosomes; ectosomes (herein
designated as microvesicles, or MVs for brevity); and apoptotic bodies[61].

Exosomes, minute vesicles exquisitely defined by their diameter spanning 30-100 nm and a density meticulously
calibrated within the range of 1.13-1.19 g/cm? have been meticulously identified as the product of a sophisticated process
involving the fusion of multivesicular bodies with the plasma membrane[62]. This fusion event triggers their liberation
into the extracellular milieu, indicating their pivotal role in intercellular communication and the dynamic exchange of
biological molecules. EVs can be definitively discerned through the presence of distinctive markers that serve as
hallmarks of their endocytic derivation, encompassing CD63, CD81, and CD9, among others[63].

MVs, whose dimensions range from 100-1000 nm, are elegantly expelled from the plasma membrane via a direct,
outward budding process[64]. However, a definitive marker for identifying MVs remains elusive. Apoptotic bodies,
arising as a consequence of cellular fragmentation during the terminal stages of apoptosis, are released into the
surrounding environment. These bodies exhibit a remarkable range in their diameters, spanning from 1000-5000 nm[64].

EVs are nanoscale vehicles that encapsulate a wide range of bioactive molecules, including essential proteins such as
cytokines, receptors, and their corresponding ligands, as well as a complex array of nucleic acids like DNA, mRNA,
miRNA, and the elusive long-chain noncoding RNAs (IncRNAs). These vesicles play a crucial role in intercellular
communication and have been extensively studied for their potential in drug delivery, leveraging their natural biocom-
patibility, biodegradability, low toxicity, and non-immunogenic properties. Additionally, they carry sugars and lipids,
forming a comprehensive repertoire that underscores their intricate biological makeup and functional potential[65]. The
intricate interplay between MSCs and their EV cargo, which encompasses a treasure trove of bioactive molecules, has
sparked a renaissance in the field, fostering novel insights into regenerative medicine, immunology, and intercellular
communication.

Comparison of therapeutic effects of EVs from different MSC sources in AKI
The initial proof of the advantageous impact of EVs released by BMMSCs was provided by Bruno et al[66] in 2009, using a
model of AKI caused by glycerol injection in SCID mice. The impact of EVs was found to be comparable to that of the
original MSCs, suggesting that EVs could potentially replace cell therapy. Furthermore, EVs isolated from liver-resident
MSCs were administered intravenously in an AKI model induced by glycerol, resulting in improved renal function and
morphology[67]. In the ischemia/reperfusion injury model, EVs released by BMMSCs have proven to be effective[68].
The use of exosomes released by fetal tissue-derived MSCs, such as umbilical cord blood-derived MSCs and Wharton's
jelly-derived MSCs, has also yielded similarly positive effects, despite their different mechanisms of action[69-71].
Through the induction of rat HGF and the transfer of human HGF, EVs secreted by umbilical cord blood-derived MSCs
accelerated the dedifferentiation and growth of renal tubular cells. Conversely, EVs released by Wharton's jelly-derived
MSCs have the ability to stimulate cell proliferation through mitochondrial protective effects and to reduce inflammation
and apoptosis[69,70]. Furthermore, it was found that exosomes derived from ADMSCs and those from BMMSCs can
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reduce oxidative stress and inflammation and have a significant impact on the autophagy levels of kidney tissue.
Additionally, compared to exosomes derived from BMMSCs, exosomes derived from ADMSCs are more significant in
improving kidney function and structure, combating lipopolysaccharide (LPS)-induced AKI by inhibiting oxidative stress
and inflammation[72]. In summary, we can see that EVs derived from various MSC sources demonstrate potent
therapeutic effects in all models of AKI. The mechanism of action appears to be multifaceted, promoting proliferation and
survival of resident cells while also limiting inflammation, oxidative stress, and angiogenesis.

ROLE OF MSCS AND THEIR SECRETED EXOSOMES IN THE TREATMENT OF AKI

A multitude of exhaustive studies have definitively demonstrated that MSCs and their exosomes can significantly
alleviate the severity of AKI. However, the complex mechanisms responsible for these therapeutic effects exhibit consid-
erable variation between MSCs and their exosomes. Yun and Lee[73] delved into the promising potential and therapeutic
efficacy of MSC-based treatments, specifically addressing their application in the management of both acute and chronic
kidney diseases. They comprehensively outlined how the mechanisms of MSCs in fostering renal recovery, in optimizing
the cellular microenvironment, and in regulating inflammatory responses are intricately linked to their intricate
interactions within the compromised kidney milieu. These multifaceted interactions are believed to underlie the
therapeutic potential of MSCs, as they not only promote tissue regeneration but also modulate the surrounding
environment to facilitate a more conducive healing process. In this comprehensive review, we have meticulously
synthesized the most recent advancements in elucidating the intricate mechanisms underlying the therapeutic potential
of MSC-derived exosomes for the treatment of AKI.

MSC-secreted exosome delivery of proteins

Proteins are important components of exosomes and play a crucial role in various cellular processes. The traditional
perspective holds that the primary methods of repair by MSCs involve paracrine and endocrine effects, including their
anti-apoptotic, anti-inflammatory, and angiogenic influences. However, Wang et al[74] demonstrated that exosomes
transported by HucMSCs, specifically containing the protein 14-3-3(, can potentially enhance autophagic activity to
protect HK-2 cells from cisplatin-induced injury. This suggests a more complex and multifaceted role of exosomes in
cellular repair processes than previously thought. The protein 14-3-3C is a crucial functional molecule that plays a role in
numerous vital biological processes.

Recently, 14-3-3¢ was shown to have protective effects against cisplatin-induced AKI by enhancing mitochondrial
function and restoring the balance between cellular proliferation and apoptosis through the facilitation of p-catenin
nuclear translocation[75]. Jia et al[76] also conclusively demonstrated that the 14-3-3C protein, encapsulated within
exosomes derived from HucMSCs, engages in a pivotal interaction with autophagy-related protein 16 L, thereby
triggering the activation of autophagy. This intricate mechanism serves as a potent safeguard against cisplatin-induced
nephrotoxicity, offering a novel therapeutic avenue for mitigating the adverse renal effects associated with this chemo-
therapy agent[76].

The intricate interplay between cellular signaling pathways and the promising potential of exosome-mediated
therapies in protecting against chemotherapy-induced organ damage is supported by recent studies, such as the one
highlighting the protective role of exosomes in acute organ injuries, including the heart and kidneys. Moreover, Yin et al
[77] uncovered a pivotal role of protein 14-3-3C in diabetic kidney disease. Notably, this protein could effectively promote
the cytoplasmic sequestration of Yes-associated protein 1, thereby preventing its nuclear translocation, and it could
augment the level of autophagy in the cytoplasm. These studies have shown that the delivery of 14-3-30 by MSC-derived
exosomes could be a critical mechanism through which MSCs exert their therapeutic effects on AKI. A different study
found that the use of ADMSC therapy could enhance the expression of tubular Sry-related HMG box 9, actively stimulate
tubular regeneration, and effectively reduce the severity of AKI[78].

MSC-secreted exosome delivery of miRNA

MiRNAs are a complex class of endogenous non-coding RNAs, serving as crucial genetic regulators. Recently, numerous
studies have been dedicated to examining the delivery of miRNAs via exosomes secreted by MSCs in AKI. Cao et al[79]
investigated the role of miR-125b-5p, a molecule prominently abundant in HucMSC-derived exosomes, in suppressing
p53 to facilitate tubular repair during ischemic AKI. This downregulation not only elicited a stimulatory effect on CDK1
and cyclin B1, thereby alleviating the G2/M cell cycle arrest, but also meticulously orchestrated the balance between Bcl-2
and Bax, two key regulators of apoptosis. This discovery offered important insights into the intricate mechanisms
underlying renal recovery after injury[79].

Wang et al[80] demonstrated that the presence of miRNA let-7b-5p in MSC-derived exosomes effectively mitigated
tubular epithelial cell apoptosis by inhibiting p53 expression. This process subsequently reduced DNA damage and
apoptosis pathway activity, highlighting the potential role of miRNAs in promoting cell survival through MSC-derived
exosomes[80].

Furthermore, HucMSC-derived exosomes may be a promising therapeutic agent capable of precisely modulating
necroptosis through the complex targeting of miR-874-3p to the receptor-interacting protein kinase 1/phosphoglycerate
mutase family member 5 pathway. This complex interaction not only alleviates renal tubular epithelial cell injury but also
promotes robust repair mechanisms, thus presenting a potential therapeutic strategy[81]. HucMSCs have also been found
to exhibit a remarkable ability in suppressing interleukin-1 receptor associated kinase 1 expression, a key regulatory
factor, by significantly upregulating the level of miR-146b. This complex molecular interplay subsequently leads to the
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inhibition of nuclear factor-kappa B activity, a key mediator of inflammatory cascades. Consequently, sepsis-associated
AKI is effectively alleviated, and the survival rates of mice with sepsis are improved[82].

Another study showed that miR-199a-3p was notably abundant in exosomes derived from BMMSCs. These exosomes
reduced the expression of semaphorin 3A and activated both the protein kinase B and extracellular-signal-regulated
kinase pathways. Consequently, they play a protective role in mitigating the effects of hypoxia/reoxygenation injury[83].
Excitingly, it has been observed that exosomes derived from miR-1-184 agomir-treated MSCs effectively counteract
cisplatin-induced suppression of cell growth by mitigating apoptosis. Simultaneously, these treated MSCs have
demonstrated a significant induction of G1 phase arrest in HK-2 cells through the regulation of Forkhead box protein O 4,
p27 Kip1l, and CDK2 while also mitigating inflammatory responses[84].

Zhang et al[85] found that human urine-derived stem cells harbor an abundance of miR-216a-5p, which significantly
downregulates the expression of phosphatase and tensin homolog and orchestrates a cascade of events, ultimately
regulating cell apoptosis through the intricate protein kinase B signaling pathway[85]. A study revealed that exosomes
derived from ADMSCs, carrying miR-342-5p, can ameliorate sepsis-associated AKI. Specifically, this research demon-
strated that miR-342-5p exerts its protective effect by inhibiting toll-like receptor 9, thereby promoting autophagy,
mitigating inflammation, and reducing kidney damage[56].

The therapeutic value of miRNAs in MSCs-derived exosome lies in tissue recovery, renal protection and regeneration,
modulation of inflammatory responses, and mitigation of the devastating consequences of sepsis, among others. This
holds great significance and prospect for the treatment of clinical kidney injury-related diseases.

MSC-secreted exosome delivery of IncRNA

LncRNAs represent a class of RNA molecules that, contrary to their protein-coding counterparts, do not directly encode
for proteins. Instead, they play pivotal roles in modulating gene expression across diverse levels and through intricate
mechanisms. These versatile molecules orchestrate the intricate dance of gene regulation, influencing not only the
maturation of mRNA transcripts but also the intricate architecture of chromatin. Furthermore, IncRNAs engage in
competitive interactions with miRNAs, vying for binding sites on endogenous RNAs, thereby adding another layer of
complexity to the intricate web of gene regulatory networks[87].

The delivery of IncRNA via exosomes derived from MSCs plays a pivotal role in safeguarding AKI. A study has shown
that exosomes secreted by HucMSCs are rich in IncRNA TUG1. This IncRNA has been found to interact with RNA-
binding proteins, such as serine/arginine-rich splicing factor 1, which is crucial for the regulation of mRNA stability, as
seen in the context of acyl-CoA synthetase long-chain family member 4 mRNA. Consequently, it curtails ferroptosis in
HK-2 cells subjected to conditions of hypoxia followed by reoxygenation. A comparable phenomenon is also observed in
cases of ischemia/reperfusion-induced AKI in mice[88]. The IncRNA delivery by MSCs through exosomes indicates a
profound mechanism in mitigating kidney damage, pointing to potential therapeutic strategies in the future.

MSC-secreted exosome delivery of circular RNA

Circular RNAs constitute a distinct category of RNA molecules that are formed through a covalent bond due to the back-
splicing of linear RNA sequences. Specifically, circVMAZ21 plays a pivotal role as a regulator in sepsis-associated AKI[89].
ADMSCs protected LPS-induced AKI in mice by increasing circVMAZ21 expression and decreasing miR-16-5p expression,
which provided a potential molecular target for treating sepsis-related AKI. ADMSCs were found to offer protection
against LPS-induced AKI in mice. The protective effect against AKI was achieved by enhancing the expression of
circVMAZ?1 and simultaneously suppressing the expression of miR-16-5p. The modulation of circVMAZ21 and miR-16-5p
expression may serve as a promising therapeutic strategy for the treatment of sepsis-associated AKI, providing hope for
patients afflicted with this condition.

Another notable discovery reveals that circular RNA circ DENND4C, when delivered via exosomes secreted from
HucMSCs, possesses the capability to inhibit pyroptosis and effectively alleviate ischemia-reperfusion-induced AKI[90].
In this context, we have comprehensively summarized the experimental findings pertaining to the molecular cargoes
transmitted by MSC-derived exosomes (Figure 1, Table 2), which have been shown to significantly improve functional
recovery in a rat model of intracerebral hemorrhage and hold immense potential for future clinical applications.

CONCLUSION

Despite ongoing research efforts, no effective treatment options for AKI have been discovered thus far, emphasizing the
need for heightened awareness and proactive measures to combat this menace[91]. In recent years, research on biological
therapy has been a key focus, particularly for a new star in this field: MSCs[92]. The diversity and pluripotency of MSCs
make them promising candidates for developing innovative clinical applications. Cellular therapy encompasses a diverse
array of mechanisms, intricately woven to address various physiological challenges. These mechanisms not only alleviate
inflammation but also exert immunomodulatory effects, delicately modulating the response of the immune system.
Furthermore, they demonstrate antiapoptotic properties, safeguarding cells from premature death and fostering their
survival. In addition, they combat oxidative stress, mitigating the harmful effects of reactive oxygen species[80,91,93-95].
Although numerous studies have consistently shown the safety and efficacy of MSCs therapy, potential hidden safety
concerns that necessitate further attention may remain[96-98]. Moreover, MSC-derived exosomes have shown significant
promise in experimental AKI, not only for their safety and efficacy but also for their ability to modulate gene expression
and transcription in recipient cells, which could have significant implications on cellular function and the overall
therapeutic outcome. Therefore, it is imperative to conduct comprehensive research on the long-term effects of MSC-
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Table 2 Molecules delivered by mesenchymal stem cells derived exosomes for acute kidney injury therapy

Molecules Source

AKI types

Conditions

Ref.

Protein 14-3-3¢

Sox9

MiRNA MiR-125b-5p

let-7b-5p

MiR-874-3p

MiR-146b

MiR-199a-3p

MiR-1184

MiR-216a-5p

MiR-342-5p

LncRNA

CircRNA CircVMA21

LncRNA TUG1

HucMSC

HucMSC

HucMSC

ADMSC

HucMSC

HBMMSC

HucMSC

HucMSC

HBMMSC

HucMSC

usc

ADMSC

HucMSC

ADMSC

Cisplatin-induced

Cisplatin-induced

Diabetic kidney disease

Ischemia/reperfusion

Ischemia/reperfusion

Cisplatin-induced

Cisplatin-induced

Sepsis-associated

Hypoxia/reoxygenation injury

Cisplatin-induced

Ischemia/ reperfusion

Sepsis-related

Ischemia/ reperfusion

Sepsis-related

Upregulating autophagic level

Interacting with ATG16 L to
activate autophagy

Promoting YAP cytoplasmic
retention instead of entering the
nucleus, enhancing autophagy in
the cytoplasm

Upregulating Sox9 and promoting
tubular regeneration

Repressing p53, upregulating
CDK1 and cyclin B1 to rescue
G2/M arrest, and inhibiting
tubular epithelial cell apoptosis

Inhibiting P53 and reducing DNA
damage and apoptosis

Targeting RIPK1/PGAMS5
pathway

Upregulating miR-146b levels and
reducing IRAK1 expression
resulting in inhibition of NF-xB
activity

Decreasing Sema3A and activating
the AKT and ERK pathways

Inducing G1 phase arrest in HK-2
cells by regulating FOXO4, p27
Kip1, and CDK2. Inhibiting
cisplatin-induced inflammatory
responses

Targeting PTEN and regulating
cell apoptosis through the AKT
pathway

Inhibiting TLRY, thereby
promoting autophagy, mitigating
inflammation, and reducing
kidney damage

Interacting with SRSF1 to regulate
ACSL4-mediated ferroptosis

Increasing circVMAZ21 expression
and decreasing miR-16-5p
expression

[74]

[75]

[76]

[78]

[79]

[80]

[81]

[62]

[53]

[84]

[85]

[86]

[88]

[89]

Circ DENND4C usc Ischemia/reperfusion Inhibiting pyroptosis [90]

AKI: Acute kidney injury; MiRNA: MicroRNA; LncRNA: Long-chain noncoding RNA; CircRNA: Circular RNA; Sox9: Sry-related HMG box 9; HucMSC:
Human umbilical cord-derived mesenchymal stem cell; ADMSC: Adipose-derived mesenchymal stem cell; HBMMSC: Human bone marrow-derived
mesenchymal stem cell; USC: Urine-derived stem cell; ATG16: Autophagy-related protein 16; YAP: Yes-associated protein 1; RIPK1: Receptor-interacting
protein kinase 1, PGAMS5: Phosphoglycerate mutase family member 5; IRAK1: Interleukin-1 receptor associated kinase 1; NF-kB: Nuclear factor-kappaB;
Sema3A: Semaphorin 3A; AKT: Protein kinase B; ERK: Extracellular-signal-regulated kinase; FOXO4: Forkhead box protein O 4; PTEN: Phosphatase and
tensin homolog; TLRY: Toll-like receptor 9; SRSF1: Serine/arginine-rich splicing factor 1; ACSL4: Acyl-CoA synthetase long-chain family member 4.

derived exosomes in order to assess their efficacy and safety profile, which should encompass a variety of areas,
including the identification of potential side effects, evaluation of dose-response relationships, and examination of the
interactions between exosomes and the recipient’s immune system. In summary, MSC-derived exosomes have demon-
strated promising outcomes in experiments, yet their use in stem cell therapies necessitates further research and clinical
trials to confirm long-term safety and effectiveness.
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Figure 1 Sources of mesenchymal stem cells and molecular factors delivered by mesenchymal stem cell exosomes. Mesenchymal stem cells
can come from a variety of tissues and organs in humans, covering a wide range of sources. These sources include skin, fat, muscle, bone, bone marrow, liver,
placenta and fetal membranes, deciduous teeth, and permanent teeth. Extracellular vesicles are nanoscale vehicles that encapsulate a wide array of bioactive
molecules, including essential proteins such as cytokines, receptors, and their corresponding ligands, as well as a complex array of nucleic acids like DNA, mRNA,
microRNA, and the elusive long-chain noncoding RNA. These vesicles play a crucial role in intercellular communication and have been extensively studied for their
potential in drug delivery, leveraging their natural biocompatibility, biodegradability, low toxicity, and non-immunogenic properties. TSG101: Tumor susceptibility gene
101; HSP70: 70-kDa heat shock protein; HSP90: 90-kDa heat shock protein; ALIX: Apoptosis-linked gene 2-interacting protein X; MVE: Multivesicular emulsion; ER:
Endoplasmic reticulum; MSCs: Mesenchymal stem cells. The figure was drawn by Figdraw.
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Abstract

BACKGROUND

Ankylosing spondylitis (AS) is recognized as a long-term inflammatory disorder
that leads to inflammation in the spine and joints, alongside abnormal bone
growth. In previous studies, we reported that mesenchymal stem cells (MSCs)
derived from individuals with AS demonstrated a remarkable inhibition in the
formation of osteoclasts compared to those obtained from healthy donors. The
mechanism through which MSCs from AS patients achieve this inhibition remains
unclear.

AIM
To investigate the potential underlying mechanism by which MSCs from indi-
viduals with ankylosing spondylitis (AS-MSCs) inhibit osteoclastogenesis.
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METHODS

We analysed fat mass and obesity-associated (FTO) protein levels in AS-MSCs and MSCs from healthy donors and
investigated the effects and mechanism by which FTO in MSCs inhibits osteoclastogenesis by coculturing and
measuring the levels of tartrate-resistant acid phosphatase, nuclear factor of activated T cells 1 and cathepsin K.

RESULTS

We found that FTO, an enzyme responsible for removing methyl groups from RNA, was more abundantly
expressed in MSCs from AS patients than in those from healthy donors. Reducing FTO levels was shown to
diminish the capacity of MSCs to inhibit osteoclast development. Further experimental results revealed that FTO
affects the stability of the long non-coding RNA activated by DNA damage (NORAD) by altering its N6-methyl-
adenosine methylation status. Deactivating NORAD in MSCs significantly increased osteoclast formation by
affecting miR-4284, which could regulate the MSC-mediated inhibition of osteoclastogenesis reported in our
previous research.

CONCLUSION
This study revealed elevated FTO levels in AS-MSCs and found that FTO regulated the ability of AS-MSCs to
inhibit osteoclast formation through the long noncoding RNA NORAD/miR-4284 axis.

Key Words: Ankylosing spondylitis; Mesenchymal stem cells; Osteoclastogenesis; Fat mass and obesity-associated protein;
Non-coding RNA activated by DNA damage

©The Author(s) 2025. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: This study explores how mesenchymal stem cells (MSCs) from ankylosing spondylitis (AS) patients inhibit
osteoclastogenesis. We observed higher expression of fat mass and obesity-associated protein (FTO) in AS-MSCs compared
to healthy controls. Reducing FTO expression diminished their osteoclast inhibitory effect. FTO regulates the long non-
coding RNA activated by DNA damage (NORAD) by modulating its N6-methyladenosine methylation, and NORAD
silencing increased osteoclast formation via miR-4284. These results highlight FTO as a key regulator of AS-MSC function
and suggest the long noncoding RNA NORAD/miR-4284 axis as a novel mechanism of osteoclast inhibition in AS.
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INTRODUCTION

Ankylosing spondylitis (AS) is an autoimmune disease characterized by chronic inflammation and pathological
osteogenesis[1]. Currently, nonsteroidal anti-inflammatory drugs and biologics, such as tumor necrosis factor inhibitors
and interleukin-17 inhibitors, have significantly enhanced the management of clinical symptoms related to chronic
inflammation[2,3]. However, the molecular mechanisms underlying pathological osteogenesis in AS remain elusive, and
the limited therapeutic options pose a significant threat to the quality of life of AS patients.

Mesenchymal stem cells (MSCs), as major sources of osteoblasts, play a crucial role in bone metabolism and
homeostasis of the bone microenvironment[4]. Our prior investigation revealed that MSCs derived from individuals with
AS (AS-MSCs) exhibited a greater propensity for osteogenic differentiation than MSCs sourced from healthy donors (HD-
MSCs)[5]. Additionally, our research revealed that, compared with HD-MSCs, AS-MSCs notably suppressed osteoclasto-
genesis[6], suggesting that AS-MSCs might play a pivotal role in driving the imbalance between osteogenesis and
osteoclastogenesis, thereby potentially contributing to the pathological osteogenesis observed in AS. Nevertheless, the
mechanisms through which AS-MSCs promote this imbalance remain elusive.

N6-methyladenosine (m6A) methylation is the most prevalent RNA modification at the post-transcriptional level in
eukaryotic cells, and plays a crucial role in various physiological and pathological processes|7]. Research has indicated
that m6A modification plays a regulatory role in diverse biological functions of MSCs, including differentiation,
senescence, and immune regulatory processes[8]. Moreover, our findings suggest that m6 A modification may exacerbate
the pathological progression of AS by modulating the direct migration of MSCs[9]. The role of m6A modifications in the
ability of MSCs to suppress osteoclastogenesis remains poorly understood.

Long noncoding RNAs (IncRNAs) are a class of endogenous RNAs that exceed 200 nucleotides in length and lack
protein-coding potential[10]. They have been implicated in numerous fundamental biological processes as well as various
diseases[11]. Mounting evidence shows that IncRNAs can regulate gene expression through various mechanisms, such as
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binding to proteins and microRNAs, or modulating interactions between proteins and DNA[12]. Furthermore, aberrant
expression levels of IncRNAs have been observed in the progression of AS, rendering them promising biomarkers for the
diagnosis and treatment of AS[13].

This study aimed to explore the impact of m6A modification on the enhanced ability of AS-MSCs to inhibit osteoclasto-
genesis compared with that of HD-MSCs. Our findings revealed that FTO, an RNA demethylase, was upregulated in AS-
MSCs compared with HD-MSCs. Moreover, we demonstrated that suppressing FTO could attenuate the inhibitory effect
of AS-MSCs on osteoclastogenesis by modulating the stability of long non-coding RNA activated by DNA damage
(NORAD). This study may offer a novel perspective for understanding the pathologic osteogenesis of AS.

MATERIALS AND METHODS

Cell isolation and culture

The isolation and expansion of MSCs were carried out according to previously established methods[5], utilizing bone
marrow obtained from the posterior superior iliac spine of healthy volunteers and individuals with AS. MSCs were
cultured in Dulbecco’s modified Eagle’s medium (Gibco, NY, United States) supplemented with 10% fetal bovine serum
(FBS, Gibco, NY, United States) at 37 °C. The culture medium was refreshed every 2 days. Peripheral blood mononuclear
cells were isolated via density gradient centrifugation, followed by the further isolation and purification of CD14"
monocytes from peripheral blood mononuclear cells using CD14 MicroBeads (Miltenyi Biotec, Germany). The isolated
monocytes were subsequently cultured in Dulbecco’s modified Eagle’s medium containing 10% FBS at 37 °C under 5%
CO,.

Coculture system for osteoclast differentiation

CD14" monocytes were seeded at a density of 2.5 x 10° cells/cm? in the lower chamber of a six-well transwell plate, while
MSCs (at a ratio of 10:1, monocyte: MSC) were plated in the upper chamber. The induction medium used for the
experiment consisted of 90% alpha minimal essential medium, 10% FBS, 50 ng/mL recombinant human receptor
activator of nuclear factor kB ligand, 25 ng/mL recombinant human macrophage-colony stimulating factor, and 50 pg/
mL I-ascorbic acid (all from Peprotech, NJ, United States). The culture medium was changed every 3 days to ensure
optimal conditions for cell growth and differentiation.

Tartrate resistant acid phosphatase staining

On the 9™ day, the cells were washed three times with phosphate buffered saline (PBS). To assess osteoclastogenesis,
tartrate resistant acid phosphatase (TRAP) staining was conducted via a leukocyte acid phosphatase assay kit (Sigma,
Japan), in accordance with the manufacturer’s guidelines. Cells exhibiting purple staining and possessing three or more
nuclei were classified as TRAP-positive osteoclasts. The average number of osteoclasts was determined by evaluating a
minimum of 9 fields that covered the entire well.

F-actin assay

On the 9" day, the cells were fixed with 4% paraformaldehyde for 5 minutes and thoroughly rinsed with PBS. The
samples were subsequently stained with FITC-conjugated phalloidin (Sigma, Japan) and 4’,6-diamidino-2-phenylindole at
room temperature for 40 minutes. Following three washes with PBS, the cells were examined via an Axio Observer
fluorescence microscope (Carl Zeiss, Germany).

RNA interference

Targeted small interfering RNAs (siRNAs) specific to FTO and IncRNA NORAD, as well as a negative control, were
procured from IGEbio (Guangzhou, China). When the cell confluence reached 60%-80%, MSCs were transfected with a
mixture containing Opti-MEM reduced serum medium, Lipofectamine™ RNAiMAX (Invitrogen, CA, United States), and
siRNA (at a concentration of 1.8 x 10° cells per 1 OD), following the manufacturer’s instructions. After 5 hours of
transfection, the transfection medium was removed. The efficiency of siRNA knockdown was evaluated 48 hours later
using quantitative polymerase chain reaction (QPCR) and western blotting. The siRNA with the highest efficiency was
selected for subsequent experiments.

Real-time quantitative reverse transcription-PCR

After the cells were washed three times with PBS, TRIzol (Invitrogen, CA, United States) was added for total RNA
extraction. The extracted RNA was then reverse transcribed into complementary DNA using the PrimeScript RT Reagent
Kit (TaKaRa, Japan). Subsequently, real-time quantitative reverse transcription-PCR detection was performed using SYBR
Green Premix Ex Taq (TaKaRa, Japan) reagent. A real-time fluorescence quantitative PCR system was utilized to measure
the gene expression levels. To determine the relative expression levels of the target genes, the 2 method was employed
with GAPDH serving as the internal control. The detailed protocol for these steps can be found in our previously
published research. Additionally, the forward and reverse primers for the target genes are below: FTO: Primer#1 5'-
ACTTGGCTCCCTTATCTGACC-3" and primer#2 5-TGTGCAGTGTGAGAAAGGCTT-3’; Inc NORAD: Primer#1 5'-
CTCTCAACTCCACCCCAACC-3" and primer#2 5-ACAAACGTGGACGTATCGCT-3"; GAPDH: Primer#1 5’-
AAGGTGAAGGTCGGAGTCAA-3" and primer#2 5-AATGAAGGGGTCATTGATGG3’; U6: Primer#1 5-CGCTTCG-
GCAGCACATATAC-3 and primer#2 5'-TTCACGAATTTGCGTGTCAT-3’; miR-4284: Primer#1 5-TCGCCGACGGGCT-
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CACATCA-3 and primer#2 5-CTCAACTGGTGTCGTGGAGTCGGC-3’; miR-4284 RT Primer: 5-CTCAACTGGT-
GTCGTGGAGTCGGCAATTCAGTTGAGATGGGGTG-3'.

Western blot

The cells were washed three times with cold PBS, followed by another wash with RIPA buffer containing a mixture of 1%
phosphatase inhibitors and protease inhibitors to extract proteins. The cell lysate was collected and centrifuged at 14000
rpm for 30 minutes at 4 °C. The protein supernatant was collected, and the protein concentration was quantified using a
BCA kit. The proteins were subsequently separated by sodium-dodecyl sulfate gel electrophoresis and transferred onto a
polyvinylidene fluoride (PVDF) membrane. The PVDF membranes were blocked with 5% milk for 1 hour at room
temperature and then incubated overnight with primary antibodies against nuclear factor of activated T cells 1 (NFATc1),
TRAP, cathepsin K (CTSK), or beta-actin (dilution 1:1000). After being washed three times with Tris-buffered saline-
Tween, the PVDF membrane was incubated with a horseradish peroxidase-conjugated secondary antibody (dilution
1:3000) at room temperature for 1 hour. Following another three washes, the target protein bands were detected via a
chemiluminescent HRP substrate, and the density analysis of the bands was performed via Image] software.

m6A RNA immunoprecipitation-qPCR

The m6A RIP assay was conducted via the Magna MeRIP m6A Kit (Merck Millipore) following the protocol provided by
the manufacturer. In brief, total RNA was isolated from pretreated MSCs and randomly broken into fragments of 100 or
fewer nucleotides. Protein A/G magnetic beads conjugated with either an anti-m6A antibody (ab208577, Abcam, United
Kingdon), an anti-FTO antibody (ab126605, Abcam, United Kingdom), or an immunoglobulin G control were added to
the fragmented RNA and incubated overnight. Following the collection of the magnetic beads, the immunoprecipitated
RNA was further collected to analyze m6A enrichment in target genes via qPCR. Non-immunoprecipitated RNA
fragments were used as a control for input.

Luciferase reporter assay

A mutant (mut) NORAD variant with a mutation in the predicted miR-4284 binding site was constructed and named
NORAD mut. The synthesized wild-type (luci-NORAD WT) or luci-NORAD mut sequences were cloned and inserted
into the pmirGLO vector, which contains the firefly luciferase reporter gene. For the transfection experiments, 5000 MSCs
were seeded per well in 96-well plates. Each construct was co-transfected with NORAD mimics or a negative control via
Lipofectamine 3000 transfection reagent (Invitrogen, CA, United States). After 36 hours post-transfection, the cell lysates
were collected, and the luciferase activity was measured via the Dual-Luciferase Reporter Assay System (Promega, WI,
United States), following the manufacturer’s instructions. The relative luciferase activity was determined by calculating
the ratio of firefly to Renilla luciferase activity. This assay helps in assessing the impact of the mutation in the miR-4284
binding site on luciferase expression, shedding light on the regulatory role of miR-4284 in NORAD expression.

Mouse models

Male SKG mice were handled in compliance with the animal care guidelines approved by the Institutional Animal Care
and Use Committee of Sun Yat-sen University. Disease induction commenced at 8 weeks of age through the intraperi-
toneal injection of 3 mg of curdlan. Adenoviruses encoding a specific ShRNA targeting FTO (Av-shFTO) or adeno-
associated virus of negative control for mouse experiments were procured from OBiO Technology. SKG mice were
administered Av-shFTO or adeno-associated virus of negative control via intravenous tail vein injection upon disease
onset. At the 8" week post-induction and treatment, the mice were euthanized, and tissue samples were collected for
hematoxylin and eosin staining and Safranin O staining.

Statistical analysis

Each experiment was repeated three times. The data are presented as the mean + SD. One-way analysis of variance
(ANOVA) and Student’s t-test were used for intergroup comparisons with SPSS 20.0 software (Chicago, IL, United
States). A P-value < 0.05 was considered statistically significant.

RESULTS
FTO expression was upregulated in AS-MSCs compared with HD-MSCs

To investigate the involvement of m6A modifications in MSCs in AS, we first confirmed the protein-level differences in
the expression of m6A-related methyltransferases and demethylases through western blot analysis. The results revealed a
significant increase in the expression level of FTO in AS-MSCs compared with that in normal MSCs (Figure 1A and B).
Furthermore, we extended this analysis to bone tissue samples from AS patients and normal controls. Immunofluor-
escence staining revealed a notably greater level of FTO expression in AS-MSCs marked with osteocalcin than in normal
controls (Figure 1C). These findings suggest that FTO in MSCs may play a crucial role in the development of AS,
indicating the potential involvement of FTO-mediated m6A modifications in the pathogenesis of AS.

FTO positively regulates the ability of MSCs to inhibit osteoclast formation
To investigate the effect of FTO upregulation in AS-MSCs, an siRNA was used to silence FTO in MSCs. Then, the MSCs
were cocultured with CD14* monocytes in medium supplemented with macrophage colony-stimulating factor and
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Figure 1 Fat mass and obesity-associated protein expression was upregulated in mesenchymal stem cells from individuals with

ankylosing spondylitis compared with mesenchymal stem cells from healthy donors. A: Protein levels of N6-methyladenosine-related
methyltransferase and demethylases in mesenchymal stem cells from individuals with ankylosing spondylitis and mesenchymal stem cells from healthy donors were
determined by western blot; B: Quantitative data of protein levels of fat mass and obesity-associated, alkB homolog 5, methyltransferase 3, methyltransferase 14, and
WT1 associated protein are shown; C: Immunofluorescence staining (scale bar = 100 mm) showed fat mass and obesity-associated expression in the osteocalcin
positive mesenchymal stem cells in healthy donors group and ankylosing spondylitis group. The statistical data are represented as the means + SDs, n = 3 in each
group. NS: No significant difference, 2P < 0.05, °P < 0.01. AS-MSCs: Mesenchymal stem cells from individuals with ankylosing spondylitis; HD-MSCs: Mesenchymal
stem cells from healthy donors; ALKBH5: AlkB homolog 5; METTL3: Methyltransferase 3; METTL14: Methyltransferase 14; WTAP: WT1 associated protein; OCN:
Osteocalcin; FTO: Fat mass and obesity-associated; AS: Ankylosing spondylitis; HD: Healthy donors.

receptor activator of nuclear factor xB ligand to induce osteoclast differentiation. TRAP staining and F-actin staining were
employed to assess osteoclast formation. The results revealed that the number of osteoclasts in the HD-MSC group was
greater than that in the AS-MSC group (Figure 2A-C). Following FTO knockdown, the number of osteoclasts increased
significantly in both groups. Interestingly, the number of osteoclasts cultured with AS-MSCs recovered to the level
observed in those cultured with HD-MSCs. Furthermore, the expression levels of osteoclast formation markers (NFATcI,
TRAP, and CTSK) were evaluated via western blot analysis. The results revealed lower levels of NFATc1, TRAP, and
CTSK in AS-MSCs and higher levels in the FTO-knockdown group (Figure 2D and E). To further confirm the influence of
FTO in MSCs, we used lentiviruses to overexpress FTO. As shown by TRAP and F-actin staining and western blotting,
overexpressing FTO in MSCs led to reduced osteoclast formation (Figure 2F-H). In summary, these findings suggest that
FTO in MSCs positively regulates the ability of MSCs to inhibit osteoclast formation, highlighting the potential role of
FTO in modulating osteoclastogenesis.

FTO regulated Inc NORAD stability

Previously, we demonstrated that miR-4284 could modulate the MSC-mediated inhibition of osteoclast formation[6]. We
first examined the correlation between FTO and miR-4284 through qPCR. Our results revealed that the expression of
miR-4284 was elevated after siFTO. Interestingly, suppressing miR-4284 did not affect the expression of FTO (Figure 3A).
We thus wondered whether IncRNAs participate in the regulatory network between FTO and miR-4284. Next, we
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Figure 2 Fat mass and obesity-associated positively regulates the ability of mesenchymal stem cells to inhibit osteoclast formation.
CD14* monocytes were cultured with mesenchymal stem cells from healthy donors or mesenchymal stem cells from individuals with ankylosing spondylitis after
knocking down fat mass and obesity-associated in the presence of macrophage colony-stimulating factor and receptor activator of nuclear factor kB ligand. A:
Representative images of tartrate resistant acid phosphatase (TRAP) staining (x 100); B: Quantitative data of TRAP* osteoclasts number in each well is shown; C:
Representative images of F-actin assays (x 200); D: Western blot analysis was performed to detect protein levels of TRAP, nuclear factor of activated T cells 1
(NFATc1) and cathepsin K (CTSK); E: Quantitative data for NFATc1, TRAP, and CTSK protein levels determined by western blot analyses are shown; F:
Representative images of TRAP staining (x 100) and F-actin assays (x 200); G: Quantitative data of TRAP* osteoclasts number in each well is shown; H: Western
blot analysis was performed to detect protein levels of NFATc1, TRAP, and CTSK. The statistical data are presented as the means + SDs; n = 3 in each group. NS:
No significant difference, °P < 0.01, °P < 0.005, P < 0.001. AS: Ankylosing spondylitis; HD: Healthy donors; si-NC: Small interfering RNA of negative control; si-FTO:
Small interfering RNA targeting fat mass and obesity-associated; OE-NC: Overexpression of negative control; OE-FTO: Overexpression of fat mass and obesity-
associated; TRAP: Tartrate resistant acid phosphatase; NFATc1: Nuclear factor of activated T cells 1; CTSK: Cathepsin K.

performed high-throughput sequencing to compare the IncRNA expression profiles of MSCs with or without FTO
knockdown. The results revealed significant differential expression of the IncRNA NORAD in the profiles (Figure 3B),
which further validated the interaction between miR-4284 and the IncRNA NORAD via DIANA TOOLS (Figure 3C). The
qPCR results confirmed the downregulation of NORAD in the FTO-knockdown group (Figure 3D). Additionally,
previous reports suggested that m6A modification could regulate the expression of the IncRNA NORAD[14]. To
investigate this, we analysed the m6A levels on the IncRNA NORAD via m6A RNA immunoprecipitation-qPCR analysis.
The results indicated that the m6A levels of the IncRNA NORAD in the FTO knockdown group were significantly greater
than those in the control group, suggesting that FTO could reduce the m6A modification levels of the IncRNA NORAD
(Figure 3E). To further understand how FTO regulates NORAD levels via m6A modification, RNA stability assays were
performed using actinomycin D to inhibit RNA transcription. The results demonstrated that the half-life of NORAD in
the control group was significantly longer than that in the FTO-knockdown group (Figure 3F). These findings collectively
suggest that FTO regulates NORAD stability through m6A modification.

Lnc NORAD targets miR-4284

Next, we investigated the relationship between Inc NORAD and miR-4284. The results revealed that miR-4284 contains
complementary binding sites with the IncRNA NORAD (Figure 3G). Luciferase assays revealed that the luciferase activity
of WT NORAD was significantly increased when NORAD was cotransfected with the miR-4284 mimic, whereas there
was no significant difference in the activity of the NORAD MUT (Figure 3H). Further analysis via qPCR demonstrated
that Inc NORAD was upregulated after transfection with the miR-4284 mimic (Figure 3I). Additionally, the results from
the RNA binding protein immunoprecipitation assay confirmed the interaction relationship between NORAD and miR-
4284 (Figure 3] and K). Overall, these findings suggest that the IncRNA NORAD can bind with miR-4284 and potentially
downregulate its expression. This finding indicates a regulatory mechanism in which the IncRNA NORAD may modulate
the expression or activity of miR-4284, highlighting a potential regulatory axis in the context of MSC-mediated osteoclast
formation.

Lnc NORAD in MSCs inhibits osteoclastogenesis

To investigate the effect of NORAD on MSC-mediated osteoclast formation, we cocultured CD14" monocytes with AS-
MSCs or HD-MSCs with or without NORAD knockdown. TRAP staining revealed an increased number of TRAP* cells in
the NORAD-knockdown group, and there was no significant difference in osteoclast formation between AS-MSCs and
HD-MSCs after NORAD knockdown (Figure 4A and B). F-actin staining was consistent with the TRAP staining results
(Figure 4C). Furthermore, western blot analysis was performed to evaluate the expression levels of osteoclast differen-
tiation markers (NFATc1, TRAP, and CTSK). The results indicated that the Inc NORAD knockdown group presented
higher expression levels of these markers than the control group. Additionally, NORAD knockdown abolished the
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Figure 3 Fat mass and obesity-associated modulates the expression of microRNA-4284 by targeting ong non-coding RNA activated by
DNA damage stability. A: Relative expression of fat mass and obesity-associated (FTO) and miR-4284 were quantified by quantitative reverse transcription
polymerase chain reaction (QRT-PCR) in mesenchymal stem cells (MSCs) after small interfering RNA (siRNA) transfection; B: Volcano plots of long noncoding RNA
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(IncRNA) high-throughput sequencing results for MSCs compared between control group and FTO knockdown group; C: The possible binding sites between long
non-coding RNA activated by DNA damage (NORAD) and miR-4284 are predicted by DIANA TOOLS; D: The expression of FTO and Inc NORAD were quantified by
gRT-PCR in MSCs after siRNA transfection; E: N6-methyladenosine modification level of IncRNA NORAD in si-NC or si-FTO treated MSCs (n = 3); F: Degradation
curves of INcRNA NORAD in si-NC or si-FTO treated MSCs (n = 3); G: The possible binding sites between IncRNA NORAD and miR-4284 are shown, and a mutant
Inc NORAD site was constructed; H: Luciferase reporter assay using empty luciferase vector (luci-control), wild type reporter with binding site (luci-NORAD wild type),
and the vector containing mutated binding sequence (luci-NORAD mutant) in the presence of miR-4284 mimic (n = 3); I: The expression of Inc NORAD and miR-4284
were quantified by gRT-PCR in MSCs after siRNA transfection; J and K: RNA immunoprecipitation assays were used to detect the interaction between Inc NORAD
and miR-4284. The statistical data are presented as the means + SDs; n = 3 in each group. NS: No significant difference; 2P < 0.05, °P < 0.01, °P < 0.005. FTO: Fat
mass and obesity-associated; NC: Negative control; si-NC: Small interfering RNA of negative control; si-FTO: Small interfering RNA targeting fat mass and obesity-
associated; IgG: Immunoglobulin G; m6A: N6-methyladenosine; WT: Wild type; MUT: Mutant; Ago2: Argonaute 2; NORAD: Non-coding RNA activated by DNA
damage.
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Figure 4 Long non-coding RNA activated by DNA damage in mesenchymal stem cells inhibits osteoclastogenesis. A: Representative images
of tartrate resistant acid phosphatase (TRAP) staining of osteoclasts co-cultured with mesenchymal stem cells on day 9 after knocking down long non-coding RNA
activated by DNA damage (x 100); B: Quantitative data of TRAP* osteoclasts number in each well is shown; C: Representative images of osteoclasts stained with F-
actin assays (x 200); D: Western blot analysis was performed to detect protein levels of nuclear factor of activated T cells 1 (NFATc1), TRAP, and cathepsin K
(CTSK); E: Quantitative data for NFATc1, TRAP, and CTSK protein levels determined by western blot analyses are shown; F: Representative images of TRAP
staining (x 100) and F-actin assays (x 200); G: Quantitative data of TRAP* osteoclasts number in each well is shown; H: Western blot analysis was performed to
detect protein levels of NFATc1, TRAP, and CTSK. The statistical data are presented as the means + SDs; n = 3 in each group. NS: No significant difference; 2P <
0.05,°P < 0.01, °P < 0.005, P < 0.001. AS: Ankylosing spondylitis; HD: Healthy donors; si-NC: Small interfering RNA of negative control; TRAP: Tartrate resistant
acid phosphatase; NFATc1: Nuclear factor of activated T cells 1; CTSK: Cathepsin K; OE-NC: Overexpression of negative control; OE-NORAD: Overexpression of
Non-coding RNA activated by DNA damage.

differences in osteoclast differentiation marker expression between AS-MSCs and HD-MSCs (Figure 4D and E). To
validate the impact of Inc NORAD on MSCs, we employed lentiviral vectors to increase the expression of Inc NORAD.
TRAP, F-actin staining, and western blotting revealed that the overexpression of NORAD in MSCs resulted in decreased
osteoclast formation (Figure 4F-H). These findings collectively suggest that the IncRNA NORAD in MSCs facilitates MSC-
mediated osteoclast formation, indicating a potential regulatory role for the IncRNA NORAD in modulating osteoclast
differentiation processes.

FTO in MSCs inhibits osteoclastogenesis through the Inc NORAD/miR-4284 axis

To further verify the effect of the FTO/Inc NORAD interaction in MSCs on osteoclast differentiation, we used siRNAs
and lentiviruses to silence FTO while overexpressing NORAD in MSCs. The results of TRAP, F-actin staining, and
western blotting demonstrated that overexpressing NORAD significantly attenuated the increased osteoclastogenesis
induced by FTO knockdown (Figure 5A-D). Additionally, by downregulating NORAD and inhibiting miR-4284 in MSCs,
we observed a marked reduction in osteoclastogenesis resulting from NORAD knockdown, as demonstrated by TRAP
assays, F-actin staining, and western blotting (Figure 5E-H). Taken together, these results suggest that FTO positively
regulates osteoclast differentiation in MSCs through the NORAD/miR-4284 pathway.

Targeting FTO alleviates enthesitis-related new bone formation in AS animal models

To assess the effect of FTO knockdown in vivo, we established an AS animal model by administering 3 mg of curdlan via
intraperitoneal injection to SKG mice to induce AS features. We subsequently administered Av-shFTO via intravenous tail
vein injection. Our findings revealed that the suppression of FTO markedly reduced the degree of enthesopathy, as well
as the size and thickness of inflamed ankles. These results suggest that FTO could be a potential target for the treatment
of AS (Figure 6A).

DISCUSSION

In this study, we revealed notable upregulation of FTO in AS-MSCs compared with HD-MSCs. Inhibiting FTO
diminished the suppressive effects of AS-MSCs on osteoclastogenesis by influencing the stability of the IncRNA NORAD,
which subsequently targeted miR-4284 (Figure 6B). This investigation examined the FTO/Inc NORAD/miR-4284 axis to
understand the pathological osteogenesis associated with AS.

Pathologic osteogenesis is a significant concern in AS, as it can lead to the development of spinal ankylosis in severe
cases, posing a serious threat to their lives[15]. The balance between osteoblasts (bone-forming cells) and osteoclasts
(bone-resorbing cells) is crucial for bone homeostasis and remodelling. Dysfunction or abnormal regulation of these cell
types can contribute to various bone diseases, potentially leading to abnormal osteogenesis in conditions such as AS[16].
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Figure 5 Fat mass and obesity-associated in mesenchymal stem cells inhibits osteoclastogenesis through the long non-coding RNA
activated by DNA damage/miR-4284 axis. A: Representative images of tartrate resistant acid phosphatase (TRAP) staining (x 100) and F-actin assays (x
200); B: Quantitative data of TRAP* osteoclasts number in each well is shown; C: Western blot analysis was performed to detect protein levels of nuclear factor of
activated T cells 1 (NFATc1), TRAP, and cathepsin K (CTSK); D: Quantitative data for NFATc1, TRAP, and CTSK protein levels determined by western blot analyses
are shown; E: Representative images of TRAP staining (x 100) and F-actin assays (x 200); F: Quantitative data of TRAP* osteoclasts number in each well is shown;
G: Western blot analysis was performed to detect protein levels of NFATc1, TRAP, and CTSK; H: Quantitative data for NFATc1, TRAP, and CTSK protein levels
determined by western blot analyses are shown. The statistical data are presented as the means + SDs; n = 3 in each group. 2P < 0.05, °P < 0.01, °P < 0.005, °P <
0.001. si-NC: Small interfering RNA of negative control; si-FTO: Small interfering RNA targeting fat mass and obesity-associated; OE-NC: Overexpression of negative
control; OE-FTO: Overexpression of fat mass and obesity-associated; TRAP: Tartrate resistant acid phosphatase; NFATc1: Nuclear factor of activated T cells 1;
CTSK: Cathepsin K; NORAD: Non-coding RNA activated by DNA damage.

Previous research has indicated that, compared with HD-MSCs, AS-MSCs exhibit a greater capacity for osteogenic differ-
entiation[5]. Additionally, AS-MSCs have been shown to more effectively inhibit osteoclastogenesis[6]. These findings
suggest that AS-MSCs may play a crucial role in the pathologic osteogenesis observed in AS. By demonstrating the
enhanced osteogenic potential and regulatory effects on osteoclastogenesis of AS-MSCs, this research provides valuable
insights into the mechanisms underlying pathologic osteogenesis in AS. Understanding the unique properties of AS-
MSCs in bone metabolism may offer new avenues for developing targeted therapies to address abnormal osteogenesis
and associated complications in AS patients.

m6A methylation is a crucial RNA modification that impacts the stability, splicing, and translation of RNA molecules,
playing a significant role in various biological processes such as cell differentiation, immune responses, and tumor
development[17,18]. Studies have shown that m6A modification can influence the biological functions of MSCs. Research
by Wu et al[19] revealed that conditional knockout of methyltransferase 3, an m6A methyltransferase, in MSCs could
accelerate bone loss and modulate the differentiation potential of MSCs. Similarly, other m6A-related enzymes such as
the demethylases FTO have been found to be essential for osteogenesis[20]. These findings underscore the importance of
mo6A modification in regulating MSC function. In this study, we found that the expression of FTO was elevated in AS-
MSCs. Furthermore, silencing FTO in both HD-MSCs and AS-MSCs promoted osteoclastogenesis in vitro when MSCs
were co-cultured with monocytes. These results suggest that the upregulation of FTO in AS-MSCs may contribute to the
abnormal osteogenesis observed in AS. However, further research is needed to fully understand the role of FTO in AS-
MSCs, particularly in an in vivo setting.

The interaction between IncRNAs and microRNAs, which act as molecular sponges is a well-established mechanism
for regulating gene expression[21]. Building upon previous research that identified miR-4284 as a key molecule
enhancing the ability of AS-MSCs to inhibit osteoclastogenesis, this study aimed to explore the potential role of IncRNAs
in mediating the relationship between FTO, miR-4284, and osteoclastogenesis. In this study, global profiling of IncRNA
expression in FTO-silenced MSCs revealed Inc NORAD as a crucial link connecting FTO and miR-4284. Further investig-
ations demonstrated that FTO could stabilize Inc NORAD by removing m6A methylation, and in turn, Inc NORAD acted
as a sponge to negatively regulate the activity of miR-4284. Importantly, interference with Inc NORAD was found to
increase osteoclastogenesis in coculture assays, suggesting that Inc NORAD may contribute to the inhibited osteoclasto-
genesis exhibited by AS-MSCs. These findings shed light on a potential regulatory axis involving FTO, Inc NORAD, miR-
4284, and osteoclastogenesis in the context of AS-MSCs. By elucidating the intricate interplay between these molecules,
this study provides valuable insights into the molecular mechanisms underlying the altered osteoclastogenesis observed
in AS. Targeting this regulatory network involving IncRNAs, microRNAs, and m6A-modifying enzymes like FTO may
offer novel therapeutic strategies for managing bone-related complications in AS.

Indeed, Inc NORAD, which was originally identified as a regulator of genome integrity in response to DNA damage
[22-24], has been implicated in various human cancers as an oncogene[25,26]. It has been shown to play a role in manipu-
lating cancer cell development[27,28]. Interestingly, NORAD has also been found to undergo m6A modification, and Li et
al[14] reported that the m6A modification of NORAD by WTAP negatively regulates its stability, which aligns with our
findings. While recent studies have primarily focused on the role of NORAD as a competitive endogenous RNA that
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Figure 6 Targeting fat mass and obesity-associated alleviates enthesitis-related new bone formation in ankylosing spondylitis animal
models. A: Histological analysis of bone formation in the enthesis was performed using hematoxylin and eosin (HE) staining and Safranin O. Scale bar = 500 ym
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(upper) or 250 um (lower) (n = 5); B: The proposed model shows upregulation of fat mass and obesity-associated in mesenchymal stem cells leads to defects in
osteoclastogenesis in ankylosing spondylitis via the long non-coding RNA activated by DNA damage/miR-4284 axis. HE: Hematoxylin and eosin; FTO: Fat mass and
obesity-associated; Av-NC: Adeno-associated virus of negative control; Av-shFTO: Adeno-associated virus of short hairpin RNA targeting fat mass and obesity-
associated; NORAD: Non-coding RNA activated by DNA damage.

regulates downstream microRNA and mRNA expression[29-31], the specific mechanism through which NORAD targets
miR-4284 in the context of AS-MSCs remains unclear in this study. However, whether other target molecular of NORAD
mediate the function of FTO-NORAD axis in AS-MSCs remains unknown and broader insights into this process should
be further investigated.

CONCLUSION

In this work, we focused on the role of m6A modification in the enhanced inhibition of osteoclastogenesis by AS-MSCs.
Our results revealed that FTO regulated the function of AS-MSCs through the NORAD/miR-4284 axis, which may
contribute to elucidating the mechanism of pathological osteogenesis and provide potential treatment targets for AS.
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Abstract

BACKGROUND
Cervical cancer (CC) stem cell-like cells (CCSLCs), defined by the capacity of
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differentiation and self-renewal and proliferation, play a significant role in the progression of CC. However, the
molecular mechanisms regulating their self-renewal are poorly understood. Therefore, elucidation of the epigenetic
mechanisms that drive cancer stem cell self-renewal will enhance our ability to improve the effectiveness of
targeted therapies for cancer stem cells.

AIM

To explore how DNA methyltransferase 1 (DNMT1)/miR-342-3p/Forkhead box M1 (FoxM1), which have been
shown to have abnormal expression in CCSLCs, and their signaling pathways could stimulate self-renewal-related
stemness in CCSLCs.

METHODS

Sphere-forming cells derived from CC cell lines HeLa, SiHa and CaSki served as CCSLCs. Self-renewal-related
stemness was identified by determining sphere and colony formation efficiency, CD133 and CD49f protein level,
and SRY-box transcription factor 2 and octamer-binding transcription factor 4 mRNA level. The microRNA
expression profiles between HeLa cells and HeLa-derived CCSLCs or mRNA expression profiles that HeLa-
derived CCSLCs were transfected with or without miR-342-3p mimic were compared using quantitative PCR
analysis. The expression levels of DNMT1 mRNA, miR-342-3p, and FoxM1 protein were examined by quantitative
real-time PCR and western blotting. In vivo carcinogenicity was assessed using a mouse xenograft model. The
functional effects of the DNMT1/miR-342-3p/FoxM1 axis were examined by in vivo and in vitro gain-of-activity
and loss-of-activity assessments. Interplay among DNMT1, miR-342-3p, and FoxM1 was tested by methylation-
specific PCR and a respective luciferase reporter assay.

RESULTS

CCSLCs derived from the established HeLa cell lines displayed higher self-renewal-related stemness, including
enhanced sphere and colony formation efficiency, increased CD133 and CD49f protein level, and heightened
transcriptional quantity of stemness-related factors SRY-box transcription factor 2 and octamer-binding
transcription factor 4 in vitro as well as a stronger tumorigenic potential in vivo compared to their parental cells.
Moreover, quantitative PCR showed that the miR-342-3p level was downregulated in HeLa-derived CCSLCs
compared to HeLa cells. Its mimic significantly decreased DNMT1 and FoxM1 mRNA expression levels in CCSLCs.
Knockdown of DNMT1 or miR-342-3p mimic transfection suppressed DNMT1 expression, increased miR-342-3p
quantity by promoter demethylation, and inhibited CCSLC self-renewal. Inhibition of FoxM1 by shRNA
transfection also resulted in the attenuation of CCSLC self-renewal but had little effect on the DNMT1 activity and
miR-342-3p expression. Furthermore, the loss of CCSLC self-renewal exerted by miR-342-3p mimic was inverted by
the overexpression of DNMT1 or FoxM1. Furthermore, DNMT1 and FoxM1 were recognized as straight targets by
miR-342-3p in HeLa-derived CCSLCs.

CONCLUSION

Our findings suggested that a novel DNMT1/miR-342-3p/FoxM1 signal axis promotes CCSLC self-renewal and
presented a potential target for the treatment of CC through suppression of CCSLC self-renewal. However, this
pathway has been previously implicated in CC, as evidenced by prior studies showing miR-342-3p-mediated
downregulation of FoxM1 in cervical cancer cells. Additionally, research on liver cancer further supports the
involvement of miR-342-3p in suppressing FoxM1 expression. While our study contributed to this body of
knowledge, we did not present a completely novel axis but reinforced the therapeutic potential of targeting the
DNMT1/miR-342-3p/FoxM1 axis to suppress CCSLC self-renewal in CC treatment.

Key Words: DNA methyltransferase 1; Cancer stem cell; Cervical cancer; MiR-342-3p; Forkhead box M1

©The Author(s) 2025. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The study revealed a novel DNA methyltransferase 1 (DNMT1)/miR-342-3p/Forkhead box M1 (FoxM1) signaling
axis that enhances self-renewal of cervical cancer stem cell-like cells (CCSLCs). Knockdown of DNMT1 or miR-342-3p
elevation inhibits CCSLC self-renewal, while FoxM1 suppression also attenuates this process. Overexpression of DNMT1 or
FoxM1 reverses the effects of miR-342-3p mimic. This signaling pathway presents a potential therapeutic target for
inhibiting CCSLC self-renewal in cervical cancer, offering new insights for targeted treatment strategies.
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INTRODUCTION

Cervical cancer (CC) is the fourth most common cancer in the world, representing a severe burden for females in
underdeveloped nations[1,2]. Individuals with developed CC are frequently deprived of an operation choice and show
poor outcomes after radiation treatment and chemotherapy. In this context, the 5-year survival rate for those with far-off
metastasis reaches only 17.1%[3]. In the last decades, much attention has been paid to the cancer stem cell (CSC)
hypothesis, which claims that an uncommon type of stem cell-like tumor cell is accountable for tumor progression,
resistance, and recurrence[4]. According to this hypothesis, cancer stem-like cells derived from CC (CCSLCs) are a major
cause of poor prognosis due to their high potential for inducing tumor formation and progression[5,6]. However, the
mechanism that drives the initiation and progression of human CC is not fully understood.

Endogenous noncoding single-stranded RNAs, known as microRNAs (miRNAs), control 30% of the human genes
through their union to the 3’-untranslated regions (3’-UTRs) of the miRNAs of interest[7]. In fact, some of the miRNA-
based cancer therapeutic strategies have shown promising results even in early-phase human clinical trials[8]. In
particular, abnormal miR-342-3p expression has significant associations with progression, proliferation, invasion, and
even metastasis in a variety of tumors[9,10]. On the other hand, miR-342-3p reduces the proliferative, migratory, and
invasive features of CC cells[11]. In this regard, Tao ef al[12] demonstrated that determining the miR-342-3p expression
profile might improve disease prognosis and help in decision-making during treatments for colon cancer. However,
whether miR-342-3p promotes and maintains CCSLC self-renewal is still unclear.

Epigenetic regulation can promote oncogenes and/or suppress genes that prevent tumor growth, which have an
important part in carcinogenesis, progress, invasion, and metastasis[13]. The epigenetic mechanism mainly includes DNA
methylation, histone DNA methylation and deacetylation, non-coding RNA regulation, and crosstalk[14]. The main
function of DNA methyltransferase 1 (DNMT1) is methylation of DNA[15]. Many reports have indicated that DNMT1 is
deeply connected to the incidence and expansion of a variety of tumors. For instance, DNMTT1 is crucial for the conser-
vation of breast stem/progenitor cells and their CSCs[16]. The transactivation mechanism of the DNMT1 promoter
reprograms the transcription factors octamer-binding transcription factor 4 (OCT4) and SRY-box transcription factor 2
(SOX2) to promote self-renewal of glioblastoma cells and leads to total DNA methylation and DNMT-dependent miRNAs
downregulation[17].

Lee et al[18] found that suppressing DNMT1 expression had a relevant role in prostate cancer cells reversing the
epithelial-mesenchymal transition and CSC phenotypes. Furthermore, Wang et al[19] showed that DNMT1 was inhibited
by miR-342-3p, which signifies stronger proliferation and invasion in colorectal cancer cells. Nonetheless, further work is
necessary to understand whether irregular DNMT1 expression leads to the downregulation of miR-342-3p and
subsequent induction of CCSLC self-renewal in vitro and in vivo.

Forkhead box M1 (FoxM1) is necessary not only for cellular cycle advancement but also for apoptosis, angiogenesis,
and DNA repair[20]. FoxM1 is significantly upregulated in several cancers, such as CC[21-23]. More importantly, FoxM1
has an important part in maintaining the CSC characteristics. Luo et al[23] found that in nasopharyngeal carcinoma
tissues FoxM1 is associated with CSC-related clinicopathological characteristics (late clinical stage, tumor recurrence, and
distant metastasis), and the expression of FoxM1 is also closely related to higher levels of the CSC markers Nanog, OCT4,
and SOX2. It was also found that FoxM1 stimulates the proliferative, invasive, and stem cell characteristics of
nasopharyngeal carcinoma cells[23].

However, more research is needed to evaluate how low miR-342-3p expression and subsequent FoxM1 overexpression
in the context of the epigenetic regulation involved in DNMT1 could contribute to enriching CCSLCs and inducing
CCSLC self-renewal in CC. In the present study, our objective was to evaluate the possibility that mutual adverse
regulation between DNMT1 and miR-342-3p could induce CCSLC self-renewal by upregulating FoxM1 expression in CC
cells.

MATERIALS AND METHODS

Cell culture

The cell types for the cultures were HeLa, SiHa, and CaSki, together with the control cervical epithelial cell line HcerEpiC
from the Cell Bank of Chinese Academy of Sciences (Shanghai, China). For every culture, the medium of choice was
Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco, CA, United States), which included fetal bovine serum (10%;
Gibco), in conditions of 37 °C, humidity, and 5% CO,. To obtain sphere-forming cells (SFCs) of CC, DMEM/F12 including
2% B27, basic fibroblast growth factor (20 ng/mL), epidermal growth factor (20 ng/mL), insulin (4 pg/mL), penicillin G
(100 IU/mL), and streptomycin (100 pg/mL) was used as described previously[24]. HeLa cell-derived SFCs were then
analyzed as CCSLCs. The SFCs derived from SiHa and CaSki were considered as CCSLCs. All medium reagents were
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obtained from Invitrogen (United States) except for the insulin (Sigma-Aldrich).

Real-time quantitative PCR

Trizol (Tiangen Biotech, China) was utilized to obtain total RNA from HeLa (1 x 10°) or CCSLCs (1 x 10°) cells. To extract
total miRNA, we worked with the miRcute miRNA isolation Kit (Tiangen Biotech, China). For mRNA quantitation,
transcription was performed on total RNA (2 pg) via the SureScript™ First-Strand cDNA Synthesis Kit (GeneCopoeia Inc.,
MD, United States). cDNA was replicated using the primers shown in Supplementary Table 1. The reaction entailed:
Amplification at 95 °C (10 minutes); and 40 cycles at 95 °C (30 seconds), 55 °C (30 seconds), and 70 °C (30 seconds). To
quantify miRNA, total miRNA (2 pg) underwent transcription and amplification through the All-in-One™ miRNA
quantitative real-time PCR (qPCR) Detection Kit and the TagMan MicroRNA Assay (Applied Biosystems, CA, United
States), as suggested by the provider (GeneCopoeia Inc., MD, United States). U6 was considered the reference. For data
analysis, the 244 method was conducted.

A gPCR array (including 29 miRNAs that changed by flavonoids reported and 3 internal label genes) was used to
detect miRNA expression profiles in HeLa-derived CCSLCs and HeLa cells according to the manufacturer’s protocol
(Wcgene Biotech, Shanghai, China). Subsequently, the qPCR array (including 92 target genes associated with regulation
of stem cell signaling that predicted using miRWalk network) was performed to compare in HeLa-derived CCSLCs
transfected with miR-342-3p mimic or with miR-negative control (NC) according to the manufacturer’s protocol (Wcgene
Biotech, Shanghai, China). The data underwent analysis utilizing Wecgene Biotech software. MiRNAs or genes displaying
fold changes greater than or less than 2.0 were considered to hold biological significance.

Methylation-specific PCR

DNA from HeLa (1 x 10°) or CCSLCs (1 x 10°) cells was obtained using the DNA-EZ Reagents V All-DNA-Out (Sangon
Biotech, China). The incubation of genomic DNA was conducted with the Methylamp One-Step DNA Modification Kit
(Epigentek), as recommended by the manufacturer. For PCR, the HotStar Taq Polymerase (Qiagen, Germany) was
applied, together with methylated and unmethylated PCR primers targeting the miR-342-3p promoter (Sangon Biotech;
Supplementary Table 2). For imaging of the methylation-specific PCR products, 2.0% agarose gel electrophoresis was
used.

Western blot

HeLa (1 x 10°) or SFCs (1 x 10%) cells were lysed using cold RIPA buffer (Beyotime Biotechnology, China). Proteins (20 g)
were first quantified with the Bradford assay (Bio-Rad, CA, United States). Then, proteins were separated on a 10%
sodium-dodecyl sulfate gel electrophoresis and electrotransferred onto polyvinylidene fluoride membranes (Millipore,
MA, United States). The membranes were blocked (2 h, room temperature, 5% BSA in Tris-buffered saline with tween)
before overnight incubation with primary antibodies against DNMT1 (1:1000), FOXM1 (1:1000), CD44 (1:1000), and B-
actin (1:2000) at 4 °C. Cell Signaling (United States) provided all antibodies. Suitable HRP-conjugated secondary
antibodies (Beyotime Biotechnology, China) were included in a further incubation of the membranes (1 h). For detection,
the enhanced chemiluminescence kit (Amersham, TN, United States) was implemented.

Spheroid formation assay

HelLa, CaSki, and SiHa cells (1 x 10°) or their CCSLCs (1 x 10°) underwent a sphere generation culture for 6 days. To
determine the sphere formation efficiency, we considered the number of spheres generated/cells seeded (1000 cells per
well in a 24-well plate) x 100%. Independent triplicates were included.

Clonogenic assay

DMEM (0.8% agarose; Invitrogen, CA, United States) was first placed into 24-well plates (500 pL). Second, HeLa and SiHa
cells and their CCSLCs (100 cells/well) were seeded in 24-well plates with CSC-M with 0.4% agarose (top layer) for a 3-
week incubation. For colony counting, we employed an IX53 inverted microscope (Olympus, Japan). To know the colony
formation efficiency (CFE), we considered the number of colonies generated/cells seeded (100 cells per well in a 24-well
plate) x 100%. Independent triplicates were conducted.

Transfection

HelLa cells (1 x 10°) or CCSLCs (1 x 10°) were infected for 48 h with lentiviruses bearing DNMT1 shRNA or cDNA or RFP
setups in a 6 pg/mL polybrene-complemented medium; afterwards, a second 48 h-culture was carried out. Puromycin (4
pg/mL) was used for the selection assay during the first 7 days, and additional cell supply was conducted with 1 pg/mL
puromycin. Transfection of 50 nM micrON™ miR-342 mimic and 100 nM micrOFF™ miR-342 suppressor into HeLa or
CCSCs cells was performed using the iboFECT™ CP Reagent, as instructed by the provider (RiboBio, Guangzhou, China).
In parallel, the NC of miR-342-3p suppressor (anti-NC) and miR-342-3p mimic (miR-NC) were transfected as well. Cell
incubation with small RNA complexes was carried out for 2 h prior to changing the medium. shRNA control (sh-NC) and
FOXM1 (shFOXM1) were acquired from Santa Cruz Biotechnology. The respective sequences were shown in Supple-
mentary material. In addition, pcDNA3.1 both control (pcDNA) and FOXM1 (pcDNA-FOXM1) were acquired from
Invitrogen. For cell transfection, the opti-MEM Lipofectamine™ 2000 (Invitrogen, CA, United States) was employed as
recommended by the provider.
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Luciferase analysis

The 3'UTR target sequence of DNMT1 and FOXM1 [wildtype (WT)] that encompassed the ham-miR-342-3p binding spot
was introduced into the pGL3 Luciferase vector (Ambion, TX, United States), as recommended by the provider. The
control sample was a DNMT1 and FOXM1 3'UTR sequence with a mutation. The transfection of those arrangements (0.2
pg) into HeLa-derived CCSLCs was performed in 24-well microplates together with miR-342-3p or miR-NC using
Lipofectamine 2000 (48 h). Finally, the dual luciferase reporter procedure (Promega) was conducted as recommended by
the provider.

In vivo tumorigenicity assay

Nude mice of 4-5 weeks and 12-14 g (female, nude) were acquired from the Hunan SJA Laboratory Animal Co., Ltd.
(certificate No: 43004700050992, China). The mice underwent adaptation for 1 week before assay initiation. Subcutaneous
injections with HeLa cells (1 x 10°,1 x 10%, 1 x 10°) and HeLa-derived CCSLCs cells (1 x 10% 1 x 10°,1 x 10%) were
administered into the left flank and the right flank of the mice (n = 5/group) for the in vivo tumorigenicity assessment.
The animals underwent sacrifice 1 month after the injection, and the weight of the xenografts was determined. Limiting
dilutions were calculated using the Extreme Limiting Dilution Analysis software (http://bioinf.wehi.edu.au/software/
elda/). The Ethics Committee of Hunan Normal University together with the Committee of Experimental Animal
Feeding and Management approved all research assays (Permit No: 2020041).

To assess the in vivo functional impact of DNMT1 and FOXM]1 genes on the xenograft expansion of CCSCs, the mice
received subcutaneous inoculations (100 pL). HeLa-derived CCSLCs (1 x 10°) were transduced with sh-NC, sh-DNMT1,
or sh-FOXM1 in DMEM/F12 medium with no serum and matrigel (1:1; BD Biosciences). There were four mice in each
group. To evaluate the impact of miR-342-3p on the xenograft expansion of CCSCs in vivo, the mice received sub-
cutaneous inoculations (100 pL) with HeLa-derived CCSCs (1 x 10°) in DMEM/F12 medium in the absence of matrigel
and serum (1:1; BD Biosciences). When the xenografts extended to 50 mm?®, the agomiR-342 block received an intrat-
umoral inoculation of micrON™ agomiR-342 (1 nmol) (RiboBio Co., China) in 10 pL of phosphate buffered saline one day
a week in triplicate. Additionally, micrON™ agomir-NC served as control. In total, four mice were inoculated per group.
Following sacrifice via CO, inhalation, the xenografts were acquired, measured, and snap-frozen using liquid nitrogen or
fixed (10% formalin) for later experiments.

Immunohistochemistry

Immunohistochemistry was achieved through conventional procedures[24]. Target slides were incubated (4 °C,
overnight) using the antibodies anti-DNMT1, FoxM1, and CD133 (all 1:200; Cell Signaling). As a NC, phosphate buffered
saline replaced primary antibodies.

Cy3-miR-342-3p fluorescent in situ hybridization

The fluorescent in situ hybridization kit (Gene-Pharma, Shanghai, China) was implemented for the fluorescent in situ
hybridization experiment as recommended by the provider. The hybridization was executed by means of Cy3-labeled
miR-342-3p probes (Gene-Pharma; Supplementary Table 3), and subsequent analysis was performed via an upright
fluorescence microscope (ECLIPSE E600, Nikon, Japan).

Statistical analysis

Measurement data were manifested as mean + SD, and three or more independent assays were performed. Data analysis
employed SPSS 20.0 (SPSS, United States). Additionally, two-tailed Student’s t-tests were carried out for comparisons to
control groups. For multiple group comparisons, we applied one-way analysis of variance plus the post-hoc Dunnett’s
analysis. Statistical significance was recognized when P < 0.05.

RESULTS

HelLa-derived SFCs possessed self-renewal related stemness and displayed stronger tumorigenesis in vivo

SFCs derived from the HeLa cell line were cultured and characterized for subsequent experiments. These SFCs had
stronger self-renewal-related stemness in vitro, involving stronger spheres and CFE (Figure 1A and B), higher CD133 and
CD49f protein levels (Figure 1C), and elevated mRNA expression of stemness-related factors SOX2 and OCT4
(Figure 1D). Importantly, SFCs exhibited stronger tumorigenesis in vivo (Figure 1E) and higher protein levels of DNMT1,
FoxM1, and CD133 as well as lower miR-342-3p in vivo (Figure 1F). The above indicated that HeLa-derived SFCs had self-
renewal-related stemness in vitro and displayed stronger tumorigenesis in vivo.

DNMT1/miR-342-3p/FoxM1 signal axis in HeLa-derived CCSLCs

MiRNAs have a critical role in regulating CSCs including their stemness characteristics. To prioritize miRNAs with the
greatest difference in expression between CCSLCs and HeLa cells (control), the mRNA level was compared using a qPCR
array. The results demonstrated that hsa-miR-342-3p, hsa-miR-199a-3p, hsa-miR-148a-3p, hsa-miR-34a-5p, and hsa-miR-
200a-3p were significantly lower in CCSLCs compared with HeLa cells (Figure 2A; Supplementary Table 4).

To further explore the molecular mechanism by which miR-342-3p inhibited self-renewal-related stemness in CCSLCs,
we used a qPCR array to compare the differential expression profiles of gene mRNAs in CCSLCs transfected with miR-
342-3p mimic (miR-342) and miR-342-3p mimic-NC oligonucleotide (miR-NC). Transfection with miR-342-3p mimics was
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Figure 1 Comparing the self-renewal related stemness between HeLa cells and corresponding cervical cancer stem cell-like cells. A and B:
Representative images of spheres (A) and colonies (B) (left) (scale bars = 100 um); sphere formation efficiency and colony formation efficiency (right) in HeLa cells
and their cervical cancer stem cell-like cells (CCSLCs); C: Expression levels of CD133 and CD49f in HeLa cells and their CCSLCs; D: SRY-box transcription factor 2
(SOX2) and octamer-binding transcription factor 4 (OCT4) mRNA levels in HelLa cells and their CCSLCs; E: In vivo carcinogenicity between HelLa cells and their
CCSLCs in the nude mice xenograft model, including the weight of xenograft tumors harvested from nude mice (upper right), growth curves of tumor xenografts
(bottom left), and tumor initiated cell frequency (bottom right); F: Histology, expression of DNA methyltransferase 1 (DNMT1), forkhead box M1 (FOXM1), and CD133
proteins and microRNA (miR)-342-3p (scale bars = 50 pm). Data were obtained from xenografts at 5 inoculation sites (n = 5) per group. 2P < 0.05 vs Hela cells (n =
3). TICf: Tumor initiated cell frequency; H&E: Hematoxylin and eosin; IHC: Immunohistochemistry.

found to downregulate the mRNA expression of seven target genes, including DNMT1, FOXM1, and insulin-like growth
factor-1 receptor etc. (Figure 2B; Supplementary Table 5).

Notably, the methylation level of the miR-342-3p promoter was higher in the HeLa-derived CCSLCs vs the HeLa cells
(Figure 2C). The luciferase reporter assay showed that the luciferase activity was repressed or stimulated after cotrans-
fection with the miR-342-3p mimic or inhibitor and DNMT1-3"-UTR-WT (Figure 2D). Nevertheless, this outcome was not
replicated after cotransfection with miR-342-3p mimic or suppressor and DNMT1-3’-UTR-Mutation (Figure 2D). Our
findings indicated that DNMT1 was a plain target of miR-342-3p in HeLa-derived CCSLCs.

High FoxM1 levels and downregulation of miR-342-3p altogether hold a relevant role in CC advancement[11].
Moreover, previous reports, including ours, have indicated that FoxM1 is a crucial modulator of CSLC characteristics in a
variety of cancer cells[11,21-23]. We found the luciferase activity was repressed or raised after cotransfection with miR-
342-3p mimic or suppressor and FOXM1-3'-UTR-WT (Figure 2E). Nevertheless, this outcome was not present after
cotransfection with miR-342-3p mimic or suppressor and FOXM1-3’-UTR-Mutation (Figure 2E).

We next determined whether SFCs from HeLa cells were considered HeLa-derived CCSLCs with the phenotypes of
DNMT1 and FoxM1 upregulation as well as low miR-342-3p levels. As expected, CCSLCs from HeLa cells shared the
expression pattern of the above three for DNMT1, FoxM1, and miR-342-3p (Figure 2F-H). Accordingly, the aforemen-
tioned results suggested that constitutive activation of DNMTT1 silences miR-342-3p expression by its promoter
methylation. Low expression of miR-342-3p activates DNMT1 by ceasing inhibition. This reciprocal negative feedback
regulation leads to higher expression of DNMT1 and lower expression of miR-342-3p. Lower expression of miR-342-3p
caused FoxM1 upregulation by ceasing inhibition and subsequently promoted and maintained the CCSLC self-renewal in
CC (Figure 2I).

MiR-342-3p overexpression repressed self-renewal-related stemness in HeLa-derived CCSLCs

To study the in vitro impact of miR-342-3p on self-renewal-related stemness, HeLa-derived CCSLCs were transfected
using miR-342-3p mimic (miR-342) or miR-NC. Compared to the miR-NC transfection group, DNMT1 mRNA level in
CCSLCs was markedly decreased in CCSLCs transfection with miR-342-3p mimic (Figure 3A), and miR-342-3p was
higher in CCSLCs after transfecting with miR-342-3p mimic (Figure 3B). In addition, FoxM1 protein amounts in CCSLCs
were remarkably decreased (Figure 3C). Furthermore, the miR-342-3p mimic transfection attenuated sphere and CFE in
CCSLCs vs the miR-NC transfection block or the non-transfected cells (Figure 3D and E). Moreover, the levels of CD133
and CD49f protein (Figure 3F) and SOX2 and OCT4 mRNA (Figure 3G) diminished after transfection of CCSLCs with
miR-342-3p mimic.

Next, we tested the effects of agomir-342 (a miR-342-3p mimic) in xenografts of nude mice. The result showed that
agomir-342 efficiently decreased the volume and weight of the tumor (Figure 3H). Most importantly, agomir-342
effectively inhibited tumor growth and appeared to downregulate DNMT1, FoxM1, and CD133 protein expression and
elevated miR-342-3p levels in individuals bearing HeLa-derived CCSLCs (Figure 3I). Our results imply that miR-342-3p
could reduce DNMT1 and FoxM1 expression to attenuate self-renewal-related stemness, suggesting that mutual negative
regulation between DNMT1 and miR-342-3p leading to the regulation of FoxM1 might be involved in the maintenance
and promotion of self-renewal-related stemness.

Knockdown of DNMT1 suppressed self-renewal-related stemness in HeLa-derived CCSLCs
To evaluate the increased function of DNMT1 in preserving CSLC characteristics, DNMT1 shRNA was implemented for
the knockdown of DNMT1 in HeLa-derived CCSLCs (sh-DNMT1). DNMT1 mRNA level were remarkably reduced in the
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Figure 2 DNA methyltransferase 1 and forkhead box M1 as the direct targets of miR-342-3p in HeLa-derived cervical cancer stem cell-like
cells. A: Heatmaps depict the relative expression levels of all 29 tumor microRNAs (miRNAs) in HeLa cells and their responding cervical cancer stem cell-like cells
(CCSLCs). The color scale represents the expression levels of miRNA as upregulation (red), downregulation (green), or middle expression (light color) across all
samples. Lower volcano plot analysis showed differentially expressed (P < 0.005, student’s t-test, log, fold change > 2) miRNA in HeLa cells and their responding
CCSLCs; B: Visual representation displaying the expression levels of all 92 genes investigated in this study through heatmap analysis. Scale: Relative expression
levels were normalized for internal control. Lower volcano plot showing the differentially expressed mRNAs (P < 0.005, student’s t-test, log, fold change > 2) in HeLa-
derived CCSLCs treated with miRNA (miR)-negative control or miR-342 (n = 3); C: MiR-342-3p promoter methylation in HeLa cells and their CCSLCs; D: The relative
luciferase activity in HeLa-derived CCSLCs was determined after the DNA methyltransferase 1 (DNMT1) 3'-untranslated regions (3-UTRs) or mutant (MUT) plasmids
were cotransfected with miR-342-3p mimics or inhibitors or negative control; E: The relative luciferase activity in HeLa-derived CCSLCs was determined after the
forkhead box M1 (FOXM1) 3' UTR or mutant plasmids were cotransfected with miR-342-3p mimics or inhibitors or the negative control; F: DNMT1 mRNA level in
HelLa cells and its corresponding CCSLCs; G: MiR-342-3p level in HeLa cells and its corresponding CCSLCs; H: FoxM1 protein amounts in HelLa cells and its
corresponding CCSLCs, with a-tubulin as a loading control; I: Schematic representation of the pathomechanism by which DNMT1/miR-342-3p/FOXM1 axis promotes
self-renewal-related stemness in CCSLCs. 2P < 0.05 vs HeLa-derived cervical cancer stem cell-like cells cotransfected with DNMT1 3-UTR with miR-negative; °P <
0.05 vs HelLa-derived cervical cancer stem cell-like cells cotransfected of mutant plasmid in the presence or absence of miR-342 mimics (n = 3). WT: Wildtype; M:
Methylated; U: Unmethylated.

knocked-down DNMT1 CCSLCs (Figure 4A). Meanwhile, miR-342-3p was higher and had lower miR-342-3p promoter
methylation vs the sh-NC control cells (Figure 4B and C). FoxM1 protein levels in CCSLCs were remarkably reduced
(Figure 4D). Among CCSLCs, DNMT1 knockdown decreased spheres and CFE (Figure 4E and F). Additionally, the
CD133 and CD49f protein quantities decreased in CCSLCs bearing DNMT1 shRNA (Figure 4G). Moreover, SOX2 and
OCT4 gene expression in CCSLCs bearing DNMT1 shRNA were lower vs the HeLa-derived CCSCs transfected with sh-
NC (Figure 4H). The knockdown of DNMT1 blocked tumor growth (Figure 4I) and appeared to reduce DNMT1, FoxM1,
and CD133 protein expression as well as elevated miR-342-3p levels in our xenograft samples (Figure 4]). These findings
suggest that the knockdown of DNMT1 repressed self-renewal-related stemness in HeLa-derived CCSLCs, probably by
upregulation of miR-342-3p after its promoter hypomethylation.

Overexpression of DNMT1 rescued the inhibitory effects of miR-342 on self-renewal-related stemness in HeLa cells
DNMT1 is responsible for self-renewal-related stemness in a variety of cancers and may be subject to miRNA regulation
[15,25,26]. To investigate the interplay between miR-342-3p and DNMT1, we constructed DNMT1 expression plasmids to
perform a rescue experiment. Among our results, overexpression of DNMT1 reestablished the DNMT1 mRNA level that
had been diminished by miR-342-3p and that had been increased by miR-342-3p mimics (Figure 5A and B). Additionally,
restoration of DNMT1 abrogated effects of miR-342-3p mimic on the FoxM1 protein expression, the spheres, CFE, and the
CD133 and CD49f protein levels (Figure 5C-F). The SOX2 and OCT4 mRNA amounts were lower in miR-342-3p mimics
(Figure 5G). The above suggested that DNMT1 might be a straight functional target gene of miR-342-3p. Moreover, miR-
342-3p operated as a tumor suppressor via the mutual adverse modulation between miR-342-3p and DNMT1.
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Figure 3 Effect of miR-342-3p mimic on self-renewal-related stemness of HeLa-derived cervical cancer stem cell-like cells. A-C: DNA
methyltransferase 1 (DNMT1) mRNA level (A), microRNA (miR)-342-3p level (B), forkhead box M1 (FoxM1) protein amounts in cervical cancer stem cell-like cells
(CCSLCs) transfected with miR-342-3p mimic (C); D and E: Representative images of spheres and colonies (left) (scale bars = 100 ym); sphere formation efficiency
and colony formation efficiency (right) in CCSLCs transfected with miR-342-3p mimic; F: CD133 and CD49f protein amount; G: SRY-box transcription factor 2 (SOX2)
and octamer-binding transcription factor 4 (OCT4) mRNA amounts in CCSLCs transfected with miR-342-3p mimic; H: Subcutaneous xenografts of HeLa-derived
CCSLCs (1 x 10%) treated with miR-negative control (miR-NC) or miR-342-3p mimic (miR-342) (left); the comparison of tumor volume (middle left), tumor weight
(middle right), and growth curves of tumor xenografts (right) between CCSLCs treated with miR-NC or miR-342; I: Micrographs of hematoxylin and eosin staining and
immunohistochemistry to detect the expression of DNMT1, FoxM1, and CD133 proteins as well as in situ immunofluorescent hybridization for miR-342-3p (scale bars
=50 pm). Data were obtained from xenografts with four mice per group (n = 4). 2P < 0.05 vs cervical cancer stem cell-like cells transfected with miR-NC (n = 4); °P <
0.01 vs cervical cancer stem cell-like cells treated with miR-NC. H&E: Hematoxylin and eosin; IHC: Immunohistochemistry.

Knockdown of FoxM1 inhibited self-renewal-related stemness in HeLa-derived CCSCs, with no impact on DNMT1

function and expression of miR-342-3p

To understand how FoxM1 maintained self-renewal-related stemness in CCSLCs, FOXM1 was downregulated using
shRNA in HeLa-derived CCSLCs (shFOXM1). The resulting FoxM1 protein amounts were markedly decreased
(Figure 6A). However, DNMT1 mRNA and miR-342-3p levels were not significantly altered in comparison to the non-
transduced cells and the sh-NC control block (Figure 6B and C). In CCSLCs, FOXM1 knockdown diminished spheres and
CFE (Figure 6D and E). In CCSLCs bearing FOXM1 shRNA, the CD133 and CD49f protein levels were decreased
(Figure 6F). On the other hand, in CCSCs bearing FOXM1 shRNA, SOX2 and OCT4 gene expression levels were lower to
those transfected with sh-NC (Figure 6G). Moreover, knockdown of FOXM1 inhibited tumor expansion (Figure 6H) and
appeared to downregulate FoxM1 and CD133 protein expressions but did not affect DNMT1 and miR-342-3p expression
in our xenograft model (Figure 6I). These findings suggest that knockdown of FOXM1 inhibited self-renewal-related
stemness, mimicked the impact of miR-342-3p upregulation, and indicated that the reciprocal regulation of DNMT1 and
miR-342-3p was upstream of FoxM1.

Overexpression of FoxM1 rescued the inhibitory effects of miR-342 on self-renewal-related stemness in HeLa cells
FoxM1 has a pivotal function in the generation of self-renewal-related stemness, and it may be subject to miRNA
regulation[22,27,28]. To explore whether miR-342-3p plays an inhibitory role in self-renewal-related stemness in CCSLCs
via FoxM1, we created FOXM1 plasmids to perform a rescue experiment. As a result, overexpression of FOXM1 did not
change DNMT1 mRNA and miR-342-3p by miR-342-3p mimics (Figure 7A and B). Furthermore, restoration of FOXM1
abrogated the inhibitory effects of miR-342-3p mimics on FoxM1 protein levels, spheres, CFE, and CD133 and CD49f
protein (Figure 7C-F). The SOX2 and OCT4 mRNA quantities decreased by miR-342-3p mimics, and these effects were
rescued by restoration of FOXM1 (Figure 7G). The above suggested that FoxM1 might be a straight functional target gene
of miR-342-3p. Moreover, miR-342-3p operated as a tumor suppressor via FoxM1.
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Figure 4 Effect of DNA methyltransferase 1 shRNA on cervical cancer stem cell-like cell characteristics in HeLa-derived cervical cancer

stem cell-like cells. A: DNA methyltransferase 1 (DNMT1) mRNA level in cervical cancer stem cell-like cells (CCSLCs) transfected with DNMT1 shRNA; B:
MicroRNA (miR)-342-3p levels in CCSLCs transfected with DNMT1 shRNA; C: MiR-342-3p promoter methylation in CCSLCs transfected with DNMT1 shRNA; D:
Forkhead box M1 (FoxM1) protein amounts in CCSLCs transfected with DNMT1 shRNA, with a-tubulin as a loading control; E and F: Representative images of
spheres (E) and colonies (F) (left) (scale bars = 100 ym). Sphere formation efficiency and colony formation efficiency in CCSLCs transfected with DNMT1 shRNA
(right); G: CD133 and CD49f protein amount in CCSLCs transfected with DNMT1 shRNA, with a-tubulin as a loading control; H: SRY-box transcription factor 2
(SOX2) and octamer-binding transcription factor 4 (OCT4) mRNA amounts in CCSLCs transfected with DNMT1 shRNA; I: Subcutaneous xenografts of CCSLCs (1 x
10°) treated with sh-negative control (sh-NC) or sh-DNMT1 (left); the comparison of tumor volume (middle left), tumor weight (middle right), and growth curves of
tumor xenografts (right) between CCSLCs treated with sh-NC and sh-DNMT1; J: Micrographs of hematoxylin and eosin (H&E) staining and immunohistochemistry
(IHC) to detect the expression of DNMT1, FoxM1, and CD133 proteins as well as in situ immunofluorescence hybridization for miR-342-3p (scale bars = 50 ym). Data
were obtained from xenografts with four mice per group. 2P < 0.05 vs CCSLCs transfected with sh-NC (n = 4); °P < 0.001 vs CCSLCs treated with sh-NC. M:
Methylated; U: Unmethylated.
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Figure 5 Overexpression of DNA methyltransferase 1 reversed the inhibitory effects of microRNA-342 on cervical cancer stem cell-like
cell self-renewal in HeLa cells. A and B: Restoration of DNA methyltransferase 1 (DNMT1) could reverse its mRNA level inhibition (A) and upregulation of
microRNA (miR)-342-3p expression (B); C-E: Downregulation of forkhead box M1 (FoxM1) protein expression with a-tubulin as a loading control led to attenuation of
cervical cancer stem cell-like cell self-renewal characteristics, including sphere formation efficiency and colony formation efficiency (D and E); F and G: CD133 and
CD49f protein expressions with a-tubulin as a loading control and SRY-box transcription factor 2 (SOX2) (G) and octamer-binding transcription factor 4 (OCT4)
mRNA expression caused by miR-342-3p mimics in HeLa cells. 2P < 0.05 vs HeLa cells; °P < 0.05 vs HeLa cells transfected with miR-342-3p mimic alone; °P < 0.05
vs Hela cells transfected with DNA methyltransferase 1 cDNA alone (n = 3).

DNMT1/miR-342-3p/FoxM1 axis as a novel target of self-renewal-related stemness in CCSLCs

Two additional CC cell lines, CasKi and SiHa cells, were chosen to contrast the level of DNMT1 mRNA, miR-342-3p, and
FoxM1, and self-renewal-related stemness. The comparison was performed between the cellular monolayer and the
respective SFCs. As a result, DNMT1 mRNA level increased (Figure 8A), while miR-342-3p levels were significantly
decreased (Figure 8B). In addition, FoxM1 protein expression (Figure 8C), spheres, and CFE (Figure 8D and E) were
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Figure 6 Effects of forkhead box M1 shRNA on cervical cancer stem cell-like cell self-renewal of HeLa derived cervical cancer stem cell-
like cells. A: Forkhead box M1 (FoxM1) protein in cervical cancer stem cell-like cells (CCSLCs) transfected with FoxM1 shRNA, with a-tubulin as a loading control;
B: DNA methyltransferase 1 (DNMT1) mRNA level in CCSLCs transfected with FoxM1 shRNA; C: MicroRNA (miR)-342-3p levels in CCSLCs transfected with FoxM1
shRNA; D and E: Representative images of spheres and colonies (left) (scale bars = 100 pm); sphere formation efficiency and colony formation efficiency (right) in
CCSLCs transfected with FoxM1 shRNA; F: CD133 and CD49f protein amount in CCSLCs transfected with DNMT1 shRNA with a-tubulin as a loading control; G:
SRY-box transcription factor 2 (SOX2) and octamer-binding transcription factor 4 (OCT4) mRNA amounts in CCSLCs transfected with FOXM1 shRNA; H:
Subcutaneous xenografts of HeLa-derived CCSLCs (1 x 10°) treated with sh-negative control (sh-NC) or sh-FOXM1 (left); comparison of tumor volume (middle left),
tumor weight (middle right), and growth curves of tumor xenografts (right) between CCSLCs treated with sh-NC or sh-FOXM1; I: Micrographs of hematoxylin and
eosin (H&E) staining and immunohistochemistry (IHC) to detect the expression of DNMT1, FoxM1, and CD133 proteins as well as in situ immunofluorescent
hybridization for miR-342-3p (scale bars = 50 pm). Data were obtained from xenografts with four mice per group (n = 4). 2P < 0.05 vs CCSLCs transfected with sh-
NC; ®P < 0.001 vs CCSLCs treated with sh-NC. Cont: Control.

considerably amplified in the respective CCSLCs. We also assessed CD133 and CD49f levels in CasKi and SiHa cells in
relation to the respective CCSLCs, with increasing results (Figure 8F). The SOX2 and OCT4 mRNA quantities were
enhanced as well (Figure 8G). The present outcome indicated that the DNMT1/miR-342-3p/FoxM1 axis might promote
self-renewal-related stemness in CasKi and SiHa cell lines. Finally, the DNMT1/miR-342-3p/FoxM1 axis could be a new
target to mimic self-renewal-related stemness in CCSLCs for CC treatment.

DISCUSSION

We aimed to study the functional linkage between DNMT1, miR-342-3p, and FoxM1, which regulates CCSLC self-
renewal in CC. As far as we know, this is the first time that the CCSLC self-renewal in CC in vitro and in vivo was
enhanced by the mutual negative regulation between DNMT1 and miR-342-3p, with the subsequent increase in FoxM1
levels by reactivation via miR-342-3p silencing. These results seem important not only because they describe the links
among DNMT1, miR-342-3p, and FoxM1 in a cell subpopulation with CCSLC self-renewal but also because they might
provide ideas for the development of novel therapies against CCSLCs, which are causal cells in CC.

In recent years, much attention has been paid to silencing tumor suppressors or miRNAs inhibitors in precancerous
cells via epigenetic regulation[29]. DNMT1 is unusually triggered in tumors and CSC, which catalyze DNA methylation
[30-32]. Moreover, DNMTT1 is essential to keep CSLC characteristics[16]. In breast cancer, epigenetic altering factors,
including 5-azacytidine, can significantly shrink the CSC subgroup[33]. Based on the GEO analyses, DNMT1 and FOXM1
transcript levels were increased in CC tissues compared with paracarcinoma tissues. With respect to the positive
correlation between the expression levels of DNMT1 and FOXM1 in CC progression, we hypothesized that DNMT1 (an
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Figure 7 Overexpression of forkhead box M1 reversed the inhibitory effect of microRNA-342 on cervical cancer stem cell-like cell self-
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renewal in HeLa cells. A-C: Restoration of forkhead box M1 (FOXM1) did not alter DNA methyltransferase 1 (DNMT1) (A) and microRNA (miR)-342-3p
expression (B) but could reverse FOXM1 protein downregulation with a-tubulin as a loading control (C); D and E: Attenuation of cervical cancer stem cell-like cell
characteristics, including sphere formation efficiency and colony formation efficiency; F: CD133 and CD49f protein expression with a-tubulin as a loading control; G:
SRY-box transcription factor 2 (SOX2) and octamer-binding transcription factor 4 (OCT4) mRNA levels caused by miR-342-3p mimics in HeLa cells. 2P < 0.05 vs
HeLa cells; °P < 0.05 vs HeLa cells transfected with miR-342-3p mimic alone; °P < 0.05 vs HeLa cells transfected with FOXM1 cDNA alone (n = 3).
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Figure 8 Comparing self-renewal related stemness between SiHa or CaSki cells and the corresponding cervical cancer stem cell-like
cells. A: DNA methyltransferase 1 (DNMT1) mRNA level in SiHa and CaSki cells and their corresponding cervical cancer stem cell-like cells (CCSLCs); B: MicroRNA
(miR)-342-3p level in SiHa and CaSki cells and their corresponding CCSLCs; C: Forkhead box M1 (FOXM1) protein expression level SiHa and CaSki cells and their
corresponding CCSLCs with a-tubulin as a loading control; D and E: Representative images of spheres and colonies (left) (scale bars = 100 pm); sphere formation
efficiency and colony formation efficiency (right) in SiHa and CaSki cells and their corresponding CCSLCs; F: CD133 and CD49f protein amount with a-tubulin as a
loading control; G: SRY-box transcription factor 2 (SOX2) and octamer-binding transcription factor 4 (OCT4) mRNA levels in SiHa and CaSki cells and their
corresponding CCSLCs. 2P < 0.05 vs SiHa cells; °P < 0.05 vs CaSki cells (n = 3). SC: Stem cell.

epigenetic modification enzyme) activates FoxM1 in an epigenetic regulatory event, which simultaneously affects
DNMT1 and FoxM1. The above seems to play a relevant role in CC progression, particularly by promoting the CCSLC
self-renewal in CC.

Increasing evidence shows that miRNAs are implicated in abnormal machinery of DNA hypermethylation via DNMT
regulation. In particular, miR-342-3p works as a tumor inhibitor and has low levels in various cancers, such as human
acute myeloid leukemia and CC[10,11,19,34]. Interestingly, it has been suggested that miR-342-3p is modulated by
DNMTT1 via promoter methylation in cancerous cells or CSLCs[19,35]. Our study provided evidence that the mutual
negative interplay between DNMT1 and miR-342-3p stimulated the emergence of CCSLC self-renewal and carcino-
genicity in CCSLCs. Knockdown of DNMT1 elevated miR-342-3p levels and decreased CCSLC self-renewal and carcino-
genicity. MiR-342-3p mimic transfection repressed both the transcriptional and posttranscriptional expression of DNMT1.
More notably, the overexpression of DNMT1 reversed the blocking impact of overexpressing miR-342-3p on CCSLC self-
renewal and carcinogenicity in HeLa cell lines. Furthermore, the luciferase assay showed DNMT1 as a target gene of miR-
342-3p, which would signify that miR-342-3p is particularly implicated in the modulation of DNMT1. These findings
suggest that the mutual negative modulation between DNMT1 and miR-342-3p could become a prospective therapeutic
approach for treatment through CCSLCs targeting. The above could assist in the search for a demethylating agent in the
field of epigenetic cancer therapy.

FoxM1 is a well-known cancerogenic transcription element that plays a role in numerous biological routes, including
the generation of CSLC characteristics[21-23]. However, in CCSLCs, the FoxM1-linked upstream modulatory processes
remain unclear. This study is consistent with this hypothesis since we observed that knockdown of FOXM1 can replicate
the inhibitory impact of miR-342-3p on CCSLC self-renewal. Importantly, increased expression of FOXM1 reversed the
suppressive effects of overexpressing miR-342-3p on CCSLC self-renewal and carcinogenicity but did not affect DNMT1
and miR-342-3p expression in HeLa cells. However, one limitation should be noted. Differential self-renewal capability
between the CC cell lines HeLa, SiHa, and CasKi used in our study were observed, and the reason was unclear. This may
be attributed to the different sensitivities of the cell lines and their differentially expressed genes[36,37].

CONCLUSION

Our results in this work provided a rationale for FoxM1 promoting CCSLC self-renewal by miR-342-3p downregulation,
which functioned through the mutual negative modulation between DNMT1 and miR-342-3p in CC. Interestingly, we
also demonstrated that overexpression of FOXM1 is able to reverse the suppressive impact of miR-342-3p over CCSLC
self-renewal without influencing the expression of miR-342-3p and DNMT1. As far as we know, this is the first report to
demonstrate miR-342-3p downregulation via upregulation of FOXM1 by DNMTT1 activation in promoting CCSLC self-
renewal of CC.
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Abstract

BACKGROUND

Acute lung injury (ALI) is a fatal and heterogeneous disease. While bone marrow
mesenchymal stem cells (BMSCs) have shown promise in ALI repair, their efficacy
is compromised by a high apoptotic percentage. Preliminary findings have
indicated that long noncoding RNA (IncRNA)-ENST expression is markedly
downregulated in MSCs under ischemic and hypoxic conditions, establishing a
rationale for in vitro exploration.

AIM

To elucidate the role of IncRNA-ENST00000517482 (IncRNA-ENST) in modulating
MSC apoptosis.

METHODS

Founded on ALI in BEAS-2B cells with lipopolysaccharide, this study employed a
transwell co-culture system to study BMSC tropism. BMSCs were genetically
modified to overexpress or knockdown IncRNA-ENST. After analyzing the effects
on autophagy, apoptosis and cell viability, the IncRNA-ENST/miR-539/c-MYC
interaction was confirmed by dual-luciferase assays.

RESULTS

These findings have revealed a strong correlation between IncRNA-ENST levels
and the apoptotic and autophagic status of BMSCs. On the one hand, the over-
expression of IncRNA-ENST, as determined by Cell Counting Kit-8 assays,
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increased the expression of autophagy markers LC3B, ATG7, and ATG5. On the other hand, it reduced apoptosis
and boosted BMSC viability. In co-cultures with BEAS-2B cells, IncRNA-ENST overexpression also improved cell
vitality. Additionally, by downregulating miR-539 and upregulating c-MYC, IncRNA-ENST was found to influence
mitochondrial membrane potential, enhance BMSC autophagy, mitigate apoptosis and lower the secretion of pro-
inflammatory cytokines interleukin-6 and interleukin-1p. Collectively, within the in vitro framework, these results
have highlighted the therapeutic potential of BMSCs in ALI and the pivotal regulatory role of IncRNA-ENST in
miR-539 and apoptosis in lipopolysaccharide-stimulated BEAS-2B cells.

CONCLUSION

Our in vitro results show that enhanced IncRNA ENST expression can promote BMSC proliferation and viability by
modulating the miR-539/c-MYC axis, reduce apoptosis and induce autophagy, which has suggested its therapeutic
potential in the treatment of ALL

Key Words: Long noncoding RNA; Mesenchymal stem cell; Mitochondrial; Apoptosis; Autophagy; Acute lung injury

©The Author(s) 2025. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: In this research, we established an acute lung injury (ALI) model and manipulated long noncoding RNA
(IncRNA)-ENST levels in bone marrow mesenchymal stem cells (BMSCs) using a lentiviral system. We discovered that
IncRNA-ENST00000517482 is a pivotal regulator of BMSC apoptosis and autophagy in ALI. Modulating IncRNA-
ENST00000517482 not only reduces apoptosis and induces autophagy in BMSCs but also enhances their viability, offering a
novel approach to enhance ALI treatment efficacy via the miR-539/c-MYC axis.

Citation: Shen YZ, Yang GP, Ma QM, Wang Y'S, Wang X. Regulation of IncRNA-ENST on Myc-mediated mitochondrial apoptosis
in mesenchymal stem cells: /n vitro evidence implicated for acute lung injury therapeutic potential. World J Stem Cells 2025; 17(3):
100079

URL: https://www.wjgnet.com/1948-0210/full/v17/i3/100079.htm

DOI: https://dx.doi.org/10.4252/wjsc.v17.i3.100079

INTRODUCTION

The typical symptoms of acute lung injury (ALI) include acute respiratory failure with tachypnea, refractory cyanosis,
decreased lung compliance, and diffuse pulmonary alveolar infiltrates on chest X-ray[1]. Recently, in addition to the
better understanding of the pathophysiology of ALI, there has also been some progress in clinical treatment[2-4]. For
example, some treatment concepts and methods, such as lung-protective ventilation, fluid management and extracor-
poreal membrane oxygenation, have been applied widely. However, the overall clinical mortality rate has not signi-
ficantly decreased[5,6]. Since the 1990s, mesenchymal stem cells (MSCs) have worked in ALI/acute respiratory distress
syndrome and inflammatory lung diseases (chronic obstructive pulmonary disease, asthma, etc.)[3,7,8]. Bone marrow
derived MSCs (BMSCs) can significantly improve the local and systemic inflammatory response in the lung caused by
smoke inhalation injury[9,10].

Extracellular vesicles derived from BMSCs can effectively alleviate pulmonary edema, extensive alveolar hemorrhage,
inflammatory cell infiltration, and reduce lung injury scores[9]. Notwithstanding, after injecting a large number of BMSCs
into the animals’ bodies, most of the BMSCs underwent apoptosis or were lost for unknown reasons within a few days
after being transferred to the damaged lung tissue. Ultimately, the number of cells that differentiated into the corres-
ponding functional cells was very limited, which greatly affected the therapeutic efficacy[11]. Chen et al[7] confirmed that
MSCs transplanted into the lungs exhibited significant apoptosis in ALI caused by ischemia-reperfusion. Autophagy, the
primary mechanism for delivering various cellular components to lysosomes for degradation and recycling, plays a
crucial protective role in a variety of diseases[12,13]. It was concluded that reducing MSCs apoptosis and improving their
transplantation rate and survival rate were key to enhancing the therapeutic efficacy of MSCs.

Mitochondrial apoptosis control is regulated by multiple signaling molecules, including long noncoding RNA
(IncRNA). There is growing evidence that IncRNAs are closely associated with the occurrence and progression of various
diseases, such as myocardial infarction[14] and cancer[15,16]. In previous experiments, MSCs under hypoxic-ischemic
conditions were cultured. Furthermore, a gene chip (Arraystar LncRNA V3.0 Microarray, United States) was employed to
screen six significantly downregulated IncRNAs, including IncRNA-ENST00000517482 (IncRNA-ENST). According to
small interfering RNA, it was found that MSC apoptosis could be greatly enhanced by interference with IncRNA-ENST,
which was not b achieved by interference with the other five IncRNAs. Therefore, IncRNA-ENST was selected as the
target gene for further experiments. ENST can promote the progression of papillary thyroid carcinoma by activating the
phosphatidylinositol 3-kinase/ protein kinase B signaling pathway[17] and inhibit the progression of renal cancer through
the Wnt/B-catenin signaling pathway[18].
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In mRNA-related studies, microRNAs (miRNAs) are generally considered to be downstream targets of IncRNAs,
which can regulate the expression of target mRNAs by competitively binding with miRNAs. By virtue of the RNA22
prediction software, the potential binding sites between IncRNA ENST and miR-539 were identified, which may have
regulatory effects on mitochondrial-related proteins. This mechanism of indirectly regulating target mRNAs is known as
the competing endogenous RNA (ceRNA) network[19,20].

There is a close relationship between C-MYC gene and IncRNA, which can participate in the regulation of cell prolif-
eration and apoptosis through the mitochondrial apoptosis channel[21,22]. Therefore, it can be assumed that when stem
cells are subjected to apoptotic stimuli such as ischemia and hypoxia, the expression of IncRNA-ENST in the cell nucleus
may be downregulated, leading to changes in mitochondrial outer membrane potential. The formation of permeability
transition pores in the mitochondrial outer membrane can then result in increased permeability. Soluble proteins in the
intermembrane space and pro-apoptotic factors that enter the cytoplasm, such as cytochrome C, further accelerate the
opening of the mitochondrial permeability transition pore and induce stem cell apoptosis. This study aimed to validate
the apoptotic regulatory pathway of stem cells involving “IncRNA-miRNA-MYC-mitochondrial apoptosis”.

MATERIALS AND METHODS

Cell culture and treatment

BMSCs obtained from Thermo Fisher Scientific (Catalog Number: HUM-iCell-s011) were cultured using the Non-Serum
Culture System of Primary Mesenchymal Stem Cells of iCell. The obtained BMSCs were placed in complete culture
medium at 37°C with 5% CO,. Our in vitro stem cell study, devoid of animal testing or human samples, complied with
scientific and safety protocols, utilizing only commercially available, de-identified cell lines without ethical or privacy
concerns.

BMSCs lentivirus transfection

The infection solution was added to the BMSCs culture dish and an appropriate amount of virus was also added based on
the cell’s multiplicity of infection value. After 18-20 hours of infection, the freshly-prepared medium replaced the ready-
prepared medium. After 72 hours, microscopy was employed to observe the fluorescence and infection efficiency.

RNA extraction

According to the manufacturer’s instructions, Trizol (Sigma) and an ND-1000 spectrophotometer were utilized to extract
the total RNA from cell samples and determine the RNA concentration and purity, respectively. Only samples with an
absorbance ratio of 260 nm/280 nm around 2.0 and a ratio of 260 nm/230 nm between 1.9 and 2.2 were considered for
further study.

Quantitative reverse transcriptase polymerase chain reaction

SYBR Green Real-Time PCR Master Mix (Thermo Fisher Scientific) was adopted to quantify mRNA levels found using the
quantitative reverse transcriptase polymerase chain reaction (PCR) method. The relative levels of the target gene were
determined by the -AACt method. TagMan miRNA RT-Real Time PCR was employed to detect the levels of miR-539. The
TagMan MicroRNA Reverse Transcription Kit (Vazyme Scientific) was utilized to synthesize single-stranded cDNA,
followed by amplification using TagMan Universal PCR Master Mix (Thermo Fisher Scientific). U6 snRNA was used for
normalization. The relative levels of miRNA were determined by means of the -AACt method.

The primer sequences are as follows: Forward 5-TGACTTCAACAGCGACACCCA-3" and reverse 5'-CACCCTGT-
TGCTGTAGCCAAA-3 for human GAPDH, forward 5'-TGCTCCCAGAACTGTTTCTCCTGA-3" and reverse 5'-CTTGGT-
TGCTGCTCCTGTGTCTT-3" for human ENST0000051748, forward 5-GCGGAGAAATTATCCTTG-3" and reverse 5'-
GTGCAGGGTCCGAGGT-3’ for human miR-539, forward 5-GGCTCCTGGCAAAAGGTCA-3" and reverse 5'-CTGCG-
TAGTTGTGCTGATGT-3’ for human MYC.

Cell Counting Kit-8

The cell viability of BMSCs after different interventions was determined using a Cell Counting Kit-8 (CCK-8, LabLead,
CKO001-5000T). Cells in suspension, counted using a hemocytometer, were plated to form a gradient of cell concentrations.
Determined after 2 to 4 hours of cell incubation after seeding, the optical density values were measured, followed by the
addition of CCK-8 reagent.

Flow cytometry
After collecting cells treated with different interventions, they were incubated with annexin V-APC and propidium

iodide. According to the detection of apoptotic cells by flow cytometry, the results were analyzed using FlowJo software
(v10.4.1) (Tree Star, Inc., Ashland, OR, United States).

Western blot

A lysis buffer [(RIPA lysis buffer):(proteinase inhibitor) = 99:1] was employed to perform the protein extraction in the
BMSCs culture. After determining protein concentration by the BCA method, electrophoresis, wet transfer, blocking and
antibody incubation were carried out. Following color development, the gel was photographed and the expression level
of the target protein was analyzed using a gel imaging system. The antibodies used in the study were as follows: LC3B
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(Abcam, #ab48394, 1:3000), ATG7 (CST, #8558, 1:1000), GAPDH (Proteintech, #60004-1-Ig, 1:30000), goat anti-rabbit
(Beyotime, #A0208, 1:3000), and goat anti-mouse (Beyotime, #A0216, 1:3000).

Cell migration

Cell migration experiments were performed using the Transwell system (Corning, NY, United States) to evaluate the
migratory capacity of BMSCs in an indirect co-culture system. BMSCs were seeded in the upper chamber of a Transwell,
which was coated with Matrigel. The lower chamber contained BEAS-2B lung epithelial cells treated with lipopolysac-
charide (LPS) (10 pg/mL) for 12 hours to simulate an ALI-like inflammatory environment. The biological conditions of
ALI were simulated by stimulating lung epithelial cells or macrophages with LPS. This setup allowed for indirect
interaction between BMSCs and BEAS-2B cells through soluble factors in the shared medium, without direct cell-to-cell
contact. The migration of BMSCs was assessed after a 12-hour incubation period by staining the cells that migrated to the
lower surface of the membrane, which was then quantified using a cell counting method.

Enzyme-linked immunosorbent assay

The concentrations of inflammatory cytokines in the culture medium, including interleukin (IL)-6 enzyme-linked
immunosorbent assay (ELISA) Kit (ML002293) and IL-1B ELISA Kit (SEKM-0002), were determined by an ELISA assay
kit.

The luciferase reporter experiment

DMEM (10 pL) was thoroughly mixed with the desired plasmid (IncRNA-ENST or c-MYC)-3" untranslated region (0.16
pg) and the hsa-miR-539-5p or negative control (NC) (5 pmol). Then, 10 pL of DMEM and 0.3 uL of transfection reagent
were added to the mixture, which was transfected into 293T cells. After 48 hours of transfection, the dual-luciferase®
reporter gene detection system was employed to perform a dual luciferase assay of the cells following the manufacturer’s
instructions.

Statistical analysis

For each sample in every group, three parallel experiments were set up and each experiment was independently repeated
three times. The data from the experiments in each group conformed to normal distribution and homogeneity of variance,
which are represented as the mean * SD. GraphPad Prism software version 7.0 was used to analyze the data. Addi-
tionally, either an independent samples t-test or analysis of variance (ANOVA) was employed to assess differences
between the groups. A P value of < 0.05 was considered to indicate statistically significant differences.

RESULTS
Screening and identification of IncRNA ENST

In the preliminary study, we established a BMSC apoptosis model by simulating pulmonary epithelial cells, and screened
and identified ischemia and hypoxia related IncRNA-ENST. We obtained the clustering analysis chart (Figure 1A) and the
normalized IncRNA expression values (Figure 1B), as well as the volcano plot (Figure 1C). Additionally, through gene
chip screening (Arraystar LncRNA V3.0 Microarray, United States) in MSCs cultured under ischemia and hypoxia
conditions, we found that the expression of IncRNA-ENST and five other IncRNAs was significantly reduced, suggesting
that they may be associated with ischemia and hypoxia-induced apoptosis, while the expression of six other IncRNAs
was significantly increased (Figure 1D)

LncRNA-ENST affects the apoptosis and autophagy levels of BUSCs

As shown in Figure 2, observations under an inverted fluorescence microscope demonstrated high transfection efficiency
of lentiviral transduction. Knockdown BMSC was constructed by packaging IncRNA-ENST with lentivirus, and
quantitative PCR was used to detect the knockdown efficiency of IncRNA-ENST. The results showed that compared to
the sh-NC group, the expression efficiency of IncRNA-ENST was significantly reduced in the shIncRNA-ENST group
(Figure 3A). Similarly, overexpressed BMSC was constructed by packaging IncRNA-ENST with lentivirus, and quan-
titative PCR was used to detect the overexpression efficiency of IncRNA-ENST. The results showed that compared to the
NC group, the overexpression efficiency of IncRNA-ENST in the IncRNA-ENST-OE group was 343.09 (P < 0.001)
(Figure 3B). BMSCs were treated with 10 mmol/L 3-MA, an autophagy inhibitor, and the CCK-8 assay was used to assess
cell viability and evaluate cell damage, while flow cytometry was used to detect apoptosis. The results showed that
compared to the sh-NC group, the cell viability of the shIncRNA-ENST group was significantly reduced, with an increase
in apoptosis levels; and compared to the IncRNA-ENST-OE group, the cell viability of the IncRNA-ENST-OE-3MA group
was significantly increased (Figure 3C), with reduced apoptosis and the apoptosis levels and statistical chart are shown in
Figure 3D. In addition, the expression of autophagy-related proteins LC3B, ATG7, and ATG5 was upregulated in the
silenced group, while the expression in the IncRNA-ENST-OE-3MA group was lower compared to the NC-3MA group
(Figure 3E).

BMSCs promote the viability and migration of lung epithelial cells BEAS-2B
A transwell chamber was used to construct an in vitro indirect co-culture model. After treating lung epithelial cells BEAS-
2B with LPS for 12 hours to induce ALI, the migration level of BMSCs in the ENST knockdown group was decreased, and

WIJSC | https://www.wjgnet.com 4 March 26,2025 | Volume17 | Issue3 |

Jaishideng®



Shen YZ et al. MSC therapy in ALI

Color key
A and histogram B
€
5 79 .
Value b
N
©
| £
o
£
(=%
3
o
()]
w
)
a
>
o
(C]
2 74 - - - - -
2 4 6 8 10 12 14 16 18
Group-A-Q group (normalized)
C
8
. 6
(]
=
©
>
&
o
~—
— — — — — — — — o 4
o o o o (=% o o o o
3 3 3 3 3 3 3 3 -
[ [ o [ o [ o S '
jo) j=2] j=2] j=21 (o)) (o)) (o)} (o))
¢ Q¢ @ 9 u y Y
I ¥ & & 2 @ o o
5 8§ & 8 £ & L K 2
0 i
-3 -2 -1 0 1 2 3
D Seqname P-value Fold change Regulation Bl:grgozu E)Felsd;gagggg P
ENSTO00000452336 0.047621231 3.7788488 down
ENST00000415237 1.50487E-05 3.5532828 down
ENST00000517482 1.65358E-06 2.5000627 down
ENSTO00000455081 0.000318203 2.4604451 down
ENSTO00000581442 6.24881E-06 2.2934846 down
ENST00000475331 7.15689E-05 2.0285119 down
ENST00000453348 0.001010134 0.149845 up
ENST00000416124 0.002602645 6.5702061 up
ENST00000434859 0.002969832 5.1535587 up
ENST00000555250 0.002816394 4.2674811 up
ENST00000422831 0.00060091 3.7332966 up
ENST00000422366 0.002795976 3.6307133 up
ENST00000517482 E: bl Tr: ipt ch GRCh38:8:1:145138636:1

TTCCATTACCGGCCAGCTACATTTAAGGGGCCATTCAACAGTGGCAGGGAGGGAAGAGCC
ACAGCTCTGGAGAGCACTCTTTICTTCTGGTCCATTATTTTCCCTGAAGAGACCCCTGAC
GCCTAAAGAGACGGTATCGCTCTGCTGCCCAGGCTGCAGTGCAGIGGCACAATCACAGCT
GACGGCAGACTTGACCCCCCCAGGCTCAAGCGATCCTCCCACCTCAGCCTCCAGAGTAGC
TTGGACTACAGCCCTGTCTCAGTGTGGCCTGCTCCCAGAACTGTTTCTCCTGACTICTCA
TTTCACCAAGAAGACATGGACTCAGAAAAATGAAGAGAGAAACACAAAGACACAGGAGCA
GCAACCAAGCCCCTCTTCTCCAGGCAATCATCTGACTTCAATTGGCATAGACCCCTTAGG
GGTGTGGACACTGTCTGAAAGTATCTGGAGAGACCAAGTTTCAGCAGCCACTAAGCTGTC
AAGGCTCTITAAAAATCTGATTCCTGGCCAGGCACGGGGGCGCACGCCTGTCACCCCAGT
ACTTTGGGAGGCT

Figure 1 Screening and identification of ischemia, hypoxia, and oxidative stress-related long noncoding RNAs in lung injury. A: Heatmap of
differentially expressed long noncoding RNAs (IncRNAs) between lung injury groups and controls; B: Based on the normalized INcRNA expression levels in lung injury

3ﬁ9® WJSC | https://www.wjgnet.com 5 March 26,2025 | Volume17 | Issue3



Shen YZ et al. MSC therapy in ALI

and control groups; C: Volcano plot of differentially expressed IncRNAs between lung injury and control groups; D: Sequences of IncRNAs and IncRNA-ENST
screened by gene chip.

LV3-OE-NC LV3-OE-ENST LV3-sh-NC LV3-sh-ENST

PF

GPF

Figure 2 Inverted fluorescence microscopy was used to observe the cell lentiviral transfection efficiency. “Transfection efficiency” was
qualitatively evaluated based on green photo fluorescence, with cells exhibiting green photo fluorescence expression considered successfully transfected.
“Quantitative analysis” was performed by flow cytometry, where the percentage of green photo fluorescence-positive cells was determined. The transfection efficiency
was calculated to be “greater than 80%” based on flow cytometry results. NC: Negative control; PF: Photo fluorescence; GPF: Green photo fluorescence; OE:
Overexpression.

the viability of BEAS-2B cells was reduced. In contrast, the migration level of BMSCs in the ENST overexpression group
was increased, and the viability of BEAS-2B cells was enhanced (Figure 4A and B). At the same time, ELISA experiments

observed that the overexpression of ENST significantly decreased the expression levels of related factors IL-1p and IL-6
(Figure 4C).

LncRNA ENST binds to miR-539-5p

In preliminary work, we used the RNA22 prediction software to identify potential binding sites between IncRNA-ENST
and miR-539. Through luciferase assays, we found that the mimic of miR-539-5p significantly inhibited the luciferase
activity of the wild-type ENST reporter gene but had no significant effect on the luciferase activity of the mutant ENST
reporter gene. Additionally, the level of ENST was overexpressed or silenced in BMSCs (Figure 5A).

MiR-539-5p binds to c-MYC

Similarly, the luciferase reporter assay revealed the presence of miR-539 binding sites in the 3" untranslated region of c-
MYC. The luciferase activity of the wild-type c-MYC reporter gene was inhibited by the mimic of miR-539-5p, while no
significant change was observed in the luciferase activity of the mutant c-MYC reporter gene (Figure 5B).

LncRNA ENST is involved in regulation through the miR-539-5p/c-MYC axis

Through luciferase reporter assays, we validated the binding sites between IncRNA ENST and miR-539-5P, as well as the
binding sites between miR-539-5P and c-MYC. As shown in Figure 6, observations under an inverted fluorescence
microscope demonstrated high transfection efficiency of lentiviral transduction. Using lentivirus packaging, we
constructed plasmids for the overexpression of IncRNA ENST and the knockdown of c-MYC. Through quantitative
reverse transcriptase PCR, we found that successful overexpression of ENST resulted in downregulation of miR-539-5P
expression and upregulation of c-MYC expression. After functionally silencing c-MYC, we also observed the same effects:
Silencing ¢-MYC led to downregulation of IncRNA-ENST expression and upregulation of c-MYC expression. By
combining the binding sites among the three genes, we discovered that IncRNA-ENST is involved in regulation through
the miR-539-5P/c-MYC axis (Figure 7).

LncRNA ENST regulates autophagy and apoptosis of BUSCs through the miR-539-5p/c-MYC axis

After identifying the ceRNA regulatory relationship among the three genes, we detected apoptosis and autophagy of
BMSCs. Flow cytometry analysis revealed that the apoptosis level of the OE-IncRNA-ENST + NC (KD) group was
significantly decreased, while the apoptosis level of the sh-cMYC + NC (OE) group was significantly increased, and the
apoptosis levels and statistical chart are shown in Figure 8A. Western blot analysis of autophagy-related proteins
indicated that the expression of autophagy-related proteins LC3B, ATG7, and ATG5 was significantly upregulated in the
OE-IncRNA-ENST + NC (KD) group, whereas the expression levels of autophagy-related proteins were significantly
downregulated in the sh-cMYC + NC (OE) group (Figure 8B). This suggests that IncRNA-ENST induces autophagy in
BMSCs through the miR-539-5p/c-MYC axis, reducing their apoptosis level.
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Figure 3 Long noncoding RNA-ENST affects the apoptosis and autophagy levels of bone marrow mesenchymal stem cells. A: The
quantitative polymerase chain reaction analysis revealed the knockdown efficiency of long noncoding RNA (IncRNA)-ENST (n = 3); B: The quantitative polymerase
chain reaction analysis showed the overexpression efficiency of INCRNA-ENST (n = 3); C: The Cell Counting Kit-8 assay was used to evaluate cell viability and
assess cell damage (n = 3); D: Flow cytometry dual staining was conducted to detect cell apoptosis (apoptosis level statistics chart and flow cytometry chart) (n = 3);
E: Western blot analysis was performed to detect the expression of LC3B, ATG7, and ATGS5 after knocking down IncRNA-ENST (n = 3). 3P < 0.001, °P < 0.01, °P <
0.05. BMSC: Bone marrow mesenchymal stem cell; LncRNA: Long noncoding RNA; NC: Negative control; OE: Overexpression.

LncRNA ENST regulates the cell viability and mitochondrial membrane potential of BMSCs through the miR-539-5p/c-

MYC axis

We constructed overexpression plasmids for LncRNA-ENST and knockdown plasmids for c-MYC, packaged lentivirus,
and infected BMSCs. We assessed cell damage using the CCK-8 assay to detect BMSC viability. The results showed that
cell viability in the OE-IncRNA-ENST + NC (KD) group was significantly increased (P < 0.001), while cell viability in the
sh-cMYC + NC (OE) group was significantly decreased (Figure 9A). In the JC-1 staining experiments to detect mito-
chondrial membrane potential, it was observed that the overexpression of ENST resulted in a significant increase in
mitochondrial membrane potential, while c-MYC knockdown led to a significant decrease in mitochondrial membrane
potential (Figure 9B).

DISCUSSION

Autophagy and apoptosis are two interrelated mechanisms that occur in response to cellular stress. However, the
molecular interactions between these two mechanisms have not been fully understood. It is well known that autophagy
serves as a cellular protective mechanism under physiological conditions, which encompasses the negative regulation of
cell apoptosis, and vice versa. Recent research has confirmed the cross-talk between autophagy and apoptosis, which was
manifested through the regulation of shared pathways and genes. These regulated genes consisted of p53, Atgb, Bcl-2 and
others. Stimulation leading to the activation or inhibition of these genes would have effects on the cellular fate through
specific pathways[23].

As a hot topic of research, IncRNA ENST has played a significant role in numerous biological processes, such as
epigenetic regulation, cell cycle control, regulation of apoptosis and senescence, cell differentiation, transcription and
post-transcriptional regulation[24-26]. MYC is an important regulatory gene in the process of tumorigenesis[27]. The
encoded protein by c-MYC gene, which is a vital intracellular transcription factor as a proto-oncogene, mediates the
transfer of biological signals from extracellular to intracellular to the nucleus. Moreover, it is involved in the regulation of
cell proliferation, metabolism and apoptosis. The normal c-MYC gene maintains cell division and proliferation. Notwith-
standing, if the external signal changes or the cell genetic genes are damaged, the c-MYC gene will induce cell apoptosis
[28,29].

This study has demonstrated that the IncRNA-miR-539-c-MYC axis selectively regulates the apoptosis and autophagy
of BMSCs and may potentially serve as a novel pathway to enhance the survival rate of BMSCs and ALI. Through small
interfering RNA interference, it was found that the interference with IncRNA-ENST led to a significant increase in MSCs
apoptosis, while the interference with the other 5 IncRNAs had little effects on MSCs apoptosis. Furthermore, the
luciferase reporter assay demonstrated the binding sites between IncRNA ENST and miR539, as well as between miR539
and c-MYC. Therefore, the scientific hypothesis has been proposed that when stem cells are stimulated by apoptotic
signals such as ischemia or hypoxia, the downregulation of nuclear IncRNA-ENST, in cooperation with MYC, induces
conformational changes in the pro-apoptotic protein BAX/BAK, located in the cytoplasm. These changes bring about the
translocation to the outer mitochondrial membrane and help the formation of pores for release, thus enhancing
mitochondrial membrane permeability. Furthermore, by allowing the soluble proteins in the intermembrane space and
pro-apoptotic factors such as cytochrome C to enter the cytoplasm, apoptosis in stem cells is ultimately triggered
Figure 10).

( 3Tjhis stu)dy has determined the effects of IncRNA-ENST on the apoptosis of BMSCs under conditions of ischemia and
hypoxia. The experimental studies of knockdown and overexpression have demonstrated that IncRNA expression within
a certain range can enhance the autophagy of MSCs and reduce the apoptosis rate. Under conditions such as ischemia
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Figure 4 Bone marrow mesenchymal stem cells influence the migration of lung epithelial cells BEAS-2B in an indirect co-culture system.
A: Transwell assay was employed to evaluate the migration ability of bone marrow mesenchymal stem cells (n = 3); B: Cell Counting Kit-8 assay was performed to
assess the viability of BEAS-2B cells (n = 3); C: Enzyme-linked immunosorbent assay was used to detect the expression of interleukin-1p and interleukin-6 (n = 3). 2P
<0.001, °P < 0.01. BMSC: Bone marrow mesenchymal stem cell; LncRNA: Long noncoding RNA; NC: Negative control; OE: Overexpression; IL: Interleukin.
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Figure 5 Dual-luciferase reporter assay was performed to investigate both the binding affinity and transcriptional regulation between
IncRNA-ENST and miR-539. A: The assay assessed the binding affinity between IncRNA-ENST and miR-539-5p; B: The same assay was performed to assess
the interaction between c-MYC and miR-539-5p and its impact on luciferase activity. 2P < 0.001, °P < 0.01.

and hypoxia, the apoptosis of MSCs was regulated by various aspects of IncRNA. First, the expression of IncRNA-ENST
can enhance autophagy by increasing the expression of autophagy-related proteins, and make full use of intracellular
injurious substances to improve the stress ability of cells and lower cell apoptosis. Moreover, inhibition of its expression
will lead to a further increase in cell apoptosis. However, it has found that when autophagy inhibitors were added to
overexpressed IncRNA-ENTS, the apoptosis level of cells was significantly decreased. It can be assumed that cells can
reduce apoptosis by raising autophagy to a certain extent, but when the autophagy level is too high, apoptosis will
increase. At the same time, the expression of ENST can also reduce cell apoptosis by enhancing the migration ability of
BMSCs, increasing cell activity and reducing the expression of inflammation-related factors IL-6 and IL-1p. The
mechanism may be related to the down-regulation of miRNA-539 and its synergistic effect with c-MYC gene and the
decreased expression of apoptosis-related proteins.

Through the dual luciferase system, the binding sites between IncRNA and mirNA-539 and the binding sites between
miRNA and c-MYC gene, even encompassing the interaction through binding sites, were verified. Previous studies have
confirmed that IncRNA and miRNA can interact with each other through binding, IncRNA can regulate miRNA
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Figure 6 Inverted fluorescence microscopy was used to assess lentiviral transfection efficiency. The percentage of green photo fluorescence-
positive cells was calculated using flow cytometry (n = 3). A transfection efficiency of “greater than 80%” was considered high, based on green photo fluorescence.
Flow cytometry analysis confirmed the high transfection efficiency in both bone marrow mesenchymal stem cells and 293T cells. NC: Negative control; PF: Photo
fluorescence; GPF: Green photo fluorescence.
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Figure 7 Long noncoding RNA ENST is involved in regulation through the miR-539-5p/c-MYC axis. A: Quantitative polymerase chain reaction was
conducted to measure the expression levels of long noncoding RNA-ENST and sh-cMYC (n = 3); B: Quantitative polymerase chain reaction was used to detect the
expression levels of miR539 gene (n = 3); C: Quantitative polymerase chain reaction was conducted to measure the expression levels of c-MYC gene (n = 3). 2P <
0.001, °P < 0.01. LncRNA: Long noncoding RNA; NC: Negative control; KD: Knockdown; OE: Overexpression.

expression through competitive binding and miRNA can influence its activity after binding with IncRNA[30,31]. For
example, during the occurrence of colorectal cancer, IncRNA can reduce the expression of miRNA through its binding
with miRNA, thus affecting the biological behavior of tumor cells[32]. In addition, the genetic analysis of leukemia cells
has shown that when miRNA-155 is overexpressed in leukemia cell lines, the expression level of target IncRNA is
significantly decreased; conversely, the opposite is also true[33]. This study found that the expression of IncRNA was
negatively correlated with that of miRNA, that is, the overexpressed IncRNA could reduce the apoptosis of MSCs by
inhibiting the expression of miRNA. At present, the role of miRNAs is mainly based on the hypothesis of the competitive
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Figure 8 Long noncoding RNA ENST regulates autophagy and apoptosis of bone marrow mesenchymal stem cells through the miR-539-
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5plc-MYC axis. A: Flow cytometry was used to detect cell apoptosis (apoptosis level statistics chart and flow cytometry chart) (n = 3); B: Western blot was used to
detect the protein expression of autophagy-related proteins LC3B, ATG7, and ATG5 (n = 3). 2P < 0.001, °P < 0.01, °P < 0.05. LncRNA: Long noncoding RNA; NC:
Negative control; KD: Knockdown; OE: Overexpression; Pl: Propidium iodide.
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Figure 9 Long noncoding RNA ENST regulates the cell viability and mitochondrial membrane potential of bone marrow mesenchymal
stem cells through the miR-539-5p/c-MYC axis. A: Cell Counting Kit-8 assay was performed to measure the viability of bone marrow mesenchymal stem

cells (n = 3); B: JC-1 staining was performed to detect mitochondrial membrane potential (n = 3). 2P < 0.001. BMSC: Bone marrow mesenchymal stem cell; LncRNA:
Long noncoding RNA; NC: Negative control; KD: Knockdown; OE: Overexpression.

internal RNA (ceRNA) network, that is, miRNAs can affect the expression of target mRNA through the competitive role
of IncRNA. In this experiment, the effect of miRNA-539 on the expression of c-MYC gene is through direct binding, but
whether it also has an effect on the expression of c-MYC gene through indirect influence on IncRNA expression requires
further study. In the validation experiments of the IncRNA-miRNA-c-MYC axis, it has found that IncRNA overexpression
promoted the expression of c-MYC gene. In the case of IncRNA overexpression, knocking down c-MYC gene could lead to
a decrease in IncRNA expression, while in the case of normal IncRNA expression, IncRNA could reduce the expression of
c-MYC gene. Knockdown of c-MYC gene led to increased IncRNA expression.

A possible explanation for this is that the influence of the c-MYC gene on IncRNA is associated with the expression
status of the IncRNA itself. Through detection of the miR539 gene, it was found that overexpression of IncRNA can reduce
miR539 expression, while knockdown of the c-MYC gene can increase miR539 expression. The results of protein detection
related to cell activity, apoptosis and autophagy are consistent with those of the IncRNA knockdown/overexpression
experiments. Therefore, it is reasonable that the IncRNA-miRNA-c-MYC axis can induce changes in autophagy, cell
activity and inflammatory factors in BMSCs, thereby exerting an influence on the level of cell apoptosis.

As important organelles in MSCs, mitochondria not only provide ATP in MSCs, but also transmit extracellular and
intracellular signals when MSCs are subjected to environmental stress or injury. Persistent mitochondrial dysfunction can
lead to hypoxia-induced MSCs injury, thus causing reduced stem cell therapy efficacy after MSCs apoptosis and
inhalation injury[34,35]. BAX/BAK is an important protein that influences mitochondrial fate by regulating
mitochondrial permeability and further regulates mitochondrial transport by influencing mitochondrial permeability
transition pores[36-38]. The detection of mitochondrial membrane potential by JC-1 staining has shown that IncRNA
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Figure 10 Schematic diagram of long noncoding RNA-microRNA-MYC-BAX/BAK-mitochondrial permeability transition pore apoptosis
pathway. LncRNAs: Long noncoding RNAs; miRNAs: MicroRNAs; MSC: Mesenchymal stem cell; MPTP: Mitochondrial permeability transition pore.

overexpression can result in a significant increase in mitochondrial membrane potential, while knockdown of c-MYC
gene can lead to a significant reduction in mitochondrial membrane potential. These results revealed that the IncRNA-
miRNA-c-MYC axis can change mitochondrial membrane potential. Specifically, the membrane potential is impacted by
the change in relevant proteins on the mitochondrial membrane, which then leads to changes in mitochondrial
permeability. In addition, it has also been indirectly verified that the IncRNA-miRNA-c-MYC axis can change the
permeability of the mitochondrial membrane by regulating BAX/BAK, thus affecting the apoptosis level of cells.

At present, there is a lot of evidence that IncRNA can control mitochondrial function and change disease prognosis by
regulating the dynamics of mitochondrial-related proteins and mitochondrial channel proteins[39]. However, even
outside the field of stem cell research, there are no studies to demonstrate the specific association and mechanism of
action between IncRNA and c-MYC. This study has revealed that the regulation of BMSCs apoptosis may be realized
through a synergistic effect between the two. Whether IncRNA and ¢-MYC gene interact with each other through direct
binding or through miR539 as an intermediate to achieve mutual influence, and whether miR539 affects c-MYC gene
indirectly through IncRNA, requires further investigation.

It should be noted that this research also has limitations. Specifically, the reliance on in vitro experiments and an LPS-
induced ALI model may not fully represent the intricacies of the human disease. While these in vitro experiments have
suggested that INcRNA-ENST has therapeutic potential for ALI, this study has emphasized that these findings are
preliminary and require validation with in vivo models to confirm their clinical translational potential. Future research
must bridge this gap by extending the investigation to in vivo environments, ensuring that our understanding of the role
of IncRNA-ENST in ALI is both comprehensive and clinically relevant.

CONCLUSION

This study has proved that IncRNA-ENST can reduce pulmonary epithelial cell apoptosis in the treatment of ALI thereby
enhancing the therapeutic effects. Furthermore, it has revealed the potential of the IncRNA-ENST-miR539-c-MYC axis in
treating ALI by elucidating its regulatory mechanism. However, these results are based on in vitro experiments, and
further in vivo studies are required to validate the therapeutic potential of IncRNA-ENST in ALI treatment.
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Abstract

BACKGROUND

Heart disease remains a leading cause of mortality worldwide, with existing
treatments often failing to effectively restore damaged myocardium. Human-
induced pluripotent stem cells (hiPSCs) and their derivatives offer promising
therapeutic options; however, challenges such as low retention, engraftment
issues, and tumorigenic risks hinder their clinical utility. Recent focus has shifted
to exosomes (exos) - nanoscale vesicles that facilitate intercellular communication
- as a safer and more versatile alternative. Understanding the specific mechanisms
and comparative efficacy of exos from hiPSCs vs hiPSC-derived cardiomyocytes
(hiPSC-CMs) is crucial for advancing cardiac repair therapies.

AIM

To evaluate and compare the therapeutic efficacy of exos secreted by hiPSCs and
hiPSC-CMs in cardiac repair, and to elucidate the role of microRNA 21-5p (miR-
21-5p) in the observed effects.

METHODS
We differentiated hiPSCs into CMs using small molecule methods and charac-
terized the cells and their exos.
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RESULTS

Our findings indicate that hiPSC-CMs and their exos enhanced cardiac function, reduced infarct size, and
decreased myocardial fibrosis in a murine myocardial infarction model. Notably, hiPSC-CM exos outperformed
hiPSC-CM cell therapy, showing improved ejection fraction and reduced apoptosis. We identified miR-21-5p, a
microRNA in hiPSC-CM exos, as crucial for CM survival. Exos with miR-21-5p were absorbed by AC16 cells,
suggesting a mechanism for their cytoprotective effects.

CONCLUSION
Overall, hiPSC-CM exos could serve as a potent therapeutic agent for myocardial repair, laying the groundwork for
future research into exos as a treatment for ischemic heart disease.

Key Words: Human-induced pluripotent stem cells; Human-induced pluripotent stem cell-derived cardiomyocytes; Myocardial
infarction; Exosomes; MicroRNA 21-5p; Apoptosis
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Core Tip: This study explored human-induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) and their
exosomes (exos) for myocardial infarction (MI) repair. Despite issues with hiPSC-CMs, exos are promising due to low
immunogenicity. By differentiating hiPSCs and characterizing, it was found that they improved cardiac function in a murine
MI model. hiPSC-CMs exos are superior, with microRNA 21-5p being key. Thus, they may be a strong agent for myocardial
repair and inspire further research on exo treatment for heart disease.
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INTRODUCTION

Myocardial infarction (MI), more commonly referred to as a heart attack, occurs when blood flow to a section of the heart
is severely curtailed or obstructed, leading to damage or death of the heart muscle cells. It stands as a primary cause of
morbidity and mortality worldwide and imposes a considerable healthcare burden due to its profound effects on the
quality of life and the economic costs associated with treatment and recovery[1]. Current therapies for heart diseases
primarily slow progression, yet they fall short of repairing damaged myocardium. Human pluripotent stem cells (SCs)
exhibit immense potential as a cellular source for cardiac repair due to their boundless self-renewal capacity and their
potential to differentiate into cardiomyocytes (CMs)[2,3]. However, challenges such as low cell retention and engraftment
rates, along with the risks of tumorigenesis and ventricular arrhythmia, impede their clinical application[4]. Studies have
shown that human-induced pluripotent SC (hiPSC)-derived CMs (hiPSC-CMs) can booster myocardial function, mitigate
ventricular remodeling, and curtail mortality in rats with MI. Transplanted hiPSC-CMs not only achieve electromech-
anical integration with the host tissue[5-8] but also secrete cytokines that foster angiogenesis and survival of the injured
muscle[9]. These improvements in cardiac function have largely been attributed to paracrine factors[10,11].

Exosomes (exos) are vital mediators of intercellular communication, characterized as small membrane vesicles that
carry a variety of biomolecules[12]. Studies have indicated that exos can modulate the survival, proliferation, and apo-
ptosis of CMs, as well as participate in inflammatory responses and angiogenesis[13,14]. In the pathology of MI, exos play
a pivotal role. Particularly after MI, exos released by damaged CMs may carry signaling molecules that are beneficial to
myocardial repair and regeneration. For example, Sun et al[15] documented that exos with overexpressed hypoxia-
inducible factor 1 alpha (HIF-1o) can rescue the impaired angiogenic potential, migratory capacity, and proliferative
activity of hypoxia-damaged human umbilical vein endothelial cells. Furthermore, cardiosphere-derived SCs have been
shown to produce exos that stimulate myocardial regeneration by delivering microRNAs (miRNAs) to the heart tissue,
thereby facilitating the therapeutic potential of these vesicles for the treatment of MI[14,16].

MiR-21-5p is an miRNA that is upregulated in various cardiovascular diseases and has a particularly prominent role in
MI[17,18]. In MI, miR-21-5p is involved in processes such as apoptosis, fibrosis, and angiogenesis of CMs by regulating
multiple target genes. For instance, miR-21-5p can suppress the expression of certain anti-apoptotic genes, thereby
promoting the death of CMs[19,20]. Furthermore, miR-21-5p is involved in the regulation of the expression of angio-
genesis-related factors, affecting vascular regeneration after MI[21]. Therefore, miR-21 has potential clinical application
value in the treatment of MI. By modulating the expression levels of miR-21, it may provide new strategies for the
treatment of ML
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In this study, we explored the therapeutic potential of hiPSC-CM exos in a murine model of ML

MATERIALS AND METHODS

Differentiation of hiPSCs into cardiac cells

HiPSCs were obtained from Nuwacell Biotechnologies Co., Ltd. (Anhui, China) and were genetically labeled with green
fluorescent protein (Luc-GFP). HiPSCs were cultured in an incubator with 5% CO, at 37 °C in ncEpic (Nuwacell) iPSC
medium (Nuwacell), and prepared using serum-free basal medium mixed with additives in a ratio of 1:125. The complete
culture medium was stored at 4 °C and could be used for up to 4 weeks, ensuring that it was equilibrated to room
temperature before use.

HiPSCs were induced to CMs by selective modulation of the Wnt pathway in a monolayer culture using the
CardioEasy Kit (Cellapy Biotechnology, Beijing, China) as previously reported[22]. In brief, the medium was changed to
Induction Medium I when the hiPSCs reached about 80% confluency. After 48 hours, hiPSCs were cultured in Induction
Medium II for another 48 hours and then in Induction Medium III, with the media changed every other day. On days 7-9,
the cells began to contract. Then hiPSC-CMs were glucose-starved for 3 days by CardioEasy purification. Afterward, the
media were replaced with a maintenance medium for human myocardial cells (Cellapy) and were changed every other
day. HiPSC-CMs were identified by immunofluorescence staining. For cell recovery, a 10 pM culture medium was
prepared by mixing the complete culture medium with Nuwacell™ blebbistatin at a ratio of 4000:1. The culture medium
for the first day of cell recovery and passaging was supplemented with 10 pM blebbistatin to support cell viability and
proliferation.

The myocardial differentiation additives were stored at -20 °C and thawed at 4 °C before use. After thawing, the
additives were briefly centrifuged to ensure homogeneity. The differentiation reagents were prepared by mixing the
myocardial differentiation additives with the basal medium at a ratio of 1:49. To avoid repeated freeze-thaw cycles, the
thawed additives were aliquoted according to usage and stored at -20 °C. The prepared differentiation reagents could be
stored at 4 °C and used within 1 month.

Immunofiuorescence staining

Immunofluorescence staining was performed in a confocal dish, with hiPSC-CMs fixed in 4% paraformaldehyde for 10
minutes. The fixed cells were washed with Tris-buffered saline with Tween-20 (TBST), and then the samples were
permeabilized with 0.1% Triton X-100 for 10 minutes at room temperature and blocked in 10% goat serum to reduce
nonspecific binding. The cells were incubated overnight at 4 °C with cardiac troponin T (¢TNT, 1:100; R&D System:s,
Minnesota, MN, United States), 2v isoform of myosin light chain (1:100; ProteinTech, Chicago, IL, United States), and
NK2 homeobox 5 (1:200; Abcam, United Kingdom) monoclonal antibodies and then incubated with the appropriate anti-
mouse secondary antibodies (1:100; Santa Cruz Biotechnology, Santa Cruz, TX, United States) conjugated to Alexa Flour
647. The above-mentioned secondary antibodies were incubated at room temperature for 1 hour in the dark. The nuclei
were counterstained with DAPI staining solution and incubated at room temperature for 5 minutes. The cells were
visualized using the inverted Leica DMi8 microscope (Leica, Wetzlar, Germany).

Confocal and high-content imaging as well as microelectrode array of hiPSC-CMs

Confocal imaging (TCSP8; Leica) and high-content imaging (ImageXpress Micro Confocal; Molecular Devices, San Jose,
CA, United States) were used to investigate the morphology of hiPSC-CMs and assess their contractile function. The
microelectrode array platform was utilized to evaluate the cardiac electrophysiological function of hiPSC-CMs.

Extraction and identification of exos

Purified exos secreted by hiPSC- and hiPSC-CM-derived cells were isolated using an exo isolation kit (Umibio, Shanghai,
China) in accordance with the manufacturer’s protocol. The exo pellet was resuspended in Dulbecco’s Phosphate-
Buffered Saline (DPBS) with the volume indexed to the number of cells from which the exos/microvesicles were derived
(100 pL DPBS/5 x 10° cells). The protein content of exos was assessed using the BCA protein assay kit (Beyotime,
Shanghai, China), and western blotting was used to evaluate the expression of exo-specific markers (cluster of differen-
tiation 63 [CD63] and tumor susceptibility gene 101 [TSG101]). The concentration and size of exos were measured using
nanoparticle tracking analysis (Zetaview-PMX120-Z; Particle Metrix, Inning am Ammersee, Germany), and the
morphology of the exos was assessed by transmission electron microscopy (JEM1400; JEOL Ltd., Tokyo, Japan).

Western blotting

The purified exos were mixed with the lysate in equal volumes, incubated on ice for 30 minutes, and then centrifuged at
12000 rpm for 15 minutes at 4 °C. The supernatant was transferred to a new Eppendorf (EP) tube, and the protein concen-
tration was determined using the BCA method. Subsequently, 5 x loading buffer was added to the supernatant, mixed
well, and boiled at 100 °C for 5 minutes. The samples were separated on a 5% stacking gel and 12% resolving gel, and
then the proteins were electrotransferred to polyvinylidene fluoride membranes at 300 mA for 50 minutes on ice. The
polyvinylidene fluoride membrane was blocked in a solution containing 5% skim milk in poly(butylene succinate-
butylene terephthalate) (PBST) at room temperature for 1 hour. Primary antibodies including B-actin (1:2000), B-cell
lymphoma 2 (Bcl-2) (1:2000), Bcl-2-associated X protein (Bax) (1:2000), HIF-1o (1:2000), CD63 (1:1000), and TSG101
(1:1000) were added and incubated at 4 °C overnight. After washing three times with PBST, horseradish peroxidase-
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labeled secondary antibody (diluted 1:10000) was added and incubated at room temperature for 1 hour. Finally, after
washing three times with PBST, enhanced chemiluminescence reagent was applied and images were captured using the
ChemiDoc MP Imaging System (Bio-Rad, Hercules, CA, United States).

Induction of Ml model and grouping

The acute MI model was developed as previously described[23-26]. In brief, adult male Sprague-Dawley rats (about 250
g) were initially anesthetized with chloral hydrate (300 mg/kg) and maintained under 2.0% lidocaine anesthesia. The rats
were connected to a rodent ventilator via tracheal intubation. The left anterior descending coronary artery was per-
manently ligated, and complete ligation was confirmed by the rapid change in color, pallor, and ST elevation observed
with continuous electrocardiogram monitoring during the procedure. Thirty minutes after establishment of the MI
model, intramyocardial injections were performed at four sites surrounding the rat MI area. All rats were randomly
assigned to the following groups (n = 10/ group): (1) PBS group; (2) iPSC group, injection of 5 x 10° iPSCs and Matrigel at
a ratio of 1:1 to 60 pL mixture; (3) hiPSC-CM-group, injection of 5 x 10° hiPSC-CMs and Matrigel at a ratio of 1:1 to 60 pL
mixture; (4) iPSC-exo group, injection of 40 pg exos extracted from iPSCs and Matrigel at a ratio of 1:1 to 60 pL mixture;
and (5) Exos derived from hiPSC-CMs (hiPSC-CM-exo) group, injection of 40 pg exos extracted from hiPSC-CMs and
Matrigel at a ratio of 1:1 to 60 pL mixture. The chest was closed, and animals were extubated and removed from ane-
sthesia following restoration of spontaneous respiration.

M-mode echocardiography

Post-MI, M-mode echocardiography was administered at 3, 7, 14, and 28 days by an investigator unaware of the experi-
mental protocols. Standard M-mode parameters, including left ventricular internal diameter in end-diastole and end-
systole internal diameters, were meticulously measured to calculate the left ventricular ejection fraction (LVEF) and left
ventricular fractional shortening (LVFES) in accordance with the guidelines set by the American Society of Echocardio-
graphy recommendations[27]. All parameters were presented as the average of three beats.

Bioluminescence imaging (in vitro and in vivo)

In evaluating the presence of iPSC-Luc-GFP and hiPSC-CM-Luc-GFP in rats, bioluminescence detection was performed
using the IVIS Lumina II detector (PerkinElmer, Hopkinton, MA, United States) on days 0, 3, and 7 post-surgery. Rats
were administered an intraperitoneal injection of 3% pentobarbital sodium for anesthesia (0.1 mL/100 g), followed by
imaging using the IVIS Lumina X5 detector after injection of D-luciferin (150 mg/kg).

Immunohistochemistry and transferase dUTP nick-end labeling staining

In quantifying apoptotic CMs in a rat model of MI, the hearts of three rats were harvested 3 days post-MI. The rats were
anesthetized with intraperitoneal injection of 3% pentobarbital sodium (0.1 mL/100 g) for heart extraction. The hearts
were fixed in 4% polyformaldehyde and embedded in paraffin. Subsequently, paraffin blocks were sectioned into 5 pm
slides for terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay. The TUNEL assay was
performed using a fluorescein (FITC) TUNEL Cell Apoptosis Detection Kit (Servicebio, Wuhan, China) following the
manufacturer’s protocol. DAPI was used for nuclear counterstaining. Under the Leica DMi8 microscope, five positive
view fields were photographed for each section. Image] was used for image analysis. On the 28" day post-model
establishment, four rats from each group were selected randomly. The hearts were fixed in paraformaldehyde and
embedded in paraffin. Subsequently, paraffin blocks were sectioned into 5 pm slides. After slicing, the heart tissue
sections were deparaffinized and dehydrated, followed by staining. The pathological changes of myocardial tissues were
evaluated by immunohistochemical analysis.

Masson trichrome staining

Paraffin-embedded sections were deparaffinized with xylene and graded alcohols, followed by PBS rinses. After
overnight soaking in Masson A solution, sections were treated with Masson B and C mixtures, hydrochloric acid ethanol,
and Masson D and E solutions, and then differentiated in glacial acetic acid and dehydrated in ethanol and xylene.
Finally, sections were neutral gum sealed, observed under a microscope, and the degree of fibrosis was quantified using
Image]J software (https:/ /imagej.net/software/imagej/) based on histological analysis.

Infarct size assessment (2,3,5-triphenyl-tetrazoliumchloride staining)

On the 28" day following model establishment, three rats from each group were randomly selected. The rats were
anesthetized using intraperitoneal injection of 3% pentobarbital sodium (0.1 mL/100 g) to facilitate heart extraction. PBS
was used to wash away blood stains. The heart was dried with gauze and then frozen at -80 °C in a refrigerator for 15
minutes. Subsequently, the heart was sliced into serial sections along with a surgical ligature and then immersed in 1%
2,3,5-triphenyltetrazoliumchloride solution (Sigma Aldrich, Milwaukee, WI, United States). The sections were incubated
in a water bath at 37 °C for 20 minutes. After staining, photographs were taken. The brick red coloration denoted a
normal area, whereas the gray-white color represented the MI area. Image] was utilized to calculate the infarction size.
The infarction percentage (%) was determined by dividing the infarction area by the total area of the heart’s cutting
surface and multiplying by 100%.

High-throughput sequencing
The supernatants of hiPSC and hiPSC-CM cells were collected to extract extracellular vesicles, and sent to Shu Pu
(Shanghai, China) Biotechnologies LLC (DBA Aksomics) for miRNA sequencing. Sequencing of miRNAs in extracellular
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vesicles was performed using the Illumina NextSeq500 sequencer.

Exo RNA extraction and real-time reverse transcription polymerase chain reaction

HiPSC and hiPSC-CM cell supernatants were collected, and exo suspensions were isolated by ultracentrifugation. Then 1
mL TRIzol reagent was added to the exo pellet in an EP tube and exos were lysed by repeated pipetting on ice for 10
minutes. After lysis, 200 pL chloroform was added and mixed thoroughly by vigorous inversion. The mixture was
incubated on ice for 5 minutes before centrifuging at 12000 rpm for 15 minutes. Next, the top aqueous layer was carefully
transferred to a new EP tube, followed by the addition of an equal volume of isopropanol. Then the tube was inverted 10
times and incubated on ice for 10 minutes, followed by centrifugation at 12000 rpm for 10 minutes. The supernatant was
discarded, the RNA pellet was washed with 75% ethanol, and centrifuged again at 7500 rpm for 10 minutes. The liquid
was discarded, and the pellet was air dried. The RNA was resuspended in 30 pL DEPC-treated water. miRNA reverse
transcription was conducted using the PrimeScript™ RT Reagent Kit (Takara Bio Inc., Shiga, Japan) according to the
manufacturer’s protocol. Quantitative PCR (qPCR) was conducted using the Novo Start SYBR qPCR SuperMix Plus
(E096-01B; Novoprotein, Scientific Inc., Shanghai, China) on the CFX96 Real-Time PCR Detection System (Bio-Rad). Beta-
actin served as an endogenous control for normalizing the expression levels of the target genes. The primers utilized in
this study are detailed in Supplementary Table 1.

Transfection with miR-21-5p mimic or inhibitor

A total of 2 x 10° cells were seeded in each well of a 6-well plate with antibiotic-free medium 1 day prior to transfection,
ensuring 50% confluence at transfection time and preventing cell clumping. A total of 10 pL miR-21-5p mimic or inhibitor
was diluted in 250 pL Opti-MEM, and 6 pL Lipofectamine 3000 was diluted in another 250 pL Opti-MEM. The solution
was mixed gently and incubated at room temperature for 5 minutes. The diluted miRNA and transfection reagent were
combined, mixed, and incubated for 20 minutes. The medium was replaced with 1.5 mL antibiotic-free complete medium,
and 500 pL transfection complex was added to each well, followed by incubation at 37 °C with 5% CO, for 24-48 hours.
Then the medium was replaced with complete medium after 4-6 hours if needed.

Flow cytometry

AC16 CMs were plated at a density of 3 x 10° cells per well in a 6-well plate with antibiotic-free complete medium.
Transfection was performed when cells reached about 50% confluence. The medium was replaced with fresh antibiotic-
free complete medium 6 hours post-transfection, and then switched to glucose-free Dulbecco’s Eagle Modified Medium
with 500 pM cobalt chloride (CoCl,) after 48 hours for an additional 24 hours. After this incubation period, the cells were
harvested by trypsinization without EDTA, centrifuged at 1000 g for 5 minutes, and washed with PBS, after which a
working solution of 1 x binding buffer was prepared. Detach cells with trypsin, stop the digestion with culture medium,
transfer to a centrifuge tube, and wash with pre-chilled PBS. The cell pellet was resuspended in 1 x binding buffer to a
concentration of 1 x 10° cells/mL, and then 100 pL of this suspension was transferred to a new tube, followed by the
addition of 5 pL Annexin V-FITC and 5 pL PI. The solution was mixed gently, and incubated in the dark for 15 minutes.
Finally, 400 pL of 1 x binding buffer was added to each tube for flow cytometry analysis.

Statistical analyses
The data were meticulously analyzed and visualized using SPSS 26.0 (SPSS Inc., Chicago, IL, United States). All data are
presented as the mean * SD. Statistical significance was determined using the Student’s ¢-test for comparisons between

two groups and one-way analysis of variance for assessments involving more than two groups. The significance levels
were °P < 0.05 and "P < 0.01.

Ethical approval

The study was approved by the Ethics Committee of Fujian Academy of Medical Sciences (Approval No. DL2021-09;
Fuzhou, China).

Statement of animal rights

All animal protocols were performed in accordance with the Guidelines for Animal Experiments of Fujian Academy of
Medical Sciences (Approval No. DL2021-09).

RESULTS

HiPSC-CM differentiation and identification

To obtain highly pure and relatively mature CMs, we employed small molecule-based methods for myocardial differen-
tiation provided by Nuwacell Biotechnologies Co., Ltd. These cells were genetically labeled with GFP. During the initial
stages of differentiation (days 0-2), the agglomerated hiPSC colonies displayed a typical morphology characterized by a
high nuclear-cytoplasmic ratio (Supplementary Figure 1A). By days 8-9, a notable subset of cells had begun to exhibit
rhythmic beating motions, reminiscent of wave-like patterns (Video 1). Following a 2-day purification process on day 14,
the CMs demonstrated enhanced contractions compared to the earlier stages (Video 2). The purified, differentiated CMs
presented distinct morphological features associated with these cells, including a large cell volume, irregular shape, and
less pronounced nucleocytoplasmic ratio (Supplementary Figure 1B). Confocal microscopy disclosed interconnected
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clusters of CMs displaying synchronized beating, a testament to their robust contractile function (Supplementary Figure
1C, Video 3). High-content imaging revealed a monolayer growth pattern, with individual cells contracting centripetally
at an average frequency of 90 beats per minute (Supplementary Figure 1D, Video 4). The microelectrode array technology
detected robust and regular baseline beating signals (Supplementary Figure 1E and F), with the detailed parameters
outlined in Table 1. To further authenticate the differentiated CMs, immunofluorescence detection was conducted using
specific CM makers, including cTNT, NK2 homeobox 5, and 2v isoform of myosin light chain. The cells showed positive
staining for all three markers (Supplementary Figure 2A-C). These results confirmed the successful differentiation of
hiPSCs into CMs with functional attributes.

Characterization of hiPSCs and hiPSC-CM exos

Exos were isolated from the culture media of hiPSCs and hiPSC-CMs. Utilizing nanoparticle tracking analysis analysis,
we discovered that the exos derived from hiPSCs (hiPSC-exo0) had an average diameter of approximately 165 nm. By
contrast, hiPSC-CM-exo had an average diameter of approximately 108 nm (Figure 1A and B). Further examination by
transmission electron microscopy substantiated the presence of characteristic bilayered membranes within these isolated
exos, confirming their structural integrity (Figure 1C and D). The quantity of these exos/microvesicles was determined
using the Bradford assay - a reputable and widely adopted method for protein quantification. Western blot analysis was
employed to assess the presence of specific exo markers. Our results confirmed the expression of CD63 and TSG101 in
both hiPSC-exos and hiPSC-CM-exos (Figure 1E). This molecular characterization is crucial for verifying the identity and
potential functionality of these exos in subsequent therapeutic applications.

HiPSC-CM exos improve cardiac function in a murine Ml model

We evaluated the protective effects of iPSCs, hiPSC-CMs, hiPSC-exo, and hiPSC-CM-exo on cardiac function following
MI in rats. MI was surgically induced by occluding the distal left anterior descending coronary artery (Figure 2A and B).
Of 54 rats that underwent the procedure, 50 survived and were evenly divided into five groups. The rats in the iPSC
group were injected with 0.5 million hiPSCs, whereas those in the hiPSC-CMs group were injected with 0.5 million
hiPSC-CMs at four sites surrounding the MI area in the rats. The iPSC-exo group and hiPSC-CMs-exo group were
injected with 40 pg exos derived from hiPSCs and hiPSC-CMs, respectively. By contrast, the PBS group was injected with
PBS only. To assess the retention of cells post-injection, luciferase activity was measured on days 0, 3, and 7 following MI.
The bioluminescence signal was most intense on day 0, diminished by day 3, and was nearly undetectable by day 7 post-
MI (Figure 2C). Cardiac function was evaluated using M-mode echocardiography at four distinct time points: 3, 7, 14, and
28 days post-MI. LVEF and LVFS were notably enhanced in the animals treated with hiPSC-CMs-exo compared to those
that received PBS alone, particularly at the 4-week mark. Furthermore, the hiPSC-CMs-exo group demonstrated a
significant improvement in LVEF and LVFS when juxtaposed with the iPSC-exo group and iPSC group in week 4
(Figure 2D-F). The hiPSC-CM-exo exhibited a trend toward a more pronounced amelioration of cardiac function
compared to the other treatment groups, suggesting the potential therapeutic superiority of hiPSC-CM-exo in the context
of myocardial repair.

HiPSC-CM exos reduce the infarction area and myocardial fibrosis

Next, we performed 2,3,5-triphenyltetrazoliumchloride staining to evaluate the myocardial infarct size 28 days after MI.
The results showed that treatment with hiPSC-CM-exo significantly reduced the infarct size, indicating that these exos
have the potential to alleviate cardiac damage post-MI (Figure 3). In alignment with the reduction in infarction area,
Masson staining of the infarct site at the 4-week post-MI disclosed that the administration of hiPSC-CM-exo resulted in a
markedly diminished level of fibrosis when compared to the other treatment groups (Figure 4). These results underscore
the therapeutic impact of hiPSC-CM-exos in attenuating the fibrotic consequences of MI.

HiPSC-CM-exos reduce apoptosis when administered to infarcted rat hearts

In delving into the mechanisms behind the improved cardiac function with hiPSC-CM-exo treatment, we hypothesized
that the mechanism might encompass the activation of cytoprotective pathways. To test this hypothesis, we quantified
apoptotic cells in the hearts of animals euthanized 3 days post-MI (Figure 5 and Supplementary Figure 3). At the border
zone of the infarction, a significantly reduced number of apoptotic cells, identified by TUNEL staining, were observed in
the hiPSC-CM-exo group compared to other groups. This finding suggests that hiPSC-CM-exo may possess the capacity
to suppress apoptosis induced by MIL

HiPSC-CM-exos promote CM survival, angiogenesis, and cell migration

Four weeks after MI, we conducted immunohistochemistry analyses to evaluate the expression levels of cTNT, CD31, and
C-X-C chemokine receptor 4 (CXCR4). These markers are indicative of myocardial cell survival, angiogenesis[28,29], and
cell migration[30], respectively. The group treated with hiPSC-CM-exo exhibited higher levels of cTNT, CD31, and
CXCR4 compared to the other groups, with the most pronounced difference observed between the PBS and hiPSC-CM-
exo groups (Figure 6). These results support the hypothesis that exos derived from hiPSC-CMs can enhance CM survival,
stimulate angiogenesis, and promote cell migration. The results indicated that the transplantation of hiPSC-CM-exo may
trigger paracrine mechanisms that encourage blood vessel growth, cell migration, survival, and intracellular
communication, thereby contributing to the repair and regeneration of the heart tissue post-MI.
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Table 1 Microelectrode array detailed parameters of human-induced pluripotent stem cell-derived cardiomyocytes

Beat period (s) FPD (ms) FPDc (Fridericia ms) Spike amplitude (mV)

HiPSC-CMs 1.6 +0.0 539 + 59 460 + 52 01+0.0

FPD: Field potential duration; FPDc: Corrected field potential duration; HIPSC-CMs: Human-induced pluripotent stem cell-derived cardiomyocytes.
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Figure 1 Characterization of human-induced pluripotent stem cells and human-induced pluripotent stem cell-derived cardiomyocyte
exosomes. A and B: The size was assessed utilizing nanoparticle tracking analysis; C and D: Morphology of human-induced pluripotent stem cells (hiPSCs) and
human-induced pluripotent SC-derived cardiomyocyte exosomes (hiPSC-CM-exos) was analyzed via electron microscopy; E: Western blot analysis confirmed the
expression of cluster of differentiation 63 (CD63) and tumor susceptibility gene 101 in exos derived from hiPSCs and hiPSC-CMs. iPSC-exos: Induced pluripotent
stem cell-derived exosomes.

Data analysis of sequencing miRNA

Screening for miRNAs with significantly increased expression levels in iPSC-exo compared to hiPSC-CM-exo, enrichment
of target gene Gene Ontology (GO), and annotation of the possible pathways by which miRNAs with high iPSC-exo exert
their effects in cells. The enrichment result of biological processes (BP) is GO:0050794 regulation of cellular processes;
GO:0051171 regulation of nitrogen compound metabolic process; GO:0051173 Positive regulation of nitrogen compound
metabolic process (Figure 7A). The enrichment results of cellular components are GO:0005737 cytoplasm, GO:0043227
membrane-bound organelle, and GO:0043231 intracellular membrane-bound organelle (Figure 7B). The molecular
function enrichment results (as shown in Figure 7C) are GO:0005515 protein binding, GO:0003824 catalytic activity, and
GO:0046872 metal ion binding. Four miRNAs, hsa-miR-148a-3p, hsa-miR-21-5p, hsa-miR-151a-3p, and hsa-miR-26a-5p,
were obtained from the collection of highly expressed miRNAs in hiPSC-CMs-exo and iPSC-exo (Figure 7D). Additional,
extract miRNAs from iPSCs-exo, hiPSC-CM-exo, and AC16, real-time reverse transcription polymerase chain reaction
(RT-gPCR) showed that the miR-21-5p, miR-151a-3p, miR-26-5p, and miR-148a-3p were highly expressed in iPSCs-exo
and hiPSC-CM-exo (Figure 7E).

Extracellular vesicles expressing miR-21-5p can be absorbed by AC16 cells

To visually observe whether the miR-21-5p-expressing exos can be absorbed by AC16 cells, we stained the AC16 cell
membrane green (Dil) and labeled the extracellular vesicles red (Dio) with membrane dye. After co-culture of AC16 cells
with extracellular vesicles, we found that the extracellular vesicles colocalized with AC16 cells (Figure 8A and B),
indicating that the extracellular vesicles expressing miR-21-5p could be effectively absorbed by AC16 cells. Next, the
expression of miR-21-5p in AC16 cells treated with extracellular vesicles was determined by RT-qPCR. Compared with
the untreated group, hiPSC-exo and hiPSC-CM-exo treatments significantly increased the expression of miR-21-5p in
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Figure 2 Human-induced pluripotent stem cell-derived cardiomyocyte exosomes improve cardiac function in a murine myocardial
infarction model. A and B: Electrocardiogram changes after left anterior descending following left anterior descending ligation; all rats displayed ST segment
elevations (indicated by the white arrow); C: Bioluminescence imaging of induced pluripotent stem cells (iPSCs) and human-induced pluripotent SC-derived
cardiomyocytes (hiPSC-CMs) on days 0, 3, and 7 post-cell transplantation; D: Left ventricular ejection fractions (LVEFs) were assessed on days 3, 7, 14, and 28 post-
myocardial infarction (MI) injury and treatment. Data are shown as the mean + SD from n = 7 biologically independent samples across different groups; E and F:
LVEF (E) and LVFS (F) were measured on days 3, 7, 14, and 28 post-MI injury and treatment. Data are shown as the mean + SD from n = 7 biologically independent
samples across different groups. 2P < 0.05, °P < 0.05. hiPSC-CM-exos: Human-induced pluripotent stem cell-derived cardiomyocyte-derived exosomes; iPSC-CMs:
Induced pluripotent stem cell-derived cardiomyocytes; iPSC-exos: Induced pluripotent stem cell-derived exosomes; PBS: Phosphate-buffered saline.
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Figure 3 Human-induced pluripotent stem cell-derived cardiomyocyte exosomes reduce infarction area. A: Representative images of 2,3,5-
triphenyltetrazoliumchloride staining across five continuous slices of the left ventricle from various group hearts; B: The infarct size, which is expressed as a
percentage of the total left ventricle area, is depicted. Data are shown as the mean + SD from n = 3 biologically independent samples among different groups. 2P <
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0.05. hiPSC-CMs: Human-induced pluripotent stem cell-derived cardiomyocytes; hiPSC-CM-exos: Human-induced pluripotent stem cell-derived cardiomyocyte-
derived exosomes; iPSCs: Induced pluripotent stem cells; iPSC-CMs: Induced pluripotent stem cell-derived cardiomyocytes; iPSC-exos: Induced pluripotent stem
cell-derived exosomes; LV: Left ventricular; PBS: Phosphate-buffered saline.

AC16 cells (Figure 8C and D).

Construction of anoxic model of AC16 cells

After treating AC16 cells with 125, 250, and 500 pM CoCl, for 24 hours, the results of the Cell Counting Kit-8 assay
showed that the viability of AC16 cells treated with 500 pM CoCl, for 24 hours decreased to about 50% (Supplementary
Figure 4A). Western blot analysis and RT-qPCR results showed that the expression levels of HIF-1a protein and RNA
were significantly increased in AC16 cells treated with 500 pM CoCl, for 24 hours (Supplementary Figures 4B and C),
indicating that chemical hypoxia model of AC16 cells could be successfully constructed after treatment with 500 pM
CoCl, for 24 hours and used for follow-up experiments.

MiR-21-5p inhibits apoptosis in AC16 cells

To further explore the role of miR-21-5p, we first transfected mimic or inhibitor into AC cells for miR-21-5p overex-
pression or knockdown. After transfection with the miR-21-5p mimic (mimic-21 group), compared with the normally
cultured group (NC group), the miR-21-5p mimic significantly increased the expression of miR-21-5p (Supplementary
Figure 5A), indicating that AC16 cells with high expression of miR-21-5p were successfully obtained. After transfection
with the miR-21-5p inhibitor (inhibitor-21), compared with the NC group, the miR-21-5p inhibitor significantly reduced
the expression of miR-21-5p (Supplementary Figure 5B), indicating that AC16 cells with low expression of miR-21-5p
were successfully obtained.

To investigate the role of miR-21-5p in CMs, AC16 cells were transfected with mimic-21 and inhibitor-21. Then hypoxia
was treated, and apoptosis was detected by the TUNEL method. The results showed that hypoxia and inhibitor-21
promoted apoptosis of AC16 cells, while the mimic significantly inhibited apoptosis (Supplementary Figure 5C and D).
Furthermore, AC16 cells were transfected with mimic-21 and inhibitor-21. Then hypoxia was treated, and apoptosis was
detected by flow cytometry. Consistent with the above results, in the hypoxia group compared to the NC group, cells
showed a trend towards increased apoptosis, with an overall rate of apoptosis around 50%. Transfection with the mimic-
21 could reduce the rate of apoptosis after hypoxia relative to the hypoxia group (Supplementary Figure 6A), while
transfection with the inhibitor-21 could increase the rate of apoptosis after hypoxia relative to the hypoxia group
(Supplementary Figure 6B).

MiR-21-5p regulates apoptosis-related gene expression in AC16 cells

To further explore the molecular mechanism of miR-21-5p’s influence on CM apoptosis, we examined the effect of miR-
21-5p on the expression of apoptosis-related genes. Western blot analysis showed that, compared with the hypoxia group,
anti-apoptotic protein Bcl-2 was increased and pro-apoptotic protein Bax expression was decreased in AC16 CMs in the
mimic-21 group (Supplementary Figure 6C). Meanwhile, RT-qPCR was used to detect the RNA expression of Bcl-2 and
Bax genes in AC16 cells. Relative to the hypoxia group, the mRNA expression of the anti-apoptotic gene Bcl-2 increased,
whereas the mRNA expression of the pro-apoptotic gene Bax decreased in the mimic-21 group (Supplementary Figure
6D). This indicates that transfection with mimic-21 can regulate apoptosis-related genes to promote anti-apoptosis.
Furthermore, we examined the effect of miR-21-5p knockdown on apoptosis-related gene expression. Western blotting
showed that, compared with the hypoxia group, the levels of anti-apoptotic protein Bcl-2 decreased and pro-apoptotic
protein Bax increased in AC16 cells after transfection with inhibitor-21 (Supplementary Figure 6E). RT-qPCR was used to
detect the RNA expression of Bcl-2 and Bax genes in AC16 cells. In cells in the inhibitor-21 group, relative to the hypoxia
group, the expression of the anti-apoptotic Bcl-2 gene was decreased and the expression of the pro-apoptotic Bax gene
was increased (Supplementary Figure 6F). This suggests that transfection with the miR-21-5p inhibitor can regulate
apoptosis-related genes to promote apoptosis.

DISCUSSION

The ongoing quest to treat heart disease has been marked by a significant shift towards regenerative medicine, with
human pluripotent SCs emerging as a beacon of hope due to their unique properties of self-renewal and differentiation
into CMs. The results of this study revealed that hiPSC-CM-exo significantly enhanced LVEF and LVFS in a murine MI
model, indicative of improved cardiac function. This improvement was associated with a reduction in infarct size and
myocardial fibrosis, suggesting a protective role of hiPSC-CM-exo in mitigating cardiac damage following MI. Fur-
thermore, the study demonstrated that hiPSC-CM-exo can reduce apoptosis in infarcted rat hearts, potentially through
the activation of cytoprotective pathways involving miR-21-5p. Furthermore, overexpression of miR-21-5p was found to
significantly inhibit apoptosis in AC16 cells under hypoxic conditions, while its knockdown promoted apoptosis. This
dual effect on apoptosis was confirmed by changes in the expression of apoptosis-related genes, with Bcl-2 (anti-
apoptotic) increasing and Bax (pro-apoptotic) decreasing in the presence of miR-21-5p mimic, and vice versa with the
inhibitor. This study underscores the significance of miR-21-5p in the context of hypoxia-induced apoptosis in AC16
myocardial cells, a finding that could have profound implications for myocardial repair strategies.
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Figure 4 Human-induced pluripotent stem cell-derived cardiomyocytes exosomes reduce myocardial fibrosis. A: Representative images of
Masson trichrome staining from various groups are presented in the upper panel, with a high magnification view shown in the lower panel (100 x); B and C: The
Masson average optical density per area was used as an indicator of the cardiac fibrosis level. Data are shown as the mean + SD from n = 4 biologically independent
samples across different groups. 2P < 0.05; °P < 0.01. hiPSC-CMs: Human-induced pluripotent stem cell-derived cardiomyocytes; hiPSC-CM-exos: Human-induced
pluripotent stem cell-derived cardiomyocyte-derived exosomes; iPSCs: Induced pluripotent stem cells; iPSC-CMs: Induced pluripotent stem cell-derived
cardiomyocytes; iPSC-exos: Induced pluripotent stem cell-derived exosomes; LV: Left ventricular; PBS: Phosphate-buffered saline.
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Figure 5 Human-induced pluripotent stem cell-derived cardiomyocyte exosomes reduce apoptosis when administered to infarcted rat
hearts. A: Apoptotic cells were identified in sections from the border zone of infarcted hearts from animals across various groups using the transferase dUTP nick-
end labeling assay; B: Apoptosis was quantified as the percentage of cells positive for transferase dUTP nick-end labeling staining. Data are shown as the mean +
SD from n = 3 biologically independent samples among different groups. 2P < 0.05, °P < 0.01. hiPSC-CMs: Human-induced pluripotent stem cell-derived
cardiomyocytes; hiPSC-CM-exos: Human-induced pluripotent stem cell-derived cardiomyocyte-derived exosomes; iPSCs: Induced pluripotent stem cells; iPSC-CMs:
Induced pluripotent stem cell-derived cardiomyocytes; iPSC-exos: Induced pluripotent stem cell-derived exosomes; PBS: Phosphate-buffered saline; TUNEL:
Transferase dUTP nick-end labeling.
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Figure 6 Administration of human-induced pluripotent stem cell-derived cardiomyocytes exosomes to infarcted rat hearts enhances the
expression of cardiac troponin T, cluster of differentiation 31, and C-X-C chemokine receptor type 4. A: Post-myocardial infarction (Ml) border
zone sections were subjected to immunohistochemistry for cardiac troponin T (cTNT) expression. The black arrow indicates the cTNT-positive expression region; B:
Average optical density value was used to represent the level of cCTNT expression; C: Four weeks after MI, BZ sections were immunohistochemically stained for
cluster of differentiation 31 (CD31). The black arrow indicates the CD31-positive expression region; D: Number of CD31-positive blood vessels serve as an indicator
of angiogenesis at the myocardial infarction edge; E: BZ sections obtained 4 weeks after Ml were immunohistochemically analyzed for C-X-C chemokine receptor 4
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(CXCRA4) expression. The black arrow indicated the CXCR4-positive expression region; F: Ratio of CXCR4-positive cells to total cells reflects the level of CXCR4
expression. Data are shown as the mean + SD from n = 4 biologically independent samples across different groups. P < 0.05. hiPSC-CM-exos: Human-induced
pluripotent stem cell-derived cardiomyocyte-derived exosomes; iPSCs: Induced pluripotent stem cells; iPSC-CMs: Induced pluripotent stem cell-derived
cardiomyocytes; iPSC-exos: Induced pluripotent stem cell-derived exosomes; PBS: Phosphate-buffered saline.

Although iPSCs, hiPSC-CMs, and exos have been utilized for cardiac repair, each possesses distinct advantages and
disadvantages[31-34]. For the first time, we directly compared the cardiac reparative efficacy of iPSC-exos and hiPSC-
CM-exos with that of iPSC and hiPSC-CM in vivo MI models. Our study results demonstrate the successful differentiation
of hiPSC into hiPSC-CMs in vitro. The intensity of the cell imaging signal was positively correlated with cell number,
enabling the tracking of cell survival in animals. exos secreted by hiPSC-CMs exhibited superior myocardial ischemia
repair capabilities compared with hiPSC-CMs, iPSC, and iPSC exos through the promotion of angiogenesis and cell
migration, anti-apoptosis, and the reduction of fibrosis. Consequently, exos derived from hiPSC-derived cardiac cells
enhanced myocardial recovery, and thus may serve as a potential acellular therapeutic option for myocardial injury.

Many functional effects exerted by exos are mediated by exosomal miRNAs that are specific to the exos’ cells of origin,
although several miRNAs appear to be beneficial for myocardial recovery after MI[35]. As exos carry cargo representative
of their origin cells, careful selection of the cell type is crucial when determining the therapeutic potential of secreted exos.
HiPSC-CM exos effectively affect an injured heart through more CM-specific pathways, including pathological
hypertrophy while being enriched with miRNAs that modulate cardiac-specific processes[35]. In investigating whether
the miRNAs are associated with exo-mediated cardio protection, we will perform miRNA array analysis on iPSC-exos
and hiPSC-CM-exos.

MiR-21-5p has been widely studied for its involvement in various BP, including cell survival, apoptosis, and
angiogenesis[21,36,37] mic on apoptosis and the pro-apoptotic effect of its inhibitor, are in line with previous studies that
have reported miR-21-5p as a negative regulator of apoptosis[19,38,39]. We found that the upregulation of miR-21-5p in
our study led to an increase in Bcl-2, a known anti-apoptotic protein, and a decrease in Bax, a pro-apoptotic protein,
suggesting that miR-21-5p may promote cell survival by shifting the balance between pro- and anti-apoptotic factors.
Conversely, the knockdown of miR-21-5p resulted in decreased Bcl2 and increased Bax expression, which is consistent
with the promotion of apoptosis under hypoxic conditions. This is consistent with the mechanism by which miR-21
inhibits apoptosis found in other cells[40]. Moreover, the cellular response to hypoxia is a complex process that involves
multiple signaling pathways, including the HIF pathway[41]. It is plausible that miR-21-5p, through its target genes, may
also influence the HIF pathway, which is critical for the adaptation of cells to low oxygen conditions. The activation of
HIF can lead to the transcription of genes involved in angiogenesis, metabolism, and cell survival, among other processes
[42]. Our study’s observation of increased HIF-1a expression in response to CoCl, treatment further supports the role of
hypoxia in modulating cellular responses and the potential interplay between miR-21-5p and HIF pathways in the context
of apoptosis. These results not only corroborate previous findings on the anti-apoptotic role of miR-21-5p but also
highlight the potential therapeutic applications of modulating miR-21-5p levels in the context of ischemic heart disease
and other conditions involving hypoxia.

In this study, we screened miR-21-5p as a potential regulator of cardiac function through miRNA sequencing in exos.
The Gene Ontology enrichment analysis showed that BP such as regulation of cellular processes and nitrogen compound
metabolic process, aligns with the known roles of miR-21-5p in modulating cellular responses to stress and its potential
involvement in metabolic pathways[43]. The experimental validation conducted in this study, which includes the use of
mimics and inhibitors to modulate miR-21-5p expression, has provided direct evidence for its role in regulating
apoptosis-related genes such as Bcl-2 and Bax. The overexpression of miR-21-5p leading to decreased apoptosis and the
knockdown resulting in increased apoptosis are consistent with the bioinformatics analysis that suggests miR-21-5p
targets genes involved in cell survival and death. The combination of bioinformatics and experimental validation
strengthens the causal relationship between miR-21-5p and the observed phenotype and is critical for understanding the
complex regulatory network in which miR-21-5p operates and its role in regulating myocardial stress response.

Recent literature emphasizes the multifaceted role of miR-21-5p in cardiovascular health[39]. Its expression is linked to
various cellular processes, including apoptosis, proliferation, and angiogenesis. One potential mechanism by which miR-
21-5p exerts cardioprotective effects involves the regulation of the phosphatase and tensin homolog (PTEN)/Akt
signaling pathway[44,45]. Inhibition of PTEN leads to increased Akt phosphorylation, promoting CM survival and anti-
apoptotic signaling. Additionally, miR-21-5p/PTEN/ Akt axis can enhance angiogenesis by regulating factors such as
vascular endothelial growth factor[44,46]. Vascular endothelial growth factor is crucial for new vessel formation and
tissue repair after ischemic injury. The involvement of the HIF pathway discussed in this study further highlights the
potential of miR-21-5p to mediate hypoxic responses. This indicates that miR-21-5p plays a broader role in cardiac
adaptation and recovery under stress conditions.

The differential effects observed between exos derived from hiPSC-CMs and those from iPSCs stem from their unique
characteristics. Exos from different cell types exhibit distinct membrane compositions, surface markers, and cargo profiles
[47-50]. HiIPSC-CM-exos are specifically tailored for cardiac tissue. They preferentially interact with myocardial cells. This
enhances their ability to promote angiogenesis and regulate apoptosis. In contrast, iPSC-exos may not possess these
specialized attributes. As a result, they exhibit less effective therapeutic benefits in cardiac repair.

While our study provides compelling evidence for the therapeutic potential of hiPSC-CM-exos, particularly high-
lighting the role of miR-21-5p in modulating myocardial repair and apoptosis, it is important to acknowledge its
limitations. One of the primary limitations is the use of a single cell line model, AC16, to investigate the effects of miR-21-
5p. Although this model has been instrumental in elucidating the underlying mechanisms, the findings may not fully
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Figure 7 Data analysis of sequencing microRNA. A: Enrichment result of biological processes (BP) is Gene Ontology (GO): 0050794 regulation of cellular
processes; GO: 0051171 regulation of nitrogen compound metabolic process; GO: 0051173 positive regulation of nitrogen compound metabolic process; B:
Enrichment results of cellular components (CC) are GO: 0005737 cytoplasm, GO: 0043227 membrane bound organelle, GO: 0043231 intracellular membrane bound
organelle; C: Molecular function (MF) enrichment results are GO: 0005515 protein binding, GO: 0003824 catalytic activity, and GO: 0046872 metal ion binding; D:
Four miRNAs hsa-miR-148a-3p, hsa-miR-21-5p, hsa-miR-151a-3p and hsa-miR-26a-5p, were obtained from the collection of highly expressed microRNAs in human-
induced pluripotent stem cell (hiPSC)-cardiomyocyte (CM)-exosome (exo) and iPSC exo; E: MicroRNA expression in AC16, hiPSC-exo, hiPSC-CM-exo, °P < 0.01
comparison with AC16-exo, °P < 0.05 comparison with hiPSC-exo, %P < 0.01 comparison with hiPSC-exo.

represent the complexity of human myocardial tissue, which comprises a diverse array of cell types. Therefore, further
studies using multiple cell lineages and in vivo models are necessary to confirm the observed effects and to explore the
broader implications of miR-21-5p in cardiac repair. Additionally, the study did not delve into other potential regulatory
mechanisms that may be influenced by miR-21-5p or other miRNAs present in the exos. Given the intricate regulatory
networks within the heart, it is plausible that multiple miRNAs and their targets contribute to the observed phenotypes.
Future research should aim to dissect these complex interactions to fully understand the spectrum of miRNA-mediated
regulation in cardiac cells. Despite these limitations, the study’s findings have significant clinical relevance. The identi-
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fication of miR-21-5p as a key modulator of apoptosis in myocardial cells presents an opportunity to develop targeted
therapies and diagnostic marker for ischemic heart disease.

CONCLUSION

Exos from hiPSC-CMs, enriched with miR-21-5p, demonstrated superior therapeutic efficacy over hiPSC-CM cell therapy
by improving ejection fraction, reducing fibrosis, and preventing apoptosis, while their low immunogenicity and stability
position them as promising candidates for off-the-shelf regenerative therapies.
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Abstract

BACKGROUND

Mesenchymal stem cells (MSCs) and their secretome have significant potential in
promoting hair follicle development. However, the effects of MSC therapy have
been reported to vary due to their heterogeneous characteristics. Different sources
of MSCs or culture systems may cause heterogeneity of exosomes.

AIM

To define the potential of human adipose-derived MSC exosomes (hADSC-Exos)
and human umbilical cord-derived MSC exosomes (hUCMSC-Exos) for impro-
ving dermal papillary cell proliferation in androgenetic alopecia.

METHODS

We conducted liquid chromatography-mass spectrometry proteomic analysis of
hADSC-Exos and hUCMSC-Exos. Liquid chromatography-mass spectrometry
suggested that hADSC-Exos were related to metabolism and immunity.
Additionally, the hADSC-Exo proteins regulated the cell cycle and other 9
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functional groups.

RESULTS

We verified that hADSC-Exos inhibited glycogen synthase kinase-3f expression by activating the Wnt/p-catenin
signaling pathway via cell division cycle protein 42, and enhanced dermal papillary cell proliferation and
migration. Excess dihydrotestosterone caused androgenetic alopecia by shortening the hair follicle growth phase,
but hADSC-Exos reversed these effects.

CONCLUSION
This study indicated that hair development is influenced by hADSC-Exo-mediated cell-to-cell communication via
the Wnt/p-catenin pathway.

Key Words: Mesenchymal stem cells; Exosome; Dermal papillary cells; Hair development; Liquid chromatography-mass
spectrometry proteomic analysis

©The Author(s) 2025. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Liquid chromatography-mass spectrometry proteomic analysis was conducted to reveal the commonalities and
heterogeneities across the human adipose-derived mesenchymal stem cell exosomes (hADSC-Exos) and human umbilical
cord-derived mesenchymal stem cell exosomes. A total of 232 common proteins were found in hADSC-Exos and were
categorized into 10 functional groups. We have confirmed that hADSC-Exos decrease glycogen synthase kinase-3[3 expre-
ssion through the Wnt/B-catenin pathway, leading to increased proliferation and migration of dermal papillary cell.
Excessive dihydrotestosterone can cause hair loss by shortening the hair growth phase, but hADSC-Exo treatment can
reverse this effect. This study suggests that hADSC-Exo plays a role in hair regeneration through cell-to-cell communication
via the Wnt/B-catenin pathway.

Citation: Fu Y, Han YT, Xie JL, Liu RQ, Zhao B, Zhang XL, Zhang J, Zhang J. Mesenchymal stem cell exosomes enhance the
development of hair follicle to ameliorate androgenetic alopecia. World J Stem Cells 2025; 17(3): 102088

URL: https://www.wjgnet.com/1948-0210/full/v17/i3/102088.htm

DOI: https://dx.doi.org/10.4252/wjsc.v17.i3.102088

INTRODUCTION

Hair loss causes a greater financial burden[1]. The two basic categories of hair loss are scarring and nonscarring alopecia
and the latter is more common. Nonscarring alopecia can be categorized into androgenetic alopecia (AGA) and non-AGA,
such as alopecia areata and telogen effluvium[2]. AGA is the most common form of nonscarring alopecia, affecting up to
50% of women and 80% of men, and the prevalence of AGA increases with age[3]. It is estimated that 0.2%-2% of the
world’s population suffers from AGA, which affects 500000 men and 300000 women in the United States[4]. The causes of
AGA are multifactorial, with genetic factors and androgens playing an important role in the development and
progression of the disease. A recent United Kingdom biobank study showed a genealogical heritability of 0.62 and a
single nucleotide polymorphism heritability of 0.39. A positive family history of AGA in Asian populations accounts for
about 50% of cases[5]. AGA develops in 32.1%-63.3% of testosterone users[4]. By simple diffusion, testosterone enters the
cell and is converted to dihydrotestosterone (DHT) by 5-a-reductase in the cytoplasm. When DHT binds to androgen
receptors (ARs), it exerts transcriptional activity and contributes to the progression of AGA[6]. The dermal papillary cells
(DPCs) of AGA patients have high levels of ARs, which makes them more sensitive to androgens[7]. Synthetic drugs,
such as finasteride, used to treat hair loss, cause many side effects. Hence, it requires the development of new and
efficient drugs to promote hair follicle development in AGA.

Mesenchymal stem cells (MSCs) and their secretomes show promise in promoting hair follicle regeneration. MSCs can
be derived from a wide range of sources, such as umbilical cord, adipose tissue, amniotic fluid and bone marrow, which
are named umbilical cord-derived MSCs (UCMSCs), adipose-derived MSCs (ADSCs) and bone marrow-derived MSCs,
respectively[8,9]. Exosomes, 30-150 nm microvesicles, are actively released by viable cells and are composed of diverse
proteins, encompassing signal proteins, noncoding RNAs and growth factors[10]. MSCs exert their therapeutic effect
mainly through paracrine mechanisms, such as releasing exosomes[11]. Compared to MSCs, the exosomes derived from
MSCs are cell-free and could be a promising therapy for AGA, with no major adverse effects[12]. However, various issues
have restricted their clinical application.

MSCs exhibit heterogeneity at various levels, encompassing differences originating from subpopulations, donors, and
different culture media[13,14]. With advances in sequencing techniques, liquid chromatography-mass spectrometry (LC-
MS) proteome facilitates finding heterogeneity of MSCs. In previous studies, we obtained human adipose tissue from
which human ADSCs (hADSCs) were isolated[15,16]. In this study, we obtained human UCMSCs (UCMSCs). We
analyzed the protein composition of hADSC-exosomes (hADSC-Exos) and hUCMSC-Exos by LC-MS proteome analysis,
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so that the heterogeneity of exosomes with different cell origins was revealed. hADSC-Exos were also tested from the
same donor source, cultured through three different culture systems, and selected proteins that were common to each
culture system. In hADSC-Exos, 232 proteins were stably expressed and categorized into 10 functional groups. Addi-
tionally, as the DPCs are unique mesenchymal cells, they regulate hair follicle stem cells (HFSCs) during hair follicle
regeneration and development[17]. Researchers have shown that exosomes derived from DPCs stimulate hair follicle
development; therefore, we examined if hADSC-Exos improved DPC proliferation in AGA. There was a significant
increase in Wnt3a in DPC cocultured with hADSC-Exos[18]. hADSC-Exo-derived cell division cycle protein 42 (CDC42)
promoted DPC proliferation via the Wnt/B-catenin pathway. These findings provide novel insights into improving hair
development in AGA.

MATERIALS AND METHODS

Cell culture

After obtaining high purity hADSCs and hUCMSCs, both cells were cultured in minimal essential medium MEMa with
no Phenol-Red (Gibco, NY, United States). + 10% fetal bovine serum (FBS; ScienCell, CA, United States) and incubated at
37 °C with 5% CO, for basal cell growth and proliferation. In subsequent analysis, hADSCs were cultured in three
different culture systems, including basal culture medium (MEMa + 10% FBS), serum-free medium with phenol red
(Cellartis® MSC Xeno-Free Culture Medium; Takara, Japan), and serum-free medium without phenol red (StemPro™ MSC
SFM; Gibco, NY, United States) to explore the effect of different culture media on cellular exocytosis[19-21]. We
purchased human hair DPCs (HHDPCs; ScienCell, CA, United States), which were obtained from a 58-year-old man.
HHDPCs were cultured in MSC medium (ScienCell, CA, United States), containing 5% FBS, 1% MSC growth supplement
(ScienCell, CA, United States) and 1% penicillin/streptomycin (ScienCell, CA, United States).

Exosome isolation

As described previously, the supernatant of hADSC/hUCMSC was obtained and subjected to centrifugation for
eliminating suspended cells and cellular debris[22]. A 0.22-pum filter was used to filter the supernatant. Subsequently, the
filtered supernatants were centrifuged using a Beckman Coulter ultra-high-speed centrifuge (Optima XPN-100 Ultra-
centrifuge; Beckman Coulter, Australia). Following centrifugation, Dulbecco phosphate buffer saline was introduced to
cleanse the exosomes. Monitoring exosome uptake involves staining the exosomal membranes using fluorescent lipid
membrane dye PKH26[23]. The hADSC-exos were processed using the PKH26 Red Fluorescent Cell Linker Kit (Sigma, St.
Louis, MO, United States). Finally, a microscope (Nikon, Japan) was used to observe the PKH26-hADSC-exos location.

Transmission electron microscopy

Refer to the methods, a copper mesh was used for aspiration of exosomes obtained through ultracentrifuge[24].
Following about 1 minute of operation, the surplus liquid was removed by filter paper positioned at the periphery of the
mesh. Subsequently, phosphotungstic acid was applied to the copper mesh, and after 30 seconds, the excess liquid was
eliminated using filter paper at the edge of the mesh. The sample was subjected to baking for 1 minute, and electron
micrograph images were captured, using an 80-kV transmission electron microscope (Hitachi H-7650, Japan). The
exosomes were observed as cup-shaped membrane vesicles ranging in size from 30 to 150 nm.

Nanoparticle tracking analysis

After washing the cells with deionized water, they were calibrated with polystyrene microspheres (110 nm). This was
followed by washing and dilution with phosphate buffered saline. ZetaView PMX 110 (Particle Metrix, Meerbusch,
Germany) and NTA 3.0 software were used for nanoparticle tracking analysis (NTA)[25].

Western blotting

Total protein was extracted from the exosome samples using RIPA buffer, and the concentration was measured using the
BCA protein assay. Western blotting with anti-CD9 and anti-CD81 was used to quantify total exosome proteins. Using
rabbit anti-CD9 antibody (ab92726, 1:1000; Abcam, Cambridge, United Kingdom), rabbit anti-CD63 antibody (ab134045,
1:1000; Abcam, Cambridge, United Kingdom) for primary antibodies. Scanned images were acquired by Odyssey
Infrared Imaging System (Licor, Lincoln, NE, United States).

Exosomal LC-MS proteome analysis

To commence the analysis, we introduced 30 pL of sample buffer (composed of acetonitrile, water, and formic acid in a
ratio of 2:98:0.1) and agitated the mixture until the dried sample was fully dissolved. We subjected the sample to MS
using an Easy-nLC 1000 system (Thermo Fisher Scientific, Bremen, Germany) equipped with a C18 reversed-phase
column (PepMap100, C18 NanoViper, Thermofisher Dionex, CA, United States). The procedure involved a gradient from
2% to 40% of mobile phase B over a duration of 103 minutes. MS was conducted using a Q Exactive plus system (Thermo
Scientific, CA, United States) featuring a nanoliter spray ESI ion source operating at a spray voltage of 1.6 kV. Three
independent replicates from exosomes derived from control culture medium (FBS), phenol red culture medium (Takara,
Japan), and phenol red free culture medium (Gibco, NY, United States) were analyzed for proteomics with Q Exactive
plus (Thermo Fisher Scientific, Bremen, Germany). The different proteins in hADSC-Exo and hUCSMSC-Exo were listed
in Supplementary Table 1.
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Gene Ontology (GO) (https://geneontology.org) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (https://
genome.jp/kegg) were used for selected proteins pathway analysis. The bubble diagram was drawn according to the R
language ggplot2 package. The differential proteins screened were imported into STRING (https:/ /string-db.org/). The
STRING protein query database was used to build a protein-protein functional interaction network in Cytoscape cluster
plugin. The clusters within the network were identified using the MCODE clustering algorithm.

Mice

Male 6-week-old C57BL/6 mice weighing 18-22 g were used. The mice were divided into the control, negative control,
positive control and experimental groups (n = 6 per group). To visualize the initial follicle morphogenesis in the skin, all
mice were shaved of their back hair, and 2-3 cm were removed. There was a pink coloration in the depilated areas of all
the mice treated with depilatory cream, which suggests the dorsal skin was induced into anagen[26]. The control mice
were only depilated for observation of normal hair follicle recovery after hair loss. For the negative control, positive
control and experimental mice, all mice were established as AGA models. Testosterone propionate (TP, 5 mg/kg) was
subcutaneously injected into the back once daily for 4 weeks[27,28]. To evaluate the effect of TP on hair follicle growth
and development, we left the negative control group untouched. The first day of injection was marked as day 1. The
positive control group was treated with minoxidil, an Food and Drug Administration (FDA)-approved drug for AGA
[29]. The experimental group was treated with hADSC-Exos. Minoxidil and hADSC-Exos were started simultaneously on
day 1 of TP injection, and ended on day 21. Mice were anesthetized by inhalation of 2% isoflurane before treatment.
Microneedle (Mefonol disposable skin prick needle, Suzhou, China) treatment was selected. The specification was 540
rolling needles, 0.22-0.5 mm. To absorb minoxidil, the microneedle treatment head was gently rolled back and forth
against the skin. The positive control group received 0.2 mL 5% minoxidil tincture daily, and the hADSC-Exo group was
injected daily with a roller needle, as described previously[30,31]. A previous study demonstrated the optimal concen-
tration of ADSC-Exos that promoted DPC proliferation[32]. We selected 100 pg/mL ADSC-Exos per mouse in the assay.
The hair growth was photographed in all mice on day 21.

Macroscopic measurement for hair growth

Referred to the previous research, we recorded the time when the skin color changed from pink to black, and we rated
and photographed the result on days 7, 14, and 21[33]. The method has been optimized as described by Kwon et al[34]. A
score of 0 indicated that there was no hair growth in the depilated area and the epidermis was flesh-colored; 1 indicated
that the epidermis of the depilated area was gray; 2 indicated that the epidermis of the depilated area was black; and 3
indicated that there was hair growth in the depilated area and the epidermis was black. Referred to the previous research,
hair follicles that formed in the new tissue at day 21 were counted on three randomly selected hematoxylin and eosin-
stained sections per animal[35].

Cell proliferation

Enhanced cell counting kit-8 (CCKS8, Sangon Biotech, China) was used to assess proliferation of DPCs. DPCs were seeded
in 96-well plates that were incubated with CCKS8 reagents (100 pL/well) for 1 hour and detected at 0, 24, and 48 hours.
The results were quantitated using a 450 nm microplate reader.

Cell migration

Transwell assay was used to assess migration of DPCs by Corning TransWell Chamber (Corning, NY, United States).
After trypsinization, counting and incubation in 100 pL medium without FBS, DPCs were collected in a 24-well plate (2 x
10° cells/well). In the lower chamber, 800 pL medium supplemented with 30% FBS was added. The migratory capacity of
cells was assessed by fixing and staining with 4% formaldehyde and crystal violet solution (Biyuntian, China).

Quantitative polymerase chain reaction

Total RNA isolation was performed using QIAGEN miRNeasy Mini (Valencia, CA, United States). Reverse transcription
was performed using a PrimeScript RT Master Mix (Takara, Shiga, Japan). Quantitative polymerase chain reaction was
performed using an ABI7500 instrument (Oyster Bay, NY, United States).

RESULTS

Isolation and validation of hADSC-Exos and hUCMSC-Exos

To clarify the heterogeneity between MSCs from different cell sources, we cultured hADSCs and hUCMSCs. Microscopic
images revealed that the hADSCs had a typical long spindle-shaped morphology, consistent with the morphological
characterization of hUCMSCs (Figure 1A). hADSCs and hUCMSCs showed high levels of MSC marker expression, such
as CD73, CD90, CD105, CD45, and HLA-DR (Figure 1B). hADSC-Exos and hUCMSC-Exos were extracted using ultra-
high-speed centrifugation (Figure 1C). Transmission electron microscopy revealed a bowl-shaped structure of the
hADSC-Exos and hUCMSC-Exos (Figure 1D). NTA demonstrated that the diameter of the hADSC-Exos was about 100
nm, falling within the size range criteria for exosomes (30-150 nm). NTA revealed that the average diameter of hUCMSC-
Exos was 139 nm (Figure 1E). HADSC-Exos expressed the exosome markers CD9, CD63, and CD81 (Figure 1F). These
results indicated that our exosomes met the morphological characteristics of hADSC-Exos and hUCMSC-Exos.
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Figure 1 Identification of exosome from human adipose-derived mesenchymal stem cell and human umbilical cord-derived mesenchymal
stem cell. A: Morphology of human adipose-derived mesenchymal stem cell (nADSC) and human umbilical cord-derived mesenchymal stem cell ((UCMSC); B:
Analysis of surface markers on hADSCs and hUCMSCs showed high CD105, CD90, and CD73 expression, but negative HLA-DR and CD45 expression; C:
Schematic presentation of exosome isolated from hADSC and hUCMSC by differential ultracentrifugation; D: By TEM, purified hADSC exosome (hADSC-Exo) and
hUCMSC exosome (hUCMSC-Exo) exhibit cup-like morphologies; E: Nanoparticle analysis of hADSC-Exo and hUCMSC-Exo; F: hADSC-Exo and hUCMSC-Exo
express CD63, CD9, CD81 and calnexin is not expressed. hADSC: Human adipose-derived mesenchymal stem cell; hUCMSC: Human umbilical cord-derived
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mesenchymal stem cell; hADSC-Exo: Human adipose-derived mesenchymal stem cell exosome; hUCMSC-Exo: Human umbilical cord-derived mesenchymal stem
cell exosome.

LC-MS proteome analysis to identify the common function of hRADSC-Exos and hUCMSC-Exos

LC-MS proteome analysis was performed to explore the similarities and differences between hADSC-Exos and hUCMSC-
Exos. hADSC-Exos included 724 proteins, while hUCMSC-Exos includes 1246. Six hundred and fifty overlapped proteins
were obtained by investigating the intersection of the hADSC-Exos and hUCMSC-Exos (Figure 2A). The 650 overlapped
proteins were used for GO term enrichment and KEGG pathway enrichment analysis to explore the common function of
hADSC-Exos and hUCMSC-Exos. The GO biological process analysis revealed that the shared proteins were significantly
associated with signal transduction, cell adhesion and cell-cell adhesion (Figure 2B). The GO cellular component analysis
suggested that the common proteins were significantly associated with extracellular exosomes, cytosol and cytoplasm
(Figure 2C). The GO molecular function analysis revealed that the common proteins were significantly associated with
protein binding, poly(A) RNA binding and ATP binding (Figure 2D). KEGG pathway analysis showed that regulation of
actin cytoskeleton, focal adhesion and phosphatidylinositol 3-kinase/protein kinase B signaling pathway were the main
pathways (Figure 2E). These results illustrate potentially shared functional commonalities between hADSC-Exos and
hUCMSC-Exos.

LC-MS proteome analysis of heterogeneous characteristics in hAADSC-Exos and hUCMSC-Exos

Despite the functional commonalities between hADSC-Exos and hUCMSC-Exos, their specific functional differences have
yet to be elucidated. The GO biological process analysis revealed that the specific proteins in hADSC-Exos were
significantly associated with nucleosome assembly, blood coagulation and cell adhesion, while the specific proteins in
hUCMSC-Exos were significantly associated with cell adhesion, cell-cell adhesion and proteolysis (Figure 3A and B). The
GO cellular component analysis suggested that the specific proteins in hADSC-Exos and hUCMSC-Exos were related to
extracellular exosomes and cytosol (Figure 3C and D). The GO molecular function analysis revealed that the specific
proteins in hADSC-Exos were significantly associated with calcium ion binding, protein heterodimerization activity and
nucleosomal DNA binding, while the specific proteins in hUCMSC-Exos were related to protein binding, RNA binding
and ATP poly(A) binding (Figure 3E and F). The specific KEGG pathway in hADSC-Exos were metabolic pathways,
systemic lupus erythematosus and alcoholism (Figure 3G). The specific KEGG pathway in hUCMSC-Exos were
phosphatidylinositol 3-kinase/ protein kinase B signaling, endocytosis and biosynthesis of antibiotics (Figure 3H). The
LC-MS proteome analysis results were validated through quantitative real-time polymerase chain reaction (Figure 31 and
J). hADSC-Exos mainly participated in blood coagulating, skin wound repair and inflammatory reaction. These findings
suggest the beneficial role of hADSC-Exos in promoting skin repair. We then investigated whether hADSC-Exos affected
the development of skin or hair follicles.

hADSC-Exos improved hair development in AGA mouse model

There are three phases of the hair follicle, anagen (active growth stage), catagen (regression of the hair follicle) and
telogen (resting stage). There is a shorter anagen stage of hair follicles in the AGA patient’s area of baldness, but a longer
resting stage. Hair eventually fails to grow from the surface of the skin when the anagen period is too short[36]. The next
step was to examine whether hADSC-Exos promoted hair growth in the AGA mouse model. Subcutaneous TP injections
were administered daily in the dorsally depilated area to the androgen, positive control, and hADSC-Exos groups
(Figure 4A). Immunofluorescence revealed that PKH26-labeled hADSC-Exos had the capability to enter the skin. Keratin
K14, which highlights the epidermis and hair follicles, was the green counterstain (Figure 4B). To evaluate hair growth
score and the number of follicles, skin samples were collected 21 days after depilation. Adult C57BL/6 mice with dorsal
hair depilated had pink skin in the telogen phase after their dorsal hair was removed (Figure 4C). After 7 days, hair
follicles re-entered anagen, resulting in dark grey skin[37]. The TP-treated mice still had pink backs, indicating that the
hair follicles were still resting. Except for the TP-treated group, the hair of all mice at 14 days was mostly intact,
suggesting that exosomes resisted androgens and promoted anagen hair growth. Hematoxylin and eosin staining of the
hair shafts and photographs revealed the number of hair follicles (Figure 4D). The TP-treated hADSC-Exo group had
significantly more hair development than the TP-treated group at 14 days (Figure 4E). The number of anagen hair follicles
was similar between the positive control and hADSC-Exo groups after 21 days, and it significantly increased compared
with the TP-treated group (Figure 4F). These findings suggested that hADSC-Exos played a beneficial role in promoting
hair follicle development in an AGA mouse model in vivo.

Effective components of hAADSC-Exos can modulate cell cycle

We performed LC-MS proteomic analysis on hADSC-Exos isolated from different ADSC culture media. A Venn diagram
was drawn to find the common proteins of FBS-cultured hADSC-Exos, phenol red medium-cultured hADSC-Exos, and
phenol red free medium-cultured hADSC-Exos. FBS-cultured hADSC-Exos included 621 proteins, phenol red medium-
cultured hADSC-Exos 1026 proteins, and 302 proteins were found in phenol red free medium-cultured hADSC-Exos
(Figure 5A). A total of 232 proteins were shared among the three different culture media, which were probably the main
proteins in hADSC-Exos. The co-expressed proteins were analyzed by GO and KEGG pathway using the David database
(https:/ /david.ncifcrf.gov/) to further understand the biological functions of exosomes. The molecular functions of these
co-detected proteins in hADSC-Exos were mainly protein heterodimerization activity, cell adhesion molecule binding,
nucleosomal DNA binding, and GTP binding (Figure 5B). The cellular components involved in the exosomes were mainly
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Figure 2 Gene Ontology and Kyoto Encyclopedia of Genes and Genomes analysis based on liquid chromatography-mass spectrometry
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proteome analysis data of human adipose-derived mesenchymal stem cell exosome and human umbilical cord-derived mesenchymal
stem cell exosome. A: Venn map showing the intersection proteins of human adipose-derived mesenchymal stem cell exosome (hADSC-Exo) and human
umbilical cord-derived mesenchymal stem cell exosome (hUCMSC-Exo); B-D: Gene Ontology analysis of hRADSC-Exo and hUCMSC-Exo liquid chromatography-
mass spectrometry common proteins. A chart indicates biological process (B), cellular components (C) and molecular function (D); E: Kyoto Encyclopedia of Genes
and Genomes pathway of hADSC-Exo and hUCMSC-Exo common proteins. hADSC-Exo: Human adipose-derived mesenchymal stem cell exosome; hUCMSC-Exo:
Human umbilical cord-derived mesenchymal stem cell exosome; LC-MS: Liquid chromatography-mass spectrometry; GO: Gene Ontology; KEGG: Kyoto
Encyclopedia of Genes and Genomes; BP: Biological process; CC: Cellular component; MF: Molecular function.

the nucleosome, DNA packaging complex and protein-DNA complex (Figure 5C). The biological processes involved in
the exosomes were mainly chromatin silencing, nucleosome assembly, and negative regulation of epigenetic gene
expression (Figure 5D). KEGG pathway enrichment analysis was performed on shared proteins, and the 15 pathways
with the smallest P value were selected for bubble mapping, which indicated that the signaling pathways involved in
exosomes were systemic lupus erythematosus, alcoholism and viral carcinogenesis. The 232 active proteins mentioned
above were subjected to protein interactions network analysis using the String website, followed by annotation analysis
of the proteins with GeneCards (https:/ /www.genecards.org), and Ctyoscape software for analysis and mapping. These
232 active proteins were categorized into 10 groups according to their functions: Metabolism, complement and
coagulation cascades, extracellular matrix (ECM), cell cycle, protein transport from cytoplasm to nucleus, post-transla-
tional modifications, nucleosome assembly, proteasome and exosome biogenesis (Figure 5E). We focused on the cell cycle
group. Some cell cycle regulatory genes promoted cell growth, such as CDC42, RhoA, and Stratifin (SFN) (Figure 5F). The
Rho GTPase family member CDC42 is essential for progression through G1[38]. Transient interactions between CDC42
and its downstream effector proteins are induced by various stimuli, and its deficiency might be associated with skin
barrier damage or dysfunction[39,40]. Keratinocyte-specific deletion of RhoA promotes increased tumor growth, less
differentiation and invasiveness in a mouse model of skin cancer[41]. SEN, also called 14-3-30 protein, has been shown to
be effective in treating UVB-induced skin disease. SFN regulates cellular activities such as cell cycle, cell growth, cell
survival, and gene transcription[42]. These results suggest that hADSC-Exos play an essential role in maintaining the cell
cycle.

hADSC-Exos improved hair development in AGA cell models

Increasing evidence indicates that DPCs stimulate hair regeneration. We investigated whether hADSC-Exos promoted
hair regeneration by affecting HHDPCs. We analyzed HHDPCs in conventional culture at passage three. HHDPCs
displayed long spindlelllike shapes, formed colonies and reached confluency (Figure 6A). Referred to the previous
research, we confirmed the transfection operations and reagent dosage[43]. The control group was untreated HHDPCs,
and 100 nmol/L DHT was used in the AGA cell model group. To investigate the effect of hADSC-Exos on HHDPC prolif-
eration, the CCKS assay was performed. Growth curve assay based on CCKS8 analysis was tested at 24 and 48 hours after
hADSC-Exo treatment (Figure 6B and C). hADSC-Exos increased HHDPC proliferation over 48 hours (Figure 6B). Prolif-
eration of human DPCs was inhibited by DHT as compared with the control group at 48 hours (Figure 6C). hADSC-Exos
rescued the proliferation of DHT-treated HHDPCs (Figure 6C). Migration of HHDPCs transfected with hADSC-Exos was
assessed by scratch wound assay and Transwell assay. Likewise, the migratory capacity was restored by overexpressing
hADSC-Exos in DHT-treated DPCs in vitro (Figure 6D-G). These findings suggested that hADSC-Exos played a beneficial
role in promoting hair follicle development in an AGA cell model in vitro.

hADSC-Exo regulated DPC proliferation via the CDC42/Wnt/B-catenin pathway in AGA

The key genes in AGA are listed in Supplementary Table 2. By overlapping the cell cycle genes in hADSC-Exos with
AGA-related genes, we identified six candidate genes (Figure 7A). CDC42 has been reported as the protein that promotes
ADSC-derived insulin-producing cell proliferation via Wnt/p-catenin signaling[44]. In addition, the cell cycle related Wnt
pathway in involved in 5 biological pathways for CDC42 gene (Figure 7B). DHT signaling activates glycogen synthase
kinase (GSK)-3B present in DPCs, whereas receptor AR signaling leads to phosphorylation of p-catenin to reduce its level,
antagonizing the classical Wnt signaling pathway[45]. Therefore, we used Hair-GEL single cell databases and analyzed
the expression of CDC42 and GSK-3p (Figure 7C and D). The expression of CDC42 in DPCs suggested the role of CDC42
in the DPC cell cycle, and GSK-3p was also expressed in DPCs. Under the effect of hADSC-Exos, expression level of
Wnt3a and p-catenin in DPCs was significantly increased compared with the control group. Under the effect of DHT,
expression of Wnt3a and B-catenin decreased compared with that of the control group. The expression of Wnt3a and B-
catenin in the hADSC-Exo- and DHT-treated groups increased compared with that in the DHT-treated alone group
(Figure 7E-H). By activating the Wnt/B-catenin signaling pathway through CDC42, hADSC-Exos can potentially suppress

GSK-3B expression, counteracting the inhibitory impact of DHT, stimulating cell proliferation, and enhancing hair growth
(Figure 8).

DISCUSSION

We explored the effect of hADSC-Exos on hair follicle development in AGA. It is believed that AGA is caused by both
hereditary and androgenic factors. TP is one of the common androgens that induce AGA, which is a slow release
formulation of testosterone. Testosterone is metabolized to DHT by steroid 5a-reductases[46]. DHT has a 10-fold higher
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Figure 3 Gene Ontology and Kyoto Encyclopedia of Genes and Genomes analysis based on heterogeneous characteristics of human
adipose-derived mesenchymal stem cell exosomes and human umbilical cord-derived mesenchymal stem cell exosome. A and B:
Heterogeneous characteristics of human adipose-derived mesenchymal stem cell exosome (hADSC-Exo) (A) and human umbilical cord-derived mesenchymal stem
cell exosome (hUCMSC-Exo) (B) function analyzed by biological process analysis; C and D: Heterogeneous characteristics of hADSC-Exo (C) and hUCMSC-Exo (D)
function analyzed by cellular components analysis; E and F: Heterogeneous characteristics of hADSC-Exo (E) and hUCMSC-Exo (F) function analyzed by molecular
function analysis; G and H: Heterogeneous characteristics of hADSC-Exo (G) and hUCMSC-Exo (H) function analyzed by Kyoto Encyclopedia of Genes and
Genomes pathway analysis; | and J: The mRNA expression of COL7A1 (hADSC-Exo, I) and PSMD2 (hUCMSC-Exo, J) was detected by reverse transcription-
polymerase chain reaction (data were presented as mean + SD. °P < 0.01, n = 6, unpaired t-test. hADSC-Exo: Human adipose-derived mesenchymal stem cell
exosome; hUCMSC-Exo: Human umbilical cord-derived mesenchymal stem cell exosome; GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes;
BP: Biological process; CC: Cellular component; MF: Molecular function.
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Figure 4 Human adipose-derived mesenchymal stem cell exosomes improve the hair regeneration in androgenetic alopecia mice model.
A: Schematic flowchart of the experiment of testosterone propionate-treated and shaved in androgenetic alopecia mouse model; B: PKH26-labeled human adipose-
derived mesenchymal stem cell exosome (red) retention in the site of hair follicle; C: Hair growth of C57BL/6 mice in each group; D: hematoxylin and eosin staining of
mouse skin histopathological sections in each group; E: Hair growth score in each group; F: The number of follicles in each group. Differences among four groups
were assessed by Tukey’s multiple comparison test and one-way ANOVA; error bars represent SEM. °P < 0.01, compared with testosterone propionate-treated
group. Six mice were randomly selected from each group for histological examination. TP: Testosterone propionate; hADSC-Exo: Human adipose-derived
mesenchymal stem cell exosome.

potency than testosterone as the primary AR ligand[47]. DHT inhibits proliferation of HaCaT keratinocytes in coculture
with DPCs obtained from AGA patients, by suppressing the Wnt signaling pathway[48]. The Wnt/p-catenin signaling
pathway plays an important role in cell proliferation, differentiation, apoptosis and stem cell renewal. Researchers have
found that Wnt signaling can induce stem cells to differentiate into sebaceous glands and hair follicles[49]. In summary,
compared with FDA-approved minoxidil, our results have proved that hADSC-Exos have an ameliorative effect. We
found that hADSC-Exos inhibited the expression of GSK-3p by activating the Wnt/f-catenin signaling pathway through
CDC42.

At present, the only therapeutic agents for AGA approved by the FDA in the United States are finasteride and
minoxidil. However, finasteride is only effective in male subjects[50]. Minoxidil cannot prevent hair loss but may
accelerate hair growth, but only 13%-40% of female subjects with AGA responded to minoxidil treatment[51]. The
limitations of these drugs make it necessary to develop a more effective alternative. AGA treatments have significantly
evolved over the past few decades, incorporating a range of techniques and technologies, such as platelet-rich plasma
(PRP), microneedling, and low-level laser therapy and stem cell therapy[52]. PRP therapy utilizes autologous blood
components enriched with growth factors, promoting hair regrowth by enhancing follicular health and stimulating hair
follicle anagen phase. Clinical studies have demonstrated the effectiveness of PRP in enhancing hair density and
thickness in both AGA and female alopecia[53,54]. Microneedling involves creating microinjuries in the scalp to stimulate
hair follicles and improve the absorption of topical treatments. This technique improves scalp health and can be a
valuable adjunct to other hair restoration methods[55]. Low-level laser therapy stimulates hair follicles with low-intensity
lasers. It has been shown to increase hair density and promote regrowth through enhanced cellular metabolism and
reduced inflammation[56]. Stem cell therapy may improve hair regrowth by reversing the pathological mechanisms or
regulating cellular quiescence. HFSCs and MSCs are the most widely used stem cells for the study of AGA. HFSCs can
effectively induce hair regrowth by reactivating the hair growth cycle and enhancing follicle development[57]. MSCs are
another promising cell-based therapy for hair restoration, such as ADSCs and UCMSCs. Their regenerative potential
stems from their ability to differentiate into various cell types and release growth factors that promote hair follicle
development[58]. Despite the significant impact of MSCs on hair loss or thinning, there are some clinical limitations[59-
61]. Compared to MSC therapy, exosome-based cell-free therapy is more stable in clinical application[61].

The importance of homogeneous MSC-Exos should be emphasized, which is one of the prerequisite steps in further
clinical treatment of AGA. MSCs and their exosome have their own advantages and disadvantages in terms of isolation,
differentiation capacity and cell count, as well as possible side effects[58]. This heterogeneity underscores the importance
of establishing standardized quality control protocols for the clinical application of MSC-Exos. Incorporating proteomics
as a quality control step may prove to be valuable in this regard. Here, we used a standardized method to obtain hADSC-
Exos and hUCMSC-Exos with safety and stability, and selected hADSC-Exos by LC-MS proteomic analysis. The process
of obtaining ADSCs involves liposuction, which is a less invasive procedure. This makes the procedure more acceptable
to patients and reduces the risk of complications associated with the cell harvesting process. In addition, since ADSCs are
derived from the patient’s own adipose tissue, the risk of immunological rejection is minimal[62]. Our findings indicate
that hADSC-Exos are more effective in promoting hair follicle development compared to hUCMSC-Exos. Several proteins
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Figure 5 Gene Ontology and Kyoto Encyclopedia of Genes and Genomes analysis based on liquid chromatography-mass spectrometry
proteome analysis data of human adipose-derived mesenchymal stem cell exosomes in different culture medium. A: Venn map showing the
intersection of human adipose-derived mesenchymal stem cell exosomes (hADSC-Exo) proteins in different culture systems: Control medium (fetal bovine serum),
phenol red free culture medium (Gibco, NY, United States), and phenol red culture medium (Takara, Japan); B-D: Gene Ontology analysis of hADSC-Exo liquid
chromatography-mass spectrometry proteome analysis data. A chart indicates molecular function (B), cellular components (C) and biological process (D); E: Kyoto
Encyclopedia of Genes and Genomes pathway of hADSC-Exo proteins; F: STRING network analysis of the intersection of hADSC-Exo proteins. hADSC-Exo: Human
adipose-derived mesenchymal stem cell exosome; LC-MS: Liquid chromatography-mass spectrometry; FBS: Fetal bovine serum.

associated with angiogenesis, inflammation regulation, and ECM remodeling may also play an important role in hADSC-
Exos, as there may be a potential impact of these proteins on HFSC activation, as well as on transition of hair follicles
from the resting to the anagen phase. For instance, the aging of hair follicles is characterized by a reduction in the
expression of cell adhesion and ECM genes in HFSCs, which are controlled by nuclear factor of activated T cells
cytoplasmic 1 and forkhead box protein C1[63]. ADSCs have been shown to promote vascularization and regulate
immunological responses through paracrine signaling, which could be beneficial in managing inflammation during the
anagen phase[64]. Overall, hADSC-Exos can provide insights into potential therapeutic strategies for enhancing hair
growth and regeneration.

The clinical applicability of hADSC-Exo therapy holds great promise, but it requires careful consideration of adminis-
tration methods, dosage optimization, long-term effects, and safety[61]. Administration of hADSC-Exos can be performed
through various routes, including topical, intravenous and subcutaneous methods. For instance, topical application may
be more suitable for localized conditions such as hair growth and wound healing. Dose optimization is essential to
maximize therapeutic benefits while minimizing potential side effects. This requires extensive preclinical and clinical
studies to establish dose-response relationships and identify the most effective and safe dosage regimens[65]. The long-
term effects of hADSC-Exo therapy are still under investigation. However, studies have shown that exosomes generally
exhibit low immunogenicity, which is promising for their long-term use[66]. Lastly, safety considerations are paramount
in the clinical translation of hADSC-Exo therapy. It is crucial to conduct comprehensive safety evaluations, including
assessments of potential tumorigenicity, immunogenicity, and other adverse effects.

CONCLUSION

In summary, there are many advantages to ADSCs and their exosomes, such as their robust regenerative potential,
minimal invasive harvesting, sustained efficacy, and synergistic potential. They can be used in combination with other
hair regrowth treatments, such as PRP and microneedling, to enhance overall effectiveness. Here, we used needle roller
administration. In the future, the effects of different modes of hADSC-Exo administration on hair follicle development
should continue to be explored. Clinical trials must adhere to standardization of isolation techniques, culture media used,
dose and other critical information.
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Figure 6 Human adipose-derived mesenchymal stem cell exosome improves the hair regeneration in androgenetic alopecia cell model. A:
Human hair dermal papillary cells were used in subsequent analyses from passage 3 (P3); B and C: Cell counting kit-8 (CCK8) assay. CCK8 assay was carried out to
measure the cell growth in 48 hours (B). Cell survival was determined by the CCK8 assay at 48 hours (C); D and E: The wound healing assay was used to assess
migration in cells (D). Statistical analysis of the results of wound healing assay in each group (E); F and G: The migratory properties of human hair dermal papillary
cells were analyzed using the Transwell migration assay with Transwell filter chambers (F). Statistical analysis of the results of Transwell migration assay in each
group (G). °P < 0.01, °P < 0.001, 9P < 0.0001. HHDPC: Human hair dermal papillary cell; DHT: Dihydrotestosterone; hADSC-Exo: Human adipose-derived
mesenchymal stem cell exosome.
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Figure 7 Human adipose-derived mesenchymal stem cell exosomes regulate dermal papillary cell proliferation via cell division cycle
protein 42/Wnt/B-catenin pathway in androgenetic alopecia. A: Venn diagram demonstrating the intersections of genes from the androgenetic alopecia
gene set and human adipose-derived mesenchymal stem cell exosomes cell cycle gene; B: Five-sino biological pathway enrichment diagram; C: Using single-cell
mRNA-sequencing data from the Hair-GEL database, cell types expressing cell division cycle protein 42 (http:/hair-gel.net/) were identified; D: Using single-cell
mRNA-sequencing data from the Hair-GEL database, cell types expressing glycogen synthase kinase-3p (Gsk3p) (http:/hair-gel.net/) were found; E: Representative
western blotting image of GSK-3p after human adipose-derived mesenchymal stem cell exosomes was overexpressed in human hair dermal papillary cells; F-H:
Statistical analysis of the western blotting in each group. Wnt3a (F), GSK-3 (G) and B-catenin (H). Differences among five groups were assessed by Tukey's
multiple comparison test and one-way ANOVA, and error bars represent SEM. °P < 0.01, °P < 0.001, P < 0.0001, Compared with control group. hADSC-Exo: Human
adipose-derived mesenchymal stem cell exosome; AGA: Androgenetic alopecia; Cdc42: Cell division cycle protein 42; Gsk3b: Glycogen synthase kinase-3p; DHT:
Dihydrotestosterone.
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Figure 8 Human adipose-derived mesenchymal stem cell exosome regulate dermal papillary cells proliferation via Wnt/g-cate-
nin/glycogen synthase kinase-3p in hair follicle development. DPC: Dermal papillary cell; hADSC-Exo: Human adipose-derived mesenchymal stem cell
exosome; CDC42: Cell division cycle protein 42; GSK3p: Glycogen synthase kinase-3p; DHT: Dihydrotestosterone.
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BACKGROUND
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Hours RESULTS

Seven RCTs (285 patients) met the eligibility criteria for inclusion in the meta-
analysis. During short-term follow-up, “°MSCs demonstrated a significant 2.11%
improvement in left ventricular ejection fraction (LVEF) [WMD (95%CI) = 2.11
(0.66-3.56), P = 0.004, I* = 1%], with umbilical cord-derived MSCs being the most
effective cell type. However, the significant effect on LVEF was not sustained over
the 12 months of follow-up. Subgroup analysis demonstrated a substantial 3.44%
improvement in LVEF [WMD (95%CI) = 3.44 (1.46-5.43), P = 0.0007, I> = 0%] when
using MSCs with post-thaw viability exceeding 80%. There was no statistically
significant difference in the frequency of major cardiac adverse events observed in
rehospitalization or mortality in patients treated with “*°MSCs vs the control

group.
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CONCLUSION

vMSCs are a promising option for heart failure patients, particularly considering the current treatment options for
cardiovascular diseases. Our data suggest that “*’MSCs could be a viable alternative or complementary treatment
to the current options, potentially improving patient outcomes.
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Core Tip: Our study yields significant findings that are crucial for regenerative medicine and cardiology. Our findings
revealed that cryopreserved mesenchymal stem cells (“*“MSCs) treatment, compared to the control group, resulted in a
2.11% improvement in left ventricular ejection fraction during six months of follow-up, offering hope for potential future
therapies. Left ventricular ejection fraction improvement was higher when using umbilical cord-derived mesenchymal stem
cells or “w°MSCs with more than 80% post-thaw viability. The >°MSCs treatment was safe, as there was no significant
difference in the incidence of major cardiac adverse events compared to the control group. In addition, no significant effects
on mortality and readmission were observed in the “*’MSCs group compared to the control group.
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INTRODUCTION

Cardiovascular diseases (CVDs), such as myocardial infarction and heart failure, are a pressing global health issue,
contributing to 32% of all global deaths[1,2]. The current treatment options provide only symptomatic relief, failing to
repair or regenerate the damaged myocardium or preserve declining cardiac function. In this context, cell-based therapy
using mesenchymal stem cells (MSCs) has emerged as a promising solution for heart failure patients[3].

MSCs possess unique cell biology and characteristics, i.e., multilineage differentiation potential, soluble and insoluble
factor release as part of their paracrine activity, low immunogenicity upon transplantation, anti-inflammatory and
immunomodulatory properties, etc[4]. They have a robust nature that withstands the rigors of genetic modulation and
can carry transgenes during cell-based gene therapy. Combined with their ease of availability from diverse tissue sources,
notably bone marrow, adipose tissue, and umbilical cord, non-invasive isolation without moral and ethical strings places
them near the ideal cell type for use in the cell-based therapy approach[5]. These characteristic features of MSCs are
critical for their diverse clinical applications and have been extensively studied during experimental animal studies and
clinical trials[6]. Currently, nearly 1500 registrations with clinicaltrials.gov to assess MSCs from different tissue sources in
clinical settings for diverse pathological conditions[7]. Despite these advantages, logistic issues regarding their off-the-
shelf availability in large numbers remain a significant limitation that is a critical impediment in routine clinical use[8].
Moreover, repeated tissue sampling for isolation, purification, and in vitro expansion adds to the cost of each procedure,
besides being time-intensive, which limits their routine use in clinical practice in general and especially in the emergency
rooms|[9].

The low-temperature storage or cryopreservation of MSCs offers a cost-effective solution to the logistical issues and
ensures their ready-made availability. This significantly reduces the time needed to isolate, purify, and expand the cells in
vitro before use for every patient. The currently available cryopreservation protocols are believed to preserve the cells’
unique stemness characteristics, such as their ability to differentiate into multiple cell types and immunomodulatory
properties. These characteristics are crucial for the therapeutic potential of MSCs. Despite the beneficial effects of
cryopreservation’s known impact on MSC biology and viability, standardized preservation methods do not lead to
significant variability across preclinical data. Various techniques have been explored to mitigate cellular damage post-
cryopreservation, with dimethyl sulfoxide (DMSO) being the most common cryoprotectant despite its associated adverse
effects[10,11].

The potential of cryopreserved MSCs (“7°MSCs) in clinical trials treating CVDs has been reported as a significant
advancement. A recent meta-analysis of six randomized controlled trials (RCTs) involving 263 heart failure patients
found that bone marrow-derived MSCs (BM-MSCs) significantly increased left ventricular ejection fraction (LVEF) by
6.37% at the end of the follow-up period compared to the control group[3]. This promising potential not only instills hope
and optimism for the future of cardiovascular medicine but also inspires further research and development in this area.
The use of “¥°MSCs in clinical trials opens new doors for research and treatment, and their potential could significantly
impact the field. Currently, several MSC-based products are available on the market, including Prochymal (Osiris
Therapeutics, Canada), Cartistem (Medipost Co Ltd, Korea), and Stempeucel (Stempeutics Research), Cellgram-AMI (FCB
Pharmicell, South Korea) (Alliance for Regenerative Medicine; https://alliancerm.org/available-products/), but their
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functionality and clinical efficacy are still under scrutiny. Despite the commercial availability and recent use of MSC-
based products, there is a scarcity of published data comparing “*’MSCs with freshly cultured MSCs as living biodrugs to
assess their safety and efficacy for patients with CVD.

The present systematic review and meta-analysis of “¥"MSCs in patients with myocardial infarction and heart failure
compared to freshly cultured MSC-based therapies aim to significantly contribute to cardiovascular medicine and stem
cell therapy. The evidence-based insights into the efficacy and safety of “¥°MSCs could pave the way for improved
treatment strategies using off-the-shelf MSCs. These findings can potentially revolutionize the field, bringing an exciting
new approach to cardiovascular medicine and inspiring future research and innovation in stem cell therapy, potentially
dramatically improving patient outcomes.

MATERIALS AND METHODS

Protocol registration
Before any formal literature search or data analysis, a complete protocol for this study was prospectively developed and

registered on the International Prospective Register of Systematic Reviews database dated June 6, 2024. The protocol is
available online under the registration ID: CRD42024555501.

Search strategy

A comprehensive and meticulous search strategy was conducted across four databases, including PubMed, Cochrane
CENTRAL, ClinicalTrials.gov, and Embase, from their inception until June 2024 to identify relevant RCTs. The search
strategy incorporated common text words and medical subject headings (MeSH) such as “Mesenchymal Stem Cells”,

”oou

“MSCs”, “Cryopreserved”, “Bone marrow Mesenchymal stem cells”, “umbilical cord Mesenchymal stem cells”,
“myocardial infarction,” “ischemic heart disease”, “acute coronary syndrome”, “heart failure”, and “cardiomyopathy”.
These terms were combined using specific algorithms, such as “Mesenchymal stem cells” and “Myocardial infarction”.
Additionally, the reference lists of included studies were manually searched to identify any relevant RCTs not captured
in the initial search. Our search was not restricted by language, and the strategy adhered to the Preferred Reporting Items
for Systematic Reviews and Meta-Analysis 2020 statement[12], ensuring the thoroughness and validity of the research

and instilling confidence in the validity of the findings.

Eligibility criteria

For inclusion in the current systematic review and meta-analysis, a study was required to meet the following eligibility
criteria: (1) It must be an RCT; (2) It assessed the efficacy of “¥°MSCs; (3) It involved patients with myocardial infarction
or heart failure; (4) It must include a control group; (5) The follow-up period was at least six months; and (6) It reported
one of the following outcomes: Change in LVEF, six-minute walking distance test (6-MWD), major adverse cardiac events
(MACE), or readmission for exacerbation of heart failure or myocardial infarction. Any study that did not fulfill these
criteria or was not available in full text was considered ineligible for inclusion.

Outcome measures

The primary outcome evaluated the efficacy of “¥’MSCs, measured by the change in LVEF and 6-MWD compared to the
change observed in the control arm. The secondary outcomes focused on the safety of “*’MSCs, assessed by the frequency
of MACE across both arms during treatment. MACE encompassed various events, including mortality, arrhythmias,
heart failure, recurrence of myocardial infarction, and readmission for cardiac reasons.

Data extraction

Two co-authors (Safwan M and Bourgleh MS) independently evaluated the eligibility of studies for meta-analysis based
on the inclusion/exclusion criteria and utilized a standardized data extraction sheet. Each included study was examined,
with the extraction of the following variables: (1) First author and publication year; (2) Trial location (country); (3) Type of
stem cells; (4) Sample size; (5) Gender distribution; (6) Mean sample age; (7) Presence of co-morbidities; (8) Duration of
follow-up for key endpoint measurements; (9) Dosage (number of cells transferred in millions); (10) Method of cell
delivery (e.g., intravenous, intramyocardial, or intracoronary infusion); (11) New York Heart Association classification of
study participants at baseline; (12) Assessment method/tools for study endpoints (e.g., electrocardiogram, echocar-
diogram, magnetic resonance imaging, cardiac computed tomography, and single-photon emission computed
tomography); (13) LVEF (mean * SD); and (14) Occurrence of MACE.

Quality assessment

The same co-authors (Safwan M and Bourgleh MS) independently followed the Cochrane collaboration tool for bias
assessment to evaluate the methodological quality of the included RCTs. The overall risk of bias was visually presented in
a bias risk graph. In instances of disagreement between the authors, a third independent author (Haider KH) was
consulted for resolution, ensuring the objectivity and independence of the quality assessment process and reassuring the
authors about the results’ reliability. This rigorous quality assessment process adds further credibility to the findings,
providing the audience with confidence in the reliability of the results.
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Figure 1 Study selection flow diagram (PRISMA chart). RCTs: Randomized controlled trials; Cryo-MSCs: Cryopreserved mesenchymal stem cells.

Statistical analysis

Statistical data analysis was performed using Review Manager (RevMan) 5.4.1 software. The odds ratio (OR) was
calculated and presented with confidence intervals (CI) for dichotomous outcomes, mortality, MACE, and readmission.
For continuous outcomes, LVEF and 6MWD, any data extracted in mean + SE or mean and CI were converted into mean
* SD using equations of the Cochrane Handbook[13]. Weighted mean difference (WMD) analysis was performed due to
the consistent measurement units across all the studies for LVEF and 6MWD. Considering the expected heterogeneity
between studies due to variations in sample sizes, countries, and doses, a random effect model was employed. To explore
the potential variations in efficacy and safety based on the cell source, subgroup analysis was performed using two
different cell sources: Bone marrow and umbilical cord tissue. Additionally, a subgroup analysis was conducted based on
the release criteria for post-thaw viability, comparing groups with viability rates above 80% to those below 80%. Between-
study heterogeneity was assessed using the I? statistic and interpreted as follows: 25% < I? < 75%: Low and unimportant
heterogeneity; I? 25%-75%: Moderate heterogeneity; 75% < I>? < 100%: High heterogeneity. The significance cutoff for
statistical significance was set at a P value of less than 0.05. A sensitivity analysis was conducted in case high hetero-
geneity was observed between the studies.

RESULTS
Eligible studies

Figure 1 summarizes the process of systematically searching for eligible RCTs. Initially, a search was conducted across
various databases, resulting in 890 records. After removing duplicates and performing title and abstract screening, 28
RCTs remained for full-text screening. Seven RCTs were included, and the remaining 21 were excluded based on the
reasons outlined in Figure 1. The risk of bias for the included studies was assessed using the Cochrane collaboration tool
[14]. The assessment was based on selection, performance, detection, attrition, and reporting biases. Figure 2 presents a
graphical summary of the bias assessment.

Characteristics of included studies

The baseline characteristics of the included RCTs are detailed in Tables 1 and 2. The 7 RCTs included 285 heart disease
patients, with 178 patients in the intervention and 107 in the control arms[15-21]. Four of the included RCTs used “~°BM-
MSC:s for the intervention[15-18], involving 164 patients, 103 in the intervention arm and 61 in the control arm. The
percentage of male participants in the BM-MSCs studies ranged from 43% to 100% in the intervention group and 24% to
80% in the control group. The remaining three RCTs used cryopreserved umbilical cord-derived MSCs (“¥*UC-MSCs)[19-
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Table 1 Baseline characteristics of randomized clinical trials with cryopreserved human umbilical cord-derived mesenchymal stem

cells for heart disease, n (%)

Ulus et al[19], 2020,

Ref. He et al[20], 2020, China Bartolucci et al[21], 2017, Chile
Turkey
Study type RCT RCT Open-label RCT
Phase I /1 I/11
Condition MI HF MI
Sample size Total 50 30 41
Intervention (% 35 (71.42) 15 (80.0) 25 (100)
male)
Control (% male) 15 (46.67) 15 (93.3) 16 (100)
Age (mean * SD) Intervention 61+82 57.33 £10.05 61.8+10
Control 652+79 5720 +11.64 653+6.8
BMI (mean * SD) Intervention 25+3.35 2912 +2.88 26.5+45
Control 23.59+228 29.52 +4.00 26.6 £4.8
Number of Intervention 11 (31.43) 7 (46.7) 21 (84)
smokers
Control 3 (25.0) 4(26.7) 15 (88.2)
HTN Intervention 24 (68.57) 7 (46.7) 15 (60)
Control 9 (75.0) 8 (53.3) 11 (64.7)
DM Intervention 12 (34.29) 5(33.3) 16 (66.7)
Control 8 (66.7) 7 (46.7) 9 (52.9)
NYHA; I (n),II (n), Intervention 111 (4/8), IV (12/8) N/S:2.03 +0.61 N/S:1.9+044
III (n), IV (n)
Control III (7) 1V (5) N/S:1.67 £0.49 N/S:2.1+0.37
Comparison CABG only Placebo CABG only
Follow-up 3, 6, and 12 months 3, 6, and 12 months 1, 3, 6, and 12 months
Assessment ECG No Yes Yes
modality (yes/no)
Echo No Yes Yes
MRI Yes (CMR) Yes (CMR) Yes
Cardiac CT No No No
SPECT No No Yes
Measured Serious adverse events at 12 months Safety: Adverse events after IV LVEF, LV remodeling,
outcomes (primary), the efficacy of hUC-MSCs and infusion -/-. Efficacy: Primary, myocardial mass,

collagen scaffold assessed according to the changes in LVEF, LVESV & LVEDV 6MWD, NYHA score
CV-CMR-based LVEF and infarct size at 3,6, by Echo; LVEF, LVESV, and LVEDV change

and 12 months after treatment, and NYHA by CMR; NYHA score (secondary)

(secondary)

RCT: Randomized controlled trial; MI: Myocardial infarction; HF: Heart failure; BMI: Body mass index; HTN: Hypertension; DM: Diabetes mellitus;
NYHA: New York Heart Association; N/S: Not specified; CABG: Coronary artery bypass graft; ECG: Electrocardiogram; MRI: Magnetic resonance
imaging; CT: Computed tomography; SPECT: Single-photon emission computed tomography; CMR: Cardiac magnetic resonance; hUC-MSCs: Human
umbilical cord-derived mesenchymal stem cells; LV: Left ventricle; LVEF: Left ventricular ejection fraction; LVESV: Left Ventricular end-systolic volume;
LVEDV: Left ventricular end-diastolic volume; 6MWD: Six-minute walk distance.

21] with 121 patients, 75 in the intervention group and 46 in the control group. The percentage of male participants in the
UC-MSCs studies ranged from 71% to 100% in the intervention group and 46% to 100% in the control groups. The
included studies were published between 2009 and 2020 and were conducted across several countries: One each in India
[16], Turkey[19], China[20], and Chile[21], while three RCTs were conducted in the United States[15,17,18]. The route of
cell delivery varied among the included studies. Four studies employed the intramyocardial route[15,18-20], while the
remaining three used the intravenous route[16,17,21].

In the included studies, the control group received a placebo treatment besides standard pharmacological or adjunct
surgical intervention. For example, in three studies[15,18,21], the control group also received standard heart failure
therapy, including beta blockers, angiotensin-converting enzyme inhibitors, angiotensin II receptor blockers, or
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Table 2 Baseline characteristics of randomized clinical trials with cryopreserved human bone marrow mesenchymal stem cells for

heart disease, n (%)

. Hare et al[17 Perin et al[18
Chullikana et al[16], _[ b . . . L],
Ref. . 2009, United  Bolli et al[15], 2020, United States 2015, United
2015, India
States States
Study type RCT RCT RCT RCT
Phase I/11 1 1 II
Condition MI MI HF HF
Sample size Total 20 58 31 60
Intervention (% 10 (100) 34 (82.4) 14 (43) 45 (97.8)
male)
Control (% male) 10 (80) 19 (78.9) 17 (24) 15 (73.3)
Age (mean £SD)  Intervention 47.31+12.10 59+123 54.7+12.8 622+10.3
Control 47.79 + 6.48 55+10.2 582+11.2 62.7+11.2
BMI (mean +SD)  Intervention 23.32+3.74 29.8+6.7 30.2+9.0 298+41
Control 24.86 +1.88 30.3+43 30.4+6.5 313+9.2
Number of Intervention N/A 3(8.8) 5 (36) 7 (15.6)
smokers
Control N/A 2 (10.5) 3 (18) 2(13.3)
HTN Intervention N/A 16 (17.6) 6 (43) 29 (64.4)
Control N/A 9 (47.4) 10 (59) 9 (60)
DM Intervention N/A 6 (17.6) 3 (21) 13 (28.9)
Control N/A 1(5.3) 5(29) 2(13.3)
NYHA;I(n),II(n Intervention N/A N/A 11 (13), 11T (1) II (31), III (14)
), I (1), IV (1)
Control N/A N/A T (13), 1T (4) 11 (6), TII (9)
Comparison Placebo (multiple Placebo Placebo Placebo
electrolytes injection)
Follow-up, Six months till two years Six months 6 and 12 months 3, 6, 12 months
months
Assessment ECG No Yes Yes No
modality (yes/no)
Echo Yes Yes No Yes
MRI Yes Yes Yes (CMR) No
Cardiac CT No Yes No No
SPECT Yes No No Yes
Measured Adverse events, LVEF Safety, adverse  Safety and feasibility of allogenic MSC Safety (primary), LV
outcomes (Echo & SPECT), total events, LVEF administration in this population (primary). ~ volume, LVEF,
perfusion score, and (Echo), and Effects of allogenic MSC administration on 6MWD (secondary)

total volume of infarct 6MWD LV function (LVEF, LVEDV, LVESV, scar
morphology) and functional status (MWD,

MLHFQ) (secondary)

RCT: Randomized controlled trial; MI: Myocardial infarction; HF: Heart failure; BMI: Body mass index; N/A: Not applicable; HTN: Hypertension; DM:
Diabetes mellitus; NYHA: New York Heart Association; ECG: Electrocardiogram; MRI: Magnetic resonance imaging; CT: Computed tomography; SPECT:
Single-photon emission computed tomography; CMR: Cardiac magnetic resonance; MSCs: Mesenchymal stem cells; LV: Left ventricle; LVEF: Left
ventricular ejection fraction; LVESV: Left Ventricular end-systolic volume; LVEDV: Left ventricular end-diastolic volume; 6MWD: Six-minute walk
distance; MLHFQ: Minnesota Living with Heart Failure Questionnaire.

aldosterone antagonists. In two studies[19,20], the control group underwent coronary artery bypass graft surgery, while
in one study[16], the control group received percutaneous coronary intervention. The remaining study[17] did not
provide specific information on the medications or procedures administered to the control group.
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Figure 2 Risk of bias summary and graph. A: Risk of bias summary; B: Risk of bias graph. Symbols: (+) low risk of bias, (?) unclear risk of bias, (-) high risk of
bias.

The functional outcome

LVEEF: Seven studies[15-21] reported changes in LVEF after six months of “¥°MSCs-based treatment, including three
studies[19-21] using UC-MSCs and four studies[15-18] using BM-MSCs. The pooled analysis showed a significant 2.11%
improvement in LVEF in the MSC treatment groups compared to the control [WMD (95%ClI) = 2.11 (0.66-3.56), P = 0.004, I
2=1%]. In the subgroup analysis by cell type, the pooled 6-month LVEF changes recorded a significant 3.53% increase in
the UC-MSCs studies [WMD (95%CI) = 3.53 (1.38-5.67), P = 0.001, I = 0%]. At the same time, the BM-MSCs treatment did
not demonstrate any significant improvement compared to the control [WMD (95%CI) = 0.92 (-1.03 to 2.88), P = 0.35, I> =
0%] (Figure 3A). Seven studies measured the LVEF change before and after 12 months of “¥°MSCs treatment, including 3
UC-MSCs and 4 BM-MSCs studies. However, the pooled change in the treatment group was a 1.99% improvement
compared to the control, which was not statistically significant [WMD (95%CI) = 1.99 (-0.02 to 3.99), P = 0.05, I* = 14%)
Figure 3B).

( Ibn the st)lbgroup analysis based on post-thaw viability, the group with more than 80% post-thaw viable cells demon-
strated a significant 3.44% increase in LVEF after six months of follow-up compared to the placebo group [WMD (95%CI)
=3.44 (1.46-5.43), P = 0.0007, I> = 0%]. On the contrary, the group with less than 80% post-thaw viable cells did not show a
significant difference at six months [WMD (95%CI) = 0.37 (-2.89 to 2.14), P = 0.77, I* = 0%] (Figure 4A). Moreover, at the
12-month follow-up, neither the > 80% viable cell group nor the < 80% viable cell group showed any statistically
significant improvement in LVEF compared to the control group [WMD (95%CI) = 2.25 (-1.36 to 5.86), P = 0.22, I = 53%]
and [WMD (95%Cl) = 0.79 (-3.74 to 5.32), P = 0.73] respectively (Figure 4B).

6MWD test: The 6MWD test results were reported in four included studies, one involving UC-MSCs and three involving
BM-MSCs. The pooled analysis demonstrated no significant difference in 6MWD between the MSCs group and control
group [WMD (95%Cl) = 20.73 (-3.40.10 to 44.86), P = 0.09, I = 0%] for either the UC-MSCs studies [WMD (95%ClI) = 28.36
(-37.10 to 93.82), P = 0.40] or the BM-MSCs studies [WMD (95%CI) = 19.53 (-6.43 to 45.49), P = 0.14, I> = 0%] (Figure 5A).
Furthermore, the subgroup analysis according to cellular post-thaw viability demonstrated no significant difference in
6MWD between the intervention and control groups, regardless of whether the viable cells were > 80% [WMD (95%CI) =
14.15 (-33.31 to 61.60), P = 0.56, I* = 0%] or < 80% [WMD (95%CI) = 22.74 (-9.09 to 54.57), P = 0.16, I> = 22%] (Figure 5B).

The safety outcomes

Rehospitalization: The rehospitalization incidence was reported during the follow-up period in two UC-MSCs and two
BM-MSCs studies. The analysis showed no significant reduction in the overall OR of rehospitalization [OR (95%CI) = 0.51
(0.20-1.28), P = 0.15, I> = 0%] for both UC-MSCs and BM-MSCs treated groups compared to the respective control groups

WJSC | https://www.wjgnet.com 7 March 26,2025 | Volume17 | Issue3 |

Jaishideng®



Safwan M et al. “¥°MSCs for cardiovascular applications

A MSC Control Mean difference Mean difference
Study or subgroup Mean SD Total Mean SD Total Weight IV, random, 95%CI 1V, random, 95%CI
2.1.1 hUC-MSCs
Bartolucci 2017 543 42 15 1.26 5.2 15 18.2% 417 [0.79, 7.55] —
He 2020 6.78 8.91 35 3484 49 15 14.0% 284 [1.02,6.70] T
Ulus 2020 526 79 25 189 451 16 13.2% 3.37 [-0.61, 7.39] T
Subtotal (95% CI) 75 46  45.3% 3.53[1.38, 5.67] -

Heterogeneity: Tau®=0.00, Chi®*= 027, df=2 (F=0.88), F=0%
Test for overall effect: Z= 3.23 (F=0.001)

2.1.2 BM-MSCs

Bolli 2020 1.6 5.01 14  1.56 4.39 17 18.5% 0.04 [-3.31, 3.39] . —
Chullikana 2014 474 549 10 1.89 B6.01 10 T.7% 2.85[-2.37,8.07] —

Hare 2009 6.5 7.25 34 T4 BS 19 14.4% -0.90 [-4.71, 2.91] e E—

Perin 2015 1.7 7.6 45 1.2 B2 15 141% 2.890[-0.94, 6.74] T
Subtotal (95%Cl) 103 61 54.7% 0.92 [-1.03, 2.88] .
Heterogeneity: Tau®= 000, Chi*= 269, df=3{F =044, F=0%

Test for overall effect: £2=0.93 (£ = 0.35)

Total (95%Cl) 178 107 100.0% 2.11 [0.66, 3.56] -

1 1
T

Heterogeneity: Tau®=0.03; Chi*=6.05, df =6 {F =042, F=1%
Test for overall effect: £2= 2.85 (F = 0.004)
Testfor subgroup differences: Chi*= 310, df=1 (F = 0.08), F=67.7%

-10 -5 5 1
Favours [control] Favours [MSCs]

B MSC Control Mean difference Mean difference
Study or subgroup Mean SD Total Mean SD Total Weight IV, random, 95%CI 1V, random, 95%CI
221 hUC-MSCs
Bartolucci 2017 707 542 15 185 49 18 245% 5.22[1.52,8.92] B E—
He 2020 TAT 8.03 35 532 507 18 246% 1.85[-1.85, 5.55] e
Ulus 2020 221 7.86 25 276 B.09 168 19.7% -0.55 [-4.76, 3.66] —— —
Subtotal (95%CI) 75 46  68.8% 2.28 [-0.95, 5.52] e
Heterogeneity: Tau®= 4.28; Chif=4.21, df=2 (P = 0.12); F= 52%
Testfor overall effect Z=1.39(F=0.17)
2.2.2 BM-MSCs
Bolli 2020 3.47 4] 14 268 B.85 17 17.4% 0.79 [-3.74,5.32] S
FPerin 2015 1.2 845 45 -0.4 849 15 13.8% 1.60 [-3.54, 6.74] T
Subtotal (95%Cl) 59 32 31.2%  1.14[-2.25,4.54] ~al
Heterogeneity: Tau®=0.00; Chi*=0.05, df=1{F =082, F=0%
Test for overall effect: 2= 0.66 (F = 0.51)
Total (95%Cl) 134 78 100.0% 1.99 [-0.02, 3.99] o
Heterogeneity: Tau®=0.72; Chi*= 4.63, df= 4 (P = 0.33); F= 14% _150 55 s é 110

Test for overall effect: Z=1.94 (£ = 0.05)

8 , Favours [control] Favours [MSCs]
Testfor subdroun differences: Chi*=023.df=1 (P = 0.63), F=0%

Figure 3 Effect of cryopreserved mesenchymal stem cell therapy on left ventricular ejection fraction sub-grouped according to cell
source: Umbilical cord-derived mesenchymal stem cells and bone marrow-derived mesenchymal stem cells. A: Change from the baseline to

six months of follow-up; B: Change from the baseline to twelve months of follow-up; hUC-MSC: Human umbilical cord-derived mesenchymal stem cell; BM-MSC:
Bone marrow-derived mesenchymal stem cell.

[OR (95%CI) = 0.64 (0.09-4.72), P = 0.66, I> = 9%] and [OR (95%ClI) = 0.47 (0.16-1.38), P = 0.17, I = 0%] (Figure 6A).

Mortality: Two UC-MSCs RCTs and three BM-MSCs RCTs reported mortality from the included RCTs (Figure 6B). There
were no significant differences in the OR of mortality between the intervention group and control group with either UC-
MSCs studies [OR (95%CI) = 0.79 (0.10-5.95), P = 0.82, I* = 0%] and BM-MSCs studies [OR (95%CI) = 0.64 (0.17-2.35), P =
0.50, > = 0%].

MACEs

Six included studies reported the incidence of MACE, 2 UC-MSCs studies, and 4 BM-MSCs studies, such as ventricular
tachycardia, supraventricular tachycardia, and angina and revascularization of myocardial infarction. The pooled
analysis did not show a statistically significant difference in the overall MACE [OR (95%CI) = 0.80 (0.39-1.67), P = 0.56, I*
= 0%] between the “¥°MSCs and the control group. Similarly, no statistically significant effect was seen when sub-
grouping into UC-MSCs and BM-MSCs compared to the control [OR (95%CI) = 0.90 (0.24-3.33), P = 0.87, > = 0%] and [OR
(95%CTI): 0.72 (0.24-2.12), P = 0.55, > = 29%] respectively (Figure 6C).

The effect of cellular post-thaw viability on adverse events

Based on cellular post-thaw viability, a subgroup analysis was conducted on adverse events, including rehospitalization,
mortality, and MACE. The analysis found no significant differences between the MSCs and the control groups for either
the > 80% viable cells or <80% viable cells groups regarding rehospitalization, mortality, or MACE (Figure 7).
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MSC Control Mean difference Mean difference
Study or subgroup Mean SD Total Mean SD Total Weight IV, random, 95%CI IV, random, 95%CI
2.3.1>80%
Bartolucei 2017 543 42 15 126 52 15  20.58% 417 [0.79, 7.55] e —
Chullikana 2014 474 59 10 1.89 6.1 10 9.7% 285 [-2.37,8.07] T
Ferin 2015 1.7 76 45 1.2 B2 19 16.6% 290[-0.94, 6.74] T
Ulus 2020 526 7.9 25 189 51 16 15.6% 3.37 [0.61, 7.35] T
Subtotal (95%Cl) 95 56 62.3% 3.44 [1.46, 5.43] e

Heterageneity: Tau®= 0.00; Chi®=0.30, df= 3 {F=0.496), F=0%
Testfor overall effect: £= 3.41 {(£=0.0007)

2.3.2 <80%

Bolli 2020 16 50 14 156 438 17 20.8% 0.04[-3.31,3.39] . —
Hare 2009 6.5 7.25 34 74 BS 19 16.9%  -080[4.71,2.91] I
Subtotal (95%CI) 48 36 37.7%  -0.37[-2.89, 2.14] e

Heterogeneity: Tau®=0.00; Chi*=013,df=1{F=072), F=0%
Testfor overall effect Z=029{F=077)

Total (95%Cl) 143 92 100.0% 1.99 [0.30, 3.69] S -
Heterogeneity: Tau®= 0.68, Chi*=5.88 df=5(F =032),F=15% —1=D 55 b é 150
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Figure 4 Effect of cryopreserved mesenchymal stem cell therapy on left ventricular ejection fraction sub-grouped according to cellular
post-thaw viability as > 80% and < 80%. A: Change from the baseline to 6 mo of follow-up; B: Change from the baseline to 12 mo of follow-up. MSC:
Mesenchymal stem cell; CI: Confidence interval.

DISCUSSION

Our systematic review and meta-analysis are aimed at evaluating the safety and efficacy of the “¥°MSCs for treating
patients with myocardial infarction and heart failure. The significant findings of our study are: (1) “**MSC treatment
resulted in an overall 2.11% improvement in LVEF during 6 mo of follow-up compared to the control group; (2) The
LVEF improvement was higher when using UC-MSCs or “¥°MSCs with more than 80% post-thaw viability; (3) The
functional benefits of treatment with ¥’ MSCs were not sustained during the 12-mo follow-up; (4) Treatment with “¥°
MSCs did not result in a statistically significant improvement of the 6MWD test compared to control; (5) Treatment with
“v°MSCs was safe, as there was no significant difference in the incidence of MACE compared to the control group; and (6)
No significant effects on mortality and readmission were observed in the “¥*MSC group compared to the control group.
Unlike conventional drugs, which are mostly natural or synthetic, and modern-day biologics, which are substances of
biological origin, pharmacology has advanced to the next generation of drugs: The living biodrugs, i.e., a novel fast-
emerging group of medications for which product viability is a primary requirement. Depending upon their subsequent
therapeutic application, living biodrugs can also be genetically modified to enhance their efficacy, such as chimeric
antigen receptors-T cells nick-named TRUCKSs and hematopoietic progenitor cells-based Food and Drug Administration-
approved products (Allocord, Hemacord, Ducord, etc)[22]. MSCs are novel living biodrugs that may be used naive or
modified to deliver transgenes and drugs as payloads[23]. Logistic considerations for living biodrugs, especially off-the-
shelf ready-to-use availability, differ from conventional pharmaceuticals and impede their clinical progress. Firstly, such
an arrangement will mainly necessitate an allogenic source of cells. Although the published clinical data supports the use
of allogenic MSCs on par with their autologous counterparts[24,25], the donor-related factors affecting their biology and
functional heterogeneity, especially for long-term benefits, add to the potential uncertainty about their clinical outcome

3%9@) WIJSC | https://www.wjgnet.com 9 March 26,2025 | Volume17 | Issue3 |



Safwan M et al. “¥°MSCs for cardiovascular applications

MSCs Control Mean difference Mean difference
Study or subgroup Mean SD Total Mean SD Total Weight IV, random, 95%CI IV, random, 95%CI
1.2.1 hUC-MSCs
Ulus 2020 8229 1341 25 5393 796 16 13.6% 28.36[37.10,93.82) T
Subtotal (95%Cl) 25 16 13.6% 28.36 [-37.10,93.82] gl

Heterogeneity: Mot applicahle
Test for overall effect: Z=0.85 (F = 0.40)

1.2.2 BM-MSCs

Bolli 2020 3496 61.62 14 -3.07 429 17 40.0%  38.03[-0.15, 76.21] -
Hare 2008 10515 67.18 34 99.66 76.84 19 342% 549[3579 46.77]

Perin 2014 257 1061 45 273 1216 15 123% -1.60[70.50, 67.30] %
Subtotal (95%Cl) 93 51 B86.4% 19.53[-6.43,45.49]

Heterogeneity: Tau®=0.00; Chi*=1.71,df=2{F =0.43); F=0%
Testfor overall effect. 2=1.47 {F=0.14)

Total (95%ClI) 118 67 100.0% 20.73 [-3.40, 44.86] 1.
Heterogeneity: Tau®= 0.00; Chi*=1.77, df=3{F =062, F=0%
Test for overall effect: Z=1.68 (£ =0.09)

Testfor subaroun differences: Chi*= 006, df=1{(F =081 F=0%

200 -100 0 100 200
Favours [control] Favours [MSCs]

B MSCs Control Mean difference Mean difference
Study or subgroup Mean SD Total Mean SD Total Weight IV, random, 95%CI IV, random, 95%CI
1.3.1 >80%

Perin 2014 257 1061 45 273 1216 15 12.3% -1.60[-70.50,67.30]
Ulus 2020 82.29 1341 25 5393 796 16 13.6% 28.36[37.10,93.82]
Subtotal (95%Cl) 70 31 259% 14.15[-33.31,61.60] ——e——

Heterogeneity: Tau®= 0.00; Chi*=0.38, df=1 (F = 0.54), F= 0%
Test for overall effect: 2= 0.58 {F = 0.56)

1.3.2 <B0%

Bolli 2020 1] a a 0 a a Mot estimahble

BEolli 2020 3496 B1.62 14 -307 429 17 400%  38.03[0.15 76.21] &
Hare 2009 1] 0 0 1] 0 0 Mot estimable

Hare 20049 10515 G718 34 9966 T6.84 19 342% 54935749 46.77] -—
Subtotal (95%Cl) 48 36 T41% 22.74[-9.09, 54.57] e
Heterogeneity: Tau®=117.94; Chi*=1.29,df=1 (F = 0.26); F=22%

Test for averall effect: Z=1.40 {7 = 0.16)

Total (95%Cl) 118 67 100.0% 20.73 [-3.40, 44.86] <l

00 A0 0 a0 100
Favours [control] Favours [MSCs]

Heterogeneity: Tau®= 0.00; Chi*=1.77, df =3 (F =062), F=0%
Test for overall effect: Z=1.68 {#£ = 0.09)
Test for subaroup differences: Chi*=0.09, df=1 {F=077), F=0%

Figure 5 Effect of cryopreserved mesenchymal stem cell therapy on 6 min walk distance sub-grouped according to cell source. A and B:
Umbilical cord-derived mesenchymal stem cells (A) and bone marrow-derived mesenchymal stem cells (B) cellular post-thaw viability as > 80% and < 80%. MSC:
Mesenchymal stem cell; Cl: Confidence interval; hUC-MSC: Human umbilical cord-derived mesenchymal stem cell; BM-MSC: Bone marrow-derived mesenchymal
stem cell.

[26]. Their cryopreservation increases the uncertainty regarding their post-transplantation performance.

The factors affecting the safety and efficacy of cryopreserved cells encompass almost everything from tissue source[27]
and cryo-banking to thawing and delivery. For example, whether the cryopreserved cells post-thaw be cultured or used
directly after washing to remove the cryoprotectant remains an important consideration. Similarly, their viability post-
thaw is critical to their safety and efficacy. The current study represents the first evaluation of “¥°MSCs’ efficacy in
patients with CVD and reveals a notable connection between MSCs viability post-thawing and their impact on LVEF. A
subgroup analysis based on MSC type and post-thaw viability showed that treatment with UC-MSCs resulted in a
significant 3.53% improvement in LVEF during 6 mo of follow-up compared to the control group. On the contrary, no
significant LVEF change was observed after treatment with BM-MSCs. It is essential to mention that neither cell type
significantly impacted the 12-mo follow-up, although UC-MSCs demonstrated better efficacy. The considerable variations
in LVEF improvement observed between MSCs from two tissue sources may be attributed to the relatively primitive
nature of UC-MSCs compared to the BM-MSCs[5,27]. These are significant findings as UC-MSCs, with their better
efficacy, primitive nature, and non-invasive availability, are being widely cryopreserved to ensure ready-to-use obtain-
ability. The preclinical studies support these data to indicate that MSCs isolated from healthy donors and cryopreserved
in liquid nitrogen for extended periods can sustain their biology and stemness characteristics, i.e., paracrine signaling,
differentiation potential, and proliferation capabilities[10,28]. This underscores the potential of UC-MSCs for future
cryopreservation efforts, instilling a sense of optimism and hope for further research and development.

Changes in LVEF remain a significant predictor of prognosis in heart failure patients. Previous studies have shown that
the hazard ratio for all-cause mortality increases by 39% for every 10% reduction in LVEF below 45%[29]. Despite this,
relatively few studies have assessed the effectiveness of heart failure medications in improving LVEF. One study
demonstrated that beta-blocker treatment led to an LVEF improvement of 4% to 4.9% in patients with a baseline LVEF
below 40% and 1.9% in those with a baseline LVEF between 40% and 50%[30]. Another study on the impact of renin-
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Figure 6 Odds ratio of the safety outcomes. A: Rehospitalization; B: Mortality; C: Major adverse cardiac events. MSC: Mesenchymal stem cell; Cl:
Confidence interval; hUC-MSC: Human umbilical cord-derived mesenchymal stem cell; BM-MSC: Bone marrow-derived mesenchymal stem cell.
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A

Figure 7 Odds ratio of the safety outcomes sub-grouped according to post-thaw cellular viability. A: Rehospitalization; B: Mortality; C: Major
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adverse cardiac events. MSC: Mesenchymal stem cell; Cl: Confidence interval.
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angiotensin system inhibition in heart failure with preserved LVEF found a significant LVEF improvement (2.18%) after
treatment[31]. Based on this evidence, the improvements observed in our analysis with “¥°MSCs appear promising.
However, it is important to note that in three of the included studies, both the intervention and control groups received
standard therapy (e.g., beta blockers and/ or renin-angiotensin system inhibitors). Consequently, we found that treatment
with ©¥°MSCs resulted in a more sustained and pronounced improvement in LVEF compared to those receiving standard
therapy alone. Moreover, it is difficult to delineate the effects of cell therapy from those of standard therapy during
concomitant treatment.

The lack of sustained treatment effects with “**MSCs after 12 months suggests that a single dose is insufficient for long-
term cardiac improvement, and administering a second dose may sustain long-term outcomes. Possible explanations for
the lack of sustained long-term effects include the progressive nature of heart failure, which often worsens insidiously
due to the underlying neurohormonal imbalance and endothelial dysfunction, even in the absence of overt clinical
symptoms[32]. Secondly, the permanence of the long-term therapeutic benefits may require the sustenance of the cell
graft. Loss of cell graft may contribute to the loss of therapeutic benefits, which can be benefited by repeated cell adminis-
tration until the recovery from heart failure is reached. Moreover, some studies have employed intravenous adminis-
tration of cells, which offers advantages such as safety, ease of administration, and lower cost than intracoronary or
intramyocardial routes. Although these alternative routes may be more effective, there is a need for specialized centers
and a 1%-2% risk of complications like perforation and tamponade that hamper their routine application. Intravenous
administration is associated with lower engraftment, which can limit the therapeutic benefits, especially when a single
dose is used[33]. Lastly, due to the clinical trial design of the included studies, labeling the injected cells and tracking their
migration to the myocardium proved challenging[17]. These factors underscore the potential advantages of administering
multiple doses over time. A recent study by Attar et al[34] showed that administering repeated MSC doses led to a 4%
improvement in LVEF at 6 months compared to a single dose. Although there is no data on a second dose administered
after 6 mo for myocardial infarction or heart failure patients, studies have shown that a second dose given 6 months after
the first can lead to significant functional improvements in knee osteoarthritis patients compared to a single dose[35,36].
These findings emphasize the potential of repeated MSC doses at various intervals to optimize treatment in cardiac
patients, sparking further interest and research. We did not find a significant difference in the adverse cardiac events
between the “7°MSCs and the control groups, suggesting the clinical safety of the cryopreserved cells. However, the
included RCTs lack details regarding the cryopreservation methods, underscoring the need for further research.

Our study results were limited by the relatively small number of RCTs and the small sample size in the included RCTs.
Another significant limitation of our study is the absence of RCTs that directly assess the clinical effectiveness of “v°MSCs.
Given the topic’s significance, it is strongly recommended that future clinical studies explore this area further. Hence,
there is a pressing need for more extensive RCTs to validate these findings and establish standardized cell preservation
protocols. This urgent need for further research underscores the importance of our findings and the potential impact on
cardiology and regenerative medicine.

CONCLUSION

In conclusion, our systematic review of the literature’s meta-analysis reveals that “v°MSCs significantly improved LVEF
by an average of 2.11%, with superior outcomes observed when employing “¥**’MSCs with post-thaw viability exceeding
80%. Furthermore, the safety profile of “v’MSCs did not show a significant incidence of adverse events compared to the
control. This suggests that ““°MSCs hold promise as a viable cell product for off-the-shelf use in patients with CVD,
offering a positive outlook for the future of this treatment[37]. This promising outlook should encourage further research
and development in this area.
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Abstract

Xiao et al reported on the natural product sinomenine (SIN), which is a traditional
Chinese medicine for treating osteoporosis via its modulation of autophagy;
however, SIN was dissolved in dimethyl sulfoxide prior to administration, which
is not conducive to the development of clinical injectables. By comparing solubil-
ization techniques, including amorphisation, emulsification, micellisation, nano-
crystallisation and host-guest inclusion, we found that the solubilization of SIN by
host-guest inclusion can enhance solubility and improve stability and has an
increased release rate and enhanced bioavailability. Therefore, we conclude that
host-guest inclusion holds promise for SIN solubilization. To solubilise SIN, we
selected B-cyclodextrin as the host agent considering its excellent biocompatibility,
efficient encapsulation ability, mature preparation process and adequate drug
stability. If the prerequisites of SIN-B-cyclodextrin complexes in terms of safety,
efficacy, stability and the relevant laws and regulations are met, its clinical app-
lication for the treatment of osteoporosis may be achieved.
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Core Tip: Sinomenine (SIN) inhibits phosphorylation processes in the phosphatidylinositol 3-kinase/protein kinase B/ma-
mmalian target of the rapamycin pathway, increases autophagic capacity and promotes osteogenic differentiation, hence
effectively treating osteoporosis. Nevertheless, the insolubility of SIN is a limitation to its clinical application. Here, we
proposed the use of host-guest inclusion instead of dimethyl sulfoxide (DMSO) to solubilise SIN by preparing SIN-f-
cyclodextrin complexes. Compared with direct dissolution in DMSO, the SIN-B-cyclodextrin complexes circumvent the
safety concerns associated with DMSO, providing higher water solubility, improved drug stability, lower toxicity and side
effects and optimal drug release properties. We conclude the clinical application of SIN-B-cyclodextrin complexes to treat
osteoporosis may be achieved.
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TO THE EDITOR

Xiao et al[1] reported on the anti-osteoporosis activity of the natural product sinomenine (SIN), which is a traditional
Chinese medicine. The major underlying mechanism of SIN involves the inhibition of phosphorylation of the
phosphatidylinositol 3-kinase/ protein kinase B/mammalian target of the rapamycin signalling pathway in bone marrow
mesenchymal stromal cells, which increases the autophagic capacity and promotes osteogenic differentiation. Bone loss
antagonism, osteogenic differentiation promotion, autophagy induction and phosphatidylinositol 3-kinase/protein
kinase B/mammalian target of the rapamycin inhibition were assessed. The overall outline of this work is shown in
Figure 1 (modified from the original work).
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Figure 1 Scheme of the study by Xiao et al[1]. This figure is modified from the original work[1]. mTOR: Mammalian target of the rapamycin; AKT: Protein
kinase B; PI3K: Phosphatidylinositol 3-kinase.

It is important to consider the delivery of SIN to bone marrow mesenchymal stromal cells or ovariectomised mice in
the original study. Based on the methodology, SIN was dissolved in dimethyl sulfoxide (DMSO) and subsequently
diluted to the required concentration for injection. In animal studies, the resulting SIN solution was administrated via
intraperitoneal injection. For clinical application, intraperitoneal injection must be modified to intravenous or
intramuscular injection. A more challenging problem is that DMSO-containing solvents are not favourable for developing
an injection formulation because it has several safety concerns. First, DMSO is highly permeable in the mucous
membranes[2]. For injectable formulations, DMSO may be utilised for other ingredients, which include potentially
harmful impurities, into the body along with it, thus increasing the risk of side effects or unpredictable systemic reactions.
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Figure 2 lllustration of the scheme to solubilise sinomenine with -cyclodextrin and its application. SIN: Sinomenine; mTOR: Mammalian target
of the rapamycin; AKT: Protein kinase B; PI3K: Phosphatidylinositol 3-kinase.

Second, DMSO irritates the skin and mucous membranes and may cause discomfort or inflammation at the injection site
[3]. Such irritation renders the use of the injection unsuitable or unsafe. Third, DMSO may react with other components
from the injectables to affect the stability and potency of the drug. For instance, it may cause chemical degradation of the
drug[4]. The reason for using DMSO by Xiao et al[1] was that SIN showed a low water solubility[5] and dissolving it in
DMSO could achieve higher solubility. We have developed alternative techniques to solubilise SIN in water, which can
avoid the use of DMSO and reduce safety concerns.

From the perspective of pharmaceutics, several techniques for solubilization, including amorphisation, emulsification,
micellisation, nano-crystallisation and host-guest inclusion exist. Notably, amorphisation does not significantly improve
the solubility of SIN (with only an approximate 7% increment), as shown previously[6]. Although emulsification
optimises the solubility of SIN, emulsifiers have stability issues and may interact with the drug to affect its bioavailability
[7]. Micellisation involves the encapsulation of SIN in micelles to improve solubility; however, the material utilised to
prepare micelles may affect the rate of drug release, whereas the formulation and concentration of the micelles must be
optimised to avoid potential interactions[8]. Nano-crystallisation can significantly enhance the solubility and dissolution
rate of SIN; however, the preparation process for nano-crystallisation is complex and costly[9]. Additionally, the stability
of the nanoparticles and potential particle aggregation must be addressed. Host-guest inclusion improves the solubility of
SIN[10], which effectively prevents recrystallisation of the drug in an aqueous phase by encapsulating SIN in the
hydrophobic inner cavity of the host molecule, thus optimising its solubility and bioavailability. Compared with the
solubilization methods listed above, host-guest inclusion has the advantages of improved stability, lower cost and an
increased release rate and bioavailability of the drug. Therefore, we conclude that host-guest inclusion holds promise for
SIN solubilization.

Host-guest inclusion is defined as a drug molecule wholly or partially encapsulated into the molecular cavity of the
encapsulation agent[11]. Herein, the ‘host’ and “guest’ refer to the encapsulation agent and the drug, respectively.
Materials that are commonly utilised as encapsulation agents include cyclodextrins, calixarene and cucurbits. Of these,
cyclodextrins are widely considered to be the best materials for host-guest inclusion because of their excellent biocompat-
ibility, efficient encapsulation ability, mature preparation process and good drug stability[12]. There are three major
categories of cyclodextrins, namely a-, B-, and y-cyclodextrin. B-cyclodextrin has a larger cavity inner diameter compared
to a-cyclodextrin and a lower production cost compared to y-cyclodextrin, and therefore it has rapidly become a research
hotspot in recent years. According to the literature[13], f-cyclodextrin is widely employed because of its strong
interaction with various guest molecules. Several derivatives of B-cyclodextrin have been developed, such as 2-
hydroxypropyl-p-cyclodextrin, sulfobutyl aether-p-cyclodextrin and amino-p-cyclodextrin. They exhibit superior solubil-
ization effects, better drug stability, lower toxicity and side effects and optimised drug release properties compared with
common B-cyclodextrin[14]. Some commercially available injections use cyclodextrin as the solubiliser, such as Cylert®
(containing 2-hydroxypropyl-p-cyclodextrin), DepoCyte® (containing sulfobutyl aether-p-cyclodextrin) and Kytril®
(containing a mixture of a, B, and y-cyclodextrins)[15]. Noteworthily, a previous study synthesised a p-cyclodextrin-
grafted polymer to encapsulate SIN, which showed a high interaction intensity with the guest molecule. Overall, we
believe that the B-cyclodextrin inclusion complex can effectively solubilise SIN, thus circumventing the need for DMSO
and facilitating its clinical application (Figure 2).

To facilitate the clinical translation of the SIN-B-cyclodextrin complex, several prerequisites must be fulfilled. First, a
safety assessment, which includes toxicity and allergic reactions, must be carried out on the SIN-B-cyclodextrin complex.
Second, pharmacodynamic evaluation is required to ensure that the complex has the desired therapeutic effect. Stability
testing studies are also required to ensure that it is stable during storage and use. Finally, compliance and regulatory
approvals are required and SIN-B-cyclodextrin complexes must comply with relevant drug regulations and clinical trial
requirements to obtain official approval. Once all the above are achieved, the clinical application of the relevant products
will be possible.

In conclusion, in the study of Xiao et al[1] evaluating SIN to modulate autophagy for the treatment of osteoporosis,
considering the safety issue of DMSO solubilization, we proposed a safer method, which involves the preparation of SIN-
B-cyclodextrin complexes instead of DMSO co-solubilization. After comparing different methods of solubilising SIN, we
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contend that the use of the host-guest inclusion method with B-cyclodextrin and its derivatives is superior for the solubil-
ization of SIN. However, host-guest inclusion technology has several disadvantages such as limited release control,
stability issues and toxicity risks. These disadvantages can affect the clinical transformation of SIN-p-cyclodextrin
complexes by complicating dose optimization, controlling release profiles, and ensuring long-term safety. Considering
the future clinical application of SIN-B-cyclodextrin complexes, issues including safety, efficacy, stability and the relevant
laws and regulations must be addressed. Once these issues are resolved, the clinical application of SIN-B-cyclodextrin
complexes to treat osteoporosis may be achieved.
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Abstract

This article discusses the study by Xiao et al, which investigated the therapeutic
efficacy of serum-free cultured human umbilical cord mesenchymal stem cells (N-
hUCMSCs) in a mouse model of knee osteoarthritis. The results showed that N-
hUCMSCs alleviated osteoarthritis-related cartilage damage and inflammation
comparably to both serum-cultured hUCMSCs and hyaluronic acid. While these
findings broaden the potential clinical utility of N-hUCMSCs by circumventing
certain drawbacks of serum-based cultures, the equivalence in efficacy raises
important questions. First, how do N-hUCMSCs differ phenotypically from
serum-cultured hUCMSCs, particularly in terms of proliferation rate, replicative
capacity, and senescence profile? Second, what advantages might N-hUCMSCs
offer over hyaluronic acid - a well-established therapy - beyond avoiding xeno-
geneic components and ethical concerns? Future research should focus on long-
term phenotypic stability, sustained functional benefits, safety profiles, and me-
chanistic insights to ascertain whether N-hUCMSCs can surpass current standards
of care.
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Core Tip: This article evaluates the study by Xiao et a/ on using serum-free cultured human umbilical cord mesenchymal
stem cells (N-hUCMSCs) to treat knee osteoarthritis in a mouse model. Although N-hUCMSCs matched the efficacy of both
serum-cultured hUCMSCs and hyaluronic acid, future research must clarify how N-hUCMSCs differ in long-term prolif-
erative capacity and senescence profiles compared to their serum-cultured counterparts. Additionally, since hyaluronic acid
is an established osteoarthritis treatment, demonstrating clear advantages, such as fewer side effects, more durable outcomes,
or enhanced cartilage regeneration, will be crucial for justifying the clinical adoption of N-hUCMSCs.
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TO THE EDITOR

We read with great interest the recent study by Xiao et al[1], which demonstrated that intra-articular injection of serum-
free cultured human umbilical cord mesenchymal stem cells (N-hUCMSCs) effectively alleviates cartilage damage and
inflammation in a mouse model of knee osteoarthritis (OA). By comparing N-hUCMSCs with both serum-cultured
hUCMSCs (S-hUCMSCs) and hyaluronic acid (HA), the authors present evidence that a serum-free cell culture system
can achieve therapeutic outcomes equivalent to well-established treatments. This advance is noteworthy, given that
traditional fetal bovine serum-based systems pose ethical concerns, xenogeneic risks, and regulatory challenges.

The study showed that N-hUCMSCs retained regenerative capacity and anti-inflammatory properties. However,
because N-hUCMSCs performed similarly to S-hUCMSCs, it raises the question of whether and how the serum-free
approach influences key cellular phenotypes. Recent research has indicated that while serum free-expanded MSCs
demonstrate higher proliferative capacity, this trait does not always correlate with their chondrogenic potential or
cartilage repair efficacy[2]. Other studies showed that UCMSCs cultured in serum-free and serum-containing media
exhibit similar proliferation, morphology, MSC surface marker expression, and stemness[3]. However, exosomes derived
from UCMSCs cultured in different media display variations in growth factor and cytokine levels, which could impact
their therapeutic potential[4]. These findings underscore the importance of thoroughly evaluating the effects of serum-
free media on intrinsic properties and functional characteristics of MSC. Another important aspect is that over multiple
passages, MSCs typically face replicative senescence, reduced proliferative capacity, and altered paracrine function[5]. A
comparison of N-hUCMSCs and S-hUCMSCs - focusing on proliferation rates, maximum population doublings, se-
nescence markers, and differentiation potential - would provide insights into whether serum-free conditions confer any
long-term advantages. If N-hUCMSCs maintain a more stable phenotype over successive passages, this could justify their
use despite any additional complexity and cost in their production process.

Furthermore, while N-hUCMSCs matched HA in reducing OA-related symptoms, HA already serves as a common and
relatively simple OA therapy. HA injections can, however, have variable efficacy and may cause injection-site pain or
inflammation[6]. A key question is whether N-hUCMSCs can surpass HA by offering more durable benefits, fewer
adverse effects, or superior cartilage regeneration. Addressing this is critical, as cell-based therapies will likely be more
resource-intensive. To be adopted clinically, N-hUCMSCs must demonstrate clear advantages in terms of safety, long-
term outcomes, and mechanistic benefits - such as enhanced cartilage repair or more robust modulation of the joint’s
immune environment - beyond what HA can achieve.

Strength and limitation

The comparative approach of the study is a clear strength. However, the small cohort size and noted mortality in the stem
cell-treated groups limit generalizability and suggest that delivery protocols may need refinement. Identifying optimal
dosages and delivery methods to minimize stress-related mortality will be essential. More importantly, the study’s
primary reliance on histological and biochemical endpoints, while informative, leaves mechanistic details unexplored.
Understanding how N-hUCMSCs regulate local inflammation, extracellular matrix remodeling, and host immune
responses at the molecular level could uncover unique therapeutic targets and clarify how these cells differ from conven-
tional treatments.

Future directions

Looking ahead, long-term culture studies comparing N-hUCMSCs and S-hUCMSCs would determine whether serum-
free conditions preserve proliferative capacity, delay senescence, or enhance functional properties over successive
passages. Employing transcriptomics, proteomics, and metabolomics could elucidate the pathways driving N-hUCMSC-
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mediated tissue repair and highlight how these pathways differ from those of HA or S-hUCMSCs. Such large-scale omics
approaches would also facilitate the identification of novel biomarkers for monitoring therapeutic outcomes. Fur-
thermore, using advanced imaging techniques such as magnetic resonance imaging or micro-computed tomography at
multiple time points would enable precise and longitudinal visualization of cartilage repair, offering a more compre-
hensive assessment of N-hUCMSC-mediated tissue regeneration.

Additionally, systematic dose-response studies, improved cell delivery methods, and standardized anesthetic
conditions will help reduce adverse events, increase reproducibility, and better underscore N-hUCMSCs’ potential
advantages over HA. Moreover, in assessing the broader clinical feasibility of N-hUCMSCs, cost implications and
scalability of serum-free systems should be carefully evaluated. Demonstrating that this approach is both economically
viable and capable of supporting large-scale production will be pivotal for translating serum-free cultured MSCs into
routine clinical practice.

Conclusion

Xiao et al’s study underscores the potential of N-hUCMSCs as a viable OA therapy[1]. The serum-free approach holds
promise, but further validation is needed. Establishing whether N-hUCMSCs maintain superior phenotypic stability
compared to S-ShUCMSCs and confirming their capacity to outperform HA in terms of longevity of effect, safety, and
regenerative efficacy will be pivotal. By addressing these questions and enhancing mechanistic insight, future research
could position N-hUCMSCs as a transformative option for patients with OA.
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