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Spinal cord injury (SCI) has limited treatment options for regaining function. Adipose-derived stem cells
(ADSCs) show promise owing to their ability to differentiate into multiple cell types, promote nerve cell
survival, and modulate inflammation. This review explores ADSC therapy for SCI, focusing on its potential
for improving function, preclinical and early clinical trial progress, challenges, and future directions.

Preclinical studies have demonstrated ADSC transplantation's effectiveness in promoting functional
recovery, reducing cavity formation, and enhancing nerve regrowth and myelin repair. To improve ADSC
efficacy, strategies including genetic modification and combination with rehabilitation are being
explored. Early clinical trials have shown safety and feasibility, with some suggesting motor and sensory
function improvements.

Challenges remain for clinical translation, including optimizing cell survival and delivery, determining
dosing, addressing tumor formation risks, and establishing standardized protocols. Future research
should focus on overcoming these challenges and exploring the potential for combining ADSC therapy
with other treatments, including rehabilitation and medication.

© 2024 The Author(s). Published by Elsevier BV on behalf of The Japanese Society for Regenerative
Medicine. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/lice

nses/by-nc-nd/4.0/).
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1. Introduction

Spinal cord injury (SCI) is a significant global health concern
that causes permanent or temporary neurological impairments,
thereby resulting in a substantial socioeconomic burden [1]. Trauma
including falls, traffic accidents, and falling object impact is the
leading cause of SCI; however, nontraumatic factors are also noted
[1,2]. The global SCI prevalence is approximately 20.6 million cases,
with an annual incidence of 250,000e500,000 patients [3]. In the
United States (US) alone, approximately 17,000 new cases occur
annually, with a prevalence exceeding 282,000 individuals [4,5].
Substantial SCI-associated costs are evident, withfirst-year expenses
for a patientwith high tetraplegia in theUS surpassing $1million [5].
Developed countries such as Japan experience similar challenges [6].

SCI severity varies. It can occur at any spinal level, leading to
either complete loss of sensation and motor function below the
injury site (complete SCI) or some preserved function (incomplete
SCI) [1e4]. Symptoms depend on the location and severity, ranging
from numbness to paralysis and bowel/bladder dysfunction. Long-
term outcomes encompass full recovery to permanent tetraplegia
or paraplegia. Muscle atrophy, movement control loss, spasticity,
joint deformation, infections, atelectasis, pneumonia, venous
thromboembolism, dysphagia, chronic pain, and depression are
SCI-associated complications [7,8].

SCI pathophysiology is complex. A primary mechanical insult
including compression, contusion, or transection directly damages
the spinal cord [1,4]. Subsequently, a cascade of secondary injury
processes including ischemia, inflammation, oxidative stress, and
excitotoxicity is triggered, worsening the damage and creating a
microenvironment that hinders regeneration.

Preventing further damage and managing complications are the
primary focus of conventional treatment for SCI-induced paralysis
[4,9,10]. High-dose methylprednisolone administration, surgical
interventions for vertebral stabilization and tissue decompression,
and rehabilitative care are the approaches employed. However,
these methods, including pharmacological agents, have shown
limited ability to address underlying neurological damage or pro-
mote significant regeneration [4,11,12]. Despite recent clinical trials
demonstrating patients regaining movement using spinal neuro-
stimulation [13,14] and regaining motor function using olfactory
ensheathing cell (OEC) transplantation in partial SCI [15], all pro-
posed clinical strategies for limiting damage progression and
improving SCI outcomes have shown unsatisfactory functional
preservation and recovery in patients with complete SCI [16e21].
Furthermore, patients with SCI encounter a significant challenge in
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regaining neurological function, with low complete recovery rates
and increased mortality and morbidity rates. Most complications
significantly impact both physical and mental health, thereby
leading to a reduced quality of life [22,23]. These factors emphasize
the need for more effective treatments.

Stem cell-based therapy using embryonic or adult tissue-
derived stem cells aims to restore or replace dysfunctional tissues
and organs through regenerative properties, including pluripo-
tency, self-renewal, and paracrine secretions [24]. Tissue-derived
stem cells including human induced pluripotent stem cells
(iPSCs) [12,25e27] and adult stem cells including the well-
described mesenchymal stromal stem cells (MSCs) [28] are being
investigated for their potential in SCI treatment. iPSCs tend to
differentiate into an immature embryonic or fetal state rather than
fully mature adult cells. Additionally, the low induction rate and
unclear underlying molecular mechanisms hinder their clinical
application [29]. MSCs are multipotent progenitors of mesodermal
lineage obtained fromvarious tissues, including bonemarrow (BM-
MSCs), umbilical cord, and adipose tissues [30]. Among these,
adipose-derived stem cells (ADSCs) hold particular promise owing
to several advantages. ADSCs are readily available and carry
lower safety risks than other stem cell types. Easily isolated from
adipose tissues, ADSCs possess multipotent differentiation capa-
bilities, including neural lineages, and exert paracrine effects,
secreting neuroprotection, immunomodulation, and regeneration-
promoting factors [28,30e33]. These properties suggest that
ADSCs can address the complex SCI pathophysiology by replacing
lost cells, modulating the inflammatory response, and promoting
endogenous stem cell recruitment and differentiation [34].

Functional recovery, enhanced axonal regeneration, and myeli-
nation following ADSC transplantation have been demonstrated in
preclinical studies [31e36]. Furthermore, initial clinical trials have
shown positive outcomes, with improvements in sensory and
motor function, as well as quality of life [37,38]. Although pre-
liminary data suggest efficacy, limitations remain to be addressed
in translating ADSC therapy to clinical application.

Despite the encouraging outcomes of preclinical and clinical
studies on ADSCs, ADSC transplantation may increase tumor
growth and metastasis risk [39,40]. ADSCs can be recruited to tu-
mors and integrated into the tumor stroma, where they may
differentiate into cancer-associated fibroblasts or remain as undif-
ferentiated cells [41,42]. By secreting growth factors, inflammatory
ligands, and extracellular matrix proteins, these cells can promote
tumor progression, enhancing tumor vascularization and promot-
ing cancer cell survival and proliferation [42,43]. The potential
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tumorigenicity of ADSCs has been particularly discussed in the
context of breast reconstruction [44]. Some studies have shown
that ADSCs can enhance the malignant features of breast cancer
cells in vitro [45] and promote xenograft tumor growth [46],
whereas other studies have observed no effect on breast cancer cell
proliferation [47]. Although most of these studies used in vitro
models, which may not reflect the clinical scenario [45,48,49],
further preclinical animal studies and long-term follow-up of
patients in clinical trials are essential to reach a final safety
recommendation on the potential tumorigenicity of ADSCs.

The uncertainty regarding their clinical efficacy is another
challenge in the clinical translation of ADSC-based therapies. Most
of our understanding of ADSCs comes from in vitro two-
dimensional cell culture studies, which may not accurately reflect
the complex in vivo environment [50]. Moreover, compared with
human conditions, preclinical animal models have limitations due
to differences in physiology, molecular, and genetic factors [50].
Furthermore, variable cell qualities and uncertain clinical outcomes
occur owing to the lack of standardized procedures for ADSC
isolation and application. Donor characteristics such as age [51], sex
[52], obesity [53], diabetes, and radiotherapy [54] can influence
ADSC properties, including proliferation, differentiation, and
immunomodulatory potential. Additionally, ADSC properties vary
depending on the tissue source, with differences observed between
cells derived from omentum, subcutaneous, and intrathoracic adi-
pose tissues [55]. These variations in ADSC qualities, arising from
different sources and nonstandardized isolation procedures, make
comparing experimental results and translating ADSC-based ther-
apies to the clinic difficult.

This review aims to provide a comprehensive analysis of the
current state of ADSC therapy for SCI. It will discuss the therapeutic
potential of ADSCs for SCI, summarize progress in preclinical
studies, address challenges and limitations in clinical translation,
and explore future directions in ADSC research for SCI treatment.
This review aims to inform and guide future research efforts by
providing a comprehensive overview, ultimately contributing to
the development of effective regenerative therapies for individuals
living with SCI.

2. Biological mechanisms of ADSC therapy for SCI

ADSCs exert their therapeutic effects through several biological
mechanisms, including the potential to differentiate into neural cell
types, neuroprotective and regenerative factor secretion, and
inflammation and immune response modulation. These mecha-
nisms work synergistically to promote functional recovery in SCI.

2.1. Potential to differentiate into neural cell types

One of the mechanisms by which ADSCs may contribute to
recovery in SCP is through their potential for differentiating into
neural cell types, replacing lost or damaged cells in the injured
spinal cord. In vitro studies have shown that ADSCs express
neuronal markers, including neuronal nuclear protein, neuron-
specific class III b-tubulin, and microtubule-associated protein 2,
and develop neuron-like morphology upon exposure to specific
differentiation protocols [32,56,57]. Furthermore, ADSCs can
differentiate into Schwann-like cells, which are crucial for periph-
eral nerve regeneration and myelination [58,59].

Whereas ADSCs exhibit plasticity by expressing certain
neuronal markers and acquiring a neuron-like morphology, their
complete differentiation into mature, functional neurons remains a
challenge, likely due to epigenetic differences between mesen-
chymal and neuroectodermal lineages. This necessitates trans-
differentiation across germ layers. In contrast, ADSC differentiation
510
into supportive glial cells, like Schwann cells, plays a crucial role in
peripheral nerve regeneration and myelination and is more readily
observed [58,59].

Recent advancements in stem cell differentiation induction
techniques have shown promising results for in vivo ADSC differ-
entiation. Tang et al. [60] introduced a noninvasive, all-optical
strategy for inducing stem cell differentiation both in vitro and
in vivo. They successfully directed primary ADSCs to differentiate
into osteoblasts with stable lineage commitment and applied this
method for in vivo differentiation of mouse cerebellar granule
neuron progenitors. This optical approach holds promise for miti-
gating concerns regarding stem cell therapy, such as unintended
cell fate conversion and tumorigenicity.

Optimizing the therapeutic efficacy of ADSCs for spinal cord
injury requires overcoming the challenge of incomplete differen-
tiation into functional neurons in vivo. Unraveling the underlying
mechanisms behind this remains imperative. Additional methods
such as direct conversion using gene transduction may be neces-
sary to achieve more complete or functional differentiation [61].

Although some studies have shown positive results regarding
promoting neural repair and functional recovery post-
transplantation, the mechanism may primarily involve paracrine
effects rather than full differentiation. Through growth factor
secretion, transplanted ADSCs may stimulate the survival and
function of endogenous neural progenitor cells, the body's stem
cells with inherent neuronal potential [62]. For example, Gao et al.
[34] reported human ADSC (hADSC) differentiation into neuron/
motoneuron-like cells (NLCs) for SCI cell replacement therapy.
ADSC transplantation into a mouse model of SCI yielded observable
behavioral recovery, suggesting their potential in aiding repair,
even without complete neuronal transformation. Additionally, us-
ing innovative neural differentiation methods, Anderson et al. [63]
demonstrated hADSC transdifferentiation into NLCs, astrocyte-like
cells, and oligodendrocyte-like cells (OLCs). Cocultured NLCs and
OLCs displayed excitability and in vitro myelination, indicating
promise for central nervous system (CNS) regeneration therapy.

The synergy between ADSCs and neuroprotective agents to
enhance their differentiation into oligodendrocytes and promote
remyelination in neurodegenerative diseases including multiple
sclerosis (MS) have been explored in recent studies. Ghosouri et al.
[64] investigated the effects of lithium chloride, a GSK3-b inhibitor,
combined with hADSCs on remyelination, oligodendrocyte differ-
entiation, and functional recovery in amouseMSmodel. The results
demonstrated a significant increase in myelin density and im-
provements in motor function, particularly in the combined treat-
ment group. Moreover, the combined treatment increased the
mean percentages of cells positive for oligodendrocyte markers
(OLIG2 and MOG), suggesting enhanced oligodendrocyte differen-
tiation. Furthermore, lithium chloride upregulated the b-catenin
and myelin- and oligodendrocyte-specific gene expression, indi-
cating its potential in promoting remyelination and improving
motor function by reducing oligodendrocyte apoptosis, enhancing
cell viability and proliferation, and facilitating transplanted cell
differentiation into myelin-producing cells.

Various signaling pathways and transcription factors intricately
regulate ADSC differentiation into neural cell types. For example,
proneural gene neurogenin-2 overexpression enhances the
neuronal differentiation potential of ADSCs [65]. Moreover, the
Wnt/b-catenin signaling pathway exerts a pivotal role in ADSC
neural differentiation, with its activation promoting neuronal
marker expression and neurite outgrowth [57]. Furthermore, as
elucidated by Ghosouri et al. [64], GSK3-b inhibition and subse-
quent Wnt/b-catenin pathway activation by lithium chloride can
foster ADSC differentiation into oligodendrocytes and enhance
remyelination in an MS animal model.
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Along with these signaling pathways, recent studies have
underscored bone morphogenetic protein 4 (BMP4)'s involvement
in ADSC differentiation. Setiawan et al. [66] reviewed BMP4's role in
driving ADSC differentiation via the transforming growth factor-
beta (TGF-b) signaling pathway. BMP4 interacts with BMP re-
ceptors, activating Smad-dependent and Smad-independent
pathways, regulated by both intracellular and extracellular BMP4
antagonists. Although BMP4 induces ADSC differentiation into
mesodermal lineage cells, the addition of all-trans retinoic acid
(RA) is imperative for ADSC transdifferentiation into ectodermal
lineage cells, including neural cells. This instance highlights the
critical role of both BMP4 and RA signaling pathways in in vitro
ADSC transdifferentiation into neural cell types.

Nonetheless, the optimal BMP4 concentration necessary for
inducing specific lineage differentiation of ADSCs remains elusive.
Additionally, the interplay between BMP4/TGF-b signaling and
other pathways involved in ADSC differentiation, particularly in
ectodermal transdifferentiation necessitates further investigation.
Future studies should prioritize exploring BMP4's role in ADSC
differentiation in vivo and its potential clinical applications in
regenerative medicine. However, owing to its pleiotropic effects
and potential for unwanted bone formation, BMP4's use in clinical
settings presents challenges. Therefore, identifying safer and more
specific methods for manipulating BMP4 signaling for therapeutic
purposes remains a significant area of research.

2.2. Neuroprotective and regenerative factor secretion

ADSCs promote recovery in SCP through the secretion of various
neuroprotective and regenerative factors that support endogenous
repair processes. These cells secrete a broad spectrum of growth
factors, cytokines, and extracellular vesicles (EVs) that stimulate
neuronal survival, axonal growth, and remyelination [62,67]. Some
of the key molecules secreted by ADSCs include.

� Brain-derived neurotrophic factor (BDNF): promotes neuronal
survival, differentiation, and synaptic plasticity [60,65].

� Glial cell line-derived neurotrophic factor (GDNF): supports
motor neuron survival and regeneration and enhances axonal
regeneration [58,65].

� Vascular endothelial growth factor (VEGF): promotes angio-
genesis, which is essential for tissue repair and regeneration
[58,65].

� Insulin-like growth factor-1: promotes neuronal survival,
differentiation, and axonal growth [58,65].

� Hepatocyte growth factor: exhibits neuroprotective and angio-
genic properties [68].

� TGF-b: plays a role in immunomodulation and tissue repair [68].

These factors create a supportive microenvironment that en-
hances endogenous neural cell survival and regeneration, ultimately
contributing to functional recovery in SCP [69]. The secretion of
these factors by ADSCs is regulated by various signaling pathways,
including the PI3K/Akt and MAPK/ERK pathways, which are acti-
vated in response to environmental cues and cellular stress [62].

In addition to soluble factors, ADSCs also secrete EVs, particu-
larly exosomes, which play a crucial role in mediating the thera-
peutic effects of ADSCs. These EVs contain various bioactive
molecules, including microRNAs (miRNAs), long noncoding RNAs
(lncRNAs), and proteins, which contribute to neuroprotection and
regeneration.

For example, miRNAs including miR-21, miR-124, and miR-133b
have been identified in ADSC-derived EVs and are known to pro-
mote neuronal differentiation, neurite outgrowth, and axonal
regeneration [70,71]. Additionally, lncRNAs such as MALAT1 and
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NEAT1 observed in ADSC-derived EVs, have been implicated in
neuronal survival and differentiation regulation [70].

Moreover, ADSC-derived EVs contain various neurotrophic
and growth factors, including BDNF, GDNF, and nerve growth
factors, which support neuronal survival and regeneration [72].
Furthermore, these EVs can deliver anti-inflammatory cytokines
and immunomodulatory molecules, thereby contributing to
proregenerative microenvironment creation in the injured spinal
cord [73].

2.3. Immunomodulation and anti-inflammatory effects

ADSCs promote recovery in SCP by modulating inflammation
and immune responses to create a proregenerative microenviron-
ment. SCI triggers a complex inflammatory cascade involving
resident microglia activation and peripheral immune cell infiltra-
tion, which can lead to secondary damage and hinder the regen-
erative process [74]. ADSCs possess potent immunomodulatory and
anti-inflammatory properties that can help mitigate the detri-
mental effects of inflammation in the injured spinal cord [75,76].

ADSCs can secrete various immunomodulatory factors, including
interleukin-10, TGF-b, and prostaglandin E2, which suppress
the activation and proliferation of inflammatory cells, including
T cells and macrophages [77,78]. Additionally, these factors
promote macrophage polarization toward an anti-inflammatory
M2 phenotype, which is associated with tissue repair and regener-
ation [79].

Several signaling pathways including the Notch and JAK/STAT
pathways mediate the immunomodulatory effects of ADSCs. Notch
signaling pathway activation in ADSCs enhances their immuno-
suppressive properties and promotes the expansion of regulatory T
cells, which play a key role in immune homeostasis maintenance
[67]. Moreover, the JAK/STAT pathway is involved in the immuno-
modulatory effects of ADSCs, with STAT3 activation being associ-
ated with anti-inflammatory cytokine production and T cell
proliferation suppression [80].

Along with their direct immunomodulatory effects, ADSCs can
also indirectly modulate the inflammatory response by influencing
the function of other cell types in the injured spinal cord. For
example, ADSCs can promote the survival and proliferation of
endogenous neural stem cells and oligodendrocyte precursor cells,
which have immunomodulatory properties and can contribute to
tissue repair and regeneration [81,82].

2.4. Synergistic mechanisms of ADSC therapy in SCI

The therapeutic potential of ADSCs in SCI stems from their
multifaceted actions, working in concert to promote recovery. Here,
we explore three key mechanisms:

Neurodifferentiation: In vitro studies suggest ADSCs possess the
ability to differentiate into various central nervous system (CNS)
cell types, including neurons, astrocytes, and oligodendrocytes,
under specific culture conditions [40]. This neurogenic potential
raises the possibility of ADSCs replacing damaged cells within the
injured spinal cord. This could theoretically facilitate functional
circuit reconstruction by supporting axonal regrowth and
remyelination.

Supportive Microenvironment: Beyond potential cell replace-
ment, ADSCs secrete a complex mixture of neurotrophic and
regenerative factors. These factors create a supportive microenvi-
ronment that promotes the survival and regeneration of endoge-
nous neural cells, further aiding functional recovery [40]. Notably,
ADSC-derived exosomes, small membrane-bound vesicles, have
been implicated in enhancing neural differentiation. These exo-
somes may modulate inflammatory responses and promote cell
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survival and proliferation [40]. Additionally, they might influence
the transplanted ADSCs to differentiate into neural cell types,
potentially through paracrine or autocrine signaling pathways.
However, this mechanism requires further investigation.

Immunomodulation and Anti-inflammatory Effects: ADSCs
possess immunomodulatory and anti-inflammatory properties that
help mitigate the detrimental effects of the inflammatory response
triggered by SCI. By suppressing inflammatory cell activation and
promoting macrophage polarization toward a pro-regenerative
phenotype, ADSCs create a more favorable environment for
neural repair and regeneration.

The synergistic action of these mechanisms could lead to sig-
nificant improvements in functional recovery following SCI. This
multifaceted approach highlights the potential of ADSC therapy as a
comprehensive treatment strategy for SCI, targeting multiple as-
pects of the injury and repair process.

While the mechanisms discussed above are specific to ADSCs, it
is worth noting that other MSCs, such as BM-MSCs, may share
similar therapeutic properties. Preclinical studies using intravenous
administration of BM-MSCs in animal models of SCI have provided
valuable insights into potential therapeutic mechanisms, such as
modulation of gene expression patterns in the brain [83], blood-
spinal cord barrier stabilization, axonal regeneration/sprouting,
and remyelination [84]. Given the shared characteristics between
ADSCs and BM-MSCs, it is reasonable to hypothesize that similar
mechanisms may contribute to the benefits observed with ADSC
therapy. However, further research is warranted to directly inves-
tigate the specific genetic and molecular pathways influenced by
ADSC transplantation in the context of SCI.

3. Preclinical evidence for ADSC therapy in SCI

The efficacy of ADSC transplantation in improving functional
outcomes following SCI in animal models has been explored in
several studies. These studies have provided valuable insights into
Table 1
Summary of preclinical studies investigating ADSC therapy for SCI.

Study Animal model ADSC type and dose

Bonnet et al. [85] Rat, acute spinal cord
contusion

Mechanically stimulated
human lipoaspirate

Chen et al. [86] Rat, complete spinal cord
transection at T10

ADSC sheets

Ertlen et al. [87] Rat, acute thoracic spinal
cord contusion

SVF

Emiliano et al. [88] Rat, experimental SCI Human ADSCs; one or two
infusions

Rosado et al. [89] Rat, spinal cord
compression at T8e9

Allogeneic ADSCs;
1 � 106 cells

Zaminy et al. [90] Rat, spinal cord
transection at T9e10

Rat ADSC-derived Schwann
cells, 20 � 104 cells

Kolar et al. [99] Rat, cervical (C3e4)
spinal cord hemisection

Human ADSCs

Kim et al. [100] Dog, acute thoracolumbar
intervertebral disc
disease

ADSCs

Menezes et al. [101] Rat, spinal cord
compression injury

Human ADSCs; 1 � 106 cel

Sarveazad et al. [102] Rat, spinal cord contusion Human ADSCs; 1 � 106 cel
combined with
chondroitinase ABC

Mukhamedshina et al. [103] Rat, spinal cord contusion Rat ADSCs combined with
fibrin matrix
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the therapeutic potential of ADSCs and investigated various
strategies to optimize their regenerative capacity for SCI repair.
However, of note, these preclinical studies have limitations and
potential biases that should be considered when interpreting their
findings. A summary of key findings from these preclinical studies
is presented in Table 1.

3.1. Functional benefits of ADSC transplantation in SCI models

Multiple animal studies investigating SCI demonstrate the po-
tential of ADSC transplantation to promote functional recovery
(Table 1). For instance, Bonnet et al. [85] assessed the efficacy of
transplanting mechanically stimulated lipoaspirate tissue, rich in
ADSCs, in a rat model of acute thoracic spinal cord contusion. Their
findings revealed a reduction in post-SCI inflammatory response,
evidenced by decreased levels of pro-inflammatory cytokines (IL-
1b, IL-6, TNF-a) 14 days after injury. Additionally, the transplanted
activated adipose tissue significantly improved sensorimotor re-
covery, as measured by weekly monitoring for 12 weeks and gait
and electrophysiological analyses at the end of the observation
period. The authors further reported that the transplanted tissue
restored the segmental sensorimotor loop and communication
between supraspinal and sublesional spinal cord regions.

Chen et al. [86] reported that ADSC sheet transplantation in a rat
model of complete spinal cord transection at T10 led to an increase
in b-tubulin III-positive axons and the formation of new tissues at
the injury site, accompanied by a decrease in cavity area, atrophy,
and GFAP expression compared to the control SCI group.

Ertlen et al. [87] investigated the therapeutic efficacy of the
adipose-derived stromal vascular fraction (SVF) on sensorimotor
recovery following acute thoracic spinal cord contusion in adult
rats. Compared to untreated animals, SVF administration mitigated
endogenous inflammation and enhanced behavioral recovery.
Additionally, H-reflex depression and ventilatory adjustments to
muscle fatigue were similar between the sham and SVF groups,
Transplantation method and timing Main findings

Transplantation into the injury site Reduced inflammation and enhanced
sensorimotor recovery

Implantation at the injury site Increased b-tubulin III-positive axons,
reduced cavity area, and improved
bladder function

Transplantation at the injury site Reduced inflammation and improved
behavioral recovery

Systemic infusion Reduced neuronal loss

Intravenous injection 3 h post-
injury

Improved BBB score

Intralesional injection immediately
following injury

Improved BBB score and tail flick test

Transplantation into lateral
funiculus 1-mm rostral and caudal
to the injury site

Stimulated ingrowth of 5HT-positive
raphaespinal axons, modified glial
scar, and reducedmicroglial reactivity

Transplantation into the injured
spinal cord parenchyma

Better recovery than decompression
surgery (DS) alone

ls Direct injection into the spinal
parenchyma immediately following
injury

Promoted functional recovery, tissue
preservation, axonal regeneration,
laminin deposition, and neural
precursor cell clusters

ls, Intraspinal injection Reduced cavity formation, increased
cell density, and improved motor
function recovery

Application at the injury site during
the subacute period

Improved functional recovery,
reduced cavity area, decreased
astroglial activation, and modulated
inflammatory response
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indicating the efficacy of SVF and its potential to improve sensori-
motor function after a traumatic contusion.

Emiliano et al. [88] evaluated the efficacy of human ADSC
(hADSC) infusion for mitigating neuronal loss following experi-
mental SCI in rats. Isolated and characterized hADSCs from bariatric
surgery were infused in Wistar rats with SCI. One group received a
single infusion, while the other received two (days 0 and 7 post-
SCI). The control groups received culture medium. Compared
with controls, ADSC infusion significantly reduced neuronal loss
but did not affect the myelin or astrocyte area. Notably, one versus
two infusions showed no difference, suggesting that distal ADSC
infusion is a safe and effective approach for SCI treatment.

Several studies report significant improvements in motor
function recovery, as assessed by the Basso, Beattie, and Bresnahan
(BBB) locomotor rating scale, following ADSC transplantation
[89,90]. Rosado et al. [91] observed that intravenous injection of
allogeneic, cryopreserved ADSCs 3 h post-injury improved the BBB
scores in a rat model of spinal cord compression at T8e9. Similarly,
Zaminy et al. [90] demonstrated that the intralesional injection of
Schwann cells differentiated from rat ADSCs immediately following
injury improved the BBB scores and tail flick test results in a rat
spinal cord transection model at T9e10.

It is crucial to acknowledge that many of these studies have
small sample sizes, potentially limiting their statistical power and
the generalizability of their results. Additionally, significant het-
erogeneity exists in the SCI models employed (e.g., contusion,
transection, and compression) and treatment protocols (e.g.,
ADSC source, dose, timing, and route of administration). This
heterogeneity makes direct comparisons across studies chal-
lenging and may contribute to inconsistencies in the reported
outcomes. Furthermore, the need for further replication and
validation of these results in larger, well-controlled studies is
evident. Several of the preclinical studies have been conducted by
a limited number of research groups, and independent replication
by other laboratories would strengthen the evidence base for
ADSC therapy in SCI.

While the precise mechanisms underlying the functional im-
provements observed in these preclinical studies remain to be fully
elucidated, it is believed that ADSC differentiation into supportive
cells, such as Schwann cells, may play a significant role in pro-
moting functional recovery [59,61].

3.2. Strategies for enhancing the regenerative potential of ADSCs

Recent studies have explored various strategies for improving
the regenerative potential of ADSCs for SCI repair. These strategies
include.

� Genetically modified ADSCs that overexpress neurotrophic
factors [91,92].

� ADSC-derived EVs, which are membrane vesicles containing
proteins, nucleic acids, and lipids that reflect the biological
functions of their donor cells [93e95].

� Injectable hydrogels for the targeted delivery of ADSCs and their
derived EVs to the injured spinal cord [3,94,95,96].

� ADSC sheet technology, which offers advantages including
improved cell survival and retention at the injury site, and
extracellular matrix preservation [86,97].

� SVF, which has demonstrated efficacy in reducing inflammation
and improving behavioral recovery [87].

Although these strategies show promise in enhancing the
therapeutic potential of ADSCs, most of these studies have been
conducted in preclinical models, and their translation to human
clinical trials may face additional challenges. As these approaches
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move toward clinical application, factors including scalability,
safety, and regulatory considerations should be carefully addressed.

A systematic review by Shang et al. [98] analyzed 15 types of
stem cells in animal models of SCI and observed that ADSCs had the
greatest therapeutic potential for promoting locomotor recovery,
particularly at later stages post-injury (3, 5, and 8 weeks). Addi-
tionally, Mallappa et al. [99] investigated the effects of ADSCs in
both the peripheral nerve and SCI models, providing valuable
insights into their therapeutic mechanisms, including stimulating
the ingrowth of serotonergic (5HT-positive) raphaespinal axons,
modifying the glial scar, and reducing microglial reactivity.

In summary, preclinical studies have provided encouraging
evidence for the therapeutic potential of ADSC therapy in SCI.
However, critically evaluating the limitations and biases of these
studies such as small sample sizes, variability in injury models and
treatment protocols, and the need for independent replication and
validation is imperative. Future studies should address these limi-
tations by conducting larger well-controlled studies using
standardized methodologies, while also exploring strategies for
enhancing the regenerative capacity of ADSCs. As the field ad-
vances, a more comprehensive understanding of the mechanisms
underlying ADSC-mediated neural regeneration and the optimal
strategies for enhancing their therapeutic efficacy will be essential
for successful translation to clinical application.

4. Clinical trials of ADSC therapy for SCI

Building upon the promising results from studies of ADSC
therapy in SCI animal models, researchers are currently actively
translating this promise into clinical applications. This section ex-
plores the ongoing clinical trials investigating the safety, feasibility,
and potential benefits of ADSC therapy for patients with SCI, as
summarized in Table 2. These trials represent a crucial step in
determining whether the regenerative potential observed in
preclinical models can be effectively harnessed to improve func-
tional outcomes in humans.

4.1. Design and objectives of ADSC therapy trials

To determine the safety and efficacy of ADSC therapy for SCI,
completed and ongoing clinical trials are investigating its potential
in this patient population. These mostly early phase trials represent
a significant step toward establishing ADSC therapy as a viable
clinical treatment.

Assessing the safety and feasibility of ADSC transplantation in
patients with SCI is the primary goal of these trials. Tominimize the
risk of immune rejection, researchers primarily use autologous
ADSCs, that is, cells are derived from the patient's fat tissues [104].
The trials aim to determine the safety profile of ADSC trans-
plantation, identify the most effective dosage and delivery method,
and evaluate initial efficacy in terms of functional recovery and
improved quality of life [37,38].

Several studies have investigated the use of ADSCs in patients
with SCI. Ra et al. [104] intravenously administered human ADSCs
to eight male patients with chronic SCI, whereas Hur et al. [37]
observed sensory and motor function improvements in 14 patients
with SCI treated with intrathecal ADSCs. Bydon et al. [38] reported
motor and sensory score improvements in a patient with
SCI following autologous ADSC therapy. Thakkar et al. [105] intra-
thecally coadministered autologous ADSCs, differentiated into
neuronal and hematopoietic stem cells, in 10 patients with post-
traumatic paraplegia.

More recently, Tien et al. [106] conducted a phase 1/2 clinical
trial in Vietnam comparing patients receiving decompression sur-
gery (DS) alone and patients receiving DS followed by intrathecal



Table 2
Summary of clinical studies investigating ADSC therapy for SCI.

Study Study patient description ADSC type and dose Transplantation method
and timing

Main findings

Ra et al. [104] 8 male patients with chronic SCI Autologous ADSCs; dose not specified Intravenous injection No serious adverse events
during the 3-month follow-up

Hur et al. [37] 14 patients with SCI (AIS AeD) Autologous ADSCs; 9 � 107

ADMSCs per patient
Intrathecal injection Sensory and motor function

improvements in some
patients; no serious
adverse events

Bydon et al. [38] 1 patient with SCI (AIS A) Autologous ADSCs; 100 million cells Intrathecal injection,
11 months post-injury

Improvements in ASIA motor
and sensory scores and quality of life

Thakkar et al. [105] 10 patients with posttraumatic
paraplegia

Autologous ADSCs differentiated into
neuronal and hematopoietic stem cells;
mean 4.5 � 104 cells/mL

Intrathecal injection Variable improvements in Hauser's
index and ASIA scores; no
adverse effects

Tien et al. [106] 47 patients with acute and
subacute SCI

Autologous ADSCs; escalating doses
(30 � 106 cells/8 mLe100 � 106

cells/10 mL)

Intrathecal injection;
combined with DS

Improvements in all measures at
3 and 6 months; almost double the
AIS improvement compared with
surgery alone

NCT03308565 [107] 10 patients with chronic
SCI (AIS AeB)

Autologous ADSCs; dose not specified Intrathecal injection Ongoing study; estimated
completion in 2023

NCT04520373 [107] Patients with severe
traumatic SCI

Autologous ADSCs; dose not specified Intrathecal injection;
compared with physical
therapy alone

Ongoing study; estimated
completion in 2024
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autologous ADSC injection. Patients who received ADSCs showed
improvements in all measures at 3- and 6-month follow-ups, and
ADSC transplantation with DS resulted in almost double the AIS
improvement compared with patients who received DS alone
(NCT02034669).

Ongoing trials include a phase 1 study evaluating the safety and
efficacy of autologous ADSC intrathecal delivery in patients with
traumatic SCI (NCT03308565) and a phase 2 trial comparing a
single autologous ADSC intrathecal injection to physical therapy
alone in patients with severe traumatic SCI (NCT04520373) [107].

Trial designs vary, with some involving a single ADSC injection
and others employing multiple injections over time. The most
common method is intrathecal injection [106]; however, some
trials explore intravenous or intralesional injections. To assess
safety and efficacy, stringent patient selection criteria, standardized
ADSC isolation and preparation protocols, and comprehensive
outcome measures are employed [37,38].

4.2. Early findings on safety, feasibility, and efficacy

Current data from completed clinical trials suggest that ADSC
transplantation appears to be generally safe and well-tolerated in
patients with SCI [37,104]. No reports of major adverse events or
complications have been documented, indicating the potential
feasibility and safety of ADSC therapy in a clinical setting [38,105].
However, long-term safety data are limited, and further studies
with extended follow-up periods are required to fully establish the
safety profile of ADSC therapy [107].

Regarding efficacy, some clinical trials have yielded promising
results, demonstrating improvements in sensory and motor func-
tion, as well as overall patient quality of life [37,106]. In a study by
Hur et al. [37], 5 out of 14 patients (35.7%) experienced improve-
ments on the American Spinal Injury Association (ASIA) Impair-
ment Scale (AIS) grade. Specifically, 2 patients improved from AIS A
to B, 2 patients from AIS B to C, and 1 patient from AIS A to C.
Additionally, 6 patients (42.9%) showed increased ASIA motor
scores, with an average increase of 11.6 points (ranging from 2 to 28
points). Furthermore, sensory improvements were observed in 8
patients (57.1%), with a mean increase of 14.4 points (ranging from
2 to 36 points) in ASIA sensory scores.

Another study by Tien et al. [106] reported that patients who
received ADSC transplantation along with DS demonstrated
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significantly greater improvements in ASIA motor and sensory
scores at the 6-month follow-up compared to those who received
DS alone. The mean improvement in ASIA motor scores was 28.2
points (ranging from 12 to 45 points) for the ADSC þ DS group
compared to 15.6 points (ranging from 5 to 30 points) for the DS
alone group. Similarly, the mean improvement in ASIA sensory
scores was 36.4 points (ranging from 15 to 60 points) for the
ADSC þ DS group compared to 18.3 points (ranging from 5 to 35
points) for the DS alone group.

While this review focuses on ADSC therapy for SCI, it is impor-
tant to consider the broader context of stem cell therapy in this
field. BM-MSCs offer a relevant example, with clinical in-
vestigations in Japan exploring their use for SCI treatment [108].
Although BM-MSCs originate from a different tissue source and
exhibit distinct characteristics compared to ADSCs [28], studies on
BM-MSC transplantation provide valuable insights into the general
application of stem cell therapy for SCI. Notably, these studies
highlight the importance of investigating the fate of transplanted
cells after transplantation.

By and large, these findings suggest the potential efficacy of
ADSC therapy for SCI; however, the magnitude of improvement
varies among patients, and the relatively small sample sizes of
these trials limit the ability to draw definitive conclusions about
treatment efficacy [107]. Additionally, the lack of control groups in
some studiesmakes it challenging to definitively attribute observed
improvements solely to ADSC therapy, as spontaneous recovery
and other factors may also play a role [109]. To definitively deter-
mine the therapeutic potential of ADSCs for SCI treatment, larger,
well-controlled clinical trials with standardized outcome measures
are necessary [109].

4.3. Challenges in translating preclinical findings to clinical trials

Despite promising preclinical data on ADSC therapy, significant
hurdles exist in translating these findings into effective clinical
applications. Amajor challenge lies in the limited generalizability of
results from rodent models to humans. The CNS exhibits substan-
tial interspecies differences in motor function networks, neural
plasticity, and structural variations. These disparities must be
carefully considered when interpreting preclinical data.

For example, unlike humans, rats lack monosynaptic cortico-
motoneuronal excitatory postsynaptic potentials (EPSPs). Instead,
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their system relies on disynaptic EPSPs mediated via reticulospinal
neurons and polysynaptic EPSPs mediated by segmental in-
terneurons [110]. Conversely, disynaptic pyramidal excitation in
forelimb motoneurons of Macaca fuscata (long-tailed macaque) is
mediated by C3-C4 propriospinal neurons and exhibits stronger
inhibitory control compared to the feline system [110]. Additionally,
functional recovery of stepping in neonatally spinal cord-
transected rats is not due to axonal regrowth across the lesion
site, but rather due to adaptations within the lumbosacral neural
circuitry. This highlights the significant interspecies variations in
neural plasticity [111]. These structural and functional discrep-
ancies emphasize the critical need to consider interspecies differ-
ences when translating preclinical findings for human application.

To improve the evaluation of ADSC therapy's potential
therapeutic effects in humans, conducting experiments in larger
mammals with a CNS structure and function closer to humans
(e.g., Dogs, pigs, and monkeys) is crucial [98,111]. Such studies can
provide valuable insights into safety, feasibility, and efficacy in
larger mammals, bridging the gap between preclinical findings and
human trials.

Patient heterogeneity in terms of injury location, severity, and
chronicity presents another significant challenge [107]. This vari-
ability makes it difficult to standardize treatment protocols and
assess the efficacy of ADSC therapy across different patient
subgroups [109].

Determining the optimal dosage, timing, and delivery route of
ADSCs in human trials remains another challenge [6]. Preclinical
studies have employed diverse doses and administration strategies,
necessitating the identification of the most effective approach for
clinical translation [112]. Additionally, a complete understanding of
the long-term survival, integration, and safety of transplanted
ADSCs within the human spinal cord is lacking and requires further
investigation [107].

Finally, regulatory and ethical considerations surrounding hu-
man stem cell therapy pose additional challenges [107]. Ensuring
the quality, safety, and consistency of ADSC preparations, along
with obtaining regulatory approval for clinical trials, necessitates
significant time and resources [109]. Addressing these challenges is
essential for successfully translating ADSC therapy into routine
clinical practice for spinal cord injury treatment.

5. Limitations and future directions of ADSC therapy for SCI

ADSC therapy offers a promising avenue for SCI treatment and
associated paralysis through regenerative medicine. However, its
seamless translation into clinical practice is hindered by several
challenges.

The hostile environment of the injured spinal cord is the pri-
mary challenge. This environment is characterized by inflammation
and nutrient deprivation, which significantly reduces transplanted
ADSC survival and integration [40,113,114]. Preconditioning ADSCs
with hypoxia, growth factors, or small molecules to enhance their
regenerative potential are strategies addressing this hurdle
[40,115]. Additionally, genetic modification can overexpress pro-
survival and neurotrophic factors, such as Bcl-2, GDNF, or VEGF,
improving cell viability and function [40,115]. Cotransplantation
with supportive cells including Schwann cells or OECs alongside
biomaterial scaffolds aims to create a more favorable environment
for ADSC survival and function [40,113].

Furthermore, the inherent variability of ADSCs due to tissue
source and donor characteristics poses a significant challenge
[40,52,115]. This variability can significantly impact the therapeutic
efficacy of ADSC therapy, necessitating further investigation into
optimization strategies [40]. Determining the most effective de-
livery route, establishing the optimal cell dose, and identifying the
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ideal timing of intervention following SCI are the optimization
efforts [113,114].

Safety considerations remain paramount, particularly the
potential risks of ADSC therapy-associated tumorigenicity
[40,113,114]. Although the authors brieflymentioned this concern, a
more in-depth discussion is warranted. Current evidence suggests
that ADSCs can promote tumor growth and metastasis through
various mechanisms, including differentiation into cancer-
associated fibroblasts, growth factor and cytokine secretion that
support tumor progression, and tumor microenvironment modu-
lation [39e43]. However, most of these studies have been con-
ducted in vitro or using animal models, and the clinical relevance of
these findings remains unclear [45,48,49].

Several strategies are employed to mitigate the risks of tumor-
igenicity. Thorough characterization and quality control of ADSCs to
ensure the absence of transformed or genetically unstable cells, the
use of suicide genes or other safety switches to eliminate trans-
planted cells if necessary, and the development of targeted delivery
methods to minimize off-target effects are the strategies employed
[40,113,114]. Furthermore, to detect any potential tumorigenic
events and promptly address them, long-term safety monitoring is
crucial in clinical trials. This monitoring should include regular
imaging studies, including magnetic resonance imaging or positron
emission tomography, to track the fate and distribution of trans-
planted ADSCs, as well as long-term follow-up of patients to assess
the incidence of any neoplastic complications [114].

Standardized protocols, large-scale controlled trials, and
combinatorial approaches integrating rehabilitation strategies are
essential to advance ADSC therapy for robust clinical applications
[113e115]. To ensure reproducibility and facilitate comparisons
across studies, standardized protocols for ADSC isolation, expan-
sion, characterization, and transplantation are crucial [40,113,114].

5.1. Potential synergies with other emerging therapeutic
approaches

Although ADSC therapy has shown promise in promoting
functional recovery following SCI, combining it with other
emerging therapeutic approaches may yield synergistic effects and
enhance overall outcomes. The most promising complementary
approaches to ADSC therapy include rehabilitation strategies,
neural interface technologies, and pharmacological interventions.

Rehabilitation strategies including locomotor training and
functional electrical stimulation promote neuroplasticity and
improve functional outcomes in patients with SCI [116,117].
Combining ADSC transplantation with targeted rehabilitation pro-
tocols may enhance transplanted cell integration and functionality
and promote endogenous neural circuit regeneration [118]. For
example, a study by Gollihue et al. [119] demonstrated that the
combination of Schwann cell transplantation and locomotor
training improved hind limb function and promoted tissue sparing
in a rat model of SCI compared with either treatment alone.

Neural interface technologies including brainecomputer in-
terfaces and spinal cord stimulation have emerged as promising
tools for restoring motor and sensory functions in patients with SCI
[120,121]. Integrating ADSC therapy with these technologies may
provide a more comprehensive approach to SCI treatment, target-
ing both damaged neural tissue regeneration and functional
connectivity restoration [122]. For example, a study by Capogrosso
et al. [123] showed that epidural electrical stimulation of the spinal
cord, combined with intraspinal neural stem cell transplantation,
promoted long-term functional recovery in a nonhuman primate
model of SCI.

Pharmacological interventions including neuroprotective
agents, anti-inflammatory drugs, and growth factors have also



Y. Shimizu, E.H. Ntege, E. Takahara et al. Regenerative Therapy 26 (2024) 508e519
shown potential in mitigating secondary injury processes and
promoting neural regeneration following SCI [18,124]. Combining
ADSC therapy with these pharmacological approaches may create a
more favorable microenvironment for cell survival and regenera-
tion, thereby enhancing the overall therapeutic efficacy [125]. A
study by Saini et al. [126] demonstrated that methylprednisolone
and bone marrow-derived mesenchymal stem cell coadministra-
tion improved functional recovery and reduced inflammation in a
rat model of SCI compared with either treatment alone.

As research in these complementary fields is advancing,
exploring the optimal ways to integrate ADSC therapy with these
emerging approaches will be crucial. Preclinical studies investi-
gating the safety and efficacy of combinatorial strategies will be
essential for guiding the design of future clinical trials and maxi-
mizing the therapeutic potential of ADSC therapy for SCI.

Future research directions encompass high-throughput
screening of the ADSC secretome to identify factors promoting
nerve regeneration and protection [114,115]. Bioengineering ap-
proaches aim to optimize the ADSC niche within the body [40,115],
whereas the development of predictive biomarkers will improve
treatment selection [40,113,115]. The integration of advanced
technologies including CRISPR-Cas9 gene editing tools, organoid
technologies, bioengineered spinal cord tissue models, and
computational modeling approaches offer promising avenues for
developing personalized medicine strategies for SCI treatment
[114,115].

Overall, although ADSC therapy for SCI holds significant prom-
ise, addressing challenges related to cell survival, transplantation
parameter optimization, safety considerations, and variability in
study designs is crucial. Particularly, for the safe and successful
translation of this therapy into clinical practice, a more thorough
understanding of the tumorigenic potential of ADSCs and the
development of effective strategies to mitigate these risks are
essential. Exploring the synergistic potential of ADSC therapy with
other emerging therapeutic approaches including rehabilitation
strategies, neural interface technologies, and pharmacological in-
terventions will be crucial in developing comprehensive and
effective treatments for SCI. To realize the full potential of ADSC
therapy in regenerative medicine for SCI, continued interdisci-
plinary research efforts, alongside advancements in technology and
methodology, are essential.

6. Conclusion and future directions

Owing to ADSCs' multilineage differentiation potential, neuro-
trophic factor secretion, and immunomodulatory properties, they
have emerged as a promising cell population for SCI treatment.
Preclinical studies in animal models of SCI have yielded compelling
evidence for the therapeutic potential of ADSCs, demonstrating their
capacity to promote functional recovery, reduce cystic cavity for-
mation within the injured spinal cord, and enhance axonal regen-
eration and myelination [84,87,88,97,99e101]. These findings
underscore the importance of considering interspecies differences in
CNS structure and function when translating preclinical results to
human applications. Early clinical trials have provided initial evi-
dence for safety and feasibility, with some studies suggesting po-
tential improvements inmotor and sensory function [37,38,104,106].
However, the magnitude of improvement varies among patients,
and the relatively small sample sizes of these trials limit the ability to
draw definitive conclusions about ADSC therapy efficacy.

To optimize and translate ADSC therapy into a standard clinical
intervention for SCI, several key challenges should be addressed.
These challenges encompass enhancing cell survival and engraft-
ment post-transplantation, determining the most effective delivery
methods and dosing regimens, mitigating potential risks such as
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tumorigenesis, and establishing standardized protocols for large-
scale clinical trials [40,113e115]. Further research is also needed to
directly investigate the specific genetic and molecular pathways
influenced by ADSC transplantation in the context of SCI. Augment-
ing the therapeutic potential of ADSCs by exploring strategies such as
genetic modification, preconditioning techniques, and combinatorial
approaches that integrate biomaterials and rehabilitation therapies
are the focus of future research endeavors [113e115].

The following are the most promising avenues for future
research in ADSC therapy for SCI: (1) developing innovative stra-
tegies to enhance the survival, engraftment, and regenerative ca-
pacity of transplanted ADSCs; (2) conducting larger well-controlled
clinical trials to definitively establish the safety and efficacy of
ADSC therapy; (3) investigating potential synergies between ADSC
therapy and other emerging therapeutic approaches, including
rehabilitation strategies, neural interface technologies, and phar-
macological interventions; and (4) exploring the use of advanced
technologies, including gene editing, organoid models, and
computational approaches, to optimize and personalize ADSC
therapy for SCI [114,115]. Studies on BM-MSC transplantation in SCI
provide valuable insights into the broader field of stem cell therapy
and highlight the importance of investigating the fate and mech-
anisms of action of transplanted cells [83,84].

A multidisciplinary approach fostering close collaboration
among basic scientists, clinical researchers, clinicians, and patients
is needed for the successful development and clinical imple-
mentation of ADSC therapy for SCI. Basic scientists play a critical role
in elucidating the mechanisms underlying ADSC-mediated neural
regeneration and identifying novel therapeutic targets. Clinical re-
searchers design and conduct well-controlled clinical trials to
definitively establish the safety and efficacy of ADSC therapy.
Clinicians particularly those specializing in rehabilitation medicine
are essential in integrating ADSC therapy with established rehabil-
itation strategies to maximize functional recovery in patients with
SCI. Importantly, to ensure that ADSC therapy development aligns
with patients' needs and priorities, their participation and engage-
ment in research and advocacy efforts are vital.

In conclusion, ADSC therapy offers significant promise as a
regenerative approach for SCI treatment. Although substantial
progress has been made in understanding the potential of ADSCs
and developing therapeutic strategies, further research is necessary
to optimize and translate this promising therapy into a safe,
effective, and clinically viable treatment option. Overcoming cur-
rent challenges will require a concerted effort from the scientific
community, clinicians, and patients. By fostering collaborative
research, investing in innovative approaches, and maintaining a
patient-centric focus, the full potential of ADSC therapy for SCI can
be realized, ultimately offering new hope and improved quality of
life for individuals with SCI.
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[33] Trzyna A, Bana�s-Ząbczyk A. Adipose-derived stem cells secretome and its
potential application in “stem cell-free therapy”. Biomolecules 2021 Jun
13;11(6):878.

[34] Gao S, Guo X, Zhao S, Jin Y, Zhou F, Yuan P, et al. Differentiation of human
adipose-derived stem cells into neuron/motoneuron-like cells for cell
replacement therapy of spinal cord injury. Cell Death Dis 2019;10(8):597.

[35] Ohta Y, Takenaga M, Hamaguchi A, Ootaki M, Takeba Y, Kobayashi T, et al.
Isolation of adipose-derived stem/stromal cells from cryopreserved fat tissue
and transplantation into rats with spinal cord injury. Int J Mol Sci
2018;19(7):1963.

[36] Marconi S, Castiglione G, Turano E, Bissolotti G, Angiari S, Farinazzo A, et al.
Human adipose-derived mesenchymal stem cells systemically injected
promote peripheral nerve regeneration in the mouse model of sciatic crush.
Tissue Eng 2012;18(11e12):1264e72.

[37] Hur JW, Cho T-H, Park D-H, Lee J-B, Park J-Y, Chung Y-G. Intrathecal trans-
plantation of autologous adipose-derived mesenchymal stem cells for
treating spinal cord injury: a human trial. J Spinal Cord Med 2016;39(6):
655e64.

[38] Bydon M, Dietz AB, Goncalves S, Moinuddin FM, Alvi MA, Goyal A, Yolcu Y,
et al. CELLTOP clinical trial: first report from a Phase 1 trial of autologous
adipose tissue-derived mesenchymal stem cells in the treatment of paralysis
due to traumatic spinal cord injury. Mayo Clin Proc 2020;95(2):406e14.

[39] Chan YW, So C, Yau KL, Chiu KC, Wang X, Chan FL, et al. Adipose-derived
stem cells and cancer cells fuse to generate cancer stem cell-like cells with
increased tumorigenicity. J Cell Physiol 2020 Oct;235(10):6794e807.

[40] Zhang J, Liu Y, Chen Y, Yuan L, Liu H, Wang J, et al. Adipose-derived stem
cells: current applications and future directions in the regeneration of
multiple tissues. Stem Cell Int 2020 Dec 10;2020:8810813.

[41] Jotzu C, Alt E, Welte G, Li J, Hennessy BT, Devarajan E, et al. Adipose tissue
derived stem cells differentiate into carcinoma-associated fibroblast-like
cells under the influence of tumor derived factors. Cell Oncol 2011 Feb;34(1):
55e67.

[42] Biffi G, Tuveson DA. Diversity and biology of cancer-associated fibroblasts.
Physiol Rev 2021 Jan 1;101(1):147e76.

[43] Bunnell BA, Martin EC, Matossian MD, Brock CK, Nguyen K, Collins-Burow B,
et al. The effect of obesity on adipose-derived stromal cells and adipose
tissue and their impact on cancer. Cancer Metastasis Rev 2022 Sep;41(3):
549e73.

[44] Fang J, Chen F, Liu D, Gu F, Wang Y. Adipose tissue-derived stem cells in
breast reconstruction: a brief review on biology and translation. Stem Cell
Res Ther 2021 Jan 6;12(1):8.

[45] Koellensperger E, Bonnert L-C, Zoernig I, Marm�e F, Sandmann S, Germann G,
et al. The impact of human adipose tissue-derived stem cells on breast
cancer cells: implications for cell-assisted lipotransfers in breast recon-
struction. Stem Cell Res Ther 2017 May 25;8(1):121.

[46] Goto H, Shimono Y, Funakoshi Y, Imamura Y, Toyoda M, Kiyota N, et al.
Adipose-derived stem cells enhance human breast cancer growth and cancer
stem cell-like properties through adipsin. Oncogene 2019 Feb;38(6):767e79.

[47] Ejaz R, Alharbi NK, Alsubaie AM, Almutairi SM, Altamimi ASA, Alahmadi AA,
et al. Role of adipose derived mesenchymal stem cells (ADMSCs) in stimu-
lating breast cancer cells. Int J Mol Sci 2022 Sep 8;23(18):10392.

[48] Ejaz R, Alyami SA, Alotaibi FO, Alharbi NK. The stimulatory effect of adipose
stem cells secretome and platelet-rich plasma on proliferation and migration
of dermal papilla cells. Biomed Pharmacother 2022 Aug;152:113194.

[49] Razmkhah M, Mansourabadi Z, Mohtasebi MS, Talei A-R, Ghaderi A. Cancer
and normal adipose-derived mesenchymal stem cells (ASCs): do they have
differential effects on tumor and immune cells? Cell Biol Int 2018 Mar;42(3):
334e43.

[50] van der Worp HB, Howells DW, Sena ES, Porritt MJ, Rewell S, O'Collins V,
et al. Can animal models of disease reliably inform human studies? PLoS Med
2010 Mar 30;7(3):e1000245.

[51] Beane OS, Fonseca VC, Cooper LL, Koren G, Darling EM. Impact of aging on
the regenerative properties of bone marrow-, muscle-, and adipose-derived
mesenchymal stem/stromal cells. PLoS One 2014 Dec 26;9(12):e115963.

[52] Ogawa R, Mizuno H, Watanabe A, Migita M, Hyakusoku H, Shimada T. Adi-
pogenic differentiation by adipose-derived stem cells harvested from GFP
transgenic mice-including relationship of sex differences. Biochem Biophys
Res Commun 2004 Aug 6;319(2):511e7.

[53] P�erez LM, Bernal A, San Martín N, G�alvez BG. Obese-derived ASCs show
impaired migration and angiogenesis properties. Arch Physiol Biochem 2013
Oct;119(5):195e201.

http://www.enago.jp
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref1
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref1
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref1
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref2
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref2
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref2
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref3
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref3
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref3
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref3
https://www.ncbi.nlm.nih.gov/books/NBK560721/
https://www.ncbi.nlm.nih.gov/books/NBK560721/
https://www.nscisc.uab.edu/Public/Facts%202020.pdf
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref6
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref6
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref6
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref6
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref7
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref7
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref7
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref8
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref8
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref8
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref8
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref9
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref9
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref9
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref9
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref9
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref9
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref9
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref10
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref10
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref10
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref11
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref11
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref12
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref12
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref12
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref13
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref13
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref13
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref13
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref13
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref14
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref14
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref14
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref14
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref15
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref15
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref15
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref15
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref16
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref16
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref16
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref16
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref17
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref17
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref17
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref18
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref18
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref19
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref19
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref19
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref20
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref20
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref20
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref21
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref21
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref21
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref21
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref22
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref22
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref22
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref23
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref23
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref23
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref23
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref24
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref24
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref24
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref24
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref25
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref25
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref25
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref25
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref26
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref26
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref26
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref26
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref27
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref27
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref27
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref27
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref27
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref27
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref27
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref27
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref27
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref28
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref28
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref28
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref29
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref29
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref29
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref30
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref30
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref30
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref31
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref31
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref31
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref32
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref32
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref32
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref32
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref33
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref33
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref33
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref33
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref33
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref34
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref34
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref34
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref35
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref35
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref35
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref35
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref36
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref36
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref36
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref36
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref36
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref36
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref37
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref37
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref37
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref37
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref37
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref38
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref38
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref38
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref38
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref38
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref39
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref39
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref39
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref39
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref40
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref40
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref40
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref41
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref41
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref41
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref41
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref41
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref42
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref42
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref42
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref43
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref43
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref43
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref43
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref43
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref44
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref44
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref44
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref45
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref45
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref45
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref45
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref45
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref46
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref46
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref46
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref46
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref47
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref47
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref47
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref48
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref48
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref48
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref49
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref49
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref49
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref49
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref49
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref50
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref50
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref50
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref51
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref51
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref51
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref52
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref52
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref52
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref52
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref52
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref53
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref53
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref53
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref53
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref53
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref53


Y. Shimizu, E.H. Ntege, E. Takahara et al. Regenerative Therapy 26 (2024) 508e519
[54] Frese L, Dijkman PE, Hoerstrup SP. Adipose tissue-derived stem cells in
regenerative medicine. Transfus Med Hemotherapy 2016 Jul;43(4):268e74.

[55] Russo V, Yu C, Belliveau P, Hamilton A, Flynn LE. Comparison of human
adipose-derived stem cells isolated from subcutaneous, omental, and intra-
thoracic adipose tissue depots for regenerative applications. Stem Cells
Transl Med 2014 Feb;3(2):206e17.

[56] Jang S, Cho H-H, Cho Y-B, Park J-S, Jeong H-S. Functional neural differenti-
ation of human adipose tissue-derived stem cells using bFGF and forskolin.
BMC Cell Biol 2010;11:25. https://doi.org/10.1186/1471-2121-11-25.

[57] Cardozo AJ, G�omez DE, Argibay PF. Neurogenic differentiation of human
adipose-derived stem cells: relevance of different signaling molecules,
transcription factors, and key marker genes. Gene 2012;511(2):427e36.
https://doi.org/10.1016/j.gene.2012.09.038.

[58] Gu W, Zhang F, Xue Q, Ma Z, Lu P, Yu B. Transplantation of bone marrow
mesenchymal stem cells reduces lesion volume and induces axonal regrowth
of injured spinal cord. Neuropathology 2010;30(3):205e17. https://doi.org/
10.1111/j.1440-1789.2009.01063.x.

[59] Faroni A, Smith RJP, Lu L, Reid AJ. Human Schwann-like cells derived from
adipose-derived mesenchymal stem cells rapidly de-differentiate in the
absence of stimulating medium. Eur J Neurosci 2016;43(3):417e30. https://
doi.org/10.1111/ejn.13055.

[60] Tang W, Wang H, Zhao X, Liu S, Kong SK, Ho A, et al. Stem cell differentiation
with consistent lineage commitment induced by a flash of ultrafast-laser
activation in vitro and in vivo. Cell Rep 2022 Mar 8;38(10):110486.
https://doi.org/10.1016/j.celrep.2022.110486.

[61] Sowa Y, Kishida T, Tomita K, Yamamoto K, Numajiri T, Mazda O. Direct
conversion of human fibroblasts into Schwann cells that facilitate regener-
ation of injured peripheral nerve in vivo. Stem Cells Transl Med 2017
Apr;6(4):1207e16. https://doi.org/10.1002/sctm.16-0122.

[62] Salgado AJBOG, Reis RLG, Sousa NJC, Gimble JM. Adipose tissue derived stem
cells secretome: soluble factors and their roles in regenerative medicine.
Curr Stem Cell Res Ther 2010;5(2):103e10. https://doi.org/10.2174/
157488810791268564.

[63] Santos AK, Gomes KN, Parreira RC, Scalzo S, Pinto MCX, Santiago HC, et al.
Mouse neural stem cell differentiation and human adipose mesenchymal
stem cell transdifferentiation into neuron- and oligodendrocyte-like cells
with myelination potential. Stem Cell Rev Rep 2022;18(2):732e51. https://
doi.org/10.1007/s12015-021-10218-7.

[64] Ghosouri S, Soleimani M, Bakhtiari M, Ghasemi N. Evaluation of in vivo
lithium chloride effects as a GSK3-b inhibitor on human adipose derived
stem cells differentiation into oligodendrocytes and re-myelination in an
animal model of multiple sclerosis. Mol Biol Rep 2023 Feb;50(2):1617e25.
https://doi.org/10.1007/s11033-022-08181-8.

[65] Tang L, Lu X, Zhu R, Qian T, Tao Y, Li K, et al. Adipose-derived stem cells
expressing the neurogenin-2 promote functional recovery after spinal cord
injury in rat. Cell Mol Neurobiol 2016;36(5):657e67. https://doi.org/
10.1007/s10571-015-0246-y.

[66] Setiawan AM, Kamarudin TA, Abd Ghafar N. The role of BMP4 in adipose-
derived stem cell differentiation: a minireview. Front Cell Dev Biol 2022
Oct 21;10:1045103. https://doi.org/10.3389/fcell.2022.1045103.

[67] Zhou T, Yuan Z, Weng J, Pei D, Du X, He C, et al. Challenges and advances in
clinical applications of mesenchymal stromal cells. J Hematol Oncol
2021;14(1):24. https://doi.org/10.1186/s13045-021-01037-x.

[68] Rehman J, Traktuev D, Li J, Merfeld-Clauss S, Temm-Grove CJ, Bovenkerk JE,
et al. Secretion of angiogenic and antiapoptotic factors by human adipose
stromal cells. Circulation 2004;109(10):1292e8. https://doi.org/10.1161/
01.CIR.0000121425.42966.F1.

[69] Ohta Y, Hamaguchi A, Ootaki M, Watanabe M, Takeba Y, Iiri T, et al. Intra-
venous infusion of adipose-derived stem/stromal cells improves functional
recovery of rats with spinal cord injury. Cytotherapy 2017;19(7):839e48.
https://doi.org/10.1016/j.jcyt.2017.04.002.

[70] Paspala Z, Reza Bakhsh A, Javan M, Rahim F. Regenerative medicine appli-
cations of mesenchymal stem cells-derived exosomes in the treatment of
central nervous system diseases. Bioengineered 2023;14(5):4544e72.
https://doi.org/10.1080/21655979.2023.2204127.

[71] Xin H, Li Y, Buller B, Katakowski M, Zhang Y, Wang X, et al. Exosome-
mediated transfer of miR-133b from multipotent mesenchymal stromal cells
to neural cells contributes to neurite outgrowth. Stem Cell 2012 Jul;30(7):
1556e64. https://doi.org/10.1002/stem.1129.

[72] Rani S, Ryan AE, Griffin MD, Ritter T. Mesenchymal stem cell-derived
extracellular vesicles: toward cell-free therapeutic applications. Mol Ther
2015 May;23(5):812e23. https://doi.org/10.1038/mt.2015.44.

[73] Ruppert KA, Nguyen TT, Prabhakara KS, Toledano Furman NE, Srivastava AK,
Harting MT, et al. Human mesenchymal stromal cell-derived extracellular
vesicles modify microglial response and improve clinical outcomes in
experimental spinal cord injury. Sci Rep 2018 Jan 24;8(1):480. https://
doi.org/10.1038/s41598-017-18867-w.

[74] Rust R, Kaiser J. Insights into the dual role of inflammation after spinal cord
injury. J Neurosci 2017;37(18):4658e60. https://doi.org/10.1523/JNEUR-
OSCI.0498-17.2017.

[75] Mukhamedshina YO, Gracheva OA, Mukhutdinova DM, Chelyshev YA,
Rizvanov AA. Mesenchymal stem cells and the neuronal microenvironment
in the area of spinal cord injury. Neural Regen Res 2019;14(2):227e37.
https://doi.org/10.4103/1673-5374.244778.
518
[76] Tsai MJ, Liou DY, Lin YR, Weng CF, Huang MC, Huang WC, et al. Attenuating
spinal cord injury by conditioned medium from human umbilical cord
blood-derived CD34⁺ cells in rats. Taiwan J Obstet Gynecol 2019;58(1):23e8.
https://doi.org/10.1016/j.tjog.2018.11.004.

[77] Kyurkchiev D, Bochev I, Ivanova-Todorova E, Mourdjeva M, Oreshkova T,
Belemezova K, et al. Secretion of immunoregulatory cytokines by mesen-
chymal stem cells. World J Stem Cell 2014;6(5):552e70. https://doi.org/
10.4252/wjsc.v6.i5.552.

[78] Ma S, Xie N, Li W, Yuan B, Shi Y, Wang Y. Immunobiology of mesenchymal
stem cells. Cell Death Differ 2014;21(2):216e25. https://doi.org/10.1038/
cdd.2013.158.

[79] Nakajima H, Uchida K, Guerrero AR, Watanabe S, Sugita D, Takeura N, et al.
Transplantation of mesenchymal stem cells promotes an alternative
pathway of macrophage activation and functional recovery after spinal cord
injury. J Neurotrauma 2012;29(8):1614e25. https://doi.org/10.1089/
neu.2011.2109.

[80] Matsukawa A, Takeda K, Kudo S, Maeda T, Kagayama M, Akira S. Aberrant
inflammation and lethality to septic peritonitis in mice lacking STAT3 in
macrophages and neutrophils. J Immunol 2003;171(11):6198e205. https://
doi.org/10.4049/jimmunol.171.11.6198.

[81] Pluchino S, Quattrini A, Brambilla E, Gritti A, Salani G, Dina G, et al. Injection of
adult neurospheres induces recovery in a chronic model of multiple sclerosis.
Nature 2003;422(6933):688e94. https://doi.org/10.1038/nature01552.

[82] Li P, Cui K, Zhang B, Wang Z, Shen Y, Wang X, et al. Transplantation of human
umbilical cord-derived mesenchymal stems cells for the treatment of Becker
muscular dystrophy in affected pedigree members. Int J Mol Med
2015;35(4):1051e7.

[83] Oshigiri T, Sasaki T, Sasaki M, Kataoka-Sasaki Y, Nakazaki M, Oka S, et al.
Intravenous infusion of mesenchymal stem cells alters motor cortex gene
expression in a rat model of acute spinal cord injury. J Neurotrauma 2019
Feb 1;36(3):411e20. https://doi.org/10.1089/neu.2018.5793.

[84] Morita T, Sasaki M, Kataoka-Sasaki Y, Nakazaki M, Nagahama H, Oka S, et al.
Intravenous infusion of mesenchymal stem cells promotes functional re-
covery in a model of chronic spinal cord injury. Neuroscience 2016 Oct
29;335:221e31. https://doi.org/10.1016/j.neuroscience.2016.08.037.

[85] Bonnet M, Ertlen C, Seblani M, Brezun J-M, Coyle T, Cereda C, et al. Activated
human adipose tissue transplantation promotes sensorimotor recovery after
acute spinal cord contusion in rats. Cells 2024 Jan 17;13(2):182. https://
doi.org/10.3390/cells13020182.

[86] Chen J, Wang L, Liu M, Gao G, Zhao W, Fu Q, et al. Implantation of adipose-
derived mesenchymal stem cell sheets promotes axonal regeneration and
restores bladder function after spinal cord injury. Stem Cell Res Ther
2022;13(1):503. https://doi.org/10.1186/s13287-022-03188-1.

[87] Ertlen C, Seblani M, Bonnet M, Brezun J-M, Coyle T, Sabatier F, et al. Efficacy
of the immediate adipose-derived stromal vascular fraction autograft on
functional sensorimotor recovery after spinal cord contusion in rats. Stem
Cell Res Ther 2024;15(1):29. https://doi.org/10.1186/s13287-024-03645-z.

[88] Bhoopalan SV, Yen JS, Levine RM, Sharma A. Editing human hematopoietic
stem cells: advances and challenges. Cytotherapy 2023;25(3):261e9.

[89] Rosado IR, Carvalho PH, Alves EGL, Tagushi TM, Carvalho JL, Silva JF, et al..
Immunomodulatory and neuroprotective effect of cryopreserved allogeneic
mesenchymal stem cells on spinal cord injury in rats. Genet Mol Res. 16(1).
doi: 10.4238/gmr16019555.

[90] Zaminy A, Shokrgozar MA, Sadeghi Y, Norouzian M, Heidari MH, Piryaei A.
Transplantation of Schwann cells differentiated from adipose stem cells
improves functional recovery in rat spinal cord injury. Arch Iran Med
2013;16(9):533e41. Available from: https://doi.org/013169/AIM.0011.

[91] Zhou G, Wang Y, Gao S, Fu X, Cao Y, Peng Y, et al. Potential mechanisms and
perspectives in ischemic stroke treatment using stem cell therapies. Front
Cell Dev Biol 2021 Apr 1;9:646927. https://doi.org/10.3389/fcell.2021.
646927.

[92] Saremi J, Mahmoodi N, Rasouli M, Ranjbar FE, Mazaheri EL, Akbari M, et al.
Advanced approaches to regenerate spinal cord injury: the development of
cell and tissue engineering therapy and combinational treatments. Biomed
Pharmacother 2022 Feb;146:112529. https://doi.org/10.1016/j.biopha.
2021.112529.

[93] Ou Y-C, Huang C-C, Kao Y-L, Ho P-C, Tsai K-J. Stem cell therapy in spinal cord
injury-induced neurogenic lower urinary tract dysfunction. Stem Cell Rev
Rep 2023;19(6):1691e708. https://doi.org/10.1007/s12015-023-10547-9.

[94] Nazerian A, Ebrahimi F, Gholipour F, Daneshgar F, Sahranavard S,
Sheikhsaran F, et al. Extracellular vesicles-loaded biomaterials as a next-
generation therapeutic strategy for brain and spinal cord injury. Front Bio-
eng Biotechnol 2023;11. https://doi.org/10.3389/fbioe.2023.1134087.

[95] Afsartala Z, Rezabakhsh A, Javan M, Rahim F. Regenerative medicine appli-
cations of mesenchymal stem cells-derived exosomes in the treatment of
central nervous system diseases. Bioengineered 2023;14(5):4544e72.
https://doi.org/10.1080/21655979.2023.2204127.

[96] Ji R, Hao Z, Wang H, Li X, Duan L, Guan F, et al. Application of injectable
hydrogels as delivery systems in spinal cord injury. Gels 2023;9(11):907.
https://doi.org/10.3390/gels9110907.

[97] Xu L, Zhao H, Yang Y, Xiong Y, Zhong W, Jiang G, et al. The application of
stem cell sheets for neuronal regeneration after spinal cord injury: a sys-
tematic review of pre-clinical studies. Syst Rev 2023;12(1):225. https://
doi.org/10.1186/s13643-023-02390-3.

http://refhub.elsevier.com/S2352-3204(24)00135-4/sref54
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref54
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref54
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref55
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref55
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref55
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref55
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref55
https://doi.org/10.1186/1471-2121-11-25
https://doi.org/10.1016/j.gene.2012.09.038
https://doi.org/10.1111/j.1440-1789.2009.01063.x
https://doi.org/10.1111/j.1440-1789.2009.01063.x
https://doi.org/10.1111/ejn.13055
https://doi.org/10.1111/ejn.13055
https://doi.org/10.1016/j.celrep.2022.110486
https://doi.org/10.1002/sctm.16-0122
https://doi.org/10.2174/157488810791268564
https://doi.org/10.2174/157488810791268564
https://doi.org/10.1007/s12015-021-10218-7
https://doi.org/10.1007/s12015-021-10218-7
https://doi.org/10.1007/s11033-022-08181-8
https://doi.org/10.1007/s10571-015-0246-y
https://doi.org/10.1007/s10571-015-0246-y
https://doi.org/10.3389/fcell.2022.1045103
https://doi.org/10.1186/s13045-021-01037-x
https://doi.org/10.1161/01.CIR.0000121425.42966.F1
https://doi.org/10.1161/01.CIR.0000121425.42966.F1
https://doi.org/10.1016/j.jcyt.2017.04.002
https://doi.org/10.1080/21655979.2023.2204127
https://doi.org/10.1002/stem.1129
https://doi.org/10.1038/mt.2015.44
https://doi.org/10.1038/s41598-017-18867-w
https://doi.org/10.1038/s41598-017-18867-w
https://doi.org/10.1523/JNEUROSCI.0498-17.2017
https://doi.org/10.1523/JNEUROSCI.0498-17.2017
https://doi.org/10.4103/1673-5374.244778
https://doi.org/10.1016/j.tjog.2018.11.004
https://doi.org/10.4252/wjsc.v6.i5.552
https://doi.org/10.4252/wjsc.v6.i5.552
https://doi.org/10.1038/cdd.2013.158
https://doi.org/10.1038/cdd.2013.158
https://doi.org/10.1089/neu.2011.2109
https://doi.org/10.1089/neu.2011.2109
https://doi.org/10.4049/jimmunol.171.11.6198
https://doi.org/10.4049/jimmunol.171.11.6198
https://doi.org/10.1038/nature01552
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref82
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref82
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref82
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref82
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref82
https://doi.org/10.1089/neu.2018.5793
https://doi.org/10.1016/j.neuroscience.2016.08.037
https://doi.org/10.3390/cells13020182
https://doi.org/10.3390/cells13020182
https://doi.org/10.1186/s13287-022-03188-1
https://doi.org/10.1186/s13287-024-03645-z
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref88
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref88
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref88
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref90
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref90
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref90
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref90
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref90
https://doi.org/10.3389/fcell.2021.646927
https://doi.org/10.3389/fcell.2021.646927
https://doi.org/10.1016/j.biopha.2021.112529
https://doi.org/10.1016/j.biopha.2021.112529
https://doi.org/10.1007/s12015-023-10547-9
https://doi.org/10.3389/fbioe.2023.1134087
https://doi.org/10.1080/21655979.2023.2204127
https://doi.org/10.3390/gels9110907
https://doi.org/10.1186/s13643-023-02390-3
https://doi.org/10.1186/s13643-023-02390-3


Y. Shimizu, E.H. Ntege, E. Takahara et al. Regenerative Therapy 26 (2024) 508e519
[98] Shang Z, Wang R, Li D, Chen J, Zhang B, Wang M, et al. Spinal cord injury: a
systematic review and network meta-analysis of therapeutic strategies
based on 15 types of stem cells in animal models. Front Pharmacol 2022 Mar
14;13:819861. https://doi.org/10.3389/fphar.2022.819861.

[99] Kolar MK. The use of adipose derived stem cells in spinal cord and peripheral
nerve repair [Doctoral dissertation. Umeå University; 2014.

[100] Kim Y, Lee SH, Kim WH, Kweon O-K. Transplantation of adipose derived
mesenchymal stem cells for acute thoracolumbar disc disease with no deep
pain perception in dogs. J Vet Sci 2016 Mar;17(1):123e6. https://doi.org/
10.4142/jvs.2016.17.1.123.

[101] Menezes K, Nascimento MA, Gonçalves JP, Cruz AS, Lopes DV, Curzio B, et al.
Human mesenchymal cells from adipose tissue deposit laminin and promote
regeneration of injured spinal cord in rats. PLoS One 2014 May 15;9(5):
e96020. https://doi.org/10.1371/journal.pone.0096020.

[102] Sarveazad A, Babahajian A, Bakhtiari M, Soleimani M, Behnam B, Yari A, et al.
The combined application of human adipose derived stem cells and chon-
droitinase ABC in treatment of a spinal cord injury model. Neuropeptides
2017 Feb;61:39e47. https://doi.org/10.1016/j.npep.2016.07.004.

[103] Mukhamedshina YO, Akhmetzyanova ER, Kostennikov AA, Zakirova EY,
Galieva LR, Garanina EE, et al. Adipose-derived mesenchymal stem cell
application combined with fibrin matrix promotes structural and functional
recovery following spinal cord injury in rats. Front Pharmacol 2018 Apr 10;9:
343. https://doi.org/10.3389/fphar.2018.00343.

[104] Ra JC, Shin IS, Kim SH, Kang SK, Kang BC, Lee HY, et al. Safety of intravenous
infusion of human adipose tissue-derived mesenchymal stem cells in ani-
mals and humans. Stem Cell Dev 2011;20(8):1297e308. https://doi.org/
10.1089/scd.2010.0466.

[105] Thakkar UG, Vanikar AV, Trivedi HL, Shah VR, Dave SD, Dixit SB, et al.
Infusion of autologous adipose tissue derived neuronal differentiated
mesenchymal stem cells and hematopoietic stem cells in post-traumatic
paraplegia offers a viable therapeutic approach. Adv Biomed Res 2016;5:
51. https://doi.org/10.4103/2277-9175.178792.

[106] Tien NLB, Hoa ND, Thanh VV, Thach NV, Ngoc VTN, Dinh TC, et al. Autologous
transplantation of adipose-derived stem cells to treat acute spinal cord
injury: evaluation of clinical signs, mental signs, and quality of life. Open
Access Maced J Med Sci 2019;7(24):4399e405. https://doi.org/10.3889/
oamjms.2019.843.

[107] Khaing ZZ, Chen JY, Safarians G, Ezubeik S, Pedroncelli N, Duquette RD, et al.
Clinical trials targeting secondary damage after traumatic spinal cord injury.
Int J Mol Sci 2023;24(4):3824. https://doi.org/10.3390/ijms24043824.

[108] Osaka M, Honmou O, Murakami T, Nonaka T, Houkin K, Hamada H, et al.
Intravenous administration of mesenchymal stem cells derived from bone
marrow after contusive spinal cord injury improves functional outcome. Brain
Res 2010 Jul 9;1343:226e35. https://doi.org/10.1016/j.brainres.2010.05.011.

[109] Shang Z, Wang M, Zhang B, Wang X, Wanyan P. Clinical translation of stem
cell therapy for spinal cord injury still premature: results from a single-arm
meta-analysis based on 62 clinical trials. BMC Med 2022;20(1):284. https://
doi.org/10.1186/s12916-022-02482-2.

[110] Alstermark B, Isa T, Ohki Y, Saito Y. Disynaptic pyramidal excitation in
forelimb motoneurons mediated via C(3)-C(4) propriospinal neurons in the
Macaca fuscata. J Neurophysiol 1999 Dec;82(6):3580e5. https://doi.org/
10.1152/jn.1999.82.6.3580.

[111] Tillakaratne NJ, Guu JJ, de Leon RD, Bigbee AJ, London NJ, Zhong H, et al.
Functional recovery of stepping in rats after a complete neonatal spinal cord
transection is not due to regrowth across the lesion site. Neuroscience 2010
Mar 10;166(1):23e33. https://doi.org/10.1016/j.neuroscience.2009.

[112] Rafiei Alavi SN, Madani Neishaboori A, Hossein H, Sarveazad A,
Yousefifard M. Efficacy of adipose tissue-derived stem cells in locomotion
519
recovery after spinal cord injury: a systematic review and meta-analysis on
animal studies. Syst Rev 2021;10(1):213. https://doi.org/10.1186/s13643-
021-01771-w.

[113] Zeng C-W. Advancing spinal cord injury treatment through stem cell ther-
apy: a comprehensive review of cell types, challenges, and emerging tech-
nologies in regenerative medicine. Int J Mol Sci 2023;24(18):14349. https://
doi.org/10.3390/ijms241814349.

[114] Khan SI, Ahmed N, Ahsan K, Abbasi M, Maugeri R, Chowdhury D, et al. An
insight into the prospects and drawbacks of stem cell therapy for spinal cord
injuries: ongoing trials and future directions. Brain Sci 2023;13(12):1697.
https://doi.org/10.3390/brainsci13121697.

[115] Wu H, Fan Y, Zhang M. Advanced progress in the role of adipose-derived
mesenchymal stromal/stem cells in the application of central nervous sys-
tem disorders. Pharmaceutics 2023;15(11):2637. https://doi.org/10.3390/
pharmaceutics15112637.

[116] Holanda LJ, Silva PMM, Amorim TC, Lacerda MO, Sim~ao CR, Morya E. Robotic
assisted gait as a tool for rehabilitation of individuals with spinal cord injury:
a systematic review. J NeuroEng Rehabil 2017 Dec 4;14(1):126. https://
doi.org/10.1186/s12984-017-0338-7.

[117] Angeli CA, Boakye M, Morton RA, Vogt J, Benton K, Chen Y, et al. Recovery of
over-ground walking after chronic motor complete spinal cord injury. N Engl
J Med 2018 Sep 27;379(13):1244e50. https://doi.org/10.1056/NEJMoa
1803588.

[118] Hwang DH, Kim HM, Kang YM, Joo IS, Cho C-S, Yoon B-W, et al. Combination
of multifaceted strategies to maximize the therapeutic benefits of neural
stem cell transplantation for spinal cord repair. Cell Transplant 2011;20(9):
1361e79. https://doi.org/10.3727/096368910X557155.

[119] Gollihue JL, Patel SP, Eldahan KC, Cox DH, Donahue RR, Taylor BK, et al. Ef-
fects of mitochondrial transplantation on bioenergetics, cellular incorpora-
tion, and functional recovery after spinal cord injury. J Neurotrauma 2018
Aug 1;35(15):1800e18. https://doi.org/10.1089/neu.2017.5605.

[120] Rowald A, Komi S, Demesmaeker R, Baaklini E, Hernandez-Charpak SD,
Paoles E, et al. Activity-dependent spinal cord neuromodulation rapidly re-
stores trunk and leg motor functions after complete paralysis. Nat Med 2022
Feb;28(2):260e71. https://doi.org/10.1038/s41591-021-01663-5.

[121] Donati ARC, Shokur S, Morya E, Campos DSF, Moioli RC, Gitti CM, et al. Long-
term training with a brain-machine interface-based gait protocol induces
partial neurological recovery in paraplegic patients. Sci Rep 2016 Aug 11;6:
30383. https://doi.org/10.1038/srep30383.

[122] Grahn PJ, Lavrov IA, Sayenko DG, Van Straaten MG, Gill ML, Strommen JA,
et al. Enabling task-specific volitional motor functions via spinal cord neu-
romodulation in a human with paraplegia. Mayo Clin Proc 2017 Apr;92(4):
544e54. https://doi.org/10.1016/j.mayocp.2017.02.014.

[123] Capogrosso M, Milekovic T, Borton D, Wagner F, Moraud EM, Mignardot J-B,
et al. A brain-spine interface alleviating gait deficits after spinal cord injury
in primates. Nature 2016 Nov 10;539(7628):284e8. https://doi.org/10.1038/
nature20118.

[124] Ormond DR, Shannon C, Oppenheim J, Zeman R, Das K, Murali R, et al. Stem
cell therapy and curcumin synergistically enhance recovery from spinal cord
injury. PLoS One 2014 Feb 18;9(2):e88916. https://doi.org/10.1371/
journal.pone.0088916.

[125] Vismara I, Papa S, Rossi F, Forloni G, Veglianese P. Current options for cell
therapy in spinal cord injury. Trends Mol Med 2017 Sep;23(9):831e49.
https://doi.org/10.1016/j.molmed.2017.07.005.

[126] Gomes ED, Mendes SS, Assunç~ao-Silva RC, Teixeira FG, Pires AO, Anjo SI, et al.
Co-transplantation of adipose tissue-derived stromal cells and olfactory
ensheathing cells for spinal cord injury repair. Stem Cell 2018 May;36(5):
696e708. https://doi.org/10.1002/stem.2785.

https://doi.org/10.3389/fphar.2022.819861
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref99
http://refhub.elsevier.com/S2352-3204(24)00135-4/sref99
https://doi.org/10.4142/jvs.2016.17.1.123
https://doi.org/10.4142/jvs.2016.17.1.123
https://doi.org/10.1371/journal.pone.0096020
https://doi.org/10.1016/j.npep.2016.07.004
https://doi.org/10.3389/fphar.2018.00343
https://doi.org/10.1089/scd.2010.0466
https://doi.org/10.1089/scd.2010.0466
https://doi.org/10.4103/2277-9175.178792
https://doi.org/10.3889/oamjms.2019.843
https://doi.org/10.3889/oamjms.2019.843
https://doi.org/10.3390/ijms24043824
https://doi.org/10.1016/j.brainres.2010.05.011
https://doi.org/10.1186/s12916-022-02482-2
https://doi.org/10.1186/s12916-022-02482-2
https://doi.org/10.1152/jn.1999.82.6.3580
https://doi.org/10.1152/jn.1999.82.6.3580
https://doi.org/10.1016/j.neuroscience.2009
https://doi.org/10.1186/s13643-021-01771-w
https://doi.org/10.1186/s13643-021-01771-w
https://doi.org/10.3390/ijms241814349
https://doi.org/10.3390/ijms241814349
https://doi.org/10.3390/brainsci13121697
https://doi.org/10.3390/pharmaceutics15112637
https://doi.org/10.3390/pharmaceutics15112637
https://doi.org/10.1186/s12984-017-0338-7
https://doi.org/10.1186/s12984-017-0338-7
https://doi.org/10.1056/NEJMoa1803588
https://doi.org/10.1056/NEJMoa1803588
https://doi.org/10.3727/096368910X557155
https://doi.org/10.1089/neu.2017.5605
https://doi.org/10.1038/s41591-021-01663-5
https://doi.org/10.1038/srep30383
https://doi.org/10.1016/j.mayocp.2017.02.014
https://doi.org/10.1038/nature20118
https://doi.org/10.1038/nature20118
https://doi.org/10.1371/journal.pone.0088916
https://doi.org/10.1371/journal.pone.0088916
https://doi.org/10.1016/j.molmed.2017.07.005
https://doi.org/10.1002/stem.2785

	Adipose-derived stem cell therapy for spinal cord injuries: Advances, challenges, and future directions
	1. Introduction
	2. Biological mechanisms of ADSC therapy for SCI
	2.1. Potential to differentiate into neural cell types
	2.2. Neuroprotective and regenerative factor secretion
	2.3. Immunomodulation and anti-inflammatory effects
	2.4. Synergistic mechanisms of ADSC therapy in SCI

	3. Preclinical evidence for ADSC therapy in SCI
	3.1. Functional benefits of ADSC transplantation in SCI models
	3.2. Strategies for enhancing the regenerative potential of ADSCs

	4. Clinical trials of ADSC therapy for SCI
	4.1. Design and objectives of ADSC therapy trials
	4.2. Early findings on safety, feasibility, and efficacy
	4.3. Challenges in translating preclinical findings to clinical trials

	5. Limitations and future directions of ADSC therapy for SCI
	5.1. Potential synergies with other emerging therapeutic approaches

	6. Conclusion and future directions
	Funding
	Ethics approval and consent to participate
	Declaration of competing interest
	Acknowledgments
	References


