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Abstract

Cumulative evidence suggests that O-linked B-N-acetylglucosaminylation (O-
GlcNAcylation) plays an important regulatory role in pathophysiological proce-
sses. Although the regulatory mechanisms of O-GlcNAcylation in tumors have
been gradually elucidated, the potential mechanisms of O-GlcNAcylation in bone
metabolism, particularly, in the osteogenic differentiation of bone marrow mesen-
chymal stromal cells (BMSCs) remains unexplored. In this study, the literature
related to O-GlcNAcylation and BMSC osteogenic differentiation was reviewed,
assuming that it could trigger more scholars to focus on research related to O-
GlcNAcylation and bone metabolism and provide insights into the development
of novel therapeutic targets for bone metabolism disorders such as osteoporosis.

Key Words: O-GlcNAcylation; Osteogenic differentiation; Bone marrow mesenchymal
stromal cells; Osteoporosis
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Core Tip: O-linked B-N-acetylglucosaminylation (O-GlcNAcylation), an important post-translational modification of
proteins, widely involved in the regulation of biological processes such as signal transduction and proteasomal degradation,
plays an essential role in the initiation and progression of various diseases such as bone metabolism. In this study, we
emphasized that maintaining appropriate levels of O-GlcNAcylation is beneficial for the osteogenic differentiation of bone
marrow mesenchymal stem cells (BMSCs). Insufficient or excessive levels of O-GlcNAcylation are detrimental to BMSC
osteogenic differentiation.

Citation: Zhou XC, Ni GX. O-linked B-N-acetylglucosaminylation may be a key regulatory factor in promoting osteogenic differen-
tiation of bone marrow mesenchymal stromal cells. World J Stem Cells 2024; 16(3): 228-231

URL: https://www.wjgnet.com/1948-0210/full/v16/i3/228.htm

DOI: https://dx.doi.org/10.4252/wjsc.v16.i3.228

INTRODUCTION

Bone marrow mesenchymal stromal cells (BMSCs), important precursors of osteoblastic lineage cells, are pluripotent stem
cells with self-renewal, immunomodulatory, and multidifferentiation potentials[1]. As the major source of osteoblasts,
BMSCs are important contributors to the bone tissue repair process. The abnormal osteogenic differentiation of BMSCs is
an important cause of bone metabolism-related diseases, including osteoporosis[2,3]. O-linked B-N-acetylglucosam-
inylation (O-GlcNAcylation) is an important post-translational modification in which involves the attachment of a single
O-linked N-acetylglucosamine (O-GlcNAc) moiety to Ser or Thr residues of cytoplasmic, nuclear, and mitochondrial
proteins. O-GlcNAcylation can regulate fundamental cellular processes ranging from gene transcription and translation
to protein localization, interaction, and degradation[4]. The donor for O-GlcNAcylation is a nucleoside sugar, such as
uridine diphosphate GlcNAc (UDP-GIcNAc). UDP-GIcNAc, a key metabolite produced by the hexosamine biosynthetic
pathway, is synthesized by consumption of uridine triphosphate, glucose, glutamine, and acetyl-CoA[5]. As a ubiquitous
post-translational modification of proteins, O-GlcNAcylation is regulated by two conserved enzymes: O-GlcNAc
transferase (OGT), which can add O-GIcNAc to proteins, and O-GlcNAc enzyme (OGA), which can remove O-GlcNAc
from proteins. O-GlcNAcylation maintains optimal homeostatic balance through mutual regulation of OGT and OGA[4].
However, uncoupled OGT and OGA homeostasis have been shown to be associated with the pathogenesis of multiple
human diseases, including bone metabolic diseases. Emerging evidence shows that O-GlcNAc modification is closely
related to the osteogenic differentiation of BMSCs][6].

BMSCs have the potential to differentiate into osteoblasts, adipocytes, and chondrocytes[7,8]. A recent study showed
that OGT knockout in mouse BMSCs inhibited bone formation while promoting bone marrow adipogenesis[9] ,
indicating that O-GlcNACylation may be a key regulatory factor affecting the differentiation fate of BMSCs. Runt-related
transcription factor 2 (RUNX2) is a member of the polyomavirus enhancer-binding protein 2/core-binding factor
superfamily[10,11]. The balance between osteogenesis and adipogenic differentiation in BMSC is coordinated regulated
by transcription factors Runx2 and CCAAT/enhancer-binding protein beta (C/EBPp) through O-GlcNAc post-transla-
tional modifications. The increased O-glycosylation of Runx2 is not only critical for osteogenic differentiation, but also
promotes B lymphocytes by activating interleukin-7. Knockdown of OGT can activate the transcriptional activity of
C/EBPp to promote the adipogenic differentiation of BMSCs[12,13], and upregulate the expression of myelopoietic stem
cell factor encoded by the Kitl gene, thereby increasing myopoiesis[14-17]. In addition, Kim et al[6] observed that elevated
protein O-GlcNAc modification enhances the binding of Runx2 to Ose2 by promoting the transcriptional activity of
Runx2 and inducing an increase in the expression of the osteoblast-specific marker osteocalcin (OCN)[18-21]. Another
study reported that the osteogenic differentiation marker bone morphogenetic protein 2/7 reduced OGA activity[18].
During osteogenic differentiation process of BMSC, the overall level of O-GlcNACylation increases. Pharmacological
inhibition of OGA promotes the expression of osteogenic differentiation makers, including alkaline phosphatase (ALP),
OCN, and bone sialoprotein[6,18,22,23].

Hyperglycemia is reported to be closely related to bone formation inhibition and is a major factor in diabetic
osteoporosis[24-27]. Previous studies have shown that high blood sugar levels increase the O-GlcNAcylation of proteins.
Abnormal regulation of O-GlcNAcylation is closely associated with the pathogenesis of diabetes mellitus[28]. Therefore,
hyperglycemia-induced excessive and abnormal O-GlcNAcylation may lead to reduced osteogenic differentiation and
diabetic osteoporosis. Gu et al[29] demonstrated that excessive O-GlcNAcylation induced by high glucose, glucosamine,
or GlcNAc treatment or OGT overexpression can reduce the expression levels of osteoblast markers, such as ALP, type I
collagen, OCN, Runx2, and osterix, thereby inhibiting osteogenic differentiation. These results are consistent with the
phenotypic reduction in bone formation observed in patients with type 2 diabetes. However, other studies have shown
that the upregulation of O-GlcNAcylation through supplementation with OGA inhibitors promotes osteogenic differen-
tiation and increases Runx2 transcriptional activity and matrix mineralization[6,18]. One explanation for aforementioned
difference is that the effects of metabolic treatment (high concentration glucose treatment) and drug treatment (OGA
inhibitors) may be different. Pharmacological inhibition of OGA increases the O-GlcNAcylation level by breaking the
dynamic on/off cycle, whereas metabolic treatment or OGT overexpression increases the O-GlcNAcylation level by
shifting the balance toward modification[30].
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CONCLUSION

The osteogenic differentiation of BMSCs requires a moderate increase of O-GlcNAcylation, and an excessive increase in
overall O-GlcNAcylation may inhibit the osteogenic differentiation of BMSCS. Therefore, the overall O-GlcNAcylation
level should be maintained within an optimal range to protect normal cellular functions. The precise regulation of O-
GlcNAcylation may be an effective strategy for promoting the osteogenic differentiation of BMSCs, correcting abnormal
bone metabolism, and preventing bone-related diseases. Further elucidation of the potential regulatory mechanism
between O-GlcNAcylation and the osteogenic differentiation of BMSCs will help to better understand the pathogenesis of
bone metabolic diseases and provide novel ideas for the treatment and prevention of bone metabolic diseases.
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Abstract

Mesenchymal stromal cells (MSCs) hold great promise for tissue regeneration in
debilitating disorders. Despite reported improvements, the short-term outcomes
of MSC transplantation, which is possibly linked to poor cell survival, demand
extensive investigation. Disease-associated stress microenvironments further
complicate outcomes. This debate underscores the need for a deeper unders-
tanding of the phenotypes of transplanted MSCs and their environment-induced
fluctuations. Additionally, questions arise about how to predict, track, and
comprehend cell fate post-transplantation. In vivo cellular imaging has emerged as
a critical requirement for both short- and long-term safety and efficacy studies.
However, translating preclinical imaging methods to clinical settings remains
challenging. The fate and function of transplanted cells within the host
environment present intricate challenges, including MSC engraftment, variability,
and inconsistencies between preclinical and clinical data. The study explored the
impact of high glucose concentrations on MSC survival in diabetic environments,
emphasizing mitochondrial factors. Preserving these factors may enhance MSC
survival, suggesting potential strategies involving genetic modification,
biomaterials, and nanoparticles. Understanding stressors in diabetic patients is
crucial for predicting the effects of MSC-based therapies. These multifaceted
challenges call for a holistic approach involving the incorporation of large-scale
data, computational disease modeling, and possibly artificial intelligence to
enable deterministic insights.

Key Words: Mesenchymal stem cells; Phenotype; Transplantation; Host; Microe-
nvironment; Cellular imaging; Diabetes mellitus
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Core Tip: Deterministic methods for modeling stem cell-host interactions are needed to ensure the safety and efficacy of
stem cell-based therapies. This requires an in-depth understanding of the mechanism of action of the transplanted cells for
each and every host condition(s) and asks for the establishment of adequate methods to predict, follow-up and determine the
safety profile of the respective therapies.
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INTRODUCTION

Mesenchymal stromal cells (MSCs) continue to be the most explored type of stem cell because of their regenerative
impact on restoring organ and tissue structure and function. Such cell-based therapies are tested within various
regenerative approaches in the hope of enabling the treatment of disabling diseases[1]. However, the consistent
improvement in disease-associated biomarkers reported after MSC transplantation proved to be short-lived. This
transitory effect could be related to a poor cell survival rate, which requires extensive investigation[2]. The disease
environment is characterized by the presence of numerous stressors that include but are not limited to hypoxia, inflam-
mation, and metabolic imbalances that can impact the duration and efficiency of MSC transplantation. To further
complicate this matter, disease association and side effects of concurrent therapies result in an extremely complex and
intricate situation for a specific individual or group of individuals potential recipients of MSC therapies. It has been
proposed that in the context of cell therapies, host microenvironmental modulators can be used as therapeutics. This
requires a deep understanding of the mechanism of action of the transplanted cells for specific host condition(s) and asks
for the establishment of adequate, probably multi-biomarker panels to predict, follow-up and determine the safety profile
of the respective therapies[3].

This largely open debate invites several considerations with respect to MSCs (and probably other stem cell types).
therapies at large. What is known about the phenotype of transplanted MSCs, and what do they represent from an
informational and physiological perspective?

The question of whether cultured expanded MSCs faithfully reflect any stage of natural in vivo MSCs or whether cells
are present akin to developmental stages is prominent. It is essential to note the intricate embryological development of
mesenchymal tissues that have double embryological origins within trunk and head mesenchymal lineages (neural crest-
derived), with these origins intricately intertwined, particularly in tissues such as the myocardium or head and neck,
including sensory organs[4]. In the natural context of a developing organism, cellular differentiation appears determ-
inistic, allowing predictions about the fate of similar cells in subsequent generations even in unrelated species. However,
embryological studies reveal that cells from one presumptive tissue, when implanted into another tissue, can assume a
different fate[5]. The local regulation of their destiny by the new environment underscores the selective rather than
directive development of implanted cells, a characteristic inherent to MSCs. The development of human mesenchymal
tissues involves a sequence of precisely coordinated series of time-dependent events distinct from the tissue repair
mechanisms observed in adults 15-80 years later[6]. A classic example of such a mismatch is the long-tested and highly
argued approach in which MSCs from various sources are used for regeneration or tissue engineering of articular
cartilage. Chondrogenic primed adult tissue-derived MSCs notoriously undergo hypertrophic ossification since
endochondral bone repair appears to be the “default” function after organism maturation. Manipulation of the Wnt/f-
catenin pathway or pulsed exposure to parathyroid hormone related protein, which are reportedly used to suppress or
delay hypertrophic differentiation[7], involves the use of several attached strings. Challenges in describing the timing and
duration of such pharmacological intervention are not negligible, while adding steps in cell manipulation complicates
both prospective cell therapy manufacturing and regulatory approval altogether. Although insights from early
development may offer insight into utilizing cultured MSCs for repairing and regenerating adult tissues, the precise
underlying mechanisms remain unknown.

Another question refers to the ability to predict, track and monitor cell fate after transplantation. From a regulatory
perspective, the ability to fully comprehend cell fate after delivery is vital for understanding safety and efficiency.
Translation from animal models to clinical studies often requires an upgraded set of tests in an attempt to describe
parameters such as biodistribution, cell survival or engraftment after transplantation[8]. Preclinical studies rely on data
gathered through invasive sample collection for safety studies. Such assessments commonly utilize polymerase chain
reaction or immunohistochemistry as standards for good laboratory practice to detect cell-specific markers in vivo. This
approach involves the termination of in vivo experiments to enable sample collection. Time-series results and long-term
follow-up require a substantial number of animals and are obviously impractical for clinical studies. Consequently, there
is a critical demand for in vivo cellular imaging that facilitates both short- and long-term pharmacological studies, as well
as monitoring of therapeutic response. Cellular imaging has become necessary in the context of short- and long-term
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safety and efficacy of cell therapies. However, translation of imaging methods from preclinical studies is challenging.
Clinically available imaging methods, such as computer tomography, single-photon emission spectroscopy computer
tomography, and magnetic resonance imaging, need to be used to balance sensitivity, specificity, resolution and the need
for cell labeling. Radiolabeling, positron-emitting isotopes and nanomagnetic tracers are intensely tested alone or in
combination to enable imaging at the cellular level. Cell trackers themselves can modify both transplanted cells and the
host environment, introducing another set of variables that need to be taken into account when predicting the behavior of
the two intertwining systems. Notably, to date, no relevant modality for noninvasively imaging the viability of
transplanted cells has made its way to clinical settings despite several smart solutions being proposed experimentally.

However, the most difficult question may be whether the fate and function of the transplanted cell population are
predicted within the context of the host environment. In addition to the much-investigated issue of cell engraftment and
direct involvement in tissue regeneration vs the so-called “trophic” role that MSCs are supposed to play in the quality of
small molecules releasing “medicinal cells”[9], other crucial points require careful consideration. Specifically, molecular-
level descriptions of therapeutic cell mechanisms of action, donor- and tissue-type-dependent MSC variability, consistent
differences between preclinical data and existing results from available clinical trials are the only major challenges to be
addressed. In addition, predicting the content of MSC-released cytokines “black box” and their environment-induced
licensing after transplantation are still unresolved problems[3].

A significant challenge for stem cell therapy is cell survival and maintenance of the phenotype after transplantation.
The harsh microenvironment of the host commonly includes ischemia, inflammation, oxidative stress, and mechanical
stress, which contribute to important cell loss and to the release of proinflammatory cytokines, potentially increasing local
damage[10].

The multifaceted aspects of these challenges point toward the necessity of approaching them by means of a holistic
view where large amounts of data, computational disease modeling and perhaps the use of artificial intelligence could
offer valuable insights. Several possible developments in this context consist of data-driven optimization of cell delivery.
Thus, a large amount of data analysis can inform the optimization of cell delivery methods to increase the survival of
transplanted stem cells in hostile microenvironments[11]. With respect to the existing knowledge regarding the use of
biomaterial-based nanocarrier systems, tailored methods for cell delivery to fit a specific clinical situation (such as intraar-
ticular or intracardiac), cell preconditioning or cell engineering can be used to inform decision-making regarding pharma-
cological aspects of cell transplantation for a given clinical need.

MSCs can display a bidirectional immune modulatory effect, as shown by numerous in vivo studies and clinical trials.
MSCs are actually used to modulate the hyperactive immune response in coronavirus disease 2019 or graft-versus-host
disease patients[12]. MSCs act through secretomes and exosomes via paracrine effects, promoting the production of
regulatory T cells and preventing the infiltration of proinflammatory cytokines such as tumor necrosis factor-a and
interleukin-6[13].

Cell engineering strategies can be used to mitigate the immune response in the context of cell therapy. Genome editing
strategies and immune checkpoint inhibitors, such as programmed cell death ligand 1, CD47, and human leukocyte
antigen-G, are being explored to mitigate immune rejection caused by various cellular components of the immune
system, either in the presence or absence of human leukocyte antigen, particularly in human induced pluripotent stem
cells and progenitor-based therapies[14].

Despite the progress made in developing strategies to mitigate immune responses in patients receiving stem cell
therapies, these approaches still have limitations. One of the main challenges is that none of the current treatment
modalities are successful at abolishing the immune response in a manner that does not influence transplanted cell
viability or therapeutic efficacy[15]. The human immune system is extremely accurate at identifying non-self cells, which
poses a significant risk of antigraft immune responses resulting from allogeneic MSC sources. Another limitation is that
the refinement of stem cell culture protocols, including cell engineering strategies to increase the “therapeutic
phenotype”, may increase the immunogenicity of the transplanted cells.

Al and large-scale data analysis could be used to identify methods for cell preconditioning as well as genetic
engineering techniques that increase the survival and viability of transplanted stem cells, offering new possibilities for
improving engraftment and functionality. A holistic view, informed by large amounts of data and computational
modeling, can aid in understanding the complex interplay of factors affecting the survival and functionality of
transplanted stem cells, leading to more effective therapeutic strategies.

Using artificial intelligence in stem cell research introduces a new set of challenges mostly related to ethical consider-
ations, policy implications, and intellectual property, demanding a risk-based approach to balance the potential benefits
and risks. Abu-El-Rub et al[16] discussed one important aspect of MSC transplantation within the survival-challenging
environment of diabetes mellitus (DM) patients. MSC transplantation has been proposed as a potential treatment for type
Iand I DM mainly due to its immunosuppressive properties and anti-inflammatory effects. The authors present evidence
that high glucose concentrations adversely affect MSC survival by disrupting mitochondrial regulatory factors, leading to
apoptosis. These findings advance the idea that understanding and preserving factors such as the mitochondrial
membrane potential, the NAD+/NADH pool, and the mechanistic target of rapamycin protein may enhance MSC
survival in diabetic microenvironments. Future strategies could involve genetic modification, biomaterials, and
nanoparticles aimed at overcoming poor MSC survival under high-glucose conditions. Additionally, studying the impact
of other stressors in DM patients is crucial in the attempt to predict the effect of potential MSC-based therapies. The role
of frequent fluctuations in glucose levels in DM patients, systemic inflammation and the possible uremic milieu still need
to be considered.
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CONCLUSION

The incoming field of MSC-based cellular therapies faces multifaceted challenges, including poor cell survival rates,
complex host microenvironments, and immune responses. Addressing these challenges requires a holistic approach
informed by large amounts of data, computational modeling, and possibly the use of artificial intelligence. Future
strategies could involve genetic modification, biomaterials, and nanoparticles aimed at overcoming poor MSC survival in
specific microenvironments, such as those found in diabetic patients. Awaiting the true potential of cell-based therapies
to unfold, the need for comprehensive and multidisciplinary approaches to overcome these obstacles and to advance the
field toward more effective and safer clinical applications appears to be more imperative.
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Abstract

High glucose (HG) culture conditions in vitro and persistent exposure to hy-
perglycemia in diabetes patients are detrimental to stem cells, analogous to any
other cell type in our body. It interferes with diverse signaling pathways, i.e.
mammalian target of rapamycin (mTOR)-phosphoinositide 3-kinase (PI3K)-Akt
signaling, to impact physiological cellular functions, leading to low cell survival
and higher cell apoptosis rates. While elucidating the underlying mechanism re-
sponsible for the apoptosis of adipose tissue-derived mesenchymal stem cells
(MSCs), a recent study has shown that HG culture conditions dysregulate mTOR-
PI3K-Akt signaling in addition to mitochondrial malfunctioning due to defective
mitochondrial membrane potential (MtMP) that lowers ATP production. This
organelle-level dysfunction energy-starves the cells and increases oxidative stress
and ultrastructural abnormalities. Disruption of the mitochondrial electron
transport chain produces an altered mitochondrial NAD+/NADH redox state as
evidenced by a low NAD+/NADH ratio that primarily contributes to the reduced
cell survival in HG. Some previous studies have also reported altered mito-
chondrial membrane polarity (causing hyperpolarization) and reduced mito-
chondrial cell mass, leading to perturbed mitochondrial homeostasis. The hostile
microenvironment created by HG exposure creates structural and functional
changes in the mitochondria, altering their bioenergetics and reducing their ca-
pacity to produce ATP. These are significant data, as MSCs are extensively stu-
died for tissue regeneration and restoring their normal functioning in cell-based
therapy. Therefore, MSCs from hyperglycemic donors should be cautiously used
in clinical settings for cell-based therapy due to concerns of their poor sur-vival
rates and increased rates of post engraftment proliferation. As hypergly-cemia
alters the bioenergetics of donor MSCs, rectifying the loss of MtMP may be an
excellent target for future research to restore the normal functioning of MSCs in
hyperglycemic patients.
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Core Tip: High glucose (HG) conditions, seen in vitro as well as in diabetic patients, adversely affect stem cells by disrupting
mammalian target of rapamycin-phosphoinositide 3-kinase-Akt signaling, resulting in reduced cell survival and increased
apoptosis. A recent study of adipose tissue-derived mesenchymal stem cells (MSCs) found dysregulation of this signaling
pathway and defective mitochondrial membrane potential (MtMP) under HG conditions. This leads to decreased ATP
production, heightened oxidative stress, and structural abnormalities, causing diminished cell survival. Altered mitochondrial
NAD+/NADH redox state and disrupted mitochondrial homeostasis worsen the hostile microenvironment induced by HG
exposure. These findings are a note of caution for using MSCs from hyperglycemic donors in cell-based therapy owing to
their poor survival and proliferation rates. Future research targeting MtMP restoration may enhance the therapeutic efficacy
of MSCs in hyperglycemic patients.
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INTRODUCTION

Chronic exposure to a high glucose (HG) microenvironment in vitro and in vivo is detrimental to cells and has phy-
siological and pathological consequences (Figure 1). At the cellular level, the damaging effects of HG exposure for a
prolonged period can cause glucose cytotoxicity that invariably affects every body cell, encompassing red blood cells to
stem cells[1-3].

Insulin resistance, pancreatic beta cell damage, and decreased insulin production lead to hyperglycemia that drastically
affects the whole body at the organ and cellular levels. An uncontrolled hyperglycemic state leads to chronic systemic
inflammation that brings about morphological and functional changes in the body cells, including stem cells[4]. This
persistent uncontrolled hyperglycemia also produces changes in the bone marrow (BM) microenvironment that cause
functional impairment of stem cells[5]. Nguyen et al[6] reported a reduced proliferation rate and increased expression of
stress-associated genes, activating transcription factor 4, and C/EBP homologous protein in mesenchymal stem cells
(MSCs). On the same note, Kim et al[7] reported defective osteogenic differentiation but an increased adipogenic differen-
tiation rate in BM-derived MSCs. MSCs from streptozotocin (STZ)-induced diabetic rats have a slow proliferation rate
and poor myogenic potential[8]. These studies show that hyperglycemia causes changes in progenitor cell biology and
affects their normal behavior and functions during tissue repair[9]. Hence, attempts have been made in some cases to
predifferentiate MSCs into insulin-producing cells before transplantation in hyperglycemic experimental animal models
[10].

Antihyperglycemic therapy to regain glucose homeostasis can also interfere with the quality and efficacy of MSC
treatment. Hsiao et al[11] reported that metformin caused apoptosis of MSCs via the AMP-activated protein kinase
(AMPK)-mammalian target of rapamycin (mTOR) pathway. Interestingly, the authors observed that hyperglycemia
protected cells from metformin-induced apoptosis. In another study involving a rat model of diabetic cardiomyopathy,
Ammar et al[12] observed impaired angiogenesis and higher myocardial fibrosis in response to concomitant treatment
with metformin and MSCs compared to MSCs treated animals. These data were attributed to impaired MSC functionality
in the presence of metformin treatment.

HG CULTURE- AND HYPERGLYCEMIA-INDUCED SIGNALING

Hyperglycemic conditions in vivo are simulated in vitro by culturing the cells in HG conditions to study the effects of
hyperglycemia. HG culture conditions have been shown to cause rapid cellular dysfunction by promoting transcriptional
changes[13]. Some of the essential mechanisms involved therein include the formation of advanced glycation products
(AGEs), PKC activation, mTOR/ Akt dysregulation, etc, that lead to elevated reactive oxygen species (ROS) stress, in-
creased pro-inflammatory cytokines production, growth factors, abnormally high gas transmitters, altered cell bioener-
getics, etc.

For example, Aguiari et al[14] reported that muscle-derived stem cells and adipose tissue-derived stem cells under HG
culture conditions preferentially adopted adipogenic phenotype in response to ROS accumulation and activation of PKC-
B in the cells. They supported their findings by treating the cells with oxidizing agents and silencing PKC-f in the cells to
inhibit their adipogenic differentiation. In a subsequent study, culture of human aortic endothelial cells in HG was re-
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Figure 1 Glucotoxicity in mesenchymal stem cells exposed to high glucose culture conditions and hyperglycemia. AGE: Advanced glycation
end product; AMPK: AMP-activated protein kinase; CXCR: C-X-C chemokine receptor type 4; drp1: Dynamin-related protein 1; fis1: Fission protein 1. mfn1: Mitofusin
1; MSC: Mesenchymal stem cell; mTOR: Mammalian target of rapamycin; PI3K: Phosphoinositide 3-kinase; ROS: Reactive oxygen species; TNF: Tumor necrosis
factor; TSC1: Tuberous sclerosis 1.

ported to cause significant pathway changes during the first 4 h, with distinct clusters of genes showing altered transcrip-
tional profiles unique to HG conditions[13]. Temporal co-expression and causal network analysis showed a relationship
between type 2 diabetes mellitus and activation of growth factor signaling pathways, including signal transducer and
activator of transcription 3 and nuclear factor-kappa B. On the same note, MSCs in HG culture undergo senescence
mediated by Akt/mTOR dysregulation[3]. However, some studies report that for the detrimental effects of HG culture
conditions, the cells may need persistent long-term exposure because they may resist short-term exposure to HG culture
conditions[15]. It is interesting to note that MSCs from healthy donors had shorter doubling time under HG culture
conditions compared with MSCs from diabetic donors, thus implying that the difference in their responsiveness is more a
function of the pathophysiology of diabetes. On the same note, changes observed in diabetes donor-derived MSCs
respiration capacity were responsible for their compromised cellular functions[6]. There is reportedly a decreased an-
giogenic paracrine activity, which was evident from reduced secretion of pro-angiogenic growth factors, i.e. vascular
endothelial growth factor-A (VEGF-A), angiopoietin-1 (Ang-1), and Ang-2, and VEGF-C in the HG MSCs[7].

Chronic HG culture conditions also drive glycation reactions through the receptor for advanced glycation end products
(AGEs), resulting in the formation of AGEs and endogenous inflammatory mediators[16,17]. It has been reported that
stimulation with AGE-bovine serum albumin induced the generation of ROS and attenuated the proliferation and
migration of MSCs via activation of the ROS-p38 mediated pathway[18]. Another study reported that HG reduced the
regeneration ability of BM-MSCs through the activation of glycogen synthase kinase-3beta, which plays a vital role in
inhibiting the proliferation of BM-MSCs via the inhibition of C-X-C chemokine receptor type 4[19].

Continuing their efforts to study the effects of hyperglycemia on MSC functionality, Abu-El-Rub et al[20] reported
interesting comparative data in vitro by culturing human adipose tissue-derived MSCs (AD-MSCs) under low glucose
and HG conditions in a parallel set of experiments. It is pertinent to mention that the authors used in vitro culture
conditions for exposure to HG. Hence, the term “hyperglycemia” in the aims, conclusion, and elsewhere in the ma-
nuscript does not reflect the experimental design. The authors have primarily focused on three endpoints, cell viability,
cell apoptosis, and mitochondrial energetics, to share their findings supported by some mechanistic studies that will be
discussed in the following sections.

CELL VIABILITY AND APOPTOSIS

In addition to cellular dysfunction and suppression of proliferation, an HG microenvironment activates signaling
pathways that direct MSC apoptosis. However, these signaling pathways need to be studied and established further.
Change of tumor necrosis factor-a expression significantly affected MSC proliferation and death in an STZ-induced type 1
diabetic mouse model[21]. In contrast, in another interesting study, human BM-MSCs in diabetic serum showed increased
cellular death and decreased angiogenic response caused by the induction of autophagy signaling with a high level of p62
expression[22].
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Endoplasmic reticulum stress-induced autophagy is another mechanism contributing to the inactivation of mTOR,
which was shown to reduce p-S6 (a marker of mTOR activity)[23]. Building on these data, Abu-EIl-Rub et al[20] revealed
higher apoptosis in human AD-MSCs (hAD-MSCs) cultured in HG using low glucose culture as the control. Elucidating
the mechanism causing poor survival of MSCs in an HG microenvironment viaz impairment of the phosphoinositide 3-
kinase (PI3K)/mTOR axis, they found significantly increased tuberous sclerosis 1 (TSC1) protein. It is now well es-
tablished that mTOR is an essential regulator of mitochondrial dynamics via generating the required mitochondrial
potential to produce ATP[24]. As a part of the mechanism, TSC1 binding inactivates mTOR, while PI3K, a known acti-
vator of mTOR, is needed to remove the inhibitory effects of TSC1[25]. Furthermore, the downregulation of mTOR
significantly reduced complex I, IV, and V in HG-cultured hAD-MSCs. These molecular data suggest an impact on
mitochondrial oxidative phosphorylation and induction of mitophagy and massive oxidative stress[26]. Although data
from the Abu-El-Rub et al[20] provide a better understanding of the activation of proapoptotic signaling in hAD-MSCs in
the HG microenvironment, it would have been interesting to see if similar signaling was activated in MSCs from other
tissue sources as well as from other species to delineate any tissue or species-specific differential responsiveness to HG
culture conditions. Also, the mechanistic data would have been more convincing if the authors had used gain-of-function
and loss-of-function studies to establish a causal relationship between mTOR, PI3K, Akt, and TSC1. There is no mention
of TSC2, which forms a physical and functional complex in vivo[27]. The evidence is based on western blotting alone,
showing TSC1 expression with simultaneous loss of PI3K and mTOR in HG-cultured cells. There needs to be more
evidence to prove their dependence/relationship with each other. Intriguingly, the authors designed the studies for
stipulated time points of 3, 7, and 14 d; they provided data only for the day 7 time point. It would have been interesting to
include day 3 and day 14 data in the results or at least as supplementary data to show how early these molecular and
organelle-level changes occurred and continued in the HG culture. Similarly, it would have been interesting if the cells
were returned to normoglycemic conditions at each time point to observe any possible reversibility of the changes at each
time point. There are better methods to observe cell viability than the trypan blue dye exclusion method to exclude
researcher bias. Another mechanism suggested by the authors for MSCs’ low viability was the drop in NAD+/NADH
ratio in hAD-MSCs, correlated with impairment of the inner mitochondrial membrane potential (MtMP) that is discussed
in the next section.

MITOCHONDRIAL CHANGES IN RESPONSE TO HYPERGLYCEMIC MICROENVIRONMENT

Before discussing the impairment of MtMP as a part of the cell’s response to hyperglycemia, readers need to understand
the basic functioning of mitochondria. A continual, uninterrupted energy supply is critical for cellular processes, i.e.
growth, repair, maintenance, etc, for which robust intracellular mechanisms are in place[28]. Mitochondria play a crucial
role in supporting these cellular functions with ATP production during normal mitochondrial bioenergetics, along with
contributing to other processes such as aging, ion homeostasis, and apoptosis[29]. The mitochondrial intermembranous
space houses the enzymes involved in the electron transport chain, capturing energy carried by electrons in NADH and
FADH?2 to generate ATP. The flux of electrons creates a stable MtMP facilitated by proton pumps, i.e. complexes I, III, and
IV. Contingent upon the cell’s energy needs, mitochondria undergo fusion or fission such that the process stimulates and
inhibits ATP synthesis, respectively[30]. At the molecular level, AMPK enables mitochondrial fusion via mitofusin 1
(Mfn1), Mfn2, and optic atrophy 1, while dynamin-related protein 1 (Drp1) and fission protein 1 control mitochondrial
fission. More recent studies have shown that mitochondrial functions go far beyond energy-producing organelle, i.e. cell
differentiation and their regenerative potential[31-33].

HG culture conditions in vitro and hyperglycemia in diabetes patients cause mitochondrial dysfunction because of
altered MtMP, thus lowering ATP production. A low NAD+/NADH ratio is observed in cardiac dysfunction in diabetic
hearts. At the same time, it also changes mitochondrial membrane polarity and reduces mitochondrial cell mass, leading
to perturbed mitochondrial homeostasis in human mononuclear cells[34,35]. Hyperglycemia also causes mitochondrial
fragmentation with upregulation of Drpl (promoting fission) or downregulation of Mfn1/2 (inhibiting fusion), thus
further reducing mitochondrial ATP synthesis[35]. It creates structural and functional changes in the mitochondria,
altering their bioenergetics and thus jeopardizing their survival[36-38]. There is also an increase in ROS stress in the
cytosol and mitochondria[39]. Abu-El-Rub et al[20] have attributed reduced NAD+/NADH ratio in hAD-MSCs exposed
to an HG environment as responsible for driving the cells toward apoptosis via dysregulation of mitochondrial complexes
I, IV, and V. They have supported their findings with MtMP changes in hAD-MSCs assessed by the MtMP assay kit. All
these factors confirm dysfunction in mitochondrial bioenergetics in the cells, resulting in low survival and higher
apoptosis in HG culture conditions. Table 1 summarizes some of the studies from the published literature reporting the
effect of HG culture conditions.

One of the main limitations of the proposed mechanism is that there needs to be an attempt to extrapolate these data in
vivo using experimental animal models. This is important before use as a novel target to improve the survival of MSC in
diabetic patients. Moreover, it would have been interesting if the authors had used cellular preconditioning using precon-
ditioning mimetics or a subcellular preconditioning approach to stabilize the MtMP, which can enhance cell survival and
reduce apoptosis in HG culture conditions[43-45]. The authors have already successfully used subcellular precondi-
tioning for cytoprotection of donor stem cells for heart-cell therapy to enhance their post engraftment survival[46,47].
Underscoring the mechanism, the authors have shown that mito-Cx43 gene targeting was cytoprotective via a shift of
mitochondrial Bak and Bcl-xL balance.
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Table 1 Summary of some studies from the published literature reporting the effect of high glucose culture conditions

Cell type and Glucose
Ref. yP concentration ~ Mechanism Findings
source
used
Zhanget al[19], RatBM-MSCs  HG: 16.5 mM vs Activation of GSK3p and The study related HG culture with the activation of GSK3p to
2016 NG: 5.5 mM suppression of CXCR-4, B- affect the proliferation and migration of BM-MSCs in HG culture.
catenin, LEF-1, and cyclin D1 =~ The proliferation and migration ability of the cells were
under HG culture conditions  suppressed in HG culture. HG activated GSK3p but suppressed
CXCR-4, B-catenin, LEF-1, and cyclin D1. Inhibition of GSK38 by
lithium chloride led to increased levels of B-catenin, LEF-1, cyclin
D1, and CXCR-4 expression
Abu-El-Rubet  hAD-MSCs HG: 25 mM vs Altered mitochondrial HG culture for 7 d showed reduced cell viability compared to NG
al[20], 2023 NG: 5.5 mM membrane potential, Low cultured control. HG culture significantly reduced the
NAD+/NADH pool, reduced mitochondrial membrane potential and NAD+/NADH ratio,
mTOR and PI3K showing dysregulated mitochondrial function. PI3K protein
expression significantly decreased in HG-cultured cells MSCs
with increased TSC1 and downregulation of mTOR protein.
Mitochondrial complexes I, IV, and V were reduced in HG,
leading to poor survival of MSCs in HG
Liet al[37],2007 Human BM- HG: 25 mM vs Molecular mechanism not The effect of HG culture on human MSC in vitro was assessed
MSCs NG: 5.6 mM explored using telomerase-immortalized MSC (hMSC-TERT) and primary
MSC (hMSC). HG increased hMSC-TERT proliferation in long-
term studies, while it remained unchanged for hMSCs. Apoptosis
was not influenced by HG in both cell types. Moreover, HG
culture conditions supported osteogenic differentiation of the
cells
Hankamolsiri e¢  Human BM- HG: 25 mM vs HG-induced the expression ~ No change in surface markers’ expression. HG reduced prolif-
al[40], 2016 MSCs and NG: 5.5 mM of adipogenic gene PPARy eration but enhanced adipogenic differentiation of all MSCs
MSCs from and LPL in BM-MSCs, as examined. The expression of some adipogenic genes were also
gestational well as ADIPOQ and LPL upregulated when MSCs were cultured in HG. Although HG
tissues genes in gestational tissue- transiently reduced some osteogenic genes, its effect on the
derived MSCs osteogenic differentiation rate of the MSCs was not demonstrated
Al-Qarakhliet  Rat BM-MSCs  HG: 25 mM vs HG culture conditions HG and NG cultured cells had similar morphology and growth
al[41], 2019 NG: 5.5 mM significantly reduced characteristics. HG-cultured cells proliferated beyond 50
telomere length at 50 PDs doublings, although with signs of senescence. The osteogenic and
and 100 PDs. Also attribute it adipogenic differentiation rates were significantly reduced in
to IGFs, TGF-B1, and BMPs HG-cultured cells. The effect of HG was more pronounced in
advanced PDs
Khasawneh et al Human AD- HG: 25 mM vs Reduced AMPK and PFK-1 Immunomodulation potential was lost in the hAD-MSCs under
[42], 2023 MSCs NG: 5.5 mM HG conditions and were detectable by immune cells. These

changes were mediated by low IDO, IL-10, and complement
factor H. AMPK and PFK-1, integral glycolysis regulators, were
reduced in HG-cultured MSCs. These findings show the
possibility of an immunomodulatory shift in MSCs under HG,
leading to poor survival of the cells

ADIPOQ: Adiponectin; AMPK: AMP-activated protein kinase; BM: Bone marrow; BMP: Bone morphogenic proteins; CXCR4: C-X-C chemokine receptor
type 4; GSK-3f: Glycogen synthase kinase-3p; hAD-MSCs: Human adipose tissue-derived mesenchymal stem cells; HG: High glucose; IDO: Indoleamine
2,3-dioxygenase; IGF: Insulin-like growth factor; IL: Interleukin; LEF-1: Lymphoid enhancer binding factor-1; LPL: Lipoprotein lipase; MSC: Mesenchymal
stem cell; mTOR: Mammalian target of rapamycin; NAD: Nicotinamide adenine dinucleotide; NG: Normal glucose; PD: Population doubling; PFK-1:
Phosphofructokinase-1; PI3K: Phosphoinositide 3-kinase; PPARy: Peroxisome proliferator-activated receptor gamma; TGF-1: Transforming growth factor-
B1; TSC1: Tuberous sclerosis 1.

CONCLUSION

In conclusion, it is evident that HG conditions have detrimental effects on different cell types, including cancer cells, and
may also change their normal functions, i.e. migration potential and invasiveness[1,2,48-50]. Hence, understanding the
mechanism of apoptosis by chronic exposure to HG, both in vitro and in vivo, will help efforts to combine preconditioning
strategies, especially the subcellular preconditioning approach. That will go a long way in promoting donor cell post
engraftment survival in diabetes patients and vice versa in clinical settings wherein MSCs have already progressed to
advanced phases of assessment[51,52].
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Abstract

Mesenchymal stem cells (MSCs) are stem/progenitor cells capable of self-renewal
and differentiation into osteoblasts, chondrocytes and adipocytes. The trans-
formation of multipotent MSCs to adipocytes mainly involves two subsequent
steps from MSCs to preadipocytes and further preadipocytes into adipocytes, in
which the process MSCs are precisely controlled to commit to the adipogenic
lineage and then mature into adipocytes. Previous studies have shown that the
master transcription factors C/enhancer-binding protein alpha and peroxisome
proliferation activator receptor gamma play vital roles in adipogenesis. However,
the mechanism underlying the adipogenic differentiation of MSCs is not fully
understood. Here, the current knowledge of adipogenic differentiation in MSCs is
reviewed, focusing on signaling pathways, noncoding RNAs and epigenetic
effects on DNA methylation and acetylation during MSC differentiation. Finally,
the relationship between maladipogenic differentiation and diseases is briefly
discussed. We hope that this review can broaden and deepen our understanding
of how MSCs turn into adipocytes.
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Core Tip: Mesenchymal stem cells (MSCs) are able to differentiate into adipocytes, while the mechanism underlying the
adipogenic differentiation of MSCs is not fully understood. Here, we summarize the function of signaling pathways,
noncoding RNAs and epigenetic modification in MSC differentiation, and finally discuss the relationship between
maladipogenic differentiation and diseases briefly.
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INTRODUCTION

Mesenchymal stem cells (MSCs) are multipotent stem/progenitor cells capable of self-renewal and differentiation into
distinct mesodermal lineages, such as adipocytes, osteoblasts and chondrocytes. The high migratory capacity, excellent
expansion potential and reduced immunogenicity of MSCs make them attractive candidates in regenerative medicine[1].
Although initially derived from bone marrow, MSCs can currently be collected from various tissues and organs,
including adipose tissue, umbilical cord blood and dental pulp[2]. According to the International Society for Cellular
Therapy criteria, MSCs express CD73, CD90, and CD105 but lack CD14, CD11b, CD34, CD45, CD79a or CD19 and HLA-
DR expression[3]. In addition, multipotential differentiation remains the hallmark of MSC identity.

Upon differentiation, the transition of MSCs into terminal mesodermal lineages is precisely controlled by certain
lineage-specific master regulators. Runx2 is well known to direct MSCs to switch into osteoblasts[4]. Sox9, an early
transcription factor, regulates the expression of key genes involved in chondrogenesis[5,6]. For adipogenesis, both
CAAT/enhancer-binding protein alpha (C/EBPa)[7] and peroxisome proliferation activator receptor gamma (PPARYy)[8]
are vital regulators that favor adipocyte formation.

However, full adipogenic differentiation from MSCs is a long-term complex process in which multipotent MSCs
gradually commit to preadipocyte differentiation and eventually differentiate into terminal adipocytes, thus resulting in
an adipocytic phenotype. At each step toward adipocytes, the cell fate of MSC derivatives is precisely regulated by
signaling pathways and master regulators (e.g., PPARy and C/EBPo). Moreover, other regulatory elements of noncoding
RNAs and epigenetic modifications synergistically play important roles in MSC adipogenesis. Hence, this review
summarizes the present knowledge of adipogenesis in MSCs, focusing on adipogenesis regulation by indispensable
signaling pathways, noncoding RNAs, methylation and acetylation.

SIGNALING PATHWAYS

The lineage commitment of MSCs can be manipulated by employing various chemicals in differentiation media, which
modulate key transcription factors during MSC differentiation to track adipogenesis in vitro. Typically, these components
include isobutylmethylxanthine (IBMX), indomethacin, dexamethasone (Dex), and insulin. IBMX and Dex are pivotal for
initiating adipogenic differentiation. IBMX inhibits phosphodiesterases, leading to an increase in intracellular cAMP
levels[9], which subsequently induces changes in transcription factors through protein kinase A activation. Additionally,
IBMX directly stimulates the expression of C/EBP. Similarly, Dex activates C/EBPd expression by binding to
intracellular glucocorticoid receptors[10]. However for indomethacin, a well-known inhibitor of COX1/2, its adipogenic
activity does not stem from COX inhibition but rather from PPARy activation[11,12]. Insulin enhances glucose uptake for
triglyceride synthesis in adipocytes[13].

Under differentiation-inducing circumstances, cellular signals control MSC maturation through the adipocytic route
and further promote the differentiation of preadipocytes into mature adipocytes. Preadipocytes are an intermediate state
between MSCs and adipocytes. Adipocytes contain fat droplets, while preadipocytes do not necessarily have these
structures (Figure 1). Currently, the molecular mechanism involved in the differentiation of preadipocytes into adipocytes
is relatively clear, but the principles underlying the transformation of MSCs into preadipocytes are not well understood.
Nonetheless, several cytokines and signaling pathways, including the actin, bone morphogenic protein (BMP), and
transforming growth factor-beta (TGF-B)/SMAD signaling pathways, are indispensable for MSC adipogenesis.

Actin and Rho signaling
Actin, a cytoskeletal protein, is known to play a crucial role in MSC differentiation. It determines cell shape, nuclear
shape, cell spreading, and cell stiffness, which eventually affects cell differentiation. MSC lineage commitment is also
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Figure 1 Morphological changes in differentiating mouse thymic mesenchymal stem cells. Schematic illustration of the adipogenic differentiation
protocol and cellular morphological changes that occurred during the differentiation process 33 consecutive days after induction. Typically, mesenchymal stem cell
preadipocyte commitment occurred in the first days (days 15), followed by the differentiation of preadipocytes into mature adipocytes with increasing lipid droplets.
MSC: Mesenchymal stem cell.

regulated by actin cytoskeleton-mediated cell type[14], such as a flower shape during adipogenic differentiation and a
star shape towards osteogenic transformation in MSCs[15-18]. The actin cytoskeleton regulates the mechanical behavior
of cells through its assembly and disassembly. In undifferentiated MSCs, long and thin actin filaments line parallel to the
long axis, but in adipogenic differentiation, the actin cytoskeleton reorganizes into a disorganized meshwork surrounding
the oil droplet[19]. Notably, zinc finger CCCH-type containing 10 has been proven to be fundamental for adipogenic
differentiation by promoting F-actin/mitochondria dynamics to safeguard proper energy metabolism and favor lipid
accumulation[20]. The main regulating molecule in the actin cytoskeleton remodeling process is the Rho family of
GTPase, including over 20 distinct kinds of Rho family members (RhoA, Racl, and Cdc42, and etc.), which can interact
with downstream effector proteins. RhoA mainly regulates the activity of myosin II to generate cellular force and tension
in cells. The activation of RhoA is achieved by mechanical stress, and the inhibition of RhoA or its downstream effectors,
as well as mammalian diaphanous protein kinase and Rho-associated coiled coil containing protein kinase (ROCK), leads
to the reorganization of stress fibers[21]. Several studies have suggested that mechanical stress[22] and chemically
induced actin depolymerization[23] favor adipogenesis. The abovementioned kinases (Rho and ROCK) may be regulators
of osteoblast differentiation in MSCs[24]. These signaling pathways may play a role not only by changing the cytoskeletal
organization of actin but also through the FAK, JNK, and p38 MAPK signaling pathways[25]. Moreover, biomaterials[26]
and pathogens[27] induce actin remodeling during MSC differentiation.

TGF-B/SMAD signaling

Recently, the TGF-p superfamily has been shown to be crucial in controlling the adipogenesis of MSCs. In order to
activate intracellular downstream SMAD family proteins, ligands implicated in TGF-B/SMAD signaling, including
activin, inhibin, BMPs, growth differentiation factors (GDFs), TGF-B, Nodal, and others, attach to their cell membrane
receptors. TGF-B/SMAD signaling has dual effects on the adipocyte differentiation process, specifically on the adipocyte
commitment of MSCs[28]. TGF-p ligands such as TGF-B, myostatin, and GDF11 bind to cell membrane receptors in the
TGF-B/SMAD signaling pathway to phosphorylate intracellular downstream SMAD2/3 (R-SMADs), and BMP ligands
such as BMP2, BMP4, and BMP7 phosphorylate SMAD1/5/8 (R-SMADs). Activated R-SMADs binding with SMAD4 as a
complex translocate into the nucleus to control the expression of target genes. After the genes respond to TGF-$/SMAD
signaling, the R-SMAD/SMAD4 complex in the nucleus is depolymerizes and the proteins reenter the cytoplasm. TGF-B/
SMAD signaling is adversely regulated by I-SMADs including SMAD6 and SMAD?. Upon transcriptional activation by
TGF-B/SMAD signaling, SMAD7 shuttles from the nucleus to the cytoplasm to prevent R-SMAD phosphorylation and
SMADG6 competes with SMADI to bind to SMAD4[28].

However, other studies have demonstrated that TGF-f signaling promotes the proliferation of MSCs and suppresses
the adipocyte commitment of MSCs by inhibiting CEBPa and PPARy expression. These discrepant results regarding
adipocyte commitment may be related to the origins of the bone marrow-derived MSCs (BMSCs) isolated from different
species, including mice and humans[29] as MSC origin can influence adipocyte commitment through TGF-p signaling.
Notably, various clones isolated from human BMSC lines indeed exhibit different differentiation capacities. A recent
study on MSC heterogeneity also suggested that different BAMBI expression levels interfere with the adipogenic capacity
of cells[30]. In addition, a recent novel study reported the epigenetic mechanism of adipogenic commitment under TGF-f
/SMAD signaling[31].

BMP signaling
BMP2/4/7 use SMAD1/5/8 signaling to regulate adipocyte commitment. BMP2, BMP4, and myostatin ligands affect the
adipocyte commitment of MSCs. Even the differentiation of adipocyte lineage and brown adipocytes formation in MSCs
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are directly induced by BMP4 signaling. Both BMP2 and BMP4 signaling activate PPARy expression to induce adipocyte
commitment.

The role of BMP4 signaling has been validated in the commitment process of MSCs. Several studies have indicated that
BMP4 can induce the commitment of the pluripotent mouse embryonic fibroblast line C3H10T1/2 to the adipocyte
lineage. Upon BMP4 treatment, the expression of the adipocyte markers CEBPo, PPARy, and adipocyte protein 2 (AP2)
was detected in C3H10T1/2 cells, suggesting that these cells can differentiate into adipocytes. When C3H10T1/2 cells
pretreated with BMP4 were subcutaneously implanted into thymic mice, they developed into tissue undistinguishable
from adipose tissue.

BMP7 also plays an important role in brown adipocyte lineage determination. This signal triggers C3H10T1/2 cells to
commit to a brown adipocyte lineage with a significant increases in lipid accumulation and uncoupling protein 1
expression. BMP7 stimulates cell proliferation and differentiation in mouse and human adult MSCs. However, different
dosages of BMP seem to result in distinct effects on adipogenesis in mouse BMSCs. Low concentrations of BMP7
stimulated adipocyte differentiation, whereas higher dosages inhibited adipogenesis in mice. In human BMSCs, BMP7
promoted adipogenic differentiation rather than osteogenic or chondrogenic lineage development in high-density
micromass culture.

However, the role of BMP2 signaling in adipocyte commitment in MSCs has not been determined. Several studies have
shown that BMP2 signaling can induce C3H10T1/2 cells to commit to the adipocyte lineage[32]. Nonetheless,
adipogenesis, chondrogenesis, and osteogenesis are plastical. The addition of low-level BMP2 to C3H10T1/2 cells favored
adipogenesis[32]. However, treatment with BMP2 enhanced osteoblast commitment and inhibited late adipocyte
maturation in human marrow stromal precursors. Mechanistically, similar to BMP4, BMP2 activated the expression and
phosphorylation of SMAD1/5/8, which formed a complex with SMAD4. Under these condition, BMP2 suppressed
adipogenesis by decreasing the leptin concentration and preventing the formation of cytoplasmic lipid droplets.

NONCODING RNAS

Noncoding RNAs, especially microRNAs (miRNAs) and long-chain noncoding RNAs (IncRNAs), also participate in the
adipogenic differentiation of MSCs by interfering with signaling pathways and/or transcription factors to regulate
adipogenic differentiation. First, miRNAs can positively regulate adipogenesis. miR-135a-5p promotes adipogenesis in
human adipose-derived MSCs (ADMSCs) by targeting LATS1 and MOB1B expression, thereby enhancing the HIPPO
signaling pathway. During the process of age-related adipogenic differentiation, the levels of both miR-188 and miR-141-
3p were markedly greater in aged human BMSCs. Moreover, mice with transgenic overexpression of miR-188 in osterix*
osteoprogenitors had more age-associated bone loss and fat accumulation in the bone marrow than did wild-type mice
[33]. However, Periyasamy-Thandavan et al[34] reported that human BMSCs treated with miR-141-3p exhibited
decreased BMP-2 and RUNX-2 expression and increased C/BEPa2, suggesting the induction of adipocyte lineage differ-
entiation instead of osteogenic differentiation. Interestingly, a recent study combining miRNA chip and RNA-seq data to
analyze the correlation between miRNA and mRNA expression profiles during BMSC lipogenic differentiation showed
that miR-140-5p may play an important role in regulating its target gene LIFR during adipogenic differentiation[6].

Other miRNAs indeed negatively regulate adipogenic differentiation in MSCs. miR-27b was the first miRNA
discovered to function as a negative regulator of adipogenesis in humans[35]. The expression of miR-27b decreased
during the adipogenesis of human adipose-derived stem cells (hADSCs). Further binding and luciferase reporter assays
demonstrated that miR-27b directly bound to the designated miR-27b response element in the 3’ untranslated region
(UTR) of human PPARYy to reduce its expression at the protein level, thus inhibiting adipogenesis. Additionally, the
mutual adjustment of miR-27b and lipoprotein lipase expression can effectively regulate the adipogenic differentiation of
hASCs[36]. In addition, miR27a, another family member of miR27, is inversely correlated with adipogenic markers such
as PPARy and adiponectin[37]. In vitro experiments showed that overexpression of miR-130a increased osteogenic differ-
entiation and attenuated adipogenic differentiation in BMSCs. Furthermore, miR-130a promotes osteoblastic differen-
tiation by negatively regulating Smurf2 expression and suppresses adipogenic differentiation of BMSCs by targeting
PPARy[38].

Interestingly, certain miRNAs can bidirectionally regulate osteogenic and adipogenic differentiation in BMSCs. Li et al
[39] reported that miR-149-3p expression decreased following adipogenic differentiation but increased after osteogenic
differentiation in BMSCs. Further study demonstrated that miR-149-3p manipulated alternative lineage choices between
adipocytes and osteoblasts by directly targeting FTO, which is involved in adipogenesis mainly by regulating fat accumu-
lation. Additionally, miR-21 overexpression was found to enhance osteogenic differentiation and inhibit adipogenic
differentiation via the PI3K/ AKT axis in rat BMSCs[40].

Recently, IncRNAs have also been found to be involved in regulating the adipogenic differentiation of MSCs[41]. For
example, IncRNA ADINR promotes adipogenesis by binding PAl and recruiting the mll3/4 histone methyltransferase
complex. In the process of fat formation, the 4-site trimethylation of the histone H3 lysine residue (H3K4me3) increases,
and the H3K27me3 histone modification at the locus of the recombinant human transcription factor CCAAT enhancer
binding protein reduces[42]. The IncRNA HOTAIR can affect DNA methylation changes at its binding sites to inhibit
hBMSC adipogenic differentiation[43]. Huang et al[32] showed that the expression levels of the IncRNAs H19 and miR-
675 were significantly downregulated during MSC differentiation into adipocytes, whereas adipogenesis was inhibited if
H19 and miR-675 were overexpressed. The expression of another IncRNA from peroxidase, Plnc, increased during the
adipose differentiation of MSCs according to microarray analysis. It was confirmed that Plncl enhanced the promoter
activity of PPARY2 by weakening the methylation state of the PPARy2 promoter. The IncRNA ZFAS1 affects the
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osteogenic and adipogenic differentiation of mouse BMSCs by sponging miR-499 and upregulating ephrin type-A
receptor 5[44]. To date, there are few reports on the inhibition of MSC adipogenic differentiation by IncRNAs[45].

DNA METHYLATION

Epigenetic regulation, especially DNA methylation, plays an important role in regulating the differentiation of MSCs into
adipocytes[46]. Generally, DNA methylation is carried out by three main types of methyltransferases. DNMT3a/3b
catalyze de novo DNA methylation, and DNMT1 maintains DNA methylation in somatic cells. Knockdown of the DNA
demethylase ALKBH1 was demonstrated to inhibit adipogenic differentiation via regulation of HIF-1 signaling in hMSCs
[47,48].

Although similar global methylation profiles are normally observed in terminal adipocytes, many differences exist in
the expression of DNA methylation genes in MSCs from different tissues. In pigs, the global methylation level was
greater in undifferentiated BMSCs than in ADMSCs[49]. The transcription level of the DNMT1 gene increased at the
beginning of adipogenesis and then decreased, while the expression levels of the DNMT3a and DNMT3b transcripts
increased during differentiation. All the examined MBD genes exhibited similar expression patterns in ADMSCs and
BMSCs. However, the transcript abundances of UHRF1 and CBX5 decreased in both systems. The changes in the
expression patterns of these genes point to the dynamic nature of DNA methylation during porcine adipogenesis.

Further studies support the notion that tissue source determines the differentiation potential and level of DNA
methylation of MSCs. In a study comprehensively characterizing the DNA methylation profiling of osteoblast and
adipocyte differentiation, Hou et al[50] showed that MSCs from psoriatic derma have a distinguishable promoter
methylation profile compared with those from normal derma. Site-specific CpG methylation in the CXCL14 promoter has
been confirmed in umbilical cord-derived MSCs[51] and is associated with altered gene expression. Such changes in
methylation are evident in LBW infant-derived umbilical cords and may indicate future metabolic compromise through
CXCL14. Xu et al[52] evaluated the adipogenic differentiation potential of different MSCs and reported that BMSCs had
lower adipogenic differentiation potential than ADMSCs. Furthermore, their results suggest that DNA demethylation
could be involved, at least partially, in the regulation of Runx2 and PPARy in ADMSCs and BMSCs.

How does DNA methylation dictate adipocyte differentiation in MSCs with multiple differentiation potentials? In fact,
DNA methylation regulates the orientational differentiation balance through particular sequences-transposons, imprinted
genes and pluripotency-associated genes. Although Marofi et al[53] revealed that methylation of the promoter regions of
the Sox9, OCN, and PPARy2 genes might be one of the main mechanisms adjusting gene expression during the
osteoblastic differentiation of MSCs, H3K36me3, catalyzed by the histone methyltransferase SET-domain-containing 2
(SETD?2), regulates the lineage commitment of BMSCs. Deletion of Setd2 in mouse BMSCs through conditional Cre
expression driven by the Prx1 promoter resulted in bone loss and marrow adiposity. Loss of Setd2 in BMSCs in vitro
facilitated the differentiation of adipocytes rather than osteoblasts. Furthermore, overexpression of lipopolysaccharide-
binding protein partially rescued the lack of osteogenesis and enhanced adipogenesis resulting from the absence of Setd2
in BMSCs. In addition, DNMT3B-mediated DNA methylation of phosphatase and tensin homolog (PTEN) is a key
regulator of dental pulp-derived MSC and BMSC lineage commitment. Moreover, the lysine methyltransferase G9a is
needed for DNMT3B-mediated PTEN suppression, which activates AKT to promote adipogenesis and inhibit osteo-
genesis[54].

Zych et al[55] determined the effects of these epigenetic mechanisms on adipocyte differentiation in BMSCs and ADSCs
using the demethylating agent 5-aza-2’-deoxycytidine (5azadC). The results showed that adipogenic differentiation
decreased in a dose-dependent manner concomitant with the downregulation of the expression of the adipocyte genes
PPARG and FABP4, and the expression of the antiadipocyte gene GATA2 was induced in the cultures treated with
5azadC. Additionally, the methyltransferase enhancer of zeste homology 2 (EZH2) trimethylates H3K27me3 on
chromatin, and this repressive mark is removed by lysine demethylase 6A (KDM6A). Both Ezh2 and Kdm6a were shown
to affect the expression of master regulatory genes involved in adipogenesis and osteogenesis and H3K27me3 on the
promoters of master regulatory genes. These findings demonstrate an important epigenetic switch centered around
H3K27me3, which dictates MSC lineage determination[56]. Furthermore, using methyl-DNA immunoprecipitation
(MeDIP) and microarray hybridization, the potential of MSC multidirectional differentiation regulated by DNA
methylation through imprinted and pluripotency-associated genes can be predicted. Empolying MeDIP methodology,
Choi et al[57] reported that the impaired adipogenic differentiation of senescent MSCs at P15 was due to changes in CpG
methylation in the LEP promoter.

ACETYLATION MODIFICATION

Acetylation and deacetylation are the key cotranslational and posttranslational modifications (PTMs) that integrate
metabolic flux and physiological processes within cells, including circadian rhythm, cell cycle progression and energy
production[58]. Lysine acetylation is a kind of PTM of proteins, the reactions of which are typically catalyzed by lysine
acetyltransferases (KATs). KATs are classified into three families: Gen5/PCAF (histone KAT KAT2A/2B), p300/CBP
(histone KAT KAT3A/3B), and the MYST family[58,59]. Acetylation of the histone H3 N-terminal tail is catalyzed mainly
by KAT Genb5/PCAF as well as p300/CBP, and the H4 tail is predominantly acetylated by the MYST family of KATs.
Adipocyte-specific genes undergo selective induction of histone hyperacetylation at their promoter regions, which leads
to their upregulation during adipogenesis. Yoo et al[60] showed that the level of H3K9 acetylation at the promoters of
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ADD1/SREBP1c, adiponectin, aP2, C/EBPa and PPARy was markedly increased after adipogenic differentiation. These
results showed that acetylation is fundamentally involved in the regulation of adipogenesis.

Acetylation

The master adipogenic transcription factor gene PPARY is regulated by all three families of KATs. Double knockout of
Gen5/PCAF inhibits the expression of the master adipogenic transcription factor gene PPARYy, thereby preventing
adipocyte differentiation[61]. Specifically, Gen5/PCAF facilitates adipogenesis through the regulation of PPARy and
Prdm16 expression[61]. HIV-1 Tat-interacting protein 60 (Tip60) is a member of the MYST family of KATs that can
positively regulate PPARy transcriptional activity. In mature 3T3-L1 adipocytes, Tip60 interacts with PPARy and is
recruited to PPARYy target genes. Moreover, a reduction in the Tip60 protein can inhibit the differentiation of 3T3-L1
preadipocytes[62]. P300/CBP can regulate glucose and lipid metabolism by acetylating nuclear receptors, such as the bile
acid receptor (farnesoid Xactivated receptor)[63], PPARY, and cytosolic PEPCK-C[64]. Mechanistically, p300/ CBP
interacts with and enhances the transcriptional activity of PPARy by acetylating nuclear receptors. Furthermore, p300
acetylates PEPCK-C, inducing its degradation and attenuating gluconeogenesis[64]. Thus, p300/CBP plays an essential
role in adipocyte differentiation.

In addition to PPARY, the acetylation of other genes is involved in adipocyte differentiation. Acetylation of malate
dehydrogenase 1 and 2 (MDH1 and MDH2) promotes adipogenic differentiation by activating their enzymatic activity
and increasing the intracellular levels of NADPH in 3T3-L1 preadipocytes[65,66]. Following p300 recruitment for lysine
acetylation, the gene-repressive activity and function of RIP140 are enhanced as fat accumulates in differentiated
adipocytes[67]. Additionally, acetylation of a-tubulin is upregulated during adipogenesis under the control of the KAT
MEC-17, SIRT2 and histone deacetylase (HDAC)6, and adipocyte development is dependent on a-tubulin acetylation[68].
Additionally, cavin-1 is acetylated at lysines 291, 293, and 298 (3K) by GCND5 as an KAT to positively regulate lipolysis in
3T3-L1 and zebrafish[69].

Decetylation

Deacetylation is mainly mediated by HDACs, including sirtuins, which use NAD* as a coenzyme. All lysine deacetylases
(KDACsS) can be divided into four types: Class I KDACs (HDAC1, HDAC2, HDAC3, and HDACS), class I KDACs (class
IIa: HDAC4, HDAC5, HDAC?, and HDACY; class 1Ib: HDAC6 and HDAC10), class III KDACs (Sirtl-7), and class IV
KDAC:s (including only one member, HDAC11). HDAC activity is essential for maintaining the preadipocyte pool of the
adipogenic lineage. Thus, HDAC inhibition in stem cells has the potential to block preadipocyte generation and thus
overall adipogenesis[70]. Adipocyte differentiation is accompanied by decreases in the expression levels of several
histone deacetylases, including HDAC1, HDAC2, and HDAC5[71]. Moreover, HDAC1 knockdown promoted
adipogenesis in 3T3-L1 cells, and vice versa[60]. HDAC3 has been found to regulate mitochondrial activity and glucose or
lipid metabolism in the liver, fat and muscle[72-75]. PPARa-interfered with fatty acid and lipid metabolism, and
myocardial lipids accumulated in muscle-specific Hdac3-/- mice receiving a chow diet[72,74]. Furthermore, HDAC3
controls the circadian rhythm of hepatic lipid metabolism[76] and gluconeogenesis[77], which is mediated by the nuclear
receptors Rev-erbAa and PPARY. Finally, HDAC3 can be recruited to the promoter of the PPARy gene, preventing its
expression to regulate adipocyte differentiation in adipose tissue. In addition, high expression levels of HDAC5 and
HDACS6 are needed for adequate adipocyte function. In contrast, HDAC9 has been reported to inhibit adipogenesis. In
the case of a chronic high-fat diet, proper adipogenic differentiation is impaired, and the expression of the negative
regulator of adipogenic HDAC?Y is increased. Ablation of HDACY in mice can prevent such adverse changes, including
weight gain, impaired glucose tolerance, and insulin insensitivity[78-80].

The class III sirtuin-mediated deacetylation reaction couples lysine deacetylation to NAD* hydrolysis[81]. Many genes
related to adipocyte differentiation, such as glucose transporters type 4, AP2 and fatty acid synthase genes, are regulated
by Sirt2. This coordinated regulation is attributed to the direct interaction between Sirt2 and acetylation patterns involved
in controlling lipogenesis[82]. Sirt2 has also been shown to bind directly to FoxO1 and enhance insulin-stimulated FoxO1
phosphorylation/acetylation and activity[83]. Thus, Sirt2 acts as an important regulator of adipocyte differentiation.
SIRT-1 facilitates the deacetylation and interaction of PPARy and the thermogenic transcription factor PR domain
containing zinc finger protein 16 (PRDM-16)[84]. Along with SIRT-1, PRDM-16 regulates the brown fat lineage. Sirt1 also
promotes fat mobilization by inhibiting PPARYy in adipocytes[85]. For example, its expression can regulate lipogenesis in
3T3-L1 cells. During the process of adipocyte differentiation, Sirtl upregulation may promote lipolysis and fat loss.
Decreased Sirtl increases the expression of the adiponectin gene through the FoxO1-C/EBPa transcription complex[85-
87].

Interestingly, noncoding RNAs cooperatively interact with KDACs to regulate adipogenic processes. miR-675 can
target the 3" UTRs of HDAC4-6 transcripts, which lead to the deregulation of HDAC4-6 and fat formation. When HDACs
are inhibited, the occupancy of H19 and CCCTC binding factor can be reduced, and thus, H1 can be downregulated[88].
The regulation of adipogenesis and gluconeogenesis by KDACs, KATs and noncoding RNAs is summarized in Figure 2.

ADIPOGENESIS OF MSCS AND DISEASES

MSCs are believed to exist in every organ in the body. Dysfunction or abnormal differentiation of these cells into
adipocytes tends to be associated with various diseases. For example, MSCs from acute graft-versus-host disease patients
showed reduced adipogenic differentiation in culture[89]. Even under natural physiological conditions, aging can reduce
the adipogenic differentiation responses of BMSCs, myeloid-derived suppressor cells, and ASCs, with the most noticeable
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Acetylation
GCN5/PCAF P300/CBP
PEPCK-C
Tip60 Degradation
PRDM16 \
PPARY Gluconeogenesis FoxO1
H19
Sirtl Sirt2
miR675 HDAC1
—— HDACS Acetylase
HDACS Deacetylase
HDAC5 Positive
Deacetylation HDAC9 —i Negative

Figure 2 Regulation of adipogenesis and gluconeogenesis by lysine deacetylases, acetyltransferases and noncoding RNAs. Lysine
deacetylases (KDACs) and acetyltransferases (KATs) are important regulators of adipocyte differentiation and gluconeogenesis. Peroxisome proliferation activator
receptor gamma is acetylated by Gen5/PCAF, p300/CBP and Tip60 but deacetylated by Sirt1. In addition, Gen5/PCAF is also regulated Prdm16 expression to
influence adipogenesis. Histone deacetylases (HDACs) 1, 2, 3, 5 and 9 redundantly regulate adipogenesis. Moreover, noncoding RNAs cooperatively interact with
KDACs to regulate the adipogenic process. H19/miR-675 can inhibit HDAC5 expression. Hence, KDACs and KATs can regulate lipid metabolism. PEPCK-C is
acetylated by p300 to induce its degradation and attenuate gluconeogenesis. Conversely, PEPCK-C is deacetylated and stabilized by Sirt2 through Sirt2 deacetylase.
HDACS also plays an important role in gluconeogenesis regulation. PPARy: Peroxisome proliferation activator receptor gamma; HDAC: Histone deacetylase;
PRDM16: PR domain containing zinc finger protein 16.

reduction in adipogenesis occurring in ASCs[90]. Although MSC transplantation has shown beneficial effects in treating
autoimmune diseases, the ability of the BAMBI"s"MFGES8"¢" MSC subpopulation, which has limited adipogenic differen-
tiation potential, to alleviate SLE is compromised[30].

In contrast, the adipogenic differentiation abilities of MSCs from both polycystic ovary syndrome patients and
gestational diabetes mellitus patients were greater than that of MSCs from healthy controls[91,92]. Several studies suggest
that pathological conditions affect MSC differentiation. In a hypoperfusion-induced abdominal aortic aneurysm model,
perivascular adipose tissue plays important roles in the differentiation of MSCs into adipocytes in response to vascular
hypoperfusion[93]. Additionally, abnormal adipogenic differentiation can cause disease. In a glomerulonephritis model,
the early beneficial effect of MSCs in preserving damaged glomeruli and maintaining renal function was offset by long-
term partial maldifferentiation of intraglomerular MSCs into adipocytes accompanied by glomerular sclerosis[94].

The adipogenic and osteogenic differentiation programs are competitively balanced in MSCs. Many hub or early-
responder signaling pathways control the osteogenic and adipogenic fates of MSCs. For example, Wnt signaling
upregulates Runx2 expression to promote osteoblast differentiation, which also inhibits PPARy expression to suppress
adipogenic differentiation in BMSCs[95]. In addition, HH signaling and PI3K-Akt are key active pathways involved in the
early stages of cell osteogenic differentiation that simultaneously inhibit adipogenesis[96]. A decrease in the balance
between the adipogenic and osteogenic potential of MSCs is also often associated with disease occurrence and/or
development. In clinical osteoporosis samples, overexpression of miR-10b enhanced osteogenic differentiation and
inhibited adipogenic differentiation of hADSCs in vitro, which was negatively correlated with the expression of the
markers CEBPo, PPARy and AP2. More recently, the IncRNA NEAT1 was shown to act as a key bone-fat switch in aged
BMSCs by orchestrating mitochondrial function and BMSC multipotency[97].

However, the therapeutic potential of MSCs in cancer has been controversial. Some studies have revealed that these
compounds can promote cancer pathogenesis, but others have indicated that they have suppressive effects on cancer
cells. Hence, additional evidence is needed to understand the role of MSC differentiation in cancer therapy.

CONCLUSION

Much encouraging progress has recently been made in understanding how MSCs can differentiate into adipocytes
through various signaling pathways, noncoding RNAs, and the epigenetic regulation of phosphorylation, methylation
and acetylation. However, there is still a lack of evidence on the importance of gernerating a comprehensive map of
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adipogenesis in MSCs, especially for the early commitment process from MSCs to preadipocytes. The low efficiency of
adipogenic differentiation of MSCs in culture has hampered our understanding of this process. Dissecting the hetero-
geneity of MSCs will allow us to clearly elucidate the mechanism of adipogenic differentiation. Hopefully, these problems
will be addressed with the help of fast-advancing single-cell sequencing techniques, which will shed light on the full path
of MSC differentiation into adipocytes, facilitating MSC-based applications in biomedicine.
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Abstract

BACKGROUND

Stem cell transplantation is a promising therapeutic option for curing perianal
fistula in Crohn’s disease (CD). Anti-tumor necrotic factor (TNF) therapy
combined with drainage procedure is effective as well. However, previous studies
are limited to proving whether the combination treatment of biologics and stem
cell transplantation improves the effect of fistula closure.

AIM

This study aimed to evaluate the long-term outcomes of stem cell transplantation
and compare Crohn’s perianal fistula (CPF) closure rates after stem cell
transplantation with and without anti-TNF therapy, and to identify the factors
affecting CPF closure and recurrence.

METHODS

The patients with CD who underwent stem cell transplantation for treating
perianal fistula in our institution between Jun 2014 and December 2022 were
enrolled. Clinical data were compared according to anti-TNF therapy and CPF
closure.

RESULTS

A total of 65 patients were included. The median age of females was 26 years
(range: 21-31) and that of males was 29 (44.6%). The mean follow-up duration was
65.88 + 32.65 months, and complete closure was observed in 50 (76.9%) patients.
The closure rates were similar after stem cell transplantation with and without
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anti-TNF therapy (66.7% vs 81.6% at 3 year, P = 0.098). The patients with fistula closure had short fistulous tract
and infrequent proctitis and anorectal stricture (P = 0.027, 0.002, and 0.008, respectively). Clinical factors such as
complexity, number of fistulas, presence of concurrent abscess, and medication were not significant for closure.
The cumulative 1-, 2-, and 3-year closure rates were 66.2%, 73.8%, and 75.4%, respectively.

CONCLUSION
Anti-TNF therapy does not increase CPF closure rates in patients with stem cell transplantation. However, both
refractory and non-refractory CPF have similar closure rates after additional anti-TNF therapy. Fistulous tract
length, proctitis, and anal stricture are risk factors for non-closure in patients with CPF after stem cell
transplantation.

Key Words: Crohn’s disease; Anus; Fistula; Stem cell transplantation; Tumor necrosis factor-alpha inhibitors; Infliximab

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: This study examined the closure rates of Crohn’s perianal fistula (CPF) in patients undergoing stem cell
transplantation for treatment. The complete closure was observed in 76.9% of cases, with similar closure rates after stem cell
transplantation with and without anti-tumor necrotic factor (TNF) therapy. Factors associated with higher closure rates
included shorter fistulous tracts and the absence of proctitis and anorectal stricture. Clinical factors such as complexity,
number of fistulas, concurrent abscess presence, and medication did not significantly affect closure. The cumulative 1-, 2-,
and 3-year closure rates were 66.2%, 73.8%, and 75.4%, respectively, suggesting that anti-TNF therapy did not increase CPF
closure rates.
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INTRODUCTION

A perianal fistula is an abnormal connection between the rectal or anal canal and external perianal or ischioanal skin[1]
and one of the most common complications in Crohn’s disease (CD), with a 14%-38% lifetime risk[2]. The incidence of
perianal complications in East Asia is higher than that in the West, ranging from 30.3% to 58.8%[3]. Currently, the number
of patients with CD in Asia is increasing, and perianal fistula has been detected in a high proportion of patients in Korea.
Based on the recently reported epidemiological study of patients with CD in the Songpa-Kangdong district of Seoul,
Korea, perianal fistula/abscess was present in 43.3% of cases before or at CD diagnosis[4].

Antibiotics are commonly used as a first-line therapy for fistula treatment, but not effective in treating Crohn’s perianal
fistula (CPF)[5]. A meta-analysis of five studies found a response in 54% patients treated with azathioprine or 6-
mercaptopurine, but this meta-analysis did not review well-designed prospective clinical studies and the response was
assessed based on different criteria with complete closure or reduced discharge as secondary endpoints[6]. Currently,
biological agents such as anti-tumor necrosis factor (TNF)-o are increasingly being used to treat CPF[7,8]. In the ACCENT
II trial, the fistula closure rate at weeks 14 and 54 were 63% and 36%, respectively[8]. Overall, the currently available
treatments for CPF are not satisfactory as they do not achieve complete closure and recurrence reduction.

Owing to the problems of CPF and unmet medical needs, studies have focused on stem cell transplantation.
Autologous or allogenic adipose tissue-derived stem cells (ASCs) have been studied for CPF treatment and could be
considered effective and safe therapeutic tools[9,10]. Several studies in South Korea have showed the favorable results of
using autologous ASCs[11,12]. However, few studies have focused on the long-term outcomes of stem cell trans-
plantation and the risk factors affecting them.

Infliximab is a well-established agent for treating CD and CPF[13]. Moreover, autologous ASC transplantation is safe
and effective for treating CPF[11,14]. Furthermore, according to the previous systematic review article, the combination of
medication and surgery was more effective than single therapy, with 52% (37%-79%) and 43% (24%-67%) complete
healing rates, respectively[15]. The study reported a closure rate of 18%-80% in the surgical treatment alone group and
45%-80% in the surgical and medical combined treatment group[16]. Another study reported a closure rate of 20%-65% in
the surgical treatment alone group and 18%-85% in the surgical and medical combined treatment group[17]. However,
there is a limitation in proving the effectiveness of the combined therapy of anti-TNF agents and stem cell transplantation
because stem cell transplantation was not included in the studies as a treatment option.

This study aimed to evaluate the long-term outcomes of stem cell transplantation and compare the closure rates
associated with stem cell transplantation with and without anti-TNF therapy. Additionally, the risk factors for
therapeutic failure and CPF recurrence after stem cell transplantation were identified.
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MATERIALS AND METHODS

Patients and clinical variables

Data of patients with CD who underwent stem cell transplantation for perianal fistula at the Asan Medical Center, Seoul,
Korea from June 2014 to December 2022 were reviewed retrospectively. CD was diagnosed by gastroenterologists based
on clinical, endoscopic, radiological, and histopathologic criteria according to the diagnostic guidelines for CD in Korea
[16]. Patients with insufficient medical records and those lost to follow-up were excluded. Patient characteristics
including age, sex, smoking status, and subclass of the Montreal classification[17] were compared. Fistula evaluation
included fistula type (simple vs complex, single vs multiple), perioperative CD medication (immunomodulators or
steroids) including biologics, the presence of proctitis or stricture, and the presence of perianal abscess. Autologous
adipose tissue-derived mesenchymal stem cells (Cupistem® Anterogen, South Korea) were used in this study. Cupistem®
was approved by the Korea Ministry of Food and Drug Safety in 2012 (advanced therapy medicinal product). Cupistem®
manufacturing process was validated and standardized during product development and critical process parameters
have been established to ensure product quality. Prior to release, Cupistem® has been tested for cell appearance, cell
contents, cell viability, cell surface marker, and impurity in addition to adventitious agents including mycoplasma and
bacteria, fungi, and endotoxin[20]. Moreover, anti-TNF agents used in this study were infliximab (Remicade®, Janssen
Biotech, Inc., Horsham, PA, United States) and adalimumab (Humira®, AbbVie, Inc., North Chicago, IL, United States).
The study protocol was approved by the Institutional Review Board of Asan Medical Center (No. 2020-1059).

Fistula types

Fistulas were classified according to Park’s classification criteria[18]. Intersphincteric fistulas are formed when the tract
penetrates the internal sphincter and courses through the intersphincteric space to the perianal skin. Transsphincteric
fistulas penetrate both the internal and external sphincter. Suprasphincteric fistulas cross the internal sphincter, spread
upward in the intersphincteric space, and cross the levator ani muscle downward before reaching the perianal skin.
Extra-sphincteric fistulas originate from the rectal wall and course downward through the levator ani muscle lateral to
the external sphincter to reach the perianal skin without penetrating the anal sphincter complex.

Autologous ASC preparation

Autologous ASCs were isolated from the subcutaneous fat tissues of patients using lipo-aspirates. The lipo-aspirates were
washed with phosphate buffered saline (PBS) and digested in an equal volume of PBS containing 1% bovine serum
albumin and 0.025% collagenase type I for 80 min at 37 °C with intermittent shaking. The stromal vascular fraction
isolated from the fat tissue was cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum
and 1 ng/mL human basic fibroblast growth factor to obtain the required number of ASCs for injection. Residual animal
products were removed through a washing process of ASCs. During the development of manufacturing method of
Cupistem®, washing validation and risk assessment for residuals were conducted to ensure product quality and safety.
The risk of residual substances such as fetal bovine serum was evaluated based on “Points to Consider in the Character-
ization of Cell Lines Used to Produce Biologicals (1993)” and 21CFR610.15. The cells were harvested via trypsinization,
suspended in DMEM, and packaged into single-use vials containing 3 x 107 cells/mL. All manufacturing procedures were
carried out according to the Good Manufacturing Practices authorized by the Korean Food and Drug Administration.
Stem cells were sufficiently generated from autologous fat cells evacuated from a patient’s buttocks in 4 to 5 wk[19].

Surgical procedures, anti-TNF agents, and postoperative management

Stem cell transplantation: Before stem cell transplantation, all candidates with CPF underwent seton placement to
control inflammation around the fistula. Stem cell transplantation was performed in patients without active inflammation
after seton drainage. The tract was curetted to remove the inflamed and fibrotic surrounding tissue, which prevents the
penetration of transplanted stem cells. The tract was cleaned with isotonic saline and the previous seton was removed.
The internal opening of the tract on the rectal or anal canal was closed using direct Vicryl suture ligation. Then, 3 x 107
autologous adipose tissue-derived mesenchymal stem cells/mL (Cupistem®, Anterogen, South Korea) were injected into
the submucosa around the internal opening and fistula tract. The opened fistula tract was also filled with fibrin glue-
mixed stem cells. The ASC dose was determined based on fistula length and diameter, which were measured using a
probe before injection. When the fistula diameter was <1 cm, approximately 3 x 107 cells were injected per cm. When the
fistula diameter was between 1 and 2 cm, approximately 6 x 107 cells were injected per cm. All patients included in this
study received only one stem cell transplantation.

Anti-TNF agents: The initiation of anti-TNF treatment was determined by a gastroenterologist according to the patients’
clinical factors such as the extent of intestinal inflammation and the patient’s response to previous therapeutic drugs. The
dosage for infliximab was 5 mg/kg per infusion. Infliximab was administered 2 and 6 wk after the first dose, and every 8
wk after the third dose. Adalimumab was administered every 2 wk after the first dose. Adalimumab was administered at
100 mg for the first dose, 80 mg at the second week, and subsequently 40 mg every 2 wk. The adjustment of the dosage
was also determined by a gastroenterologist. The medication was administered according to the protocol unless there
were absolute contraindications such as the risk of infection.

Postoperative management: The patients were admitted on the day of operation and discharged the next day. Follow-up
was done at an outpatient clinic every 1 or 2 mo. Fistula closure was confirmed through physical examination at the
outpatient clinic, where the absence of inflammation or discharge was observed.
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Study groups

Patients treated with anti-TNF agents at least once from 3 months before surgery to 3 months after surgery were defined
as the “anti-TNF group” regardless of the interval between the initiation of anti-TNF treatment and stem cell
transplantation. And the other patient treated without anti-TNF agents from 3 months before surgery to 3 months after
surgery were defined as the “without anti-TNF group”.

Outcomes

Primary outcomes of the present study were evaluating the closure rate of patients who underwent stem cell trans-
plantation and comparing closure rates between patients who underwent stem cell transplantation with and without
biologics. Fistula tract closure was defined as no discharge, swelling, or pain. Recurrence was defined as relapse of
discharge and perianal symptoms, including pain and swelling, after closure of the fistulous tract without discharge.

Statistics

Categorical and continuous variables were compared by y? and Student’s t-tests, respectively. Continuous variables are
expressed as the median with inter-quadrant range or the mean with standard deviation, and discrete variables are
expressed as numbers with percentages. Statistical analyses were performed using SPSS for Windows, ver. 25.0 (SPSS
Inc., Chicago, IL, United States). P < 0.05 was considered statistically significant. The cumulative probability of the event
was estimated using the life-table method for 3 years at 3-months intervals. The difference in cumulative probability
(closure minus recurrence) was calculated for each time period.

RESULTS

Totally 65 patients underwent stem cell transplantation to treat CPF between June 2014 and December 2022. Among
them, 26 were treated with preoperative anti-TNF agents. The mean follow-up duration of all patients was 66.09 + 32.37
months. Complete closure of perianal fistula occurred in 50 (76.9%) patients, of whom 18 (36.0%) were treated with
postoperative anti-TNF agents.

The mean age, sex ratio, fistula characteristics, mean CD duration, and mean number of previous operations for CPF
were similar between patients treated with and without anti-TNF agents. However, more immunomodulators were used
in the patients without anti-TNF treatment (40.7% vs 73.7%, P = 0.008) and the number of patients with ileocolic
involvement (L3) was higher in the patients with anti-TNF treatment (88.9% vs 60.5%, P = 0.025) (Table 1).

During the follow-up, closure rate after stem cell transplantation was 76.9%. The mean duration from stem cell
transplantation to fistula closure was 6.94 + 9.68 months. Moreover, the recurrence rate in patients experiencing fistula
closure was 14.0%, with the mean period from fistula closure to recurrence being 16.57 + 19.38 months. All recurrences
were detected in 3 years. The patients who received anti-TNF treatment experienced fistula closure within 2 years. The
closure rates at 1 year and 2 years for the patients who received anti-TNF treatment were 63.0% and 66.7%, respectively.
The 1-, 2-, and 3-year closure rates for the patients without anti-TNF treatment were 68.4%, 78.9%, and 81.6%,
respectively. Only one patient without anti-TNF treatment experienced fistula closure after 3 years. The closure and
recurrence rates were not significantly different according to anti-TNF agent use (66.7% vs 84.2%, P = 0.098; Table 2,
Figure 1). The final cumulative closure rate excluding those who had recurrence was about 66.1% (Figure 2).

Mean age, sex ratio, fistula type or number, mean disease duration, or surgical history for CPF were similar between
the patients with and without fistula closure. Fistulas longer than 7 cm (40.0% vs 14.0%, P = 0.027), proctitis (66.7% vs
30.0%, P = 0.002), and rectal stricture (26.7% vs 8.0%, P = 0.008) were significantly less in the patients with fistula closure
(Table 3). The Crohn’s Disease Activity Index score was higher in the patients with anti-TNF treatment (101.87 + 55.69 vs
80.79 + 47.47, P = 0.111) but not significant, and did not affect closure.

DISCUSSION

Recently, various pharmacological and surgical treatments for CD fistula have been developed and studied[20,21].
Moreover, various studies have proven that stem cell transplantation is effective[10,22]. Biological agents such as anti-
TNF-a are increasingly being used as pharmacological treatments to treat CD fistula[7]. Despite extensive research,
therapy for CD-derived fistula was inadequate. This study analyzed whether combining these treatment modalities
increases the effectiveness and showed that stem cell transplantation in combination with anti-TNF treatment did not
increase the fistula closure rate.

The safety and efficacy of autologous MSCs have been studied through multiple phases I, II, and III clinical trials. A
phase I trial on five patients with CD fistula showed complete closure of the external opening and an absence of abscess
in 75% of patients[22]. A phase II study on complex perianal fistulas reported fistula healing and closure in 71% and 56%
of patients receiving autologous ASC treatment, respectively[10]. A phase III trial evaluating ASC efficacy in complex
fistulas reported approximately 40% and 50% fistula healing rates at 6 months and 1 year, respectively[23]. Moreover,
previous studies using the same ASCs used in this study have shown that the 1- and 2-year closure rates were 88% and
75%, respectively[11,14].

The overall closure rate of patients with stem cell transplantation was 76.9%. Two patients treated with anti-TNF agent
only after stem cell transplantation experienced fistula closure. Among them, one patient was treated with anti-TNF due
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Table 1 Patient characteristics and clinical variables between anti-tumor necrotic factor and without anti-tumor necrotic factor groups,

n (%)
Anti-TNF (n = 27) Without anti-TNF (n = 38) Pvalue

Age, median (IQR) (yr) 26 (23.00-32.00) 26 (20.00-31.25) 0.378
Sex 0.596

Male 11 (40.7) 18 (47.4)

Female 16 (59.3) 20 (52.6)
Montreal classification

Age at onset 0.772

Al (216 yr) 5 (18.5) 6 (15.8)

A2 (17-40 yr) 22 (81.5) 32 (84.2)

A3 (241 yr) 0(0.0) 0(0.0)

Location 0.025

L1 (Tleum) 3(11.1) 9 (23.7)

L2 (Colon) 0(0.0) 6 (15.8)

L3 (Tleocolon) 24 (88.9) 23 (60.5)

Behavior 0.850

B1 (non-stricturing, non-penetrating) 17 (63.0) 26 (68.4)

B2 (stricturing) 5 (18.5) 8 (21.1)

B3 (penetrating) 5 (18.5) 4 (10.5)
Fistula type 0.915

Simple 4(14.8) 6 (15.8)

Complex 23 (85.2) 32 (84.2)
Multiple fistula 9(33.3) 13 (46.4) 0.941
Fistula length > 7 cm 8(29.6) 5(13.2) 0.102
CDAI, (mean + SD) 101.87 + 55.69 80.79 + 47.47 0.111
Proctitis 10 (37.0) 12 (31.6) 0.647
Stricture 3 (11.1) 3(7.9) 0.659
Abscess 3 (11.1) 2(5.3) 0.383
Recto-vaginal fistula 3 (11.1) 2(5.3) 0.383
Medical treatment
Immunomodulators 11 (40.7) 28 (73.7) 0.008
Smoking 1(3.7) 1(2.6) 0.217
Previous fistula OP 27 (100.0) 38 (100.0) 1.000
No. previous fistula OP, mean + SD (times) 3.30 £2.55 245+3.29 0.266
Disease duration, mean + SD (yr) 7.15+4.74 5.87 +5.28 0.310
Follow-up, mean + SD (months) 70.52 +£31.74 62.58 +33.31 0.338

TNF: Tumor necrotic factor; IQR: Interquartile range; CDAI: Crohn'’s Disease Activity Index; OP: Operation.

to bowel inflammation 1 months after stem cell transplantation, and the other was treated with anti-TNF for unclosed
fistula until 1 year after stem cell transplantation. During the follow-up period of approximately 5 years, 14.0% of patients
with fistula closure experienced recurrence. Previous studies have reported the recurrence rate at 1 and 2 years after stem
cell transplantation as 11% and 16%, respectively[11,14], which is consistent with the recurrence rate of this study. The
closure rate was slightly lower in patients treated with anti-TNF agents, although it was not statistically significant. This
result is possibly because ASCs initiate or enhance tissue regeneration by two different mechanisms: Differentiating into
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Table 2 Fistula closure and recurrence, n (%)

Total Anti-TNF (n = 27) Without anti-TNF (n = 38) P value

Cumulative closure rate 50/65 (76.9%) 18/27 (66.7%) 32/38 (84.2%) 0.098

1-yr 43 (66.2) 17 (63.0) 26 (68.4)

2-yr 48 (73.8) 18 (66.7) 30 (78.9)

3-yr 49 (75.4) - 31 (81.6)
Closure time (months) 6.94 + 9.68 4.56 £4.37 8.28 +11.52 0.195
Cumulative recurrence rate 7/50 (14.0) 3/18 (16.7) 4/32 (12.5) 0.684

1-yr 4 (8.0 2 (11.1) 2(6.3)

2-yr 5 (10.0) 3 (16.7) 2 (6.3)

3-yr 7 (14.0) - 4 (12.5)
Recurrence time (months) 16.57 +19.38 7.33+7.77 23.50 + 23.70 0.316
TNEF: Tumor necrotic factor.
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Figure 1 Closure rate with and without anti-tumor necrosis factor agents. The patients who received anti-tumor necrosis factor (TNF) treatment
experienced fistula closure within 2 years and the closure rates at 1 year and 2 years were 63.0% and 66.7%, respectively. The 1-, 2-, and 3-year closure rates for the
patients without anti-TNF treatment were 68.4%, 78.9%, and 81.6%, respectively. The 5-year closure rates were not significantly different according to anti-TNF agent
use (66.7% vs 84.2%, P = 0.098). The anti-TNF agents used in this study were infliximab (Remicade®, Janssen Biotech, Inc., Horsham, PA, United States) and
adalimumab (Humira®, AbbVie, Inc., North Chicago, IL, United States). TNF: Tumor necrosis factor.

skin cells or secreting paracrine factors that initiate the healing process through recruiting endogenous stem cells and
endothelial cells or downregulating the inflammatory response. Thus, the anti-inflammatory response of stem cell
transplantation, which is a local treatment for CPF, is strong among patients, and prolongs and minimizes the effect of
systemic treatment with anti-TNF[24]. Additionally, more refractory CPF was included in the anti-TNF treatment group
as the patients treated with anti-TNF agents had a prolonged disease duration and previous surgeries for CPF might
affect the result. Furthermore, our study showed that proctitis, stricture, and long fistulous tract reduced the closure rate,
and biologics did not affect the closure and recurrence. The actual cumulative fistula closure rate, excluding those with
recurrence, was approximately 66.1%.

This study has several limitations. First, its retrospective design may have caused patient selection bias. To minimize
the selection bias, we enrolled all patients who underwent stem cell transplantation during the study period. Second,
because the surgical procedure, like stem cell transplantation, was determined subjectively by each operator depending
on the severity of inflammation in the fistula, it may have affected the high closure rate of stem cell transplantation.
Moreover, the actual healing rate after treatment was not evaluated through imaging studies such as magnetic resonance
imaging (MRI) because only four patients underwent MRI for other reasons not for fistula, as MRI for diagnosing perianal
fistula is not covered by insurance in Korea.

CONCLUSION

Concludingly, stem cell transplantation is one of the feasible treatment options for CPF. Anti-TNF agents do not increase
the fistula closure rate after stem cell transplantation in CPF patients. Furthermore, selecting appropriate patients
considering factors such as clinical features like proctitis or stricture, as well as the length of the fistulous tract may
influence the prognosis of fistula closure according to this study results. Therefore, if stem cell transplantation is
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Table 3 Patient characteristics and clinical variables between closure and non-closure groups, n (%)

No closure (n = 15) Closure (n = 50) P value

Age, median (IQR) (yr) 28.0 (23.0-33.0) 26.0 (20.8-31.0) 0.433
Sex 0.316

Male 5(33.3) 24 (48.0)

Female 10 (66.7) 26 (52.0)
Montreal classification

Age at onset 0.227

Al (£16yr) 1(6.7) 10 (20.0)

A2 (17-40 yr) 14 (93.3) 40 (80.0)

A3 (241 yr) 0(0.0) 0(0.0)

Location 0.285

L1 (lleum) 4(26.7) 8 (16.0)

L2 (Colon) 0(0.0) 6 (12.0)

L3 (Ileocolon) 11 (73.3) 36 (72.0)

Behavior 0.998

B1 (non-stricturing, non-penetrating) 10 (66.7) 33 (66.0)

B2 (stricturing) 3 (20.0) 10 (20.0)

B3 (penetrating) 2(13.3) 7 (14.0)
Fistula type 0.572

Simple 3 (20.0) 7 (14.0)

Complex 12 (80.0) 43 (86.0)
Multiple fistula 8(53.3) 14 (28.0) 0.069
Fistula length > 7 cm 6 (40.0) 7 (14.0) 0.027
CDAI, mean + SD 98.84 + 54.62 87.01 £51.16 0.444
Proctitis 10 (66.7) 15 (30.0) 0.002
Stricture 4(26.7) 2 (8.0) 0.008
Abscess 2(13.3) 3 (6.0) 0.350
Recto-vaginal fistula 1(6.7) 4 (8.0) 0.865
Medical treatment

Immunomodulators 8 (53.3) 31 (62.0) 0.548

Biologics 9 (60.0) 18 (36.0) 0.098
Smoking 0(0.0) 2 (4.0 0.733
Previous fistula OP 15 (100.0) 33 (100.0) 1.000
No. previous fistula OP, mean + SD (times) 4.27 +5.06 236 +1.91 0.173
Disease duration, mean + SD (yr) 553+4.24 6.66 +5.29 0.454
Follow-up, mean + SD (months) 63.87 £40.12 66.48 +30.52 0.788

IQR: Interquartile range; CDAI: Crohn’s Disease Activity Index; OP: Operation.

performed in appropriate patients, regardless of the use of anti-TNF agents, favorable outcomes can be expected.
However, since most patients enrolled in this study were taking anti-TNF agents for the treatment of bowel inflammation
rather than perianal fistula, further research should be considered to determine whether combining stem cell
transplantation and anti-TNF solely for perianal fistula treatment is effective. This study was conducted at a single center,
and due to the limited number of patients, we believe that further research is needed with a larger cohort from multi-
centers to investigate the long-term outcomes and prognostic factors of stem cell transplantation in patients with CPF.
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Figure 2 Cumulative closure and recurrence rates after stem cell transplantation. All recurrences were detected in 3 years during the 5-year follow-
up period after stem cell transplantation. The final cumulative closure rate (green line) excluding those who had recurrence (red line) was about 66.1% after stem cell
transplantation regardless of the anti-tumor necrosis factor (TNF) therapy. The anti-TNF agents used in this study were infliximab (Remicade®, Janssen Biotech, Inc.,
Horsham, PA, United States) and adalimumab (Humira®, AbbVie, Inc., North Chicago, IL, United States).

ARTICLE HIGHLIGHTS

Research background

Perianal fistulas are a common complication in Crohn’s disease, with a higher incidence in East Asia. Stem cell
transplantation, specifically using autologous adipose tissue-derived stem cells (ASCs), has been explored as a potential
effective and safe therapeutic approach, with favorable results reported in South Korean studies.

Research motivation

While the combination of medication and surgery has shown promise, the effectiveness of combining biologics such as
anti-tumor necrosis factor (TNF) agents with stem cell transplantation remains an unproven area in improving fistula
closure outcomes.

Research objectives

The study focused on assessing the long-term outcomes of stem cell transplantation, comparing closure rates with and
without anti-TNF therapy, and evaluating risk factors for therapeutic failure and recurrence in Crohn’s perianal fistula
(CPF) after stem cell transplantation.

Research methods

This retrospective study, conducted at Asan Medical Center in Seoul, Korea, aimed to evaluate the long-term outcomes of
stem cell transplantation in patients with CPF. Data from patients who underwent stem cell transplantation from June
2014 to December 2022 were reviewed, considering clinical variables such as age, sex, smoking status, and Montreal
classification subclass. Autologous ASCs were used, and the study also included information on surgical procedures,
anti-TNF agents (infliximab and adalimumab) used, and postoperative management. The study focused on comparing
closure rates between patients who underwent stem cell transplantation with and without biologics, defining closure as
the absence of discharge, swelling, or pain, and recurrence as the relapse of symptoms after the closure of the fistulous
tract. Statistical analyses were performed to assess differences in outcomes.

Research results

Between June 2014 and December 2022, a total of 65 patients underwent stem cell transplantation for the treatment of
CPF, with 26 receiving preoperative anti-TNF agents. The mean follow-up duration was 66.09 + 32.37 months. Among all
patients, 76.9% achieved complete closure of perianal fistula, and the recurrence rate after closure was 14.0%. The closure
rates at 1 and 2 years for patients with anti-TNF treatment were 63.0% and 66.7%, respectively, while for those without
anti-TNF treatment, the rates were 68.4%, 78.9%, and 81.6% at 1, 2, and 3 years, respectively. Fistula closure was less
likely in patients with longer fistulas (> 7 cm), proctitis, and rectal stricture. The cumulative closure rate, excluding those
with recurrence, was approximately 66.1%. The use of anti-TNF agents did not significantly impact closure and
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recurrence rates.

Research conclusions

In conclusion, stem cell transplantation emerges as a viable treatment option for CPF, with favorable outcomes expected
in appropriate patients regardless of the use of anti-TNF agents. This study suggests that selecting patients based on
clinical features such as proctitis or stricture, along with considering the length of the fistulous tract, plays an important
role in influencing the prognosis of fistula closure.

Research perspectives

The study, conducted at a single center with a limited number of patients, underscores the need for further research
involving a larger multi-center cohort to thoroughly investigate the long-term outcomes and prognostic factors associated
with stem cell transplantation in patients with CPF.
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Abstract

BACKGROUND

The bone remodeling during orthodontic treatment for malocclusion often
requires a long duration of around two to three years, which also may lead to
some complications such as alveolar bone resorption or tooth root resorption.
Low-intensity pulsed ultrasound (LIPUS), a noninvasive physical therapy, has
been shown to promote bone fracture healing. It is also reported that LIPUS could
reduce the duration of orthodontic treatment; however, how LIPUS regulates the
bone metabolism during the orthodontic treatment process is still unclear.

AIM
To investigate the effects of LIPUS on bone remodeling in an orthodontic tooth
movement (OTM) model and explore the underlying mechanisms.

METHODS

A rat model of OTM was established, and alveolar bone remodeling and tooth
movement rate were evaluated via micro-computed tomography and staining of
tissue sections. In vitro, human bone marrow mesenchymal stem cells (hBMSCs)
were isolated to detect their osteogenic differentiation potential under compre-
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ssion and LIPUS stimulation by quantitative reverse transcription-polymerase chain reaction, Western blot,
alkaline phosphatase (ALP) staining, and Alizarin red staining. The expression of Yes-associated protein (YAP1),
the actin cytoskeleton, and the Lamin A/C nucleoskeleton were detected with or without YAP1 small interfering
RNA (siRNA) application via immunofluorescence.

RESULTS

The force treatment inhibited the osteogenic differentiation potential of hBMSCs; moreover, the expression of
osteogenesis markers, such as type 1 collagen (COL1), runt-related transcription factor 2, ALP, and osteocalcin
(OCN), decreased. LIPUS could rescue the osteogenic differentiation of hBMSCs with increased expression of
osteogenic marker inhibited by force. Mechanically, the expression of LaminA/C, F-actin, and YAP1 was downreg-
ulated after force treatment, which could be rescued by LIPUS. Moreover, the osteogenic differentiation of hBMSCs
increased by LIPUS could be attenuated by YAP siRNA treatment. Consistently, LIPUS increased alveolar bone
density and decreased vertical bone absorption in vivo. The decreased expression of COL1, OCN, and YAP1 on the
compression side of the alveolar bone was partially rescued by LIPUS.

CONCLUSION
LIPUS can accelerate tooth movement and reduce alveolar bone resorption by modulating the cytoskeleton-Lamin
A/C-YAP axis, which may be a promising strategy to reduce the orthodontic treatment process.

Key Words: Low-intensity pulsed ultrasound; Bone resorption; Osteogenesis; Cytoskeleton-Lamin A/C-Yes-associated protein
axis; Bone marrow mesenchymal stem cells; Orthodontic tooth movement

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Low-intensity pulsed ultrasound can promote local alveolar bone remodeling and reduce vertical alveolar bone
resorption and consequent gingival recession by regulating the osteogenic ability of bone marrow mesenchymal stem cells
by upregulating the expression and nuclear translocation of Yes-associated protein decreased by mechanical stress via
affecting the cytoskeleton and nuclear skeleton.
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INTRODUCTION

Orthodontic treatment for malocclusion usually lasts 2-3 years, which brings great challenges to patient compliance and
increases the risk of many complications, such as alveolar bone resorption, gingivitis, and other destructive diseases of
the periodontal supporting tissue[1]. The alveolar bone loss caused by long-term orthodontic treatment may be due to
imbalanced osteogenic and osteoclast activity.

Low-intensity pulsed ultrasound (LIPUS) usually refers to a pulse-emitted ultrasonic wave with an intensity between
30 and 100 mW/cm? which is a noninvasive physical mechanical energy source[2]. It is delivered in the form of an
acoustic wave and applied to tissue and cells to regulate biochemical functions[3]. As revealed by several clinical trials
and animal experiments in vivo, LIPUS can reduce the fracture healing time[4] and effectively treat delayed fracture union
[5] and bone nonunion[6], and is safer and noninvasive than other treatments.

LIPUS has also gained attention in the field of orthodontics. In vivo, LIPUS can increase the distance of the teeth
movement[7]; a retrospective clinical study also showed that LIPUS reduced the duration of invisible treatment by an
average of 49%[8]. In a clinical study, buccal alveolar bone thickness and height did not respond to LIPUS during
maxillary arch expansion[9]. In a tooth movement model in rats, LIPUS application increased the number of osteoclasts
on the compression side[10]. The increased osteoclasts may lead to alveolar bone resorption and periodontal supporting
tissue destruction. It is unclear whether LIPUS regulates alveolar bone remodeling.

Bone marrow mesenchymal stem cells (BMSCs), as bone marrow-derived stem cells, exhibit self-renewal capacity and
multiple differentiation potential and can differentiate into multiple types of cells, tissues, and organs under proper
conditions[11]. LIPUS could regulate MSC growth[12] and promote chondrogenesis of MSCs seeded on three-
dimensionally (3D) printed scaffolds[13]. Besides, MSCs encapsulated in hydrogels of certain stiffness show enhanced
osteogenesis ability under LIPUS[14]. Few studies have reported the effect of LIPUS on cells loaded in compression.
Whether LIPUS could regulate the property of MSCs under compression force to control the alveolar bone remodeling
during orthodontic treatment and the underlying mechanism need to be investigated.
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Here, we show that LIPUS could accelerate the orthodontic tooth movement (OTM) and increase alveolar bone density
and decreased vertical bone absorption via the Lamin A/C-Yes-associated protein (YAP) axis, suggesting that LIPUS is a
promising strategy to accelerate the orthodontic treatment with little side effects.

MATERIALS AND METHODS

Cell culture

The human jawbone tissue sampling protocol gained approval from the Ethical Guidelines of Hospital of Stomatology,
Peking University (No. PKUSSIRB-202385020) and was carried out after informed consent was obtained. BMSCs were
isolated and cultured following the previously reported protocol[15]. Briefly, we obtained a small piece of cortical bone
located above the tooth crown, which required removal during the extraction of the donor’s impacted third molars. The
bone was carefully sectioned using a scalpel and subsequently digested using collagenase type I (2 mg/mL; Worthington
Biochem, Lakewood, NJ, United States) and dispase II (4 mg/mL; Roche Diagnostic, Indianapolis, IN, United States) for
an hour at 37 °C. Single-cell suspensions from the jaw bone were subsequently acquired using 70-pm cell strainers (BD
Bioscience, United States). Then, single cells were seeded onto 100-mm dishes at 1 to 1.5 x 10° cells/mL. BMSCs were
isolated and cultured following the previously reported protocol[15]. BMSCs were cultivated in Minimum Essential
Medium a (VivaCell, Shanghai, China) supplemented with 15% fetal bovine serum (Gibco, Grand Island, NY, United
States) and 1% penicillin-streptomycin solution (Cytiva, Shanghai, China) at 37 °C with 5% CO,, and the medium was
changed at 3-d intervals. The expression of stem cell surface markers in BMSCs was characterized by flow cytometry
according to the manufacturer’s protocol (BD Bioscience).

Transfection of small interfering RNA

Before transfection, the cell culture medium was changed to standard conditions without penicillin-streptomycin
solution. The cells were then transfected with control small interfering RNA (siRNA) or YAP1 siRNA (Ribobio,
Guangzhou, China) via a riboFECT™ CP Transfection Kit (Ribobio) in accordance with the manufacturer’s instructions.
Quantitative reverse transcription-polymerase chain reaction (qQRT-PCR), Western blotting, and immunofluorescence
staining were subsequently performed to measure the knockdown rate.

Osteogenic differentiation, alkaline phosphatase activity, and alizarin red staining

BMSCs (1 x 10°/mL) were seeded onto 6-well plates and cultured until the cell confluence reached 70%-80% before the
medium was changed to osteogenic differentiation medium supplemented with L-ascorbic acid (50 pg/mL; Sigma,
Missouri, United States), B-glycerophosphate (10 mmol/L; Sigma), and dexamethasone (0.1 pM; Sigma). During
osteogenic induction of stem cells, the induction differentiation medium was changed every 3 d.

After induction for 14 d, alkaline phosphatase (ALP) staining (Beyotime, Shanghai, China) were conducted in
accordance with the protocol, and so did alizarin red staining (Sigma) after induction for 21 d. For the quantification of
mineralization, we dissolved red matrix sediment in 10% cetyl-pyridinium chloride (Macklin, Shanghai, China), and the
absorbance of the solution was measured to determine the degree of mineralization quantitatively[16].

Application of a compression force

Compression force was applied to the BMSCs to mimic stress during orthodontic movement[17]. Briefly, a rounded glass
sheet (30 mm in diameter) was placed over cell layers close to confluence in a 6-well plate. Stainless steel beads were
placed above the glass sheet to adjust the static pressure to 1 g/cm? The cells were under static compression for 24 h.

LIPUS treatment

In this study, the LIPUS device was obtained from the Institute of Acoustics (Chinese Academy of Sciences, Beijing,
China). The device has circular transducers with an area of 9.07 cm? to match the area of a well in a 6-well plate. The cells
were stimulated with LIPUS following the following specifications: 1.5 MHz frequency, 0.2 pulse duration ratio, 30 mW/
cm? incident intensity, and 1.0 kHz repetition rate. Stimulation was applied for 20 min every day in vivo and in vitro until
the rats and cells were harvested, and the control group and force group were treated by pseudo-LIPUS. In vivo, the rats
under anesthesia were placed at a constant location, after which the transducer was pressed against the side of the cheek
closest to the maxillary first molar. In vitro, we attached the transducer to the bottom of the plate corresponding to the
well[18].

gRT-PCR
After 7 d of osteogenic induction, we utilized TRIzol reagent (Invitrogen, California, United States) to extract total cellular
RNA following the previous protocol[19]. Table 1 displays all the primers used. cDNA synthesis kits (Takara Bio, Tokyo,
Japan) were used to prepare first-strand cDNA from RNA through reverse transcription in accordance with the protocol.
A Viia™ 7 Real-time PCR System (Applied Biosystems, Washington, Rhode Island, United States) was used for qRT-PCR,
which was carried out in triplicate.

Western blot analysis
After 7 d of osteogenic induction, RIPA buffer containing 1 mM phenylmethanesulfonyl fluoride (Solarbio, Beijing,
China) was added for cell lysis, followed by centrifugation at 12000 x g for 20 min at 4 °C. Thereafter, the supernatant was
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Table 1 Primer sequences for quantitative reverse transcription-polymerase chain reaction

Gene Primer sequence

GAPDH Forward TCATTGACCTCAACTACATG
Reverse TCGCTCCTGGAAGATGGTGAT

RUNX2 Forward TGGTTACTGTCATGGCGGGTA
Reverse TCTCAGATCGTTGAACCTTGCTA

ALP Forward ACTGGTACTCAGACAACGAGAT
Reverse ACGTCAATGTCCCTGATGTTATG

COL1al Forward GTGCGATGACGTGATCTGTGA
Reverse CGGTGGTTTCTTGGTCGGT

OCN Forward CACTCCTCGCCCTATTGGC
Reverse CAGCAGAGCGACACCCTAGAC

YAP1 Forward AGAATCAGTCAGAGTGCTCCAGTG
Reverse CGCAGCCTCTCCTTCTCCATC

ALP: Alkaline phosphatase; RUNX2: Runt-related transcription factor 2; COL: Collagen; OCN: Osteocalcin; YAP1: Yes-associated protein.

quantified with a BCA assay (Beyotime). Total protein was added to loading buffer, and the mixture was subsequently
boiled for 10 min at 100 °C. Thereafter, the samples were stored at -20 °C. Equal amounts of total protein (30 pg) were
loaded on sodium dodecyl sulfate-polyacrylamide gels and separated prior to electroblotting onto polyvinylidene
difluoride membranes (Millipore, Billerica, Massachusetts, United States). After blocking with 5% bovine serum albumin,
the membranes were incubated overnight on a shaker at 4 °C. The primary antibodies used were rabbit anti-type 1
collagen (COL1) and anti-osteocalcin (OCN) (1:500; Abcam, Cambridge, Massachusetts, United States), rabbit anti-ALP
(1:500; Invitrogen), and mouse anti-GAPDH (1:1000; ProteinTech, Cook, Illinois, United States). Finally, HRP-labeled
secondary antibodies (Zsgb-Bio, Beijing, China) were added for another 1-h incubation, followed by visualization via
enhanced chemiluminescence (NCM Biotech, Suzhou, China). Image] software was used for band intensity analysis.

Immunofluorescence staining

After 7 d of osteogenic induction, 4% paraformaldehyde (PFA) was added for 15 min to fix the cells, after which the cells
were rinsed with phosphate buffered saline (PBS) three times prior to 10 min of permeabilization with 0.5% Triton X-100
and washing with PBS. Thereafter, 5% BSA was added to the block cells for an hour before they were incubated with
primary antibodies (1:200; Abcam) against YAP1, Lamin A/C, and F-actin at 4 °C overnight. The cells were washed with
PBS before further incubation with Alexa Fluor 488- and Alexa Fluor 594-labeled antibodies (1:200; Invitrogen) for one
hour. Finally, medium containing DAPI was added to the mount cells after washing. Images were captured with an
inverted confocal microscope (Olympus, Tokyo, Japan).

Rat model of OTM
Male SD rats (6 wk old) weighing 200 + 20 g were obtained from Beijing Vital River Laboratory Animal Technology Co.,
Ltd. (Beijing, China) and housed under laboratory conditions (12 h light/dark cycle, 21 + 2 °C, 50% humidity, ad libitum
access to food and water). All animal protocols utilized in the present work were approved by the Ethics Committee for
Animal Experiments at Peking University Health Science Center (No. LA2022288) and were designed to minimize animal
pain or discomfort.

In total, 27 male rats were randomized to control (n = 3), force (day 7 and day 14) (n = 6 per group), or force + LIPUS
group (day 7 and day 14) (n = 6 per group). Before establishing the experimental OTM model, each rat was administered
pentobarbital sodium (40 mg/kg of body weight) for anesthesia. In those latter two groups, the OTM model was
established as described in our previous study[20]. A stainless steel ligation wire (0.025 mm in diameter; Tomy Interna-
tional, Inc., Tokyo, Japan) was used to ligate a closed-coil spring (Tomy International, Inc., Tokyo, Japan) to the maxillary
first molar and incisor neck. The spring offers 50 g of force to move the maxillary first molar mesially. To enhance the
retaining force and prevent the device from falling off, a 0.5 mm deep groove was made by a slow speed mill near the
gingival margin of the maxillary incisor to accommodate the ligature wire, which was subsequently filled with flowing
resin (3 M, Minnesota, United States). All animals were sacrificed with an overdose of pentobarbital sodium (150 mg/kg)
for tissue collection.

Micro-computed tomography imaging and measurements

A microcomputed tomography scanner was used to scan maxillary samples at 8.82 pm resolution, 500 pA tube current, 60
kV tube voltage, and 1500 ms exposure time. Inveon Research Workplace software (Siemens, Munich, Germany) together
with Mimics Research 21.0 software (Materialise, Leuven, Belgium) was used for raw data reconstruction. With respect to
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the reconstructed 3D model, the shortest distance from the first to second molar crown was considered the tooth
movement distance (Figure 1B). A straight plane was made at the cementum-enamel boundary (CEJ) on the first molar’s
distal buccal side, and the farthest distance between it and the parallel line tangent to alveolar crest resorption was
measured to assess the reduction in alveolar bone height. In addition, Inveon Research Workplace software was used to
evaluate the BV/TV, Tb.Th, Tb.N, Tb.Sp, and BS/BV in the chosen regions of interest (ROIs) (Figure 1C) by the reviewer,
who was blinded to the groupings. All the samples were analyzed thrice to obtain the means.

Tissue processing

We set the experimental period at 7 and 14 d following the establishment of the tooth movement device. The rats were
sacrificed with an overdose of pentobarbital sodium, after which the maxilla was dissected and immersed in 4%
paraformaladehyde. For hematoxylin and eosin (HE), tartrate-resistant acid phosphatase (TRAP), and immunohisto-
chemical staining, the trimmed tissues were decalcified with 5% ethylenediaminetetraacetic acid disodium for 15 d,
followed by ethanol dehydration and paraffin embedding. Thereafter, the samples were cut into 5-um vertical serial
sections with a rotary microtome (RM2125RT, Leica, Heidelberger, Germany).

HE, TRAP, and immunohistochemical staining

Sections were stained with an HE staining kit (Sigma, Missouri, United States) or a TRAP staining kit (Solarbio, Beijing,
China) following the protocols. Immunohistochemical staining was performed as follows. After xylene deparaffinization
and ethanol rehydration, 0.125% trypsin and 20 pg/mL proteinase K solution were added to the sections, which were
incubated at 37 °C for a 30-min period. Endogenous peroxidase activity was blocked with 3% H,O, for a 30-min period at
room temperature. The sections were subsequently washed with PBS, blocked with 5% BSA for an hour, and incubated
with polyclonal anti-rabbit COL1 and OCN antibodies (1:200; Abcam) overnight at 4 °C, followed by another 1-h
incubation with HRP-labeled secondary goat anti-rabbit IgG (Zsgb-Bio, Beijing, China) at room temperature.
Diaminobenzidine (Zsgb-Bio) was used for visualization in accordance with the protocol. After hematoxylin counter-
staining, gradient ethanol, and xylene dehydration, the sections were mounted using neutral resins.

Statistical analysis

The data are presented as the mean + SD and were analyzed with GraphPad Prism 7 software (GraphPad, Inc., La Jolla,
CA, United States). Every assay was carried out thrice. Student’s t test was used to evaluate intergroup differences, while
one-way analysis of variance (ANOVA) with multiple comparisons was used to evaluate differences among multiple
groups. P < 0.05 indicated statistical significance.

RESULTS

Orthodontic force treatment decreases alveolar bone height on the compression side

We detected the movement distance of the maxillary first molars on the 7** d and 14" d after force application and found
that the movement distance increased with time under the effect of 50 g of force (P < 0.01, n = 3) (Figure 1A), suggesting
that the rat OTM model was successfully constructed. Moreover, the distance between the alveolar crest and CEJ
significantly increased on day 7 and day 14, showing that orthodontic force led to vertical resorption of alveolar bone
beginning on day 7 (Figure 1B). We selected the alveolar bone mesial to the medial 1/3 of the first molar’s distal buccal
root with a certain thickness as the ROI (Figure 1C). Micro-computed tomography results showed that at 7 and 14 d of
tooth movement, the alveolar bone BV/TV and Tb.Th decreased after force application, while the BS/BV and Tb.Sp
increased after force application (Figure 1C). This result showed that the bone density decreased on the compression side
after orthodontic force treatment. HE staining and immunohistochemical staining revealed a decreased number of cells
positive for the osteogenic markers COL1 and OCN in alveolar bone on the pressure side (Figure 1D and E), with a
greater number of TRAP-positive cells on the pressure side near the alveolar bone edge (Figure 1F).

Osteogenic differentiation of BMSCs is inhibited by force treatment

Static pressure was used in vitro to simulate alveolar bone on the pressurized side. Compared to those in the control
group, the osteogenic differentiation of the BMSCs in the force group was decreased, as evidenced by the ALP and
alizarin red staining results (Supplementary Figure 1 and Figure 2A-D). Correspondingly, the expression levels of the
osteogenesis-related markers ALP, COL1, runt-related transcription factor 2 (RUNX2), and OCN in the force group
significantly decreased (Figure 2E and F) compared to the control ones, as detected by qRT-PCR and Western blot.

LIPUS induces osteogenic differentiation of BUSCs

The force treatment decreased the osteogenic differentiation of BMSCs, while LIPUS could rescue the impaired osteogenic
differentiation of BMSCs caused by force treatment (Figure 3A-D), as shown by ALP and alizarin red staining. Moreover,
the expression of ALP, COL1, RUNX2, and OCN was accordingly increased after LIPUS treatment compared with the
force group, as assessed by qRT-PCR (Figure 3E) and Western blot (Figure 3F).

LIPUS decreases alveolar bone resorption in vivo
The movement distance of the first molar in the force + LIPUS group was greater than that of the force group on the 7
and 14™ d after force application (P < 0.05) (Figure 4A-D). Moreover, the height of alveolar bone resorption was also

WIJSC | https://www.wjgnet.com 271 March 26,2024 | Volume16 | Issue3 |

Jaishideng®


https://f6publishing.blob.core.windows.net/6982f7d1-1e92-4a84-86fc-27a8ecea6f15/WJSC-16-267-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/6982f7d1-1e92-4a84-86fc-27a8ecea6f15/WJSC-16-267-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/6982f7d1-1e92-4a84-86fc-27a8ecea6f15/WJSC-16-267-supplementary-material.pdf

Wu T et al. LIPUS reduces bone resorption

200
_ bp
£ I
2
< 150
'—
o T
-
© 100
@
o
c
8
@ 50
a
Ctrl Force-D7 Force-D14 0 T T
A
& Q
RS &
«° <<°&
B 1.5+
IS
E
a
50 1.0- P
O
S %
S0 P
L O
0% 0.5
°
4
Ctrl Force-D7 Force-D14 ©
0.0—7F—7—7—
Q &
ct 09,\ N
& &
<<O QO\
-
—
[a)
o
£
£
0.10 . .
15 . 1.5 P 0.15 5
—_—
0.08- S — ap
€ — - —A —
£ 10- £ X 1.0 £ 0.10-
= é 0.06 P E £
z a — S - z
s % 0.04+ @ =
= 54 = 0.5 i~ 0.05-
0.02+
0 T T T 0.00 I%I T T 0.0 T T T 0.00 T T T
S Q& & Q> ) O\V S & 0\“‘
& @ &F @ &F @ &F @
< & < & < & << &
D R e,
w w - ‘ > L £
== 3 ¥ > ¥ GNP " .
Y X k\w\'\ gl “éz?'/ e
&3 ;._,'"’; N L ";;.“’.f“. o sbu;iv
= 2 SO AN T
gﬁ;@ WJSC | https://www.wjgnet.com 272 March 26,2024 | Volume16 | Issue3



Wu T et al. LIPUS reduces bone resorption

E
3
8 .
Bl A : o » 50
_ o=
S )
) o
Ctrl Force-D7 Force-D14
b b
3 40 P e P
< °P & bp
2 — ®
8 30+ g 30+
2 2
20 £ 20+
2 g
= Z 104
0 T T m 0 T T T
& &g & 3
& @ b
& &° & P
< <<o‘ < ¢ s % 15+
F < 3]
E3
< 40| a
. e = 0
i 82
S EL 5-
3 S =
‘\) Z :ES
o ;ﬂ £5oe
g R 3 S 0 I_T_I T T
o Q
4 C‘)\" 6\ o'\bk
AR A i & @
S b ) g K
& o
Force-D7 Force-D14

Figure 1 The bone density decreased, and the alveolar bone height decreased on the compression side. A: Representative pictures of the rat
tooth movement model and 3D model images reconstructed with Mimics software (left) and the statistical diagram of the tooth movement distance (right); B:
Representative images of 3D models reconstructed from micro-computed tomography images showing the distance from the alveolar crest to the cemento-enamel
junction (left) and the corresponding statistical analysis (right); C: Representative region of interest (ROI) selection diagrams (left) and statistical analysis (right). A
certain volume of alveolar bone on the compressed side of the middle 1/2 root of the distal buccal root of the first molar was selected for subsequent analysis. The
statistical analysis of the BV/TV, Tb.Th, Th.N, Tb.Sp and BS/BV values of the ROI region was performed with Siemens software; D: Representative images of
hematoxylin and eosin staining; E: Representative images of immunohistochemical staining for type 1 collagen and osteocalcin (left) and quantitative analyses (right);
F: Representative images of tartrate-resistant acid phosphatase (TRAP) staining (left) and counting of TRAP-positive multinuclear (> 3 nuclei) cells (right). 2P < 0.05
vs control group, °P < 0.01 vs control group. CEJ: Cementum-enamel boundary; HE: Hematoxylin and eosin; TRAP: Tartrate-resistant acid phosphatase; COL1: Type
1 collagen; OCN: Osteocalcin; CT: Computed tomography.

reduced in the LIPUS treatment group (P < 0.05) (Figure 4E and F). ROI measurements of the corresponding sites
indicated that the BV/TV and Tb.Th of the force + LIPUS group were higher than those of the force group, while the BS/
BV and Tb.Sp were decreased (P < 0.05, n = 3) (Figure 4G-I), indicating that LIPUS promoted alveolar bone formation.
Furthermore, the expression of COL1 and OCN was increased on the compressed side in the LIPUS treatment group
compared with the force group (Figure 5A-D). However, no significant differences in TRAP-positive cell numbers were
observed between the force group and the force + LIPUS group (Figure 5B and E).

LIPUS activates YAP1 signaling via Lamin A/C

To explore the role of LIPUS in regulating the cytoskeleton in BMSCs, we performed F-actin and Lamin A/C immuno-
fluorescence co-staining in vitro. The results showed that the compressive force treatment downregulated the expression
of F-actin, disrupted the cytoskeleton, and inhibited the Lamin A/C ratio in BMSCs, while LIPUS effectively reversed
these changes (Figure 6A). Lamin A/C was reported to mediate the YAP1 nuclear localization by regulating nuclear
stiffness[21,22]. Next, we analyzed the expression of YAP1. The results showed that the expression of YAP1 was
decreased by force treatment, whereas LIPUS restored the expression of YAP1 and increased the nuclear localization of
YAP1, as shown by immunofluorescence staining and Western blot (Figure 6B and C). Consistently, the expression of
YAP1 was decreased in the force group, while its expression was increased in the LIPUS treatment group in vivo, as
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Figure 2 Static pressure inhibits the osteogenic differentiation of bone marrow mesenchymal stem cells in vitro. A and B: Representative
alkaline phosphatase (ALP) staining images and statistical analysis; C and D: Representative alizarin red staining images and quantitative data from the alirazin red
assay; E: mRNA expression of ALP, type 1 collagen (COL1), runt-related transcription factor 2, and osteocalcin (OCN) folded to control group by quantitative reverse
transcription-polymerase chain reaction; F: COL1, ALP, and OCN protein expression in bone marrow mesenchymal stem cells analyzed by Western blotting (left),
and the band intensities measured with ImageJ software (right). 2P < 0.05 vs control group, °P < 0.01 vs control group. ALP: Alkaline phosphatase; RUNX2: Runt-
related transcription factor 2; COL1: Type 1 collagen; OCN: Osteocalcin; ARS: Alizarin red staining.

analyzed by immunochemical staining (Figure 6D).

Knockdown of YAP1 blocks osteogenic differentiation of BUSCs induced by LIPUS

To verify the role of YAP1 on the property of BMSCs, we used YAP1 siRNA to treat BMSCs (Figure 7A), and the results
showed that the expression of osteogenic differentiation-related markers ALP, COL1, RUNX2 and OCN increased by
LIPUS treatment could be blocked by YAP1 siRNA treatment (Figure 7B and C). The osteogenic differentiation of BMSCs
increased by LIPUS treatment could also be inhibited by YAP1 siRNA treatment, as assessed by ALP and alizarin red
staining (Figure 7D and E). Our results demonstrated that LIPUS can accelerate tooth movement and reduce alveolar
bone resorption by modulating the cytoskeleton-Lamin A/C-YAP axis (Figure 8).
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Figure 3 Low-intensity pulsed ultrasound promotes the osteogenesis of bone marrow mesenchymal stem cells. A and B: Representative
alkaline phosphatase (ALP) staining images and statistical analysis; C and D: Representative alizarin red staining images and quantitative data from the alirazin red
assay; E: mRNA expression of ALP, type 1 collagen (COL1), runt-related transcription factor 2, and osteocalcin (OCN) folded to control group by quantitative reverse
transcription-polymerase chain reaction; F: COL1, ALP, and OCN protein expression in rat alveolar bone tissues analyzed via Western blotting (left), and the band
intensities measured via ImageJ software (right). 2P < 0.05 vs control group, °P < 0.01 vs control group. ALP: Alkaline phosphatase; RUNX2: Runt-related
transcription factor 2; COL1: Type 1 collagen; OCN: Osteocalcin; LIPUS: Low-intensity pulsed ultrasound; ARS: Alizarin red staining.
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Figure 4 Low-intensity pulsed ultrasound accelerates tooth movement, inhibits alveolar bone resorption, and promotes bone formation.
A: Schematic diagram of the animal experiment procedure. The orthodontic tooth movement model was established on day 0. From day 1 to the end point, the force
+ low-intensity pulsed ultrasound (LIPUS) group was stimulated with LIPUS for 20 min every day until the samples were harvested on days 7 and 14; B: Schematic
representation of LIPUS stimulating the maxillary first molar at the corresponding position on the buccal side; C-F: Representative images (C) and 3D reconstructed
model images (E). Tooth movement distances (D) and distances from the alveolar crest to the cementum-enamel boundary (F) were measured with Mimics software;
G-I: Representative region of interest (ROI) region selection diagrams and statistical analysis of the BV/TV, Th.Th, Tb.N, Tb.Sp, and BS/BV values of the ROI. 2P <
0.05 vs control group, °P < 0.01 vs control group. CT: Computed tomography; LIPUS: Low-intensity pulsed ultrasound.
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Figure 5 Low-intensity pulsed ultrasound promotes bone formation. A: Representative images of hematoxylin and eosin staining; B: Representative
images of immunohistochemical staining for type 1 collagen and osteocalcin and tartrate-resistant acid phosphatase staining (TRAP); C-E: Statistical analyses of the
immunohistochemical staining and TRAP staining results. 2P < 0.05 vs control group, °P < 0.01 vs control group. HE: Hematoxylin and eosin; TRAP: Tartrate-resistant
acid phosphatase; COL1: Type 1 collagen; OCN: Osteocalcin; LIPUS: Low-intensity pulsed ultrasound.

DISCUSSION

The process of orthodontic treatment is a bone remodeling process. The force applied to drive tooth movement in some
extent led to some adverse reactions, such as root resorption and bone mineral density decline. LIPUS has been reported
to alleviate chondrocyte damage in temporomandibular disorders[23], reduce root resorption[24], and enhance bone
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Figure 6 Low-intensity pulsed ultrasound reverses the stress-induced decrease in LaminA/C, F-actin, and Yes-associated protein
expression. A: Representative immunofluorescence images of F-actin (red), LaminA/C (green), and DAPI (blue) staining (left) and statistical analyses (middle), as
well as representative 3D merged images constructed with Imaris software (right); B: Representative immunofluorescence images of Yes-associated protein (YAP1)
(red) and DAPI (blue) staining (left) and statistical analyses (right); C: YAP1 protein expression analyzed by Western blotting; D: Representative images of
immunohistochemical staining for YAP1 (left) and statistical analysis (right). 2P < 0.05 vs control group, ®P < 0.01 vs control group. LIPUS: Low-intensity pulsed
ultrasound; YAP1: Yes-associated protein.

remodeling[10]. However, there is a lack of research on the effect of LIPUS on the aesthetic problem of gingival recession
due to the loss of alveolar bone height during orthodontic treatment. Changes in alveolar bone morphology affect the
aesthetic effect, safety, and stability[25] of orthodontic treatment. Clinical studies have shown that alveolar bone height
loss often leads to insufficient periodontal supporting tissue, decreased dental stability, and aesthetic problems in the
anterior teeth[26]. Our experiments showed that LIPUS could effectively ameliorate the aesthetic and health problems
caused by alveolar bone height loss by reducing vertical alveolar bone resorption and improving the morphology of
alveolar bone remodeling, and filled the research gap in the relevant field.

Clinical studies have used cone beam computed tomography to assess changes in periodontal bone mineral density
during orthodontic treatment. On average, the alveolar bone mineral density decreases by 24% after 7 mo of orthodontic
treatment, while the region with the largest reduction in bone mineral density seems to be related to the direction of tooth
movement[27,28]. Consistently, in the present study, we found that bone mineral density decreased at 7 and 14 d after
stress. Mechanical stress can modulate osteoclasts and osteoblasts, thereby promoting bone reconstruction[29,30].
Excessive compressive force can cause stem cell apoptosis[31], aggravate mitochondrial dysfunction, ATP consumption,
and oxidative stress in stem cells[32], and inhibit the proliferation, colony formation, and migration of stem cells[33].
Bone mineral density is positively correlated with OCN protein level[34]. In our study, static pressure on BMSCs

Qﬁ;@ WIJSC | https://www.wjgnet.com 279 March 26,2024 | Volume16 | Issue3 |



Wu T et al. LIPUS reduces bone resorption

Force

Force + LIPUS

Force + LIPUS
+ siYAP1

CcoL1

YAP1

RUNX2

ALP

GAPDH

ALP

o T ~
200pm & / /200 pm . 200 um
— — —

, N
Force + LIPUS  Force + LIPUS + siYAP1

ARS

. IS0, % TR 2oum
Ctrl Force + LIPUS Force + LIPUS + siYAP1

Figure 7 siYAP1 blocks the effect of low-intensity pulsed ultrasound-induced osteogenic differentiation of bone marrow mesenchymal

Bienideng>  VVISC | https://www.wjgnet.com

280

w
o

N
o
|

A
?

o

°p

[ ~m—

YAP1 average fluorence intensity

N
3]

N
o
1

-
(3]
1

-
o
1

e
3}
1

Relative RUNX2 mRNA levels

°
o

(2]
1

ALP quantitative (Fold)
Y T

0

Alirazin red assay

OD value at 490nm
= =2 DN
o (6] o
1 1 1

o
3
|

o
)

bP bP

L

March 26,2024 | Volume16 |

Relative YAP1 mRNA levels

w

N
1

-
1

.

Issue 3



Wu T et al. LIPUS reduces bone resorption

stem cells. A: Representative immunofluorescence images of Yes-associated protein (YAP1) (red) and DAPI (blue) staining (left) and statistical analyses (right); B:
Western blotting results for type 1 collagen, YAP1, runt-related transcription factor 2 (RUNX2), and alkaline phosphatase (ALP); C: mRNA expression of ALP,
RUNX2, and YAP1 in the force group by quantitative reverse transcription-polymerase chain reaction; D and E: Representative ALP and alizarin red staining staining
images and statistical analysis. 2P < 0.05 vs control group, °P < 0.01 vs control group. ALP: Alkaline phosphatase; COL1: Type 1 collagen; LIPUS: Low-intensity
pulsed ultrasound; RUNX2: Runt-related transcription factor 2; YAP1: Yes-associated protein; ARS: Alizarin red staining.
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Figure 8 Putative mechanism of the effect of low-intensity pulsed ultrasound on alveolar bone during orthodontic treatment. Low-intensity
pulsed ultrasound has little effect on osteoclast differentiation but may rescue osteogenic gene expression suppressed by static force and promote osteoblastic
differentiation by reordering the cytoskeleton, upregulating the expression of F-actin and Lamin A/C, and increasing the nuclear translocation of Yes-associated
protein 1, thereby contributing to alveolar bone homeostasis and morphology while accelerating tooth movement during orthodontic treatment. COL1: Type 1
collagen; LIPUS: Low-intensity pulsed ultrasound; RUNX2: Runt-related transcription factor 2; BMSC: Bone marrow mesenchymal stem cell; YAP1: Yes-associated
protein.

inhibited the mRNA and protein expression of osteogenic differentiation markers such as COL1 and OCN, which partly
explained the reduction in alveolar bone mineral density around moving teeth under orthodontic force.

Previous studies have shown that LIPUS plays a role in bone metabolism and remodeling by regulating osteogenic and
osteoclast activity[35-37]. In our study, on day 7 and day 14, the number of osteoclasts in the force group was not
significantly different from that in the force + LIPUS group, indicating that LIPUS may promote bone remodeling by
promoting osteoclast activity but not by increasing the number of osteoclasts. As shown in numerous clinical trials and
animal studies, LIPUS promotes osteogenesis, resulting in improved and quicker fracture healing[38,39]. It can also
stimulate condylar growth and increase mandibular ramus height in rabbits[40,41]. LIPUS is effective in various cell
processes, such as growth, differentiation[42,43], extracellular matrix formation, and mineralization of osteoblasts[44],
and involves multiple signaling pathways, such as the hedgehog and TRPM7 pathways[45,46]. In addition to osteoblasts,
LIPUS can promote the differentiation of adipose-derived stromal cells[47], mesenchymal stem cells[48], periodontal
ligament stem cells[49], and rat osteosarcoma cell lines[50] and increase the expression of RUNX2 and COL1. LIPUS
stimulation of BMSCs can enhance cell activity, promote osteogenic differentiation, and increase COL1 and OCN gene
expression[51]. To date, few reports have focused on the role of LIPUS in cellular functions under loading conditions. In
our study, LIPUS increased COL1, RUNX2, and OCN expression at the mRNA and protein levels, and rescued the
inhibitory effect of compression force on the osteoblastic differentiation of BMSCs, demonstrating a positive effect on
alveolar bone remodeling during orthodontic processing at the cellular level.

The way that mechanical signals can be transmitted from the plasma membrane to the nucleus directly via the
cytoskeleton is considered to be an important mechanical signal transduction pathway[52]. The nucleus is considered a
key mechanoreceptor that can directly influence chromatin organization, epigenetic modifications, and gene expression
[53]. Lamin A/C, as LMNA-encoded Lamin proteins, participate in nuclear mechanics[54] and the transduction of
mechanical signals[55,56], thereby regulating the fate of stem cells. The lincRNAs (linkers of cytoskeleton and nucleo-
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skeleton) complex links Lamin A/C to the cytoskeleton, thereby mediating the transmission of mechanical signals from
the cytoskeleton to the nucleus[57]. The Lamin A level is known to increase during osteogenic differentiation of MSCs but
decrease during adipogenic differentiation[58,59]. In our study, Lamin A/C and F-actin were consistently downregulated
after compression force application, and the cytoskeleton was more disordered under compression. To our knowledge,
our study is the first to show that LIPUS increases Lamin A/C and F-actin expression and reorders the cytoskeleton
under compression, thus reversing the decrease in osteogenesis of BMSCs induced by static force.

As a transcriptional coactivator protein, YAP1 is closely associated with changes in the mechanical state of cellular
microenvironments[60]. YAP1 can relocate to the nucleus from the cytoplasm, interact with the TEA domain[61], and
promote transcription. In mechanical transduction, it is also a downstream signal for the assembly and contraction of
actin filaments[62]. Pressure can promote F-actin depolymerization and lead to cytoplasmic translocation of YAP1[63].
YAP1 was found to participate in multiple cellular activities. For example, YAP1 was reported to be activated during
inflammation in endothelial cells induced by lipopolysaccharide[64] and was essential for epithelial cell proliferation[65].
In the inflammatory microenvironment in periodontitis, YAP1 expression and nuclear translocation are decreased[66]. In
the force group, the YAP1 level decreased, while in the force + LIPUS group, the YAP1 level increased both in vitro and in
vivo, suggesting that YAP1 exerts a crucial effect on the regulation of BMSC osteogenesis by mechanical force and LIPUS
and might be a downstream effector of the cytoskeleton and nuclear skeleton.

This study has some limitations. Osteoblasts and osteoclasts jointly participate in the process of bone metabolism. This
study mainly focused on the effect of LIPUS on the osteogenic function of stem cells, and whether LIPUS could regulate
the crosstalk of osteoclasts and osteoblasts is unclear, which needs further investigation. In addition, the underlying
mechanism of how LIPUS controls cytoskeleton changes remains unclear.

CONCLUSION

In summary, LIPUS can promote local alveolar bone remodeling, increase bone mineral density, and reduce vertical
alveolar bone resorption and consequent gingival recession by regulating the osteogenic ability of BMSCs. In terms of
mechanism, LIPUS upregulates the expression and nuclear translocation of YAP, which is decreased by mechanical stress
through effects on the cytoskeleton and nuclear skeleton, thereby affecting the osteogenic differentiation of BMSCs.

ARTICLE HIGHLIGHTS

Research background

The bone remodeling during orthodontic treatment for malocclusion often requires a long duration, which also may lead
to some complications such as alveolar bone resorption. Low-intensity pulsed ultrasound (LIPUS), a noninvasive physical
therapy, has been shown to promote bone fracture healing and reduce the duration of orthodontic treatment; however,
how LIPUS regulates the bone metabolism during the orthodontic treatment process is still unclear.

Research motivation

How to shorten the orthodontic treatment duration and reduce the side effects caused by orthodontic treatment such as
alveolar bone resorption has become a very important clinical problem. LIPUS, as a non-invasive physical therapy, has
been reported to promote the fracture healing process, and may also play a good role in orthodontic treatment.

Research objectives
This study was to investigate the effects of LIPUS on bone remodeling in an orthodontic tooth movement (OTM) model
and explore the underlying mechanisms.

Research methods

We established a rat model of OTM, and alveolar bone remodeling and tooth movement rate were evaluated via micro-
computed tomography and staining of tissue sections. In vitro, human bone marrow mesenchymal stem cells (hBMSCs)
were isolated to detect their osteogenic differentiation potential under compression and LIPUS stimulation and to
investigate the underlying mechanisms.

Research results

The force treatment inhibited the expression of osteogenesis markers and osteogenic differentiation potential of hBMSCs,
which could be rescued by LIPUS treatment. Mechanically, the expression of LaminA/C, F-actin, and Yes-associated
protein (YAP1) was downregulated after force application, which could be rescued by LIPUS treatment. Moreover, the
osteogenic differentiation of MSCs increased by LIPUS treatment could be attenuated by YAP small interfering RNA
treatment. Consistently, LIPUS increased alveolar bone density and decreased vertical bone absorption in vivo. The
decreased expression of type 1 collagen, osteocalcin, and YAP1 on the compression side of the alveolar bone was partially
rescued by the LIPUS treatment.
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Research conclusions
By regulating the cytoskeleton-Lamin A/C-YAP axis, LIPUS can effectively accelerate tooth movement and reduce bone
resorption. Therefore, LIPUS can be used as an effective auxiliary method for orthodontic treatment.

Research perspectives
These results may provide an adjunctive treatment strategy for orthodontic treatment and enrich the theoretical basis for
LIPUS application.
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Abstract

BACKGROUND

The self-assembly of solid organs from stem cells has the potential to greatly
expand the applicability of regenerative medicine. Stem cells can self-organise
into microsized organ units, partially modelling tissue function and regeneration.
Dental pulp organoids have been used to recapitulate the processes of tooth
development and related diseases. However, the lack of vasculature limits the
utility of dental pulp organoids.

AIM

To improve survival and aid in recovery after stem cell transplantation, we
demonstrated the three-dimensional (3D) self-assembly of adult stem cell-human
dental pulp stem cells (hDPSCs) and endothelial cells (ECs) into a novel type of
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spheroid-shaped dental pulp organoid in vitro under hypoxia and conditioned medium (CM).

METHODS

During culture, primary hDPSCs were induced to differentiate into ECs by exposing them to a hypoxic en-
vironment and CM. The hypoxic pretreated hDPSCs were then mixed with ECs at specific ratios and conditioned
in a 3D environment to produce prevascularized dental pulp organoids. The biological characteristics of the
organoids were analysed, and the regulatory pathways associated with angiogenesis were studied.

RESULTS

The combination of these two agents resulted in prevascularized human dental pulp organoids (Vorganoids) that
more closely resembled dental pulp tissue in terms of morphology and function. Single-cell RNA sequencing of
dental pulp tissue and RNA sequencing of Vorganoids were integrated to analyse key regulatory pathways
associated with angiogenesis. The biomarkers forkhead box protein O1 and fibroblast growth factor 2 were
identified to be involved in the regulation of Vorganoids.

CONCLUSION
In this innovative study, we effectively established an in vitro model of Vorganoids and used it to elucidate new
mechanisms of angiogenesis during regeneration, facilitating the development of clinical treatment strategies.

Key Words: Human dental pulp stem cells; Prevascularized organoids; Integrated analyses; Angiogenesis; Forkhead box protein
(0]
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Core Tip: We demonstrated the three-dimensional self-assembly of adult stem cell-human dermal papilla cells and
endothelial cells into a novel type of spheroid-shaped dental pulp organoid in vitro under hypoxia and conditioned medium.
These organoids have been constructed to be morphologically and functionally closer to dental pulp tissue. Through the
integration and analysis of single-cell RNA sequencing and RNA sequencing data, forkhead box protein O1 and fibroblast
growth factor 2 were identified as crucial markers involved in the regulation of organoid angiogenesis. In this innovative
study, we effectively established an in vitro model of prevascularized dental pulp organoids and used it to elucidate new
mechanisms of angiogenesis during regeneration, facilitating the development of clinical treatment strategies.

Citation: Liu F, Xiao J, Chen LH, Pan YY, Tian JZ, Zhang ZR, Bai XC. Self-assembly of differentiated dental pulp stem cells
facilitates spheroid human dental organoid formation and prevascularization. World J Stem Cells 2024; 16(3): 287-304

URL: https://www.wjgnet.com/1948-0210/full/v16/i3/287.htm
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INTRODUCTION

The main experimental tool and goal of tissue regeneration engineering is the implantation of specific stem cells into
diseased environments to repair and compensate for the dysfunction of damaged tissues and organs. However, the
complexity and variability of the tissue microenvironment at the site of injury, such as hypoxic lethality, the inflam-
matory response, immune resistance and inadequate blood supply, leads to low survival rates (success rates of approx-
imately 1%-3%) and poor maturation rates of directed differentiation after stem cell transplantation, all of which limit the
clinical application and promotion of stem cells[1,2]. Therefore, it is critical for stem cells to form additional microvessels
after implantation to quickly connect to the host’s circulatory system and form functional blood vessels to ensure nutrient
and oxygen delivery after implantation.

Organoids are constructed in vitro following an in vivo developmental programme that allows cells to grow, migrate,
differentiate and function in three-dimensional (3D). A variety of organoids are currently constructed in vitro[3,4].
Compared to traditional 2D culture methods, 3D culture facilitates cell access to bio-factors and reduces intercellular
shear force, which promotes the proliferation and differentiation of dental pulp stem cells. With the advent of 3D pulp
culture technology, great progress has been made in regenerative endodontic procedures[5-7]. Although the construction
of organoid models has outstanding advantages in terms of clinical application, it still faces a major challenge, namely,
the lack of model nourishment due to the absence of angiogenesis, which is the main dilemma for the in vitro application
of such models. In recent years, numerous studies have investigated the relationship between angiogenesis and pulp
regeneration[7,8]. Several researchers have proposed that the addition of high concentrations of nutrients and their
controlled and sustained release from scaffolds are important strategies for optimising angiogenesis during pulp
regeneration[9]. A hydrogel scaffold was used in combination with conditioned media to release bio-factors in a
controlled manner, which subsequently promoted blood vessel and nerve formation and dental tissue repair[10].
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Our previous study revealed that hypoxia-activated phosphatidylinositol 3 kinase/protein kinase B (PI3K/Akt)
inhibits oxidative stress in human dental pulp stem cells (hDPSCs) by regulating reactive oxygen species[11], thereby
maintaining stem cell stemness during in vitro expansion. In addition, a number of signalling pathways associated with
angiogenesis are activated, and the expression of regulatory factors associated with angiogenesis is altered. Does using
hypoxic hDPSCs in in vitro organoid cultures better induce angiogenesis? How can prevascularized organoids be
constructed to address current challenges in stem cell applications? Is angiogenesis regulated by the same mechanisms in
dental pulp and prevascularized dental pulp organoids (Vorganoids)?

We induced endothelial cells (ECs) and hDPSCs in culture and subsequently fused the two cell types to obtain
Vorganoids, which are morphologically and functionally more similar to dental pulp tissue. Single-cell RNA sequencing
(scRNA-seq) of dental pulp tissue and RNA-seq of Vorganoids were subsequently integrated to analyse key regulatory
pathways associated with angiogenesis in dental pulp tissue. Vascular endothelial growth factor A (VEGFA), a key
signalling pathway regulating the differentiation of vascular ECs in dental pulp tissue, was also significantly enriched in
the development of Vorganoids. The biomarkers forkhead box protein O1 (FOXO1) and fibroblast growth factor 2 (FGF2)
were identified to be involved in the regulation of Vorganoids. In this innovative study, we effectively established an in
vitro model of prevascularized dental pulp organoids and used it to elucidate new mechanisms of angiogenesis during
regeneration, facilitating the development of clinical treatment strategies.

MATERIALS AND METHODS

Single-cell data download and preprocessing

We downloaded the GSE161266 dataset from the Gene Expression Omnibus database[12] and performed the following
analyses: (1) Quality control and selection of cells for further analysis; (2) Background correction; (3) Selection of high-
variability features (identification of high-variability markers in single-cell populations as candidate regulatory genes); (4)
Dimensionality reduction (principal component analysis, linear dimensionality reduction, and determination of the
appropriate “dimensionality” of the dataset); (5) Clustering of cell populations based on principal component analysis;
and (6) Nonlinear dimensionality reduction by the UMAP/tSNE algorithm. Identification of differentially expressed
genes (DEGs) in cell subpopulations. Dataset quality control was performed by removing cells with < 200 expressed
genes, low-quality/dying cells, and empty droplets (cells with a mitochondrial genome accounting for > 5% of the total
genome were selected)[13-15]. Subsequently, global scaling normalisation of overall expression was performed for the
cells included in the analyses, and the expression levels were log-transformed. To reduce the noise in the data, Seurat’s
nonlinear dimensionality reduction algorithm was used to extract the principal components of the core data regarding the
“meta-features” of the clustered dataset. Based on the similarity of the cell expression profiles, cells were grouped into
highly related subpopulations and clusters using the KNN algorithm[13,15].

Cell cluster definition and pseudotime-series analysis

Cell clusters were reannotated by the SingleR and scCATCH algorithms[14]. For the cell clusters with inconsistent
annotation results, cell markers were visualised for analysis and determination of the cell subpopulation. Pseudotime-
series analysis was performed on the entire cell population and core cell subpopulations. The Monocle algorithm was
used to analyse the serial changes in gene expression experienced by each cell during the process of cell-state transition;
this algorithm reveals the overall “trajectory” of gene expression changes and defines the appropriate regulatory point of
each cell in the trajectory[16]. Based on the Monocle algorithm, cells were arranged in 2D space according to their global
expression profiles, and the cell state trajectory was plotted. Subsequently, DEGs with kinetic correlations were identified
by differential expression analysis based on the pseudotime values[13,15].

Functional enrichment analysis of the core cell subpopulations identified by pseudotime-series analysis

Based on the above analyses, core cell subpopulations were selected, and DEGs with kinetic correlations were subjected
to pathway enrichment analysis: (1) The clusterProfiler package was used for Gene Ontology (GO) enrichment analysis
(biological process, molecular function, and cellular component)[17]; and (2) GSVA was used to calculate the enrichment
scores of pathways[18]: (1) Cell expression profiles were obtained from the preparation of samples for calculation of gene
expression; (2) In preparation of the gene set, the core pathway gene list was downloaded from the MSIGDB database
(https:/ /www.gsea-msigdb.org/gsea/msigdb/index.jsp); and (3) The gene set was introduced into the algorithm, the
pathways were scored by the GSVA algorithm for each sample, and the pathway scores were subjected to relative quanti-
fication.

RNA-seq analysis

The RNA-seq data units corresponding to the FPKM values of the samples were included. Differential gene expression
analysis was performed on the samples from the two clusters with the most significant difference in survival. The DESeq
algorithm was used to normalise the gene expression profiles and filter out genes with low expression[19]. The criteria for
selecting DEGs were as follows: Log2-fold change > 1.5 and Benjamini-Hochberg (B-H) adjusted P value < 0.05. Through
unsupervised cluster analysis, the identified DEGs were clustered according to the sample group, and GO enrichment
analysis of these genes was subsequently performed to explore their potential biological functions through the ToppGene
Suite (https://toppgene.cchmc.org)[20].
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Gene functional enrichment analysis

Gene set enrichment analysis (GSEA) was performed to identify the core pathways and regulatory genes whose expre-
ssion significantly changed. Further clustering and quantitative analysis of the core pathways and involved genes were
performed using GSVA and the Ternary Cluster. Finally, regulatory genes related to pathological progression in the core
cell subpopulations were obtained.

Cell culture and identification

The hDPSCs were collected from pulp tissues of extracted third molars from patients aged 18 to 25 years (12 males and 8
females). Cells from the first to fifth passages were used in this study. All patients were informed, agreed to participate in
this study, and signed an informed consent. The study protocol was approved by the Ethics Committee of Guangdong
Second Provincial General Hospital. Multiple differentiation assays for hDPSCs were performed according to a pre-
viously described procedure. Once the cells had reached 70%-80% confluence, the hDPSCs were allowed to differentiate
in osteogenic, chondrogenic, or adipogenic induction media. The induction medium was changed every 2 d until the
differentiated cells were harvested.

Analysis of cell surface markers

The hDPSCs were washed and resuspended in phosphate buffered saline (containing 1% foetal bovine serum) and then
labelled with monoclonal anti-human CD146-PE, CD90-APC, CD34-PerCP and CD45-APC (Chemicon, Temecula, CA) for
30 min. The cells were washed twice, resuspended in staining buffer and analysed by flow cytometry.

Strategies for the construction of a model for the study of vascularized human dental pulp-like organs
Preconditioning: Primary hDPSC cultures were incubated under 3% hypoxia beginning at passage 1. When the cells had

expanded to passage 3, vasculogenic conditioned medium 1 (CM1) was added, and the culture was continued under
hypoxic conditions for 7 d. CM1: EGM2 + 10% foetal bovine serum + 50 ng/mL VEGF 165 rh.

Aggregate formation: Hypoxic cells were then mixed with conditionally induced cells at a 2:8 ratio (total 5 x 10* cells) in a
96-well low-attachment plate containing 150 pL of CM2 per well. CM2: CM1 + 50 pM Y27632 + 5 pL Matrigel. After 1 d of
3D culture, the medium was changed to CM1, and the incubation continued for 6 d.

Analysis: The medium was changed to normal medium, and the experimental application phase of the Vorganoids
experimental model was started (Figure 1). The standard experimental procedures for[5] identifying the organoids were
performed according to previous methods.
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Figure 1 The single-cell atlas of human teeth. A: Single-cell RNA sequencing data from human teeth were projected onto the UMAP map. Annotation-cell
and nonannotation clusters are presented on the same UMAP plot; B: The top 5 upregulated and downregulated differentially expressed genes (DEGs) were
subsequently detected in each cell cluster; C: The UMAP map shows all the endothelial cell subsets; D: Heatmap of DEGs associated with endothelial cell subset
development according to pseudotime trajectory analysis. The prebranch, cell fate1, and cell fate2 subsets of endothelial cells exhibit distinct fates; E: Vascular
endothelial growth factor A targets identified by gene set enrichment analysis for pseudotime trajectory-related DEGs; F: GSVA and Ternary Cluster analyses
revealed a significant difference in the vascular endothelial growth factor signalling pathway among the dental pulp endothelial cells; G: The GSVA and Ternary
Cluster analyses showed a significant difference in vascular endothelial growth factor signaling pathway among dental pulp endothelial cells. VEGFA: Vascular
endothelial growth factor A; IL: Interleukin; KEGG: Kyoto Encyclopedia of Genes and Genomes.

Hematoxylin-eosin staining

Various tissues were placed in 4% paraformaldehyde for histological examination. The tissues were dehydrated,
embedded in paraffin, cut into 4 pm thick slices, and baked in an oven at 60 °C for 3 h. Paraffin was removed for
hematoxylin-eosin (HE) staining, and the sections were observed and photographed under a microscope (Nikon, Tokyo,

Japan).

Transmission electron microscopy imaging

For morphological analysis, the samples were then fixed with 2.5% glutaraldehyde for 12 h at room temperature. The
samples were dehydrated in a graded series of ethanol (50%-100%), permeabilized with propylene oxide, and embedded
in a poly/bed 812 kit (Polysciences, Washington, PA, United States). After embedding and polymerising the pure fresh
resin in an electron microscope oven (DOSAKA) for 24 h, the initial sections were cut at approximately 50-200 nm, stained
with toluidine blue (Sigma), and examined via light microscopy. Sections of approximately 70 nm were double stained
with 6% uranyl acetate and lead citrate (Thermo Fisher Scientific, Waltham, MA, United States) for comparison. These
sections were cut using a Leica EM UC-7 (Leica Microsystems, Tokyo, Japan) instrument equipped with a diamond knife
(Diatome, Hatfield, PA, United States) and then transferred to copper and nickel grids. A transmission electron mic-
roscope (JEOL) with an acceleration voltage of 80 kV was used to observe all thin sections.

Immunofluorescence staining

Samples from each group were fixed with 4% paraformaldehyde for 24 h and subsequently incubated with 0.5% Triton-X
for 10 min. Bovine serum albumin (1%) was used to block the cells for 1 h. Samples were dehydrated in sections after
paraffin embedding. After blocking with 5% goat serum (Life Technologies, New York, NY, United States) for 1 h at 20
°C, the specimens were then treated with rabbit anti-CD31 (Cell Signaling Technology, Boston, United States), anti-VE-
cadherin (Cell Signaling Technology, Boston, United States), FGF2 (Ab208687-40, Abcame, Shanghai, United States), anti-
FOXO1 (Cell Signaling Technology, Boston, United States), or anti-p-AKT (Cell Signaling Technology, Boston, United
States) antibodies for 12 h at 4 °C. Alexa Fluor 594-conjugated goat anti-rabbit secondary antibody (GB25303; Sevicebio,
Wuhan, China) was added, and the cells were incubated for 2 h at room temperature. The nuclei were stained with 4’,6-
diamidino-2-phenylindole. CD31, VE-cadherin, FGF2, FOXO1, and p-AKT expression was observed under a fluorescence
microscope (Nikon Eclipse, Tokyo, Japan). Statistical analysis was performed using GraphPad Prism 7 Software (San
Diego, CA, United States).

Adenosine triphosphate

To quantify the metabolic activity of Vorganoids formed at different stages. RIPA buffer was added to lyse the
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Vorganoids, which were subsequently centrifuged at 4 °C for 5 min at 12000 rpm, after which the supernatant was
removed for adenosine triphosphate (ATP) determination. The ATP assay working solution was prepared according to
the kit instructions (50026, Beyotime, China), and an ATP standard curve was constructed. The ATP working solution
(100 pL) was added to the test wells and allowed to stand for 3-5 min at room temperature to eliminate background
effects. Then, an appropriate amount of sample or standard was added and mixed well. The relative light unit value was
measured using a chemiluminescence metre.

Lactate dehydrogenase assay

To quantify the degree of cell death at Vorganoids that formed at different stages, the culture supernatants were changed
to serum-free DMEM 24 h before the culture medium was aspirated from each well, and the sediment was removed by
centrifugation at 1000 rpm for 5 min according to the manufacturer’s protocol. A kit was used to measure the lactate
dehydrogenase (LDH) concentration in each group of cultures according to the manufacturer’s instructions (C0017,
Beyotime, China).

Enzyme-linked immunosorbent assay

To quantify the expression of inflammatory markers in VOrganoids that formed at different stages, the levels of
interleukin (IL)-6, IL-8, IL-10, IL-1pB, and tumour necrosis factor-o in culture supernatants were assayed via enzyme-linked
immunosorbent assay (BioLegend) according to the manufacturer’s instructions.

Statistical analysis

The data were analysed using IBM SPSS Statistics 22.0 and Image-Pro Plus 6.0, and the normality and variance of the data
distribution were analysed using the Kolmogorov-Smirnov test and Levene’s test, respectively. Means were compared
between two groups by t tests, and means were compared between multiple groups by one-way ANOVA with Bon-
ferroni correction for two-way comparisons. Differences were considered statistically significant when P < 0.05.

RESULTS

SCRNA-seq analysis

After quality control, we found no differences in the cell cycle distribution between the single-cell subpopulations. Cell
clustering by UMARP resulted in 13 cell subpopulations in two spatial dimensions, which were annotated and divided into
six classes: Chondrocytes, ECs, epithelial cells, neurons, natural killer cells, and tissue stem cells (Figure 1A). Among the
DEGs, FDCSP, KRT14, S100A8, S100A9, and S100A2 were the most common upregulated DEGs, while COL3A1, COL1A2,
IGFBP7, COL1A1, and VIM were the most common. For ECs, the upregulated DEGs were IFI27, ACKR1, RAMP2, AQP1,
and GNGI11, and the downregulated DEGs were S100A2, S100A9, KRT14, and S100A8. For chondrocytes, COL1A1,
COL1A2, POSTN, ASPN, and COL3A1 were upregulated DEGs, while S100A2, KRT14, S100A9, and S100A8 were
downregulated DEGs (Figure 1B).

Reclustering analysis of core cell subpopulations

ECs were re-extracted and reclustered. The 2D cell distribution determined by UMAP was used to analyse the cell spatial
clustering, and four subpopulations were obtained (Figure 1C). Pseudotime-series analysis revealed that the cell po-
pulation could be divided into three developmental stages, and hub regulators are also presented (Figure 1D). GO
analysis of development-related genes revealed that the primary regulatory pathways were closely related to ribonucleo-
protein complex biogenesis, proteasomal protein catabolic process, and RNA splicing.

EC pseudotime series and functional enrichment analyses

Pseudotime-series analysis of ECs revealed that CRIP1, IFITM1, and B2M were expressed at high levels in fate2 ECs,
while TMSB4X, ID3, and XIST were expressed at low levels. In fatel cells, MT-ND4, TIMP1, and MT-CO2 were highly
expressed, while PTMAPS5, ITM2B, and RPS27AP16 were expressed at low levels. In differentiating cells, MT-RNR1, MT-
RNR2, and DNASE1L3 were expressed at low levels, while IFI27, FABP4, and TMSB10 were highly expressed (Figure 1D).
Kyoto Encyclopedia of Genes and Genomes pathway analysis revealed that the VEGF signalling pathway (B-H adjusted
P value = 4.63E-06, gene count = 4), the IL-17 signalling pathway (B-H adjusted P value = 1.18E-05, gene count = 5), and
the AGE-RAGE signalling pathway in diabetic complications (B-H adjusted P value= 1.60E-05, gene count = 5) were the
predominant pathways enriched (Figure 1E).

GSEA of core pathways

GSEA showed that WESTON-VEGFA TARGETS (enrichment score = 0.47, normalised enrichment score = 2.11, and B-H
adjusted P value = 0.018) was associated with endodontium differentiation and progression. BGN, ELN, FOXO1, TIE]1,
and PECAM1, which had relatively high running enrichment scores, were considered key regulators of dental pulp
development (Figure 1F). In addition, GSVA and ternary cluster analyses revealed a significant difference in the VEGF
signalling pathway among the dental pulp ECs (P = 3.35e-172). PECAM1 (21%), FGF2 (13%), FOXO1 (13%), and SPHK1
(14%) were the core genes with high variability (Figure 1C).
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Derivation of human dermal papilla cells from mesenchymal tissue with multipotential differentiation potential

To investigate the multidirectional differentiation potential of hDPSCs, we first established hDPSCs from pulp tissues
extracted from third molars (patient age: 15 to 25 years). Cell surface marker identification experiments showed that the
hDPSCs were derived from mesenchymal tissue and expressed mesenchymal-specific surface markers (Figure 2A).
Multidirectional differentiation experiments revealed that hDPSCs could differentiate into osteogenic cells, cartilage cells,
and adipocytes and express their corresponding specific markers (Figure 2B). Collectively, these data proved that hDPSCs
exhibit multidirectional differentiation potential.
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Figure 2 Human dental pulp stem cell culture and identification of multilineage differentiation ability. A: Human dental pulp stem cell surface
marker identification; B: Immunofluorescence staining for dentin sialophosphoprotein, peroxisome proliferator-activated receptor y2, and collagen type Ill. Osteogenic,
adipogenic, and chondrogenic differentiation were examined by assessing mineralised nodule formation, oil red O staining, and alcian blue staining, respectively, via
pellet culture (morphology). Scale bar = 100 um. DSPP: Dentin sialophosphoprotein; PPARy2: Peroxisome proliferator-activated receptor y2; col lll: Collagen type IlI;
IF: Immunofluorescence; DAPI: 4’,6-diamidino-2-phenylindole.

Morphological and functional identification of vascularized human dental pulp organoids

The cells began to aggregate into clusters at approximately 6 h and formed a single spherical morphology after approx-
imately 1 d. The final diameter of the Vorganoid was approximately 400-600 pm. After the addition of 0.3% Triton X to
permeabilize the Vorganoids for 30 min, the cells were unevenly distributed within the Vorganoids, and flocculent and
irregularly distributed within the Vorganoids were observed. Long-term cultures of Vorganoids showed irregular cell
proliferation and hyaline stroma at the edges, and Vorganoids were cultured continuously for more than 42 d in vitro
(Figure 3A). HE staining and transmission electron microscopy revealed that the cells at the edge of the Vorganoids were
arranged in a spindle row complex with normal intracellular organelles and fewer necrotic cells. In contrast, lysosome-
like vesicles, which are polygonal in shape and tend to be compressed, appear in central cells. Compared to those in
organoid culture, Vorganoids in culture had a greater proportion of Matrigel, a looser cell density and internal structure,
fewer necrotic cells, and a greater distribution density and morphology similar to those of dental pulp tissue (Figure 3B).
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Figure 3 Strategies for the construction of a model for the study of prevascularized dental pulp organoids (Vorganoids). A: Schematic
diagram of the timeline for generating Vorganoids from human dental pulp stem cells; B: Morphological differences between normal tissues, organoids, and
vorganoids. Scale bar for hematoxylin-eosin staining = 100 ym and for transchromatic electron microscope = 5 ym. CM: Condition medium; HE: Hematoxylin-eosin;
TEM: Transchromatic electron microscope; hDPCs: Human dental pulp stem cells; VEGF: Vascular endothelial growth factor; CM: Conditioned medium; FBS: Foetal
bovine serum.

Differences in the expression of the angiogenic markers CD31 and VE were compared in three different tissues. CD31
was weakly expressed in pulp tissue, and VE was less expressed; CD31 was weakly expressed in organoids, while VE
was not expressed; and the fluorescence intensities of CD31 and VE were greater in Vorganoid than in pulp tissue and
organoids (Figure 4A). CD31 expression increased in the early stages of culture, reaching a peak at 14 d, with a sub-
sequent decrease in expression (Figure 4B). The Vorganoids maintained a morphology similar to that of dental pulp for
the first 21 d of in vitro culture, but when the culture time was extended to 28 d, loose dissociation occurred within the
Vorganoid masses (Figure 4C). The ATP concentration decreased with increasing culture time, and the LDH concen-
tration increased with increasing culture time (Figure 4D and E). The expression of IL-6 and IL-8 increased (Figure 4F),
but there were no statistically significant differences in the expression of the other inflammatory factors. This finding
suggested that the optimal period for using Vorganoids as a model for in vitro cell studies is within approximately 21 d.

RNA-Seq analysis of dentin-pulp-like organoid development

By sample clustering analysis, we found that the pulp cells were well differentiated between the 2D /3D culture and
normal groups (Figure 5A). Compared with control, organoid showed 4171 and 2598 up- and downregulated genes,
respectively, and Vorganoid showed 5227 and 3355 up- and downregulated genes, respectively (Figure 5B and C). GSEA
showed that the DEGs in the VEGFA pathway were significantly enriched in the organoid and Vorganoid groups relative
to the control group (organoid vs control: Enrichment score = 0.61, NES = 1.22, P.adjust = 0.0082; Vorganoid vs control:
Enrichment Score = 0.64, NES = 1.63, P.adjust = 0.0058) (Figure 5D and E).

Target gene identification and validation

The above analyses revealed that the VEGFA TARGETS pathway may be the major pathway associated with the pro-
gression of and changes in the organoid and Vorganoid pathways compared to those in the control group. The enrich-

Qﬁﬂ WJSC | https://www.wjgnet.com 296 March 26,2024 | Volume16 | Issue3 |



Liu F et al. HDPSCs facilitates prevascularized organoids formation

Organoid VOrganoid

Tissue Organoid VOrganoid

b
150 50 = )
40 — b
100 .S NS
@ 30
<
(=9
50 % 20 -
[
2
5 10 o
: g, | =
0 - ——
-50 T T T -10 T T T
Tissue Organoid  VOrganoid Tissue Organoid  VOrganoid
B
7d
CD31
CD31
150
°
3
C
.S 100
%)
3]
g
b3
2 50
©
©
[0}
o
0 T T T T
7Day 14Day 21Day 28 Day
Cc
HE

Jg%ﬁ WJSC | https://www.wjgnet.com 297 March 26,2024 | Volume16 | Issue3 |



Liu F et al. HDPSCs facilitates prevascularized organoids formation

D ATP E LDH
50000 = 0.21 —
40000 =
S 5 0.20 -
a a
[ [
S 30000 — S
8 8 0.19
2 2
© 20000 — ®
Q [0
o o
0.18 <
10000 —
0 T T T 0.17 T T T
7 Day 14Day 21 Day 7 Day 14 Day 21 Day
F
IL-6 IL-10 IL-8
20 - 2.4 o 3000 -
§ 157 S 2.2 4 S
a a 3 2000 -
()
9} 10 4 9 2.0 H $
= = =
® B ®
9 g9 2 1000 -
5 1.8 4
0 . T T 1.6 T T r 0 T T T
7 Day 14 Day 21 Day 7 Day 14 Day 21 Day 7 Day 14 Day 21 Day
TNF-o IL-1B
1.7 1 6 -
.S 1.6 _5
g , g 7
5 g
s 1.54 g
2 g
© © 2
& 1.4 - 1 ]
1.3 r T T 0 T T T
7 Day 14 Day 21 Day 7 Day 14 Day 21 Day

Figure 4 Morphological and functional identification of Vorganoids. A: Inmunofluorescence staining for vasculogenesis-related markers; B: CD31
expression pattern in Vorganoid cells during different culture durations; C: Morphological changes in Vorganoid cells during different culture durations; D and E:
Analysis of adenosine triphosphate (D) and lactate dehydrogenase (E) levels in Vorganoids during different culture durations; F: Expression patterns of inflammatory
markers in Vorganoids analysed via enzyme-linked immunosorbent assay. Significant difference between the groups, °P < 0.01, Scale bar = 100 ym. HE:
Hematoxylin-eosin; ATP: Adenosine triphosphate; LDH: Lactate dehydrogenase; IL: Interleukin; TNF: Tumour necrosis factor; NS: Not significant.

ment analysis revealed that the DEGs intersected with the DEGs identified by pseudotime series and single-cell RN A-seq
analysis to identify three common DEGs: PECAM1 (21%), FGF2 (13%) and FOXO1 (13%) (Figure 5D).

Immunofluorescence staining revealed that the increase in FOXO1 and FGF2 expression was significantly greater in the
Vorganoids group (P < 0.05) (Figure 6A). After 7 d of addition of the FOXO1 inhibitor AS1842856 to the Vorganoid
medium, a decrease in CD31 expression and an increase in FGF2 expression were observed, as was a decrease in the ratio
of p-AKT/FOXOL1 expression, with no significant change in VE expression (Figure 6B).

DISCUSSION

Revascularization plays an important role in tissue engineering. In this study, first, prevascularized human pulp or-
ganoids were constructed, and the vascularized organoids were found to be more similar to normal pulp tissue in terms
of function and morphology (Figure 7). hDPSCs have stem cell properties and can differentiate into different cell types for
clinical restorative applications. High expression of CD105, CD133 and CD146 has been shown to indicate subpopulations
of cells with high angiogenic potential[21]. Selected CD105-positive dental pulp cells encapsulated in collagen scaffolds
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Figure 5 Functional enrichment analysis results for differentially expressed genes in the organoid vs control and Vorganoid vs control
comparisons. A: The sample cluster dendrogram of different states of dentin-pulp-like organoid development; B and C: Volcano map showing the differentially
expressed genes identified via differential comparison of the organoid vs control (B) and Vorganoid vs control (C) groups; D and E: The vascular endothelial growth
factor A targets identified by gene set enrichment analysis enrichment analysis in the organoid vs control (D) and Vorganoid vs control (E) groups. VEGFA: Vascular
endothelial growth factor A.

and stromal cell-derived factor 1a and transplanted into root canals were able to form tissue with vascular-like structures
[22]. In addition, the angiogenic capacities of different cell types differ; interactions between cells enhance angiogenic
capacity, and an appropriate cell mixing ratio can significantly enhance angiogenesis[21,23-25]. In this study, the
stemness of hDPSCs was maintained by 3% hypoxia treatment, vascularisation medium was added to promote the differ-
entiation of pulp cells into ECs, Matrigel scaffolds provided attachment sites and growth space for the cells to maintain a
suitable biomechanical microenvironment, and 3D coculture with unconditioned pulp cells was subsequently performed
to promote organoid prevascularisation (Figures 5A and 7). Depending on the diffusional supply of nutrients and oxygen
[26], the diameter of the Vorganoids remains within 500 pm. To promote organoid vascularisa-tion, four elements,
namely, cells, oxygen levels, scaffolding and signalling factors, work synergistically. The morphological and functional
tests indicate that the Vorganoid partially. It should be noted that Vorganoids differ from tightly controlled structures in
vivo. The use of in vitro models is limited in terms of representing the cell composition and structure of the in vivo
counterpart, which can make them less reproducible.

To more thoroughly analyse the mechanisms involved in pulp tissue angiogenesis, we extracted single-cell sequencing
data from public databases, further analysed the key regulatory pathways linking EC subpopulations in the tissue to
angiogenesis, and performed a temporal analysis of key genes at different temporal and spatial nodes[27]. ECs were
dominant in Vorganoid culture, and the proportion of ECs in the cell population was quite high in Vorganoid culture.
Combined with the RNA-seq results, these findings revealed that the pathways associated with VEGFA targets were
significantly enriched in the development of Vorganoids. Among the regulatory factors, the FOXO1 and FGF2 biomarkers
were found to be involved in the regulation of Vorganoids.

FOXOL1 is a key transcription factor involved in a wide range of biological functions. It is widely expressed in vascular
ECs, and vascular cell adhesion molecule 1, intercellular adhesion molecule 1 and E-selectin have been reported to be
downstream regulators of vascular ECs[28,29]. Systematic knockout of the FOXO1 gene impaired angiogenesis and killed
embryos, but specific knockout of the FOXO1 gene in the adult mouse myocardium did not affect cardiac function[30,31].
Previous experiments showed that FOXO1 transcript expression was reduced in hypoxic culture but increased when the
culture environment was changed to conditional induction culture or 3D organoid formation (Figure 7). Thus, FOXO1
may regulate different gene transcripts that act at different stages of angiogenesis, particularly during embryonic deve-
lopment. Therefore, we investigated the role of FOXOL1 in the different stages of angiogenic differentiation in hDPSCs;
however, it is unclear whether it plays a synergistic role between its antioxidant and angiogenic effects. This topic is
worth investigating further.

The ability of cellular grafts to repair damaged tissues is limited, and the introduction of vascularized grafts brings
them closer to the function and maturation of the corresponding tissues. This technique has the potential to overcome the
limitations of many other models, such as maintaining in vitro accessibility and scalability, but significant improvements
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are still needed. In conclusion, the finding of this study suggested that this new model could be applied in the field,
which may pave the way for future dental regeneration prospects. In addition, vascularized organoids are more
biologically similar to normal tissue. In addition to tissue regeneration and repair, Vorganoids can also be used for
disease modelling, toxicity testing and drug screening. The use of human 3D organoids, along with other advances in
single-cell technology, has revealed unprecedented insights into human biology and disease mechanisms.

CONCLUSION

Current organoid models do not fully replicate all cell types, levels of cell maturation, and physiological functions of their
respective organs. They only exhibit some of the organ’s functions. In this study, we effectively established an in vitro
model of prevascularized dental pulp organoids and used it to elucidate new mechanisms of angiogenesis. Our results
suggest that the biomarkers FOXO1 and FGF2 confirm the angiogenic regulatory role of Vorganoids. However, to
understand the mechanisms by which organoids interact between structure and function, further investigation is
required. Additionally, the use of organoids in simulating inflammation in clinically relevant diseases and the immuno-
genicity of dental materials should be studied.

ARTICLE HIGHLIGHTS

Research background

Stem cells can self-organise into microsized organ units, which can partially model tissue function and regeneration.
Dental pulp organoids have been used to replicate the processes of tooth development and related diseases. However, the
lack of vasculature limits the usefulness of dental pulp organo.

Research motivation
The survival of stem cell transplants should be promoted, thereby improving the repair ability of the cells.

Research objectives
Three-dimensional (3D) self-assembly of a novel vascularised dental pulp-like organoid in vitro by hypoxia and con-
ditioned media.

Research methods

Human dental pulp stem cells were induced from endothelial cells (ECs) through exposure to a hypoxic environment and
conditioned medium. The resulting cells were then mixed with ECs at specific ratios and conditioned in a 3D
environment to produce Vorganoids. The biological characteristics of the Vorganoids were analysed, and the regulatory
pathways associated with angiogenesis were studied.

Research results

Vorganoids are similar in morphology and function to dental pulp tissue. Single-cell RNA sequencing of dental pulp
tissue and RNA sequencing of Vorganoids were performed to identify the involvement of the biomarkers forkhead box
protein O1 (FOXO1) and fibroblast growth factor 2 (FGF2) in key regulatory pathways associated with Vorganoid
angiogenesis.
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Research conclusions

In this study, we effectively established an in vitro model of prevascularized dental pulp organoids and used it to
elucidate novel mechanisms of angiogenesis during dental regeneration. The biomarkers FOXO1 and FGF2 confirmed the
angiogenesis-regulating role of angiopoietins.

Research perspectives

This innovative study has effectively established an in vitro model of prevascularized dental pulp organoids and used it
to elucidate new mechanisms of angiogenesis during regeneration, facilitating the development of clinical treatment
strategies.
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Abstract

BACKGROUND

Mesenchymal stem cells (MSCs) modulated by various exogenous signals have
been applied extensively in regenerative medicine research. Notably, nanosecond
pulsed electric fields (nsPEFs), characterized by short duration and high strength,
significantly influence cell phenotypes and regulate MSCs differentiation via
multiple pathways. Consequently, we used transcriptomics to study changes in
messenger RNA (mRNA), long noncoding RNA (IncRNA), microRNA (miRNA),
and circular RNA expression during nsPEFs application.

AIM

To explore gene expression profiles and potential transcriptional regulatory
mechanisms in MSCs pretreated with nsPEFs.

METHODS
The impact of nsPEFs on the MSCs transcriptome was investigated through whole
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transcriptome sequencing. MSCs were pretreated with 5-pulse nsPEFs (100 ns at 10 kV/cm, 1 Hz), followed by
total RNA isolation. Each transcript was normalized by fragments per kilobase per million. Fold change and
difference significance were applied to screen the differentially expressed genes (DEGs). Gene Ontology and Kyoto
Encyclopedia of Genes and Genomes analyses were performed to elucidate gene functions, complemented by
quantitative polymerase chain reaction verification.

RESULTS

In total, 263 DEGs were discovered, with 92 upregulated and 171 downregulated. DEGs were predominantly
enriched in epithelial cell proliferation, osteoblast differentiation, mesenchymal cell differentiation, nuclear
division, and wound healing. Regarding cellular components, DEGs are primarily involved in condensed
chromosome, chromosomal region, actin cytoskeleton, and kinetochore. From aspect of molecular functions, DEGs
are mainly involved in glycosaminoglycan binding, integrin binding, nuclear steroid receptor activity, cytoskeletal
motor activity, and steroid binding. Quantitative real-time polymerase chain reaction confirmed targeted transcript
regulation.

CONCLUSION

Our systematic investigation of the wide-ranging transcriptional pattern modulated by nsPEFs revealed the differ-
ential expression of 263 mRNAs, 2 miRNAs, and 65 IncRNAs. Our study demonstrates that nsPEFs may affect stem
cells through several signaling pathways, which are involved in vesicular transport, calcium ion transport,
cytoskeleton, and cell differentiation.

Key Words: Nanosecond pulsed electric fields; Whole transcriptome sequencing; Mesenchymal stem cells; Genetic response;
Stem cell engineering

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Nanosecond pulsed electric fields (nsPEFs) have been found to regulate the osteogenic, chondrogenic, and
adipogenic differentiation of mesenchymal stem cells (MSCs). We hypothesized that several key factors may be regulated by
nsPEFs, thereby influencing the biological functions of MSCs. Following exposure of MSCs to nsPEFs, we identified the
differential expression of 263 messenger RNAs, 65 long noncoding RNAs, and 2 microRNAs. Verification by quantitative
polymerase chain reaction and Gene Ontology and Kyoko Encyclopedia of Genes and Genomes enrichment analyses
demonstrated the involvement of chromosome, cytoskeleton, and calcium signaling pathways following nsPEFs
pretreatment. These results may be very meaningful for the further application of nsPEFs in MSCs.

Citation: Lin JJ, Ning T, Jia SC, Li KJ, Huang YC, Liu Q, Lin JH, Zhang XT. Evaluation of genetic response of mesenchymal stem
cells to nanosecond pulsed electric fields by whole transcriptome sequencing. World J Stem Cells 2024; 16(3): 305-323
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INTRODUCTION

Mesenchymal stem cells (MSCs), as seed cells in regenerative repair, have been extensively applied in preclinical and
clinical research in regenerative medicine, such as osteoarthritis[1], cartilage defects[2], and bone defects[3]. The differen-
tiation and function of MSCs can be modulated by various exogenous signals, including biological factors[4], drug
formulations[5], and physical signals[6]. The quest for an appropriate exogenous signal to regulate the functions and
differentiation of stem cells remains a dynamic area of investigation for numerous researchers.

Pulsed electric fields (PEFs), as a crucial biophysical signal, can induce changes in cell membranes and alterations in
intracellular calcium ion concentrations. Under specific conditions, PEFs can significantly influence cell phenotypes and
regulate stem cell differentiation through multiple pathways[7,8]. However, the biological effects of traditional PEFs are
relatively weak, and the time required for the emergence of a differentiating response can often range from hours to days
[9]. This may be attributed to the fact that the pulse width of traditional PEFs is in the microsecond range or higher,
exceeding the intrinsic charging and discharging time of cell membranes (in the range of hundreds of nanoseconds). As a
result, traditional PEFs face difficulties in deeply penetrating the cell interior due to the shielding effect of the cell
membrane[10]. In contrast, nanosecond PEFs (nsPEFs) represent nanosecond-duration, high-strength electric fields, with
a shorter pulse width than the charging and discharging time of the cell membrane. Furthermore, nsPEFs can deeply
penetrate into cellular organelles and exhibit significant biological effects[11]. In our previous research, it was found that
nsPEFs can influence the osteogenic, adipogenic, and chondrogenic differentiation of MSCs by regulating DNA
methylation and the MAPK signaling pathway[12]. Although nsPEFs show strong regulatory effects on MSCs differen-
tiation, previous studies have mainly focused on specific molecules or pathways, and a comprehensive exploration of the
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mechanisms by which nsPEFs regulate MSCs has not been conducted.

Transcriptomics analysis, by examining messenger RNA (mRNA), long noncoding RNA (IncRNA), microRNA
(miRNA), and circular RNA (circRNA), allows for a comprehensive understanding of changes in gene expression. It also
holds significant importance in unraveling alterations in biological processes. In this study, we first utilized high-
throughput transcriptomics sequencing to detect the changes of mRNA, miRNA, IncRNA, and circRNA expression in
MSCs after nsPEFs treatment. Additionally, we carried out Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analyses to explore the biological processes and signaling pathways associated with differentially
expressed target genes. Furthermore, we validated their expression levels using quantitative real-time polymerase chain
reaction, providing further support for the application of nsPEFs in MSCs.

MATERIALS AND METHODS

Cell isolation and culture

All animal experiments were approved by the Institutional Animal Care and Use Committee of Peking University (COE-
GeZ-7). Rat bone marrow MSCs (rMSCs) were harvested from 8-wk-old Sprague-Dawley rats according to our previous
study[13]. MSCs were cultured in expansion medium composed of Dulbecco’s modified Eagle’s medium (DMEM,
Hyclone) supplemented with 10% (v/v) fetal bovine serum (Gibco) and 1% penicillin/streptomycin (Amresco), in a
humidified incubator at 37 °C with 5% CO,. Cells were trypsinized with 0.25% (w/v) trypsin (Invitrogen, Carlsbad, CA,
United States) upon reaching 85% confluence. MSCs at passage 5 were used for subsequent experiments.

Application of nsPEFs

We previously found that nsPEFs (100 ns, 10 kV/cm, 1 Hz, 5 pulses) can improve the stemness of porcine bone marrow
MSCs, human bone marrow MSCs, and rMSCs, and promote osteochondral defect repair in rats[12-14]. In this study,
nsPEFs with the same parameters were applied to regulate MSCs performance. According to our previous study[12-14],
one million MSCs were suspended in 1 mL of DMEM within a 0.4-cm gap cuvette (Bio-Rad, 165-2088, United States) and
stimulated by 5 pulses of nsPEFs (100 ns at 10 kV/cm, 1 Hz), and the time interval between two pulses was 1 s. The cells
were then subjected to nsPEFs with a duration of 100 ns, as previously described. Five pulses were applied at 1-s intervals
between each pulse. MSCs without nsPEFs stimulation served as the control group.

RNA isolation

Total RNA was isolated from the cells 24 h after exposure with the miRNA extraction kit (Cat#TR205-200, Tanmo).
Qualified total RNA was further purified with the RNAClean XP Kit (Cat#A63987, Beckman Coulter, Inc.Kraemer
Boulevard Brea, CA, United States) and the RNase-Free DNase Set (Cat#79254, QIAGEN, GmBH, Germany). RNA
quantity was assessed by UV spectrometry at 260 nm/280 nm absorbance on a spectropchotometer (NanoDrop Techno-
logies, Wilmington, DE, United States).

RNA-seq and differentially expressed gene analysis

The filtered clean reads were mapped to the reference genome database. Each transcript was normalized by fragments
per kilobase per million to eliminate the influence of gene length and sequencing depth. The counts of each sample were
mapped to the annotated genome after standardization and normalization. Finally, fold change (FC) and difference
significance were used to screen the differentially expressed genes (DEGs). Each group of cells was sequenced with three
independent biological replicates.

GO and KEGG enrichment analysis
GO term and KEGG pathway enrichment analyses were performed using the tool for Function Annotation in DAVID
(https:/ /david.ncifcrf.gov/). The KEGG pathway maps were obtained from the KEGG database (http:/ /www.kegg.jp/).

Expression validation using quantitative polymerase chain reaction

Total RNA was extracted from 1 x 10¢ cells treated with 1 mL TRIzol. RNA purity and concentration were determined by
a NanoDrop 2000 spectropchotometer (Thermo Fisher Scientific). cDNA was synthesized with the ReverTra Ace qPCR
Kit (TOYOBO, FSQ-101) and then subjected to quantitative polymerase chain reaction using Power SYBR Green PCR
Master Mix (ABI, 4368708). The mRNA levels were determined using 50 ng of cDNA on an Applied Biosystems 7300. All
template amplifications were conducted in triplicate with a three-step polymerase chain reaction process. Using Actin
expression as a normalization control, the relative expression was calculated using the 2*“ method. The primer
sequences are provided in Table 1.

Statistical analysis

All numerical data from quantitative polymerase chain reaction are presented as the mean + SD. Comparisons between
groups were performed by the independent sample t-test. Results are presented as the mean + SD. The Student’s t-test
was used to evaluate the difference between the two groups using Prism 8.21 software (GraphPad). The statistical
significance level was set at P < 0.05.
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Table 1 Primer sequences used in the study

Primer Primer sequence (5’ to 3’)
Actg2-F CTCTCTCCACCTTCCAGCAAA
Actg2-R AGGGCCCCGCTTCATC
Nek2-F TGGAGGGCCTGACAATCTG
Nek2-R CCACCACACTGAGTTTCTGGTTT
Cenpf-F GGAGAGCCTGTGTGCATGTG
Cenpf-R ACGTGAGCAGGAGGTTATGAAAC
Scin-F TGGCCGAAGATGATGTCATG
Scin-R CTTTGCCAATCCAAATGAAGATC
Kif20b-F TGTGCCACACCAGTCACAATT
Kif20b-R ACCTCGCCACTCTTCCTCTTC
Nog-F CGAGGGTTTTCAATGAACTTTTTT
Nog-R AGTGCATTACATGAACCAGAAAGC
Ereg-F GGGTTGCCACAAGTCTGAACA
Ereg-R GCATGCTGCACATCCTTGTC
Asic3-F GCCTGCTTACCATCCTTGAGA
Asic3-R CCCCAGGACTCTGTCTTGGA
Aldh3a1-F TCCCACCGCCGCTCTT
Aldh3al-R GCCTTGTGAGCTTCTTCATTCA
Tubb2b-F GGCGAGGATGAGGCTTGA
Tubb2b-R TTCACCTCAGCTTTCCCTAACC
Crybad-F CGTGCTGGAGAGCGATCA
Crybad-R AGCCCCACTCCCTGAAGTG
Nr3c2-F CGCACAGCAATATGAAAACCA
Nr3c2-R GCCCCTTTCCCCCAGAA
Stxbp5I-F AAGCCTCAGCAGGAAAAGCA
Stxbp51-R TGCCCGGTCCAGGAATG
Actin-F TCTGTGTGGATTGGTGGCTCTA
Actin-R CTGCTTGCTGATCCACATCTG

RESULTS

Identification of DEGs

Differentially expressed IncRNAs and mRNAs (n = 4) are displayed using Volcano plots (Figure 1) and heat maps
(Figure 2). The top 20 differentially expressed IncRNAs and mRNAs in the nsPEFs-treated group compared to the control
group are listed in Tables 2 and 3, respectively.

In total, 263 DEGs were identified in the PRJNA931816 dataset, of which 92 and 171 were significantly ( |log2FC| >
0.585 and g < 0.05) upregulated and downregulated, respectively (Figures 1A and 2A). Of these DEGs, 65 were IncRNAs,
of which 36 and 19 were significantly (|log2FC| >1 and g < 0.05) upregulated and downregulated, respectively (Figures
1B and 2B); 0 were circRNAs (Figure 1C); and 2 were miRNAs, both of which were significantly upregulated (Figure 1D).

Enrichment analysis of DEGs

To investigate the biological functions and pathways of DEGs, KEGG and GO analyses were conducted for the 263 DEGs.
Figure 3 demonstrates the mainly enriched functional annotations from three aspects, including biological processes,
cellular components (CC), and molecular functions (MF). From the perspective of biological processes, DEGs were mainly
enriched in epithelial cell proliferation, osteoblast differentiation, mesenchymal cell differentiation, nuclear division, and
wound healing. From the perspective of CC, DEGs are mainly involved in condensed chromosome, chromosomal region,
actin cytoskeleton, and the kinetochore. From the perspective of MF, DEGs are mainly involved in glycosaminoglycan
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LncRNA_ID Locus Log2FC Q value
NONRATT027355.2 7:143840739-143841394 6.223946 0.038374
NONRATT014734.2 19:44137444-44139463 6103516 0.001285
NONRATT000391.2 1:78818388-78818948 6.035452 0.008784
NONRATT030693.2 X:115351001-115352258 5.611966 0.011922
MSTRG.1686.44 1:180852586-181353774 5574714 0.004533
NONRATT029722.2 9:113936538-113936864 5563687 0.013263
MSTRG.1686.24 1:180804226-181295177 5546189 0.000326
NONRATT024954.2 6:50889024-50923726 5.468331 7.04E-05
NONRATT010080.2 14:83648401-83660792 5356187 0.021489
NONRATT021215.2 4:29083076-29092661 -5.06373 0.022244
NONRATT015697.2 2:211078318-211078606 -5.08835 0.01522

NONRATT002358.2 1:80335470-80336633 -5.27782 0.011922
NONRATT015446.2 2:188562082-188565332 -5.7896 7.11E-08
NONRATT026659.2 7:30291089-30293287 -5.84278 0.001419
NONRATT017622.2 20:7219444-7220293 -5.89986 4.44E-16
NONRATT031234.2 X:116752819-116754309 -5.9906 0.021489
NONRATT024688.2 6:136358084-136363672 -6.06997 0.018677
NONRATT024848.2 6:25912732-26051235 7.01177 0.000482
NONRATT005942.2 10:84682448-84688899 -7.27093 0.016558
NONRATT002900.2 X:157319040-157323878 -11.8256 3.16E-09

LncRNA: Long noncoding RNA; FC: Fold change.

binding, integrin binding, nuclear steroid receptor activity, cytoskeletal motor activity, and steroid binding. When the
upregulated mRNAs were enriched, 12 mRNAs were found to be involved in chromosome segregation (biological
process). For example, among the 12 mRNAs, Top2a is a conserved regulator of chromatin topology which plays an
important role in catalyzing reversible DNA double-strand breaks[15]. From the perspective of CC, upregulated mRNAs
were mainly enriched in the chromosome, centromeric region, kinetochore, and midbody. From the perspective of MF,
upregulated mRNAs were mainly enriched in integrin binding. When the downregulated mRNAs were enriched, they
are involved in the extracellular space (CC). Among the 12 mRNAs, Wnt11 encodes a protein that plays an important role
in regulating extracellular matrix (ECM) organization[16], and Smocl encodes an extracellular glycoprotein that is a
critical regulator of cell attachment to the ECM by binding to calcium[17]. From the perspective of GO, downregulated
mRNAs were mainly enriched in the positive regulation of gene expression, cell differentiation, and ventricular septum
morphogenesis (Figures 3A and C). The detailed relationship between DEGs and GO are shown by the Chord diagram of
GO (Figure 3E). GO analysis classified genes heavily involved in epithelial cell proliferation and osteoblast differen-
tiation, among others.

Moreover, KEGG analysis shown in Figures 3B, D, and F demonstrated that DEGs mainly participate in the calcium
signaling pathway, ECM-receptor interaction, focal adhesion, and vascular smooth muscle contraction. A Waterfall plot
was generated to reveal the potential effects of nsPEFs on signaling pathways (Figure 3F). Other related signaling
pathways such as the regulation of actin cytoskeleton, PI3K-Akt signaling pathway, Rap1 signaling pathway, cGMP-PKG
signaling pathway, and Hippo signaling pathway-multiple species may also contribute to completing the reaction process
of MSCs to nsPEFs. The term cluster showed that nsPEFs may stimulate the cells through the calcium signaling pathway,
etc.

Enrichment analysis of differentially expressed IncRNA and miRNAs

The GO enrichment analysis results for the differentially expressed IncRNAs, miRNAs, and mRNAs are shown in
Figure 4. Based on the target genes of differentially expressed IncRNAs, the most significantly enriched biological
processes were regulation of endothelial cell migration, and ribonucleoprotein complex subunit organization. The most
significantly enriched CC were the oligosaccharyltransferase complex, endoplasmic reticulum protein-containing
complex, chromosome, and centromeric region. The most significantly enriched MF were tubulin binding, nuclear
retinoid X receptor binding, and nuclear retinoic acid receptor binding (Figure 4A). Moreover, in Figure 4B, KEGG
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Table 3 Top 20 differentially expressed messenger RNAs

Gene ID Gene name Log2FC Q value
ENSRNOG00000017609 Cngad 4.049502 0.041927
ENSRNOG00000005883 Nek10 3.164517 0.001515
ENSRNOG00000051612 AABR07044570.1 3.006014 0.020392
ENSRNOG00000003891 Porfl 2.826433 0.000369
ENSRNOG00000042070 Ticam2 2.821013 0.00501

ENSRNOG00000046566 Tub 2.803217 0.006364
ENSRNOG00000032973 1113ra2 2.661856 1.68E-08
ENSRNOG00000025261 AABR07050407.1 2232324 0.00943

ENSRNOG00000001959 Mx1 2.073926 0.049836
ENSRNOG00000031598 Atp8b4 2.055746 0.024695
ENSRNOG00000003283 Resd1 -2.09387 0.018919
ENSRNOG00000010454 Ceno 21785 0.011229
ENSRNOG00000002456 HIf 244194 0.021066
ENSRNOG00000052129 Nwdl -2.45693 0.032717
ENSRNOG00000014424 RGD1563354 -2.46926 0.016841
ENSRNOG00000049115 Cer5 273203 0.01083

ENSRNOG00000055401 Kenel -3.13004 0.021817
ENSRNOG00000055318 AABRO07068030.1 -3.34625 0.000321
ENSRNOG00000014556 Cdh20 -3.47543 0.025307
ENSRNOG00000054723 AABRO07058174.1 -3.5912 0.047547
ENSRNOG00000011946 Ptn -3.6805 0.000634

FC: Fold change.

analysis shows that differentially expressed IncRNAs mainly participate in the glycerophospholipid metabolism signaling
pathway.

Based on the target genes of differentially expressed miRNAs, the most significantly enriched biological processes were
the flavonoid metabolic process, cellular glucuronidation, vesicle fusion to plasma membrane, and animal organ
regeneration. The most significantly enriched CC were the intrinsic component of organelle membrane, the integral
component of organelle membrane, and the peroxisome. The most significantly enriched MF were glucuronosyltrans-
ferase activity, hexosyltransferase activity, and MAP kinase activity (Figure 4C). In addition, KEGG analysis in Figure 4D
shows that differentially expressed miRNAs mainly participate in porphyrin metabolism, ascorbate and aldarate
metabolism, biosynthesis of cofactors, and the pentose and glucuronate interconversions signaling pathway.

Validation of mRNA expression using quantitative polymerase chain reaction

We confirmed the accuracy of sequencing data for selected mRNAs, and the mRNA validation results were consistent
with the RNA-seq data (Figure 5). According to the related signaling pathway, we selected seven upregulated mRNAs,
aldehyde dehydrogenase 3 family member A1l (Aldh3al), centromere protein F (Cenpf), kinesin family member 20B
(Kif20b), epiregulin (Ereg), Nek2, nuclear receptor subfamily 3 group C member 2 (Nr3c2), and scinderin (Scin). The
expression of these seven genes was found to be increased 2.02-fold, 1.8-fold, 2.11-fold, 2.12-fold, 1.66-fold, 2.01-fold, and
2.19-fold, respectively, in nsPEFs-treated cells. We selected six downregulated mRNAs, Actg2, Asic3, Crybat4, Nog, Stxbp5
L, and Tubb2b. The expression of these genes was found to be decreased in nsPEFs-treated cells, indicating that the mRNA
validation results were consistent with the RN A-seq data.

DISCUSSION

In this study, nsPEFs-treated rMSCs were evaluated by whole transcriptome sequencing in terms of mRNA, IncRNA,
circRNA, and miRNA expression. Previous studies have shown that nsPEFs can regulate the expression levels of some
mRNAs in MSCs and upregulate the differentiation potential of MSCs[12]. nsPEFs can regulate the chondrogenic differ-

Buissidenge WISC | hitps://www.wijgnet.com 310 March 26,2024 | Volume16 | Issue3 |



Lin JJ et al. Genetic response of MSCs to nsPEFs

A B
20 S o 16
* * Upregulated
18 <. i P
3 14 P Downregulated
16 . > Not significant
12 o
o 4 ‘ i -
g ! g
T 12 o i g 10
& . ¥ O
S 10 PR S 8
g o g
6
41

0 0
-2 -1 0 1 2 -12 -8 -4 0 4 8 12
log2 (fold change) log2 (fold change)
C D
10 — 5.0
9 4.5
8 4.0
7 3.5
g 6 g 30
g 13
& 5 Q 25
= =
2 4 8 20
3 15
2 10’
o N 0.5
0 - H H - 0.0 + P - - .
-12 -8 -4 0 4 8 12 -12 -8 -4 0 4 8 12
log2 (fold change) log2 (fold change)

Figure 1 Volcano plots illustrating comparisons of differentially expressed messenger RNAs, long noncoding RNAs, circular RNAs, and
microRNAs between each nanosecond pulsed electric field-treated group and the control group. A: Differentially expressed messenger RNASs; B:
Differentially expressed long noncoding RNAs; C: Differentially expressed circular RNAs; D: Differentially expressed microRNAs.

entiation of MSCs through phosphorylation of molecules of the MAPK signaling pathways[14]. nsPEFs can also regulate
the differentiation potential of MSCs through demethylation of stemness genes[12], and can induce nodule formation in
osteoblasts[18]. However, the lack of a systematic study hinders further application of nsPEFs in stem cell differentiation.
Using whole transcriptome sequencing, 263 differentially expressed mRNAs (g < 0.05, |log2FC| > 0.585), 2 differen-
tially expressed miRNAs, and 65 differentially expressed IncRNAs were identified, which are involved in stem cell differ-
entiation, calcium ions, plasma membrane, cell skeleton, chromatin, cell adhesion, efc. Our previous study found that
nsPEFs (100 ns, 10kV/cm) with specific parameter combinations could promote the chondrogenic, osteoblastic, and
adipogenic differentiation of stem cells, but did not induce apoptosis under these parameters[13,15]. Therefore, a
combination of 100 ns and 10 kV/cm was selected to conduct electrical stimulation treatment on rMSCs to determine
their effects on the gene expression profile. mRNA analysis indicated that nsPEFs may affect cell differentiation, calcium
ions, plasma membrane, and other aspects. The expression levels of Scin, Ereg, Kif20b, Aldh3al, Nr3c2, and Cenpf were
upregulated. To better understand the universal effects of nsPEFs on mammalian cells, we compared the gene expression
profiles between rMSCs (our data), TM3 cells, Jurkat cells, and U937 cells based on publicly available data[19,20]. We
found that the gene expression levels of 23 genes were co-upregulated in rMSCs and TM3 cells, including Kif20b, which
indicated that nsPEFs may cause common effects (Supplementary Figure 1). Compared with rMSCs, we found more
common DEGs in TM3 cells (23 genes) than in Jurkat cells (3 genes) and U937 cells (6 genes). The reason for this may be
that TM3 and rMSCs are adherent cells, and they are from mice or rats, while U937 and Jurkat cells are suspension cells,
and are from humans. The 23 common DEGs are involved in the ECM-receptor interaction signaling pathway. Electric
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Figure 2 Heat maps displaying the hierarchical clustering of differentially expressed messenger RNAs and long noncoding RNAs. A:
Differentially expressed messenger RNAs, B: Differentially expressed long noncoding RNAs. Red indicates up-regulation and green indicates down-regulation.
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of KEGG analysis; E: Chord diagram of GO; F: Waterfall plot of KEGG analysis. KECG: Kyoto Encyclopedia of Genes and Genomes.

fields were reported to regulate ECM structure[21] and synthesis[22]. On the other hand, the ECM was reported to
participate in regeneration[23] and play an important role in stem cell fate[24]. The ECM may be involved in the
regulation of cell fate by nsPEFs, which could be further investigated focusing on ECM-receptor interaction. KIF20B was
reported to be involved in cell proliferation[25]. Scin belongs to the gelolysin protein superfamily, which is involved in
the regulation of cytoskeleton and transport in cell vesicles. It has an important regulatory role in the release of
intracellular calcium ions, behaving as a filamentous actin-severing and capping protein[26]. The actin filament network,
which in turn leads to the release of secretory vesicles[27], plays an important role in actin-dependent membrane fusion
[26]. Ereg belongs to the epidermal growth factor family and is separated from stem cells. It has been reported that Ereg
can promote the migration and chemotactic ability of adipose stem cells through the MAPK signaling pathway[28]. Cenpf
plays an important role in the microtubule network, which may be related to SNARE proteins which are involved in
plasma membrane circulation[29]. These genes remain to be explored in nsPEFs-treated stem cells.

MiRNAs play an important biological function by regulating downstream gene translation. We found that nsPEFs had
few effects on miRNAs, and the expression levels of novel.118 and novel. 106 were significantly upregulated. GO/KEGG
analyses of the target genes of miRNAs showed that nsPEFs may affect vesicle fusion to the plasma membrane, MAPK,
etc. In addition, nsPEFs were reported to affect the MAPK signaling pathway by phosphorylation of p38, JNK, and ERK
[30]. Bone regeneration can be regulated via the MAPK signaling pathway under specific hydrogel treatment[31]. High-
voltage PEFs with short durations, can permeabilize cell membranes with a duration ranging from microseconds to
nanoseconds[32]. nsPEFs can also regulate membrane pore formation and upregulate the release of exosomes[33], and
vesicle fusion was related to exosome formation[34]. In addition, studies have shown that electroporation can increase the
production of exosomes by increasing intracellular calcium ions[35]. Following nsPEFs treatment, exosome release from
tumor cells was also significantly increased[33]. Exosomes, released from stem cells, could stimulate wound regeneration
and bone regeneration[36,37]. Thus, nsPEFs may affect exosome formation through vesicle fusion to the plasma
membrane in stem cells, which requires further investigation.

Based on the target genes of differentially expressed IncRNAs, the most significant MF involved tubulin binding after
nsPEFs treatment and the most significant signaling pathways involved glycerophospholipid metabolism and mismatch
repair. In addition, studies have shown that nsPEFs with certain parameters can be applied to regulate the level of cell
differentiation[12], promote the release of the intracellular calcium pool[38], and trigger reversible perforation of the cell
membrane[39]. A previous study showed that nsPEFs could affect chromosome structure by inducing extracellular
release of chromosomal DNA in a calcium-dependent manner[40]. nsPEFs with high intensity (60 kV/cm) can induce
damage to the cytoskeleton and nuclear membrane[41]. Chromosome structure is sensitive to physical stimulation.
Extremely-low-frequency magnetic fields could stabilize active chromatin, partially depending upon chromatin status
[42]. Chromosomes can be oriented, aligned, and translated by high-frequency electric fields, in a frequency-dependent
manner[43]. Chromatin accessibility played an important role in gene expression and cell fate[44]. Chromatin undergoes
a binary off/on switch during cell fate transitions[45]. Electric fields were reported to change cell fate partially through
regulation of calcium and modulation of electrically charged cell-surface receptors in response to the electric field[46].
Thus, nsPEFs may affect the chromatin accessibility and fate of stem cells, which remains to be explored.

The calcium signaling pathway may play an important role in the process of reaction of MSCs to nsPEFs. A previous
study showed that nsPEFs could induce calcium flux in osteoblasts[47]. In our study, DEGs and the target genes of
IncRNAs and miRNAs were enriched in the calcium signaling pathway as shown by GO/KEGG analyses. Calcium
release caused by nsPEFs may be due to nanopore formation in the endoplasmic reticulum[48]. Furthermore, nsPEFs may
activate TMEM16F (or anoctamin 6), a protein functioning as a calcium-dependent scramblase, which contributes to the
reaction of calcium release due to nsPEFs[49]. BAPTA-AM, a calcium chelator, could attenuate the upregulated
phosphorylation level of JNK caused by nsPEFs[14]. Calcium may contribute to apoptosis in hair follicle stem cells
through Piezo1[50]. Calcium uptake was reported to control mitochondrial calcium homeostasis and hematopoietic stem
cell differentiation, two important determinants in stem cell fate[51]. Calcium-activated potassium channel activity can
influence MSC differentiation through membrane potential and intracellular calcium oscillations[52]. Consequently, the
calcium signaling pathway may play an important role in the effects caused by nsPEFs in stem cells.

CONCLUSION

There are few studies on the effect of nsPEFs on stem cells at the whole transcriptomic level. The effects of nsPEFs on
stem cells were systematically studied, and 263 differentially expressed mRNAs, 2 differentially expressed miRNAs, and
65 differentially expressed IncRNAs were identified. It was shown that nsPEFs may affect stem cells via several signaling
pathways and may involve vesicular transport, calcium ion transport, the cytoskeleton, and cell differentiation. Our study
is the first to investigate the expression profile of the whole transcriptome in nsPEFs-treated stem cells. This study
provides a certain basis for the application of nsPEFs in stem cell differentiation and tissue regeneration.
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Figure 4 Gene Ontology and Kyoto Encyclopedia of Genes and Genomes enrichment analyses of target genes of differentially expressed
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long noncoding RNAs and microRNAs. A: Gene Ontology (GO) analysis of target genes of differentially expressed long noncoding RNAs (IncRNAs); B: Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis of target genes of differentially expressed IncRNAs; C: GO analysis of target genes of differentially expressed
microRNAs (miRNAs); D: KEGG analysis of target genes of differentially expressed miRNAs.
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ARTICLE HIGHLIGHTS

Research background

Mesenchymal stem cells (MSCs) have been extensively applied in preclinical and clinical research in regenerative
medicine. Their differentiation and function are modulated by various exogenous signals, which provide potential
strategies for researchers to explore appropriate exogenous signals to regulate the functions and differentiation of stem
cells. Nanosecond pulsed electric fields (nsPEFs) represent nanosecond-duration, high-strength electric fields to
significantly influence cell phenotypes and regulate stem cell differentiation through multiple pathways. Thus, we used
transcriptomics analysis to analyze messenger RNA (mRNA), long noncoding RNA (IncRNA), microRNA (miRNA), and
circular RNA (circRNA) expression to identify changes in gene expression following treatment with nsPEFs.
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Research motivation
The differentiation and function of MSCs are regulated by nsPEFs. However, the mechanism, especially changes in gene
expression after nsPEFs treatment, remains unclear.

Research objectives
To reveal gene expression in MSCs pretreated with nsPEFs and explore the potential gene regulatory mechanism.

Research methods

We used whole transcriptome sequencing to investigate the effects of nsPEFs on MSC transcriptome. Five pulses of
nsPEFs (100 ns at 10 kV/cm, 1 Hz) were applied to pretreat MSCs. Total RNA was isolated after pretreatment of MSCs;
each transcript was normalized by fragments per kilobase per million. Fold change and difference significance were used
to screen the differentially expressed genes (DEGs). Gene Ontology and Kyoto Encyclopedia of Genes and Genomes
analyses were conducted to identify gene function, and the results were verified by quantitative polymerase chain
reaction.

Research results

The top 20 differentially expressed IncRNAs and mRNAs were revealed. Two hundred and sixty-three DEGs were
identified in the PRJNA931816 dataset, of which 92 were upregulated and 171 were significantly downregulated,
respectively. DEGs were mainly enriched in epithelial cell proliferation, osteoblast differentiation, mesenchymal cell
differentiation, nuclear division, and wound healing. As for cellular components, DEGs were mainly involved in
condensed chromosome, chromosomal region, actin cytoskeleton, and the kinetochore. With regard to molecular
functions, DEGs are mainly involved in glycosaminoglycan binding, integrin binding, nuclear steroid receptor activity,
cytoskeletal motor activity, and steroid binding. Quantitative real-time polymerase chain reaction was used to verify the
seven upregulated mRNAs, Aldh3al, Cenpf, Kif20b, Ereg, Nek2, Nr3c2, and Scin, and six downregulated mRNAs, Actg2,
Asic3, Crybat4, Nog, Stxbp5 L, and Tubb2b.

Research conclusions

Our systematic investigation of the wide-ranging transcriptional pattern modulated by nsPEFs revealed the differential
expression of 263 mRNAs, 2 miRNAs, and 65 IncRNAs. We showed that nsPEFs may affect stem cells via several
signaling pathways and involve vesicular transport, calcium ion transport, the cytoskeleton, and cell differentiation.

Research perspectives
This study is the first to investigate the expression profile of the whole transcriptome in nsPEFs-treated stem cells. The
findings provide a certain basis for the application of nsPEFs in stem cell differentiation and tissue regeneration.
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