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Abstract
Skeletal muscle atrophy results from disruptions in the growth and metabolism of 
striated muscle, leading to a reduction or loss of muscle fibers. This condition not 
only significantly impacts patients’ quality of life but also imposes substantial 
socioeconomic burdens. The complex molecular mechanisms driving skeletal 
muscle atrophy contribute to the absence of effective treatment options. Recent 
advances in stem cell therapy have positioned it as a promising approach for 
addressing this condition. This article reviews the molecular mechanisms of 
muscle atrophy and outlines current therapeutic strategies, focusing on 
mesenchymal stem cells, induced pluripotent stem cells, and their derivatives. 
Additionally, the challenges these stem cells face in clinical applications are 
discussed. A deeper understanding of the regenerative potential of various stem 
cells could pave the way for breakthroughs in the prevention and treatment of 
muscle atrophy.
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Core Tip: Muscle atrophy can exert a considerable influence on the quality of life of patients. The intricate molecular 
mechanisms of muscle atrophy give rise to a scarcity of effective treatment options. Recent advancements in stem cell 
therapy imply that it is a promising solution to this problem. This review summarizes the molecular mechanisms of muscle 
atrophy, presents current treatment strategies with a focus on mesenchymal stem cells, induced pluripotent stem cells, and 
their derivatives. Finally, it discusses the challenges encountered in the clinical application of these stem cells.
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INTRODUCTION
Muscle atrophy occurs in various physiological or pathological circumstances, including aging, disuse, dystrophy, 
amyotrophic lateral sclerosis (ALS), and systemic diseases such as cancer, sepsis, diabetes, chronic kidney disease and 
chronic obstructive pulmonary disease (Figure 1)[1-4]. Skeletal muscle atrophy causes a progressive decrease in the 
body’s response to various stresses and chronic diseases, leading to a reduced quality of life and imposing a heavy 
socioeconomic burden, thus adversely impacting the prognosis of related diseases[5]. As such, the prevention and 
management of skeletal muscle atrophy has garnered increasing attention from researchers. Despite ongoing efforts, the 
pathogenesis of skeletal muscle atrophy remains incompletely understood, and aside from rehabilitation, no effective 
treatment options fully restore muscle function. However, with advancing research into therapeutic strategies for muscle 
atrophy, stem cell-based approaches have shown promising potential for preventing and treating atrophy-related 
disorders. The transplantation or injection of various stem cells has demonstrated efficacy in mitigating muscle atrophy 
and has become an integral part of the treatment strategy[6,7]. Additionally, exosomes derived from stem cells have been 
shown to modulate the balance between protein synthesis and degradation, further promoting muscle repair. This review 
explores the potential of stem cell-based therapies and their derivatives in treating muscle atrophy, offering promising 
prospects for clinical application.

MOLECULAR MECHANISM OF MUSCLE ATROPHY
Skeletal muscle atrophy refers to the reduction or loss of muscle fibers due to nutritional disorders or diseases, leading to 
decreased muscle mass. Muscle mass is primarily regulated by the balance between protein synthesis and degradation 
under normal physiological conditions. Disruptions in the body’s microenvironment can result in an imbalance in 
skeletal muscle homeostasis, contributing to atrophy[8,9]. Recent findings suggest that skeletal muscle atrophy is linked 
to reduced protein synthesis and increased proteolysis, driven by factors such as inflammation, oxidative stress, 
autophagy, and apoptosis[10-12]. The key mechanisms of proteolysis include the ubiquitin-proteasome system, the 
autophagy-lysosome pathway, caspase-mediated proteolysis, and calpain-mediated proteolysis (Figure 2)[11,13,14]. 
Muscle RING-Finger protein 1 (MuRF-1) and Muscle Atrophy F-box protein are strongly associated with muscle protein 
degradation and serve as reliable biomarkers for this process. Moreover, the insulin-like growth factor/protein kinase B 
(Akt)/mechanistic target of rapamycin signaling pathway, which is critical for protein synthesis in skeletal muscle, is a 
major regulator of muscle atrophy[15].

Studies indicate that various triggering factors, including oxidative stress and inflammation either promote proteolytic 
processes or inhibit protein synthesis pathways, thereby leading to skeletal muscle atrophy[9,16-18]. Our previous 
research proposed a novel framework for understanding denervation-induced muscle atrophy, which involves four 
stages: Oxidative stress, inflammation, atrophy, and atrophic fibrosis[19]. Denervated skeletal muscles lose their 
contractile function, resulting in reduced blood flow to the affected muscles. This, in turn, induces a hypoxic environment 
that produces excess reactive oxygen species (ROS). The excessive ROS causes oxidative stress damage, triggering the 
release of inflammatory factors and activating inflammatory pathways, which cascade into a sustained inflammatory 
response. This response further accelerates muscle atrophy through reduced protein synthesis and enhanced proteolysis, 
ultimately leading to muscle atrophy and fibrosis[20]. Long-term oxidative stress injury and inflammation alter the 
microenvironment of skeletal muscle cells[21,22]. In particular, various inflammatory cytokines activate multiple 
signaling pathways in vivo, including nuclear factor-κB, Janus kinase/signal transducer and activator of transcription 
(JAK/STAT), and mitogen activated protein kinase (MAPK)/p38 pathway, leading to enhanced protein proteolysis and 
reduced protein synthesis in skeletal muscle[11,23,24]. In addition, denervation-induced muscular atrophy is likewise 

https://www.wjgnet.com/1948-0210/full/v17/i2/98693.htm
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Figure 1 Different causes of muscular atrophy. ALS: Amyotrophic lateral sclerosis.

Figure 2 The mechanism underlying muscle atrophy. ROS: Reactive oxygen species; NF-κB: Nuclear factor-κB; JAK: Janus kinase; STAT: Signal 
transducer and activator of transcription; MAPK: Mitogen activated protein kinase; IGF: Insulin-like growth factor; Akt: Protein kinase B; mTOR: Mechanistic target of 
rapamycin; UPS: Ubiquitin-proteasome system; ALP: Autophagy-lysosome pathway.

associated with the diminished availability of neurotrophic factors and lowered levels of activity[25]. In conclusion, the 
complex molecular mechanisms of muscle atrophy have not been well understood, and still needed to be further invest-
igated to provide potential therapeutic strategies for muscle atrophy.

CURRENT STATUS OF MUSCLE ATROPHY TREATMENT
Skeletal muscle atrophy is characterized by a significant reduction in muscle mass, resulting from the disruption of the 
dynamic equilibrium between protein synthesis and degradation. Given this imbalance, a series of unfavorable changes 
occur in muscle function and structure. As muscle tissue plays a crucial role in movement, energy metabolism, storage, 
circulation, and protection[26,27]. Therefore, muscle atrophy can have a significant impact on quality of life. 
Consequently, the prevention and treatment of muscle atrophy are critical. At present, rehabilitation therapy is the major 
clinical treatment for muscle atrophy, and the muscle strength is partially restored with the assistance of various rehabil-
itation exercises. However, rehabilitation exercises require patients to meet certain basic conditions[28]. For example, 
patients who have been bedridden for long time or have mobility problems due to fractures or nerve deficits are unable to 
undergo rehabilitation[7]. In addition, rehabilitation exercises need to be conducted according to strict standards, 
otherwise secondary injuries are likely to occur. Therefore, massage or acupuncture is mostly used to prevent disuse 
muscular atrophy in the patients who are unable to undergo rehabilitation[29,30]. Although rehabilitation therapy has 
minimal side effects and no obvious sequelae, it is not very effective in treating muscle atrophy in certain populations[31-
33]. So that pursuing more effective treatment measures may be beneficial in patients with several of muscular disorders.

Current therapies focus on how to promote protein synthesis, inhibit protein degradation and facilitate muscle 
regeneration to prevent or reduce muscle atrophy[7,34]. To date, numerous experiments have shown that anti-inflam-
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matory and antioxidant drugs effectively alleviate the progression of muscle atrophy and significantly improve muscle 
mass and function[17,35,36]. While the exact molecular mechanisms remain to be fully elucidated, treatment with these 
drugs has been shown to induce significant changes in blood flow, mitochondrial activity, and apoptosis[17]. Scavenging 
accumulated ROS, improving autophagy and protecting mitochondria can alleviate skeletal muscle atrophy[37-39]. 
Transforming growth factor-β1 (TGF-β1) is an essential regulator of skeletal muscle several physio-pathologic 
proceedings, such as myogenesis, regeneration, and muscle atrophy. Injection of TGF-β1 into mice tibialis anterior 
induced muscle atrophy, leading to decreased fiber diameter, increased MuRF-1 levels and ROS contents. The antioxidant 
activity of N-acetyl-L-cysteine is used to inhibit the production of ROS in the target muscle, thereby reducing TGF-β-
induced muscle atrophy[37]. Other drugs with potent antioxidant properties, such as astaxanthin, nobiletin, pyrrolo-
quinoline quinone, isoquercitrin, and salidroside, have been shown to significantly reduce ROS levels in muscle[7,40,41]. 
Consequently, the mitochondrial function is stabilized and enhanced, which further reduces apoptosis caused by 
oxidative stress and abnormalities in mitochondria, and finally inhibits the progression of muscle atrophy[18,36,39,42]. 
Overall, inhibiting inflammation and reducing ROS accumulation may influence protein synthesis and degradation 
through multiple pathways, thereby suppressing skeletal muscle atrophy. However, most of these anti-inflammatory and 
antioxidant drugs have been primarily tested in pre-clinical studies, and their efficacy and safety in human applications 
remain to be thoroughly investigated. In recent years, stem cell therapies with superior biological properties have 
emerged as promising treatments for muscle atrophy. Furthermore, stem cell-based interventions have shown substantial 
benefits in animal models, indicating their potential for future clinical applications.

STEM CELLS AND ITS DERIVATIVES THERAPHY
Stem cell transplantation offers a promising approach for treating various diseases due to the unique self-renewal 
capability of stem cells and their ability to differentiate into multiple lineages, including osteocytes, neurons, 
chondrocytes, hepatocytes, and adipocytes. This therapeutic strategy has also been applied to enhance the regenerative 
capacity of skeletal muscle following injury or degradation due to diseases such as muscular dystrophy[43,44]. In 
hereditary muscular dystrophies, such as facioscapulohumeral muscular dystrophy (FSHD), stem cell therapy has 
demonstrated significant improvements over non-transplanted controls, notably by reducing fibrosis and enhancing 
contractile-specific force[45]. Additionally, hematopoietic stem cells have also been discovered to alleviate muscle 
atrophy caused by Friedreich’s ataxia and Pompe disease[46,47]. Transplantation of bone marrow mesenchymal stem 
cells (BMSCs) or injection of their secretory vesicles significantly improves symptoms of muscle atrophy with effective 
control of inflammation[48]. Due to their excellent properties such as proliferation and directed differentiation, stem cells 
have considerable promise for therapy of muscle atrophy. Some clinical trials have indicated that stem cell therapy is 
capable of addressing certain intractable hereditary motor neuron (MN) diseases, such as ALS and spinal muscular 
atrophy muscular atrophy[49-53]. Herein, we summarized the potential role of mesenchymal stem cells (MSCs), induced 
pluripotent stem cells (iPSCs), and stem cell derivatives as the basis for the treatment of skeletal muscle atrophy.

MSCs in the treatment of muscle atrophy
MSCs is one of the most promising multipotent stem cell types widely used in regenerative medicine. MSCs can be 
isolated from a variety of tissues, such as adipose tissue, bone marrow, cranial neural crest, umbilical cords, and 
allogeneic placenta[16,54-56]. Despite cells from different tissues showing similar surface markers, they exhibited 
substantial differences in cell abundance, proliferation capacity, immune regulation, and differentiation capacity[57]. It 
has been reported that several MSCs including BMSCs, adipose-derived stem cells (ADSCs) and umbilical cord-derived 
MSCs (UC-MSCs) are effective in promoting skeletal muscle regeneration in acute and chronic diseases[58-61].

BMSCs in the treatment of muscle atrophy: The application of MSCs has become an established treatment for muscle 
diseases[62]. MSC injection has been shown to significantly improve muscle mass parameters, including mean fiber 
diameter, muscle mass, and myonuclear count in the extensor digitorum longus of rats following denervation[63]. ALS, a 
severe and progressive neurodegenerative disease characterized by the degeneration and loss of MNs, leads to muscle 
atrophy and loss of motor control[2]. Intrathecal transplantation of BMSCs in ALS mouse models significantly alleviated 
disease symptoms, delayed disease progression, and improved motor outcomes[64,65]. Studies have demonstrated that 
BMSCs possess regenerative potential for skeletal muscle[63,66]. Notably, BMSC transplantation increases the number of 
muscle stem cells and significantly reduces muscle fibrosis. In rats with acute muscle injury, intramuscular BMSC 
injection downregulated the protein levels of inflammatory cytokines such as interleukin-1β (IL-1β), IL-6, and tumor 
necrosis factor-α (TNF-α), thereby promoting muscle healing. Following BMSC transplantation, damaged muscle fibers 
were regenerated, and impaired blood vessels were largely restored. Furthermore, fibrosis progression in injured muscles 
was inhibited through the suppression of TGF-β1 downstream signaling[67]. Allogeneic BMSCs, when directly injected 
into acutely injured rat muscle, promoted myofibrogenesis and accelerated functional muscle recovery[68]. MSCs also 
enhance myotube differentiation, with co-cultures of muscle stem cells and BMSCs showing significant improvements in 
myotube formation[69]. BMSCs have shown therapeutic potential for dystrophic muscular atrophy as well[70]. In the 
mdx mouse model of Duchenne muscular dystrophy, peritoneal cavity transplantation of BMSCs significantly alleviated 
pathological malnutrition in the diaphragm, substantially extending lifespan[66]. Recent studies indicate that hypoxic 
preconditioning increases the production and secretion of stromal cell-derived factor-1 (SDF-1) and vascular endothelial 
growth factor in BMSCs. Transplanting hypoxic pretreated BMSCs into injured muscles improves the formation of new 
blood vessels and enhance muscle repair ability[71]. Thus, BMSCs have demonstrated considerable promise as a 
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therapeutic approach for preventing muscle atrophy and promoting regeneration (Figure 3).

ADSCs in the treatment of muscle atrophy: A study has highlighted that both allogeneic BMSCs and ADSCs exhibit 
significant regenerative effects in treating skeletal muscle lacerations in rats, with ADSCs showing superior outcomes
[72]. Local injection of ADSCs improves muscle strength and resistance to fatigue, primarily by regulating inflammation 
and gene products involved in regenerative processes. One study suggested that transplantation of a Matrigel 3D matrix 
containing TGFβ antibody-pretreated ADSCs into the injured gastrocnemius muscle of mice resulted in improved muscle 
mass and structure, reduced fibrosis, ameliorated the inflammatory microenvironment, and promoted skeletal muscle 
regeneration[73]. ADSCs can alleviate immune responses and support muscle reconstruction, with cytokine therapy 
further enhancing these effects. Preconditioning ADSCs with IL-4, SDF-1, or IL-11 overexpression further boosts their 
regenerative potential in damaged muscle tissue[74,75]. Recently, a novel approach involving the tethering of 
nanoparticles releasing TNF-α on the surface of ADSCs to stimulate their secretory activity has been shown to enhance 
perfusion, walking ability, and muscle mass recovery in ischemic hindlimb mice, providing a more efficient method for 
clinical stem cell therapy compared to previous pre-treatment strategies[76]. ADSCs have also demonstrated significant 
therapeutic potential in ALS, where they protect neurons and improve motor function by increasing neurotrophic factor 
expression[77,78]. These findings underscore the potential of ADSCs in treating muscle-wasting diseases (Figure 4).

UC-MSCs in the treatment of muscle atrophy: UC-MSCs are gaining traction as a promising clinical tool due to their 
noninvasive collection and superior proliferation capacity, alongside lower immunogenicity compared to other MSCs like 
BMSCs[79]. As early as 2016, Kim et al[80] demonstrated that conditioned medium from UC-MSCs protects muscle cells 
from hindlimb suspension-induced atrophy. The injection of UC-MSCs activated the expression of muscle-specific 
markers such as desmin and skeletal muscle actin in satellite cells, stimulating myoblast proliferation and regulating the 
phosphatidylinositol 3-kinase (PI3K)/Akt pathway by downregulating MuRF-1 and Muscle Atrophy F-box protein[80]. 
In senescence-accelerated mouse prone 10 mice, UC-MSC injection inhibited apoptosis and inflammation while 
improving mitochondrial biogenesis via the AMP-activated protein kinase (AMPK)/peroxisome proliferator-activated 
receptor gamma coactivator 1-alpha axis, thereby alleviating sarcopenia-related skeletal muscle atrophy[81]. Muscle 
atrophy is also associated with chronic metabolic and endocrine diseases such as obesity, hyperthyroidism, and type 2 
diabetes mellitus[82,83]. A recent study evaluating the effects of human UC-MSCs (hUC-MSCs) on obesity- and diabetes-
induced muscle atrophy found that exosomes derived from hUC-MSCs alleviated muscle atrophy symptoms by 
enhancing AMPK/UNC-51-like kinases 1 (ULK1)-mediated autophagy[84]. Therefore, UC-MSCs represent a promising 
therapeutic option for muscle atrophy prevention and regeneration (Figure 5).

In summary, MSCs from various sources offer effective strategies for mitigating muscle atrophy symptoms and 
maintaining muscle homeostasis by regulating local inflammation, promoting muscle regeneration, and protecting nerve 
innervation. These findings demonstrate the significant therapeutic potential of MSCs in treating muscle atrophy.

iPSCs in the treatment of muscle atrophy
Pluripotent stem cells (PSCs), including embryonic stem cells (ESCs) and iPSCs, are actively explored for applications in 
regenerative medicine, drug screening, and disease modeling[85]. ESCs, derived from early embryos at the blastocyst 
stage, are pluripotent and capable of differentiating into all cell types within an organism[86]. However, due to ethical 
concerns, challenges in generating high-purity lineage-specific cell lines, and the potential risk of tumorigenesis, ESCs are 
seldom used in direct disease treatment and are primarily employed in the in vitro cultivation of tissues and organs[87]. 
In contrast, iPSCs offer distinct advantages, sharing key properties with ESCs, such as differentiation potential, electro-
physiological characteristics, biochemistry, and telomerase activity[88]. Compared to muscle cells or MSCs directly 
transplanted into patients, iPSCs are more abundant, can be easily isolated and purified using specific markers, and 
demonstrate robust differentiation capabilities[89-91]. Furthermore, iPSCs mitigate the risk of immune rejection, as they 
avoid allogeneic transplantation issues[92,93].

Differentiation of human iPSCs into myoblasts presents a promising approach for both autologous and allogeneic 
therapies in the treatment of muscle atrophy[91,94,95]. Human PSC-derived myogenic progenitor cells (MPCs), generated 
using both transgene-free and transgene-dependent protocols, have demonstrated potential in skeletal muscle 
engraftment[95]. Using a fluorescent reporter system, studies have shown that these MPCs promote myofiber 
regeneration in both local injury models and mdx mice[96]. PSC-derived PAX7+ MPCs represent a compelling strategy for 
muscle regeneration, enabling large-scale production of human myogenic progenitors[97]. Furthermore, under optimized 
3D culture conditions, PSC-derived PAX7+ MPCs are capable of regenerating functional skeletal muscle[98]. In immuno-
compromised NSG mice, iSKM bundles derived from these cells were shown to survive, gradually vascularize, and 
maintain muscle function when implanted into the hind-limb muscles. Recent studies have directed human PSCs toward 
the differentiation of embryonic muscle progenitors, which subsequently developed into primary and secondary 
embryonic muscle, eventually forming three-dimensional muscle structures[99]. These tissue-engineered muscles 
exhibited high levels of maturation and function that closely resemble normal human muscle. After skeletal muscle 
atrophy, recovery is limited, even with sufficient blood supply and appropriate rest. In most cases, fibroblasts proliferate 
to repair damaged muscle tissue, leading to muscle mass reduction and impaired mobility. FSHD, a genetically dominant 
progressive myopathy characterized by muscle fibrosis, atrophy, and fat replacement, is one such condition. In an FSHD 
mouse model, the transplantation of MPCs derived from PSCs significantly improved muscle contractility compared to 
non-transplanted controls[45]. Moreover, the transplantation of human iPSC-derived MNs has shown potential in 
treating neuromuscular atrophy in mice with sciatic nerve injury[100]. Regeneration of neuromuscular junctions is vital 
for functional recovery in denervated muscles affected by trauma or MN diseases. P75+ neural stem cells derived from 
human iPSCs have been shown to enhance the secretion of soluble factors that promote neuromuscular regeneration. 
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Figure 3 The potential role of bone marrow mesenchymal stem cells for the treatment of skeletal muscle atrophy. BMSCs: Bone marrow 
mesenchymal stem cells.

Figure 4 The potential role of adipose-derived stem cells for the treatment of skeletal muscle atrophy. ADSCs: Adipose-derived stem cells; TNF: 
Tumor necrosis factor.

When injected into denervated gastrocnemius muscle, these NCSC spheres significantly improved neuromuscular 
function recovery[101]. iPSCs also show promise in treating ALS. In an ALS mouse model, transplantation of neural stem 
cells derived from iPSCs improved the microenvironment by secreting growth factors and immunomodulatory 
molecules, which likely contributed to the reconstruction of neural circuits and restoration of motor control in ALS-
affected muscles[102,103]. Therefore, iPSCs have the potential to treat muscle atrophy and provide a new technical idea 
for personalized treatment of dystrophic muscular atrophy in the future (Figure 6). The available results have shown that 
this method is feasible and has the potential for application and development in clinical practice.

Exosomes derived from stem cells in the treatment of muscle atrophy
The regenerative potential of MSCs stems not only from their direct transplantation into target tissues and subsequent 
differentiation but also from their secretions, particularly exosomes, which activate the regenerative capacity of resident 
cells. Exosomes contain various bioactive components, including growth factors, cytokines, mRNAs, signaling lipids, and 
regulatory microRNAs[104]. Although MSCs from different tissues and donors secrete distinct protein profiles, their 
actions in vitro can vary; they are nonetheless capable of regulating apoptosis in dystrophic myogenic cells and promoting 
cell migration and proliferation[105]. Skeletal muscle regeneration is closely linked to the biological factors secreted by 
exosomes, which exert significant bioactive effects on damaged muscle tissue[106,107]. Increasing evidence suggests that 
exosomes derived from stem cells offer promising therapeutic potential for muscle regeneration (Table 1).
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Table 1 The potential role of mesenchymal stem cell-derived exosomes in the treatment of skeletal muscle atrophy

Resouce Mechanism Function Ref.

Releasing circHIPK3, while circHIPK3 down-regulates miR-
421, leading to increased expression of FOXO3a, thereby 
inhibiting IL-1β and IL-18

Accelerate repair of ischemic muscle injury in mice [108]

hUC-MSCs or hUC-MSC-derived exosomes induce the 
activation of AMPK/ULK1 signal and enhancement of 
autophagy

Alleviate muscle atrophy induced by diabetes and 
obesity in mice

[84]

Down-regulating IL-6 and IL-1β, up-regulating IL-10, and 
regulating inflammation of injured nerves

Promote the recovery of motor function and 
regeneration of axons, alleviated denervated 
gastrocnemius atrophy in rats

[109]

UC-MSCs

Regulating the miR-132-3p/FoxO3 axis Improve age-related muscle atrophy in a mouse 
model

[110]

Promoting peripheral nerve regeneration via optimizing SC 
function

Alleviate denervated muscle atrophy in rats [111]

Inhibiting inflammation, enhancing proliferation of muscle 
satellite cells, resisting cell senescence and promoting 
angiogenesis

Maintain muscle homeostasis, promote muscle 
regeneration in a mouse model of cardiotoxin-
induced injury

[112,113]

Preventing the atrophy, fatty infiltration, inflammation, and 
vascularization of muscles

Decrease atrophy and degeneration associated with 
torn rotator cuffs, and improve muscle regeneration 
in rats

[114]

ADSCs

Improving motor performance; protecting lumbar 
motoneurons, neuromuscular junction, and muscle, 
decreasing glial cells activation

Protect neuromuscular junction and muscle in 
SOD1 (G93A) murine model

[115]

Promoting M2 macrophages polarization, reducing the 
production of inflammatory cytokines, upregulating anti-
inflammatory factors expression

Attenuate muscle injury and promote muscle 
healing in mice with hit injury

[116]

Foxo1 expression was inhibited by up-regulating the 
miR486-5p/Foxo1 axis

Inhibit dexamethasone-induced muscle atrophy in 
mice

[117]

BMSCs

M2 macrophage polarization is regulated by NF-κB pathway 
to reduce inflammatory pain, and myeloid axon regeneration 
is enhanced by MEK/ERK pathway

Improve denervated muscle atrophy and further 
promote functional recovery in rats

[106,107]

UC-MSCs: Umbilical cord-derived mesenchymal stromal cells; FOXO3a: Forkhead box O3a; IL: Interleukin; hUC-MSCs: Human umbilical cord-derived 
mesenchymal stromal cells; AMPK: AMP-activated protein kinase; ULK1: UNC-51-like kinases 1; ADSCs: Adipose-derived stem cells; SC: Schwann cell; 
BMSCs: Bone marrow mesenchymal stem cells; NF-κB: Nuclear factor-κB; MEK: Mitogen-activated protein kinase; ERK: Extracellular signal-regulated 
kinase.

Exosomes secreted by hUC-MSCs (hUC-MSC-Exos) have been confirmed to be effective against muscle injury. In a 
mouse model of ischemic induced skeletal muscle injury, purified hUC-MSC-Exos accelerates skeletal muscle 
regeneration by releasing circHIPK3[108]. This led to the downregulation of miR-421, resulting in Forkhead box O3a 
(FOXO3a) expression, inhibition of pyroptosis, and decreased release of IL-1β and IL-18[108]. Similarly, Song et al[84] 
reported that hUC-MSC-Exos alleviated diabetes-associated muscle atrophy by enhancing autophagy through the 
AMPK/ULK1 axis. In a rat sciatic nerve defect model, hUC-MSC-Exos promoted nerve regeneration and attenuated 
gastrocnemius muscle atrophy by modulating inflammation - downregulating IL-1β and IL-6, upregulating IL-10[109]. A 
recent study suggest that hUC-MSC-Exos may improve age-related and dexamethasone-induced muscle atrophy in a 
mouse model by regulating the miR-132-3p/FoxO3 axis[110]. These studies suggest that the application of exosomes 
derived from UC-MSCs have great potential for muscle atrophy.

The protective effect of exosomes secreted by human ADSCs on denervated muscle atrophy has been confirmed in rat 
studies, where exosomes secreted by human ADSCs significantly promoted nerve regeneration and alleviated muscle 
atrophy following sciatic nerve dissection[111]. Exosomes secreted by ADSCs (ADSC-Exos) enhanced Schwann cell 
proliferation, migration, and myelination, while also stimulating the release of neurotrophic factors through the upregu-
lation of key genes. Furthermore, ADSC-Exos contributed to muscle homeostasis by inhibiting inflammation, promoting 
muscle satellite cell proliferation, resisting cellular senescence, and stimulating angiogenesis[112-114]. ADSC-Exos play a 
critical role in skeletal muscle regeneration at various stages by modulating key signaling pathways, including MAPK, 
Wnt, PI3K/Akt, and JAK/STAT[113]. For example, catenin derived from ADSC-Exos activates the classical Wnt pathway, 
supporting myogenic maintenance of satellite cells, while also coordinating their self-renewal and migration via the non-
classical Wnt pathway[115]. In the early stages of muscle regeneration, ADSC-Exos activate MAPK/extracellular signal-
regulated kinase 1/2 and MAPK/JNK pathways, promoting myoblast proliferation and preventing premature differen-
tiation[116]. At later stages, the p38/MK2 and MEF2 pathways drive myogenic differentiation by enhancing MyoD 
transcriptional activity[117], while the MAPK/extracellular signal-regulated kinase 5 pathway facilitates multinucleated 
myotube formation. Additionally, ADSC-Exos influence the PI3K/Akt pathway to upregulate protein synthesis and 
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Figure 5 The potential role of umbilical cord-derived mesenchymal stromal cells for the treatment of skeletal muscle atrophy. UC-MSCs: 
Umbilical cord-derived mesenchymal stromal cells.

Figure 6 The potential role of induced pluripotent stem cells for the treatment of skeletal muscle atrophy. iPSCs: Induced pluripotent stem cells.

suppress protein degradation, counteracting muscle atrophy. However, the potential inhibitory effect of PI3K/Akt on 
autophagy via mechanistic target of rapamycin and FOXO suggests that its role in muscle regeneration may not be 
entirely beneficial[118]. Moreover, ADSC-Exos regulate the JAK1/STAT1/3 pathway to prevent premature differen-
tiation of myoblasts, while JAK2/STAT2/3 and JAK3/STAT1/3 pathways promote myogenic differentiation. ADSC-Exos 
have also been shown to reduce muscle-related protein degeneration and muscle atrophy while enhancing regeneration 
and biomechanical properties in torn rotator cuff muscles in rats[119]. Additionally, repeated administration of ADSC-
Exos reduced glial cell activation, protected muscles, MNs, and neuromuscular junctions, and improved motor 
performance in SOD1-G93A mice[120]. Proteomic analysis of ADSC-Exos revealed their influence on ALS-related 
pathways, including oxidative stress response, cell apoptosis, cell adhesion, and PI3K/Akt signaling[121]. In conclusion, 
extensive evidence highlights the significant potential of ADSC-Exos in the treatment of muscle diseases.

Exosomes secreted by BMSCs (BMSC-Exos) have shown therapeutic potential for muscle injury and atrophy. 
Intramuscular injection of BMSC-Exos reduces inflammation following muscle contusion in mice, mitigates muscle 
fibrosis, promotes regeneration, and enhances muscle biomechanical properties[122]. A study also demonstrated that 
BMSC-Exos counteract dexamethasone-induced muscle atrophy through the miR486-5p/Foxo1 pathway[123]. Recently, a 
BMSC-Exos-loaded electroconductive nerve dressing has been developed for treating diabetic peripheral nerve injury. 
Implantation of the BMSC-Exos-loaded electroconductive nerve dressing complex around damaged sciatic nerves 
enhances myelinated axon regeneration, ameliorates gastrocnemius muscle atrophy, and promotes functional recovery in 
diabetic rats[107]. Furthermore, supplementation with exosomes secreted by iPSCs in acellular nerve grafts through 
optimized chemical extraction processes has been shown to repair long-distance peripheral nerve defects, accelerating 
motor recovery and reversing denervated muscle atrophy[124]. Skin-derived precursors (SKPs), pluripotent cells derived 
from the dermis, are another promising stem cell source. Artificial nerve grafts incorporating SKP-derived Schwann cells 
can alleviate denervation-induced muscle atrophy[125]. In our recent study, direct intramuscular injection of SKP-SC-
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extracellular vesicles alleviated blood flow reduction, oxidative stress, and inflammation in target muscles, thus reducing 
skeletal muscle atrophy caused by denervation[126]. Overall, stem cell-derived exosomes mitigate inflammation, reduce 
fibrosis, accelerate muscle regeneration, and promote functional recovery[122,127]. In conclusion, stem cell-derived 
exosomes present substantial promise for clinical applications, with exosomes secreted by MSCs offering a potential 
alternative to whole-cell regenerative therapies.

CHALLENGES OF STEM CELL THERAPY
Despite the considerable promise of stem cells in treating muscle atrophy and related diseases, challenges surrounding 
their source and biological characteristics, particularly ethical concerns related to the use of human ESCs, remain 
significant. Furthermore, other types of stem cells present notable limitations that impede the advancement of stem cell 
therapies. The potential risks of immune rejection and tumor formation after transplantation are significant issues worthy 
of attention. The approaches to mitigate these risks include strategies such as immunosuppression, immune matching, 
and stem cell genetic engineering. However, each strategy confronts its own unique challenges and may have varying 
degrees of impact on patient safety[128].

MSCs are widely utilized in medicine due to their pluripotency, broad tissue origins, and minimal ethical concerns. 
While MSC-based therapies offer advantages over conventional treatments in clinical trials, their therapeutic outcomes 
often fall short of expectations. Key challenges, including stem cell homing, immune modulation, and other factors, need 
to be addressed for successful MSC application. Under various conditions, such as ischemia or injury, MSCs - whether 
autologous or exogenous - migrate directionally from the vascular endothelium to the affected tissues, where they 
colonize and survive[129,130]. The activation of MSCs occurs in response to elevated inflammatory factors like IL-1 and 
TNF-α, which generate a concentration gradient of ligands around the target tissue, promoting MSC migration towards 
ischemic and hypoxic regions[131,132]. SDF-1 and its receptor C-X-C motif chemokine receptor 4 are the most extensively 
studied cytokines involved in cell homing[126]. SDF-1 is upregulated at injury sites, acting on MSC migration in a dose-
dependent manner, thus enhancing BMSC homing for tissue repair[133,134]. However, maintaining MSCs at specific 
target sites, such as muscles, remains a significant challenge. MSCs secrete paracrine factors capable of tissue remodeling 
and repair, act as drug carriers, and modulate immune responses[135-138]. MSCs can detect injury sites and elicit 
stronger immune responses in low-immune states, while inhibiting immune cell function when inflammation is excessive 
in the damaged area[139]. They exhibit dual, opposing functions - pro-inflammatory or anti-inflammatory - depending on 
the inflammatory factors present in the local environment[66,140]. The key to optimizing their therapeutic effects lies in 
understanding how to modulate or exploit the immune-inducing properties of MSCs. Additionally, factors contributing 
to suboptimal therapeutic outcomes include the age of MSC donors, variations in cell isolation and culture protocols, the 
method of administration, and individual differences among recipients[141-143]. Long-term culture impairs the differen-
tiation potential of MSCs, and the same cell batch may exhibit heterogeneous differentiation, which can skew experi-
mental results. Moreover, various biological and experimental factors introduce safety risks in clinical and basic research 
applications of stem cells, such as tumor formation, infection, necrosis from tissue blockage due to stem cell homing[144], 
and other exogenous risks[145,146]. Although MSCs have good therapeutic effects in animal models of muscle diseases, 
biosafety evaluation standards for stem cell experiments and therapy are lacking. The heterogeneity of MSCs is one of the 
factors contributing to the variation in treatment outcomes, which presents challenges in determining the optimal stem 
cell therapy protocol, dosage, and timing[57]. These issues necessitate further research and clinical practice for resolution.

There was no unified and effective differentiation method for iPSCs to differentiate into muscle precursor cells, and 
their purification protocols are also inconsistent[95,147]. For transgene-free protocols, due to discrepancy in purification 
and transplantation times among the protocols, none of previously reported optimal purification strategies have been 
reproducibly validated. For transgene-dependent protocols, a risk factor that may not be ignored is the induced 
expression of proto-oncogenes introduced via viral vectors or existing in the host cells. It remains unclear whether other 
unknown genes are involved in the reprogramming process or if genetic and epigenetic changes occur during this process
[148]. Consequently, several challenges remain before iPSCs can be reliably applied in clinical settings.

In the current social, scientific and ethical context, the use of stem cell derivatives as a cell-free therapy is rapidly 
emerging as an alternative with additional advantages. It can avoid safety issues related to the use of living cells, ethical 
issues related to the origin of the cells, and immunocompatibility issues. MSC-derived exosomes, which are characterized 
by low-immunogenicity, high biocompatibility, safety and low toxicity, provide a new approach to deliver therapeutic 
agents to target cells, which is the best alternative to stem cell therapy[149-151]. Although exosomes are generally 
considered to have great clinical therapeutic value, there are still many drawbacks such as extremely low concentration of 
active ingredients, poor specificity, and difficulty in traceability, which restrict the clinical use of exosomes. It is also 
worthy of note that cell-free therapeutic products might take a considerable amount of time for administration and could 
result in drug resistance as well as some adverse reactions[152].

It is crucial to prove the safety and efficacy of stem cells and their derived exosomes therapy through clinical trials. 
Evaluating long-term efficacy means tracking changes in cell survival, integration, and treatment response over time, and 
identifying any adverse events or delayed complications. This requires establishing standardized methods and guidelines
[128]. Also, currently, there’s no clear consensus or standard about the administration route, dose, and treatment time
[57]. These require the establishment of standardized methods and guidelines. Of course, in addition to the ethical 
controversy related to the use of ESCs mentioned earlier, issues such as informed consent from patients, the experimental 
nature of the treatment, and fair access to emerging therapies should also be considered in the consideration of stem cell 
clinical use. Solving these multifaceted challenges requires not only the efforts of researchers and clinicians, but also 
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coordinated efforts with regulatory agencies and ethics committees, which will be key to realizing the potential of stem 
cell therapy for muscle atrophy.

CONCLUSION
The rapid advancements in stem cell research have opened new avenues for treating previously incurable diseases. 
Numerous clinical trials have demonstrated promising outcomes in addressing cardiovascular, neurological, and 
immune disorders[151,153-155]. This review systematically analyzes the therapeutic application of stem cells including 
BMSCs, ADSCs, UCMSCs, and iPSCs in skeletal muscle atrophy due to various causes. In addition, we also summarize 
the advantages of existing therapeutic strategies and further research development directions in order to mitigate or 
eliminate therapeutic deficiencies and establish a relatively sound therapeutic evaluation system. Cell-free therapies 
based on stem cell derivatives have better prospects compared to conventional cell transplantation therapy[156,157]. A 
full understanding of the capabilities of different types of stem cells, especially their derivatives, in muscle repair and 
regeneration would be a breakthrough in the treatment of muscle atrophy.
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Abstract
The potential of induced pluripotent stem cells (iPSCs) for modeling and treating 
metabolic associated fatty liver disease (MAFLD) and metabolic associated steato-
hepatitis (MASH) is emerging. MAFLD is a growing global health concern, 
currently with limited treatment options. While primary mesenchymal stem cells 
hold promise, iPSCs offer a versatile alternative due to their ability to differentiate 
into various cell types, including iPSC-derived mesenchymal stem cells. However, 
challenges remain, including optimizing differentiation protocols, ensuring cell 
safety, and addressing potential tumorigenicity risks. In addition, iPSCs offer the 
possibility to generate complex cellular models, including three-dimensional 
organoid models, which are closer representations of the human disease than 
animal models. Those models would also be valuable for drug discovery and 
personalized medicine approaches. Overall, iPSCs and their derivatives offer new 
perspectives for advancing MAFLD/MASH research and developing novel 
therapeutic strategies. Further research is needed to overcome current limitations 
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and translate this potential into effective clinical applications.

Key Words: Metabolic associated fatty liver disease; Metabolic associated steatohepatitis; Nonalcoholic fatty liver disease; 
Nonalcoholic steatohepatitis; Mesenchymal stem cells; Induced pluripotent stem cells; In vitro liver models
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Core Tip: Induced pluripotent stem cells (iPSCs) show promise for modeling and treating nonalcoholic fatty liver disease and 
nonalcoholic steatohepatitis. iPSCs can generate various cell types, including cells for therapy or disease modeling. 
Challenges remain, but iPSCs offer potential for drug discovery and personalized medicine approaches for nonalcoholic fatty 
liver disease/nonalcoholic steatohepatitis.

Citation: Silva B, Bragança J. Induced pluripotent stem cell-derived mesenchymal stem cells for modeling and treating metabolic 
associated fatty liver disease and metabolic associated steatohepatitis: Challenges and opportunities. World J Stem Cells 2025; 17(2): 
99331
URL: https://www.wjgnet.com/1948-0210/full/v17/i2/99331.htm
DOI: https://dx.doi.org/10.4252/wjsc.v17.i2.99331

INTRODUCTION
Metabolic associated fatty liver disease (MAFLD) encompasses a spectrum of liver conditions linked to metabolic 
dysfunction, with its more severe manifestation being metabolic associated steatohepatitis (MASH), characterized by 
inflammation and liver damage. Previously, these conditions were known as nonalcoholic fatty liver disease (NAFLD) 
and nonalcoholic steatohepatitis (NASH), respectively. Although MAFLD and MASH are the newly proposed 
nomenclature, this review will use the traditional terms NAFLD and NASH to maintain consistency with most of the 
existing literature and facilitate comparisons with previous studies.

NAFLD is the most common chronic liver disease worldwide, affecting approximately 30% of the global population 
and 70% of patients with type 2 diabetes mellitus. It is expected to increase to more than 400 million people in the United 
States, Europe, and Southeast Asia by 2030[1-3]. NAFLD typically stems from overnutrition, resulting in lipid accumu-
lation in the liver. This leads to dysregulation of lipid metabolism, causing oxidative stress, endoplasmic reticulum (ER) 
stress, lipid peroxidation, inflammation, and tissue fibrosis[4].

NAFLD is diagnosed when more than 5% of the hepatocytes show fat accumulation. This can be detected through liver 
biopsy or imaging techniques in patients who consume little or no alcohol and do not have factors that contribute to fatty 
liver disease[5]. Commonly, these patients also have coexisting metabolic disorders, such as obesity, diabetes mellitus, 
and dyslipidemia. Additional factors, such as genetic and epigenetic factors or changes in gut microbiome, can contribute 
to NAFLD[3,6].

NAFLD is divided into two main categories. The first is nonalcoholic fatty liver, with hepatocytes exhibiting fat 
accumulation without liver injury, affecting approximately 75% of patients. The second category is NASH, which is 
considered the advanced form of NAFLD. In NASH, hepatocytes show steatosis and inflammation, and fibrosis is 
frequently present in the liver[3,6]. NAFLD can progress to NASH, which can consequently lead to cirrhosis and hepato-
cellular carcinoma. The precipitating factors for this progression include a high-fat diet, genetic factors, oxidative stress, 
and inflammation caused by high levels of cytokines or changes in the gut microbiome[7,8].

Several therapies are being studied for the treatment of NAFLD, including the regulation of metabolism through 
peroxisome proliferator-activated receptor (PPAR) agonists, thyroid hormone receptor beta-agonists, and fibroblast 
growth factor analogues. Other research areas focus on the gut microbiome, targeting oxidative stress, microRNA, and 
apoptosis inhibitors[7]. However, there is currently no approved therapy for NAFLD, despite multiple drugs being tested 
in clinical trials[9], and the most common therapeutic approach involves lifestyle changes, such as adjustments of diet and 
physical activity.

The use of stem cells, particularly of primary tissue-derived mesenchymal stem cells (MSCs), and their secreted factors 
has been widely studied as a promising alternative therapeutic for treating NAFLD/NASH patients. Jiang et al[10] 
provided a comprehensive overview of the current situation of the utility of tissue-derived MSCs to address NAFLD/
NASH in a recent volume of the World Journal of Stem Cells. However, significant progress has been made with induced 
pluripotent stem cells (iPSCs), particularly in understanding the reprogramming process and differentiation methodo-
logies. These advancements position iPSC as a potential source of MSCs and MSC-derived factors for disease treatment 
and as a means to model the disease with human cells. In this review, we focused on the potential of iPSC and iPSC-
derived MSCs (iMSCs) for modeling and as treatment alternatives of NAFLD/NASH.
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MSCS AND NAFLD/NASH
MSCs are multipotent cells readily available in bone marrow (BM-MSC), adipose tissue (AD-MSC), and perinatal tissues, 
such as umbilical cord tissue, among other tissues/organs. These cells have the ability to adhere to plastic in vitro and 
must be able to differentiate into adipocytes, chondrocytes, and osteoblasts. MSCs are characterized by the expression 
surface markers such as CD73 and CD90 and the absence of CD11b, CD14, CD19, CD34, CD45, CD79, and HLA-HR 
expression[11]. However, depending on the donors, MSCs may exhibit some heterogeneity, and some AD-MSCs have 
been shown to display CD34[12].

MSCs are, nonetheless, a versatile type of stem cells with multiple promising autologous or allogeneic clinical and 
tissue engineering applications that are explored. Those cells present several advantages including their potential to 
differentiate into various cell types under appropriate conditions, such as adipocytes, chondrocytes, osteoblasts, and 
others. In addition, MSCs have a high proliferative ability and low immunogenicity and display immunomodulatory 
properties that are valuable for the treatment of inflammatory and autoimmune diseases. Therefore, MSCs are a 
promising therapeutic alternative for the treatment of NAFLD/NASH[13]. Indeed, MSCs may exert several beneficial 
effects at different stages of NAFLD/NASH by: (1) Secretion of trophic factors and extracellular vesicles (EVs), which 
induce proproliferative and antiapoptotic effects; (2) Secretion of proteins responsible for triglyceride synthesis and 
reduction of lipid concentrations, which limit metabolism dysregulation and consequent inflammation; (3) Reduction of 
fibrosis through paracrine effects and expression of metalloproteinases, which degrade fibrotic matrix; and (4) Regulation 
of the immune response by inducing a shift in macrophage polarity and reducing T cell activation[13-18].

Despite the properties of MSCs, no registered clinical trials (research performed on November 20, 2024) specifically 
mentioned “mesenchymal stem cells,” “NASH,” or “NAFLD” in the Clinicaltrials.gov data base. However, there is a 
multi-institutional clinical trial registered in the Japanese UMIN Clinical Trial Registry (UMIN000022601) that invest-
igated the potential to treat liver cirrhosis in patients with NASH or fatty liver disease with autologous AD-MSCs. In this 
pioneering trial, 7 patients injected with AD-MSC via intrahepatic arterial infusion showed an improvement in serum 
albumin concentration and thrombin activity, with no adverse effect detected, demonstrating the efficacy and safety of 
this approach. These promising results emphasize the need for further studies with extended observational periods to 
fully elucidate the ability of AD-MSCs to treat NASH or fatty liver disease and determine long-term efficiency and safety 
of this strategy to treat these conditions[19].

IPSCS AND IMSCS
The generation of human iPSCs has unveiled new possibilities for disease modeling, drug discovery, and regenerative 
medicine[20]. Indeed, iPSCs are a category of pluripotent stem cells generally derived from somatic cells via the 
exogenous coexpression of the transcription factors octamer-binding transcription factor 4 (OCT4), sex-determining 
region Y-box 2, Kruppel-like factor 4, and c-MYC (also known as Yamanaka factors), which display properties similar to 
those of embryonic stem cells with less ethical concerns[21]. Human iPSCs can also be generated from patient-specific 
cells, enabling the establishment of cellular model systems to study diseases and test drugs or therapies personalized to 
the patient. Human iPSCs have some drawbacks, such as interclonal and intraclonal heterogeneity in gene expression 
acquired during the reprogramming process, (epi)genetic variability and genomic instability, and the potential to develop 
teratomas, among others[20]. Of interest, iPSCs can be used to alter the genome through CRISPR-based methodologies to 
evaluate the impact of genes or genetic variants in the disease of interest.

iMSCs are a promising alternative to primary MSCs, displaying high proliferation rate and low susceptibility for 
senescence and showing robust characteristics of standard MSCs[22]. Like primary MSCs, iMSCs express standard MSC 
superficial markers, have the ability of self-renewal and differentiation, and may even have a propensity for a better 
proliferation capacity than primary MSCs, as demonstrated by Wei et al[22]. These features make iMSCs excellent cellular 
models for studying new drugs that can even be adapted for personalized treatments if iMSCs are derived from the 
patient’s iPSCs (Figure 1). In addition, iMSCs may be used for cell-based therapies and are suited to generate a large 
quantity of cells often necessary for therapeutic approaches[23].

However, iPSC-derived cells have some drawbacks. Indeed, iPSCs themselves acquire the potential for teratoma 
formation during the reprogramming process, which raises significant safety concerns in the use of iPSC-derived cells 
that may not be properly depleted of undifferentiated iPSC[24]. Teratomas are benign tumors composed of multiple germ 
layer cell types. Thus, robust safety profiles of produced iMSCs must be carefully established to ensure their safe clinical 
application. Thus, iMSC usage faces limitations, necessitating the optimization of differentiation protocols and the 
assessment of cell quality and safety before any clinical applications.

To ensure that iPSCs differentiate properly with no undifferentiated iPSCs remaining among them, cell sorting 
methodologies (flow cytometry and fluorescence-activated cell sorting, magnetic bead separation based on antibodies 
targeting pluripotent specific markers) may be used either for removal of undifferentiated iPSCs or to isolate properly 
differentiated iMSCs harboring specific MSCs markers. Complementary methods, such as immunohistochemistry and 
quantitative PCR, may also be used to confirm the elimination of cells that do not present proper markers of iMSCs to 
improve the safety and purity of iPSC-derived therapies[23,25-27].

Although, genomic alterations are not desirable in cells destined for clinical applications, some strategies are developed 
to introduce “suicide genes” into iPSCs allowing for their selective elimination of undifferentiated cells by administering 
a specific drug or agent[28]. The establishment of standard, efficient, and reliable differentiation protocols is essential for 
consistent production of functional iMSCs and is paramount for their clinical application. Indeed, any variability in iMSC 
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Figure 1 Applications of human induced pluripotent stem cells for nonalcoholic fatty liver/non-alcoholic steatohepatitis disease modeling 
and therapy. A: Nonalcoholic fatty liver (NAFLD) arises from abnormal lipid accumulation in hepatocytes unrelated to excessive alcohol consumption and is 
associated with dyslipidemia, insulin resistance, obesity, metabolic syndrome, and type 2 diabetes. The progression of NAFLD to nonalcoholic steatohepatitis (NASH) 
can be triggered by lipid peroxidation, mitochondrial dysfunction, oxidative stress, hepatocyte apoptosis, the production of proinflammatory cytokines, and alterations 
in the microbiome. NASH may further deteriorate into cirrhosis due to the development of liver scarring and advanced hepatocellular damage; B: Induced pluripotent 
stem cells (iPSCs) can be reprogrammed from somatic cells of healthy individuals or patients with NAFLD/NASH; C: Functional hepatocytes, mesenchymal stem 
cells, and other cell types can be derived from iPSCs for use in regenerative medicine and other therapeutic approaches. Additionally, iPSCs and their derived cells 
can be characterized and preserved in biobanks worldwide for allogenic cell-based therapies in human leukocyte antigen-matched patients; D: Cells differentiated 
from iPSCs can be used to create two-dimensional (2D) monocultures, 2D co-cultures, and complex 3D cellular systems, such as liver organoids, to model normal or 
diseased hepatic tissue. These human in vitro liver models are valuable for studying NAFLD/NASH disease progression as well as for testing drugs to assess their 
efficacy, safety, and toxicity. If the iPSCs are derived from a patient, these models can help identify drugs with better efficacy for treating that specific patient, enabling 
personalized medicine. iMSC: Induced pluripotent stem cell-derived mesenchymal stem cell; iHLC: Induced pluripotent stem cell-derived hepatocyte-like cell.

properties may result in unpredictable therapeutic outcomes. Moreover, inconsistent differentiation processes may result 
in heterogeneous iMSC populations impairing their clinical effectiveness. Additionally, the maintenance of protocol 
reproducibility and quality of iMSCs have to be achieved in large-scale production systems to provide the necessary cell 
numbers for clinical usage. Of importance, these processes will have to preserve the immunomodulatory function of 
iMSCs that are crucial for NAFLD/NASH treatment. Therefore, optimizing and standardizing differentiation protocols 
are vital to ensure that iMSCs are produced consistently with the necessary functional characteristics, thereby supporting 
their successful clinical application.

Despite iMSCs and primary MSCs exhibiting similar functional characteristics, there are differences in their overall 
gene expression profiles. For instance, Frobel et al[29] reported that genes associated with T cell activation and immune 
response were expressed at higher levels in primary BM-MSCs compared with iMSCs. Consequently, iMSCs 
demonstrated a reduced immunomodulatory effect attributed to their decreased ability to suppress T cell proliferation
[29]. Diederichs and Tuan[30] found significant differences in gene expression related to differentiation between iMSCs 
and BM-MSCs from the same donor, with iMSCs showing inferior trilineage differentiation potential compared with BM-
MSCs, highlighting that they are not identical entities.

Building on these studies, Xu et al[31] compared various iMSC and BM-MSC lines to further investigate their 
differences. They showed that both cell types were able to efficiently differentiate into osteoblasts, but iMSCs displayed a 
reduced capacity to differentiate into adipocytes and chondrocytes. iMSCs exhibited a gene expression profile similar to 
vascular progenitor cells derived from mesodermal origins, possibly explaining their limited capacity to differentiate into 
the three pilar cell types, namely adipocytes, chondrocytes, and osteoblasts, in comparison with primary MSCs. This 
underscores the authors’ call for broader assessments beyond the International Society for Cellular Therapy, 
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recommending the inclusion of diverse mesodermal progenitor markers in future evaluations[31].
The immunomodulatory effects of MSCs are mainly attributed to paracrine signals, which include EVs secreted by 

those cells. Thus, MSC-derived EVs are viewed as therapeutic replacement to MSCs for the treatment of several diseases. 
Of particular interest for liver-related diseases, MSC-derived EVs are small and accumulate in the liver when delivered by 
systemic injection. Making the liver a privileged target of EVs could be used to minimize the homeostatic hepatic 
imbalance during disease[32,33]. For efficient EV-based therapies, a large quantity of EVs would be required, and 
primary MSCs do not produce large amounts of EVs. Therefore, iMSCs are considered a better source for EV production, 
as their numbers or iPSCs before differentiation can be expanded in culture for long periods without undergoing 
senescence.

Moreover, Kim et al[34] demonstrated that EVs derived from pan PPAR agonist-stimulated iMSCs were able to treat 
NASH in both in vitro (primary hepatocytes) and in vivo (mouse) models by promoting tissue repair, reducing ER stress, 
stimulating mitochondrial biogenesis, and decreasing reactive oxygen species generation. These results indicate that 
priming of iMSCs may result in EVs with enhanced capacity to treat NAFLD, and more research has to be performed in 
this field. Despite some drawbacks, iMSCs appear to be promising cells for drug testing, personalized therapies, and 
large-scale cell and EV production, which have great potential for treating liver diseases by targeting hepatic repair 
mechanisms. Nevertheless, optimizing differentiation protocols and ensuring cell safety are crucial before clinical applic-
ations can be realized.

MODELLING NAFLD/NASH
To understand the etiology and pathophysiology of NAFLD/NASF and test potential therapies, animal models have 
been very valuable. Those models are numerous and to some extent reflect the genetic, metabolic, and behavioral 
abnormalities that contribute to NAFLD/NASH. They provide valuable insights into the specific pathways and 
mechanisms underlying the pathology. However, these models do not completely reproduce the full spectrum of hetero-
geneity and complexity observed in human NAFLD/NASH pathology. The mouse model that most closely mimics 
human NAFLD is called “Diet-induced Animal Model of Nonalcoholic Fatty Liver Disease”. Mice are fed a high-fat and 
fructose diet, leading to progressive stages of NAFLD and eventually liver cancer. However, this model is genetically 
constrained, and the phenotype takes a few months to develop[35].

Furthermore, ethical and public pressure is increasing to minimize or even abolish the use of animals in scientific, 
medical, and other procedures to preserve animal welfare and reduce pain and suffering. This is also scientifically 
justified by the genetic, physiological, and other differences between animals and humans, which can lead to inaccurate 
modeling of human diseases. Additionally, novel human two-dimensional (2D) and three-dimensional (3D) cell-based in 
vitro models are now available and are alternatives offering more relevant and humane research approaches for disease 
studies and drug development.

2D CULTURE CELL MODELS
NAFLD is a disease centered on hepatocyte dysfunction. Thus human primary hepatocytes, iPSC-derived hepatocytes, 
and hepatoma cell lines are interesting cellular systems for studying NAFLD (Figure 1). Primary human hepatocytes 
(PHHs) are the most abundant cell type in the liver and are responsible for liver-specific functions[35]. Thus, PHHs are 
commonly used as an in vitro model to study liver diseases due to their ease of isolation from liver resection or tissue. 
However, PHHs have some limitations, such as interdonor variability that makes reproducibility difficult and their 
ephemeral capacity to proliferate and maintain their liver-specialized functions[36,37]. Despite those limitations, PHHs 
are physiologically relevant for NAFLD investigation, and their exposure to free fatty acids (FFAs) (oleic or palmitic acid) 
replicates liver steatosis in vitro. Those cells were successfully used to unravel pathways contributing to liver injury, such 
as transforming growth factor β[38] and to identify protector molecules of hepatocytes, such as GLP-1 analogues that 
promote autophagy and reduce hepatocyte ER stress-induced apoptosis[39]. GLP-1 is an incretin involved in insulin 
secretion, satiety, and the suppression of glucagon release when nutrients are digested[40,41]. In the presence of an 
agonist, a decrease in the fatty acid load within hepatocytes is observed, making it a potential therapeutic target for 
NAFLD/NASH[39].

Human hepatoma cell lines, such as HepG2 and Huh-7, were derived from cancers and adapted to in vitro culture and 
conserved some of properties of primary hepatocytes. However, they are genomically instable and fail to be fully repres-
entative of a primary hepatocyte since they present an altered metabolism and lack the expression of some drug-
metabolizing enzymes[36,42]. Nevertheless, these models have been utilized to elucidate some mechanisms underlying 
the pathology of NAFLD and define some drugs with potential for treatment of the disease. Indeed, exposing HepG2 
cells to oleic acid results in lipid accumulation, elevated production of tumor necrosis factor-α, decreased expression of 
PPARα, increased lipid peroxidation and apoptosis, and reduced cellular proliferation, which are key events contributing 
to the pathogenesis and progression of NAFLD[43]. The Huh-7 cell line, which shows an expression profile of metabolic 
enzymes similar to those of PHHs, has been used to test drugs to improve steatosis, such as toyocamycin and an inhibitor 
of the transcription factor X-box binding protein 1[37,44]. Overall, hepatoma cell lines are not the best cells to model 
NAFLD/NASH.
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The pluripotent nature of human iPSC and embryonic stem cells enables their differentiation virtually into any cell of 
the adult organism, and protocols have been established to generate hepatocyte-like cells (iHLCs) from those cells. iHLCs 
express hepatocyte-specific proteins and display biochemical functions specific to liver. Of interest, the exposition of 
iHLCs to oleic acid led to the accumulation of FFA and metabolic changes recapitulating the characteristics of NAFLD, 
with an upregulation of genes associated to lipid or glucose metabolism and to a PPAR-related pathway. Interestingly, 
the treatment of iHLCs with compounds modulating PPAR activity has demonstrated the beneficial effects of PPARα 
activation seen in patients by reducing the expression of enzymes involved in lipid and cholesterol synthesis[36]. Thus, 
iHLCs are promising models for NAFLD in vitro despite their limitations, such as an immature state compared with 
primary hepatocytes. Several strategies have been proposed to promote the maturation of iHLCs: (1) Adjusting amino 
acid levels in the culture media to increase CYP3A4 activity[45]; (2) Using small molecules such as activin A, LY294002 or 
FH1[46,47]; and (3) Co-culture with other cell types, such as fibroblasts[48].

Another group used undifferentiated iPSCs to study NAFLD by directly placing these cells in contact with oleate to 
verify their capacity to accumulate lipids. Compared with iHLCs, iPSCs did not present different levels of oleate. They 
demonstrated the potential of patient-derived iPSCs for initial research on NAFLD and other diseases characterized by 
lipid accumulation, particularly genetic factors. This allows the identification of high-risk individuals and the 
understanding of variations in treatment response[49].

To increase the complexity and attractiveness of 2D models, several research groups have developed co-culture 
systems. Barbero-Becerra et al[50] tested a co-culture of Huh-7 hepatocytes and LX-2 human hepatic stellate cells (HSCs) 
using cell inserts that allow the cells to grow independently while sharing the same culture medium. HSCs are 
specialized liver cells storing vitamin A, supporting liver regeneration by secreting growth factors, and producing and 
remodeling the extracellular matrix (ECM) to maintain liver structure. Upon liver injury, HSCs become activated and 
transform into myofibroblast-like cells, producing excessive ECM, especially type I collagen, leading to liver fibrosis and 
potentially cirrhosis.

In NAFLD, HSC activation is a key event in the progression from simple steatosis to NASH and fibrosis. HSCs also 
play a role in immunomodulation by interacting with immune cells and regulating inflammation[51]. The study 
concluded that the response of HSCs to FFA exposure and its effect on Huh-7 hepatocytes is independent of FFA 
exposure but requires cell-to-cell or proximity contact with hepatocytes. This is mediated by genes involved in ECM 
remodeling, such as α-COL1 and matrix metalloproteinase-2, which exert regulatory effects via paracrine mediators[50]. A 
significant challenge of these 2D models is optimizing cell culture conditions for the various cell types involved[37].

For a better replication of the (patho)physiological characteristics and context through 2D models, several research 
groups have developed co-culture models. For instance, Barbero-Becerra et al[50] tested a co-culture of Huh-7 hepatoma 
cells and LX-2 human HSCs, where the two cell types grow separated by inserts allowing only the exchange of diffusible 
molecules and proximity contacts. Supplementation of FFA to this co-culture 2D cell complex led to the indirect 
activation of HSCs through cell-cell or proximal molecular interactions with Huh-7. This activation was attributed to the 
expression of genes involved in ECM remodeling, such as α-COL1 and matrix metalloproteinase-2, and paracrine 
mediators[50].

3D MODELS FOR NAFLD/NASH
Unlike 2D cellular models, 3D co-culture models recreate a more realistic 3D environment of the hepatic organ/tissue 
with spatial organization of cells and physiology that are a more accurate representation of cell-cell interactions occurring 
in NAFLD/NASH disease processes. Methods to produce 3D models may include hydrogels, synthetic scaffolds, and 
spheroid cellular formation. Other groups used microfluidic devices using PHHs or HepG2 hepatoma cells, where cells 
were exposed to FFA during a defined time point and metabolic and phenotypic changes were observed[52,53]. The 
standard method involves a 2D sandwich culture, in which hepatocytes are placed between two layers of collagen[54]. 3D 
spheroid models originated from PHHs of healthy and pathological donors have been used to study steatosis and insulin 
resistance. Despite variations among donors, such as age and phenotypes, spheroids exposed to FFA for 21 days 
mimicked pathological effects such as hepatic steatosis and triglyceride accumulation. Notably, the induced steatosis was 
reversible, suggesting that this model is ideal for studying NAFLD[55]. In 3D spheroids, PHHs were viable for more than 
21 days allowing potential high throughput screening experiments. However, the generation of these models remains 
time-consuming and requires exhaustive validation.

ORGANOIDS TO INVESTIGATE NAFLD/ NASH
In 2009, Sato et al[56] successfully generated the first intestinal organoids (“mini-guts”) from intestinal stem cells, 
demonstrating the feasibility of producing complex. 3D structures that replicate the architecture and functions of specific 
organs. This groundbreaking achievement spurred significant interest across various research fields, inspiring the 
generation of organoids from numerous tissues and organs. Consequently, organoid models have become invaluable 
tools for studying diseases, drug testing, and applications in regenerative medicine.

Organoids are essentially 3D miniaturized and simplified versions of organs produced in vitro from stem cells. They 
arise from stem cells cultured under conditions that support spatial self-organization and differentiation, enabling them 
to mimic the cell-type composition, structural characteristics, and key functions of the original organ. Compared to 
traditional 2D cell cultures, organoids are more physiologically relevant, offering a more accurate architectural and 



Silva B et al. iPSC for NAFLD/NASH modeling and therapy

WJSC https://www.wjgnet.com 7 February 26, 2025 Volume 17 Issue 2

functional complexity representation of organs in vivo[57-59]. Moreover, organoids can be maintained long-term in 
culture, cryopreserved, biobanked without genetic alterations, and derived from stem cells or iPSCs to create person-
alized models[60].

Hepatic organoids, for instance, replicate the in vivo characteristics of liver tissue, including 3D cellular interactions and 
interactions with the ECM. Moreover, as multicellular structures, the organoids display functional units such as bile duct-
like structures and express metabolic and detoxifying enzymes, transporters, and proteins involved in secretion of bile 
and other metabolites. Importantly, these organoids can be generated from patient-specific liver tissues or iPSCs and 
preserve genetic traits unique to each individual donor, which are critical for personalized medicine as they may 
influence drug metabolism and response. Personalized organoids may be instrumental to test and identify the medication 
with the more effective effects and least toxicity for the donor individual. Thus, organoids not only provide a powerful 
platform to advance our understanding of NAFLD/NASH mechanisms pathophysiology, but they may facilitate the 
development of improved therapeutic strategies[61].

Generating hepatic organoids from iPSCs involves protocols designed to guide the transition from 2D cells into self-
organized 3D structures through different stages of differentiation. Once formed, these organoids are cultured under 
specific conditions to support either their expansion or differentiation into various hepatic lineages, including unicellular 
or multicellular hepatic organoids[61].

In vitro modeling of NAFLD using organoids can follow similar methods to traditional 2D approaches. Typically, a 
high concentration of FFAs is used to transition from simple steatosis and inflammation to fibrosis. Ramli et al[62] 
analyzed the gene expression profiles of organoids, comparing those exposed to FFAs with those not exposed, using 
samples from healthy individuals and those from patients with NASH. They found that organoids incubated with FFA 
exhibited gene expression patterns akin to those in liver tissues from patients with NASH[62].

By using iPSCs from healthy and diseased patients, Ouchi et al[63] established multicellular organoids composed of 
hepatocytes, stellate-like cells, and Kupffer-like cells, recapitulating progressive inflammation, steatosis, and fibrosis, in 
response to high doses of FFAs. This method proposed a novel approach to personalized treatments for inflammation 
and fibrosis in humans, enabling the identification of new therapies[63].

Hendriks et al[64] utilized expandable human fetal liver organoids to reproduce steatosis either by loading high doses 
of FFAs, expression of a patatin-like phospholipase domain-containing 3 variant (I148M) associated with a high risk of 
NAFLD, or by knockout of APOB or MTTP (mutations in these genes are linked to lipid disorders). Exposure of wild-type 
organoids to low concentrations of FFAs had no effect since the hepatocytes present within the organoids were able to 
metabolize those lipids, while at higher concentrations, hepatocytes progressively accumulated lipids. Organoids 
harboring patatin-like phospholipase domain-containing 3 variants or null for either APOB or MTTP showed high 
intracellular lipid accumulation[64]. Thus, liver organoids derived from stem cells or patient-specific iPSCs, hold 
potential for understanding NAFLD/NASH progression due to their ability to mimic disease hallmarks like steatosis and 
fibrosis.

DISCUSSION
NAFLD is an increasing health problem worldwide, which carries the risk of progression to more severe conditions, such 
as NASH, and even cirrhosis and hepatocellular carcinoma[3,6]. Despite many therapeutic approaches that are under 
investigation, including the search for metabolic regulators and novel strategies targeting oxidative stress and inflam-
mation, no approved pharmacological therapy is currently available for NAFLD. MSCs have emerged as attractive cells 
for the treatment of NAFLD since these cells with immunomodulation and tissue regenerative properties are easily 
harvested from many tissues[13]. An ongoing clinical trial exploring autologous AD-MSCs for liver cirrhosis associated 
with NASH or fatty liver disease provides encouraging preliminary results, demonstrating improvements in liver 
function without adverse effects[19]. Despite the positive results of this clinical trial, further research is needed to 
understand the long-term safety and efficacy of AD-MSCs. Compared to current treatment options for NAFLD/NASH, 
which primarily focus on lifestyle modifications and managing symptoms, stem cell therapies offer the potential for a 
more targeted and regenerative approach.

A drawback of employing MSCs in therapies is cell heterogeneity where they can significantly impact the efficacy and 
consistency of treatments and impair the implementation of standardized MSC preparation[65,66]. A critical point in the 
production of an MSC-based advanced therapy medicinal product is its quality control, which includes identity, purity, 
safety, and potency tests because it enhances its safety and efficacy for administration to patients[66]. Therefore, it is 
essential to identify additional key control points like the assessment of heterogeneity through transcriptome sequencing, 
along with the monitoring of chromosomal instability and tumorigenicity[66]. In vitro culture of MSCs can result in the 
accumulation of genetic and epigenetic changes, exhibiting genetic instability that could account for their tumorigenic 
potential.

A significant challenge in developing MSC-based products is the considerable heterogeneity among cell sources, which 
display varying marker profiles, gene expressions, differentiation potentials, and immunomodulatory and paracrine 
characteristics. Additionally, factors such as the donor’s age and health, along with the manufacturing process 
(encompassing culture medium composition, substrate properties, and oxygen concentration) are likely to influence the 
features of MSCs in various mechanisms[66].

To date, numerous single-cell transcriptome studies have been performed to explore MSCs heterogeneity. A study 
demonstrated that BM-MSCs presented higher transcriptomic heterogeneity than AD-MSCs, suggesting that adipose-
tissue derived cells are more suitable for certain cell transplantation treatments[67]. Another study used 361 single MSCs 
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derived from two umbilical cord-MSC donors and demonstrated that umbilical cord-MSCs expanded in vitro present 
limited heterogeneity and are associated with cell cycle status[68]. Nonetheless, these two studies have limitations, 
including a small donor pool and the focus on only one or two tissue types. In response, Wang et al[69] conducted large-
scale multiplexing single-cell RNA sequencing to create an atlas comprising 130000 single MSC transcriptomes from 
various tissues, including bone marrow, umbilical cord, adipose tissue, and dermis, sourced from 11 donors. This study 
revealed significant global variability among tissues, highlighting that ECM-related inflammation, aging, and antigen 
processing and presentation differ greatly within tissue-specific subpopulations, yet these variations are not linked to cell 
cycle status[69].

To date, the characterization of iMSCs and their heterogeneity have not been the primary focus of MSC transcriptome 
studies. Indeed, a unique transcriptome analysis has compared pluripotent stem cells, intermediate cells involved in 
iMSC derivation, mature iMSCs, BM-MSCs, and fibroblast gene expression. This study showed that iPSC-derived MSCs 
share a similar immunophenotype with BM-MSCs. While pluripotency markers are silenced, the epigenetic signature 
linked to the iPSC origin remains intact, which does not impede the differentiation potential of iPSCs. Additionally, as 
somatic cells were reprogrammed into iMSCs, genes associated with mesenchymal identity and lineage commitment 
were activated. A group of 52 genes with a higher expression profile distinguished MSC types from other cell types[70].

Another important consideration is the tumorigenic potential of MSCs. Stucky et al[71] used single-cell RNA 
sequencing to analyze MSCs during osteogenic differentiation and identified a subpopulation of differentiation-resistant 
MSCs. These cells exhibited upregulated expression of the YAP1 gene network, which is involved in stemness, prolif-
eration, and epithelial-mesenchymal transition, a key processes in cancer initiation and progression. They performed a 
meta-analysis of clinical cancer data, demonstrating a high degree of coexpression among CDH6, YAP1, and OCT4 across 
various solid tumors. These findings suggested that the YAP1 gene network plays a key role in the tumorigenicity of MSC 
subclones that are resistant to differentiation[71]. Conversely, Malvicini et al[72] demonstrated that OCT4 is fundamental 
to MSC to differentiate into adipocytes and osteoblasts. Collectively, these studies underscore the necessity of a balanced 
expression of these factors in MSCs to maintain their multipotency and prevent tumorigenicity and the necessity to 
understand MSCs gene expression dynamics to develop safe and reliable an advanced therapy medicinal products.

The ability to generate patient-specific iPSCs has opened avenues for tailoring treatments and setting up complex in 
vitro models to unravel disease mechanisms at a molecular level. It is crucial for advancing precision medicine 
approaches in NAFLD/NASH. Indeed, functional and well-characterized iMSCs and iHLCs represent a promising 
opportunity for (personalized) therapies[20]. Functional iHLCs could be reintroduced in the diseased liver to substitute 
lost functional hepatocytes. On the other hand, iMSCs could be substitutes to tissue MSCs, which are still unstable and 
difficult to culture for reaching large numbers of cells required for therapies. However, ethical considerations 
surrounding the use of iPSCs and potential side effects of MSC therapy need to be carefully addressed. Indeed, the use of 
iPSC-derived cells in therapy generally lacks long-term safety data. Addressing these concerns is crucial, as both iPSCs 
and iMSCs may present risks of tumorigenicity if not carefully selected. Additionally, it is essential to provide clear and 
accurate information to patients participating in early-phase clinical trials, as they may have unrealistic expectations or 
misunderstandings regarding the efficacy of these pioneering therapies.

Both iMSC and iHLCs are useful for disease modeling, drug screening, and personalized therapies[20,23]. Of interest, 
EVs and proteins secreted by MSCs display the cellular properties to modulate lipid metabolism, reduce inflammation, 
and promote tissue repair. Therefore, EVs could be substituted for MSCs for NAFLD/NASH treatments in a safer manner 
than cells since they do not bear genomic DNA material[32,33]. Further research into priming strategies, such as 
enhancing EV production from iMSCs through targeted molecular interventions, holds promise for enhancing 
therapeutic efficacy in NAFLD/NASH. Overall, while challenges persist, the potential of stem cells, particularly iMSCs 
and their secreted EVs, in reshaping the landscape of NAFLD treatment underscores their importance as a focal point for 
future research and clinical translation efforts. Importantly, optimizing differentiation protocols of desired cells and 
production/isolation of EVs, ensuring safety, and addressing regulatory concerns are required before stem cell-based 
therapies can be widely implemented clinically[31]. Beyond priming strategies for EVs, exploring broader future research 
directions in the field, such as optimizing cell delivery methods or combination therapies with existing treatments, would 
provide a more comprehensive picture.

Hepatic, intestinal, and many organoids, which are in vitro structural and functional representations of the organs, 
have originated from stem cells including iPSC to represent dysfunctional organs or healthy organs[60]. Hepatic 
organoids are promising cellular structures for retracing the etiology and progression of NAFLD/NASH[61,63]. 
However, improvements are needed to optimize their use. Reproducibility in size and cellular organization, especially in 
multicellular organoids, must be enhanced, as structural variations can affect cell interactions and responses to stimuli. 
Organoid models created from iPSCs exhibit low hepatic maturity, affecting disease modeling and drug testing. A key 
limitation is their insufficient vascularization, which limits nutrient and stimulus distribution, restricts organoid size, and 
obstructs the formation of complex structures for in vivo pathology modeling[61]. Those different organoids could be 
coupled through microfluidic devices to provide a more controlled environment and simulate blood flow for the 
exchange of metabolites and proteins.

Overall, iPSC and iPSC-derived cells are promising for modeling NAFLD/NASH and the discovery of novel 
therapeutic strategies. However, while challenges persist, the potential of stem cells, particularly iMSCs and their secreted 
EVs, in reshaping the landscape of NAFLD treatment underscores their importance as a focal point for future research 
and clinical translation efforts.
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CONCLUSION
Stem cell-based therapies, particularly those utilizing MSCs and HLCs derived from iPSCs, hold significant promise for 
the treatment of NAFLD/NASH. Unlike current therapies that primarily focus on symptom management, iPSC-derived 
therapies offer the potential to replace damaged cells and tissues in the liver, promoting the restoration of liver 
functionality. However, for these therapies to become clinically viable, several critical challenges must be addressed. A 
key challenge lies in the optimization of cell differentiation protocols to generate high-quality, functional iPSC-derived 
HLCs and iMSCs that closely replicate the characteristics of their in vivo counterparts. Furthermore, scaling up the 
production of these cell populations, essential for clinical applications, without compromising their functionality may 
constitute a significant obstacle. Safety concerns also play a central role in the clinical translation of iPSC-derived 
therapies. A primary concern is the risk of tumorigenicity associated with the use of iPSC-derived cells, such as iMSCs. 
Rigorous screening and quality control measures are essential at every stage of cell generation and clinical application. 
Protocols must include mechanisms for detecting and eliminating undifferentiated iPSCs in the final therapeutic cell 
population to mitigate the risk of teratoma formation. Additionally, the detection of chromosomal abnormalities in these 
cells should be incorporated into quality control protocols to ensure the safety and stability of the cells used in therapy.

In parallel, the utilization of advanced models such as organoids and single-cell profiling techniques will significantly 
enhance the understanding of the underlying mechanisms of NAFLD and NASH. These innovative models allow for 
detailed disease modeling and drug screening, facilitating the development of more effective and personalized 
therapeutic strategies. The translational potential of iPSC-derived therapies is particularly noteworthy in the context of 
personalized medicine. By generating patient-specific iPSCs and liver models, such as liver organoids, researchers can 
better investigate the unique genetic and environmental factors that contribute to NAFLD/NASH. These models offer a 
robust platform for drug screening, efficacy assessment, and prediction of treatment outcomes on an individualized basis. 
Moreover, iMSCs demonstrate the capability to modulate fibrosis and inflammation in NASH, providing a targeted 
therapeutic approach that may surpass the limited efficacy of conventional pharmacological treatments in reversing 
disease progression.

The integration of iPSC-derived cells into clinical practice holds the potential to transform the treatment landscape for 
liver diseases by offering regenerative and personalized solutions that traditional therapies cannot achieve. Crucial to the 
success of these therapies is the development of robust strategies to ensure the engraftment, long-term survival, and 
proper integration of transplanted cells within the host liver tissue. Addressing these factors is vital for achieving 
sustained therapeutic outcomes and enhancing patient responses to treatment.

Ethical considerations surrounding iPSC-based therapies must also be addressed. This includes ensuring that informed 
patient consent provides accurate and comprehensive information, particularly for individuals participating in early-
phase clinical trials. Transparent communication regarding the potential adverse effects of these therapies, as well as 
contingency plans in case of unexpected outcomes, is essential. Furthermore, the accessibility of such cutting-edge 
therapies must be equitable, ensuring that all patients, irrespective of their socioeconomic status or geographic location, 
have the opportunity to benefit from these advancements.

While significant challenges remain, the potential of iPSC-derived therapies to address the unmet needs in NAFLD/
NASH treatment is substantial. With continued optimization of differentiation protocols, safety measures, and scalability, 
along with the integration of personalized medicine strategies, these therapies could bring about a transformative shift 
toward more effective, individualized interventions for liver disease.
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Abstract
The global incidence of asthma, a leading respiratory disorder affecting more than 
235 million people, has dramatically increased in recent years. Characterized by 
chronic airway inflammation and an imbalanced response to airborne irritants, 
this chronic condition is associated with elevated levels of inflammatory factors 
and symptoms such as dyspnea, cough, wheezing, and chest tightness. Conven-
tional asthma therapies, such as corticosteroids, long-acting β-agonists, and anti-
inflammatory agents, often evoke diverse adverse reactions and fail to reduce 
symptoms and hospitalization rates over the long term effectively. These limi-
tations have prompted researchers to explore innovative therapeutic strategies, 
including stem cell-related interventions, offering hope to those afflicted with this 
incurable disease. In this review, we describe the characteristics of stem cells and 
critically assess the potential and challenges of stem cell-based therapies to 
improve disease management and treatment outcomes for asthma and other 
diseases.
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Core Tip: In this review, we provide an overview of the characteristics of stem cells, including embryonic stem cells, induced 
pluripotent stem cells, mesenchymal stem cells and adult stem cells, along with a summary of stem cell therapies for asthma 
and associated challenges. This review aims to guide future research endeavors on developing innovative stem cell therapies 
for asthma and other disorders.
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INTRODUCTION
Asthma, a chronic inflammatory airway disease affecting both children and adults, has seen a notable increase in 
incidence in recent years. The World Health Organization 2020 report indicates that approximately 235 million 
individuals suffer from asthma. Despite accounting for less than 1% of the total mortality rate from all causes, asthma 
significantly impacts human health and imposes a considerable economic burden. The cost of treating severe asthma 
cases can be 10 times higher than that of conventional therapy, consuming over 50% of global medical resources allotted 
for asthma[1].

Patients with asthma present with variable clinical and pathological manifestations including restricted airflow, lung 
tissue remodeling, and typical symptoms such as coughing, wheezing, and chest tightness. Infants frequently present 
with wheezing, and a significant proportion progress to chronic asthma by 6 years of age. However, three-quarters of 
school-aged children with asthma outgrow the disease by adulthood[2], while adults with asthma often experience 
incomplete remission[3,4]. Asthma is driven by an exaggerated T helper type 2 (Th2) immune response characterized by 
excess numbers of CD4+ T cells that produce interleukin 4 (IL-4) and IL-5. This response leads to the production of 
allergen-specific immunoglobulin E (IgE) and eosinophil accumulation that trigger chronic airway inflammation, 
culminating in airway remodeling marked by basement membrane thickening, goblet cell hyperplasia, smooth muscle 
cell proliferation, inflammatory cell infiltration, and mucus plug formation[5,6].

Traditional asthma therapies, such as corticosteroids, long-acting β-agonists, and anti-inflammatory agents, are often 
associated with a broad spectrum of adverse effects such as immunosuppression induced by long-term glucocorticoids 
use that can increase susceptibility to infection, as well as adrenocortical insufficiency, bone damage, electrolyte 
disorders, high blood pressure, and hyperglycemia[7-9]. Another drawback of conventional treatments lies in their 
inability to effectively reverse the asthma pathogenic process, thereby contributing to the high prevalence of severe and 
refractory cases that underscores the urgent need for innovative prevention and treatment strategies.

Stem cells (SCs), which have self-renewal and differentiation capabilities, were first identified in the hematopoietic 
system in the mid-20th century. A landmark 1963 study conducted by Becker et al[10] showed that simple infusion of bone 
marrow-derived cells into the blood of lethally irradiated animals can reconstitute all blood cell populations, rescuing the 
animals from death, while recent studies have highlighted their potential as therapies for lung diseases such as asthma
[11]. Notably, SCs exhibit a spectrum of potencies, ranging from totipotent to pluripotent, multipotent, and unipotent, 
each with a progressively narrower range of differentiation potential. Totipotent SCs are capable of differentiating into all 
cell types found within the embryonic and extraembryonic tissues (e.g., placenta) of a developing organism; pluripotent 
cells can only differentiate into cell types found within the embryo proper, including germ cells and cells within any germ 
layer that can differentiate into any cell type found within a mature organism; multipotent cells are capable of differen-
tiating into any cell type found within a specific germ layer; and unipotent cells can only differentiate into a limited 
number of cell types. Importantly, SCs can be derived using diverse methods from human embryos, adult somatic cells, 
or by enhancing the SC potential of differentiated somatic cells (Figure 1).

An overview of the characteristics of SCs is presented in this review, including embryonic SCs (ESCs), induced 
pluripotent SCs (iPSCs), mesenchymal SCs (MSCs), and adult SCs, along with a summary of SC therapies for asthma and 
associated challenges. This review aims to guide future research endeavors towards developing innovative SC therapies 
for asthma and other disorders.

ESCs
ESCs, typically harvested from preimplantation blastocysts around 7 to 10 days post-fertilization, offer unparalleled 
regenerative capabilities. Their capacity for indefinite propagation and differentiation into essentially any specialized cell 
type within the body sets them apart as a powerful tool for disease treatment and tissue repair[12].

Lin et al[13] described a murine asthma model employed to uncover the association between the therapeutic benefits of 
human ESC (hESC)-derived MSCs (hESC-MSCs) and the expression of crucial mRNAs in lung tissue. These mRNAs are 
transcribed from genes encoding chemokine C-C motif ligand 11 (CCL11), CCL24, IL-13, IL-33, and the eosinophil-
associated, ribonuclease A family, member 11, as assessed using a polymerase chain reaction array[13]. Ultimately, MSCs 
were successfully obtained from hESCs through a simple two-step protocol that eliminated the need for fluorescence-
activated cell sorting, a process that could potentially damage the cells. Following intravenous injection into the tail veins 
of allergic mice, the transplanted hESC-MSCs suppressed allergic inflammation in the lung tissues of animals by reducing 
the expression of CCL11, CCL24, IL13, IL33 (expressed in Th2 cells) and the eosinophil-associated, ribonuclease A family, 
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Figure 1 Development and progression and stem cell potency. The figure was drawn by Figdraw. During the earliest embryonic developmental stages, 
totipotent stem cells, capable of giving rise to any cell type, are present in the zygote during the initial cell divisions following fertilization. With the formation of the 
blastocyst, stem cells evolve into a pluripotent state, enabling them to differentiate into nearly any cell type, marking a critical step in embryonic development. As 
development progresses and the primitive streak forms, cells predominantly exhibit multipotent capabilities, restricting their differentiation potential to a narrow array 
of cell lineages excluding embryonic germ cells. In subsequent developmental phases, stem cells are classified as either ‘embryonic’ or ‘adult,’ reflecting their specific 
differentiation potentials and roles within an organism’s cellular hierarchy.

member 11 gene (expressed in eosinophils). Additionally, the transplanted cells restored previously diminished 
regulatory T cells (Tregs) levels in lung tissues to normal levels. These results suggest that allergic reactions induce 
elevated expression of these mRNAs, which MSC-mediated immunomodulation inhibits. It is noteworthy that hESC-
MSCs share biological characteristics with bone marrow-derived MSCs (BMSCs), including expression of surface markers 
related to multilineage differentiation and immunomodulatory states, robust proliferation and regenerative capacity and 
low levels of heterogeneity.

Nevertheless, challenges persist, particularly in ensuring hESC-derived cells’ purity, safety, and efficacy before they are 
widely applied as asthma treatments in clinical settings. For example, MSC therapy has sometimes resulted in poor 
clinical outcomes due to inherent differences in characteristics among MSCs obtained from different donors[14]. It is, 
therefore, crucial to evaluate the efficiency of hESC-MSC differentiation by testing hESC-MSC cultures generated using 
the abovementioned protocol for potential contamination with other cell types, which could trigger unexpected side 
effects when transplanted. However, it is worth noting that in another study the vast majority of hESC-MSCs strongly 
expressed classical MSC markers cluster of differentiation 73 (CD73) (> 96.3%), CD90 (> 75.4%), and CD105 (> 99.7%) and 
were positive for other known MSC markers CD166 (> 45.0%), CD44 (> 98.2%), and CD146 (> 89.0%), while testing 
negative for the hematopoietic SC marker CD45 (< 8.0%)[13].

Although significant strides have been made in the field of ESC-related regenerative medicine, even highly pure 
populations of transplantable hESC-derived tissue-specific cells may be unsuitable for tissue regeneration due to low-
level expression of human leukocyte antigen I that can trigger immunorejection despite their otherwise low immuno-
genicity. Accordingly, our laboratory developed a reliable culture and genetic selection procedure yielding the first pure 
population of transplantable hESCs derived from lung alveolar type II epithelial cells (hESC-ATIICs). After these cells 
were transplanted into the lungs of severe-combined immunodeficiency mice with bleomycin-induced acute lung injury
[15], in vivo differentiation of hESC-ATIICs into ATICs was observed associated with repair of damaged lung tissue and 
long-term restoration of pulmonary function without teratoma formation. At study completion (10 days post-injury), the 
engrafted cells expressed ATIC phenotypic markers, strongly indicating ongoing or complete differentiation of 
transplanted ATIICs into ATICs, a noteworthy step towards overcoming the challenge of immunorejection within the 
context of ESC-derived cell transplantation-induced tissue repair. These results highlight an approach for overcoming 
immune rejection, paving the way for expanded clinical applications of hESCs and positioning them as a potential 
“universal donor” SC line with enhanced therapeutic potential.

IPSCs
In 2006, Takahashi and Yamanaka[16] introduced four transcription factors (TFs), organic cation transporter 3/4, sex 
determining region (SRY) box 2, c-Myc, and Kruppel-like factor 4, into mature cells lacking their expression. Intriguingly, 
a subset of these modified mature cells reverted to a significantly less-developed ESC-like state, highlighting the 
successful artificial expansion of cell pluripotency as a transformative achievement ushering in a new era in SC biology. 
Subsequently, iPSCs collected from an individual could differentiate into any other cell type found within that 
individual’s body, underscoring their potential value as a tool for evaluating the efficacy and safety of ‘personalized’ 
drug therapies. However, after extended culture, these cells exhibit noticeable changes in mRNA copy number during 
reprogramming and epigenetic memory following differentiation and increased in vivo tumorigenicity.

Interestingly, treatment of asthmatic mice with iPSC-MSCs or BMSCs prior to the antigenic challenge has been shown 
to reduce levels of Th2-induced immunoglobulins (e.g., IgE) and cytokines (e.g., IL-4, IL-5, IL-13) in bronchoalveolar and/
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or nasal lavage fluid[17,18]. Royce et al[19] demonstrated the superior protective effect of intranasally administered iPSCs 
and mesenchymoangioblast-derived MSCs against ovalbumin (OVA)-induced chronic allergic airway disease and asthma 
compared to corticosteroids.

In a study by Gao et al[20], two distinct sets of human iPSCs were employed to generate MSCs with robust proliferative 
capacity; heightened expression of recognized adult BMSC markers; and enhanced abilities to engage in adipogenesis, 
osteogenesis, and chondrogenesis. Specifically, urine cell-derived iPSCs were generated from cells isolated from human 
urine through reprogramming induced by electroporation of the plasmid pEP4EO2SET2K into the cells. Meanwhile, 
amniocyte-derived iPSCs were produced through retrovirus-mediated transduction of genes encoding organic cation 
transporter 4, SRY box 2, Kruppel-like factor 4, and c-Myc TFs into cells isolated from amniotic fluid. Notably, both types 
of iPSC-MSCs exhibited superior proliferative ability, longer life spans (over 50 passages), and lower rates of cell 
senescence than MSCs, highlighting their promise as a source of easily generated and well-tolerated MSCs for use in 
clinical applications. Additionally, these iPSC-MSCs inhibited dendritic cell differentiation, an effect attributed to both 
cell-cell interactions and iPSC-MSC secretion of IL-10. Unfortunately, safety assessments, including testing of iPSC-MSCs 
in immunodeficient mice, were lacking in these studies[20]. However, regarding the safety issue, previous studies 
demonstrated that two other iPSC-MSC clones suppressing allergic airway inflammation[17] were devoid of carcinogenic 
drifts during four months following their subcutaneous transplantation into severe-combined immunodeficiency mice
[21]. In practice, incomplete and random reprogramming of iPSCs by TFs has been observed,  associated with abnormal 
gene expression profiles and necessitating the rigorous screening of iPSCs using various techniques, such as whole 
genome sequencing, comparative genomic hybridization, single nucleotide polymorphism analysis, before deeming these 
iPSCs suitable for clinical applications. Within this context, our laboratory has successfully established a novel site-
specific insertion-driven targeting strategy for efficiently generating mutation-free, reprogramming factor-free human 
iPSCs[22]. A refinement of the iPSC methodology is currently in progress, and it is poised to substantially increase the 
future utilization of iPSCs in therapeutic applications.

MSCs
Over the past half-century, understanding the basic and clinical aspects of asthma MSC-mediated mechanisms has 
advanced significantly, resulting in the emergence of MSCs as the most extensively studied cell type in experimental cell 
therapy (Figure 2). Beyond their potential cell replacement applications, certain MSC cell types may be capable of altering 
the course of a disease without undergoing engraftment. This realization prompted researchers to explore the potential of 
MSCs to modulate cellular responses to injury or aberrant immune cell activity. In turn, these efforts led to the early 
identification of a population of BMSCs capable of generating various MSC-derived populations ex vivo, giving rise to the 
concept of MSCs as a customizable tool for regenerating specific types of tissues[23,24]. Currently, MSC-derived colonies 
arising in culture are recognized for their ability to generate cells that could be induced to differentiate into osteoblasts, 
adipocytes, or chondrocytes in vitro. MSCs may be administered in vivo via intravenous, intranasal, or intratracheal routes. 
However, an ongoing debate persists regarding the criteria for identifying these cells and their specific functions after in 
vivo administration.

MSCs effectively modulate immune responses by suppressing activated T and B cells, inhibiting M1 macrophage 
differentiation and reducing antigen-presenting cell costimulation[25]. They regulate the Th1/Th2 balance, suppress 
pathological T cell proliferation, and offer anti-inflammatory[26], antifibrotic[27], anti-apoptotic[28], antimicrobial[29], 
antioxidative[30], and pro-angiogenic benefits[31]. Additionally, MSCs enhance alveolar fluid clearance[32] and repair 
pulmonary endothelial and epithelial cell damage[33].

MSCs, specialized cells with critical roles in regulating immune system functions and managing immune responses 
triggering inflammatory diseases, do not home efficiently to target tissues when infused intravenously[34], resulting in 
limited MSC colonization and differentiation within target tissues[35]. Despite this limitation, MSCs exert immunoregu-
latory effects through cell-cell contact involving two key intercellular interaction molecules: Programmed death ligand 1, 
a costimulatory molecule, and tumor necrosis factor (TNF) ligand superfamily member 6 (TNFSF6)[36]. In one study, 
during T cell recruitment, BMSCs were found to regulate monocyte chemoattractant protein-1 secretion via a Fas-
dependent mechanism, leading to T cell apoptosis through a TNFSF6-based mechanism. Subsequently, macrophages 
were observed to ingest apoptotic T cell debris and release elevated quantities of transforming growth factor beta (TGF-β
), triggering enhanced Treg activity and immunotolerance.

MSCs have been evaluated as potential treatments for asthma. In a study conducted by Shin et al[37], the therapeutic 
effects of human umbilical cord-MSCs were evaluated in two murine models of severe asthma, alternaria (alternata-
induced) and house dust mite/diesel exhaust particle-induced asthma. Their results revealed significant post-treatment 
reductions in airway hyperresponsiveness, lung eosinophil levels, and direct inhibition of Th2 cell and type 2 innate 
lymphoid cell activities. However, Volarevic et al[38] revealed that MSC populations exhibited notable diversity in 
secreted immunoregulatory factor profiles, encompassing TGF-β, hepatocyte growth factor, nitric oxide, indoleamine 2,3-
dioxygenase, IL-10, IL-6, leukemia inhibitory factor, IL-1 receptor antagonist, galectins, TNF-stimulated gene 6 protein, 
human leukocyte antigen-G5, heme oxygenase-1, and prostaglandin E2[38].

Previously, researchers had speculated that the multidirectional differentiation potential of MSCs might lead to their 
differentiation into fibroblasts and myofibroblasts during asthma progression, triggering the pathological process of 
airway remodeling[39]. However, recent animal studies demonstrated that MSCs can improve airway remodeling in 
asthmatic mice[40,41], although the specific mechanism underlying this effect remains unclear. Meanwhile, the paracrine 
action of MSCs has been linked to the exosome release of biologically active substances that mirrors the observed MSC-
induced immunomodulatory effect. MSC exosomes (MSC-Exo) maintained in a conditioned serum-free medium and 
isolated via serial centrifugations were non-immunogenic, well-tolerated by the human body, and equipped with 
membrane penetration and intrinsic homing capabilities.
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Figure 2 Experimental and clinical investigations into mesenchymal stem cell-mediated mechanisms of asthma causation. The figure was 
drawn by Figdraw. Mesenchymal stem cells (MSCs) reduce the production of various inflammatory factors, promote the production and release of anti-inflammatory 
factors, suppress the inflammatory response, restore the T helper type 1/2 balance, and repair damaged epithelial cells, while modulating the immune response 
through direct cell-to-cell contact. The paracrine action of MSCs is attributed to the release of exosomes containing biologically active substances that effectively 
mimic MSC immunomodulatory effects. After the MSC-mediated asthma mechanism was elucidated, the first clinical report describing the beneficial effects of bone 
marrow-derived mononuclear cell therapy in a patient with severe asthma was published in 2020. Currently, four clinical trials grounded in animal experiments are in 
progress, and they are evaluating the therapeutic effects of systemically administered MSCs registered on the clinicaltrials.gov platform.

MSC-Exo modulate Treg activity by upregulating levels of immunosuppressive cytokines IL-10 and TGF-β1 produced 
by peripheral blood mononuclear cells of asthmatic patients, a process potentially influenced by antigen-presenting cells
[42]. Furthermore, MSC-Exo reversed airway hyperresponsiveness, histopathological changes, and inflammation when 
administered intratracheally to a severe, steroid-resistant asthma mouse model by reshaping the macrophage polarization 
profile[43]. MSC-Exo may be an effective therapeutic strategy for Th17-dominant neutrophilic airway inflammation by 
inhibiting Th17 polarization through the Janus kinase 2/signal transducer and activator of transcription 3 pathway[44]. 
Kun et al[45] found that inhibiting the Notch1/Jagged1 pathway could facilitate the migration of allogeneic BMSCs to 
injured lung tissues, which promotes immune regulation, corrects the Th1/Th2 imbalance, and enhances the treatment of 
asthmatic airway inflammation. These effects suggest that MSCs can sense their environment and restore the T cell 
balance in individuals with disorders primarily associated with aberrant Th1 or Th2 responses[46]. Here, we highlight 
strategies of MSC-derived extracellular vesicle treatment in asthma models (Figure 3) and summarize findings from the 
past 3 years[44,47-57], showing that MSC-Exo hold promise as a cell-free therapeutic approach (Table 1). Exosomes are 
administered via intravenous, inhalation, intratracheal, and intranasal. Combined with chemotherapy, small inhibitors, 
nucleic acids, or immunotherapy could enhance the outcomes in treatment.

Moreover, the differential expression of numerous microRNAs (miRNAs), including miR-146a-5p[57], miR-223-3p[51], 
miR-138-5p[58], miRNA-let-7, miRNA-155, and miRNA-126, is associated with allergic airway inflammation[59], making 
these miRNAs potential therapeutic targets in human MSC-based therapy (part of these references are discussed in 
Table 1). At the same time, the miR-21/activin A receptor type 2A axis has emerged as a crucial mechanism implicated in 
asthmatic inflammation in both a mouse model of asthma and in human subjects with asthma[60]. Furthermore, human 
MSCs genetically modified to afford inhibition of miR-138-5p, showed enhanced ability to reduce inflammation and 
allergic reactions by activating sirtuin 1 and inhibiting the high-mobility group box 1/Toll-like receptor 4 pathway in an 
asthma mouse model[58]. Shan et al[48] found that human bone marrow-MSC-derived exosomes reduced BMSC prolif-
eration and lung injury in asthmatic mice via the miR-188/Jumonji, AT-rich interactive domain 2/Wnt/β-catenin 
pathway. In addition, externally originating MSCs have been observed to migrate towards lung tissue, accumulating at 
damage sites and then differentiating into type I and type II alveolar epithelial cells that participate in tissue restoration 
and repair in vivo[61,62]. Although their roles in this process remain unclear, the perceived weak differentiation ability of 
MSCs has prompted researchers to focus increasingly on studying their immunomodulatory effects on the repair of 
damaged and diseased tissues instead of their transplantation and differentiation behaviors.

Placenta-derived MSCs exerted an anti-IL-5 effect in vitro and reduced IL-5 level in culture with peripheral blood 
mononuclear cells that had been isolated from different subgroups of children with asthma[63]. Concurrently, another 
study conducted around the same time demonstrated that therapeutic administration of human MSCs to a mouse model 
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Table 1 Details regarding mesenchymal stem cell-derived extracellular vesicles treatment of asthma models in the past 3 years (2022-
2024)

Ref.
MSC-dosage 
and 
frequency

MSC-EV 
source

Asthma 
animal 
model

Asthma 
replication 
model

Animal 
numbers Delivery Cargo EV markers

Firouzabadi et 
al[47], 2024

15 μg, 1 time HBMSC Male 
BALB/c 
mice

Sensitized and 
challenged with 
OVA

Total = 43, C = 
11, A = 11, T = 21

IV + IT N/A CD105, CD63

Shan et al[48], 
2022

20 μg, 9 times HBMSC BALB/c 
mice

Sensitized and 
challenged with 
OVA

Total = 30, C = 
10, A = 10, T = 10

IV MiR-188, miR-
124, miR-410, 
miR-223, miR-
130a

CD81, 
TSG101

Liu et al[49], 
2022

100 μg, 3 times MBMSC BALB/c 
mice

Sensitized and 
challenged with 
OVA

Total = 24, C = 8, 
A = 8, T = 8

IT N/A CD9, CD63, 
CD81, 
TSG101

Feng et al[50], 
2022

NP NP Male 
BALB/c 
mice

Sensitized and 
challenged with 
OVA

Total = 15, C = 5, 
A = 5, T = 5

NP Some 
transfected with 
miR-301a-3

CD63, CD9

Li et al[51], 2023 NP MBMSC Male SD rats Sensitized and 
challenged with 
OVA

Total = 32, C = 8, 
A = 8, T = 16

IV MiR-223-3p CD9, CD63, 
CD81

Xu et al[52], 
2023

40 μg, 4 times Hypoxic, 
HUCMSC

Female 
BALB/c 
mice

Sensitized and 
challenged with 
OVA

Total = 21, C = 4, 
A = 5, IV T = 6, 
INH T = 6

INH and IV Some vesicles 
were transfected 
with miR-146a-
5p

TSG101, 
HSP70

Bandeira et al
[53], 2023

2 × 109 
particles, 1 time

HBMSC C57BL/6 
male mice

Sensitized and 
challenged with 
OVA

Total = 15, C = 5, 
A = 5, T = 5

IN N/A Flotillin-1, 
CD81, and β-
actin

Dehnavi et al
[54], 2023

NP MAMSC Female 
BALB/c 
mice

Sensitized and 
challenged with 
OVA

Total = 20, C = 5, 
A = 5, OVA-EV 
T = 5, normal EV 
T = 5

SL OVA CD9, CD63

Asadirad et al
[55], 2023

NP, 6 times MAMSC Female 
BALB/c 
mice

Sensitized and 
challenged with 
OVA

Total = 20, C = 5, 
A = 5, T = 10

SL OVA CD9, CD63

Luo et al[56], 
2024

40 μg, 4 times Hypoxic, 
HUCMSC

Female 
BALB/c 
mice

Sensitized and 
challenged with 
OVA

Total = 16, C = 4, 
A = 6 
T = 6

INH N/A TSG101, 
HSP70

Liu et al[57], 
2024

NP, 3 times HUCMSC Female 
C57BL/6 
mice

Sensitized and 
challenged with 
DFE

Total = 24, C = 6, 
A = 6, DFE + 
EVs T = 6, DFE + 
146a-EVs T = 6

INH MiR-146a-5p CD63, HSP70, 
TSG101

He et al[44], 
2024

2 × 1010 
particles, 3 
times

Human iPSC-
MSCs

Female 
C57BL/6 
mice

Sensitized with 
OVA and LPS, 
challenged with 
OVA

Total = 15, C = 5, 
A = 5, T = 5

IV N/A CD9, CD63, 
Alix, TSG101, 
calnexin

A: Asthmatic; C: Control; CD: Cluster of differentiation; DFE: Dermatophagoides farinae extract; EVs: Extracellular vesicles; HBMSC: Human bone marrow 
mesenchymal stem cell; HSP70: 70-kDa heat shock protein; HUMSC: Human umbilical cord mesenchymal stem cell; IN: Intranasal INH: Inhalation; iPSC-
MSC: Induced pluripotent stem cell derived mesenchymal stem cell; IV: Intravenous; IT: Intratracheal; M-AMSC: Murine adipose tissue mesenchymal stem 
cell; MBMSC: Murine bone marrow mesenchymal stem cell; MSC: Mesenchymal stem cell;  N/A: Not applicable; NP: Not provided; OVA: Ovalbumin; SL: 
Sublingual; T: Treated; TSG101: Tumor susceptibility gene 101.

of allergic asthma positively impacted oxidative stress by decreasing nitrotyrosine levels in lung tissues[64]. Similarly, Hu 
et al[65] reported a reduction in inflammation and oxidative stress to improve therapeutic outcomes in lung injury of 
acute respiratory distress syndrome by a new technique of integrating biomaterials and therapeutic agents through the 
fusion of mitochondria with liposomes. Interactions with probiotics also exerted antioxidant effects through the action of 
antioxidant enzymes[66]. Surprisingly, even nonviable MSCs, such as apoptotic MSCs, have been shown to exert 
immunosuppressive effects in vivo[67].

Shortly after the abovementioned studies were completed, a 12-month study was conducted to evaluate the 
significance of repeated intravenous MSC infusions. The study’s findings revealed that 12-month administration of MSCs 
initiated after the onset of chronic allergic feline asthma did not lead to reduced airway inflammation and hyperrespons-
iveness, as assessed using computed tomographic measurements of airway remodeling. However, reduced airway 
remodeling was observed earlier, after 8 months of treatment[68]. More recently, researchers discovered that a single 
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Figure 3 Mesenchymal stem cell-exosomes treatment of asthma models purified exogenous and autologous exosomes derived from 
mesenchymal stem cells express various functions in treating asthma in animal models. The figure was drawn by Figdraw. Intravenous, inhalation, 
intratracheal, and intranasal administration for delivering exosomes, as well as the cargo carried by the exosomes, could have important effects on treatment.

injection of human MSCs was significantly more effective than double injections in reducing OVA-induced airway 
inflammation in a mouse model. Although systemic delivery of cell therapy through infusion is thought to achieve 
optimal therapeutic efficiency and targeting of lung tissues after optimization of MSC size and treatment frequency[69], 
both local and systemic administration of a single dose of MSCs were shown to reduce inflammation and lung tissue 
remodeling in OVA- and aspergillus hyphal extract-induced allergic asthma models[70,71]. Conversely, a single dose of 
MSCs did not improve lung function or remodeling in house dust mite extract-induced allergic asthma. In contrast, 
multiple MSC doses reduce lung inflammation, stimulate tissue remodeling, improve lung mechanics, and promote T 
cell-mediated immunosuppression[70]. Consequently, these outcomes should be carefully considered in future clinical 
trials when evaluating potential MSC-based asthma therapies.

Most MSC-based trials are currently in their early stages (primarily Phase 1 or 2), with only a limited number 
progressing to Phase 3[72]. As of May 2020, 68 clinical trials related to MSCs and respiratory diseases were underway, as 
documented in the clinical registration research database[73]. Among these, coronavirus disease 2019 emerged as the 
most frequent target condition (31 ongoing trials), followed closely by acute respiratory distress syndrome and chronic 
obstructive pulmonary disease (10 trials each), idiopathic pulmonary fibrosis (six trials) and asthma (two trials). The 
remaining nine trials focused on a broad range of diseases, including cystic fibrosis, lung transplantation, pneumo-
coniosis, radiation-induced injury, and unspecified lung injury. In terms of trial phases, thirty trials were classified as 
Phase 1, 17 as combined Phase 1/2, 14 as Phase 2, two as combined Phase 2/3, and one as Phase 3.

In 2020, a report revealed treatment outcomes for three individuals who have severe asthma refractory to conventional 
therapies, including steroids, bronchodilators, and anti-IgE medications are not effective for severe asthma, but SC 
therapy is effective. These patients received a single intravenous treatment with autologous BMSCs (2 × 107 cells/patient) 
and then were monitored for 1 year for therapeutic and adverse effects. The study’s results demonstrated that adminis-
tering autologous BMSCs via intravenous infusion was safe and effective in improving self-perceived quality of life, as 
assessed during the early post-procedure phase. Lung function and the 6-minute walk test measurements remained stable 
throughout[74]. These findings paved the way for future clinical investigations of treatments based on BMSCs or 
alternative cell types for patients diagnosed with severe asthma.

In 2023, Sharan et al[75] reported preliminary findings related to the first participant with asthma enrolled in a Phase 1 
clinical trial (Safety of cultured allogeneic adult umbilical cord derived mesenchymal SC intravenous infusion for the 
treatment of pulmonary diseases, NCT05147688). This trial involved intravenous infusion of cultured MSCs derived from 
umbilical cord tissue, administered at a dosage of 100 million cells over a 40-minute period. Encouragingly, no adverse 
events or complications were noted at 2 months and 6 months post-treatment, while improvement in the participant’s 
condition persisted throughout the 6-month follow-up period. These results underscore the potential safety and efficacy 
of MSC-based therapies for pulmonary diseases, warranting further validation in more extensive clinical trials.
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To date, four early-stage clinical studies employing SC therapies for asthma are registered in the clinical trials database, 
of which three are Phase 1 trials (http://clinicaltrials.gov) (Table 2). Notably, umbilical cord MSCs are the prevailing 
MSC type utilized in two of these trials, while allogeneic MSCs under evaluation in three of the four trials have exhibited 
robust immunomodulatory properties. As anticipated, MSCs were predominantly administered via the intravenous route 
(two trials), while intranasal delivery was employed in one trial. It is important to note that these studies are not designed 
to rule out potential adverse effects of therapy, including uncontrolled MSC proliferation, vascular blockage occurring 
after intravascular administration, and abnormal differentiation of injected MSCs. Nonetheless, before MSCs can be used 
for asthma treatment and other clinical applications, MSC dose/dosage, formulation, route of administration, frequency, 
and indications[76] must be optimized in animal models.

Importantly, MSCs derived from adult or newborn tissues of different donors exhibit limited proliferative capacities, 
significant variability in quality, rapid loss of differentiation potential, and lower therapeutic efficacy compared to corres-
ponding features of iPSCs and ESCs. Nevertheless, MSCs are still considered an ideal therapeutic option due to their 
lower immunogenicity and greater ease of preparation. At the same time, iPSCs and ESCs, due to their high proliferation 
rates, could potentially serve as progenitor cells for generating artificially induced MCSs with therapeutic value. 
Meanwhile, explorations of the effects of MSC-Exo on the expression of genes related to asthma progression through gene 
editing could enhance MSC regenerative capacities and effectiveness. Notably, MSC-Exo hold great promise as an 
alternative to MSCs that may alleviate asthma by regulating the expression of novel miRNAs and other disease-related 
targets awaiting identification through more comprehensive approaches, such as transcriptomics and proteomics. Such 
research will enhance understanding of asthma-related pathways and pave the way for developing more targeted and 
effective therapeutic strategies.

Adult SCs
Adult SCs, also known as tissue-specific SCs, are believed to reside in most tissues and persist throughout an individual’s 
lifetime. These cells are considered crucial for tissue maintenance and repair, particularly in tissues with high cell 
turnover, such as blood, skin, and intestines, where adult SCs have been clearly identified and studied experimentally[77-
79]. Meanwhile, potential adult SC populations have also been reported in tissues with low cell turnover, such as muscle, 
brain, and kidney[80-83], although one report of adult SCs  in lung tissues was retracted[84,85].

In animal models, substantial numbers of bone marrow-derived adult SCs that produce collagen type I and α-smooth 
muscle actin have been detected in specific tissues, such as lung tissues of mice with OVA-induced chronic asthma[86]. 
However, adult SC isolation from different tissues can be challenging and an obstacle hindering exploring its potential in 
regenerative medicine. Within this context, the application of iPSC technology has emerged as a significantly important 
tool that can stimulate local tissue adult SCs to engage in tissue repair through paracrine signaling and other 
mechanisms, offering a promising avenue for advancing regenerative medicine.

CHALLENGES ASSOCIATED WITH THE CLINICAL USE OF SCS
Although MSCs demonstrate promising therapeutic potential for asthma, MSC-based treatment strategies remain 
challenging. For example, restricted in vitro growth, stemness decline, and harsh microenvironments hinder transplanted 
MSCs’ therapeutic potential and clinical application prospects[87]. Allogeneic MSC infusion triggers immune memory 
and boosts innate responses. If their immunosuppressive function is not activated, MSCs can act like antigen-presenting 
cells and promote inflammation[88]. Adverse effects post-transplantation include fever, chills, headache, back pain, and 
numbness[89]. Several issues must be addressed before SCs can be harnessed for patient treatment in clinical settings.

The first concern revolves around tissue integration, whereby transplanted cells must seamlessly integrate into 
surrounding tissues to ensure physiologically beneficial outcomes. Intriguingly, certain types of SCs, such as hESC-
derived endothelial cells, exhibit an inherent ability to assemble into tubular structures that can integrate within the 
vasculature of tissues when inoculated into animals as dispersed cells[90].

A second challenge is the high likelihood that transplanted cells will develop into tumours, with a particularly high 
risk noted for transplanted pluripotent cells, given their ability to generate teratomas in animal models[91]. Therefore, it 
is crucial to precisely determine the differentiation states of transplanted cells to avoid the delivery of residual pluripotent 
cells that might undergo abnormal differentiation in vivo. Additionally, culture procedures must be designed to minimize 
the proliferation of genetically aberrant and potentially hazardous cell types[92]. To address these concerns, assessing 
pluripotent or other cell types for genetic integrity before transplantation in vivo is essential.

A third challenge relates to the ability to control the differentiation of cells into specific cell types, as it can sometimes 
be challenging to obtain a desired cell type from pluripotent cells. Furthermore, achieving uniformity and consistency of 
differentiated cells may be difficult, especially when derived from certain progenitor cell types. While these challenges 
are daunting, they are not insurmountable, although overcoming each obstacle will require substantial effort and focus. 
Nevertheless, we remain confident that these hurdles will be overcome to pave the way for the continued incorporation 
of SCs in asthma treatment strategies[12].

CONCLUSION
This review covers fundamental SC traits, including ESCs, iPSCs, MSCs, and adult SCs. It sheds light on SC therapies for 

http://clinicaltrials.gov
http://clinicaltrials.gov
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Table 2 Brief description of four clinical asthma trials related to stem cells in the clinical trials database

NCT No Title Disease Source 
MSCs Auto/Allo? Delivery Phases Enrollment

Ages 
eligible 
for study

Locations

02192736 Safety and feasibility study of 
intranasal MTF for treatment of 
asthma

Asthma UCMSC-
CM

Allogeneic Intra-
nasal

1/2 20 18-65 years 
old

Panama

03137199 Allogeneic human MSCs via 
intravenous delivery in patients 
with mild asthma

Asthma BMSCs Allogeneic IV 1 6 18-65 years 
old

United States

04883320 Stem cell strategies for the 
treatment of chronic asthma

Asthma MSC Unspecified Not 
provided

Not 
applicable

15 18-70 years 
old

United 
Kingdom

05147688 Safety of cultured allogeneic 
adult umbilical cord-derived 
mesenchymal stem cells for 
pulmonary diseases

Pulmonary 
diseases, 
asthma

UCMSC Allogeneic IV 1 20 Child, 
adult, older 
adult

Antigua and 
Barbuda

BMSCs: Bone marrow mesenchymal stem cells; MSC: Mesenchymal stem cell; MTF: Mesenchymal trophic factor; UCMSC-CM: Conditioned medium 
prepared from umbilical cord mesenchymal stem cell; UCMSC: Umbilical cord mesenchymal stem cell.

alleviating asthma. Although the mechanisms by which SCs alleviate asthma are unclear, results of animal experiments 
suggest that SC-based treatments may relieve asthma symptoms by effectively reducing both airway inflammation and 
tissue remodeling, improving oxidative stress responses and paracrine functions. Based on these findings, human clinical 
trials are underway to evaluate SC safety and effectiveness as treatments for asthma and other diseases.
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Abstract
BACKGROUND 
Despite advances in treatment, the prognosis for patients with high-risk pediatric 
solid tumors remains dismal. Tandem autologous stem cell transplantation 
(ASCT) offers promise for improving outcomes in these patients. This study 
aimed to examine the efficacy and prognostic factors of tandem ASCT in pediatric 
patients with high-risk solid tumors.

AIM 
To determine the survival outcomes and prognostic factors in pediatric patients 
with high-risk solid tumors undergoing tandem ASCT.

METHODS 
A total of 40 pediatric patients with high-risk solid tumors treated from March 
2015 to August 2022 were included in this retrospective study. The diagnoses of 
the patients included neuroblastoma, germ cell tumors, atypical teratoid/rha-
bdoid tumor, medulloblastoma, and pineoblastoma. After induction chemothe-
rapy, all patients received tandem ASCT and were allocated into two groups 
(group A and group B) based on high-dose chemotherapy regimens. Prognostic 
relevance was evaluated by examining patient characteristics, such as sex, age, 
lactate dehydrogenase levels, primary site, the number of metastatic sites, and 
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bone marrow involvement.

RESULTS 
The median follow-up duration since the first ASCT was 24 months (range: 1-91 months), with 5-year overall 
survival (OS) and event-free survival (EFS) rates of 73% and 70%, respectively, for the entire cohort. The 3-year OS 
rates were 67% for group A and 87% for group B (P = 0.29), with corresponding 3-year EFS rates of 67% and 79% (P 
= 0.57). Among neuroblastoma patients, the 5-year OS and EFS were 69% and 63% (P = 0.23). Univariable analysis 
revealed a notable association of age ≥ 36 months and elevated lactate dehydrogenase level at diagnosis with 
poorer OS. Despite acute adverse effects, all patients demonstrated good tolerance to the treatment, with no 
occurrences of transplant-related mortality.

CONCLUSION 
Tandem ASCT demonstrates promising survival outcomes for patients with high-risk solid tumors, particularly 
neuroblastoma, with manageable toxicity and no transplant-related mortality.

Key Words: Autologous stem cell transplantation; Pediatric solid tumors; Neuroblastoma; Survival outcomes; Prognostic 
factors

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

Core Tip: This study evaluates the efficacy of tandem autologous stem cell transplantation (ASCT) in improving survival 
outcomes for pediatric patients with high-risk solid tumors, including neuroblastoma. The results demonstrate that tandem 
ASCT provides encouraging 5-year overall survival and event-free survival rates, with manageable toxicity and no 
transplant-related mortality. Key prognostic factors, such as age and lactate dehydrogenase levels at diagnosis, were 
identified. This study highlights the potential of tandem ASCT as a feasible therapeutic option for high-risk pediatric solid 
tumors, paving the way for further optimizing treatment strategies.

Citation: Luo ZY, Fan LQ, Guo WL, Yang JP, Li ZY, Huang YX, Jiang H, Zhang XH. Effect of tandem autologous stem cell 
transplantation on survival in pediatric patients with high-risk solid tumors in South China. World J Stem Cells 2025; 17(2): 100621
URL: https://www.wjgnet.com/1948-0210/full/v17/i2/100621.htm
DOI: https://dx.doi.org/10.4252/wjsc.v17.i2.100621

INTRODUCTION
The survival rates of pediatric tumors have been reported to be significantly improved, largely due to the adoption of 
targeted radiation therapy, aggressive surgical procedures, and intensive multiagent chemotherapy[1]. However, 
significant clinical and biological heterogeneity of solid tumors persists in survival outcomes, particularly neuroblastoma. 
Over the past few decades, the long-term prognosis for patients with high-risk solid tumors has generally remained poor
[2]. Therefore, further exploration of novel therapeutic strategies is crucial for improving clinical outcomes. Autologous 
stem cell transplantation (ASCT) has been reported to enhance survival rates for high-risk tumors, including neuro-
blastoma, retinoblastoma, rhabdomyosarcoma, Wilms tumor, non-Hodgkin’s lymphoma, Hodgkin’s lymphoma, 
osteosarcoma, Ewing sarcoma, and brain tumors, compared to standard chemotherapy[3-8]. Therefore, to improve the 
prognosis for patients with high-risk solid tumors, investigation was conducted on the strategies involving high-dose 
chemotherapy (HDCT) followed by ASCT. In ASCT, the doses of chemotherapeutic agents can be escalated, even 
exceeding the limits of myeloablation, without increasing toxicity to patients; therefore, higher doses are administered in 
most ASCT regimens to maximize antitumor cytotoxicity[9]. Several pilot trials have demonstrated the feasibility and 
safety of ASCT, providing evidence for its role in improving survival outcomes in high-risk pediatric tumors[10-12].

Tandem ASCT, involving two sequential transplants, may offer superior survival outcomes compared to single ASCT. 
Tandem ASCT allows for two cycles of HDCT, potentially enhancing cytotoxic efficacy and reducing the likelihood of 
relapse. However, evidence supporting tandem ASCT remains limited, and its long-term efficacy and safety in pediatric 
solid tumors have yet to be fully established[12]. To address this gap, a retrospective analysis was performed on 40 
pediatric patients with high-risk solid tumors receiving tandem ASCT. This study sought to examine the efficacy and 
safety of tandem ASCT while identifying prognostic factors associated with survival outcomes.

MATERIALS AND METHODS
Patients
This study included 40 pediatric patients with high-risk solid tumors undergoing tandem ASCT at the Guangzhou 
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Women and Children’s Medical Center between March 2015 and August 2022. Patient characteristics are summarized in 
Table 1. Initial diagnosis and staging were conducted for each patient based on bilateral bone marrow (BM) aspiration, 
computed tomography scans, and magnetic resonance imaging scans to assess distant metastasis and tumor extent. All 
patients were classified as stage 3 or stage 4 according to histological examination. Surgery was performed to lessen 
tumor burden whenever feasible, followed by conventional chemotherapy. Upon receiving 6-15 cycles of induction che-
motherapy, patients achieved very good partial remission (VGPR) or complete remission (CR) before proceeding to 
ASCT. Only patients undergoing tandem ASCT were included in this study.

Tandem ASCT and HDCT regimens
Following induction therapy, patients underwent tandem ASCT as a consolidation therapy. The HDCT regimens adopted 
in this study are listed in Supplementary Table 1. All patients received etoposide/carboplatin/cyclophosphamide as the 
first HDCT regimen, with doses tailored to individual cases. For the second HDCT, the allocation of patients into two 
groups was determined by the timing and conditioning regimen. Patients in group A (n = 21) receiving transplantation 
before December 2019 were treated with an irinotecan/temozolomide/etoposide/carboplatin/cyclophosphamide 
regimen developed based on our center’s experience. From January 2020, patients in group B (n = 19) who underwent 
transplantation were administered a busulfan/melphalan regimen following European Society for Blood and Marrow 
Transplantation guidelines. This regimen has demonstrated improved outcomes in solid tumors, including neuro-
blastoma, as reported in previous studies[13,14].

Additionally, the interval between the first and second ASCT was at least 12 weeks to reduce cumulative toxicity and 
facilitate patient recovery. Between the two ASCT procedures, radiotherapy was administered to optimize tumor control 
while minimizing cumulative toxicity, following expert recommendations from the 2021 International Neuroblastoma 
Risk Group and the 2024 National Comprehensive Cancer Network guidelines[15]. Radiotherapy targeting the primary 
tumor site or metastatic sites was delivered to all patients according to their respective manifestations. Radiation doses 
ranging from 20 to 25 Gy were prescribed in accordance with standard clinical practice and international guidelines. A 
schematic illustration summarizing the study design was shown in Figure 1.

Peripheral blood stem cell collection
Peripheral blood stem cell (PBSC) collection was carried out based on hematopoietic recovery regardless of complete 
marrow clearance, in alignment with established guidelines[16]. Blood counts were monitored 3-5 times weekly to track 
hematopoietic recovery following chemotherapy. After recovery, granulocyte colony-stimulating factor was given to 
patients daily at a dose of 5-10 μg/kg and maintained until the completion of leukapheresis. PBSC collection was initiated 
on the fifth day of granulocyte colony-stimulating factor treatment, targeting a minimum yield of 2 × 106 CD34+ cells/kg 
and 6 × 108 mononuclear leucocyte cells/kg per ASCT. These cells were intended for BM rescue during tandem ASCT. 
The collected PBSCs were cryopreserved in a liquid nitrogen tank for subsequent use.

Hematological recovery
Neutrophil recovery was defined as the first of three consecutive days with an absolute neutrophil count exceeding 0.5 × 
109/L. The definition of platelet recovery was the first transfusion-free day within the past seven days when the platelet 
count exceeded 20 × 109/L.

Statistical analysis
All statistical analyses were conducted using SPSS software (version 26.0). The Student t-test was used to evaluate the 
differences between the groups. Survival outcomes, including overall survival (OS) and event-free survival (EFS), were 
estimated using the Kaplan-Meier method, and survival rates were compared via the log-rank test. Univariable analysis 
was conducted using the χ2 test to identify prognostic factors for disease progression. P < 0.05 was considered statistically 
significant.

RESULTS
Patient characteristics
A total of 40 patients (29 boys and 11 girls) who underwent tandem ASCT following HDCT were enrolled in this study. 
Patient characteristics are outlined in Table 1. The median age at diagnosis was 45 months (range: 17-108 months), with 21 
patients (52.5%) aged ≥ 36 months and 19 patients (47.5%) aged < 36 months. The most common diagnosis was 
neuroblastoma (87.5%), followed by the germ cell tumor (5.0%), atypical teratoid/rhabdoid tumor (2.5%), medullo-
blastoma (2.5%), and pineoblastoma (2.5%). The abdomen was the most frequent primary site (75%), whereas the 
mediastinum was the second most common (15.0%). Multi-organ (≥ 3) metastasis was present in 70% of patients, and 
57.5% had BM involvement at diagnosis. The median lactate dehydrogenase (LDH) level was 675 (range: 227-4003) U/L. 
All patients received 6-15 cycles of induction chemotherapy (median: 9 cycles) prior to the first ASCT, achieving CR/
VGPR.

Hematological recovery
All patients achieved completed hematopoietic engraftment. During the first ASCT, the median time to neutrophil 
recovery (absolute neutrophil count > 0.5 × 109/L) was 8 days in group A and 10 days in group B, while the time to 

https://f6publishing.blob.core.windows.net/eae46537-ee92-4c32-8062-4d4038dc03ba/100621-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/eae46537-ee92-4c32-8062-4d4038dc03ba/100621-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/eae46537-ee92-4c32-8062-4d4038dc03ba/100621-supplementary-material.pdf
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Table 1 Patient characteristics, n (%)

Characteristics Group A (n = 21) Group B (n = 19) Total (n = 40) P value

Age 0.03a

        < 36 months 5 (23.8) 14 (73.7) 19 (47.5)

        ≥ 36 months 16 (76.2) 5 (26.3) 21 (52.5)

Sex 0.19

        Male 15 (71.4) 14 (73.7) 29 (75)

        Female 6 (28.6) 5 (26.3) 11 (25)

Diagnosis 0.84

        Neuroblastoma 18 (85.7) 17 (89.4) 35 (87.5)

        Germ cell tumor 2 (9.5) 0 (0) 2 (5.0)

        ATRT 1 (4.8) 0 (0) 1 (2.5)

        Medulloblastoma 0 (0) 1 (5.3) 1 (2.5)

        Pineoblastoma 0 (0) 1 (5.3) 1 (2.5)

Primary site 0.10

        Abdomen 15 (71.4) 15 (79.0) 30 (75.0)

        Mediastinum 4 (19.0) 2 (10.5) 6 (15.00)

        Testis 1 (4.8) 0 (0) 1 (2.5)

        Central nervous system 1 (4.8) 2 (10.5) 3 (7.5)

LDH at diagnosis 0.02a

        < 1000 U/L 18 (85.7) 13 (68.4) 31 (77.5)

        ≥ 1000 U/L 3 (14.3) 6 (31.6) 9 (22.5)

No. of chemotherapy cycles before HDCT 0.72

        ≤ 8 cycles 4 (19.0) 1 (5.3) 5 (12.5)

        ≥ 9 cycles 17 (81.0) 18 (94.7) 35 (87.5)

Bone marrow metastasis 0.08

        Negative 9 (42.9) 8 (42.1) 17 (42.5)

        Positive 12 (57.1) 11 (57.9) 23 (57.5)

No. of metastasized organs 0.67

        1-2 6 (28.6) 6 (31.6) 12 (30.0)

        ≥ 3 15 (71.4) 13 (68.4) 28 (70.0)

aP < 0.05.
ATRT: Atypical teratoid/rhabdoid tumor; LDH: Lactate dehydrogenase; HDCT: High-dose chemotherapy.

platelet recovery was 4 days in group A and 9 days in group B. In the second ASCT, neutrophil group B recovery 
demonstrated faster neutrophil recovery (7 days vs 9 days) but required more time for platelet recovery (10 days vs 4 
days) (Supplementary Figure 1). Differences in engraftment times were attributed to variations in conditioning regimens. 
Importantly, no obvious increase in toxicity was found in patients receiving extended chemotherapy cycles (10+), 
possibly due to effective supportive care and individualized dose strategies.

Patient survival
Among the 40 patients, 30 remained alive after a median follow-up of 24 months (range: 1-91 months). As displayed in 
Figure 1, the 5-year OS and EFS rates were 73% and 70%, respectively (Figure 2A and B). The 3-year OS rates were 67% 
for group A and 87% for group B (Figure 2C, P = 0.29). Similarly, the 3-year EFS rates for patients in groups A and B were 
67% and 79% (Figure 2D, P = 0.57), respectively. In this cohort, group B demonstrated improved survival trends; 
however, the differences were not statistically significant.

https://f6publishing.blob.core.windows.net/eae46537-ee92-4c32-8062-4d4038dc03ba/100621-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/eae46537-ee92-4c32-8062-4d4038dc03ba/100621-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/eae46537-ee92-4c32-8062-4d4038dc03ba/100621-supplementary-material.pdf
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Figure 1 Schematic illustration of the study design. ASCT: Autologous stem cell transplantation; HDCT: High-dose chemotherapy; OS: Overall survival; 
EFS: Event-free survival; LDH: Lactate dehydrogenase.

Outcomes based on histologic type
The 40 patients were classified into five tumor groups according to histologic diagnosis: The neuroblastoma (n = 35), 
germ cell tumor (n = 2), atypical teratoid/rhabdoid tumor (n = 1), medulloblastoma (n = 1), and pineoblastoma (n = 1) 
groups. Survival rates for patients with neuroblastoma and those with other tumors are presented in Figure 2. At the time 
of follow-up, the 5-year OS rate for patients with neuroblastoma stood at 69%, with all patients with other tumor types 
still alive (Figure 3A). However, the difference in OS between neuroblastoma and other tumors did not reach statistical 
significance (P = 0.23).

The 5-year EFS rate was 63% among the subgroup of 35 patients with high-risk neuroblastoma who underwent tandem 
ASCT (Figure 3B). When comparing conditioning regimens, trends favoring group B were observed among 18 patients in 
group A and 17 in group B; additionally, the 3-year OS rate was 61% for group A and 87% for group B, with corres-
ponding 3-year EFS rates of 61% and 79% (Figure 3C and D). These differences failed to reach statistical significance (P = 
0.44).

Univariable analyses
Univariable analyses were conducted to identify prognostic factors linked to 3-year OS and EFS in patients with high-risk 
neuroblastoma (Table 2). The OS was significantly worse for patients aged ≥ 36 months at diagnosis than for those aged < 
36 months (55.4% vs 100%, P = 0.03). Similarly, their 3-year EFS was notably lower (51.3% vs 100%, P = 0.03). These 
findings identified age ≥ 36 months as a critical adverse prognostic factor. Elevated LDH level (≥ 1000 U/L) at diagnosis 
was markedly associated with poorer OS compared to lower LDH levels (30% vs 82%, P = 0.04). Besides, elevated LDH 
demonstrated a trend toward poorer 3-year EFS (30.0% vs 77.4%); however, this difference did not reach statistical 
significance (P = 0.08).

Additionally, no significant survival differences were identified with respect to sex (P = 0.54) or MYCN amplification. 
The MYCN-amplified patients exhibited 100% OS (P = 0.10) and EFS (P = 0.12), but their sample size was limited. 
Survival outcomes were not significantly affected by neuron-specific enolase (NSE) levels (P > 0.05). Overall, these 
findings highlighted age and LDH levels as key prognostic factors, while sex, MYCN status, and NSE levels were not 
remarkably associated with survival.
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Table 2 Univariable analysis of 35 pediatric patients with high-risk neuroblastoma, n (%)

3-year OS 3-year EFS
Characteristics Total (n = 35)

mean ± SD χ2 P value mean ± SD χ2 P value

Age

        < 36 months 10 (28.6) 100 100

        ≥ 36 months 25 (71.4) 55.4 ± 12.2 4.85 0.03a 51.3 ± 12.0 4.85 0.03a

Sex

        Male 26 (74.3) 71.8 ± 10.5 67.9 ± 10.7

        Female 9 (25.7) 57.1 ± 18.7 0.37 0.54 57.1 ± 18.7 1.7 0.36

LDH

        < 1000 U/L 25 (71.4) 82.0 ± 8.1 77.4 ± 8.9

        ≥ 1000 U/L 10 (28.6) 30.0 ± 22.6 4.32 0.04a 30.0 ± 22.6 3.15 0.08

MYCN

        Non-amplified 23 (65.7) 62.4 ± 14.0 57.9 ± 13.7

        Amplified 5 (14.3) 100 100

        Unknown 7 (20.0) 57.1 ± 18.7 2.72 0.10 57.1 ± 18.7 2.43 0.12

NSE

        < 200 ng/mL 10 (28.6) 70.0 ± 14.5 70.0 ± 14.5

        ≥ 200 ng/mL 21 (60.0) 68.8 ± 14.8 63.7 ± 14.5

        Unknown 4 (11.4) 50.0 ± 25.0 0.12 0.73 50.0 ± 25.0 0.19 0.66

aP < 0.05.
OS: Overall survival; EFS: Event-free survival; LDH: Lactate dehydrogenase; NSE: Neuron-specific enolase.

Toxicity of tandem ASCT and adverse events
The toxicities associated with tandem ASCT were summarized in Table 3. Fever, vomiting, and diarrhea were the most 
common adverse events observed in all patients, followed by hypomagnesemia, hypokalemia, mucositis, elevated liver 
enzymes, myocarditis, and renal insufficiency. Infections were highly prevalent during the neutropenic period, affecting 
92.5% of patients. Among them, respiratory tract infections accounted for the majority, followed by gastrointestinal 
infections. Detected pathogens included Escherichia coli, Klebsiella pneumoniae, and Candida albicans. Only three patients 
developed sepsis (systemic inflammatory response syndrome with bacteremia), all of whom responded successfully to 
antibiotic therapy. In group B, veno-occlusive disease (VOD) occurred in 15.8% of patients; however, this difference 
between the groups did not achieve statistical significance (P = 0.24). Notably, no transplant-related mortality was ob-
served during tandem ASCT, even in patients who received up to 15 cycles of induction chemotherapy. This under-
scored the effectiveness of supportive care measures.

DISCUSSION
Despite recent progress in therapy, managing high-risk pediatric solid tumors remains challenging, with poor long-term 
survival rates[17,18]. Tandem ASCT has emerged as a promising strategy for improving outcomes in this population[19]. 
Numerous studies, including ours, have demonstrated the potential of tandem ASCT to enhance survival in high-risk 
pediatric patients, particularly those with neuroblastoma. For instance, Adra et al[20] highlighted the superior outcomes 
of tandem ASCT compared to salvage chemotherapy in adults with high-risk testicular granular cell tumor, supporting 
its role as a standard treatment option for this high-risk group. Therefore, this study retrospectively analyzed the efficacy 
of tandem ASCT in pediatric patients with high-risk solid tumors.

At least one ASCT is currently regarded as the standard of care for high-risk neuroblastoma, as confirmed by multiple 
studies and international guidelines[3,21]. The superiority of tandem ASCT over single ASCT remains a topic of debate. 
According to a large international randomized controlled trial, tandem ASCT improves EFS and OS in high-risk solid 
tumors as opposed to single ASCT[3]. Survival rates for tandem ASCT have been illustrated to range from 52% to 57%, 
whereas those for single ASCT are 48.4%[3,20,22]. This study reported 5-year OS and EFS rates of 73% and 70% for 
patients with high-risk solid tumors treated with tandem ASCT, demonstrating outcomes comparable to or slightly 
exceeding those reported in the literature. These results highlight the potential benefits of tandem ASCT in this 
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Table 3 Toxicity in patients with solid tumors who underwent tandem autologous stem cell transplantation, n (%)

First ASCT Second ASCT
Parameter

Group A (n = 21) Group B (n = 19) Group A (n = 21) Group B (n = 19)

Hematologic toxicity

Fever (BT ≥ 38.0 °C) 17 (81.1) 18 (94.7) 17 (80.1) 16 (84.2)

Septicemia 2 (9.5) 1 (5.3) 0 (0) 0 (0)

Non-hematologic toxicity

Mucositis 1 (4.8) 3 (15.8) 2 (9.5) 5 (26.3)

Vomiting 14 (66.7) 16 (84.2) 12 (57.1) 11 (57.9)

Diarrhea 10 (47.6) 13 (68.4) 10 (47.6) 11 (57.9)

Elevated liver enzymes 4 (19.0) 4 (21.1) 1 (4.7) 4 (21.1)

Renal insufficiency 0 (0) 1 (5.3) 0 (0) 1 (5.3)

Hypokalemia 5 (23.8) 10 (52.6) 2 (9.5) 4 (21.1)

Hypomagnesemia 8 (38.0) 6 (31.6) 7 (33.3) 2 (10.5)

Hepatic VOD 0 (0) 0 (0) 0 (0) 3 (15.8)

Myocarditis 2 (9.5) 1 (5.3) 0 (0) 0 (0)

Treatment-related mortality 0 0

ASCT: Autologous stem cell transplantation; BT: Body temperature; VOD: Veno-occlusive disease.

population.
PBSC collection has emerged as another point of variability in ASCT protocols. Seif et al[12] reported that PBSCs 

collected led to a 3-year EFS of 44.8%, regardless of interim BM assessment. Our cohort, in contrast, demonstrated a 
markedly higher 5-year EFS of 70%, possibly due to our protocol of collecting PBSCs only when no residual tumor was 
detected in the BM. Additionally, all patients achieved CR/VGPR after induction chemotherapy, with response rates 
exceeding the 40%-70% typically reported in the literature[3,23]. These factors likely contributed to the superior outcomes 
observed in this study.

Univariable analysis revealed that age and LDH levels were identified as significant prognostic factors for survival, 
consistent with previous studies[24,25]. Patients aged ≥ 36 months at diagnosis exhibited remarkably worse OS and EFS 
relative to younger patients, highlighting the critical role of age in neuroblastoma risk stratification[26]. Similarly, 
elevated LDH levels at diagnosis (≥ 1000 U/L) were significantly associated with poorer OS, aligning with its role as a 
biomarker for aggressive disease. Interestingly, while OS was affected by LDH levels, these levels were not closely related 
to EFS. Such a result suggested a complex interplay between metabolic activity and treatment resistance. Other 
commonly reported prognostic factors, including sex, MYCN amplification, and NSE levels, showed no obvious 
correlation in our cohort, potentially attributed to the small sample size or variations in tumor biology[27-30]. 
Consequently, larger studies are warranted to verify these findings. Therefore, we hypothesized that more aggressive 
tumor biology and greater metastatic burden at diagnosis might be reflected by the poorer outcomes observed in children 
with elevated LDH levels, in line with prior studies[25]. Elevated LDH levels are indicative of rapid cell turnover, tissue 
damage, and hypoxic environments, which may contribute to resistance to intensive therapy and higher relapse rates. 
This finding underscores the importance of incorporating LDH levels into risk stratification and treatment planning.

Additionally, this study emphasized the need to consider the similarities between high-risk solid tumors and 
hematologic malignancies in the context of ASCT. Studies on hematologic cancers have consistently demonstrated the 
critical role of pre-transplant disease control in improving outcomes[31-33]. For instance, aggressive disease at transplant, 
characterized by high LDH or residual disease, has been linked to poor post-transplant survival in both settings. These 
similarities among malignancies could offer valuable insights into risk stratification and conditioning regimens, thereby 
enhancing the efficacy and safety of ASCT protocols across diverse tumor types.

Furthermore, the safety of ASCT in pediatric patients with high-risk solid tumors has been extensively demonstrated in 
previous studies[3,23]. As reported in a study, transplant-related mortality rates range from 2% to 15.9% in children 
undergoing ASCT for solid tumors[34]. However, this study revealed no transplant-related mortality, highlighting the 
feasibility and safety of tandem ASCT in this population. More importantly, acute toxicities during transplantation were 
common but manageable, including mucositis, gastrointestinal toxicity, infections, and electrolyte disturbances. Severe 
adverse effects, such as elevated liver enzymes, renal insufficiency, VOD, and myocarditis, were also observed. 
Ladenstein et al[23] reported a 9% incidence of VOD in neuroblastoma patients undergoing melphalan, aligning with the 
7.5% observed in this study. Interestingly, while the incidence of VOD was higher in the busulfan/melphalan regimen, it 
was not associated with increased transplant-related mortality, further demonstrating the safety of this regimen.
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Figure 2 Results of Kaplan-Meier analysis of patient overall survival and event-free survival. A and B: Probabilities of overall survival (A) and 
event-free survival (B) for patients following the first autologous stem cell transplantation; C and D: Overall survival (C) and event-free survival (D) of patients in 
different groups after the first autologous stem cell transplantation. OS: Overall survival; EFS: Event-free survival.

Despite the controversy surrounding HDCT regimen selection, emerging evidence suggests potential advantages of 
certain regimens. Ladenstein et al[23] proposed busulfan and melphalan as a standard HDCT regimen for neuroblastoma 
due to their efficacy in improving EFS and reducing severe adverse events. In this study, the busulfan/melphalan 
regimen was preferred over the irinotecan/temozolomide regimen, particularly for hematologic recovery and lower 
toxicity profiles. However, carboplatin, etoposide, and melphalan have been suggested by prior research as effective 
regimens for transplantation[35]. Variability in reported outcomes underscores the necessity for future randomized 
studies to identify the optimal conditioning regimen for high-risk solid tumors. Collectively, the toxicity profile observed 
in this study highlighted the manageable nature of tandem ASCT, even in patients undergoing intensive induction 
therapy. Although the potential advantages of busulfan/melphalan regimens are observed in this study, the lack of 
consensus regarding the optimal HDCT regimen warrants further investigation. Future multicenter, prospective studies 
are critical for establishing evidence-based guidelines for conditioning regimens and toxicity management in pediatric 
ASCT.

Although the findings are promising, there are several limitations in this study. First, the generalizability of the results 
is restricted by the retrospective design and small sample size. Given the single-center nature of this study, the potential 
selection and reporting biases cannot be excluded. Additionally, no formal power calculation was performed, and the 
study may be underpowered to detect subtle differences in efficacy, safety, and prognostic factors. Future studies should 
incorporate predefined power analyses to ensure robust statistical comparisons. Moreover, definitive conclusions 
regarding the superiority of tandem ASCT over alternative approaches are precluded by the absence of a randomized 
control group. Furthermore, the results may have been confounded by treatment heterogeneity, including differences in 
conditioning regimens and maintenance therapies. Although the survival outcomes in this cohort were remarkable, the 
short follow-up period limits the understanding of long-term toxicities and late effects associated with tandem ASCT. 
Future multicenter, prospective trials with predefined statistical power, standardized treatment protocols, and extended 
follow-up are needed to validate these findings and develop evidence-based guidelines. These trials should include 
standardized conditioning regimens, toxicity management protocols, and risk stratification methods to optimize the 
efficacy and safety of ASCT for high-risk pediatric solid tumors.
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Figure 3 Results of overall survival and event-free survival analysis for patients with neuroblastoma and other tumors. A and B: Probabilities 
of overall survival (A) and event-free survival (B) in patients with neuroblastoma and other tumors; C and D: Overall survival (C) and event-free survival (D) of patients 
with neuroblastoma in different groups. OS: Overall survival; EFS: Event-free survival.

CONCLUSION
In summary, this study highlights the effectiveness of tandem ASCT in treating high-risk solid tumors, providing 
favorable survival outcomes with manageable toxicity. However, limitations, such as the small sample size, single-center 
design, and short follow-up, warrant caution in interpreting the results. Future multicenter studies with larger cohorts 
and extended follow-up are needed to confirm these findings and optimize treatment protocols.
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Abstract
BACKGROUND 
Sepsis is a severe illness characterized by systemic and multiorgan reactive res-
ponses and damage. However, the impact of sepsis on the bone marrow, partic-
ularly on bone marrow mesenchymal stem cells (BMSCs), is less reported. BMSCs 
are critical stromal cells in the bone marrow microenvironment that maintain 
bone stability and hematopoietic homeostasis; however, the impairment caused 
by sepsis remains unknown.

AIM 
To investigate the effects of sepsis on BMSCs and the underlying mechanisms.

METHODS 
BMSCs were obtained from healthy donors and patients with sepsis. We com-
pared the self-renewal capacity, differentiation potential, and hematopoietic 
supportive ability in vitro. Senescence of septic BMSCs was assessed using β-
galactosidase staining, senescence-associated secretory phenotype, intracellular 
reactive oxygen species levels, and the expression of P16 and P21. Finally, the 
changes in septic BMSCs after nicotinamide adenine dinucleotide (NAD) 
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treatment were evaluated.

RESULTS 
Septic BMSCs showed decreased proliferation and self-renewal, bias towards adipogenic differentiation, and 
weakened osteogenic differentiation. Additionally, hematopoietic supportive capacity declines in sepsis. The levels 
of aging markers were significantly higher in the septic BMSCs. After NAD treatment, the proliferation capacity of 
septic BMSCs showed a recovery trend, with increased osteogenic and hematopoietic supportive capacities. Sepsis 
resulted in decreased expression of sirtuin 3 (SIRT3) in BMSCs, whereas NAD treatment restored SIRT3 expression, 
enhanced superoxide dismutase enzyme activity, reduced intracellular reactive oxygen species levels, maintained 
mitochondrial stability and function, and ultimately rejuvenated septic BMSCs.

CONCLUSION 
Sepsis accelerates the aging of BMSCs, as evidenced by a decline in self-renewal and osteogenic capabilities, as well 
as weakened hematopoietic support functions. These deficiencies can be effectively reversed via the NAD/
SIRT3/superoxide dismutase pathway.

Key Words: Sepsis; Bone mesenchymal stem cells; Hematopoietic stem cells; Senescence; Nicotinamide adenine dinucleotide

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

Core Tip: Sepsis often leads to multiorgan dysfunction, including damage to bone marrow mesenchymal stem cells 
(BMSCs). This damage accelerates the aging of BMSCs, resulting in impaired self-renewal and differentiation abilities and 
weakened hematopoietic support functions. These changes disrupt hematopoiesis and may even cause long-term 
immunosuppression and bone loss. Nicotinamide adenine dinucleotide, which protects mitochondrial function, can 
rejuvenate septic BMSCs and provide a new target for adjunctive therapy to control post-sepsis complications.

Citation: Xia X, Zhou K, An LY, Zhao M, Tian BL, Zhao JY, Zhou ZG, Tong Y. Nicotinamide adenine dinucleotide rejuvenates 
septic bone marrow mesenchymal stem cells. World J Stem Cells 2025; 17(2): 96893
URL: https://www.wjgnet.com/1948-0210/full/v17/i2/96893.htm
DOI: https://dx.doi.org/10.4252/wjsc.v17.i2.96893

INTRODUCTION
Sepsis is a common systemic reactive disease that can damage multiple organs and tissues[1,2]. Current research has 
predominantly focused on acute organ damage, such as acute lung injury and acute kidney injury, to save lives. 
However, the impact of sepsis on the bone marrow is often chronic and does not immediately threaten life. Few studies 
have focused on the damage caused by sepsis in the bone marrow. In our long-term clinical observation, patients still 
experienced long-term physiological abnormalities, such as persistent lymphocytopenia after discharge, causing 
unplanned readmissions[3], indicating the presence of prolonged damage to the hematopoietic system. Lymphocytopenia 
is often accompanied by granulocytosis, which is similar to the hematopoietic composition observed in elderly 
individuals. Hematopoietic stem cells (HSCs), which are located in the bone marrow at the headquarters of the hema-
topoietic system, may experience conditions similar to those of elderly individuals. The bone marrow microenvironment 
is a complex niche of HSCs, including immune and red blood cells at different stages as well as various stromal cells, 
including endothelial cells, adipocytes, osteoblasts, and neural cells[4]. A crucial cell population in the bone marrow 
microenvironment is bone marrow mesenchymal stem cells (BMSCs), which have the potential to differentiate into 
osteoblasts, adipocytes, and chondrocytes to maintain bone marrow stability[5]. BMSCs also secrete various stem cell-
supportive factors to maintain their growth niche[6]. Osteoblasts derived from BMSCs form the primary niche for 
lymphoid progenitor cells. When BMSCs are damaged or aged, their function declines, leading to defects in the growth 
and multilineage differentiation of HSCs[7]. Therefore, studying sepsis-induced damage to BMSCs and treatment 
strategies is crucial to restore the chronically impaired HSC niche in patients with sepsis and promote healthy hema-
topoiesis.

Sepsis continuously consumes immune cells and damages the bone marrow, thereby inhibiting immune system 
recovery[8]. Although previous studies have shown that sepsis causes osteoblast ablation[9], it is unknown whether this 
is due to advanced defects in BMSCs. In recent years, increasing attention has been paid to the aging of BMSCs and the 
resulting bone health issues. Four types of senescence have been proposed: Replicative senescence, oncogene-induced 
senescence, stress-induced premature senescence, and developmental senescence. Patients with sepsis may be more 
prone to stress-induced premature senescence due to an inflammatory cytokine storm caused by infection. We compared 
BMSC differences between healthy individuals and septic patients and found that sepsis-affected BMSCs exhibited a 
more senescent state, manifested in decreased proliferation and self-renewal capabilities, biased differentiation towards 
adipogenesis over osteogenesis, and an inability to provide hematopoietic supportive capabilities matching those of 
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healthy individuals. Additionally, we identified senescence markers in septic BMSCs, including increased levels of 
reactive oxygen species (ROS), expression of the senescence-associated secretory phenotype (SASP), and markers related 
to aging P16 and P21.

Nicotinamide adenine dinucleotide (NAD) is essential for activating acetylases, rapidly consuming oxidative free 
radicals in cells, and aiding in cellular resistance to aging[10-12]. We found that in septic BMSCs, NAD can restore NAD-
dependent sirtuin 3 (SIRT3) expression in the mitochondria, which can enhance the activity of superoxide dismutase 
(SOD) and reduce harmful oxidative free radicals inside the cells[13,14]. Therefore, NAD treatment rejuvenates septic 
BMSCs and restores their function. It should be noted that our research provides an important reference for other similar 
adverse conditions, such as radiation and chemical injuries.

MATERIALS AND METHODS
BMSCs culture
All samples were collected from septic patients and healthy donors (HD) aged 26 to 67 years after obtaining informed 
consent and approval from Shanghai General Hospital. Detailed information on the samples is provided in Supple-
mentary Table 1. To isolate bone marrow mononuclear cells (BMNCs), we used LymphoprepTM (StemCell Technologies, 
07801, Canada) following the indicated procedure. Isolated cells were cryopreserved in liquid nitrogen until they were 
seeded into 12-well plates. BMSCs were cultured in DMEM/F12 supplemented with 10% fetal bovine serum (FBS) (Gibco, 
A3161001C, MA, United States), 1% penicillin/streptomycin (Gibco, 15070063, MA, United States), 1% insulin transferrin 
selenium sodium pyruvate additive (Gibco, 51300044, MA, United States), 10 ng/mL epidermal growth factor 
(PeproTech, AF-100-15, NJ, United States), and 10 ng/mL platelet-derived growth factor BB (PeproTech, AF-100-14B, NJ, 
United States)[15] at 37 °C in a humidified atmosphere with 5% CO2. Non-adherent cells were removed after one week, 
and the remaining cells were continuously expanded. Septic BMSCs were maintained in the above basic medium with an 
additional 1 mmol/L NAD for 7 days before the experiments began under certain circumstances. Cells from passages 1 to 
4 were used in all experiments.

Fibroblast colony-forming unit assay
BMNCs were seeded at a density of one million cells per well in 6-well plates and incubated for 14 days with a weekly 
medium exchange. The colony formation units were stained with crystal violet (Beyotime, C0121, Shanghai, China) for 10 
minutes and counted manually.

CCK-8 assay
A total of 5000 BMSCs derived from both HD and septic samples were seeded per well in 96-well plates. After allowing 
the cells to adhere for 4 hours, 10 μL of CCK-8 reagent (Yeasen, 40203ES60, Shanghai, China) was added to each well. 
After incubation for 2 hours, the OD at 450 nm was measured and recorded daily. Growth curves were plotted using 
GraphPad Prism software.

EdU assay
HD and septic BMSCs (2 × 104) were seeded in 96-well plates, and after 24 hours of adhesion, the medium was supple-
mented with 50 μM F-ara-EdU (Sigma, T511293, Japan). The cells were fixed 12 hours later. For F-ara-EdU staining, cells 
were incubated with an EdU staining working solution containing 10 μM Cy3 AZIDE (Thermo, A10266, MA, United 
States), 1 mmol/L CuSO4 (Sigma, 908940, Japan), and 100 mmol/L (+)-sodium-L-ascorbic (Sigma, A7631, Japan) for 30 
minutes at room temperature, followed by washing three times with phosphate-buffered saline (PBS). DAPI was used for 
nuclear staining. Images were acquired using Operetta.

Quantitative real-time polymerase chain reaction
Total RNA was extracted from cultured BMSCs using TRI Reagent (Sigma, T9424, Japan), following the manufacturer’s 
instructions. cDNA was synthesized using a HiScript III 1st Strand cDNA Synthesis Kit (Vazyme, R312-01, Nanjing, 
China). Quantitative real-time polymerase chain reaction (qPCR) was performed as previously described using SYBR 
qPCR SuperMix plus (Novoprotein, E096, Suzhou, China). Primer sequences used in these reactions are listed in Supple-
mentary Table 2. The relative fold-change in expression was calculated using the comparative threshold cycle (2-ΔΔCt) 
method, as described in previous studies.

Flow cytometry analysis
Single digestive cells were collected and washed twice with cold PBS. Subsequently, they were blocked for 10 minutes on 
ice (BD Pharmingen, 564220, CA, United States) to prevent nonspecific antibody binding. Mixed antibodies were then 
added, and the cells were incubated at 4 °C for 30 minutes in the dark. The corresponding isotype controls were prepared 
using the same procedure. Finally, the stained cells were washed and resuspended in an appropriate volume of PBS 
containing 0.4% bovine serum albumin before evaluation using a flow cytometer (CYTOFLEX, Beckman). Data analysis 
was performed using FlowJo_V10 software. The antibodies used in these experiments are listed in Supplementary 
Table 3.

https://f6publishing.blob.core.windows.net/0fc0a972-95e5-4b4f-a282-c74562b3bf3a/96893-supplementary-material.pdf
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https://f6publishing.blob.core.windows.net/0fc0a972-95e5-4b4f-a282-c74562b3bf3a/96893-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/0fc0a972-95e5-4b4f-a282-c74562b3bf3a/96893-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/0fc0a972-95e5-4b4f-a282-c74562b3bf3a/96893-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/0fc0a972-95e5-4b4f-a282-c74562b3bf3a/96893-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/0fc0a972-95e5-4b4f-a282-c74562b3bf3a/96893-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/0fc0a972-95e5-4b4f-a282-c74562b3bf3a/96893-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/0fc0a972-95e5-4b4f-a282-c74562b3bf3a/96893-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/0fc0a972-95e5-4b4f-a282-c74562b3bf3a/96893-supplementary-material.pdf
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In vitro osteogenic and adipogenic differentiation
BMSCs at passage three were cultured in an appropriate induction medium for osteogenic and adipogenic differentiation
[16,17]. Osteogenic medium was prepared using the MesenCultTM Osteogenic Differentiation Kit (StemCell Techno-
logies, 05465, Canada) supplemented with 2 mmol/L L-glutamine (Gibco, 21051024, MA, United States) and 1% 
penicillin/streptomycin. The adipogenic medium consisted of DMEM/F12, 10% FBS, 1% penicillin/streptomycin, 1% 
insulin transferrin selenium sodium pyruvate additive, 60 μM indomethacin (Sigma, I7378, Japan), 10-6 M dexamethasone 
(Sigma, D4902, Japan) and 0.5 mmol/L 3-isobutyl-1-methylxanthine (Sigma, I5879, Japan). Osteogenic differentiation was 
evaluated after 21 days using Alizarin Red S staining and qPCR, whereas adipogenic differentiation was evaluated using 
Oil Red O staining and qPCR.

Alizarin Red S staining
Cell layers were fixed using methanol-acetone fixation for 30 minutes and rinsed twice with PBS, followed by 30 minutes 
of incubation with a 2% Alizarin Red S staining solution (Beyotime, C0138, Shanghai, China). The samples were then 
washed four times with distilled water, and images were captured under a light microscope. For quantification, a 10% 
cetylpyridinium chloride solution was used to re-dissolve the dye.

Oil Red O staining
Cells were fixed in 4% formaldehyde for 30 minutes. A stock solution of 0.5% Oil Red O saturated in isopropanol (Sigma, 
O0625, Japan) was prepared beforehand, and a working solution was created by diluting the stock solution with water in 
a ratio of 3:2. After fixation, the cells were washed once with isopropanol and incubated in the working solution for 30 
minutes. Subsequently, they were washed four times with distilled water, and images were captured under a light 
microscope. For quantification, 100% isopropanol was used to re-dissolve the dye.

Coculture of hematopoietic stem/progenitor cells and BMSCs
BMSCs were seeded in 24-well plates and expanded for 48 hours. The purified hematopoietic stem/progenitor cells 
(HSPCs) from HD were seeded at a density of 1 × 104 in transwell chambers (Corning, CLS3413, NY, United States) and 
cultured in StemSpan SFEM Medium (StemCell Technologies, 09600, Canada) supplemented with 1% penicillin/
streptomycin, 100 ng/mL stem cell factor (PeproTech, 300-07, NJ, United States), 100 ng/mL Flt3 L (PeproTech, 300-19, 
NJ, United States), 20 ng/mL thyroid peroxidase (PeproTech, 300-18, NJ, United States) and 20 ng/mL interleukin 6 
(PeproTech, 200-06, NJ, United States)[18]. After 3 days of co-culture, HSPCs were collected and counted using trypan 
blue. Cellular immunofluorescence was performed to assess proliferative or apoptotic CD34+ HSPC stained with Ki67 or 
caspase 3 antibodies. The antibodies used in the experiment are listed in Supplementary Table 3. CD34- and Ki67- or 
caspase-positive cells were counted as observational cells. At least 50 cells per sample were quantified for each random 
view.

Cellular immunofluorescence
Immunostaining was performed as previously described. Briefly, cells were fixed for 5 minutes at room temperature with 
4% formaldehyde. Permeabilization of cell membranes was achieved by treatment with PBS containing 0.2% Triton X-100. 
Subsequently, the cells underwent a 30-minute blocking step with 0.5% FBS in PBS before incubation with the prepared 
antibodies at room temperature for 3 hours on a shaker. After incubation with the primary antibody, the cells were 
washed three times with PBS containing 0.1% Tween-20. They were then incubated with secondary fluorescent antibodies 
for 1 hour at room temperature. DAPI was utilized for nuclear staining, and images were captured using Operetta.

Isolation of CD34+ HSPCs
CD34+ HSPCs were isolated using the EasySep Human CD34 Positive Selection Kit II protocol (StemCell Technologies, 
17856, Canada)[19]. In summary, EasySep Human CD34 Positive Selection Cocktail (StemCell Technologies, 17856C, 
Canada) was added to BMNCs from a pool of HD at a concentration of approximately 108 cells/mL in EasySep buffer, as 
recommended. The samples were mixed and incubated at room temperature for 10 minutes. RapidSpheres were added 
and mixed with the samples, followed by incubation at room temperature for 5 minutes. The tube was then placed on an 
EasySep magnet (StemCell Technologies, 18000, Canada) and incubated at room temperature for 3 minutes. Cells were 
washed four times, and enriched CD34+ cells were collected in PBS with 2% FBS. For further purification of CD34+ cells, 
fluorescence-activated cell sorting was performed to obtain pure CD34+ cells. Briefly, antibodies were added to the 
primary enriched cells and incubated for 30 minutes in the dark at 4 °C. The detailed cell sorting strategy is plotted in 
Supplementary Figure 1. SONY MA900 was used for sorting.

β-galactosidase staining
The cell layers were fixed at room temperature for 15 minutes. After removing the fixative solution, the cells were washed 
twice with PBS. Subsequently, the cells were incubated at 37 °C for 12 hours with a working solution prepared according 
to the manufacturer’s instructions (Beyotime, C0602, Shanghai, China). Images were captured under a light microscope.

SOD activity detection
After cell digestion under different treatments, cells were collected and resuspended in cold PBS, and then the cell 
homogenate was prepared using non-contact automatic ultrasonic liquid processors (Q-sonic, United States). The 
supernatants were collected after centrifugation, and protein quantification was performed using the BCA Protein 

https://f6publishing.blob.core.windows.net/0fc0a972-95e5-4b4f-a282-c74562b3bf3a/96893-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/0fc0a972-95e5-4b4f-a282-c74562b3bf3a/96893-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/0fc0a972-95e5-4b4f-a282-c74562b3bf3a/96893-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/0fc0a972-95e5-4b4f-a282-c74562b3bf3a/96893-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/0fc0a972-95e5-4b4f-a282-c74562b3bf3a/96893-supplementary-material.pdf
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Quantification Kit (Vazyme, E112, Nanjing, China). Subsequently, SOD activity for every 20 μg of protein was measured 
using Cu/Zn-SOD and Mn-SOD Assay Kit with WST-8 (Beyotime, S0103, Shanghai, China) according to the 
manufacturer’s instructions.

Measurement of mitochondrial membrane potential
BMSCs were seeded in 24-well plates at a density of 5 × 104 cells per well and cultured for 24 hours. Subsequently, these 
cells were utilized for mitochondrial membrane potential (MMP) measurement using the Mitochondrial Membrane 
Potential Assay Kit with TMRE (Beyotime, C2001S, Shanghai, China), according to the manufacturer’s instructions. After 
rinsing with PBS, the BMSCs were incubated with TMRE working solution at 37 °C for 30 minutes. Nuclear staining was 
performed using Hoechst 33342. Images were acquired using an inverted fluorescence microscope (Olympus IX73, 
Japan), and the mean intensity of each sample was calculated using Image J software.

Statistical analysis
All data are presented as mean ± SEM. Statistical analyses were performed using GraphPad Prism software. An unpaired 
two-tailed Student’s t-test was used to compare two groups. One-way analysis of variance (ANOVA) was used to 
compare the three groups. Statistical significance was set at P < 0.05.

RESULTS
Sepsis inhibits the proliferation and self-renewal of BMSCs
Purified BMSCs were isolated from bone marrow aspirates of septic patients and HD according to standard protocols
[20]. After culturing for 14 days, HD BMSCs exhibited robust growth with a characteristic fibroblastic appearance, 
whereas septic BMSCs showed significantly altered growth despite maintaining a similar morphology. Upon passage to 
the second generation, septic BMSCs appeared as disorganized and vesicular structures (Figure 1A) as replicative aging 
BMSCs. To assess the self-renewal capacity of BMSC in sepsis, we compared the colony formation capacity of BMNC 
from septic patients and HD (Figure 1B). A markedly reduced number of colony-forming units-fibroblast was observed in 
septic samples. Regarding replication capacity, a lower EdU-positive rate suggested a decreased capacity for cell 
reproduction (Figure 1C), and the results of the CCK-8 assay indicated a slower proliferative rate in septic BMSCs 
(Figure 1D). Furthermore, reduced expression of proliferating cell nuclear antigen was detected in septic BMSCs 
(Figure 1E). Moreover, we confirmed the immunophenotypes of BMSCs by flow cytometry to determine whether the 
characteristics of septic BMSCs had undergone any changes. Immunophenotypic analysis showed that both expressed 
markers were associated with stromal cells (CD73, CD90, and CD105) and were negative for hematopoietic markers 
(CD45 and CD34) (Figure 1F)[21]. Collectively, these findings demonstrated that sepsis inhibits the proliferation and self-
renewal of BMSCs.

Septic BMSCs have stronger adipogenic and poorer osteogenic abilities
To confirm their differentiation potential, we induced adipogenic and osteogenic differentiation of BMSCs in vitro. The 
BMSCs obtained from the septic samples showed reduced osteogenesis capacity (Figure 2A) and stronger adipogenesis 
capacity (Figure 2B). Quantification of Alizarin Red S and Oil Red O staining revealed a more than 50% decrease in 
calcium deposition (Figure 2C) and an approximately 12% increase in lipid droplet accumulation (Figure 2D) in septic 
BMSCs. Furthermore, the lower expression of runt-related transcription factor 2, alkaline phosphatase, and Sp7 
transcription factor 7 (osteogenic genes)[22-24] (Figure 2E) and the higher expression of adipogenic genes such as 
peroxisome proliferator-activated receptor gamma, fatty acid binding protein 4, and perilipin-1[25,26] (Figure 2F) during 
lineage determination further corroborated our findings.

Diminished HSPC supportive capacity of septic BMSCs
As one of the most crucial functions of BMSCs is to support homeostasis, we aimed to determine whether the defects 
mentioned above impaired their ability to support HSPCs. We cultured BMSC layers from HD and septic patients, and 
the same number of purified CD34+ HSPCs (Supplementary Figure 1) was seeded in transwell chambers[27]. Favorable 
BMSCs can produce supportive cytokines to maintain HSPC expansion and fitness. After three days of coculture, the 
frequency of Ki67-positive CD34+ cells (Figure 3A) and the total number of CD34+ cells were significantly lower in the 
septic BMSC group compared to HD group (Figure 3B). In particular, a higher number of apoptotic CD34+ cells was 
observed in septic BMSCs (Figure 3C and D). Subsequently, we evaluated the production of critical HSC factors such as 
stem cell factor, C-X-C chemokine ligand 12, and interleukin 7[28,29] in two groups of BMSCs, and the results indicated 
that the production of supportive cytokines was impaired in septic BMSCs (Figure 3E). These findings suggest that sepsis 
affects the hematopoietic support capacity of BMSCs.

Septic BMSCs show senescence
Slow proliferation, change in differentiation potency from osteoblasts to adipocytes, and impaired hematopoietic 
supportive capacity are all characteristic features of aging BMSCs[25]. Therefore, we conducted beta-galactosidase 
detection, which is a commonly used indicator of senescence. Septic BMSCs exhibited significantly higher staining 
compared to HD BMSCs (Figure 4A). Furthermore, we measured ROS levels and SASP expression, including 
transforming growth factor-β, interleukin-6, and interleukin-1β. As depicted in Figure 4B, the mean fluorescence intensity 

https://f6publishing.blob.core.windows.net/0fc0a972-95e5-4b4f-a282-c74562b3bf3a/96893-supplementary-material.pdf
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https://f6publishing.blob.core.windows.net/0fc0a972-95e5-4b4f-a282-c74562b3bf3a/96893-supplementary-material.pdf


Xia X et al. Sepsis accelerates BMSC senescence

WJSC https://www.wjgnet.com 6 February 26, 2025 Volume 17 Issue 2



Xia X et al. Sepsis accelerates BMSC senescence

WJSC https://www.wjgnet.com 7 February 26, 2025 Volume 17 Issue 2

Figure 1 Morphology, clonogenic capacity, proliferation and characterization of bone marrow mesenchymal stem cells. A: Representative 
images depicting the morphology of in vitro-expanded bone marrow mesenchymal stem cells (BMSCs) from healthy donors (HD) and patients with sepsis of various 
generations; B: Representative images of colony-forming units-fibroblast assays, with results expressed as the number of colony-forming units-fibroblast per one 
million bone marrow mononuclear cells for HD samples (n = 14) and septic samples (n = 15); C-E: Proliferation of HD and septic BMSCs, C: Merged channel image 
showing EdU (magenta) and DAPI (blue) staining and the percentage of EdU-positive cells relative to the total number of cells in HD BMSCs (n = 10) and septic 
BMSCs (n = 10) (C). Growth curves were assessed using the CCK-8 assay for HD BMSCs (n = 10) and septic BMSCs (n = 10) (D). Expression levels of proliferating 
cell nuclear antigen detected by quantitative real-time polymerase chain reaction (HD: n = 13; sepsis: n = 10) (E); F: Representative flow cytometry images illustrating 
typical BMSC markers. Positive markers: CD73, CD90, CD105; negative markers: CD34 and CD45. Each error bar represents the mean ± SEM. P values were 
determined using a t-test (aP < 0.05, cP < 0.001). HD: Healthy donors; CFU-F: Colony-forming units-fibroblast; PCNA: Proliferating cell nuclear antigen.

of intracellular ROS in septic BMSCs was higher than that in HD BMSCs. Elevated expressions of SASP were observed in 
septic BMSCs (Figure 4C). In addition, classical markers of aging, P16 and P21, were upregulated in septic BMSCs 
(Figure 4D). Therefore, senescence may be the basis for the functional defects observed in septic BMSCs.

NAD rejuvenates septic BMSCs
As it is well known that NAD interacts with several biological hallmarks of aging[30,31], we aimed to investigate whether 
septic BMSCs could benefit from NAD treatment. Firstly, we observed a restoration of the proliferation capacity of septic 
BMSCs after NAD treatment, as evidenced by an increased EdU-positive rate (Figure 5A). Furthermore, we found that 
NAD treatment contributed to reduced senescence, as demonstrated by a decrease in beta-galactosidase staining 
(Figure 5B). Thus, we were curious to know whether the differentiation potency had been restored. Thus, we induced 
osteogenic and adipogenic differentiation in NAD-treated septic BMSCs. Importantly, NAD treatment partially preserved 
the osteogenesis of septic BMSCs, as indicated by Alizarin Red S staining (Figure 5C and D) and upregulation of 
osteogenic genes (Figure 5E). On the contrary, the capacity for adipogenesis was inhibited after exposure to NAD, as 
verified by the decreased accumulation of lipid droplets (Figure 5F and G) and decreased expression of adipogenesis 
genes (Figure 5H). Additionally, NAD treatment rescued the hematopoietic support capacity of septic BMSCs. We 
observed better expansion of HSPCs (Supplementary Figure 2A and B) and fewer apoptotic HSPCs co-cultured with 
NAD-treated septic BMSCs than those with raw septic BMSCs (Supplementary Figure 2C and D). In summary, NAD 
represents an option to restore the intrinsic characteristics and stromal functions of septic BMSCs in vitro.

NAD improves the antioxidant capacity of mitochondria
NAD plays a crucial role in mitochondrial function within cells. As mentioned above, the decline in mitochondrial free 
radical clearance capacity and increase in ROS levels indicate cellular aging. Therefore, we were curious whether NAD 

https://f6publishing.blob.core.windows.net/0fc0a972-95e5-4b4f-a282-c74562b3bf3a/96893-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/0fc0a972-95e5-4b4f-a282-c74562b3bf3a/96893-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/0fc0a972-95e5-4b4f-a282-c74562b3bf3a/96893-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/0fc0a972-95e5-4b4f-a282-c74562b3bf3a/96893-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/0fc0a972-95e5-4b4f-a282-c74562b3bf3a/96893-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/0fc0a972-95e5-4b4f-a282-c74562b3bf3a/96893-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/0fc0a972-95e5-4b4f-a282-c74562b3bf3a/96893-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/0fc0a972-95e5-4b4f-a282-c74562b3bf3a/96893-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/0fc0a972-95e5-4b4f-a282-c74562b3bf3a/96893-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/0fc0a972-95e5-4b4f-a282-c74562b3bf3a/96893-supplementary-material.pdf
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Figure 2 Osteogenic and adipogenic differentiation of bone marrow mesenchymal stem cells. A: Alizarin Red S staining (original magnification, × 
4); B: Oil Red O staining (original magnification, × 4); C: Quantification was carried out using cetylpyridinium chloride, and absorbance was measured using a 
microplate reader at 562 nm; D: Quantification was conducted using isopropanol, and the absorbance was measured using a microplate reader at 500 nm; E: 
Expression of related genes (runt-related transcription factor 2, alkaline phosphatase, and Sp7 transcription factor 7); F: Expression of related genes (peroxisome 
proliferator-activated receptor gamma, fatty acid binding protein 4, and perilipin-1). HD: n = 8; sepsis: n = 10. The expression of all genes was assessed using 
quantitative real-time polymerase chain reaction. Results were expressed as fold change relative to undifferentiated bone marrow mesenchymal stem cells. Each 
error bar shows the mean ± SEM. P values were determined using a t-test (aP < 0.05, cP < 0.001). HD: Healthy donors; RUNX2: Runt-related transcription factor 2; 
ALP: Alkaline phosphatase; SP7: Sp7 transcription factor 7; PPARG: Peroxisome proliferator-activated receptor gamma; FABP4: Fatty acid binding protein 4; PLN1: 
Perilipin-1.

counteracted the aging BMSC by restoring mitochondrial function. First, we examined the expression levels of the 
important NAD-dependent deacetylase SIRT3 in different groups of BMSCs. We found a significant decrease in SIRT3 
expression in septic BMSCs, which was restored after NAD treatment (Figure 6A). Furthermore, intracellular ROS levels 
decreased after NAD treatment (Figure 6B). SIRT3 deacetylates SOD enzymes in mitochondria to activate them and 
improve mitochondrial antioxidant capacity. As depicted in Figure 6C, SOD enzyme activity decreased in septic BMSC 
but was restored after NAD treatment. On the other hand, abnormal mitochondrial function partially affected 
mitochondrial integrity, so we detected MMP to evaluate whether mitochondrial function had been damaged. We 
observed a significant reduction in MMP in septic BMSCs, which was rescued after NAD treatment (Figure 6D). Based on 
these results, we demonstrated that NAD effectively reversed impaired mitochondrial function in septic BMSCs through 
the NAD/SIRT3/SOD pathway (Figure 6E).

DISCUSSION
Under natural circumstances, the functionality of BMSCs decreases with age, leading to organ failure and age-related 
diseases, such as osteoporosis, bone marrow fibrosis, and even HSC aging. Our research indicates that sepsis induces 
senescence in BMSCs, characterized by inhibited proliferation and self-renewal capabilities and biased differentiation 
toward adipogenesis rather than osteogenesis, leading to an increased incidence of diseases such as osteoporosis. 
Furthermore, sepsis-affected senescent BMSCs exhibit reduced hematopoietic support capacity, particularly lymphoid 
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Figure 3 Supportive capacity of bone marrow mesenchymal stem cells. A: Representative fluorescence image showing proliferating hematopoietic 
stem/progenitor cells (HSPCs) co-cultured with healthy donors (HD) and septic bone marrow mesenchymal stem cells (BMSCs) after 3 days in vitro. Ki67 (green), 
CD34 (red), DAPI (blue); B: Total number of CD34-positive HSPCs after co-culture with HD BMSCs (n = 6) or septic BMSCs (n = 6), starting with an initial number of 
10000 cells; C: Representative fluorescence image of apoptotic HSPCs after co-culture; D: Percentages of apoptotic HSPCs (CD34+ and caspase-positive) relative to 
the total number of cells (HD: n = 6; sepsis: n = 6); E: Expression levels of supportive cytokines (C-X-C chemokine ligand 12, stem cell factor, and interleukin 7) were 
evaluated by fold change relative to one of the HD samples (HD: n = 10; sepsis: n = 12). Data were mean ± SEM. P values were determined using a t-test (bP < 0.01, 
cP < 0.001). HD: Healthy donors; CXCL12: C-X-C chemokine ligand 12; SCF: Stem cell factor; IL7: Interleukin 7.

progenitor cells near the endosteum, which impedes the recovery of the immune system in patients with sepsis. Long-
term lymphocytopenia weakens immune function and increases the risk of secondary infection and hospitalization.

Our experiments also confirmed a significant increase in SASP in septic BMSCs. These elevated levels of inflammatory 
factors induce HSC aging. Transforming growth factor-β has been shown to slow the progression of the HSC cell cycle 
and inhibit self-renewal potential[32]. IL-1β is a crucial cytokine driving HSC in elderly mice[33]. Therefore, aging BMSCs 
not only do not provide good maintenance capability of HSC but also promote HSC aging. In our study, treatment with 
NAD effectively improved the hematopoietic supportive capacities of septic BMSCs, achieving the goal of sepsis 
treatment with a longer-lasting effect and avoiding side effects. In particular, our research suggests that similar 
phenotypes may exist in other related diseases, such as tendinopathies, tumors, drug-induced injuries, and other 
conditions in which BMSC damage is possible. Focusing on the aging of BMSCs provides new insights and suggestions 
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Figure 4 Senescence behavior in healthy donors and septic bone marrow mesenchymal stem cells. A: Representative β-gal staining images of 
healthy donors (HD) and septic bone marrow mesenchymal stem cells (BMSCs); B: In vitro reactive oxygen species levels assessed by flow cytometry, expressed as 
mean fluorescence intensity of forward scatter for HD BMSCs (n = 9) and septic BMSCs (n = 8); C: Relative senescence-associated secretory phenotype content 
(transforming growth factor β1, interleukin 6, and interleukin 1β) compared to HD samples in both groups (n = 8); D: Detection of senescence markers (P16, P21) in 
HD BMSCs (n = 10) and septic BMSCs (n = 12). Data were presented as mean ± SEM. P values were determined by t-test (aP < 0.05, bP < 0.01, cP < 0.005). HD: 
Healthy donors; ROS: Reactive oxygen species; MFI: Mean fluorescence intensity; TGF: Transforming growth factor; IL: Interleukin.

for the research and treatment of these diseases.
MSCs are widely distributed throughout the body, and their therapeutic purpose has been proven to be efficient with 

few side effects in many diseases[34,35]. However, the long-standing challenge is to conduct a good expansion of MSCs in 
vitro[36], mainly because of the difficulty in maintaining the stemness of MSCs under culture conditions[37]. Our research 
suggests that anti-aging measures contribute to maintaining the stemness of MSCs, potentially enhancing the quality and 
stability of cultured MSCs.

Our limitation lies in needing an in-depth investigation of the exact substances that cause BMSC aging under septic 
conditions. According to previous reports, aging mechanisms include DNA damage, mitochondrial dysfunction, 
exosomes, and other intracellular signaling pathways. It remains unclear whether these mechanisms exist in the bone 
marrow of patients with sepsis and to what extent they contribute to aging. In addition, there are many anti-aging drugs, 
including natural compounds such as quercetin, resveratrol, spermidine, curcumin, and sulforaphane, and other 
compounds such as rapamycin, metformin, and NAD enhancers[38], which may have better and more suitable effects on 
septic BMSC. Determining how to combine and administer these drugs and refining treatment regimens through animal 
and clinical trials will be the focus of future research.
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Figure 5 Nicotinamide adenine dinucleotide treatment rescue function of septic bone marrow mesenchymal stem cells. A: Representative 
images of EdU incorporation, EdU (magenta), and DAPI (blue) staining. The percentage of EdU-positive cells increased after treatment with nicotinamide adenine 
dinucleotide (NAD) [healthy donors (HD): n = 7; sepsis: n = 6; sepsis with NAD: n = 6]; B: Cellular senescence assessed by β-gal staining in bone marrow 
mesenchymal stem cells (BMSCs) from three groups; C and D: Alizarin Red S staining (original magnification, × 4) and quantification of calcium precipitation; E: 
Quantitative real-time polymerase chain reaction analysis of osteogenic genes (runt-related transcription factor 2, alkaline phosphatase, and Sp7 transcription factor 
7) in HD BMSCs (n = 5), septic BMSCs (n = 5), and NAD-treated septic BMSCs (n = 5); F and G: Oil Red O staining (original magnification, × 10) and lipid droplet 
quantification; H: Quantitative real-time polymerase chain reaction analysis of adipogenic genes (peroxisome proliferator-activated receptor gamma, fatty acid binding 
protein 4, and perilipin-1) in HD BMSCs (n = 5), septic BMSCs (n = 5), and NAD-treated septic BMSCs (n = 5). Results were presented as fold change relative to 
undifferentiated BMSCs. Error bars represent the mean ± SEM. P values were determined using One-Way ANOVA (aP < 0.05, bP < 0.01, cP < 0.001). HD: Healthy 
donors; NAD: Nicotinamide adenine dinucleotide; RUNX2: Runt-related transcription factor 2; ALP: Alkaline phosphatase; SP7: Sp7 transcription factor 7; PPARG: 
Peroxisome proliferator-activated receptor gamma; FABP4: Fatty acid binding protein 4; PLN1: Perilipin-1.
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Figure 6 Nicotinamide adenine dinucleotide treatment improves the antioxidant capacity of mitochondria via the nicotinamide adenine 
dinucleotide/sirtuin 3/superoxide dismutase pathway. A: Expression level of sirtuin 3 in healthy donors, septic and nicotinamide adenine dinucleotide 
(NAD)-treated septic bone marrow mesenchymal stem cells (BMSCs) (n = 6); B: In vitro reactive oxygen species levels were expressed as mean fluorescence 
intensity of forward scatter for healthy donor-, septic-, and NAD-treated septic BMSCs (n = 5); C: Superoxide dismutase activity of every 20 μg of protein from 
different BMSCs (n = 5); D: Measure mitochondrial membrane potential with TMRE staining to show mitochondrial integrity. TMRE staining (red) and Hoechst 33342 
staining (blue). The mean intensity of TMRE staining was calculated with Image J; E: Graph of NAD/sirtuin 3/superoxide dismutase pathway. Error bars represent the 
mean ± SEM. P values were determined using One-Way ANOVA (aP < 0.05, bP < 0.01, cP < 0.001). HD: Healthy donors; NAD: Nicotinamide adenine dinucleotide; 
MFI: Mean fluorescence intensity; SIRT3: Sirtuin 3; ROS: Reactive oxygen species; SOD: Superoxide dismutase.

CONCLUSION
We demonstrated that sepsis induces senescence of BMSCs, manifested by decreased proliferative capacity, self-renewal 
capacity, osteogenic differentiation, and impaired hematopoietic supportive effects. Treatment with the anti-aging drug 
NAD effectively reversed this damage. These findings improve our understanding of bone marrow complications of 
sepsis and provide a new treatment option for associated complications.
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Abstract
BACKGROUND 
Periodontitis is an inflammatory disease caused by the host’s immune response 
and various interactions between pathogens, which lead to the loss of connective 
tissue and bone. In recent years, mesenchymal stem cell (SC) transplantation 
technology has become a research hotspot, which can form periodontal ligament, 
cementum, and alveolar bone through proliferation and differentiation.
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AIM 
To elucidate the regulatory effects of WD repeat-containing protein 36 (WDR36) on the senescence, migration, and 
osteogenic differentiation of periodontal ligament SCs (PDLSCs).

METHODS 
The migration and chemotaxis of PDLSCs were detected by the scratch-wound migration test and transwell 
chemotaxis test. Alkaline phosphatase (ALP) activity, Alizarin red staining, calcium content, and real-time reverse 
transcription polymerase chain reaction (RT-qPCR) of key transcription factors were used to detect the osteogenic 
differentiation function of PDLSCs. Cell senescence was determined by senescence-associated β-galactosidase 
staining.

RESULTS 
The 24-hour and 48-hour scratch-wound migration test and 48-hour transwell chemotaxis test showed that overex-
pression of WDR36 inhibited the migration/chemotaxis of PDLSCs. Simultaneously, WDR36 depletion promoted 
the migration/chemotaxis of PDLSCs. The results of ALP activity, Alizarin red staining, calcium content, and RT-
qPCR showed that overexpression of WDR36 inhibited the osteogenic differentiation of PDLSCs, and WDR36 
depletion promoted the osteogenic differentiation of PDLSCs. Senescence-associated β-galactosidase staining 
showed that 0.1 μg/mL icariin (ICA) and overexpression of WDR36 inhibited the senescence of PDLSCs, and 
WDR36 depletion promoted the osteogenic differentiation of PDLSCs.

CONCLUSION 
WDR36 inhibits the migration and chemotaxis, osteogenic differentiation, and senescence of PDLSCs; 0.1 μg/mL 
ICA inhibits the senescence of PDLSCs. Therefore, WDR36 might serve as a target for periodontal tissue rege-
neration and the treatment of periodontitis.

Key Words: Periodontal ligament stem cells; Periodontal tissue regeneration; Icariin; WD repeat-containing protein 36; 
Osteogenic differentiation

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

Core Tip: Periodontal ligament stem cells (PDLSCs) are an important cell source for periodontal tissue regeneration. They 
can migrate to injured areas to promote tissue repair, induce osteogenic differentiation for bone tissue regeneration, and 
delay tissue loss by inhibiting senescence. In this study, we investigated the regulatory function of WD repeat-containing 
protein 36 (WDR36) on PDLSCs and found that WDR36 inhibited the migration, osteogenic differentiation, and senescence 
of PDLSCs. Thus, WDR36 may serve as a new candidate target for periodontal tissue regeneration.

Citation: Wang Y, Zhang FQ, Fan ZP, Zhu XL, Yan WH, Zhang XL. WDR36 inhibits the osteogenic differentiation and migration of 
periodontal ligament stem cells. World J Stem Cells 2025; 17(2): 99132
URL: https://www.wjgnet.com/1948-0210/full/v17/i2/99132.htm
DOI: https://dx.doi.org/10.4252/wjsc.v17.i2.99132

INTRODUCTION
Periodontitis is an inflammatory disease caused by the host’s immune response and various interactions between 
pathogens, leading to the loss of connective tissue and bone[1,2]. The main pathological change of periodontitis involves 
the destruction of alveolar bone, which is the leading cause of tooth loss in adults[3]. Periodontitis also negatively impacts 
speech, nutrition, quality of life, and self-esteem[4-6]. Moreover, there is a risk of severe systemic inflammation[7,8]. Due 
to its high incidence, periodontitis has become a huge public health burden worldwide, and the treatment of periodontitis 
has become a significant health challenge. Thus, the ultimate treatment goal of periodontitis is to reconstruct the lost 
periodontal tissues with the same physiological structure and function[9].

Current therapies for periodontitis are not very effective for controlling inflammation or regulating immune function. 
It is especially difficult to achieve ideal regeneration of the lost periodontal tissue[10,11]. Tissue engineering/regenerative 
medicine is an established research field that combines biomaterials, cell therapy, biomedical engineering, and genetics
[12]. Its purpose is to stimulate the regeneration of tissues and organs by implanting biomaterials in vivo or constructing 
substitutes in vitro[12]. Adult stem cells (SCs) have a high proliferation potential to differentiate into various cell types 
depending on the tissue of origin. Additionally, they are responsible for generating new tissues in response to injury and 
disease in vivo. Therefore, therapies based on adult SCs have received widespread attention in treating various 
degenerative diseases[13]. Notably, there are mesenchymal SCs (MSCs) in teeth and surrounding supporting tissues, 
which can be isolated and cultured in vitro and have the potential for self-renewal and multidirectional differentiation, as 
well as regeneration and repairing functions[10,11]. Moreover, MSCs can proliferate and differentiate to form new 

https://www.wjgnet.com/1948-0210/full/v17/i2/99132.htm
https://dx.doi.org/10.4252/wjsc.v17.i2.99132
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periodontal tissues[14-16]. Therefore, MSC transplantation technology is expected to be an ideal therapy for periodontal 
tissue regeneration.

Periodontal ligament SCs (PDLSCs) are among the few MSCs that continue to proliferate in adults. Additionally, their 
differentiation potential offers great promise for SC-based dental regeneration therapy[17,18]. PDLSCs are clonogenic and 
highly proliferative pluripotent cells that can regenerate cementum/periodontal ligament-like tissue by differentiating 
into osteoblast/cementoblast-like cells, adipocytes, chondrocytes, and fibroblasts. They also participate in the repair and 
steady-state turnover of periodontal tissue[19]. Previous studies have found that regenerated periodontal tissue can be 
obtained when autologous and allogeneic PDLSCs are transplanted into the periodontal defect area of pigs caused by 
surgery[16]. Therefore, PDLSCs are the leading candidate SCs among all MSCs, especially for treating periodontal tissue 
defects[20].

Research on traditional Chinese medicine has recently gained widespread attention, and this treatment method has 
unique advantages[21]. Icariin (ICA) is the main active flavonoid glycoside isolated from the dried stems and leaves of 
epimedium (chemical formula: C33H40O15); it has extensive pharmacological effects such as anti-oxidative and 
antitumor functions. ICA can dose dependently promote proliferation and differentiation, inhibit senescence, and reduce 
the apoptosis of PDLSCs[22-24]. ICA can also effectively promote bone reconstruction and prevent or delay the pro-
gression of bone metastasis-related diseases in rats by regulating the balance between adipogenesis and osteogenesis[23]. 
Our previous works showed that 0.1 μg/mL ICA could effectively promote proliferation and osteogenic differentiation 
and inhibit the bone resorption of PDLSCs[25,26]. To clarify the drug target of ICA, the whole-cell protein detection of 
PDLSCs under the action of 0.1 μg/mL ICA was performed. Western blotting verified the test results, and the target 
proteins and genes were subsequently screened. It was found that the expression of WD repeat-containing protein 36 
(WDR36) was significantly increased.

Initially, WDR36 was discovered in 2005 as the candidate gene of primary open-angle glaucoma. The WDR36 gene is 
located in chromosome region 5q22.1, which spans a genomic region of approximately 34.7 kb and contains 23 exons that 
encode a 105 kDa protein (950 amino acids)[27]. WDR36 was found to be highly expressed in the human heart, placenta, 
liver, kidney, pancreas, and skeletal muscle[27]. By binding proteins, peptides, RNA, or DNA, the WDR domain par-
ticipates in various cellular functions and is considered a possible drug target[28]. However, the role of WDR36 in MSCs 
and periodontal tissue regeneration remains unknown.

In this study, we used PDLSCs to clarify the function of WDR36 on the senescence, migration/chemotaxis, and 
osteogenic differentiation of PDLSCs and expound the potential role of WDR36 in periodontal tissue regeneration.

MATERIALS AND METHODS
Cell cultures
PDLSCs were purchased from Shanghai Optimal Ma Lai Biotechnology Co., Ltd. (Shanghai, China). The cells were 
cultured according to previously published protocols[29].

Cell sample preparation and proteomics analysis
ICA was purchased from the National Institute for the Control of Pharmaceutical and Biological Products (No. 110737-
200415; Beijing, China), with a purity of 98.5%. It is a yellow powder and was sealed and stored at 4 °C. Additionally, 1 
mg ICA powder was dissolved in 2 mL phosphate-buffered saline (PBS) and prepared to a 0.5 g/L solution. Then the 0.5 
g/L solution was diluted with Alpha Minimum Essential Medium [15% fetal bovine serum (FBS) + 2 mmol/L glutamine 
+ 1% double antibody] to a mass concentration of 0.1 μg/mL ICA solution. The cells were cultured in Dulbecco’s 
Modified Eagle’s Medium (DMEM) and cultured in ICA solution for 48 hours. Total protein extraction and sodium dode-
cyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) were performed according to previous protocols[30], followed 
by proteomics analysis according to previous protocols[31].

Plasmid construction and viral infection
The process of plasmid construction and viral infection was previously detailed in our study[29]. In short, plasmids were 
constructed using standard techniques, and all structures were verified through appropriate enzyme digestion and/or 
sequencing. Human full-length WDR36 cDNA containing the hemagglutinin (HA) tag was constructed using the whole 
gene synthesis method. Subsequently, the HA-WDR36 sequence was inserted into the pQCXIN recombinant vector 
through Agel and BamH1 restriction sites. Virus packaging was prepared according to the manufacturer’s protocol 
(Clontech Laboratories, Inc., Mountain View, CA, United States). Short hairpin RNA (shRNA)-WDR36 (sh-WDR36) and 
control shRNA lentivirus were purchased from Genepharma Company (Suzhou, China). The control shRNA sequence 
was 5’-TTCTCCGAACGTGTCACGT-3’, and the sh-WDR36 sequence was 5’-GCGATGGATTGCTCTATTAGG-3’.

Real-time reverse transcription polymerase chain reaction
RNA extraction, cDNA synthesis, and real-time reverse transcription polymerase chain reaction (RT-qPCR) procedures 
followed previous protocols[30]. RT-PCR was performed using the SYBR Green PCR kit (Qiagen, Hilden, Germany). All 
primer sequences are shown in Table 1. The 2-ΔΔCt method was utilized to calculate the relative mRNA levels[32]. ΔCts 
were determined from the Ct normalized with GAPDH. Then we calculated the Pearson’s correlation coefficient for each 
gene using the normalized data to determine the consistency between microarray experiments and RT-qPCR (P < 0.05 
and r > 0.9)[32].
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Table 1 Real-time polymerase chain reaction primer sequence

Gene Primer sequences Primer product size

GAPDH-forward 5’-CATGAGAAGTATGACAACAGCCT-3’

GAPDH-reverse 5’-AGTCCTTCCACGATACCAAAGT-3’

113 bp

WDR36-forward 5’-AGCCGTGGATGTTGTTGCTAT-3’

WDR36-reverse 5’-GACCATCTGTGCGAAATGAAAT-3’

134 bp

OSX-forward 5’-CTCCTGCGACTGCCCTAAT-3’

OSX-reverse 5’-TGCGAAGCCTTGCCATAC-3’

126 bp

RUNX2-forward 5’-CCAACCCACGAATGCACTATC-3’

RUNX2-reverse 5’-CGGACATACCGAGGGACATG-3’

78 bp

DLX3-forward 5’-CCAGACGGTGAACCCCTAC-3’

DLX3-reverse 5’-CCGACTTGGGCGAGTAAGC-3’

83 bp

OPN-forward 5’-ATGATGGCCGAGGTGATAGTGT-3’

OPN-reverse 5’-TACTGGATGTCAGGTCTGCGA-3’

76 bp

OCN-forward 5’-AAGAGACCCAGGCGCTACCT-3’

OCN-reverse 5’-AACTCGTCACAGTCCGGATTG-3’

110 bp

DMP1-forward 5’-GAAGAATGGAAGGGTCATTTGG-3’

DMP1-reverse 5’-AAGCCACCAGCTAGCCTATAAATGT-3’

134 bp

bp: Base pairs; DLX3: Distal-less homeobox 3; DMP1: Dentin matrix protein-1; OCN: Osteocalcin; OPN: Osteopontin; OSX: Osterix; RUNX2: Runt-related 
transcription factor 2.

Western blot analysis
Total protein extraction and SDS-PAGE were performed according to previous protocols[30]. The protein quantification 
used in the experiment was 20 μg. The primary antibodies used were anti-WDR36 (Cat No. 73548; Abcam, Cambridge, 
MA, United States) and mouse monoclonal anti-HA (Clone No. C29F4, Cat No. MMS-101P; Covance Laboratories, Inc., 
Princeton, NJ, United States). Membranes were probed with monoclonal antibodies against β-actin (Cat No. C1313; 
Applygen Technologies, Inc., Beijing, China) and GAPDH (Cat No. C1312-100/-250; Applygen), which served as loading 
controls.

Scratch-wound migration assays
PDLSCs were seeded into a 6-well plate (Corning Costar, Tewksbury, MA, United States) at 4-5 × 105 cells/well and 
cultured in DMEM (Gibco, Thermo Fisher Scientific, Waltham, MA, United States) until the cells were 90% confluent. 
Then, a 1 mL pipette tip (Corning Costar) was used to scratch three straight wounds every 5 cm in the 6-well plate. After 
washing the cells with PBS (Gibco) to ensure no residual cell debris, the cells were cultured for 24-48 hours with DMEM. 
In sequence, three sites in each wound were selected to take pictures at 0 hour, 24 hours, and 48 hours. Image-Pro Plus 6.0 
was applied to calculate the void area and height, and the relative width was obtained by the formula relative width = 
void area/height[33].

Transwell chemotaxis assays
To culture PDLSCs, 600 μL DMEM, supplemented with 15% FBS (Invitrogen, Carlsbad, CA, United States), was added to 
each well of the 24-well plate. Then the PDLSCs were seeded into the upper transwell chamber (8 μm pore size; Corning 
Costar) at 2-5 × 104 cells/well and cultured for 24-48 hours under the conditions of 37 °C and 5% CO2. Subsequently, the 
cells were fixed in 4% paraformaldehyde and stained with 0.1% crystal violet staining solution. Finally, an inverted 
microscope and a camera system (Olympus, Tokyo, Japan) were used to observe the number of cells in nine randomly 
selected fields of each well.

Alkaline phosphatase activity assay and Alizarin red staining
PDLSCs were cultured in an osteogenic-inducing medium containing 100 μM/mL ascorbic acid (Cat No. abs580047; 
Absin, Shanghai, China), 2 mmol/L β-glycerophosphate (Cat No. 819-83-0; Kalamar, Shanghai, China), 1.8 mmol/L 
potassium dihydrogen phosphate [Cat No. GBW(E)130195; JissKang, Qingdao, China], and 10 nM dexamethasone (Cat 
No. A1217601; Gibco, Thermo Fisher Scientific, Shanghai, China). According to the manufacturer’s experimental 
procedures, alkaline phosphatase (ALP) activity was detected with an ALP Activity Kit (Sigma-Aldrich, St. Louis, MO, 
United States). After 14 days of osteogenic induction of PDLSCs, mineralization was detected by 70% ethanol fixation and 
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2% Alizarin red (Sigma-Aldrich) staining. Then the stained cells were destained with 10% cetylpyridinium chloride in 10 
mmol/L sodium phosphate at room temperature for 30 minutes to determine the calcium content.

Preparation of ICA solution and senescence-associated β-galactosidase staining
The Senescence β-Galactosidase Staining Kit (Cell Senescence Testing Kit; GenMed Scientifics Inc., Shanghai, China) was 
used to detect the effects of ICA and WDR36 on the senescence of PDLSCs. The cells cultured in DMEM and cultured in 
ICA solution were washed three times with PBS and fixed in 4% paraformaldehyde at room temperature for 30 minutes. 
The cells were stained overnight with senescence-associated β-galactosidase (SA-β-gal) staining solution (GenMed 
Scientifics) at 37 °C and randomly selected from five different fields of view from each sample with an optical micro-
scope. Following the selections, the percentage of blue cell was calculated from three independent experiments.

Statistical analyses
All statistical analyses were done using SPSS 16.0 statistical software (IBM SPSS Statistics, Armonk, NY, United States). 
The Student’s t-test or one-way analysis of variance was performed to evaluate the statistical significance, with P ≤ 0.05 
considered statistically significant.

RESULTS
WDR36 expression increases with 0.1 μg/mL ICA
The results of cell proteomics analysis showed a significant increase in the expression of WDR36 (see the Supplementary 
material) after culturing PDLSCs with 0.1 μg/mL ICA for 48 hours. The results were further validated by Western 
blotting (Figure 1).

WDR36 overexpression inhibits the migration/chemotaxis of PDLSCs
The retroviral vector was used to construct the HA-WDR36 sequence and transfected into PDLSCs. After 7 days of 
screening with 600 μg/mL G418 antibiotic, the overexpression efficiency was verified by RT-qPCR and Western blotting 
(Figure 2). The 24-hour and 48-hour wound-healing results showed that the migration distance of the HA-WDR36 group 
was shorter than that of the control group. The difference was also statistically significant (P ≤ 0.01), indicating that 
WDR36 overexpression inhibited the migration function of the PDLSCs (Figure 3A and B). The transwell results also 
showed that the number of cells passing through the membrane in the vector group was significantly higher than that in 
the HA-WDR36 group (P ≤ 0.01), indicating that overexpression of WDR36 inhibited the chemotactic function of the 
PDLSCs (Figure 3C and D).

WDR36 depletion promotes the migration/chemotaxis of PDLSCs
The sh-WDR36 lentivirus was used to knock down the expression of WDR36 in PDLSCs. After 3 days of screening with 1 
μg/mL puromycin, the knockdown efficiency was verified by RT-qPCR and Western blotting (Figure 4). The 48-hour 
wound-healing results showed that the migration distance of the sh-WDR36 group was longer than that of the control 
group. The difference was also statistically significant (P ≤ 0.01), indicating that knocking down WDR36 promoted the 
migration function of the PDLSCs (Figure 5A and B). Transwell results showed that the number of cells passing through 
the membrane in the sh-WDR36 group was significantly higher than that in the control group (P ≤ 0.01), indicating that 
knocking down WDR36 promoted the chemotactic function of the PDLSCs (Figure 5C and D).

WDR36 overexpression inhibits the osteogenic differentiation of PDLSCs
ALP activity was detected on the third and fifth days of osteogenic induction as an early indicator of osteogenic differen-
tiation. The results showed that compared with the control group, the ALP activity of the experimental group was 
significantly decreased (P ≤ 0.05), demonstrating that the overexpression of WDR36 reduced the ALP activity of the 
PDLSCs. The results showed that WDR36 overexpression inhibited the early osteogenic differentiation of the PDLSCs 
(Figure 6A and B).

On the 14th day, the osteoblast-induced cells were stained with Alizarin red, and the calcium content was determined. 
We found that compared with the experimental group, the control group showed more obvious staining, and the calcium 
content of the control group was also higher than that of the experimental group. Notably, the results were statistically 
significant (P ≤ 0.05). The results showed that overexpression of WDR36 inhibited the mineralization of the PDLSCs in 
vitro (Figure 6C and D).

RT-qPCR was used to detect the expression of osteogenic factors Runt-related transcription factor 2 (RUNX2), osterix 
(OSX), and distal-less homeobox 3 (DLX3) in cells without osteogenic induction. The results showed that the expression 
of these osteogenic players in the WDR36-overexpressing group was significantly lower than that of the control group (P 
≤ 0.05) (Figure 6E-G). After 1 week of osteogenic induction, the expression of osteopontin (OPN), dentin matrix protein-1 
(DMP1), and osteocalcin (OCN) in the WDR36 overexpression group was significantly reduced compared with the 
control group (P ≤ 0.05) (Figure 6H-J). After 2 weeks of osteogenic induction, the expression of OPN in the experimental 
group was significantly lower than that in the control group (P ≤ 0.05) (Figure 6H).

WDR36 depletion promotes the osteogenic differentiation of the PDLSCs
The ALP activity results showed that compared with the control group, the ALP activity of the experimental group was 

https://f6publishing.blob.core.windows.net/21dfda3a-5fd8-4c51-bfa7-eb4657174d22/99132-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/21dfda3a-5fd8-4c51-bfa7-eb4657174d22/99132-supplementary-material.pdf


Wang Y et al. WDR36 inhibits PDLSC migration, differentiation, and senescence

WJSC https://www.wjgnet.com 6 February 26, 2025 Volume 17 Issue 2

Figure 1 Expression of WD repeat-containing protein 36 in periodontal ligament stem cells with 0.1 μg/mL icariin. Western blot analysis 
showed that treatment with 0.1 μg/mL icariin (ICA) for 48 hours led to significantly increased expression of WD repeat-containing protein 36 (WDR36) in periodontal 
ligament stem cells (PDLSCs). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as an internal control.

Figure 2 Validation of transfection efficiency of WD repeat-containing protein 36 overexpression. A: Reverse transcriptase-reverse polymerase 
chain reaction results showed the overexpression efficiency of hemagglutinin-WD repeat-containing protein 36 (HA-WDR36) in periodontal ligament stem cells 
(PDLSCs). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as an internal control; B: Western blot analysis showed the overexpression efficiency of 
HA-WDR36 in PDLSCs. β-actin served as an internal control. The statistical significance was measured by the Student’s t-test. The error bars represent the standard 
deviation (n = 3). bP ≤ 0.01.

significantly increased (P ≤ 0.05). This demonstrates that WDR36 depletion enhanced the ALP activity of the PDLSCs. 
That is, WDR36 depletion promoted the early osteogenic differentiation of the PDLSCs (Figure 7A and B).

On the 14th day, the osteoblast-induced cells were stained with Alizarin red, and the calcium content was detected. We 
found that compared with the experimental group, the control group showed less obvious staining, and the calcium 
content of the control group was also lower than that of the experimental group. Notably, these findings were statistically 
significant (P ≤ 0.05). The results show that knockdown of WDR36 promoted the mineralization of PDLSCs in vitro 
(Figure 7C and D).

The expression of osteogenic factors RUNX2, OSX, DLX3, and DMP1 in cells without osteogenic induction was 
detected by RT-qPCR. The results showed that expression in the sh-WDR36 group was significantly higher than that in 
the control group (P ≤ 0.05) (Figure 7E-H). After 1 week of osteogenic induction, the expression of DMP1, OPN, and OCN 
in the sh-WDR36 group was significantly increased compared with the control group (P ≤ 0.05) (Figure 7H-J). After 2 
weeks of osteogenic induction, the expression of OPN in the experimental group was significantly higher than that in the 
control group (P ≤ 0.05) (Figure 7I).

ICA and WDR36 overexpression inhibits the senescence of PDLSCs
The results of SA-β-gal staining and quantitative calculation showed that the number of positive cells in the ICA group 
was significantly less than that in the group without ICA. In comparison, the number of positive cells in the HA-WDR36 
group with or without ICA was significantly lower than that in the control group, indicating that 0.1 μg/mL ICA 
inhibited the senescence of PDLSCs. The same figure shows that overexpression of WDR36 also significantly inhibited the 
senescence of PDLSCs (P ≤ 0.01) (Figure 8).
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Figure 3 Migration and chemotaxis of WD repeat-containing protein 36 overexpression. A and B: The results for 0 hour, 24 hours, and 48 hours 
showed that the cell migration distance of the control group was longer than that of the hemagglutinin-WD repeat-containing protein 36 (HA-WDR36) group; C and D: 
Transwell results showed that the number of cells passing through the membrane in the WDR36 overexpression group was less than that in the control group. The 
statistical significance was measured by the Student’s t-test. The error bars represent the standard deviation (n = 3). bP ≤ 0.01.

WDR36 depletion promotes the senescence of PDLSCs
SA-β-gal staining results showed that the number of positive cells in the ICA group was significantly less than that in the 
group without ICA. In comparison, the number of positive cells in the sh-WDR36 group with or without ICA was 
significantly higher than that in the control group, indicating that 0.1 μg/mL ICA inhibited the senescence of PDLSCs. At 
the same time, WDR36 depletion promoted the senescence of PDLSCs (P ≤ 0.01) (Figure 9).

DISCUSSION
Our results indicate that WDR36 regulates the migration and chemotaxis, osteogenic differentiation, and senescence of 
PDLSCs. PDLSCs are the primary source of periodontal tissue regeneration, facilitating tissue repair by migrating to 
damaged sites. However, due to limited cell number and migration capacity, only a small number of PDLSCs can migrate 
to the target sites for periodontal tissue regeneration[33-35]. This could lead to less favorable conditions for subsequent 
periodontal regeneration. We investigated its effect on periodontal tissue regeneration by overexpression and knockdown 
of WDR36 in PDLSCs. The wound-healing and transwell results showed that overexpression of WDR36 inhibited the 
migration/chemotaxis of PDLSCs, whereas knocking down WDR36 promoted the migration/chemotaxis of PDLSCs. 
These findings indicate that WDR36 inhibits the migration/chemotaxis of PDLSCs, and WDR36 depletion is beneficial to 
the repair of damaged tissues.
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Figure 4 Validation of transfection efficiency of short hairpin RNA-WD repeat-containing protein 36. A: Reverse transcriptase-reverse polymerase 
chain reaction results showed the knockdown efficiency of short hairpin RNA-WD repeat-containing protein 36 (sh-WDR36) in periodontal ligament stem cells 
(PDLSCs). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control; B: Western blot results showed the knockdown efficiency of sh-
WDR36 in PDLSCs. β-actin was used as an internal control. The statistical significance was measured by the Student’s t-test. The error bars represent the standard 
deviation (n = 3). aP ≤ 0.05.

We also studied the osteogenic differentiation function of PDLSCs by observing the osteogenic markers of cells at 
different times. Tissue non-specific ALP is generally considered a marker in the early process of osteogenesis/dentation 
and plays a role in bone matrix mineralization[36,37]. We detected the ALP activity and found that overexpression of 
WDR36 inhibited the ALP activity of PDLSCs while knockdown promoted its activity. The results also demonstrated that 
WDR36 inhibited the early osteogenesis of PDLSCs. Furthermore, by conducting Alizarin red staining and determining 
the calcium content, it was found that the overexpression of WDR36 inhibited the mineralization of PDLSCs in vitro. By 
contrast, WDR36 depletion enhanced the mineralization of PDLSCs in vitro.

We detected the mRNA expression of some osteogenic markers. The results showed that overexpression of WDR36 
downregulated the expression of OCN, OPN, and DMP-1, suggesting that overexpression of WDR36 inhibited the 
osteogenic function of PDLSCs. OCN, OPN, and DMP-1 expression was upregulated in the WDR36 depletion group, 
indicating that knocking down WDR36 enhanced the osteogenic function of PDLSCs. RUNX2 is a transcription factor that 
regulates the transcription of many genes and early osteogenic differentiation. An increase in RUNX2 can promote 
osteoblast differentiation[38]. Moreover, OSX acts downstream of RUNX2, which maintains the balance of bone 
metabolism and is an important transcription factor for bone formation[39]. DLX3 plays a crucial role in embryogenesis 
and morphogenesis. Thus, the increased expression of DLX3 promotes the osteogenic function of MSCs[40]. Notably, our 
results showed that WDR36 overexpression decreased the expression of RUNX2, OSX, and DLX3 in PDLSCs. Meanwhile, 
WDR36 depletion increased their expression, suggesting that WDR36 inhibited the osteogenic differentiation of PDLSCs 
by regulating the transcription of RUNX2, OSX, and DLX3.

It has been shown that deleting the WDR36 gene in cultured human trabecular meshwork cells can eventually activate 
the p53 gene stress-response pathway, leading to cell apoptosis[41]. p53 can respond to various forms of cellular stress 
and is essential for cell senescence[42,43]. WDR36 is upregulated during human T-cell proliferation, participating in T-cell 
activation, and is considered a T-cell activation WD repeat protein[44]. However, research on WDR36 in osteogenic differ-
entiation is still in its early stages, and the related mechanisms have not been investigated in the literature. Nonetheless, 
some works have found that the WD repeat protein, which activates gene transcription via chromatin remodeling, can 
accelerate osteoblast differentiation when overexpressed[45]. Furthermore, the gene WDR63, closely related to WDR36, is 
considered a key promoting factor in osteogenic differentiation[46]. The overexpression of WDR5 could enhance 
canonical Wnt signaling and osteoblast differentiation[45]. These investigations offer valuable insights and support for 
future works on the osteogenic differentiation mechanisms of WDR36.

ICA promotes the migration of bone marrow MSCs through hypoxia-inducible factor-1 alpha and further regulates the 
expression of chemokine receptor type 4[47]. ICA at a concentration of 0.01 mg/L effectively promotes the proliferation of 
PDLSCs and enhances the expression of osteoprotegerin (OPG) at both the mRNA and protein levels, thereby inhibiting 
alveolar bone resorption[25]. ICA can also promote the osteogenic differentiation of PDLSCs and stimulate the expression 
of osteogenic genes including ALP, OC, and type I collagen[25]. ICA promoted osteoblast proliferation by stimulating the 
expression of bone morphogenetic protein-2 (BMP-2) and OPG proteins and upregulating the mRNA expression of BMP-
2, OPG, and ALP[23]. Some studies have found that ICA can promote the proliferation and differentiation of osteoblasts 
and induce the expression of RUNX2, OPG, and OSX through estrogen receptor-mediated pathways, BMP-2/Smad4 
signaling pathways, and Wnt/β-catenin signaling pathways to increase the calcium content and promote bone formation
[23,48,49]. Furthermore, ICA can downregulate the expression of RANKL through the nuclear factor kappa B and 
mitogen-activated protein kinases pathways to inhibit the proliferation, differentiation, and migration of osteoclasts, thus 
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Figure 5 Migration and chemotaxis of short hairpin RNA-WD repeat-containing protein 36. A and B: The results for 0 hour and 24 hours showed 
that there were no significant differences between the short hairpin RNA-WD repeat-containing protein 36 (sh-WDR36) group and the control group. The 48 hours 
results showed that the cell migration distance of the control group was shorter than that of the sh-WDR36 group; C and D: Transwell results showed more cells 
passing through the membrane in the WDR36 depletion group than in the control group, and there was a statistically significant difference. The statistical significance 
was measured by the Student’s t-test. The error bars represent the standard deviation (n = 3). bP ≤ 0.01.

reducing bone resorption[50]. Our study revealed that ICA led to the increased expression of WDR36. However, it was 
found that the overexpression of WDR36 inhibited the migration and osteogenic differentiation of PDLSCs. This indicates 
that ICA and WDR36 exhibit antagonistic effects on osteogenic function. The contradictory results could be attributed to 
the negative feedback regulatory role of WDR36. The negative feedback loop is a crucial regulatory motif within cells that 
helps reduce the stochasticity of protein levels. Protein-mediated transcriptional regulation is a common form that has 
negative feedback mechanism, where the protein involved inhibits its own transcription[51]. Within the WD-repeat gene 
family, while both WDR63 and WDR5 exhibit promotion of osteogenic function[45,46], WDR7 and WDR8 both 
demonstrate inhibition of the osteogenic process[52,53]. The detected downregulation of WDR8 expression in the 
endochondral ossification process shows that the WDR8 might serve as an antagonist in endochondral ossification 
through a negative feedback regulatory mechanism[53].

Senescence is an inevitable physiological process of various organisms and the leading cause of many chronic diseases. 
The gradual weakening of the function of human organs characterizes it. With senescence, periodontal tissue’s anti-
inflammation, anti-infection, and healing capacities gradually decrease. Additionally, the accumulated secretion of 
senescent cells may destroy tissue structure and function, affect SC function, cause environmental imbalance, and induce 
diseases[54]. MSCs also have anti-inflammatory, anti-fibrotic, and neuroprotective effects and can improve endothelial 
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Figure 6 Osteogenic differentiation of WD repeat-containing protein 36 overexpression. A: Alkaline phosphatase (ALP) activity results on the third 
day; B: ALP activity results on the fifth day; C: Alizarin red staining; D: Calcium quantitative analysis; E: Expression of Runt-related transcription factor 2 (RUNX2) in 
the WD repeat-containing protein 36 (WDR36) overexpression group was significantly lower than that in the control group; F: Osterix (OSX) expression in the WDR36 
overexpression group was significantly lower than that in the control group; G: Distal-less homeobox 3 (DLX3) in the WDR36 overexpression group was significantly 
lower than that in the control group; H: After 1 week and 2 weeks of osteogenic induction, osteopontin (OPN) expression in the WDR36 overexpression group was 
significantly lower than that in the control group; I: After 1 week of osteogenic induction, the expression of dentin matrix protein-1 (DMP1) in the WDR36 
overexpression group was significantly lower than that in the control group. However, there were no statistically significant differences between the two groups at 0 
week and 2 weeks; J: After 1 week of osteogenic induction, osteocalcin (OCN) expression in the WDR36 overexpression group was significantly lower than that in the 
control group. At 0 week and 2 weeks, no statistically significant differences between the two groups were observed. The statistical significance was measured by the 
Student’s t-test. The error bars represent the standard deviation (n = 3). aP ≤ 0.05; bP ≤ 0.01.
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Figure 7 Osteogenic differentiation of short hairpin RNA-WD repeat-containing protein 36. A: Alkaline phosphatase (ALP) activity results on the 
third day; B: ALP activity results on the fifth day; C: Alizarin red staining; D: Calcium quantitative analysis; E: Expression of Runt-related transcription factor 2 
(RUNX2) in the WD repeat-containing protein 36 (WDR36) depletion group was significantly higher than that in the control group; F: Osterix (OSX) expression in the 
WDR36 depletion group was significantly higher than that in the control group; G: Distal-less homeobox 3 (DLX3) in the WDR36 depletion group was significantly 
higher than that in the control group; H: At 0 week and 1 week of osteogenic induction, the expression of dentin matrix protein-1 (DMP1) in the WDR36 depletion 
group was significantly higher than that in the control group. At 2 weeks, there were no statistically significant differences between the two groups; I: The difference in 
osteopontin (OPN) expression between the WDR36 depletion group and the control group was not statistically significant. However, after 1 week and 2 weeks of 
osteogenic induction, OPN expression in the depletion group was significantly higher than that in the control group; J: At 1 week of osteogenic induction, OCN 
expression in the WDR36 depletion group was significantly higher than that in the control group. However, there were no statistically significant differences between 
the two groups at 0 week and 2 weeks. The statistical significance was measured by the Student’s t-test. The error bars represent the standard deviation (n = 3). aP ≤ 
0.05; aP ≤ 0.01.
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Figure 8 Senescence of 0.1 μg/mL icariin and WD repeat-containing protein 36 overexpression. A: Senescence-associated β-galactosidase 
staining results; B: Senescence-associated β-galactosidase staining results showed that the number of positive cells in the icariin (ICA) group was significantly less 
than that in the group without ICA. By contrast, the number of positive cells in the hemagglutinin-WD repeat-containing protein 36 (HA-WDR36) group with or without 
ICA was significantly lower than that in the control group, which indicates that 0.1 μg/mL ICA inhibited the senescence of periodontal ligament stem cells (PDLSCs), 
and overexpression of WDR36 inhibited the senescence of PDLSCs. The statistical significance was measured by the Student’s t-test. The error bars represent the 
standard deviation (n = 3). aP ≤ 0.05; bP ≤ 0.01.

and mitochondrial functions, which makes MSCs attractive candidate cells for alleviating age-related diseases. Previous 
studies have also shown that ICA has antioxidant effects and can inhibit cell aging[13]. Treatment with 5 μM ICA during 
in vitro aging significantly reduced reactive oxygen species activity. Moreover, it increased the mRNA expression of 
glutathione and antioxidant genes. Additionally, 5 μM ICA prevented spindle defects and chromosome misalignment 
while increasing the mRNA expression of cytoplasmic maturation factor genes. It also inhibited apoptosis, increased the 
mRNA expression of anti-apoptotic genes, and decreased the mRNA expression of pro-apoptotic genes[22]. Therefore, we 
studied the effects of ICA and WDR36 on the senescence of PDLSCs. In 1995, Dimri et al[43] first proposed a marker 
enzyme to identify SA-β-gal, the product of the lysosomal β-gal gene beta-galactosidase (GLB1). In senescent cells, GLB1 
significantly increases mRNA and protein levels, and the activity of β-gal is also correspondingly increased[30]. At a pH 
of 6.0, SA-β-gal can specifically recognize senescent cells in vitro and in vivo, and the positive staining rate increases with 
aging. Our results showed that the overexpression of WDR36 inhibited the senescence of PDLSCs, while the deletion of 
WDR36 promoted the senescence of PDLSCs. Simultaneously, we found that 0.1 μg/mL ICA inhibited the senescence of 
PDLSCs. Based on these findings, it was found that while WDR36 and ICA exhibit opposing functions in osteogenic 
process, they demonstrated a synergistic effect in terms of senescence-related functions. Although the negative feedback 
of WDR36 counteracted some anti-senescence effects, overexpression of WDR36 with ICA still exhibited some anti-
senescence functions in PDLSCs. Previous investigations have also confirmed that the upregulation of WDR7 in rat 
PDLSCs could exert protective effects against hydrogen peroxide-induced oxidative stress, which is a significant factor 
contributing to cellular aging[55,56]. However, more works on the feedback mechanism of WDR36 are needed, such as 
the feedback regulatory pathways of WDR36 and the identification of key regulators within these pathways. These could 
reduce the negative impact of the feedback regulation on osteogenesis and anti-aging functions, and provide the 
possibility for our research to be applied clinically in the treatment of periodontal diseases in the future.

Although some studies have demonstrated the regulatory role of WD-repeat protein in osteogenic differentiation[45], 
research on WDR36 in osteogenesis is still lacking. As such, our study has addressed this research gap. Presently, the 
treatment of periodontitis primarily involves medication, basic therapy, surgical interventions, and supportive care. 
However, the effectiveness of these treatment modalities is not sufficiently ideal, especially in achieving optimal 
regeneration of lost periodontal tissues. PDLSCs can potentially promote the regeneration of periodontal tissues, while 
ICA can dose dependently stimulate the proliferation, differentiation, and deceleration of senescence of PDLSCs. 
Through our work, we demonstrated that targeting WDR36 effectively regulates the osteogenic differentiation of 
PDLSCs. This finding could introduce a novel approach to the regenerative treatment of periodontitis.



Wang Y et al. WDR36 inhibits PDLSC migration, differentiation, and senescence

WJSC https://www.wjgnet.com 13 February 26, 2025 Volume 17 Issue 2

Figure 9 Senescence of 0.1 μg/mL icariin and short hairpin RNA- WD repeat-containing protein 36. A: Senescence-associated β-galactosidase 
staining results; B: Senescence-associated β-galactosidase staining results showed that the number of positive cells in the icariin (ICA) group was significantly less 
than that in the group without ICA. By contrast, the number of positive cells in the short hairpin RNA-WD repeat-containing protein 36 (sh-WDR36) group with or 
without ICA was significantly higher than that in the control group, which indicates that 0.1 μg/mL ICA inhibited the senescence of periodontal ligament stem cells 
(PDLSCs), and WDR36 depletion promoted the senescence of PDLSCs. The statistical significance was measured by the Student’s t-test. The error bars represent 
the standard deviation (n = 3). bP ≤ 0.01.

CONCLUSION
In conclusion, WDR36 has regulatory effects on PDLSCs. As such, it inhibits the migration and chemotaxis, osteogenic 
differentiation, and senescence of PDLSCs. 0.1 μg/mL ICA inhibits the senescence of PDLSCs. Thus, our results provide 
new ideas and candidate targets for periodontal tissue regeneration and the treatment of periodontitis.
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Abstract
BACKGROUND 
Fracture is one of the most pervasive injuries in the musculoskeletal system, and 
there is a complex interaction between macrophages and adipose tissue-derived 
stem cells (ADSCs) in fracture healing. However, two-dimensional (2D) coculture 
of macrophages and ADSCs can not accurately mimic the in vivo cell microenvir-
onment.

AIM 
To establish both 2D and 3D osteogenic coculture models to investigate the inter-
action between macrophages and ADSCs.

METHODS 
After obtaining ADSCs from surgery and inducing differentiation of the THP1 cell 
line, we established 2D and 3D osteogenic coculture models. To assess the level of 
osteogenic differentiation, we used alizarin red staining and measured the relative 
expression levels of osteogenic differentiation markers osteocalcin, Runt-related 
transcription factor 2, and alkaline phosphatase through polymerase chain reac-
tion. Verification was conducted by analyzing the expression changes of N-cad-
herin and the activation of the Wnt/β-catenin signaling pathway using western 
blotting.

RESULTS 
In this study, it was discovered that macrophages in 3D culture inhibited osteo-
genic differentiation of ADSCs, contrary to the effect in 2D culture. This obser-
vation confirmed the significance of intricate intercellular connections in the 3D 
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culture environment. Additionally, the 3D culture group exhibited significantly higher N-cadherin expression and 
showed reduced β-catenin and Wnt1 protein levels compared to the 2D culture group.

CONCLUSION 
Macrophages promoted ADSC osteogenic differentiation in 2D culture conditions but inhibited it in 3D culture. 
The 3D culture environment might inhibit the Wnt/β-catenin signaling pathway by upregulating N-cadherin 
expression, ultimately hindering the osteogenic differentiation of ADSCs. By investigating the process of osteo-
genesis in ADSCs, this study provides novel ideas for exploring 3D osteogenesis in ADSCs, fracture repair, and 
other bone trauma repair.

Key Words: Fracture; Adipose tissue-derived stem cells; Osteogenic differentiation; Three-dimensional cell culture; N-cadherin

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

Core Tip: The macrophages in three-dimensional (3D) culture inhibited osteogenic differentiation of adipose tissue-derived 
stem cells (ADSCs), contrary to the effect in 2D culture. The 3D culture environment might inhibit the Wnt/β-catenin 
signaling pathway by increasing N-cadherin expression, and consequently, inhibiting osteogenic differentiation of ADSCs. 
This study offers a refined protocol for the exploration of ADSCs osteogenesis and provides novel ideas for exploring 3D 
osteogenesis in ADSCs, fracture repair, and other bone trauma repair.

Citation: Zhang HA, Zhang BY, Tang HB. Effects of macrophages on the osteogenic differentiation of adipose tissue-derived stem 
cells in two-dimensional and three-dimensional cocultures. World J Stem Cells 2025; 17(2): 99326
URL: https://www.wjgnet.com/1948-0210/full/v17/i2/99326.htm
DOI: https://dx.doi.org/10.4252/wjsc.v17.i2.99326

INTRODUCTION
Fracture is one of the most pervasive injuries in the musculoskeletal system. The complex physiological process of 
fracture healing has been extensively studied[1]. Following bone injury, a variety of inflammatory cells participate in the 
response, and the inflammatory response at the injury site affects the process of osteogenic differentiation[2]. Bone tissue 
engineering is a critical and innovative field in the treatment of bone injuries. Multiple relevant studies have been 
conducted, offering a valuable clinical foundation for the treatment of bone defects[3,4]. Owing to their unique ability to 
differentiate into osteogenic lineages, several stem cell types, including adipose tissue-derived stem cells (ADSCs), bone 
marrow mesenchymal stem cells (MSCs), and embryonic stem cells, have garnered significant attention in bone tissue 
engineering in recent years[5]. Among these, ADSCs, which are tissue stem cells that possess multidirectional differen-
tiation potential and are present in the stromal vascular fraction (SVF) of adipose tissue, offer several benefits, such as 
easy availability of materials, plentiful sources, and the ability to interact with other inflammatory cells[6]. Therefore, 
ADSCs are widely used as stem cell sources for bone tissue engineering research. Following bone injury, macrophages are 
essential for regulating inflammatory responses[7]. Under the chemotaxis of mediators released by macrophages, MSCs 
and pericytes derived from bone marrow and other tissues migrate toward the trauma site and differentiate into 
osteoblasts to contribute to tissue repair[8].

Complex interactions exist between macrophages and ADSCs, consequently affecting the activity, function, and 
potential clinical applications of ADSCs[9]. Our previous studies established a two-dimensional (2D) coculture model of 
macrophages with ADSCs[10], and we discovered that macrophages promoted the osteogenic differentiation of ADSCs. 
Although 2D culture is the standard technique for in vitro cell culture, its ability to accurately mimic the complex 
microenvironment of cells in vivo, including the intricate cellular matrix, vascular and nutrient transport, and growth 
patterns, is limited[11]. In 3D culture, each cell can be surrounded by surrounding cells or an extracellular matrix, which 
corresponds to the normal in vivo ecological niche[12]. It is a good simulation of cell-cell junctions and cell-substrate 
interactions. In addition, the 3D coculture models can have more cell connections and morphogenetic movements than 
can the 2D coculture models in terms of cell adhesion, cell migration, and inflammatory activation processes, which can 
better mimic the in vivo environment[13-15]. Using 3D culture technology, we further established a 3D coculture model of 
macrophages and ADSCs by inoculating the cells with biocompatible scaffolds[16] or allowing them to aggregate into 
small spheres[17] to further elucidate the relationship between macrophages and ADSCs[18,19].

Interestingly, the results of the 3D culture model showed that macrophages inhibited the osteogenic differentiation of 
ADSCs, which was completely opposite to the results of the 2D culture model. These results confirmed that both the 2D 
and 3D culture models exerted different influences on the macrophage-ADSC interaction. N-cadherin-mediated 
intercellular junctions also play an important role in interfering with the osteogenesis of ADSCs[20]. This suggests that 
under 3D culture conditions, intercellular junctions form complex interactions that may have a significant impact on 
cellular functions[21,22].
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N-cadherin is a single-stranded transmembrane glycoprotein that promotes adhesion between homologous and 
heterotypic cells in a calcium-dependent manner. As a member of the calcineurin family, N-cadherin plays crucial roles in 
regulating the development and function of the brain, nervous system, hematopoietic system, vasculature, skeletal 
muscle, heart, and microenvironment[23]. N-cadherin promotes osteogenic differentiation in the early stages but is 
challenging to identify in fully differentiated osteoblasts, indicating varying roles in different stages of osteogenic differ-
entiation[24]. Our previous study revealed that N-cadherin plays a different role in osteogenic differentiation at different 
time points and that N-cadherin is expressed in macrophages, whereas it is not expressed in ADSCs, which is consistent 
with previously reported findings. In addition, Wnt/β-catenin signaling plays a vital role in regulating the stem cell 
resting phase and drug resistance[25]. E-cadherin is also crucial for macrophage function through the Wnt/β-catenin 
signaling pathway. However, the effect of N-cadherin on macrophages has not been reported[26,27]. In our previous 
study, by investigating the effect of macrophages on the osteogenic differentiation of ADSCs, we found that intercellular 
connectivity exerted an important influence on cellular function in a 3D environment and that the differential expression 
of N-cadherin was an important factor affecting stem cell osteogenesis.

In previous studies, osteogenic 2D and 3D coculture models of ADSCs and macrophages were established to 
investigate the role of macrophages in the osteogenic differentiation of ADSCs. The degree of osteogenic differentiation 
was assessed through Alizarin red staining and quantitative analysis of osteogenic markers using polymerase chain 
reaction (PCR), while western blotting was employed to analyze proteins involved in relevant signaling pathways. By 
exploring the pathophysiological processes underlying ADSC osteogenesis, this study provides a refined protocol for 
studying osteogenic differentiation in ADSCs and offers novel insights into 3D osteogenesis, fracture repair, and 
regeneration of bone tissue after trauma.

MATERIALS AND METHODS
Acquisition and characterization of ADSCs
Young, healthy patients aged between 20 and 30 underwent liposuction to extract adipose tissue from their waist, 
abdomen, or thighs. All operations were performed through the ethical committee of Tongji Hospital. The tissue was 
digested with collagenase, filtered through a screen, and centrifuged in a density gradient to obtain the SVF. The SVFs 
were then inoculated into culture flasks at a density of 1 × 105/cm2, and the wall cells obtained after 3-5 passes were 
considered ADSCs[28]. The cells were either preserved through freezing or cultured for further progeny. To evaluate the 
differentiation potential of ADSCs, the cells were cultured in osteogenic, adipogenic, and chondrogenic induction media. 
Differentiation outcomes were assessed using Alcian blue staining for chondrogenesis, Oil Red O staining for 
adipogenesis, and Alizarin red staining for osteogenesis. Additionally, the expression of surface markers, including 
CD29, CD44, CD31, and CD34, was analyzed via flow cytometry to characterize the ADSCs.

Induced differentiation of the THP-1 cell line
The THP-1 monocyte cell line was purchased, cultured, and passaged in RPMI-1640 medium supplemented with 10% 
foetal bovine serum, which could be used for macrophage-induced differentiation after 3 generations. The induction 
protocol was as follows: THP-1 cells were induced to become macrophages after 48 hours by the addition of 50 ng/mL 
phorbol-12-myristate-13-acetate[29].

2D coculture of ADSCs-macrophages
To investigate the differences in ADSC and macrophage coculture under different conditions, 2D cocultures were divided 
into two groups. In the 2D-ADSC group, 5 × 104 ADSCs were cultured alone, and in the 2D-ADSC-THP-1 group, 5 × 104 
ADSCs and 5 × 104 macrophages were cultured together. In 2D culture, the direct coculture method was used to obtain 
ADSCs and THP-1-differentiated macrophages, which were mixed according to the cell types and numbers of the above 
groups in 24-well plates and then cultured for 28 days by the addition of osteogenic medium (containing 10 nM 
dexamethasone, 100 μM ascorbic acid, and 10 mmol/L sodium β-glycerophosphate).

3D coculture of ADSCs-macrophages
To investigate the differences in ADSC and macrophage coculture under different conditions, 3D cocultures were divided 
into two groups. In the 3D-ADSC group, 5 × 104 ADSCs were cultured alone, and in the 3D-ADSC-THP-1 group, 5 × 104 
ADSCs and 5 × 104 macrophages were cultured together. 3D culture was performed by the suspension drop method; 10 
cm diameter Petri dishes were prepared with 15 mL of phosphate buffered saline (PBS), and the lid of each Petri dish was 
turned over and placed on an ultraclean table. For coculture, the concentration of macrophages was adjusted to 
2.86 × 106/mL, and then the macrophages were mixed with an equal volume and concentration of ADSCs. For individual 
cultures, the concentration of ADSCs was adjusted to 2.86 × 106/mL, and then the ADSCs were mixed with an equal 
volume of medium. The cell suspension was mixed well, and the cell suspension was pushed onto the inside of the Petri 
dish lid with a micropipette at 35 μL per spot so that the cell suspension had a hemispherical protrusion. The lid was 
carefully flipped over the dish, and the mixture was incubated in the incubator for 3 days until the cells aggregated to 
form spheres. Finally, the pellets were transferred to 48-well nonadherent culture plates and incubated with osteogenic 
medium for 28 days.

For live-cell staining of cultured spheroplasts, the viability of the spheroplasts was assessed after spheroplast formation 
using the Calcein-AM/PI Toxicity Assay Kit (Yesen, China). The spheroids were washed twice with PBS and incubated in 
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PBS containing 2 μM calcein-AM and 1.5 μM PI for 15 minutes at room temperature. The samples were observed via a 
SOPTOP CX40 microscope (Shanghai, China).

Alizarin red staining and Semiquantification
The cells were fixed in 4% paraformaldehyde for 10 minutes after 14 and 28 days of osteogenic differentiation and then 
washed with distilled water. After the cells were stained for 2 minutes with Alizarin red staining, they were cleaned once 
more with distilled water and photographed using a microscope. Alizarin red was analyzed by quantitative detection 
using the colorimetric method. After the distilled water was removed, the plates remained at room temperature until they 
were completely dry. After 280 μL of 10% acetic acid was added, the plate was agitated for 30 minutes. The mixture was 
then transferred to an EP tube and heated for 10 minutes to 85 °C before being chilled on ice for 5 minutes. Following 20 
minutes of centrifugation at 16000 × g, 100 μL of the supernatant was transferred into a tube along with 40 μL of 10% 
ammonium hydroxide. After the finished solution was transferred to a 96-well plate, a microplate reader was used to 
measure the absorbance at 405 nm.

Quantitative real-time PCR
To extract total RNA from the cell precipitates, we used RNAiso Plus (Takara Biomedical Technology, China). To obtain 
stable cDNA, Hieff first-strand cDNA Synthesis Super Mix (Yeasen, China) was then used following the manufacturer’s 
instructions. To assess mRNA expression precisely, SYBR green real-time PCR Master Mix (Yeasen, China) was utilized. 
The primer sequences are shown in Supplementary Table 1.

Western blotting
Western blotting was used to identify protein expression. The cell samples were homogenized using cell lysis buffer (Cell 
Signaling Technology, United States), and the supernatant was obtained via centrifugation. The extracted proteins were 
separated on 10% or 8% SDS-polyacrylamide gels and subsequently transferred onto polyvinylidene fluoride membranes 
(Bio-Rad, United States) through electrotransfer. After the membranes were blocked for 1 hour, they were incubated 
overnight at 4 °C with primary antibodies. Following thorough washing, the membranes were incubated with HRP-
conjugated secondary antibodies (Proteintech, Chicago, IL, United States) at a 1:5000 dilution for 2 hours at room 
temperature. Using the ECL western blotting kit (Proteintech, Chicago, IL, United States), the protein bands were 
detected and quantified using ImageLab software. The antibodies used are shown in Supplementary Table 2.

Statistical analysis
The data in the article are presented as the means ± SDs. Quantitative outcomes were evaluated using one-way ANOVA, 
with statistical significance defined as P < 0.05. All the statistical analyses were conducted using SPSS Statistics 25 
software (IBM, New York, NY, United States).

RESULTS
Successful isolation and characterization of ADSCs
To obtain ADSCs, adipose tissue obtained from microtia surgery was digested with collagenase, screened, and subjected 
to density gradient centrifugation to obtain the SVF. After the SVFs were inoculated and passaged for 3-5 passages, we 
isolated and extracted human ADSCs. In passages 1-2, only a small number of cells adhered to the wall and were in a 
low-density state, forming a large, flattened monolayer. In passages 3-5, the stem cell growth morphology favored a long 
spindle shape and displayed a fibroblast-like morphology with abundant cytoplasm and nucleoli in parallel or swirling 
growth arrangements in a favorable culture state (Figure 1A). In the context of macrophage culture, normal THP-1 cells 
exhibited a complete morphology, good refractive qualities, and existed as single cells in suspension. After 48 hours of 
phorbol-12-myristate-13-acetate induction, the cells were wall-adherent round or oval shaped and larger in size 
(Figure 1B). ADSCs were incubated with fluorescence-conjugated antibodies and analyzed using flow cytometry. The 
results demonstrated that ADSCs were positive for the MSC surface markers CD29 and CD44 but negative for the 
endothelial marker CD31 and the hematopoietic marker CD34 (Figure 1C). Additionally, Alizarin red, Oil Red O, and 
Alcian blue staining confirmed the osteogenic, adipogenic, and chondrogenic differentiation capabilities of the ADSCs 
(Figure 1D-F). Therefore, ADSCs were successfully isolated and characterized.

Osteogenic differentiation effects of macrophages on ADSCs in 2D or 3D culture
Figure 2A presents a physical image of the 3D cell culture model that was prepared using the hanging drop method. Live 
cell staining revealed that the cells inside the spheres had good viability with negligible cell death during sphere 
formation, and most of the cells demonstrated strong proliferative activity capacity (Figure 2B). Images captured by the 
microscope revealed variations in the spheres between the two groups of cells. The ADSC spheres had a smoother and 
more uniform structure, whereas the ADSC-THP-1 spheres were irregular and had a larger diameter. These cell spheres 
were cultured in nonadherent plates and adhered to the bottom of the plates, maintaining a roughly spherical shape in 
the first 14 days. After 21 days of culture, the cells were detached from the spheres and subsequently proliferated by 
adhering to the bottom of the culture plate (Figure 2C).

After 14 and 28 days of osteogenic culture, the 2D-ADSC-THP-1 group displayed greater calcium deposition than did 
the 2D-ADSC group, as shown by alizarin red staining (Figure 3A). As determined by colorimetry, macrophages 

https://f6publishing.blob.core.windows.net/ba3ba9a3-b6d8-45f2-af0e-f49ff6e06355/99326-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/ba3ba9a3-b6d8-45f2-af0e-f49ff6e06355/99326-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/ba3ba9a3-b6d8-45f2-af0e-f49ff6e06355/99326-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/ba3ba9a3-b6d8-45f2-af0e-f49ff6e06355/99326-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/ba3ba9a3-b6d8-45f2-af0e-f49ff6e06355/99326-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/ba3ba9a3-b6d8-45f2-af0e-f49ff6e06355/99326-supplementary-material.pdf
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Figure 1 The isolation, extraction and characterisation of adipose tissue-derived stem cell and THP1. A: Cell culture micrographs of adipose 
tissue-derived stem cells; B: Cell culture micrographs of THP1; C: Flow cytometry showed adipose tissue-derived stem cells positive for CD29 and CD44, negative for 
CD31 and CD34; D-F: Osteogenic, adipogenic, and chondrogenic differentiations measured by Alizarin Red staining, Oil Red O staining, and Alcian Blue staining.
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Figure 2 Three-dimensional culture of adipose tissue-derived stem cells. A: Macro photographs of three-dimensional culture cell; B: 
Immunofluorescence staining of alive and dead stem cells; C: Three-dimensional cultured cell spheroids recorded on day 0, 7, 14, and 21, and the cells are gradually 
detached from the and migrated to the culture plate with the prolongation of culture time. 3D: Three-dimensional; ADSC: Adipose tissue-derived stem cell.
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Figure 3 Osteogenic differentiation of adipose tissue-derived stem cells. A: Alizarin red staining of adipose tissue-derived stem cell (ADSC) and ADSC-
THP1 in two-dimensional culture at 14 and 28 days; B: Semiquantitative measurement of calcium deposits formed during osteogenic differentiation of ADSCs in each 
group by alizarin red staining colorimetry. aP < 0.05 vs day14 two-dimensional-adipose tissue-derived stem cell, bP < 0.001 vs day14 three-dimensional-adipose 
tissue-derived stem cell, cP < 0.05 vs day28 two-dimensional-adipose tissue-derived stem cell, dP < 0.001 vs day28 three-dimensional-adipose tissue-derived stem 
cell. 3D: Three-dimensional; 2D: Two-dimensional; ADSC: Adipose tissue-derived stem cell.

effectively induced osteogenic differentiation of ADSCs in the 2D culture groups at 14 and 28 days. In contrast, 
macrophages hindered the osteogenic differentiation of ADSCs in the 3D culture groups. All the differences were statist-
ically significant (Figure 3B).

Osteogenic marker gene expression was analyzed via quantitative real-time PCR. The results of alkaline phosphatase (
ALP) gene expression on day 7 revealed no significant difference between the 2D-ADSC and 2D-ADSC-THP-1 groups, 
but the ALP expression in the 3D-ADSC-THP-1 group was lower than that in the 3D-ADSC group. On day 14, ALP gene 
expression was notably elevated in the 2D-ADSC-THP-1 group compared with the 2D-ADSC group. In contrast, the 3D-
ADSC-THP-1 group presented significantly lower ALP gene expression than the 3D-ADSC group did (Figure 4A). On 
both day 7 and day 14, the expression levels of osteocalcin (OCN) and Runt-related transcription Factor 2 (RUNX2) were 
elevated in the 2D-ADSC-THP-1 group compared with those in the 2D-ADSC group, whereas they were reduced in the 
3D-ADSC-THP-1 group compared with those in the 3D-ADSC group (Figure 4B and C).

The osteogenic differentiation function of ADSCs involves the Wnt signaling pathway
The levels of N-cadherin and proteins involved in the Wnt/β-catenin signaling pathway were quantified via western 
blotting analysis within each group (Figure 5A and B). The results revealed that the 3D-ADSC-THP-1 group presented a 
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Figure 4 Expression of osteogenic gene markers in adipose tissue-derived stem cells. A: Relative expression of alkaline phosphatase in each group 
on day 7 and 14 (aP < 0.05 vs day 7 two-dimensional-adipose tissue-derived stem cell (2D-ADSC), bP < 0.001 vs day 7 three-dimensional (3D)-ADSC, cP < 0.001 vs 
day 14 2D-ADSC, dP < 0.01 vs day 14 3D-ADSC); B: Relative expression of Runt-related transcription factor 2 mRNA in each group on day 7 and 14 (aP < 0.05 vs 
day 7 2D-ADSC, bP < 0.01 vs day 7 3D-ADSC, cP < 0.01 vs day 14 2D-ADSC, dP < 0.01 vs day 14 3D-ADSC); C: Relative expression of osteocalcin in each group on 
day 7 and 14 (aP < 0.001 vs day 7 2D-ADSC, bP < 0.001 vs day 7 3D-ADSC, cP < 0.05 vs day 14 2D-ADSC, dP < 0.01 vs day 14 3D-ADSC). ALP: Alkaline 
phosphatase; RUNX2: Runt-related transcription factor 2; OCN: Osteocalcin; 3D: Three-dimensional; 2D: Two-dimensional; ADSC: Adipose tissue-derived stem cell.

significantly greater level of N-cadherin expression than did the 2D-ADSC-THP-1 group (Figure 5B). In addition, the 
protein expression of β-catenin and Wnt1 was reduced in the 3D-ADSC-THP-1 group (Figure 5B). These findings indicate 
that 3D culture might inhibit the Wnt/β-catenin signaling pathway by increasing the expression of N-cadherin, thus 
inhibiting the osteogenic differentiation of ADSCs.

DISCUSSION
Fractures are prevalent injuries to the musculoskeletal system, with complex interactions occurring between macrophages 
and ADSCs during the healing process[30]. There have been no relevant studies exploring the changes in N-cadherin 
expression in macrophages and MSCs during osteogenesis in ADSCs, particularly in the context of 2D and 3D cultures. 
Therefore, this study established osteogenic 2D and 3D coculture models and investigated the relationship between 
macrophages and ADSCs through the induction of cell aggregation into small spheres.

The use of coculture systems has rapidly become a suitable tool for studying cell-cell interactions in tissue engineering 
and regenerative medicine[18,19]. Previous studies explored 2D coculture systems to determine the cell-cell interactions 
between macrophages and ADSCs[6]. However, traditional 2D culture inadequately mimics the real microenvironment of 
in vivo cell interactions, ignoring the effects of the complex cellular matrix, vascular transport, nutrient transport, and 
growth patterns compared with 3D culture when studying the interaction between macrophages and ADSCs[12,31,32]. 
For example, primary articular chondrocytes and hepatocytes rapidly lose their normal phenotype when removed from 
in vitro culture and placed in 2D cell cultures, but this loss can be mitigated or even reversed by 3D culture methods[33,
34]. The aggregation of ADSCs into 3D multicellular spheroids enhances their resistance to hypoxia-induced cell injury 
and apoptosis, differentiation potential, and growth factor production and release[35,36]. Our study established a 3D 
coculture model of macrophages and ADSCs, which can better mimic the real microenvironment of cells in vivo and 
explore the relationship between macrophages and ADSCs more comprehensively.
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Figure 5 Quantification of pathway proteins. A: Measurement of N-cadherin and Wnt1, β-catenin signaling pathway protein expression in each group using 
western blotting; B: Quantitative analysis of western blotting in each group. aP < 0.01 vs two-dimensional-adipose tissue-derived stem cell (N-cadherin), bP < 0.001 vs 
two-dimensional-adipose tissue-derived stem cell-THP1 (N-cadherin), cP < 0.001 vs two-dimensional-adipose tissue-derived stem cell (β-catenin), dP < 0.001 vs two-
dimensional-adipose tissue-derived stem cell-THP1 (β-catenin), eP < 0.01 vs two-dimensional-adipose tissue-derived stem cell (Wnt1), fP < 0.001 vs two-dimensional-
adipose tissue-derived stem cell-THP1 (Wnt1). 3D: Three-dimensional; 2D: Two-dimensional; ADSC: Adipose tissue-derived stem cell.

Previous studies have explored the effects of macrophages on the osteogenic differentiation of MSCs but reported 
different effects. Fernandes et al[37] reported that macrophage-conditioned medium (CM) and oncostatin M in CM 
significantly promoted osteogenic differentiation[37]. However, Chen et al[38] reported that CM inhibited bone morpho-
genetic protein 2-induced osteogenic differentiation of human MSCs. The culture environment may be one of the factors 
influencing the results. In this study, we obtained different results in different culture models by establishing 2D and 3D 
osteogenic coculture models. Under 2D culture conditions, macrophages promoted ADSC osteogenic differentiation, 
whereas under 3D culture conditions, macrophages inhibited ADSC osteogenic differentiation. Compared with those in 
2D culture, the intercellular adhesive junctions in 3D culture more precisely imitated the proliferation and osteogenic 
alterations of ADSCs in vivo. Moreover, the intricate intercellular bonds in the 3D culture setting could significantly 
impact the osteogenic differentiation of ADSCs.

N-cadherin is a classical cadherin that mediates intercellular adhesion between neural cells and many other types of 
nonneural cells[39]. Previous studies have demonstrated that N-calmodulin, which is expressed predominantly by 
osteoblasts, can control bone formation and bone mass[40]. N-calmodulin directly interacts with the Wnt coreceptors 
lipoprotein receptor-related protein 5 and lipoprotein receptor-related protein 6, thereby inhibiting Wnt/β-catenin 
signaling, osteoblast differentiation, and bone formation[41]. In this study, we further revealed that 3D culture conditions 
might inhibit the Wnt/β-catenin signaling pathway by increasing the expression of N-cadherin, thereby inhibiting the 
osteogenic differentiation of ADSCs.

This study provides a better understanding of the pathophysiological process of ADSC osteogenesis and a more 
extensive investigation of ADSC osteogenesis. On the contrary, exploration of the potential molecular mechanisms of 
ADSC osteogenesis provides a more theoretical basis for the clinical promotion of new targets for bone trauma repair. 
These results could provide a basis for the clinical application of ADSCs, enabling the rational modulation of macrophage 
activity or the use of macrophage-targeting drugs to increase the osteogenic differentiation capacity and efficiency of 
ADSCs. By modifying the culture environment, the osteogenic differentiation process can be precisely and directionally 
regulated. Moreover, employing a 3D coculture of macrophages and ADSCs allows simulation of the immune cell infilt-
ration environment in bone defects, facilitating a deeper understanding of the functionality and potential osteogenic 
mechanisms of ADSCs as materials for bone tissue engineering.

However, there are still some issues to be considered in this study. First, the ADSCs used in this study were derived 
from a limited number of donors, which may not fully represent the characteristics of ADSCs across different ages, sexes, 
or pathological conditions. Although the 2D coculture model is more closely aligned with the in vivo environment than 
the 3D coculture model is, there are still some simplified treatments that may not fully replicate the mechanical microen-
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vironment and biomechanical environment of bone tissue. Furthermore, the samples of ADSCs used in this study were 
derived from a limited number of donors, which may have resulted in an inability to fully represent the characteristics of 
ADSCs across different age groups, sexes, or pathological states, and different types of macrophages may have different 
degrees of influence on the osteogenic differentiation of ADSCs. Osteogenic differentiation is a highly dynamic, long-term 
process, and the signaling requirements and pathway activity may differ significantly at different stages of differen-
tiation. A single observation of the results and the focus on only the N-cadherin-regulated Wnt signaling pathway may 
not fully capture the temporal dynamics of the signaling pathways. Future studies can further explore alternative 
molecular mechanisms to achieve a more comprehensive understanding of the osteogenic differentiation mechanism of 
ADSCs. In addition, this study was performed only at the cellular level, and future studies can further investigate the 
osteogenic differentiation effects of macrophages in animal experiments.

CONCLUSION
Macrophages promoted ADSC osteogenic differentiation in 2D culture conditions but inhibited it in 3D culture. 
Compared with 2D cultures, ADSCs in 3D cultures maintained high levels of activity. Additionally, the 3D culture 
environment might inhibit the Wnt/β-catenin signaling pathway by upregulating N-cadherin expression, ultimately 
hindering the osteogenic differentiation of ADSCs. Furthermore, the intercellular adhesive connections in the 3D-ADSC-
THP-1 coculture were able to simulate the proliferation and osteogenic changes of ADSCs better than those in the other 
cocultures, thus influencing the osteogenic differentiation of ADSCs. By investigating the process of osteogenesis in 
ADSCs, this study provides novel ideas for exploring 3D osteogenesis in ADSCs, fracture repair, and other types of bone 
trauma repair.
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Abstract
BACKGROUND 
Mesenchymal stem cells, found in various tissues, possess significant healing and 
immunomodulatory properties, influencing macrophage polarization, which is 
essential for wound repair. However, chronic wounds present significant the-
rapeutic challenges, requiring novel strategies to improve healing outcomes.

AIM 
To investigate the potential of fetal dermal mesenchymal stem cells (FDMSCs) in 
enhancing wound healing through modulation of macrophage polarization, 
specifically by promoting the M2 phenotype to address inflammatory responses 
in chronic wounds.

METHODS 
FDMSCs were isolated from BalB/C mice and co-cultured with RAW264.7 ma-
crophages to assess their effects on macrophage polarization. Flow cytometry, 
quantitative reverse transcriptase polymerase chain reaction, and histological 
analyses were employed to evaluate shifts in macrophage phenotype and wound 
healing in a mouse model. Statistical analysis was performed using GraphPad 
Prism.

RESULTS 
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FDMSCs induced macrophage polarization from the M1 to M2 phenotype, as demonstrated by a reduction in pro-
inflammatory markers (inducible nitric oxide synthase, interleukin-6) and an increase in anti-inflammatory 
markers [mannose receptor (CD206), arginase-1] in co-cultured RAW264.7 macrophages. These shifts were 
confirmed by flow cytometry. In an acute skin wound model, FDMSC-treated mice exhibited faster wound healing, 
enhanced collagen deposition, and improved vascular regeneration compared to controls. Significantly higher 
expression of arginase-1 further indicated an enriched M2 macrophage environment.

CONCLUSION 
FDMSCs effectively modulate macrophage polarization from M1 to M2, reduce inflammation, and enhance tissue 
repair, demonstrating their potential as an immunomodulatory strategy in wound healing. These findings 
highlight the promising therapeutic application of FDMSCs in managing chronic wounds.

Key Words: Fetal dermal mesenchymal stem cells; Macrophage polarization; Wound healing; Immunomodulation; M2 
phenotype

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

Core Tip: This study investigates the role of fetal dermal mesenchymal stem cells in wound healing by modulating 
macrophage polarization towards a pro-healing M2 phenotype. Using flow cytometry, reverse transcriptase polymerase 
chain reaction, and histology, we demonstrate that fetal dermal mesenchymal stem cells promote a reparative immune 
environment, accelerating wound closure, enhancing collagen deposition, and supporting vascular regeneration in a mouse 
model.

Citation: Xia ZY, Wang Y, Shi N, Lu MQ, Deng YX, Qi YJ, Wang XL, Zhao J, Jiang DY. Fetal mice dermal mesenchymal stem cells 
promote wound healing by inducing M2 type macrophage polarization. World J Stem Cells 2025; 17(2): 101030
URL: https://www.wjgnet.com/1948-0210/full/v17/i2/101030.htm
DOI: https://dx.doi.org/10.4252/wjsc.v17.i2.101030

INTRODUCTION
Mesenchymal stem cells (MSCs) are multipotent precursor cells with self-renewal capacity, found in various tissues such 
as bone marrow, adipose tissue, umbilical cord blood, dental pulp, dermis, and the endometrial lining of the uterus[1]. 
MSCs are known for their robust regenerative properties, including the ability to migrate to injury sites, differentiate into 
various cell types, and release cytokines, growth factors, and chemokines that promote tissue repair[2]. In addition to 
their direct regenerative effects, MSCs modulate the immune response during healing, particularly by influencing 
macrophage behavior, which plays a critical role in tissue repair and inflammation resolution[3]. This immunomodu-
latory function enhances the healing process, positioning MSCs as promising candidates for treating chronic wounds, 
autoimmune disorders, and inflammation-driven diseases[4,5].

Macrophages are critical immune cells involved in the inflammatory, proliferative, and remodeling phases of wound 
healing[6]. Initially, granulocytes and monocytes are recruited to the injury site, with monocytes differentiating into pro-
inflammatory M1 macrophages characterized by high CD86 and programmed death-ligand 1 expression[7]. These M1 
macrophages secrete inflammatory mediators such as inducible nitric oxide synthase (iNOS), tumor necrosis factor-alpha, 
interleukin-1 beta (IL-1β), and IL-6, and play a key role in phagocytosis and debris clearance[8]. As healing progresses, 
macrophages transition to an anti-inflammatory M2 phenotype, marked by high mannose receptor (CD206), arginase-1 
(Arg-1), and FIZZ1 expression, along with the secretion of transforming growth factor-beta and IL-10[9]. M2 macrophages 
support tissue repair by promoting angiogenesis and collagen deposition[10]. They also produce cytokines like vascular 
endothelial growth factor and fibroblast growth factor to stimulate fibroblast and endothelial cell activity[11]. An 
overabundance of pro-inflammatory macrophages in chronic wounds can impair healing by hindering tissue remodeling
[12]. Recent research has revealed that macrophage polarization is more complex than the classical M1/M2 dichotomy, 
with various intermediate phenotypes influencing the wound healing process. These phenotypes, shaped by factors such 
as the tissue microenvironment, activation timing, and the presence of other immune cells, demonstrate that macrophage 
polarization exists on a spectrum. This dynamic understanding is essential for developing more targeted immunomodu-
latory therapies for chronic wounds and inflammation[13].

Fetal dermal MSCs (FDMSCs) are a distinct category of MSCs extracted from the dermal tissue of BalB/C mice on the 
fifteenth day of gestation. In comparison to adult MSCs, including those sourced from bone marrow and adipose tissue, 
FDMSCs exhibit enhanced multidirectional differentiation potential, decreased immunogenicity, and a significant 
correlation with the scarless healing properties inherent to fetal skin. Previous studies have demonstrated that FDMSCs 
play a crucial role in promoting wound healing and angiogenesis, with evidence showing that they facilitate tissue repair 
by inducing macrophage polarization toward the M2 phenotype[14,15]. This study aims to investigate the role of 
FDMSCs in modulating macrophage polarization, specifically promoting the transition from the pro-inflammatory M1 
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phenotype to the anti-inflammatory M2 phenotype, and to evaluate their impact on wound healing.

MATERIALS AND METHODS
Animals
BalB/C mice, aged 6 to 8 weeks, were procured from Jinan Pengyue Laboratory Animal Breeding Co., Ltd. and were 
maintained in groups at the Animal Facility of our hospital. All animal care and experimental techniques were conducted 
in accordance with the protocols sanctioned by the Institutional Animal Care and Use Committee at our hospital. 
Furthermore, all procedures were conducted in compliance with applicable rules and legislation to guarantee the ethical 
treatment of animals. This study adhered to ARRIVE principles, and all techniques are documented to guarantee 
transparency and reproducibility of the experimental processes. Upon the completion of the experiments, euthanasia was 
performed to alleviate suffering. Mice were executed via CO2 inhalation, followed by cervical dislocation as a supple-
mentary method to confirm death, in compliance with the American Veterinary Medical Association euthanasia re-
commendations. All treatments were performed under the oversight of veterinary personnel to guarantee humane care.

Cells isolation and culture
FDMSC was isolated from the dorsal dermis of BalB/C mice on gestational day 15. The epidermis and dermis were 
dissociated using neutral protease, followed by digestion of the dermis with type I collagenase. The FDMSCs were 
subjected to filtration using a 70-micrometer filter and subsequently cultivated in DMEM low glucose medium (HyClone, 
UT, United States) supplemented with 10% fetal bovine serum (Gibco, CA, United States) and 1% Penicillin-Streptomycin 
at a concentration of 100 U/mL (Gibco, CA, United States).

Flow cytometry
The surface markers of FDMSCs and M1/M2 type RAW264.7 were evaluated by flow cytometry. Macrophages were 
stimulated to the M1 phenotype using 100 ng/mL lipopolysaccharide (LPS) and 20 ng/mL interferon (IFN)-β, and to the 
M2 phenotype using 20 ng/mL IL-4 for intracellular cytokine detection. In summary, 5 × 105 cells were harvested and 
resuspended in phosphate buffered saline buffer, followed by a 15-minute incubation with particular antibodies in the 
dark. The cells were subsequently rinsed with phosphate buffered saline solution and evaluated by flow cytometry. 
Results were evaluated using FlowJo Software (Ashland, OR, United States).

Co-culture of FDMSCs and RAW264.7
Co-culture investigations were conducted utilizing 0.4 μm pore transwell chambers (Corning, CA, United States). 
RAW264.7 cells were cultured in the lower compartment and polarized to the M1 phenotype using 100 ng/mL LPS and 
20 ng/mL IFN-β; 20 ng/mL IL-4 was employed to produce the M2 macrophage phenotype. The FDMSCs were cultured 
in the upper chamber. Co-culture for a duration of 24 hours prior to evaluation.

Acute skin wound healing model and FDMSCs treatment
Mice were randomly assigned to control and FDMSCs-treated groups. A full-thickness skin splinting model in mice with 
a diameter of 1 cm was established. In the control group, 100 μL of normal saline was administered at the wound’s 
periphery. In the FDMSCs group, 100 μL of normal saline containing approximately 106 FDMSCs was administered. The 
injury was dressed with sterile gauze.

Total RNA extraction and quantitative reverse transcriptase polymerase chain reaction
Total cellular RNA was extracted using a TRIzol reagent (Invitrogen, Carlsbad, CA, United States), according to the 
manufacturer’s instructions. Isolated total RNA was then subjected to reverse transcription using Oligo dT primer and 
PrimeScript® RTase (Takara, Dalian, China), according to the manufacturer’s instructions. Quantitative reverse tran-
scriptase polymerase chain reaction was performed with SYBR® Premix Ex Taq™ II (Takara, Dalian, China) using the 
C1000™ Thermal Cycler (Bio-Rad, Hercules, CA, United States). The expression levels of the target genes were 
normalized to that of the housekeeping gene, β-actin.

Histological analysis
The excised tissues from wound sites were preserved in 4% paraformaldehyde for 24 hours and subsequently dehydrated 
using graded ethanol. Following the embedding of collected tissues in paraffin, the samples were sectioned into 4 μm 
thick slices. Hematoxylin and eosin (HE) staining was performed to examine the histological alterations in the wound 
healing process. The Masson’s trichrome staining assay was conducted to assess collagen maturity in accordance with the 
manufacturer’s guidelines. Microscopic images were obtained and analyzed using Image J software.

Statistical analysis
Statistical analysis was conducted on GraphPad Prism 8. Three or more separate experiments were conducted for each 
outcome, and the mean and standard deviation were computed. One-way ANOVA or Student’s t-test were employed to 
identify statistically significant differences. A P value of less than 0.05 was deemed statistically significant.
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RESULTS
Characterization of FDMSC and M1/2 macrophages
In accordance with the MSC identification criterion, we discovered three biomarkers: CD29, CD44, and CD45. Among 
these, CD29 and CD44 were highly expressed, while CD45 was little expressed. RAW264.7 was stimulated with 
conditioned media for 24 hours, and the expression levels of CD86 and CD206 were assessed using flow cytometry. In 
comparison to uninduced RAW264.7 cells, M1-type macrophages exhibited elevated expression of CD86, while M2-type 
macrophages demonstrated increased expression of CD206. The induction with 100 ng/mL LPS, 20 ng/mL IFN-γ, and 
20 ng/mL IL-4 effectively generated M1/2-type macrophages for further tests (Figure 1).

FDMSCs facilitate the phenotype switch of RAW264.7 from M1 to M2 type
We investigated the influence of FDMSCs on macrophage polarization through a coculture method. Prior to co-culture, 
RAW264.7 was polarized to the M1 phenotype using LPS and IFN-γ, followed by co-culturing with FDMSCs. We 
identified the gene expression of iNOS and IL-6, which are hallmark pro-inflammatory components of M1 macrophages. 
In comparison to the control group, the expressions of iNOS and IL-6 in M1 macrophages co-cultured with FDMSC were 
decreased. Furthermore, we identified the expression of the anti-inflammatory cytokine IL-10. The expression of the IL-10 
gene was elevated in the MSC group relative to the control group. Ultimately, we identified two cell markers, CD86 and 
CD206, by flow cytometry. The results indicated a decrease in CD86 expression, indicative of M1 polarization, and an 
increase in CD206 expression, indicative of M2 polarization. Consequently, we have demonstrated that FDMSC can 
diminish the polarization of M1 macrophages, decrease the expression levels of pro-inflammatory factors IL-6 and iNOS; 
concurrently, it can facilitate the transformation of M1 macrophages to the M2 phenotype, resulting in an elevated 
expression level of IL-10 (Figure 2).

FDMSC promotes macrophage polarization towards M2
We employed the identical methodology to investigate the influence of FDMSCs on M2-polarized macrophages, which 
were induced to the M2 phenotype using IL-4 prior to co-culture. We subsequently analyze the distinctive cellularity that 
indicates the degree of polarization of M2 macrophages.

Following FDMSC injection, the gene expression of IL-10 in M2 macrophages was elevated in comparison to the control 
group. The flow cytometry data indicated a reduction in CD86 expression and an elevation in CD206 expression relative 
to the control group. Furthermore, we observed that the expression of the Arg-1 gene in M2 macrophages increased 
following the administration of FDMSC, in comparison to the control group. It may be inferred that FDMCS can enhance 
macrophage polarization towards the M2 phenotype and elevate the gene expression of key anti-inflammatory proteins 
IL-10 and Arg-1 (Figure 3).

FDMSCs promote acute wound healing in mice
We developed a model of acute total trauma in mice and treated the trauma with FDMSCs. The healing process de-
monstrated that trauma in the FDMSCs intervention group resolved more rapidly than in the non-intervention control 
group, achieving substantial healing by day 14 (Figure 4A). ImageJ software was employed to quantify the disparity in 
wound healing rates between the two groups, revealing that the wound healing rate was accelerated in the FDMSCs 
intervention group (Figure 4B). Ultimately, we excised the entire skin from the day 14 trauma for paraffin embedding, 
followed by HE and Masson staining to examine the healing process of the damage. In HE stains, the FDMSCs exhibited 
closely grouped fibroblasts, an increased number of neoplastic capillaries, and discernible neoplastic hair follicles in 
comparison to the control group. Masson staining revealed a greater abundance of neoplastic collagen fibers (Figure 4C 
and D). Subsequently, we assessed the area filled by blue-stained collagen fibers in Masson-stained sections utilizing 
ImageJ software, and the results indicated that the FDMSCs intervention group facilitated collagen deposition in 
comparison to the control group (Figure 4E). This indicated that FDMSCs facilitated the healing of acute full-thickness 
wounds in mice, encompassing the enhancement of collagen deposition, vascular regeneration, and re-epithelialization.

To further substantiate the role of FDMSCs in the wound healing process, we collected wound specimens on day 14 
and assessed the expression of iNOS and Arg-1 via quantitative reverse transcriptase polymerase chain reaction. The 
results indicated that Arg-1 expression was elevated in the FDMSCs-intervention group relative to the control group 
(Figure 4F), whereas no statistically significant difference was noted for iNOS. This indicates a potentially elevated 
proportion of M2-type macrophages in the FDMSCs group during the wound healing process, hence facilitating wound 
repair.

DISCUSSION
Our study reveals the innovative potential of FDMSCs for wound healing, highlighting their capability to shift 
macrophage polarization from M1 to M2, thereby fostering an anti-inflammatory milieu conducive to tissue repair. This 
effect was validated through co-culture experiments showing decreased pro-inflammatory markers and increased anti-
inflammatory markers. Further, FDMSC treatment markedly improved wound closure, collagen deposition, and vascular 
regeneration in a mouse model, supported by increased expression of the M2 marker Arg-1. These findings underscore 
the therapeutic promise of FDMSCs for chronic wound management and tissue regeneration, leveraging their low 
immunogenicity and high biocompatibility. This research advances the field of regenerative medicine, offering new 
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Figure 1 Characterization of fetal dermal mesenchymal stem cell M1/2 macrophages. A: Detection of CD29 (FITC), CD44 (APC), and CD45 (PE) 
expression, characteristic markers of mesenchymal stem cells by flow cytometry; B: Flow cytometric analysis of CD86 (PE) cell surface marker expression (red - 
RAW264.7, blue - M1-type macrophages induced); C: Flow cytometric analysis of CD206 (FITC) cell surface marker expression (red - RAW264.7, blue - M2-type 
macrophages induced).

Figure 2 Fetal dermal mesenchymal stem cells facilitate the phenotypic switch of RAW264.7 from M1 to M2 type. A: Quantitative reverse 
transcriptase polymerase chain reaction analysis of genes characterizing M1, including interleukin-6 and inducible nitric oxide synthase, and the anti-inflammatory 
factor interleukin-10; B and C: Cells were immunostained with PE-CD86 and FITC-CD206 antibodies and analyzed by flow cytometry. aP < 0.05. IL: Interleukin; iNOS: 
Inducible nitric oxide synthase; FDMSC: Fetal dermal mesenchymal stem cell.
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Figure 3 Fetal dermal mesenchymal stem cell promotes macrophage polarization towards M2. A: Quantitative reverse transcriptase polymerase 
chain reaction analysis of genes characterizing M2, including interleukin-10 and arginase-1; B and C: Cells were immunostained with PE-CD86 and FITC-CD206 
antibodies and analyzed by flow cytometry. aP < 0.05; bP < 0.01. IL: Interleukin; Arg-1: Arginase-1; FDMSC: Fetal dermal mesenchymal stem cell.

Figure 4 Evaluation of wound healing and tissue analysis in mice following thoracoscopic surgery. A: Mice were euthanized on postoperative 
days 0, 7, and 14; wound healing was photographed and documented; B: Analysis of wound healing rate; C and D: Hematoxylin and eosin and Masson’s trichrome 
staining of traumatized skin on day 14 (× 40 magnification); E: The area of blue-stained collagen in Masson’s trichrome-stained sections was quantified using ImageJ 
software and statistically analyzed; F: Mouse trauma tissue extracted on day 14 for quantitative reverse transcriptase polymerase chain reaction analysis to detect 
arginase-1 expression. bP < 0.01. HE: Hematoxylin and eosin; Arg-1: Arginase-1; FDMSC: Fetal dermal mesenchymal stem cell.

strategies for treating non-healing wounds and enhancing tissue repair outcomes. Current therapies for wound healing 
primarily involve the use of growth factors, stem cell therapies, and skin grafts. However, these approaches often face 
limitations such as prolonged healing times, immune rejection, and risk of scarring. Our study introduces FDMSCs as a 
promising alternative. FDMSCs promote macrophage polarization toward the M2 phenotype, enhancing tissue re-
generation, collagen deposition, and vascularization. Compared to existing methods, FDMSC-based treatment offers 
potential advantages in reducing inflammation, accelerating healing, and improving scar-free recovery, providing a more 
sustainable, less invasive option for wound care.

Numerous studies have documented the beneficial effects of MSCs on various diseases, particularly through their 
influence on macrophage polarization, which impacts the progression of certain inflammatory disorders, myocardial 
infarction, spinal cord injury, and wound healing[16,17]. MSCs operate by multiple mechanisms, including the secretion 
of diverse cytokines and exosomes, facilitation of angiogenesis, tissue healing, immunological modulation, and cell 
recruitment. Our prior research has established that FDMSCs contribute positively to angiogenesis, wound healing, and 
keloid management. We concentrated on the impact of FDMSC on macrophage polarization. During tissue regeneration, 
MSCs can facilitate the change of macrophages from the inflammatory M1 phenotype to the anti-inflammatory M2 
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phenotype[18]. Bone marrow MSCs and human placenta MSCs have been shown to suppress M1 marker expression and 
facilitate polarization towards the M2 phenotype, characterized by decreased levels of tumor necrosis factor-alpha and 
iNOS, alongside increased levels of IL-10, CD206, and Arg1.

Macrophages engage in tissue repair via phenotypic conversion, facilitate the phagocytosis of pathogenic microbes and 
cellular debris during the inflammatory phase, release various essential cytokines during this period, and aid in cell 
recruitment[19]. During the tissue repair phase, it demonstrates an anti-inflammatory activity, releases various cytokines, 
and activates fibroblasts and endothelial cells. Research has established that MSCs are pivotal in cardiac healing and the 
reduction of fibrosis following acute kidney damage via macrophage polarization[20].

FDMSC, a type of MSC isolated from fetal mouse dermis, has low immunogenicity and excellent biocompatibility. Its 
dermal origin suggests a superior capacity for in situ skin wound repair and it is considered a crucial cell in scarless 
healing. The interaction between FDMSCs and macrophages, essential immune cells in tissue regeneration, remains 
unexplored. This study demonstrates that coculturing FDMSC with macrophages facilitates the polarization of ma-
crophages towards the M2 phenotype, hence reducing inflammation and enhancing tissue healing. Flow cytometry re-
vealed that, relative to the control group, CD206 expression in M1 and M2 macrophages rose and CD86 expression 
reduced following FDMSC intervention, suggesting that FDMSC can promote macrophage polarization towards the M2 
phenotype. Subsequent polymerase chain reaction results indicated that FDMSC could not only suppress the expression 
of pro-inflammatory factors IL-6 and iNOS in M1 macrophages but also enhance the expression of the anti-inflammatory 
factor IL-10, thereby mitigating the pro-inflammatory effects of M1 macrophages. Following FDMSC intervention in M2 
macrophages, the expression of the anti-inflammatory factor IL-10 and the growth factor transforming growth factor-beta 
increased, enhancing their capacity to control inflammation and facilitate tissue repair. The results indicate that FDMSC 
can drive macrophage polarization towards the M2 phenotype, hence augmenting the macrophages’ capacity to suppress 
inflammation and facilitate tissue regeneration.

To further validate the characteristics of FDMSCs, we conducted a morphological examination and confirmed their 
typical fibroblast-like spindle-shaped appearance under a microscope, which is consistent with MSC properties. Ad-
ditionally, the multipotent differentiation potential of FDMSCs was demonstrated through their ability to differentiate 
into adipocytes, osteocytes, and chondrocytes under specific culture conditions, as expected for MSCs. This differen-
tiation capacity underscores the functional versatility of FDMSCs. Furthermore, to ensure the purity of the FDMSC 
population, we assessed the expression of negative markers, including CD45, CD34, and HLA-DR, all of which were 
absent, further confirming their mesenchymal identity. Prior to the injection of FDMSCs into the wound healing model, 
we ensured that the number and viability of the cells met stringent quality control standards. Cell counting was 
performed using a hemocytometer, and cell viability was assessed by the Trypan blue exclusion assay. Only FDMSCs 
with a viability greater than 95% were used, ensuring that only healthy and functional cells were administered. These 
rigorous procedures were carried out immediately prior to injection, ensuring the reproducibility and reliability of the 
experimental outcomes.

While our study demonstrates the promising therapeutic potential of FDMSCs in promoting wound healing and ma-
crophage polarization, several limitations need to be addressed. First, the mouse model used in this study, though 
informative, may not fully replicate the complexity of human chronic wounds. In particular, human-specific factors such 
as age, comorbidities, and impaired immune responses are not adequately modeled. To improve clinical relevance, future 
studies should incorporate advanced models such as diabetic or aged mice, which more closely resemble the delayed and 
inflammatory healing seen in human patients. Additionally, while FDMSCs showed effective wound healing in the short 
term, long-term outcomes, including the potential for fibrosis, scarring, and immune responses post-treatment, remain 
unexplored. These aspects are crucial for assessing the translational potential of FDMSC therapy. Finally, while we 
assessed macrophage polarization, a more comprehensive evaluation of immune responses, including cytokine profiling 
and T-cell interactions, is needed to fully understand the immunomodulatory effects of FDMSCs.

To address these limitations, future studies should employ clinically relevant models, such as 3D bioprinted human 
skin constructs or diabetic wound models, to better simulate human wound healing. We also plan to investigate the po-
tential differential effects of male and female hormones on FDMSC efficacy in wound healing, as hormonal variations 
may influence immune responses and healing dynamics. Additionally, we will explore the optimization of co-culture 
durations to determine whether extending or shortening the co-culture period enhances macrophage polarization and 
macrophage-driven healing outcomes. These directions will provide deeper insights into the mechanisms of FDMSC 
action and further validate their clinical applicability.

CONCLUSION
Our research demonstrates that FDMSC can induce a phenotypic transition of RAW264.7 from M1 to M2, hence inhibiting 
inflammation during the initial phase of wound healing and enhancing tissue regeneration in the subsequent phase. This 
establishes a basis for more research on FDMSCs in relation to wound healing via the immunomodulation of macro-
phages.
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Abstract
BACKGROUND 
Epilepsy is a prevalent chronic neurological disorder affecting 50 million 
individuals globally, with temporal lobe epilepsy (TLE) being the most common 
form. Despite advances in antiepileptic drug development, over 30% of patients 
suffer from drug-resistant epilepsy, which can lead to severe cognitive impair-
ments and adverse psychosocial outcomes.

AIM 
To explore the role of bone marrow mesenchymal stem cell (BMSC)-derived 
exosomal miR-203 in the regulation of neuroinflammation in a mouse model of 
epilepsy, providing a theoretical basis for the development of targeted microRNA 
delivery therapies for drug-resistant epilepsy.

METHODS 
Adult male C57BL/6 mice were divided into a control group and a TLE model of 
30 mice each, and the TLE model group was established by injecting kainic acid. 
BMSCs were isolated from the mice, and exosomes were purified using ultracent-
rifugation. Exosomal miR-203 was identified and characterized using high-
throughput sequencing and quantitative reverse-transcription polymerase chain 
reaction. The uptake of exosomes by hippocampal neurons and the subsequent 
effects on neuroinflammatory markers were assessed using in vitro cell culture 
models.

RESULTS 
Exosomal miR-203 exhibited a significant upregulation in BMSCs derived from 
epileptic mice. In vitro investigations demonstrated the efficient internalization of 
these exosomes by hippocampal neurons, resulting in downregulation of sup-
pressor of cytokine signaling 3 expression and activation of the nuclear factor 
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kappaB pathway, ultimately leading to enhanced secretion of pro-inflammatory cytokines.

CONCLUSION 
Our study identifies exosomal miR-203 as a key regulator of neuroinflammation in a mouse model of epilepsy. The 
findings suggest that targeting miR-203 may offer a novel therapeutic strategy for epilepsy by modulating the 
suppression of cytokine signaling 3/nuclear factor kappaB pathway, thus providing a potential avenue for the 
development of cell-free therapeutics.

Key Words: Epilepsy; Neuroinflammation; MiR-203; Exosomes; Bone marrow mesenchymal stem cells; Suppressor of cyto-
kine signaling; Nuclear factor kappaB

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

Core Tip: This study highlights the role of bone marrow mesenchymal stem cell-derived exosomal miR-203 in regulating 
neuroinflammation in a mouse model of temporal lobe epilepsy. These findings suggest that miR-203 modulates the 
suppressor of cytokine signaling 3/nuclear factor kappaB pathway, leading to increased neuroinflammation. This pathway 
activation promotes the secretion of proinflammatory cytokines, contributing to the pathology of epilepsy. Targeting miR-
203 may offer a novel therapeutic approach for drug-resistant epilepsy by reducing neuroinflammation and improving 
patient outcomes, offering potential for future cell-free therapeutic strategies.

Citation: Wang W, Yin J. Exosomal miR-203 from bone marrow stem cells targets the SOCS3/NF-κB pathway to regulate neuroin-
flammation in temporal lobe epilepsy. World J Stem Cells 2025; 17(2): 101395
URL: https://www.wjgnet.com/1948-0210/full/v17/i2/101395.htm
DOI: https://dx.doi.org/10.4252/wjsc.v17.i2.101395

INTRODUCTION
Epilepsy, a prevalent neurological disorder characterized by recurrent seizures, affects approximately 50 million people 
worldwide[1]. Temporal lobe epilepsy (TLE), the most common form of epilepsy, is associated with hyperexcitability of 
neurons, hippocampal damage, neuronal apoptosis, activation of astrocytes and microglia, neuroinflammation, oxidative 
stress, and cognitive impairment[2-4]. Despite advancements in antiepileptic drugs, over 30% of patients suffer from 
drug-resistant epilepsy (DRE)[5], which can lead to more severe memory and cognitive deficits as well as adverse psy-
chosocial outcomes[6].

Neuroinflammation plays a critical role in the pathophysiology of epilepsy. Sustained inflammation exacerbates TLE 
through synaptic reorganization, mossy fiber sprouting, and neuronal damage, leading to recurrent seizures. The 
suppression of cytokine signaling 3 (SOCS3) has been implicated in the modulation of neuroinflammatory responses. 
SOCS3 is a negative feedback regulator of cytokine signaling that can inhibit the activation of the Janus kinase/signal 
transducer and activator of the transcription pathway, which is involved in the production of proinflammatory cytokines
[7]. In the context of TLE, overactivation of neuroinflammatory pathways, such as the nuclear factor kappaB (NF-κB) 
pathway, can lead to a chronic inflammatory state that contributes to seizure progression and resistance to antiepileptic 
drugs[8]. While numerous basic and clinical studies have contributed to the development of antiepileptic drugs, a deeper 
understanding of the pathomechanisms by which TLE suppresses neuroinflammatory responses and apoptotic processes 
is needed, thereby improving patient memory and cognitive abilities and enhancing their quality of life.

MicroRNAs (miRNAs) play crucial roles in the differentiation, proliferation, and death of neuronal cells, and are 
known to regulate neurotransmitter release and neuroinflammatory responses[9-13]. In the context of epilepsy patho-
genesis, miRNAs are thought to exert regulatory effects through the precise control of gene expression, influencing the 
behavior and interactions of neural cells[14-16]. Among various miRNAs implicated in neurological disorders, miR-203 
has garnered attention because of its potential role in modulating neuroinflammation. The miR-203 targets SOCS3, a key 
negative regulator of cytokine signaling pathways[17]. SOCS3 inhibits the activation of the Janus kinase/signal 
transducer and activator of the transcription pathway, which is crucial for the production of proinflammatory cytokines 
such as tumor necrosis factor (TNF)-α and interleukin (IL)-6[18,19]. By binding to the 3’ untranslated region of SOCS3 
mRNA, miR-203 can lead to the degradation of SOCS3 mRNA or block its translation, thereby reducing SOCS3 protein 
levels[20-22]. Downregulation of SOCS3 enhances the activation of proinflammatory pathways, contributing to the 
neuroinflammatory state associated with epilepsy. Understanding the interplay between miR-203 and SOCS3 could 
provide valuable insights into the molecular mechanisms underlying epilepsy and identify potential therapeutic targets 
for the management of neuroinflammation in epilepsy.

Exosomes are extracellular vesicles of endocytic origin that are important mediators of intercellular communication in 
the nervous system[23]. These nanoscale vesicles, measuring 30-100 nm in diameter, exhibit favorable characteristics, 
such as the ability to evade clearance by the reticuloendothelial system[24], cross the blood-brain barrier[25], and target 
specific cells within the central nervous system[26]. They have been implicated in the modulation of neuroinflammation 
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and immune responses, and have potential as therapeutic agents against various neurological disorders[27].
This study investigated the role of exosomal miR-203 derived from bone marrow mesenchymal stem cells (BMSCs) in 

the regulation of neuroinflammation in a mouse model of epilepsy. We hypothesized that miR-203, which is differentially 
expressed in BMSC-derived exosomes from epileptic mice, modulates neuroinflammation by targeting the SOCS3/NF-κB 
pathway, a key regulator of the inflammatory response. By elucidating the mechanisms by which exosomal miR-203 
influences neuroinflammation, this study provides a foundation for the development of targeted miRNA delivery 
strategies to improve outcomes in patients with DRE.

MATERIALS AND METHODS
Animal model and ethical approval
To establish a reliable animal model of epilepsy for studying the effects of exosomal miR-203 on neuroinflammation, 60 
adult male C57BL/6 mice, aged 8-10 weeks and weighing 20-28 g, were randomly divided into two groups: A TLE model 
group and a control group, each consisting of 30 mice. The randomization process was conducted using a random 
number table to ensure that each mouse had an equal chance of being allocated to either group. Specifically, we assigned 
a unique number to each mouse and referred to a random number table to determine the group assignment. Mice with 
numbers corresponding to a randomly selected sequence were placed in the TLE model group, whereas the others were 
assigned to the control group. The TLE model group was injected with kainic acid at dose of 15-20 mg/kg to induce TLE. 
The Racine scale was used to quantify the severity of the seizures, allowing for a standardized assessment of epilepsy 
induction. All experimental procedures involving animals were conducted in strict accordance with the guidelines of the 
Institutional Animal Care and Use Committee of Dalian Medical University (No. JL-WW-2022120601) to ensure the 
ethical and humane treatment of the animals.

Racine scale
Epileptic seizures were classified according to Racine grading criteria, with grade 0 indicating the absence of convulsive 
seizures. Grade I indicates ear and face convulsions, whereas grade II indicates myoclonus without an upright position. 
Grade III denotes myoclonus in the orthostatic position. Grade IV represents generalized tetanic seizures and grade V 
represents tonic-clonic seizures accompanied by loss of postural control. In the epileptic status model, mice exhibiting 
class V or higher seizures lasting for 40 minutes were considered successful if they remained in good condition after 
resolution.

Isolation of BMSCs and exosome extraction
Bone marrow was extracted from the femurs of mice to ensure sterile conditions to maintain cell viability and purity. 
Extracted marrow was cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum and 
1% penicillin/streptomycin under standard cell culture conditions (37 °C, 5% CO2). Mononuclear cells from the bone 
marrow were isolated via density-gradient centrifugation using Ficoll-Paque PLUS solution. The interphase containing 
mononuclear cells was collected, washed, and cultured to allow the BMSCs to adhere. Once a sufficient number of BMSCs 
were obtained, the culture supernatant was collected and centrifuged at 2000 × g for 30 minutes at 4 °C to remove cells 
and debris. The supernatant was then filtered through a 0.45 μm filter to remove larger vesicles. Exosomes were pelleted 
by ultracentrifugation at 100000 × g for 70 minutes at 4 °C. The pellet was resuspended in phosphate-buffered saline 
(PBS), and this step was repeated to ensure purity. The final exosome pellet was resuspended in a minimal volume of PBS 
and stored at -80 °C for further analysis.

Characterization of exosomes
Exosome samples were initially adsorbed onto copper grids and stained with uranyl acetate to verify the identity, purity, 
and characteristics of the extracted exosomes. Subsequently, their morphology and size were evaluated via a transmission 
electron microscopy to confirm the typical “cup-shaped” appearance associated with exosomes. The size distribution and 
concentration of the exosomes were then determined using nanoparticle tracking analysis, providing a quantitative 
assessment of the exosome populations within the sample. Furthermore, western blotting or immunofluorescence assays 
employing specific antibodies were employed to identify surface markers, such as CD9 and CD63, on exosomes by 
confirming their origin as vesicles derived from exosomal sources. Additionally, fluorescent dyes (e.g., PKH67) have been 
used to label exosomes and track their uptake by target cells. This facilitated visualization under a confocal microscope 
and quantification using flow cytometry to ensure efficient internalization into cellular entities.

Differential miRNA analysis of exosomes derived from BMSCs
To extract and quantify the total RNA from BMSC-derived exosomes, the exosome pellet was resuspended in RNase-free 
water, and an appropriate volume of RNA lysis buffer was added to facilitate membrane disruption and RNA release. 
Following a 5-minute incubation at room temperature, chloroform was added to the mixture, which was then vortexed 
and centrifuged to separate the phases. The upper aqueous phase, enriched with RNA, was carefully transferred to a new 
tube and isopropanol was added to precipitate the RNA. After centrifugation, the supernatant was removed and the RNA 
pellet was washed with 75% ethanol. The dried RNA pellet was resuspended in RNase-free water and its concentration 
and purity were determined using a spectrophotometer. RNA integrity was assessed by agarose gel electrophoresis, 
confirming the suitability of the extracted RNA for downstream applications, such as gene expression analysis and 
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miRNA profiling. All steps were conducted in an RNase-free environment using RNase-free reagents to prevent contam-
ination and ensure the reliability of the results.

Following the ligation of the extracted RNA with 5’ and 3’ adapters, cDNA reverse transcription was performed to 
serve as a template for constructing the miRNA library. The resulting library was subjected to PE150 sequencing to 
generate sequence data. To identify the differentially expressed miRNAs in BMSC-derived exosomes, raw sequencing 
reads were quality-checked and trimmed using FastQC and Trimmomatic to remove low-quality reads and adapter 
sequences, respectively. Subsequently, the cleaned reads were aligned to the reference genome using Bowtie software, 
allowing precise mapping of miRNA sequences. The known miRNAs were annotated by comparing their aligned 
sequences with those in the miRBase database, which is a comprehensive repository of miRNA sequences. The miRDeep2 
software was used to identify these known miRNAs and predict novel miRNAs by assessing the secondary structure of 
the precursor miRNAs and their alignment to the reference genome. The prediction of novel miRNAs involves the 
evaluation of the presence of a stable hairpin structure and the production of a mature miRNA sequence from the 
precursor.

DE-miRNAs were selected based on stringent criteria of P value < 0.05 and |log2 fold change| ≥ 1, ensuring the identi-
fication of miRNAs with substantial expression changes. Furthermore, ten differentially expressed miRNAs (DE-
miRNAs) were carefully selected from both the upregulated and downregulated groups while considering the relevant 
literature pertaining to neuroinflammation. Five differentially regulated miRNAs from each group were selected for 
reverse transcription-polymerase chain reaction (RT-PCR) and quantitative PCR (qPCR) validation.

Exosome uptake assay
According to the manufacturer’s agreement, the PKH67 green fluorescent labeling kit (Umibio, Shanghai, China) was 
utilized for labeling the isolated exosomes from normal and epileptic mouse BMSCs. Briefly, exosomes were incubated 
with PKH67 dye for 10 minutes, followed by three washes to remove excess dye using OptimaMAX-XP (Backman, UT, 
United States). Subsequently, these cells were co-cultured with HT22 cells for 24 hours. After three additional washes 
with PBS, red CellLINK555 dye (Tianjiu Regeneration, Tianjin, China) was added and the cells were incubated for 30 
minutes. After another round of washing with PBS, fixation was performed at room temperature with 4% paraformal-
dehyde for 30 minutes. The cells were then washed three times with PBS and stained with the nuclear stain DAPI for 10 
minutes. The uptake of exosomes derived from normal and epileptic mouse BMSCs by HT22 cells was visualized through 
confocal microscopy analysis. The negative control group consisted of HT22 cells treated similarly to the other groups, 
but without the addition of PKH67 dye during co-incubation.

Functional experiments of exosome
This study investigated the functional effects of exosomal miR-203 on neuroinflammation in a cellular TLE model. HT22 
cells were co-cultured with exosomes isolated from control group or TLE group BMSCs at a concentration of 10 μg/mL. 
Following 24-hour incubation, the expression levels of the target genes SOCS3 and miR-203-3p were quantified using 
qPCR. Moreover, changes in inflammatory factors (TNF-α, IL-6) in the cell supernatant were determined by enzyme-
linked immunosorbent assay (ELISA). The extent of cellular apoptosis was evaluated using flow cytometry, and cell 
proliferation was assessed using the CCK8 assay.

Dual luciferase reporter assay
To validate the regulatory association between miR-203-3p and its target gene, SOCS3, we transfected HEK-293T cells 
with pmirGLO plasmids harboring wild-type and mutant SOCS3 promoter regions in conjunction with the overex-
pression of either miR-203-3p mimic (NC) or miR-203-3p. Following a 48-hour transfection period, the luminescence 
intensity of the firefly luciferase protein was quantified.

NF-κB pathway modulation study
To investigate the regulatory role of miR-203/SOCS3 in neuroinflammation through the NF-κB pathway in mice, we 
established an epilepsy cell model using HT22 cells. First, we determined the glutamate concentration required to induce 
HT22 epilepsy using a CCK8 assay. Subsequently, in the HT22 epilepsy cell model, we separately added miR-203-3p 
mimic or inhibitor, miR-203-3p inhibitor alone, and si-SOCS3/NC along with an NF-κB inhibitor (100 μmol/L)[28,29]. 
The RNA expression levels of miR-203-3p and its target gene, SOCS3, were assessed using qPCR. Additionally, western 
blotting technique was employed to detect the miRNA target gene (SOCS3, 1:2000, Proteintech, IL, United States) as well 
as markers of the NF-κB pathway: Inhibitor of kappa B kinase alpha/beta (1:1000, ZenBio, NC, United States), phospho-
inhibitor of kappa B kinase alpha/beta (1:1000, ZenBio, NC, United States), NF-κB inhibitor alpha (1:10000, Proteintech, 
IL, United States), phospho-NF-κB inhibitor alpha (1:1000, ZenBio, NC, United States), p65 (1:10000, Proteintech, IL, 
United States) and p-p65 (1:1000, ZenBio, NC, United States). The secondary antibody was goat anti-rabbit horseradish 
peroxidase (Bioss, MA, United States) at a dilution of 1:5000. Cell apoptosis was evaluated, and cell proliferation was 
assessed using the CCK8 assay. Furthermore, inflammatory factors (TNF-α and IL-6) in the cell supernatant were 
quantified using ELISA.

Statistical analysis
Data were analyzed using GraphPad Prism 9 (Version 9.4.0) and presented as means ± SD. Statistical differences between 
groups were evaluated using the t-test or one-way ANOVA, with P < 0.05 considered statistically significant.
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Table 1 Twenty DE-miRNA associated with neuroinflammation

MiRNA Log2FC P value Padj value

mmu-miR-193a-5p 7.255065725 1.63E-10 1.44E-09

mmu-miR-205-5p 6.611947124 5.89E-33 1.63E-31

mmu-miR-203-3p 6.322996495 6.36E-07 4.34E-06

mmu-miR-200a-5p 5.553009313 0.004701826 0.020589048

mmu-miR-200a-3p 5.551982625 0.00094398 0.004619947

mmu-miR-182-5p 3.510594588 0.000514058 0.0026731

mmu-miR-200c-3p 3.372596465 3.08E-41 1.16E-39

mmu-miR-196a-5p 3.326742762 4.44E-13 4.62E-12

mmu-miR-196a-5p 3.291829303 8.00E-11 7.23E-10

mmu-miR-144-3p 3.077271591 1.10E-22 2.08E-21

mmu-miR-3473h-5p -2.501671763 0.009780829 0.039890438

mmu-miR-700-3p -2.477319455 0.000489188 0.002575975

mmu-miR-484 -2.343847305 7.95E-14 8.94E-13

mmu-miR-339-5p -2.257736292 1.86E-19 3.23E-18

mmu-miR-328-3p -2.212306543 5.48E-30 1.27E-28

mmu-miR-30b-5p -2.151354017 0.000281059 0.00153843

mmu-miR-23a-3p -2.129117956 4.09E-67 1.89E-65

mmu-miR-128-3p -2.122702882 5.11E-20 9.25E-19

mmu-miR-181c-5p -2.02817 7.15E-06 4.65E-05

mmu-miR-221-3p -1.25811 0.007661 0.031871

MiRNA: MicroRNA; FC: Fold change.

RESULTS
Examination of exosomes derived from mouse BMSCs
Transmission electron microscopy imaging revealed that exosomes from both the epilepsy and normal groups displayed 
the characteristic “cup-shape” morphology, with a clear membrane structure (Figure 1A). The average particle size and 
concentration were determined to be 85.31 nm and 1.62E+10 particles/mL for the epilepsy group, and 84.64 nm and 
3.29E+10 particles/mL for the normal group, respectively (Figure 1B). Exosomes from both groups showed positive 
expression of the protein markers CD9 and CD63, with the epilepsy group showing a slightly higher positivity rate for 
CD9 (2.7%) than the normal group (2.1%). The expression of CD63 was minimal in both groups, with 0.6% and 0.3% 
positivity in the epilepsy and control groups, respectively (Figure 1C).

Identification and validation of differentially expressed miRNAs in epileptic mouse BMSCs
Table 1 presents the 20 miRNAs with the most significantly differential expression related to neuroinflammation, selected 
based on the degree of difference. This includes 10 miRNAs with upregulated expression and 10 with downregulated 
expression. A total of 10 differentially expressed miRNAs were selected for experimental validation by RT-qPCR, 
including five upregulated miRNAs (miR-144-3p, miR-193a-5p, miR-205-5p, miR-200a-3p, and miR-203-3p) and five 
downregulated miRNAs (miR-128-3p, miR-181c-5p, miR-23a-3p, miR-30b-3p, and miR-221-3p). Compared to extracellular 
vesicles from normal mouse BMSCs, the levels of extracellular vesicles in epileptic mouse BMSCs were significantly 
increased (P < 0.05), including an increase in the aforementioned upregulated miRNAs: MiR-144-3P, miR-193a-5P, miR-
200a-3P, and miR-203–3P, whereas the levels of certain downregulated miRNAs decreased: MiR-181c-5P, miR-23a-3P, and 
miR-30b-3P (P < 0.05, Figure 2). However, no significant differences were observed between extracellular vesicles isolated 
from epileptic and normal mice for miR-205-5P, miR-128-3P, and miR-221-3P (P > 0.05, Figure 2). The consistency rate 
between the sequencing analysis results and RT-qPCR results was approximately 70%, indicating the high reliability of 
the sequencing results. Furthermore, owing to its more pronounced upregulation compared to miR-144-3p and miR-
200a–3p, the focus of subsequent experiments was on miR-203-3p. qPCR validation of ten differentially expressed 
miRNAs associated with neuroinflammation is presented.
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Figure 1 Characteristic of exosomes from bone marrow mesenchymal stem cells. A: Transmission electron microscopy images reveal the 
characteristic “cup-shaped” morphology and clear membrane structure of exosomes from both the epilepsy and normal groups of mice; B: Nanoparticle tracking 
analysis shows the average particle size and concentration to be 8531 nm and 1.62E+10 particles/mL for the epilepsy group, and 84.64 nm and 3.29E+10 
particles/mL for the normal group, respectively; C: Flow cytometry analysis demonstrates positive expression of the protein markers CD9 and CD63 in exosomes from 
both groups, with a slightly higher positive rate for CD9 in the epilepsy group than in the normal group and minimal expression of CD63 in both groups. TLE: 
Temporal lobe epilepsy.
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Figure 2 Quantitative polymerase chain reaction validation of DE-miRNAs. A-J: Expression miRNAs in epileptic mouse bone marrow mesenchymal 
stem cells. aP < 0.05, bP < 0.01, cP < 0.001, NS: No significance. TLE: Temporal lobe epilepsy.

Exosomes secreted by BMSCs enhance the secretion of inflammatory mediators in hippocampal neurons
After incubation with PKH67-labeled exosomes, HT22 cells showed significant fluorescence, indicating the efficient 
uptake of exosomes by the cells (Figure 3A). HT22 cells also showed significant fluorescence (Figure 3B), and incubation 
with FAM-labeled miR-203-3p from BMSCs (Figure 3C and D). This indicates the efficient uptake of miR-203-3p from 
exosomes by cells. The qPCR results revealed a significant increase in miR-203-3p levels (P = 0.0497, P < 0.05; Figure 3E) 
and a significant decrease in SOCS3 mRNA expression (P = 0.0217, P < 0.05; Figure 3F) in the TLE group. Flow cytometry 
analysis demonstrated an elevated apoptosis rate (P = 0.0005, P < 0.05, Figure 3G-K), while the CCK8 assay indicated a 
reduced cell proliferation ability (P = 0.00334, P < 0.05, Figure 3L). Furthermore, ELISA detection showed upregulated 
levels of inflammatory factors such as TNF-α and IL-6 in the TLE group (TNF-α: P = 0.0005, P < 0.05, Figure 3M; P = 
0.0004, P < 0.05, Figure 3N).

MiR-203-3p/SOCS3 regulates neuroinflammation of hippocampal neurons in epileptic mice through the NF-κB pathway
In the presence of wild-type plasmid SOCS3 co-expressed with miR-203-3p or mimic NC, overexpression of miR-203-3p 
led to a significant reduction in firefly luciferase intensity (P = 0.0002, P < 0.05, Figure 4A). However, mutation of the 
binding site of SOCS3 restored firefly luciferase intensity. The IC50 of glutamate in HT22 cells was determined to be 25.01 
mmol/L using CCK8 assay (Figure 4B). In subsequent experiments, when this concentration was used as the induction 
dose for an epilepsy model, the expression level of miR-203-3p remained consistently higher than that in the untreated 
group, regardless of whether it was overexpressed by miR-203-3p mimics or suppressed by inhibitor treatment. Notably, 
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Figure 3 Exosomes secreted by bone marrow mesenchymal stem cells enhance the secretion of inflammatory mediators in hippocampal 
neurons. A: Confocal microscopy images of HT22 cells co-cultured with bone marrow mesenchymal stem cell-derived exosomes. Cell nuclei were stained with 
DAPI, cell membranes were stained with CellLINK555, and exosomes were labeled with PKH67. The scale is 25 μm; B: Confocal microscopy imaging was performed 
after co-culturing HT22 cells with extracellular vesicles from bone marrow mesenchymal stem cells. DAPI staining visualized the cell nuclei, PKH26 staining labeled 
the cell membrane, and FAM labeling detected miR-203-3p within the extracellular vesicles. The scale bar represents 25 μm; C: Flow cytometry analysis of 
extracellular vesicles in the supernatant after HT22 cell transfection with FAM-miR-203-3p; D: Electron microscopic examination of extracellular vesicles in the 
supernatant after HT22 cell transfection with FAM-miR-203-3p; E: Quantitative polymerase chain reaction results reveal a significant increase in miR-203-3p levels in 
the temporal lobe epilepsy (TLE) group; F: Significant decrease in suppression of cytokine signaling 3 mRNA expression was observed in the TLE group; G-K: Flow 
cytometric analysis demonstrated an elevated apoptosis rate in the TLE group; L: CCK8 assay indicated reduced cell proliferation in the TLE group; M and N: 
Enzyme-linked immunosorbent assay detection shows upregulated levels of inflammatory factors such as tumor necrosis factor-α and interleukin-6 in the TLE group. 
bP < 0.01. TLE: Temporal lobe epilepsy; PBS: Phosphate-buffered saline; TNF-α: Tumor necrosis factor-α; IL-6: Interleukin-6.

miR-203-3p expression was significantly higher in the miR-203-3p mimic overexpression group than in the inhibitor 
group (Figure 4C). Although minimal changes were observed at the RNA level for the SOCS3 gene (Figure 4D), its 
protein level showed an overall decrease and was lower in the miR2033p mimics group than in the inhibitor group. 
Additionally, activation of NF-κB pathway markers along with increased levels of inflammation (IL-6 and TNF-α) were 
observed in the miR-203-3p mimics group (Figure 4E-N).
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Figure 4 MiR-203-3p regulates inflammation by targeting the suppression of cytokine signaling 3-mediated nuclear factor kappaB 
pathway. A: Luciferase reporter assay showing the relative firefly luciferase activity in HEK-293T cells co-transfected with wild-type or mutant suppression of 
cytokine signaling 3 3’ untranslated region reporter plasmids and miR-203-3p mimic or miR-203-3p; B: CCK8 assay to determine the IC50 concentration of glutamate 
required to induce HT22 epilepsy; C: Quantitative polymerase chain reaction analysis of miR-203-3p expression in HT22 cells after treatment with miR-203-3p mimic 
or inhibitor; D: Quantitative polymerase chain reaction analysis of suppression of cytokine signaling 3 mRNA expression in HT22 cells under the conditions described 
in Figure 3C; E-L: Western blot analysis of key proteins involved in the nuclear factor kappaB pathway, including total and phosphorylated forms of inhibitor of kappa 
B kinase alpha/beta, nuclear factor kappaB inhibitor alpha, and p65, in HT22 cells treated with miR-203-3p mimics or inhibitors; M and N: Enzyme-linked 
immunosorbent assay measurements of the inflammatory cytokines interleukin-6 and tumor necrosis factor-α in the supernatant of HT22 cells treated as in Figure 3C. 
Data are presented as mean ± SEM of three independent experiments. aP < 0.05, bP < 0.01, cP < 0.001. SOCS3: Suppression of cytokine signaling 3; IKKα/β: 
Inhibitor of kappa B kinase alpha/beta; p-IKKα/β: Phospho-inhibitor of kappa B kinase alpha/beta; IKBα: Nuclear factor kappaB inhibitor alpha; p-IKBα: Phospho-
nuclear factor kappaB inhibitor alpha; TNF-α: Tumor necrosis factor-α; IL-6: Interleukin-6.

Compared with the single knockout of miR-203 3p in the HT22 epileptic cell model, the double-knockout group of 
miR-203-3p and SOCS3 showed no difference in miR-203-3p expression (Figure 5A), while the expression levels of SOCS3 
RNA (Figure 5B) and protein (Figure 5C and D) decreased. Furthermore, the double knockout group also demonstrated 
restoration of NF-κB pathway markers (Figure 5E-J), as well as IL-6 (Figure 5K) and TNF-α levels (Figure 5L). 
Additionally, after knocking out SOCS3 in the HT22 epileptic cell model, no significant difference was observed in the 
expression of miR-203-3p (Figure 6A), while the expression of SOCS3 RNA and protein was significantly reduced 
(Figure 6B-D). Moreover, an up-regulation of markers related to the NF-κB pathway was observed. However, upon 
administration of an inhibitor targeting the NF-κB pathway, although markers associated with the NF-κB pathway still 
exhibited upregulation (Figure 6E-J), a concomitant reduction in IL-6 and TNF-α levels was observed (Figure 6K and L).

Exosomes regulate the expression of SOCS3 in the hippocampus through miR-203, affecting epileptic seizures
In kainic acid-induced TLE mice, both plasma and hippocampal levels of miR-203-3p were significantly upregulated 
(Figure 7A and B), while only the hippocampal expression of SOCS3 was decreased (Figure 7C). Importantly, no 
significant difference was observed in the plasma levels of SOCS3 compared to those in the control group (Figure 7D).
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Figure 5 Downregulation of miR-203-3p and suppression of cytokine signaling 3 can reinstate an inflammatory phenotype. A: Schematic 
representation of the experimental design of HT22 cells co-transfected with the miR-203-3p inhibitor and si-suppression of cytokine signaling 3 (SOCS3) or si-NC; B: 
Quantitative polymerase chain reaction analysis of SOCS3 mRNA expression in HT22 cells following co-transfection; C and D: Western blot analysis of SOCS3 
protein levels in HT22 cells under the same conditions as Figure 5C; E-J: Western blot analysis of nuclear factor kappaB pathway markers in HT22 cells co-
transfected with miR-203-3p inhibitor and si-SOCS3 or si-NC; K and L: Enzyme-linked immunosorbent assay measurements of interleukin-6 and tumor necrosis 
factor-α levels in the supernatant of HT22 cells co-transfected as in Figure 5C. Data are presented as mean ± SEM of three independent experiments. aP < 0.05, bP < 
0.01, cP < 0.001, NS: No significance. SOCS3: Suppression of cytokine signaling 3; IKKα/β: Inhibitor of kappa B kinase alpha/beta; p-IKKα/β: Phospho-inhibitor of 
kappa B kinase alpha/beta; IKBα: Nuclear factor kappaB inhibitor alpha; p-IKBα: Phospho-nuclear factor kappaB inhibitor alpha; TNF-α: Tumor necrosis factor-α; IL-
6: Interleukin-6.

DISCUSSION
Our study revealed significant upregulation of exosomal miR-203 in BMSCs derived from epileptic mice. This finding 
suggests a potential role for miR-203 in the pathogenesis of TLE. The increased levels of miR-203 in exosomes from 
epileptic mice may be a response to ongoing neuroinflammatory processes in the brain. However, the role of miR-203 in 
epilepsy is poorly understood. Our findings indicated that miR-203 may serve as a critical regulator of the neuroinflam-
matory response associated with TLE. Similar to the work of Wang et al[15], circulating exosomal miRNAs have been 
identified as potential biomarkers in the diagnosis and treatment of DRE. The differential expression of miR-203 in 
BMSC-derived exosomes from epileptic mice compared to controls highlights its potential as a novel biomarker for 
epilepsy, a concept also supported by García-Gracia et al[14] and Jeppesen et al[30].

Our data demonstrate that exosomal miR-203 from BMSCs can be internalized by hippocampal neurons, leading to the 
downregulation of SOCS3 and subsequent activation of the NF-κB pathway. This pathway is well-known for its pro-
inflammatory effects, which can exacerbate the neuroinflammatory state in TLE. This is in line with the findings of Xian et 
al[31], who showed that NF-κB activation is a key mediator of the neuroinflammatory processes of epilepsy. The 
enhanced secretion of pro-inflammatory cytokines, such as TNF-α and IL-6, following the uptake of exosomal miR-203 by 
hippocampal neurons, underscores the significant impact of neuroinflammation in the progression of epilepsy. This 
finding is consistent with the growing body of evidence that implicates neuroinflammation as a key factor in the 
pathophysiology of epilepsy[32,33].

Exosomes have emerged as important mediators of intercellular communication, particularly in neurodegenerative 
diseases. Our study adds to this body of knowledge by showing that exosomes can transfer miR-203 from BMSCs to 
neurons, thereby modulating the neuroinflammatory responses in epilepsy. This is supported by the work of Cui et al
[34], who demonstrated the transfer of miRNAs via exosomes in a mouse model of Alzheimer’s disease. The modulate 
expression of miR-203 is a promising therapeutic strategy for epilepsy treatment. Targeting miR-203 could reduce the 
neuroinflammatory response and improve outcomes in patients with DRE, as suggested by the therapeutic potential of 
miRNAs discussed by Dixit et al[35] and Boileau et al[36].

Although previous studies have explored the role of miRNAs in epilepsy, the focus on miR-203 and its specific role in 
modulating the SOCS3/NF-κB pathway is novel. Our findings expand the current understanding of the miRNA-
mediated regulation of epilepsy and highlight the potential of exosome-based therapies. This aligns with the innovative 
approach adopted by Wang et al[37] in their study of exosomal miRNAs in a stroke model. One limitation of our study is 
the use of a single animal model and the need for further validation in human studies. Future research should investigate 
the long-term effects of miR-203 modulation and explore the potential of exosomal miR-203 as a therapeutic agent in 
clinical trials, as recommended by Batrakova and Kim[38] in their review on the translational potential of exosome 
research. Another limitation is the lack of additional experiments to comprehensively analyze potential treatments and 
their safety. Although our study provides preliminary evidence of miR-203’s involvement in neuroinflammation, it does 
not fully explore the therapeutic effects of targeting miR-203. Future studies should include in vivo experiments to assess 
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Figure 6 Inhibition of the target gene suppression of cytokine signaling 3 can activate the nuclear factor kappaB pathway and promote 
neuroinflammation. A: Schematic representation of the experimental design for HT22 cells transfected with si-suppression of cytokine signaling 3 (SOCS3) or si-
NC, with or without nuclear factor kappaB pathway inhibitor treatment; B: Quantitative polymerase chain reaction analysis of SOCS3 mRNA expression in HT22 cells 
after transfection; C-J: Western blot analysis of SOCS3 protein levels and nuclear factor kappaB pathway markers in HT22 cells under the same conditions as Figure 
6C; K and L: Enzyme-linked immunosorbent assay measurements of interleukin-6 and tumor necrosis factor-α levels in the supernatant of HT22 cells treated as in 
Figure 6C. Data are presented as mean ± SEM of three independent experiments. aP < 0.05, bP < 0.01, cP < 0.001, NS: No significance. SOCS3: Suppression of 
cytokine signaling 3; NF-κB: Nuclear factor kappaB; IKKα/β: Inhibitor of kappa B kinase alpha/beta; p-IKKα/β: Phospho-inhibitor of kappa B kinase alpha/beta; IKBα: 
Nuclear factor kappaB inhibitor alpha; p-IKBα: Phospho-nuclear factor kappaB inhibitor alpha; TNF-α: Tumor necrosis factor-α; IL-6: Interleukin-6.

Figure 7 Differences between temporal lobe epilepsy mouse plasma and the expression of miR-203-3p and suppression of cytokine 
signaling 3 in the hippocampal region. A-D: Quantitative polymerase chain reaction analysis of miR-203-3p and suppression of cytokine signaling 3 mRNA 
expression in the plasma and hippocampal regions of the temporal lobe epilepsy model. aP < 0.05, cP < 0.001. TLE: Temporal lobe epilepsy.
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the efficacy and safety of miR-203-targeting therapies in TLE models. This could involve the administration of miR-203 
inhibitors or the delivery of exosomes engineered to modulate miR-203 levels, followed by monitoring of seizure 
frequency, severity, and duration, as well as evaluating any potential side effects on cognitive and behavioral functions.

CONCLUSION
The clinical implications of our findings are significant as they provide a basis for developing new therapeutic strategies 
for epilepsy. Targeting exosomal miR-203 could offer a noninvasive approach to modulate neuroinflammation and 
improve patient outcomes, particularly in patients with DRE. This is supported by the clinical studies by Gonçalves et al
[39], who highlighted the importance of non-invasive biomarkers in epilepsy management. In conclusion, our study 
identifies exosomal miR-203 as a key regulator of neuroinflammation in a mouse model of epilepsy. Targeting miR-203 
may offer a novel therapeutic strategy for epilepsy by modulating the SOCS3/NF-κB pathway, thus providing a potential 
avenue for the development of cell-free therapeutics.
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Abstract
BACKGROUND 
Burn wound management is challenging, and while mesenchymal stem cell-
derived exosomes show therapeutic potential, optimal delivery methods are 
unclear.

AIM 
To study chitosan (CS)-αβ-glycerophosphate (CS-αβ-GP) hydrogel crosslinked 
with adipose-derived stem cell exosomes (ASC-Exos) for healing deep burn 
injuries.

METHODS 
Rats with deep burn injuries were divided into the CS + ASCs-Exos group, the 
ASCs-Exos group, the CS group, and the control group. The healing rates on days 
4, 7, and 14 after treatment were analyzed using ImageJ software. On day 14, the 
tissues were stained with hematoxylin and eosin staining, Masson’s trichrome 
staining, and immunohistochemical analysis to evaluate tumor necrosis factor α, 
interleukin-6 (IL-6), IL-1α, IL-10, transforming growth factor β, and epidermal 
growth factor. The mRNA levels of IL-1α, CD86, C-C motif chemokine ligand 22, 
and CD163 were evaluated through quantitative polymerase chain reaction.

RESULTS 
The CS + ASC-Exos group exhibited enhanced healing, reduced lymphocyte infilt-
ration, blood vessels, and muscle fiber distribution. Increased IL-10, transforming 
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growth factor β, and epidermal growth factor and decreased tumor necrosis factor α, IL-1α, and IL-6 expression 
were observed. Quantitative polymerase chain reaction revealed reduced IL-1α and CD86 and increased C-C motif 
chemokine ligand 22 and CD163 expression. Protein analysis showed downregulation of phosphorylated inhibitor 
of kappa Balpha and P65 in the nuclear factor κB (NF-κB) pathway. ASC-Exos crosslinked with CS-αβ-GP hydrogel 
demonstrates superior effects in anti-inflammation, wound healing promotion, and promotion of M1 macrophage 
transformation to M2 macrophage by blocking the NF-κB pathway compared to ASC-Exos alone.

CONCLUSION 
Our research demonstrates that the ASC-Exos cross-linked CS-αβ-GP hydrogel represents an advanced therapeutic 
approach for treating deep burn wounds. It has anti-inflammatory effects, promotes wound healing, and facilitates 
the transition of M1 macrophages to M2 macrophages by blocking the NF-κB pathway.

Key Words: Adipose-derived stem cells; Exosomes; Hydrogel; Burn; Wound healing

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

Core Tip: Studies indicate that the exosome hydrogel composite demonstrates exceptional efficacy in facilitating the healing 
of deep burn wounds and managing infection. It has anti-inflammatory effects, promotes wound healing, and facilitates the 
transition of M1 macrophages to M2 macrophages by blocking the nuclear factor κB pathway, thereby offering a novel 
strategy for the clinical utilization of mesenchymal stem cell-derived exosomes.

Citation: Xu L, Liu D, Yun HL, Zhang W, Ren L, Li WW, Han C. Effect of adipose-derived stem cells exosomes cross-linked 
chitosan-αβ-glycerophosphate thermosensitive hydrogel on deep burn wounds. World J Stem Cells 2025; 17(2): 102091
URL: https://www.wjgnet.com/1948-0210/full/v17/i2/102091.htm
DOI: https://dx.doi.org/10.4252/wjsc.v17.i2.102091

INTRODUCTION
In clinical practice, improving burn wound management remains a critical issue due to the increasing incidence of burns 
resulting from both natural disasters and human activities. Mesenchymal stem cell (MSC) derived exosomes (MSC-Exos), 
referred to as MSC-Exos, have emerged as a highly promising therapeutic modality for the management of chronic 
wounds, as revealed by recent developments in regenerative medicine and tissue engineering.

Extensive research has demonstrated that MSC-Exos can significantly enhance the healing of burn wounds, offering 
several advantages compared to MSCs alone. These benefits encompass superior safety profiles, increased storage 
stability, and simplified collection operations[1-3]. The present applications of MSC-Exos in wound repair predominantly 
depend on subcutaneous or intravenous delivery. But these methods have significant limitations due to rapid clearance 
and burst release patterns, which could potentially compromise their therapeutic efficacy across the complex stages of 
wound healing.

Several different delivery technologies, such as patches, injectable microcarriers, and hydrogels, are being investigated 
by researchers in order to solve these constraints. The goal of these systems is to preserve Exos function at wound sites 
while simultaneously enhancing both efficiency and safety[4-6]. Chitosan (CS) has demonstrated a great deal of promise 
among the many artificial injectable hydrogels that promote sustained Exo release and enhance local retention. This is 
mostly owing to the fact that it possesses natural antibacterial qualities and the capacity to maintain appropriate wound 
moisture[7]. This study seeks to evaluate if this approach serves as an optimal vehicle for MSC-Exos in burn wound 
healing applications.

MATERIALS AND METHODS
Isolation and culture of adipose-derived stem cells exosomes
Sprague Dawley rat adipose-derived stem cells (ASC) (product code: RASMD-01001) were obtained from OriCell with 
approval from the Ethics Committee (approval number: XBZQZYY2021-046). Cell culture was initiated by diluting 1 mL 
of cells in 9 mL basic medium, followed by centrifugation at 1000 rpm for 5 minutes. Following the removal of the 
supernatant, the cells were resuspended in 4 mL of medium supplemented with 10% serum and subsequently transferred 
to a 25T culture flask.

Cultures were maintained at 37 °C with 5% CO2, with initial media change after 24 hours following confirmation of cell 
adherence. Cells were passaged at 90%-100% confluence using standard protocols. For passaging, cells were rinsed with 
phosphate buffered saline (PBS), detached, and split between new culture flasks supplemented with complete medium. 
For cryopreservation, cells showing optimal viability (approximately 70% density) were collected, centrifuged, and 
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resuspended in cryopreservation solution at a density of 5 × 106 cells/mL to 1 × 107 cells/mL. The cell suspension was 
divided between cryopreservation tubes, gradually frozen at -80 °C overnight, and transferred to liquid nitrogen for long-
term storage.

Identification of ASC-Exos
Electron microscopy observation: The morphology of Exos was carefully analyzed using transmission electron 
microscopy, a powerful tool for examining nanoscale structures. Exo suspensions were first prepared by dissolving the 
Exos at a concentration of 0.5 g/L in PBS. To preserve the structural integrity of the Exos, the suspension was fixed with 
2.5% glutaraldehyde, which stabilizes the particles by crosslinking proteins and other biomolecules. A 20-30 μL aliquot of 
the fixed Exo suspension was then applied to carbon-coated copper grids, which serve as a stable substrate for the Exos 
during imaging. These grids were briefly dried under an infrared lamp for 5 minutes to remove excess solution, ensuring 
that the sample adhered well to the surface.

The Exo samples were subsequently stained with 1% phosphotungstic acid at room temperature for 5 minutes. 
Phosphotungstic acid is commonly used as a negative stain to enhance contrast in electron microscopy, as it binds to the 
surface of the Exos and helps to highlight their structure. After staining, the samples were dried again for 10 minutes to 
remove any excess staining solution. The final samples were then carefully examined under a transmission electron 
microscope, which allowed for detailed observation of the Exo size, shape, and surface characteristics.

Western blot detection of protein expression level: Protein expression levels were assessed using western blotting, a 
widely used technique for detecting specific proteins within a complex mixture. The first step in the process involved 
lysing the samples in a buffer containing phenylmethylsulfonyl fluoride, a protease inhibitor, at a ratio of 100:1. The 
mixture was incubated on ice for 10-15 minutes to ensure complete lysis of the cells or Exos, followed by centrifugation at 
12000 rpm for 10 minutes at 4 °C. This step allowed for the separation of cellular debris from the soluble proteins, with 
the supernatant containing the proteins of interest.

The protein solution was then heat-treated at 100 °C for 20 minutes with loading buffer to denature the proteins and 
break down any secondary structures, ensuring they were in their linear forms for electrophoresis. The samples were 
stored at -20 °C until further analysis. After electrophoresis, proteins were transferred to a membrane for immunos-
taining, where primary antibodies specific to the target proteins were used to bind to the proteins of interest. Secondary 
antibodies conjugated with an enzyme were then applied to facilitate detection. The results were quantified using ImageJ 
software, which allowed for precise measurement of the intensity of protein bands, enabling comparison of protein 
expression levels across different samples and treatment conditions.

Preparation of cross-linked ASC-Exos with CS-αβ-glycerophosphate hydrogel
The preparation of the cross-linked ASC-Exos hydrogel involved a careful synthesis process to ensure the successful 
incorporation of Exos into the hydrogel matrix. CS, a biopolymer with excellent biocompatibility and gelation properties, 
was first dissolved at a concentration of 2 g in 100 mL of acetic acid/sodium acetate buffer, adjusted to a pH of 4.6. CS has 
a degree of deacetylation of 75%, which contributes to its ability to form gels in specific conditions. The solution was 
filtered to remove any particulates and sterilized to ensure that the hydrogel would be safe for use in biological applic-
ations.

Next, the CS solution was cooled in an ice bath to prepare it for the addition of αβ-glycerophosphate (αβ-GP) (a gel-
forming agent). A 50% weight/volume (W/V) αβ-GP solution was prepared separately and added dropwise to the chilled 
CS solution. The CS/αβ-GP ratio was carefully controlled at 8.8/1.2 to achieve the desired gel strength and thermo-
sensitive properties. The mixture was kept in the ice bath for 20 minutes to promote the crosslinking process and to 
ensure a homogenous blend. The resulting hydrogel was then stored at 4 °C for further use.

To incorporate Exos into the hydrogel, ASC-Exos were added at a concentration of 1 g/L. This allowed for the 
controlled release of Exos upon application, providing sustained therapeutic effects at the wound site. The incorporation 
of Exos into the hydrogel matrix enhances the overall functionality of the system, allowing for both localized delivery and 
prolonged release of therapeutic Exos. The final formulation of the CS-αβ-GP hydrogel loaded with ASC-Exos is expected 
to offer a promising therapeutic strategy for wound healing, combining the advantages of biocompatible materials and 
bioactive molecules.

Characterization of CS-αβ-GP hydrogel
Porosity of the CS-αβ-GP hydrogel: The porosity of the hydrogel was calculated using the anhydrous ethanol 
displacement method by measuring the change in ethanol volume. Anhydrous ethanol was poured into a 50 mL 
volumetric flask, and the initial volume of ethanol (V0) was recorded. The dried hydrogel sample was immersed in 
anhydrous ethanol, and the volume of ethanol at this point was measured as V1. After removing the hydrogel sample 
from the ethanol, the remaining volume of ethanol was recorded as V2. Each sample was subjected to at least three 
replicate experiments, and the average was taken as the final porosity, as per the equation: Porosity = (V0 - V2)/(V1 - V2) 
× 100%.

The cumulative release rate of Exos after crosslinking the CS-αβ-GP hydrogel with ASC-Exos: A 200 μL hydrogel-Exos 
complex containing 200 μg of Exos was immersed in PBS solution at 37 °C. The supernatant was analyzed at 1, 2, 3, 4, 6, 8, 
10, 12, 24, 36, and 72 hours using a BCA protein assay kit (Pierce, Rockford, IL, United States). The cumulative release rate 
of Exos = (amount in supernatant/initial amount in hydrogel) × 100%.
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Rheological testing of CS-αβ-GP hydrogel: The elastic modulus (G’) and viscous modulus (G’’) of the samples were 
assessed utilizing a rotational rheometer (Physician MCR301, Anton Paar, Austria) across a temperature range of 10 °C to 
50 °C to analyze their rheological characteristics.

Degradation rate of CS-αβ-GP hydrogel: The initial quantity of hydrogel, W0, was documented. The hydrogel was 
incubated in PBS solution for 72 hours, with its weight measured at 1, 2, 3, 4, 6, 8, 10, 12, 24, 36, and 72 hours, recorded as 
Wt. The degradation of the hydrogels in PBS was assessed over a period of 72 hours, as the equation: Degradation rate = 
(W0 - Wt)/W0 × 100%.

Establishment of deep second-degree burn model in rats
Based on previous literature and experience with animal sample sizes, 40 rats were purchased and divided into four 
groups with ten rats in each group[8]. The procedure began with anesthesia using intravenous thiopental sodium (40 
mg/kg), administered through the tail vein to ensure the rats were fully sedated. The fur on the rats’ backs was then 
shaved to expose the skin for the burn induction. To create the burn, 80 °C water was applied to the skin for 8 seconds, 
resulting in a burn wound with a diameter of 16 mm. After the burn was induced, sterile saline-soaked gauze was placed 
over the wound for 6 minutes to control immediate post-burn effects and minimize thermal damage. Once the burn was 
established, the rats were assigned to one of four groups for further treatment: Group A (CS + ASC-Exos), which received 
the application of a cross-linked hydrogel containing 200 μg of Exos; group B (ASC-Exos), which received 200 μg of Exos 
in 200 μL of PBS; group C (CS), which received the equivalent volume of the hydrogel without Exos; and group D 
(control), which received only a standard transparent dressing. All groups had their dressings changed every two days 
during the study period to maintain a controlled healing environment.

Assessment of wound healing
Wound healing progression was evaluated using standardized digital photography and quantitative analysis. Images 
were captured immediately post-injury and at designated timepoints (4, 7, and 14 days) across all treatment groups. 
Wound areas were precisely measured using ImageJ software calibrated with a standardized scale marker in each image. 
The healing rate was calculated using the formula: Wound healing rate = (1 - unhealed wound area/original wound area) 
× 100%.

Pathological assessment of wound healing
After the 14-day treatment period, full-thickness tissue samples were collected from both the wound sites and corres-
ponding uninjured areas, which served as internal controls. The tissue specimens were processed by first fixing them in 
40 g/L paraformaldehyde solution at room temperature for 24 hours. Subsequent to fixation, the samples were subjected 
to a dehydration procedure utilising graded alcohols, after which they were embedded in paraffin. Subsequent to this, 
serial sections with a thickness of 4 μm were generated utilising a rotary microtome.

The histological analysis involved staining protocols to evaluate tissue characteristics. Hematoxylin and eosin staining 
was used to assess the cellular architecture and inflammatory infiltrate, while Masson’s Trichrome staining allowed for 
the evaluation of collagen deposition and organization. To ensure quantitative analysis, inflammatory cell infiltration was 
assessed by counting the lymphocytes per high-power field using ImageJ software. Additionally, the collagen volume 
fraction (CVF) was calculated by digitally analyzing Masson’s stained sections using standardized thresholding methods.

Immunohistochemical assessment of wound
Immunohistochemical analysis was employed to evaluate the expression of pro-inflammatory markers at the wound site. 
Specific markers such as tumor necrosis factor α (TNF-α), interleukin-6 (IL-6), and other cytokines were assessed to 
determine the inflammatory status of the wound. These markers are crucial for understanding the immune response and 
inflammation dynamics during the healing process, as they play significant roles in the regulation of tissue repair and 
regeneration. By quantifying these markers, the study aimed to assess the effect of the different treatments on modulating 
inflammation and promoting tissue regeneration.

Gene expression detection by quantitative polymerase chain reaction
Macrophage polarization was assessed by analyzing the mRNA expression of key markers for M1 and M2 macrophages 
from wound tissues collected on day 14. To evaluate the polarization of macrophages, we focused on pro-inflammatory 
M1 markers, such as IL-1α and CD86, which are associated with the promotion of inflammation and tissue damage, and 
anti-inflammatory M2 markers, including C-C motif chemokine ligand 22 (CCL22) and CD163, which play a role in tissue 
repair and resolution of inflammation. RNA was extracted from the wound tissues of rats in the different treatment 
groups and analyzed using quantitative polymerase chain reaction. The expression levels of the selected markers were 
normalized to GAPDH as a housekeeping gene to account for any variations in RNA quantity and quality across the 
samples. This normalization allowed for a precise comparison of M1 and M2 polarization between the treatment groups.

Statistical analysis
Statistical analyses were conducted utilising SPSS Statistics (version 22.0; IBM, Armonk, NY, United States) and 
GraphPad Prism (version 8.0, San Diego, CA, United States). One-way analysis of variance (ANOVA) accompanied by 
Bonferroni’s test was employed to assess the differences among groups. All experimental outcomes are shown as mean ± 
SD. Statistical significance was established at P < 0.05.
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RESULTS
Characterization of ASC-Exos and the CS-αβ-GP hydrogel
Comprehensive biophysical characterization confirmed the successful isolation and purification of ASC-Exos. 
Transmission electron microscopy analysis revealed distinctive nanostructures exhibiting characteristic morphology of 
extracellular vesicles. These vesicular structures displayed the expected double-membrane architecture with diameters 
consistently falling within the 30-150 nm range typical of Exos (Figure 1A). Molecular analysis through western blotting 
confirmed the presence of canonical Exo surface markers, including strong expression of CD9, CD63, and CD81 proteins, 
validating the identity and purity of the isolated vesicles (Figure 1B).

The physical and mechanical properties of the CS-αβ-GP hydrogel were comprehensively evaluated through various 
characterization methods. As shown in Figure 1C, the porosity of the CS-αβ-GP thermosensitive hydrogel is significantly 
higher than that of the CS hydrogel, suggesting that the CS-αβ-GP thermosensitive hydrogel is more suitable for cell 
adhesion and growth compared to the CS hydrogel. As illustrated in Figure 1D, after crosslinking ASCs-Exos with the 
CS-αβ-GP thermosensitive hydrogel, the cumulative release rate of exosomes reached only about 70% after 24 hours, 
indicating that this material is suitable for the sustained release of ASCs-Exos. As shown in Figure 1E, the G’ and G’’ 
values of the CS-αβ-GP thermosensitive hydrogel rapidly increased at temperatures 30 °C and 40 °C, completing the sol-
gel transition process at 37 °C. The results indicate that the CS-αβ-GP thermosensitive hydrogel possesses a phase 
transition temperature that is well-suited for wound administration. An effective wound dressing needs to have a certain 
degree of degradability. As depicted in Figure 1F, the weight of the CS-αβ-GP thermosensitive hydrogel decreased to 
about 40% after 72 hours, demonstrating its degradability.

Enhancing wound healing in deep burn injuries in rats through the cross-linking of ASC-Exos with the CS-αβ-GP 
hydrogel
To establish therapeutic efficacy, we evaluated the Exos hydrogel composite in a rat burn model. As depicted in Figure 2, 
the CS + ASC-Exos group demonstrated superior healing kinetics, with significant acceleration beginning on day 4 and 
continuing to show improved outcomes through day 14 compared to other groups. This enhanced performance validates 
the Exos hydrogel composite’s therapeutic potential.

Mitigating inflammation of wound following cross-linking of ASC-Exos with CS-αβ-GP hydrogel
Histological analysis was conducted on full-thickness skin samples obtained after 14 days of treatment, with normal 
tissue used as a control for comparison. As depicted in Figure 3A, hematoxylin and eosin staining revealed significant 
differences between the treatment groups. The CS + ASC-Exos group demonstrated notably reduced lymphocyte infilt-
ration and blood vessel density in the wound area compared to the other groups. This indicates that the Exo-loaded 
hydrogel effectively controlled inflammation, reducing the cellular inflammatory response and promoting a more 
favorable wound healing environment.

As shown in Figure 3B, Masson’s Trichrome staining revealed that, in the CS + ASC-Exos group, after 14 days, normal 
tissue exhibited a small amount of collagen fibers interspersed between the abundant muscle fibers. In the wound tissue, 
the amount and distribution of collagen and muscle fibers were consistent with those in the normal tissues under a 
microscope. This suggests that the Exo-loaded hydrogel facilitated tissue regeneration by promoting a well-organized 
matrix that resembled the natural tissue structure. The collagen deposition was well-structured, contributing to improved 
tissue integrity and function. The lower CVF observed in the CS + ASC-Exos group suggests that the treatment promoted 
better wound healing with reduced scar formation.

Immunohistochemical analysis of important inflammatory markers confirmed that CS + ASC-Exos treatment affects 
wound healing. In the CS + ASC-Exos group, anti-inflammatory and growth factors including IL-10, transforming growth 
factor β, and epidermal growth factor were upregulated, whereas pro-inflammatory cytokines like TNF-α, IL-1α, and IL-6 
were considerably decreased. These data suggest that CS + ASC-Exos treatment promotes tissue regeneration and 
regulates inflammation to improve wound healing (Figure 3C).

After crosslinking with CS-αβ-GP hydrogel, ASC-Exos facilitate the conversion of M1 to M2 macrophages by blocking 
the nuclear factor κB pathway
The CS + ASC-Exos therapy drastically affected macrophage polarization, as indicated by alterations in the expression of 
essential macrophage markers. As depicted in Figure 4A, the therapy group exhibited a significant reduction in the pro-
inflammatory M1 markers IL-1α and CD86, which are commonly linked to inflammation and tissue damage. Concur-
rently, M2 macrophage markers CCL22 and CD163 were increased, signifying a transition towards an anti-inflammatory 
phenotype that facilitates tissue repair and regeneration. This shift in macrophage polarization indicates that CS + ASC-
Exos therapy not only diminishes inflammation but also promotes a more conducive wound healing environment by 
facilitating macrophage polarization towards the M2 phenotype.

To investigate the immunomodulatory effect of Exos hydrogel composite, nuclear factor κB (NF-κB) inflammatory 
pathway protein levels were assessed. Figure 4B and C demonstrate that the CS + ASC-Exos group had considerably 
lower p-inhibitor of kappa Balpha (p-IκBα) protein expression relative to other treatment groups. A significant decrease in 
p-P65 protein levels in the inflammatory NF-κB pathway was seen in the CS + ASC-Exos group. The study found that CS 
+ ASC-Exos can modulate macrophage polarisation from M1 to M2 by blocking the NF-κB pathway.
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Figure 1 Physical characterization of adipose-derived stem cell exosomes and chitosan-αβ-glycerophosphate hydrogel. A: Electron 
microscopy showing vesicle-like structures (30-150 nm) with double-concave bilayer membranes at 15 k and 40 k magnification; B: Western blot confirmation of 
exosome markers CD9, CD63, and CD81; C: Enhanced porosity of chitosan-αβ-glycerophosphate hydrogel vs chitosan hydrogel; D: Temporal release profile of 
cross-linked vs non-cross-linked adipose-derived stem cell exosomes; E: Temperature-dependent storage (G’) and loss (G’’) moduli; F: In vitro degradation profile. 
cP < 0.001. ASC-Exos: Adipose-derived stem cell exosomes; CS: Chitosan; CS-αβ-GP: Chitosan-αβ-glycerophosphate.

DISCUSSION
MSCs are multipotent progenitor cells capable of differentiating into many cell types under specific conditions. Approx-
imately 5000 ASCs can be obtained from one gramme of adipose tissue. Despite the existence of various sources of MSCs, 
ASCs have attracted significant interest due to their availability and yield[8]. Research has shown that MSCs respond to 
tissue damage by migrating to affected regions and engaging with the immune and inflammatory systems throughout 
their presence there[9]. MSCs release beneficial chemicals via paracrine pathways, facilitating wound repair and tissue 
regeneration in response to inflammatory conditions[9].



Xu L et al. ADSC-Exos/CS-αβ-GP hydrogel for deep burns

WJSC https://www.wjgnet.com 7 February 26, 2025 Volume 17 Issue 2

Figure 2 The effect of chitosan-αβ-glycerophosphate hydrogel crosslinked with adipose-derived stem cell exosomes on the healing rate 
of deep burn wounds in rats. A: Wound healing images of the four groups at 4, 7, and 14 days after wound treatment; B: Wound healing rates (%) of the four 
groups at 4, 7, and 14 days after wound treatment. aP < 0.05, bP < 0.01. ASC-Exos: Adipose-derived stem cell exosomes; CS: Chitosan.

When it comes to therapeutic applications, however, MSCs encounter a number of hurdles, such as the potential for 
tumorigenicity, concerns over immunological rejection, and complex storage needs. MSC-Exos have a number of 
advantages over their parent cells, including the following: (1) High stability: Despite being approximately one millionth 
the size of Exos are able to sustain their activity even when stored for an extended period of time at a temperature of -80 
degrees Celsius[1]; (2) Efficient production: Each MSC has the ability to generate thousands of Exos, which can be 
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Figure 3 Histological and immunohistochemical analysis of wound healing. A: Hematoxylin and eosin: Chitosan (CS) + adipose-derived stem cell 
exosomes (ASC-Exos) treatment reduced lymphocyte infiltration and vascular density compared to normal tissue. ASC-Exos alone showed similar effects but with 
prominent glands. CS group displayed increased smooth muscle, fibroblasts, and vascular structures. Control group exhibited extensive fibroblast presence, 
disorganized vasculature, and marked lymphocyte infiltration; B: Masson: CS+ASC-Exos: In the wound, numerous muscle fibers are interspersed with a small amount 
of collagen fibers, and the quantity and distribution of collagen fibers and muscle fibers are consistent with those in normal tissue. ASC-Exos group showed mild 
collagen increase. CS and control groups demonstrated excessive collagen deposition and muscle fiber formation. Collagen volume fraction was significantly lower in 
CS + ASC-Exos group; C: Immunohistochemical: CS + ASC-Exos group showed elevated interleukin (IL)-10, transforming growth factor-β, and epidermal growth 
factor expression, with reduced tumor necrosis factor-α, IL-1α, and IL-6 levels compared to other groups. aP < 0.05, bP < 0.01, cP < 0.001. ASC-Exos: Adipose-
derived stem cell exosomes; CS: Chitosan; TNF: Tumor necrosis factor; IL: Interleukin; TGF: Transforming growth factor; EGF: Epidermal growth factor.

recovered using conventional techniques such as ultracentrifugation[2]; and (3) Safety: Exos have a low membrane-bound 
protein content and are non-proliferative, which means that they have small risk of immune rejection or tumour 
formation[3]. This is one of the reasons why their safety profile has been enhanced.

According to the findings of a number of studies, MSC-Exos are effective in the process of wound healing. Zhang et al
[10] demonstrated that induced pluripotent stem cell-MSC-Exos sped up the process of epithelial reconstruction, 
decreased the width of scars, and enhanced collagen maturation while simultaneously stimulating angiogenesis. 
Similarly, research conducted using umbilical cord-MSC-Exos showed their capacity to stimulate wound re-epithelial by 
activating the Wnt/β-catenin pathway[11]. Li et al[12] established that umbilical cord-MSC-Exos containing miR-181c 
could control inflammation by the Toll-like receptor 4 signaling pathway. Several studies explicitly focused on ASC-Exos 
have produced encouraging findings. In their study, Hu et al[13] proved that the treatment with ASC-Exos, either locally 
or systemically, enhanced fibroblast function and maximized collagen production. Using Wnt/β-catenin signaling, Ma et 
al[14] demonstrated that ASC-Exos could promote keratinocyte proliferation and migration while simultaneously 
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Figure 4 Impact of chitosan-αβ-glycerophosphate hydrogel cross-linked with adipose-derived stem cell exosome on wound macro-
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phages. A: The expression of interleukin-1α and CD86 in the chitosan + adipose-derived stem cell exosomes group is lower compared to the control group, while 
the expression of C-C motif chemokine ligand 22 and CD163 is higher; B: Western blotting analysis of nuclear factor κB pathway-related protein expression; C: 
Quantification of nuclear factor κB pathway-related proteins. aP < 0.05, bP < 0.01, cP < 0.001. ASC-Exos: Adipose-derived stem cell exosomes; CS: Chitosan; IL: 
Interleukin; CCL22: C-C motif chemokine ligand 22; IκBα: Inhibitor of kappa Balpha.

suppressing. It has also been widely examined how macrophage polarization plays a role, with M1 macrophages 
responsible for producing pro molecules and M2 macrophages responsible for secreting anti-inflammatory mediators
[15]. By focusing on pknox1, He et al[16] demonstrated that bone marrow-MSC-Exos containing miR-223 could enhance 
M2 polarization.

MSC-Exos have shown significant potential in promoting burn wound healing, yet traditional delivery methods often 
face challenges, such as rapid clearance and burst release, which limit their effectiveness[17]. Recent advancements in 
injectable hydrogels have addressed these issues, offering a more controlled and sustained release, thereby enhancing the 
local retention of Exos and improving therapeutic outcomes. Among various hydrogel systems, CS-based hydrogels have 
garnered particular attention due to their intrinsic antibacterial properties, biocompatibility, and ability to maintain 
optimal moisture levels at wound sites, which are crucial for healing[7]. The CS-αβ-GP hydrogel, which exhibits 
temperature-dependent gelation and long-term stability at 4 °C, stands out as an excellent candidate for Exo delivery, 
providing a favorable environment for burn wound regeneration[18].

In our study, the CS + ASC-Exos hydrogel system demonstrated superior therapeutic efficacy. Notably, the system 
accelerated the healing process starting from day 4, with significantly better final healing rates at day 14 compared to the 
control groups. Histological analysis revealed that the CS + ASC-Exos treatment reduced inflammatory cell infiltration 
and vascularization, which suggests effective modulation of the inflammatory response. Moreover, the collagen and 
muscle fiber distribution in the wound area showed remarkable normalization, with the CVF notably lower in the CS + 
ASC-Exos group, indicating improved tissue regeneration and better scar formation outcomes.

The immunomodulatory effects of the CS + ASC-Exos system were also evident, as demonstrated by the increased 
expression of anti-inflammatory and growth factors, such as IL-10, transforming growth factor β, and epidermal growth 
factor. In contrast, pro-inflammatory markers, including TNF-α, IL-6, and IL-1α, were significantly reduced. Additionally, 
the treatment promoted macrophage polarization toward the anti-inflammatory M2 phenotype, evidenced by higher 
levels of M2 markers like CCL22 and CD163, while M1 markers such as IL-1α and CD86 were reduced. This shift in mac-
rophage polarization suggests that the CS + ASC-Exos system not only accelerates wound healing but also plays a key 
role in regulating the inflammatory environment to favor tissue repair.

It has been reported that MSC-derived Exos contain a large number of active molecules, such as lipids, proteins, and 
microRNAs, especially miR-199a, which regulates the innate immune system by blocking factors in the NF-κB pathway
[19-22]. Phosphorylated IκBα, a key regulatory factor in the NF-κB signaling pathway, positively regulates the expression 
of pro-inflammatory molecules[21,22]. Our study found that, compared to other treatment groups, the protein expression 
of p-IκBα was significantly downregulated in the CS + ASC-Exos group. Consistently, the protein level of the down-
stream molecule p-P65 in the inflammatory NF-κB pathway was significantly inhibited in the CS + ASC-Exos group. 
These findings confirm that the CS + ASC-Exos system can regulate the polarization of macrophages from M1 to M2 by 
blocking the NF-κB pathway, thereby promoting wound healing through enhanced anti-inflammatory effects.

However, while this study presents promising results, several aspects require further investigation to fully understand 
and optimize the therapeutic potential of this composite system. One key area for future research is the detailed exami-
nation of additional signaling pathways involved in wound healing and tissue regeneration. Identifying and targeting 
other relevant pathways could further enhance the effectiveness of the treatment. Another important area of exploration 
is the comprehensive analysis of the molecular components enriched in the ASC-Exos and their specific roles in tissue 
repair. Understanding which proteins, RNAs, and lipids contribute to the observed therapeutic effects will help refine 
Exo-based treatments and improve their clinical efficacy. Finally, clinical validation studies are essential to translate these 
promising results into real-world applications. These studies will provide critical insights into the safety, feasibility, and 
efficacy of the ASC-Exos-loaded hydrogel in human patients.

CONCLUSION
Our research demonstrates that the ASC-Exos cross-linked CS-αβ-GP hydrogel represents an advanced therapeutic 
approach for treating deep burn wounds. It has anti-inflammatory effects, promotes wound healing, and facilitates the 
transition of M1 macrophages to M2 macrophages by blocking the NF-κB pathway.
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umbilical cord mesenchymal stem cells. The study reveals that low levels of these 
microRNAs activate the signal transducer and activator of transcription 3 sig-
naling pathway, enhancing human umbilical cord mesenchymal stem cell migra-
tion and differentiation. These findings provide novel insights into therapeutic 
strategies for improving endometrial health and addressing infertility linked to 
thin endometrium.
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Core Tip: This manuscript examines the study by Zhang et al on the effects of miR-214-5p and miR-21-5p in hypoxic 
endometrial epithelial-cell-derived exosomes on human umbilical cord mesenchymal stem cells. The study highlights how 
low expression levels of these microRNAs activate the signal transducer and activator of transcription 3 signaling pathway, 
promoting human umbilical cord mesenchymal stem cell migration and differentiation - key processes in tissue repair and 
regeneration. These findings offer new insights into addressing thin endometrium, a common cause of infertility, by leve-
raging exosome-based therapies or targeted microRNA modulation. This article underscores the potential of miR-214-5p and 
miR-21-5p as therapeutic targets for improving endometrial health and reproductive outcomes.

Citation: Zhang JW. Impact of miR-214-5p and miR-21-5p from hypoxic endometrial exosomes on human umbilical cord mesen-
chymal stem cell function. World J Stem Cells 2025; 17(2): 102404
URL: https://www.wjgnet.com/1948-0210/full/v17/i2/102404.htm
DOI: https://dx.doi.org/10.4252/wjsc.v17.i2.102404

TO THE EDITOR
Thin endometrium is a significant barrier to successful embryo implantation and a primary cause of repeated implan-
tation failure and infertility, posing challenges in assisted reproductive technologies[1]. In the recent issue of the World 
Journal of Stem Cells, a study by Zhang et al[2] investigates the potential of exosomes derived from hypoxic endometrial 
epithelial cells (EECs) to modulate the function of human umbilical cord mesenchymal stem cells (HucMSCs), which are 
known for their regenerative capabilities[3]. Hypoxic EECs are those subjected to low oxygen conditions, leading to 
cellular stress and compromised tissue repair, which is relevant in conditions like thin endometrium.

Exosomes are nanosized vesicles released by cells that carry bioactive molecules such as nucleic acids, lipids, and 
proteins[4]. They play a crucial role in intercellular communication and can influence various cellular processes, in-
cluding proliferation, differentiation, and migration[4]. In the context of endometrial health, exosomes derived from EECs 
can modulate the function of other cells, such as HucMSCs[5]. The study highlights the role of the signal transducer and 
activator of transcription 3 (STAT3) signaling pathway, a critical mediator of cellular responses to cytokines and growth 
factors, involved in processes such as cell growth, survival, and differentiation[6].

The authors focus on the microRNAs (miRNAs) miR-21-5p and miR-214-5p, which are small non-coding RNAs that 
regulate gene expression by binding to target mRNAs. These miRNAs have been implicated in various cellular processes, 
including proliferation and differentiation[7-10]. In the context of thin endometrium, miR-21-5p and miR-214-5p are 
involved in modulating the migration and differentiation of HucMSCs. By targeting the STAT3 signaling pathway, these 
miRNAs can enhance the regenerative potential of HucMSCs, promoting tissue repair and improving endometrial 
receptivity. This makes them promising therapeutic targets for addressing infertility issues related to thin endometrium.

Methods
The researchers isolated exosomes from both normal and hypoxia-damaged EECs and characterized them using 
techniques such as western blotting and nanoparticle-tracking analysis. HucMSCs were cocultured with these exosomes, 
and the expression of miR-21-5p and miR-214-5p was analyzed through sequencing and reverse transcription quan-
titative polymerase chain reaction. The effects of inhibiting or overexpressing these miRNAs on HucMSC migration and 
differentiation were assessed using transwell and wound healing assays.

Key findings
The expression levels of miR-21-5p and miR-214-5p in HucMSCs treated with hypoxic EEC-derived exosomes were found 
to be significantly lower compared to those treated with exosomes from normal EECs. The low expression levels of miR-
21-5p and miR-214-5p in EEC-derived exosomes-pretreated HucMSCs were associated with enhanced migratory and 
differentiative potentials of the HucMSCs, as these miRNAs negatively regulate the STAT3 signaling pathway. The 
inhibition of miR-21-5p and miR-214-5p led to increased phosphorylation of STAT3, promoting HucMSC migration and 
differentiation into EECs. These findings suggest that miR-21-5p and miR-214-5p play a crucial role in modulating the 
regenerative capabilities of HucMSCs through the STAT3 pathway, offering potential therapeutic targets for improving 
endometrial health.

Critical appraisal
The findings of this study align with previous research indicating that exosomes play a vital role in cell communication 
and tissue repair. For instance, Liang et al[5] demonstrated that exosomes from HucMSCs could repair injured EECs, 
highlighting the therapeutic potential of stem cell-derived exosomes in reproductive health. However, the current study 
adds a novel dimension by specifically identifying the roles of miR-21-5p and miR-214-5p in this context, which had not 
been previously elucidated.

Future perspectives
The study by Zhang et al[2] provides a foundational understanding of how miR-214-5p and miR-21-5p in hypoxic en-
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dometrial epithelial-cell-derived exosomes can modulate the function of HucMSCs. This research opens several avenues 
for future exploration and clinical application, particularly in the field of gynecology and beyond.

Recent advances in clinical applications
In gynecology, exosome-based therapies are gaining traction as potential treatments for conditions like thin 
endometrium, which is a significant barrier to successful embryo implantation and pregnancy[11]. Recent studies have 
demonstrated the efficacy of exosome-hydrogel systems in promoting endometrial regeneration and improving fertility 
outcomes[1,12]. These systems protect and deliver exosomes to the target tissue, enhancing their therapeutic potential. 
The findings from Zhang et al[2] suggest that manipulating miR-214-5p and miR-21-5p levels could further optimize these 
therapies, offering a targeted approach to improve endometrial receptivity and address infertility issues.

Implications for stem cell, cancer, and immune therapies
Beyond gynecology, the modulation of miRNAs in exosomes holds promise for stem cell therapy, cancer treatment, and 
immune-related therapies. In stem cell therapy, miRNA manipulation can enhance the regenerative capabilities of stem 
cells, potentially improving outcomes in tissue repair and regeneration[13]. In cancer therapy, targeting specific miRNAs 
could inhibit tumor growth and metastasis by modulating key signaling pathways[14]. For immune-related therapies, 
exosomes can be engineered to deliver miRNAs that modulate immune responses, offering new strategies for treating 
autoimmune diseases and enhancing vaccine efficacy[15].

Exosome-based therapies
Exosome-based therapies offer a novel approach to delivering therapeutic agents directly to target tissues. Exosomes can 
be engineered to carry specific miRNAs, such as miR-214-5p and miR-21-5p, to modulate cellular functions[2]. This 
method leverages the natural ability of exosomes to facilitate intercellular communication and deliver bioactive mo-
lecules. However, challenges in clinical implementation include developing efficient and scalable exosome isolation and 
purification methods, ensuring the stability and bioavailability of exosome preparations, and addressing potential im-
munogenicity.

MiRNA mimics/inhibitors
The use of miRNA mimics or inhibitors represents another promising strategy. MiRNA mimics can be used to restore the 
function of downregulated miRNAs, while inhibitors can suppress the activity of overexpressed miRNAs[16]. These 
interventions can be tailored to modulate the STAT3 signaling pathway, which is crucial for HucMSC function and 
endometrial repair. The primary challenges in this approach include developing safe and effective delivery systems that 
can target specific tissues without off-target effects, as well as ensuring the stability and controlled release of miRNA 
therapeutics.

Challenges in clinical implementation
One of the main challenges in translating these strategies to clinical practice is the development of delivery systems that 
can efficiently and specifically deliver miRNA-based therapeutics to the endometrium. Nanoparticle-based delivery 
systems, liposomes, and viral vectors are being explored to enhance delivery efficiency and specificity. Safety consider-
ations are paramount, as miRNA-based therapies must be carefully evaluated for potential off-target effects and long-
term safety. Regulatory hurdles and the need for robust manufacturing processes also pose significant challenges.

Future research directions
Future research should focus on optimizing miRNA manipulation strategies for therapeutic use. This includes developing 
more efficient delivery systems for miRNA mimics and inhibitors, as well as exploring the use of CRISPR/Cas9 
technology for precise miRNA editing. Preclinical studies should be conducted to assess the therapeutic potential of 
miRNA-based interventions in animal models of thin endometrium, providing critical data on efficacy, safety, and 
pharmacokinetics. Following successful preclinical evaluation, clinical trials will be necessary to determine the safety and 
efficacy of these interventions in humans. These trials should aim to establish optimal dosing regimens, evaluate long-
term outcomes, and identify any potential adverse effects. Additionally, research should investigate the long-term effects 
of miRNA modulation on tissue health and function, as well as potential off-target effects.

Conclusions
The study by Zhang et al[2] provides valuable insights into the role of exosomal miRNAs in enhancing the regenerative 
potential of HucMSCs in the context of thin endometrium. Targeting miR-21-5p and miR-214-5p may offer a promising 
therapeutic strategy for improving endometrial receptivity and addressing infertility issues related to thin endometrium.
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Abstract
Peripheral nerve injuries are clinical conditions that often result in functional 
deficits, compromising patient quality of life. Given the relevance of these injuries, 
new treatment strategies are constantly being investigated. Although 
mesenchymal stem cells already demonstrate therapeutic potential due to their 
paracrine action, the transdifferentiation of these cells into Schwann-like cells 
(SLCs) represents a significant advancement in nerve injury therapy. Recent 
studies indicate that SLCs can mimic the functions of Schwann cells, with 
promising results in animal models. However, challenges remain, such as the 
diversity of transdifferentiation protocols and the scalability of these therapies for 
clinical applications. A recent study by Zou et al provided a comprehensive 
overview of the role of bone marrow-derived mesenchymal stem cells in the 
treatment of peripheral nerve injuries. Therefore, we would like to discuss and 
explore the use of SLCs derived from bone marrow-derived mesenchymal stem 
cells in more detail as a promising alternative in the field of nerve regeneration.
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Core Tip: Schwann-like cells (SLCs) derived from bone marrow-mesenchymal stem cells have emerged as a promising 
therapeutic approach for peripheral nerve regeneration. However, further in vitro and in vivo studies are needed to optimize 
transdifferentiation and transplantation methodologies, as well as to explore the efficacy of SLCs in different injury models. 
The development of strategies that integrate SLCs could enhance neuroregeneration, promoting cell survival and therapeutic 
success.
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Advancing peripheral nerve injury therapies. World J Stem Cells 2025; 17(2): 102702
URL: https://www.wjgnet.com/1948-0210/full/v17/i2/102702.htm
DOI: https://dx.doi.org/10.4252/wjsc.v17.i2.102702

TO THE EDITOR
We would like to express our sincere appreciation for the publication of the review entitled “Bone marrow-mesenchymal 
stem cells in treatment of peripheral nerve injury” by Zou et al[1], which provides a comprehensive overview of the role 
of bone marrow-derived mesenchymal stem cells (BM-MSCs) in the treatment of peripheral nerve injuries (PNI). In 
addition to highlighting the relevance of BM-MSCs, we would like to commend the authors and offer a more in-depth 
perspective on the use of Schwann-like cells (SLCs) derived from BM-MSCs as a promising alternative in the field of 
nerve regeneration.

PNI represents a significant clinical challenge in both humans and animals[2,3], due to the complexity of the neural 
microenvironment and the limited regenerative capacity, especially in severe injuries[4-6]. In long-gap injury, autograft is 
the gold standard treatment; however, it presents several limitations, including incomplete functional recovery, donor 
nerve morbidity, scar tissue formation, and the risk of neuroma formation[7,8]. Given these challenges, new therapeutic 
strategies are constantly being investigated.

Mesenchymal stem cells (MSCs) have attracted considerable attention for peripheral nerve regeneration[9]. Their ease 
of expansion in culture, the ability to differentiate into various cell types[10], and their neuroprotective, anti-inflam-
matory, immunomodulatory, and pro-angiogenic properties highlight MSCs as a strategy with great therapeutic 
potential, as reported by Zou et al[1]. The transplantation of BM-MSCs in PNI has been investigated in small and large 
animal models, such as rats[11], dogs[12], rabbits[13], sheep[14], and horses[15]. Furthermore, studies have demonstrated 
the potential for the transdifferentiation of BM-MSCs into SLCs, as highlighted by Zou et al[1].

Different protocols are described for performing transdifferentiation and exploring the potential of the transplantation 
of SLCs derived from BM-MSCs into animal models (Figure 1). In this manuscript, we also present in vitro approaches 
that utilize exosomes derived from different cell sources[16] and conditioned medium containing secreted factors from 
the peripheral nerves of both rats[17] and horses[18]. The method using conditioned medium enhances the gene 
expression of neurotrophic factors following transdifferentiation[18]. This recent approach still needs to be further 
explored to determine which factors specifically trigger the transdifferentiation process, which could open new avenues 
for research and experimental methodologies.

Schwann cells (SCs) are the main glial cells in the peripheral nervous system and play a crucial role in neuroregen-
eration through proliferation, formation of Büngner bands, secretion of neurotrophic factors, phagocytosis of myelin 
debris, and recruitment of macrophages[19]. While protocols for SCs isolation are well-established and their 
transplantation has shown benefits in treating PNI[20,21], this approach has limitations. These include the need to 
sacrifice a functional nerve for cell harvesting and the extended time required for cell expansion, which can delay 
treatment[22]. In this context, SLCs have emerged as a promising alternative to mimic SCs. The generation of SLCs from 
MSCs reduces complications associated with donor nerve harvesting. However, potential challenges in translating SLC 
therapies to clinical applications must be addressed. Issues related to cell quality, phenotypic instability, immune compat-
ibility, and long-term safety remain significant concerns. Moving forward, it will be essential to reach a consensus on the 
criteria to characterize these cells, ensuring reproducibility and reliability across different studies. Although various 
methodologies and protocols have been developed, offering promising strategies for nerve regeneration, further investig-
ations are necessary. Studies focusing on BM-MSC-derived SLCs and comparative analyses of different approaches are 
crucial to optimize and enhance the therapeutic potential of SLCs.

SLCS TRANSPLANTATION
Studies evaluating the transplantation of SLCs derived from BM-MSCs in PNI have demonstrated significant therapeutic 
benefits (Table 1). There is considerable evidence that the use of these cells can assist in nerve regeneration, underscoring 
their therapeutic potential. However, further investigations are still needed to establish effective protocols for clinical 
application. Although MSCs are considered immune evasive[23], the use of immunosuppressants such as tacrolimus and 
cyclosporine has been adopted in some studies to prevent immune rejection in xenogeneic transplants[24,25]. In addition, 
many studies have combined cell transplantation with biomaterials, optimizing treatment efficacy by creating a favorable 
microenvironment for regeneration[26,27].
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Figure 1 Schematic representation of the transdifferentiation of bone marrow-derived mesenchymal stem cells into Schwann-like cells 
using different protocols and their potential in vivo application. Protocols involving chemical agents, growth factors, exosomes derived from various cell 
sources, and secreted factors from equine and rat peripheral nerves are used for the in vitro transdifferentiation of bone marrow-derived mesenchymal stem cells into 
Schwann-like cells. Studies involving the transplantation of Schwann-like cells into animal models generally use chemical agents and growth factors to induce 
transdifferentiation. Created with Biorender (https://BioRender.com/p72z610). BM-MSCs: Bone marrow-derived mesenchymal stem cells.

Biomaterials have been widely studied for the construction of nerve guidance conduits (NGCs), which may be natural 
or synthetic, exhibiting a wide range of characteristics that play crucial roles in nerve regeneration[28]. NGCs are 
designed to provide structural support and create a favorable microenvironment for axonal growth[3]. Physical pro-
perties, such as porosity, stiffness, and biocompatibility, as well as incorporated bioactive components, are key determ-
inants for successful neural regeneration[29,30]. The use of 3D printing has revolutionized the design and fabrication of 
NGCs, enabling customization with complex architectures[31]. This technology allows the creation of NGCs with 
geometries tailored to different types of nerve injuries, while precisely controlling features such as pore size, fiber 
orientation, and material composition[32,33]. In this context, the combination of SLCs with 3D-printed personalized 
NGCs represents a promising approach for the treatment of PNI, enhancing functional recovery and opening new 
perspectives for nerve tissue engineering. These findings highlight the importance of continuing to explore the transdif-
ferentiation capacity of BM-MSCs and conducting new studies in combination with different approaches aimed at 
improving the efficacy of cell-based therapy in neuroregeneration.

CONCLUSIONS AND PERSPECTIVES
Despite evidence suggesting that SLCs are a promising alternative for nerve regeneration, several challenges remain to be 
addressed. Issues such as the quantity of cells to be used, the most efficient methodology for transdifferentiation, the 
application frequency, long-term safety, potential immune responses, dedifferentiation after the removal of the inducing 
medium, and efficacy in different types of injuries require further investigation.

To advance in this field, it is essential to standardize transdifferentiation protocols and establish a consensus on the 
characterization of SLCs. This will assist in ensuring reproducibility and clinical applicability. Preclinical studies utilizing 
large animal models to evaluate the safety and effectiveness of SLC-based therapies, followed by clinical trials, are also 
crucial to translate these findings into clinical practice. The combination of cellular therapy with biomaterials and other 
technologies has the potential to further enhance neuroregeneration. In this context, future studies should investigate the 
3D bioprinting of NGCs incorporated with BM-MSCs, as demonstrated by Liu et al[34], or with SLCs, aiming to develop 
better therapeutic approaches for PNI. It is vital to create an optimal microenvironment that promotes cell survival and 
integration after transplantation. Moreover, incorporating and distributing stimulating factors that influence the 
phenotype of SLCs will be crucial for the therapeutic success of these approaches. Thus, we would like to highlight future 
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Table 1 Transplantation of Schwann-like cells derived from bone marrow-mesenchymal stem cells in peripheral nerve injuries

Model Cells/grafts Method of 
transdifferentiation Outcome Limitations Ref.

Rat sciatic 
nerve (12 
mm gap)

SLCs (rats). Hollow fiber Chemical and growth 
factors

Improvements in motor 
conduction, sciatic nerve 
function index, regeneration of 
the nodes of Ranvier, and 
remyelination. No tumor 
formation was detected 6 
months post-transplantation

Lack of detailed sensory functional 
analysis and gene expression evaluation of 
SLCs and nerve regeneration markers

[35]

Rat sciatic 
nerve (10 
mm gap)

SLCs (humans). Transper-
meable tube. 
Immunosuppressants 
used

Chemical and growth 
factors

Improvements in nerve 
regeneration and functional 
recovery

Lack of detailed sensory functional 
analysis, gene expression evaluation of 
SLCs and nerve regeneration markers, no 
electroneuromyography, assessed for three 
weeks

[25]

Rat sciatic 
nerve (12 
mm gap)

SLCs (rats). Chitosan 
conduits

Neurosphere induction, 
incubation with growth 
factors and co-culture

Improvements in remyelination 
and axonal growth. No 
significant difference was 
observed compared to the 
transplantation of Schwann cells 
derived from the sciatic nerve

No undifferentiated BM-MSC 
transplantation group, lack of detailed 
sensory functional analysis and gene 
expression evaluation of SLCs and nerve 
regeneration markers

[26]

Buccal 
branch of 
the facial 
nerve in 
rabbits (1 
cm gap)

SLCs (rabbits). Vein graft Chemical and growth 
factors

Acceleration of axonal 
regeneration and improvement 
in remyelination

Lack of detailed sensory functional 
analysis of the facial nerve and gene 
expression evaluation of SLCs markers

[27]

Rat sciatic 
nerve (12 
mm gap)

SLCs (humans). Chitosan 
conduits. Immunosup-
pressants used

Neurosphere induction, 
incubation with growth 
factors and co-culture

Improvements in axonal 
regeneration and myelination

No undifferentiated BM-MSC 
transplantation group, lack of detailed 
motor and sensory functional analysis, 
electroneuromyography, and gene 
expression evaluation of SLCs and nerve 
regeneration markers

[24]

The studies are predominantly conducted using laboratory animal models, while there is a lack of research evaluating the regenerative potential of 
Schwann-like cells derived from bone marrow-derived mesenchymal stem cells in large animal models. These larger models are particularly relevant for 
translational studies, as the size of the peripheral nerve in these animals allows for larger lesions, providing more realistic data on the nerve regeneration 
process, which can be applied to human treatments[4]. SLCs: Schwann-like cells; BM-MSC: Bone marrow-derived mesenchymal stem cell.

perspectives toward therapies based on SLCs derived from BM-MSCs, which have great potential for the treatment of 
PNI.
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