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Abstract: Regenerative rehabilitation is a novel and
rapidly developing multidisciplinary field that converges
regenerative medicine and rehabilitation science, aiming
to maximize the functions of disabled patients and their
independence. While regenerative medicine provides
state-of-the-art technologies that shed light on difficult-
to-treated diseases, regenerative rehabilitation offers
rehabilitation interventions to improve the positive effects
of regenerative medicine. However, regenerative scientists
and rehabilitation professionals focus on their aspects
without enough exposure to advances in each other’s field.
This disconnect has impeded the development of this field.
Therefore, this review first introduces cutting-edge tech-
nologies such as stem cell technology, tissue engineering,
biomaterial science, gene editing, and computer sciences
that promote the progress pace of regenerative medicine,
followed by a summary of preclinical studies and examples
of clinical investigations that integrate rehabilitative
methodologies into regenerative medicine. Then, chal-
lenges in this field are discussed, and possible solutions
are provided for future directions. We aim to provide a
platform for regenerative and rehabilitative professionals
and clinicians in other areas to better understand the
progress of regenerative rehabilitation, thus contributing
to the clinical translation and management of innovative
and reliable therapies.
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Introduction

Regenerative rehabilitation is a burgeoning interdisciplinary
field that converges regenerativemedicine and rehabilitation
sciences [1]. This convergence aims to optimize functional
recovery and patient outcomes by integrating biological
technologies focusing on tissue repair or replacement and
rehabilitative methods such as mechanical, electrical, and
thermal stimuli [2]. The goal is to restore the functions of
disabled patients through tissue regeneration and repair,
thereby improving their ability to daily living and quality of
life (QoL). The first person who introduced regenerative
medicine into the Department of RehabilitationMedicinewas
Dr. Joel Stein at Columbia University in New York [3]. Later,
theUniversity ofWashington and theUniversity of Pittsburgh
in the United States also integrated regenerative medicine
technology into rehabilitation medicine [3]. Currently, most
traditional rehabilitation professionals focus on the body’s
response to physical means and often ignore cellular and
molecular changes [1, 2]. In contrast, specialists in regenera-
tive medicine usually pay more attention to the use of
advanced technologies and changes occurring at the molec-
ular, cell, and tissue levels [1, 2]. It is easy for regenerative
scientists to ignore the clinical translation and effects of
clinical methods. At the same time, scientists in the rehabili-
tationfield are unaware of the latest advances in regenerative
medicine, and vice versa. Therefore, a better understanding
of innovative and advanced technologies in regenerative
medicine and their combination with rehabilitative method-
ologies will speed up the progress pace of this novel field,
contributing to clinical translation and providing reliable
therapies for patients [1, 2].

To meet this requirement, our review first focuses
on cutting-edge regenerative technologies and their
applications in regenerative medicine. These technologies
involve stem cell technology, tissue engineering, biomaterial
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science, gene editing, and computer sciences. Then, we intro-
duce the integration of rehabilitation sciences into regenera-
tive medicine and summarize up-to-date preclinical and
clinical trials in regenerative medicine and rehabilitative ap-
proaches. Since regenerative medicine is mainly based on cell
and tissue biology to restore tissue structure and function, we
focus on stem cell therapy as an approach to regenerative
medicine in this review. In the end, we conclude chal-
lenges and future directions in this field. This review
addresses the need to integrate regenerative medicine
and rehabilitative sciences, promote their convergence,
and help the clinical translation of scientific discoveries in
regenerative rehabilitation.

State-of-the-art technologies in
regenerative medicine

As our population ages, the incidence of challenging
diseases such as Alzheimer’s disease, Parkinson’s disease,
heart failure (HF), diabetes, cancer, immune disorders,
and age-related macular degeneration (AMD) is projected
to increase. This aging demographic presents a growing
challenge for conventional surgical techniques and
pharmaceutical interventions. Consequently, regenerative
medicine has garnered attention, as it encompasses the
body’s natural processes of repairing and replacing
damaged or lost tissues and organs to restore their struc-
ture and function. Regenerative medicine, as a medical
discipline, aims to develop techniques for replacing,
repairing, or regenerating impaired cells, tissues, or organs
to address and potentially prevent a range of illnesses [1, 4].
It integrates cutting-edge bioengineering technologies,
primarily centered around stem cell therapy, materials
science, tissue and organ engineering, genetic technology,
and computer science [1, 4, 5] (Figure 1).

Stem cell therapy

Regenerative medicine is mainly based on cell and tissue
biology to restore tissue structure and function. Stem cells
are undifferentiated cells that have the potential to renew
themselves, develop into other cell types, and grow into
tissue/organs [6]. Stem cell-based therapy aims to replace
dysfunctional or injured tissuewith new, healthy, functional
cells or their derivatives to restore corresponding cell
functions [7]. Mechanisms underlying regeneration involve
inflammation inhibition [8], reduction in apoptosis [9],
angiogenesis stimulation [10], and cell recruitment [11].
More than 6,000 clinical trials of stem cells worldwide are
expected to solve major medical problems by repairing
impaired cellular functions or pathological tissues. Preclin-
ical and clinical investigations showed that stem cell therapy
is effective in both acute and chronic diseases [7, 12, 13]. For
example, transplantation of hematopoietic stem cells (HSCs)
has shown positive therapeutic effects on immunodeficiency
disorders [14], autoimmune neurological disorders [15–17],
and blood system diseases such as multiple myeloma [18, 19]
and thalassemia central [20, 21]. Application of induced
pluripotent stem cells (iPSCs) has sound effects on
AMD [22–24], Parkinson’s syndrome [25, 26], and other
diseases [27–29]. Mesenchymal stem cells (MSCs) have
regenerative properties and immunomodulatory and anti-
inflammatory functions [30]. They have been used to treat
immune diseases, such as rheumatoid arthritis, osteoar-
thritis (OA), and graft-versus-host disease, which showed
promising results [30, 31]. Many companies and scientific
research institutions worldwide have joined the drug
development of stem cells. Several drugs have been
successfully brought to market, including AstroStem, an
autologous MSC drug used to treat Alzheimer’s disease [32],
and Strimvelis, an autologous HSC drug indicated for the
treatment of severe combined immunodeficiency caused
by adenosine deaminase deficiency (ADA-SCID) [32].

Figure 1: State-of-the-art technologies in
regenerative medicine. Regenerative
medicine combines modern bioengineering
technologies, mainly involving stem cell
therapy, biomaterial science, tissue
engineering, genetic technology, and
computer science.

414 Deng et al.: Convergence of regenerative medicine and rehabilitation science



Common challenges in cellular therapies involve the
proliferation and survival of stem cells after transplantation,
cell migration to the targeted sites, and successful cell
differentiation into the targeted tissues [33]. Various factors
such as diabetes [34, 35], age [36], and gender [35, 37] are
important factors that affect the regeneration potential of
donor stem cells. For example, a study conducted by Deasy
et al. found that the myogenic capability of muscle-derived
stem cells (MDSCs) from male mice is much lower than that
of those from female counterparts [38]. This difference
between genders could be due to lower stress tolerance
of cells from males than those from females. Increasing
cellular resistance to stress could improve the trans-
plantation efficiency of donor cells [38]. Another study
showed that transplantation of MDSCs from mice had bet-
ter improvement of cardiac function than myoblasts in a
mouse model of acute myocardial infarction (MI) [39]. The
higher regeneration ability of MDSCs is related to their
higher levels of antioxidants including glutathione (GSH)
and superoxide dismutase [39]. Transplantation of hypoxia-
conditioned bone marrow-derived MSCs could also promote
the formation of new vessels and increase cell engraft-
ment [40]. In addition, endothelial progenitor cells with
diabetes exhibit significantly reduced angiogenesis than
individuals with diabetes [34]. In particular, the host
microenvironment or niche has been identified as a critical
factor. It has been shown that implanted embryonic stem
cells (ESCs) exhibit an aged phenotype after implantation
into an aged environment [34, 41, 42]. Conversely, niche
modification of the aged muscle environment through
exposure to a young systemic environment rejuvenates
the capacity for regenerative growth in ancient
cells [42, 43]. Although many researchers are adopting a cell
transplantation strategy for tissue repair, an alternative
approach is to manipulate the stem cell microenvironment,
or niche, to simplify repair by endogenous stem cells [44].
The microenvironment is highly active, with multiple
opportunities for intervention, which include the adminis-
tration of small molecules, biologics, gene therapy, and
growth factors or biomaterials that target specific aspects
of the niche, such as cell-cell and cell-extracellular matrix
(ECM) interactions, to stimulate the survival and differenti-
ation of stem cells, or to cause the reversion of differentiated
cells to stem cells. Nevertheless, there are several challenges
in targeting the niche therapeutically. These methods have
limitations in terms of cost, safety, and long-term quality of
repair, and avoiding treatment-related adverse effects such
as carcinogenesis may restrict their use in medical applica-
tions [45]. Noninvasive, low-cost techniques to improve the
stem cell microenvironment are clinically significant.

Tissue engineering and biomaterials

However, to completely restore functions of missing or
impaired tissues to the pre-injury or diseased state is the
ultimate goal of regenerative medicine, which indicates that
only the regeneration or replacement of muscle, bone,
nerve, vasculature, or skin is not enough, but correct and
functional integration of these tissues is required [46, 47].
Tissue/organ engineering and biomedical materials are
extensively studied with stem cell technologies to gain
intact and functional tissues or organs. Stem cell technology
provides the content, biomaterials serve as the scaffold,
and tissue/organ engineering covers the content and scaffold
to establish implantable and synthetic tissue substitutes.
A scaffold is an artificial three-dimensional (3D) structure
that provides a platform for living tissue cells and growth
factors and can be implanted into an organism [48]. Scaffold
materials must have good tissue compatibility and can be
gradually degraded and absorbed by the human body [49].
They should also be suitable for cells’ adhesion, prolifera-
tion, differentiation, and organization [50]. Since the inno-
vative development of the first bioprinter in the early 21st
century, 3D bioprinting has been applied to realize tissue
engineering via layer-by-layer manufacturing process
of biomaterials, ECM, growth factors, and live cells to
form complex biological structures in the body [51]. Bio-
printing technology to create tissue-like materials is
called bio-fabrication [52]. It can achieve high resolution,
complexity, high yield rate, and personalization [53].
Combining cell technology, biomaterials, and 3D bioprinting
provides a promising possibility for tissue defects and or-
gan supply. For example, researchers at Northwestern Uni-
versity have 3D-printed hydrogel scaffolds that can sustain
the survival of ovarian follicles by adjusting the scaffold-
follicle interaction [54]. After being transplanted into ster-
ilized mice, this bioprosthetic ovary became vascularized
and restored ovarian function in these mice [54]. A group in
the United States developed a tough hydrogel for bioprinting
vascular conduits to create veinous and arterial vessel-like
structures harboring corresponding functions [55]. It is
worth noting that these studies are still proof-of-concept
studies and are a long way from human clinical trials. 3D
bioprinting technology is a rapidly developing field, and this
type of research aims to create correctly structured, func-
tional, survivable, and implantable organs and tissues for
use in regenerative medicine.

However, there are challenges in applying tissue
engineering in regenerative medicine. These include
proper biomaterials, angiogenesis of transplanted tissues
in the host, cell expansion and differentiation, and so
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on [56, 57]. For example, biomaterials are required to mimic
the ECM of tissues of interest, exhibit proper mechanical
properties, and support cellular growth, proliferation, and
differentiation [57, 58]. These materials should also be
biocompatible and biodegradable [57, 58]. Additionally,
developing strategies to promote the vascularization of
implanted tissues within the host poses significant
challenges. For this purpose, drug delivery systems should
be developed to precisely control the dosage, location, and
duration of factor release required for angiogenesis [57, 58].
Thirdly, it is a demanding task to employ techniques to
differentiate cells into heterogeneous cell populations while
preventing unwanted cells [59]. Fourthly, methodologies for
accurately organizing structures that possess mechanical
properties and functions resembling those of native complex
tissues remain formidable challenges [60].

Genetic engineering

For genetic diseases, stem cell therapy is supposed to repair
cells or tissues influenced by the genetic mutation. Due to
congenital abnormalities in patients’ cells, simple replace-
ment of autologous stem cells can not significantly improve
symptoms in some diseases. Allogeneic stem cells with
normal function have the possibility of improving symp-
toms. However, a lack of matched donors and a risk of graft
vs. host diseases are common problems for allogeneic stem
cell therapy [61]. Therefore, genetic engineering that creates
deletions, insertions, or replacements of desired sequences
on the genome provides a powerful technology to solve
problems of autologous or allogeneic stem cell therapy.
CRISPR/Cas9-mediated gene editing technology has apparent
advantages over first-generation zinc-finger nuclease (ZFN)
and second-generation transcription activator-like effector
nuclease (TALEN) editing technologies [62]. CRISPR/Cas9
plays an essential role in stem cell research, such as disease
modeling to explore new therapeutic tools and developing
stem cell drugs edited by CRISPR/Cas9 [63]. Multiple clinical
trials have used CRISPR/Cas9 to gene edit HSCs to treat blood
or immune system diseases, including sickle cell disease,
β-thalassemia, myeloid malignancies, and acute myeloid
leukemia [61, 64–68]. Compared with mature cells, iPSCs are
more accessible to genetically modify and have substantial
expansion and multi-lineage differentiation capabilities.
These properties facilitate the development of relatively
uniform, universal, off-the-shelf cellular drugs. Regarding
drug quality control and development costs, using gene-
edited iPSCs for cell drug developmentwill become a general
trend. Fate Therapeutics’ cell drug FT819 is a revolutionary
therapy developed via inserting a novel 1XX CAR targeting

CD19 into the T cell receptor alpha constant locus of amaster
iPSC line, which is then differentiated to produce universal
CAR-T cells that are not subject to patient restrictions [69]. It
is also the first off-the-shelf, iPSC-derived CAR-T cell
drug [69]. In addition to HSC and iPSC therapy, CRISPR/Cas9
iswidely used in other stem cell therapies, such as epidermal
stem cells [70, 71] and MSCs [72, 73]. The application of
CRISPR/Cas9 in stem cell therapy can potentially improve the
therapeutic effect, increase the scope of treatable diseases,
and positively impact safety and security.

While genetic editing holds significant promise for
enhancing tissue repair through precise modifications of
cellular genetics, several challenges must be addressed.
Firstly, genetic engineering techniques such as CRISPR/Cas9
are plagued by off-target effects, wherein genetic modifica-
tions may occur at unintended genetic sites resembling the
targeted sites [74]. Although methods for assessing off-target
effects of CRISPR/Cas9 have advanced rapidly in the past
decade, limitations persist in balancing the accuracy and
sensitivity of these techniques. Direct assessment of off-
target effects in vivo and in patients poses challenges.
Overcoming these challenges would pave the way for the
development of next-generation genome editing tools that
expedite the advancement of gene therapy [74]. Secondly,
achieving effective and targeted delivery of genetic editing
tools to the desired cells or tissues is paramount. Developing
techniques to facilitate the penetration of these tools
through membranes or the blood-brain barrier (BBB) re-
mains a formidable challenge [75]. Thirdly, it is imperative to
ensure the long-term stability and safety of genetically edi-
ted cells and tissues for the success of regenerative medicine
approaches [76, 77]. This entails vigilant monitoring of the
persistence of edited cells, thorough assessment of potential
genotoxicity or oncogenic risks, and diligent addressing of
concerns related to insertional mutagenesis, all of which are
crucial considerations for clinical applications.

Computer sciences

Although stem cell therapy seems simple in theory,
describing all cell products in depth is difficult because cells
are unstable [78]. Along with these obstacles, artificial in-
telligence (AI) such as data mining, machine learning, and
convolutional neural networks enter stem cell research,
which is studied to achieve automated and dynamic
adjustment of the stem cell differentiation process, maintain
the stability of pluripotent stem cell products between
different batches, and predict prognosis of stem cell
therapies [79–82]. For instance, The Nanba group in Japan
has released a deep learning-based automated cell tracking
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(DeepACT) strategy that can be used to identify cultured
human keratinocyte stem cells and monitor individual
keratinocytes, which enables non-invasive quality control
of stem cells and reduce variability in pluripotent stem cell
differentiation system [83]. Deep learning has been applied
to predict the differentiation fate of NSCs at the early
stage [84]. If the differentiation type of cells could be
expected from the initial conditions, it would be possible to
increase the yield of produced cells via controlling initial
conditions to accelerate the process of stem cell application.
Recent studies show that computer science is changing
the future of stem cell research and applications. This
advanced technology facilitates the detection of a reliable
framework for iPSC colony classification, identification of
cell morphology and undescribed morphological features
in cancer stem cells, and accurate prediction of drug
effects [78]. Nevertheless, AI is still in a relatively primitive
stage nowadays. More investigations are needed in the
future to summarize the detailed benefits and risks of
specific diseases related to AI and stem cell treatments.

Regenerative medicine encompasses a wide array of
datasets, ranging from genomic information and cellular
behavior to tissue characteristics and patient clinical data.
However, integrating and standardizing these vast and
diverse datasets to facilitate analysis and interpretation
presents significant challenges [85]. Moreover, the develop-
ment of sophisticated computational models and simulation
techniques to predict complex biological systems is hindered
by the intricate nature of tissue regeneration, disease
progression, and the multitude of cellular and molecular
pathways involved [85]. In the realm of regenerative medi-
cine, visualizing tissue structure, function, and dynamics
is essential [86]. Medical image analysis is pivotal in the field
of regenerative medicine. However, progress in this area is
impeded by various challenges. These include adapting
analysis technologies to suit clinical tasks, developing
algorithms capable of handling heterogeneous images,
extracting relevant features, and mitigating issues such as
image noise, artifacts, and variability [86].

Progress of rehabilitative strategies
in regenerative medicine

Stem cell therapy and rehabilitation:
emerging partnerships

Rehabilitation is recommended for many conditions,
targeting to achieve two primary aims: promoting tissue
healing and enhancing the overall function of the

surrounding tissues as the injured area undergoes repair.
Furthermore, rehabilitation modalities are commonly
prescribed for various conditions after diagnosis, suggesting
that after any potential regenerative medicine intervention,
rehabilitation is likely to be a fundamental part of the
treatment continuum [87]. Rehabilitation-based programs
are firmly established as effective therapeutic interventions
with extensive applications across numerous medical fields.
These rehabilitation interventions can range from standard
exercise to directed and supervised mechanotherapy,
offering external stimulation such as electrical stimulation,
low-intensity pulsed ultrasound, and pulsed electromagnetic
field therapy [88–91] (Figure 2). The benefits are likely to
enhance functional outcomes and biomechanics following
the application of regenerative medicine, reduce patients’
disabilities, and improve QoL, combining with the applica-
tion of regenerative medicine. For instance, exercise has
been revealed to significantly reduce the risk of many
chronic diseases, including diabetes, Alzheimer’s disease,
cardiovascular diseases, various cancers, osteoporosis,
arthritis, and many other disorders [92]. The typical
approach to stem cell transplantation has been introducing
the cells into the host and hoping for the best outcomes.
However, effective stem cell therapy depends on cell
replacement and proper functional integration, connection,
and differentiation into the host environment. Recent
research shows that rehabilitation interventions can have
direct regenerative benefits, such as the direction of stem
cell differentiation, mobilization of stem cells into circula-
tion, and enhancement of secreted regenerative factors [93].
Also, many of the characteristics controlling the functioning
of cells, such as cellular tolerance to physiological
stress [94, 95], division [96], survival [97], and the microen-
vironment, are flexible through the use of targeted loading
approaches. Mechanical stimulation includes stretching,
compression, andfluid shear stress thatmodifies the cellular
microenvironment [98], and the application of forces can
help donor cells integrate into the body beneficially and
effectively [99]. Using target mechanical stimuli offers a
method for inaugurating communication with transplanted
cells. This methodology enables researchers to guide these
cells to function in vivo as initially intended. It is noteworthy
that stem cells exhibit responsiveness to external mechani-
cal forces both in controlled in vitro environments and
within the complex milieu of in vivo settings [100, 101]. An-
imals housed in an Enriched Environment (EE)
(i.e., increased sensory input and social interaction) exhibi-
ted augmented survival of newborn hippocampal neurons
over time [102]. In addition, voluntary exercise resulted in a
temporally noteworthy increase in the generation of new
hippocampal neurons and enhanced their overall
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survival [103]. Moreover, exercise and EE have been well-
studied in the context of stroke [104]. When compared to
standard housing rats, EE strategies result in increased
neuronal survival in the striatum and cortex, improved ce-
rebral blood flow, increased angiogenesis, increased
endogenous progenitor cell proliferation, increased endog-
enous neuronal differentiation in the ischemic regions,
increased axonal guidance proteins, and reduced ischemic
BBB capillary damage [105]. Many molecular mechanisms
induced by EE supported these incredible findings. Angio-
genesis and the rescue of the neurovascular unit were por-
trayed through signaling pathways such as phosphorylated
PI3K, AKT, and GSK-3 but reduced phosphorylated β-cat-
enin [105]. The positive outcomes of both EE and stem cell
transplantation arise from the training of the stem cell graft
to seamlessly merge with the host brain. Stem cell trans-
plantation offers many therapeutic advantages, such as
regulating the immune system, rescuing dying cells, stimu-
lating neurogenesis, and enhancing angiogenesis. These
advantages are combined with the positive effects of envi-
ronmental enrichment and regular exercise [106, 107].
Rehabilitation represents a natural synergy with the ca-
pacity to exert a significant clinical impact. Rehabilitation
and target-directed activity-based efforts post-cell trans-
plantation increase and facilitate proper connectivity/inte-
gration of regenerative approaches. Combining
rehabilitation approaches with stem cell therapy provides
promising therapeutic strategies for hard-to-treated dis-
eases. The standard procedure shown in Figure 3 involves
subjecting stem cells to various stimulation techniques, such
as mechanical, electrical, and thermal, within a laboratory
setting to enhance their viability, growth, and differentia-
tion. After the transplantation of the cells, patients are also
subjected to similar stimulation techniques. Additionally,
physical activities, assistive technologies, and EE are
designed to help individuals increase their activity levels
independently and improve their overall QoL. However,
exploring the mechanism of combining rehabilitation ap-
proacheswith stem cell therapy in various diseases is crucial
for a deeper understanding of how this synergy works and
how it can be optimized to maximize patient outcomes. To
date, many preclinical studies have combined stem cell
therapy with rehabilitation. Some examples of how incor-
porating rehabilitationmay benefit developing regenerative
medicine strategies will be addressed.

Regenerative rehabilitation for stroke recovery

Stroke is a cerebrovascular disease that occurs when the
brain’s blood flow is disrupted or when bleeding occurs in
brain tissue, resulting in loss of brain function [108, 109].

Stroke is a life-threatening condition that occurs every 2 s,
with individuals dying every 6 s and 15 million occurring
each year. After a stroke, about 40 % of patients have a
functional disability, and 15 %–30 % have severe motor,
sensory, cognitive, perceptual, and/or language impair-
ments [108, 109]. There is currently a lack of treatment
options for stroke or traumatic brain injury that can
restore cognitive and motor function.

Regenerative and rehabilitation medicine have accom-
panied promising new methods for mediating recovery
in the central nervous system (CNS), the most salient of
which are rehabilitation and stem cell therapies that,
when combined, result in more obvious recovery than one
approach alone [110, 111]. The benefits of combining reha-
bilitation and regeneration medicine have been shown in
Figure 4. Regenerative medicine, notably MSC therapy,
promotes cell regeneration, the recruitment of endogenous
neural progenitors, anti-inflammatory characteristics, and
circuitry repair. Several studies investigated the effects of
combining intravenous cell transplantation with rehabili-
tation. For example, in a rat model ofMiddle Cerebral Artery
Occlusion (MCAO), it was shown that a combination of MSC
transplantation and treadmill exercise had neuroprotective
effects, evidenced by the decreased number of apoptotic
cells, increased motor function in the dual-treated group
than in the single-treated groups [112]. Furthermore, tread-
mill exercise significantly increased the quantity of engraf-
ted MSCs and inhibited cell death in both host and donor
cells in the combination group. This anti-apoptotic effect is
thought to be caused by the upregulation of two cell death
regulators, survivin and bcl-2 [112]. In a similar trial, Sasaki
et al. found that combination therapy had a synergistic
impact, significantly decreasing infarct volume, increasing
corpus callosum thickness, and triggering synaptogenesis,
resulting in improvedmotor function recovery [113]. Further

Figure 2: Converging regenerative medicine and rehabilitation.
Rehabilitation interventions can range from standard exercise to
mechanotherapy, offering external stimulation such as electrical
stimulation, low-intensity pulsed ultrasound, and pulsed electromagnetic
field therapy. Combining rehabilitative interventions with regenerative
medicine will likely enhance functional outcomes, reduce patients’
disabilities, and improve QoL. QoL, quality of life.
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study revealed that combining mild therapeutic hypother-
mia (33 °C) with rat adipose-derived stem cells (rADSCs)
enhanced functional recovery additively or synergistically
by reducing neuronal apoptosis and gliosis, promoting
angiogenesis, and decreasing innate immune cell infiltration
in MCAO model rats [114]. Several researches investigated
the effects of combining local cell transplantation into the
cerebral parenchyma with treadmill exercise or EE treat-
ments. Seo et al. evaluated the impact of combination
treatment transplantation of human adipose stem cells

hASCs to the striatum and EE in hypoxic-ischemic brain
injury model mice [115]. Their study showed that combining
therapies promoted functional recovery by enhancing
engrafting and neural differentiation of transplanted hASCs,
inducing intrinsic neurogenesis, and activating astrocytes
through fibroblast growth factor-2 (FGF-2). A more detailed
study of the same group found that therapy combining hASC
transplantation and EE promoted functional recovery
through synergistic upregulation of angiogenic factors such
as FGF-2, vascular cell adhesion protein-1 (VCAM-1), matrix

Figure 3: Stem cell therapy and rehabilitation. Combining rehabilitation approaches with stem cell therapy offers promising therapeutic strategies to
increase activity independence and improve patients’ quality of life. Ex vivo stimulation to stem cells involves mechanical, electrical, thermal stimulations,
and so on. After cell transplantation, in addition to these stimuli, physical activities, assistive technologies, and an enriched environment need to be
designed to help enhance functional outcomes. Parts of the figure were drawn by using pictures from ServierMedical Art. ServierMedical Art by Servier is
licensed under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).

Figure 4: Regenerative rehabilitation for stroke. In studies using rodents to model stroke, stem cell therapy has been shown to promote cell survival,
neurogenesis, angiogenesis, andmodulate immune response. There are also rehabilitative strategies such as physical exercise, therapeutic hypothermia,
and enriched environments that can improve these effects, and increase neural differentiation and cell integration into the local environment.
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metalloproteinase-2 (MMP-2) released from activated astro-
cytes, and concurrent intrinsic angiogenesis [116]. Another
study evaluated the effects of EE in combination therapy
using animal models of cerebral infarction and transplant-
able cells. In MCAO model rats, mouse subventricular zone
(SVZ)-derived stem cells were implanted into the sensory
cortex and striatum [117]. Although EE dramatically
improved the distance of stem cell migration towards the
infarct site, leading to earlier motor function recovery, the
study did not include a treatment group that received EE
alone. Therefore, it remains unclear whether the combina-
tion of cell transplantation and EE has a synergistic effect.
While animal studies on the combination of rehabilitation
and stem cell therapy look promising, this combination
is relatively unexplored. Verifying the effects of combining
two treatments is only possible if the therapeutic effects of
each are independently assured. Further comprehensive
investigation and research are necessary to deepen our
understanding.

Regenerative rehabilitation for spinal cord injury

Spinal cord injury (SCI) is a serious condition with several
sequelae indicated by motor, sensory, and autonomic
disorders that have a significant impact on patients’
psychosocial lives and quality of life [118]. Stem cell-based
regenerative therapy has opened an opportunity for func-
tional recovery of patients with SCI. Significant therapeutic
results with different cell sources, including neural stem/
progenitor cells (NS/PCs), MSCs, and olfactory ensheathing
cells (OECs), have been described clinically and preclinically
in the acute and subacute phases [119]. Various therapeutic
mechanisms, such as transplanted cell-mediated neuronal
replacement, remyelination, and trophic support, have
been determined by researchers, which further induce
tissue protection and enhance neural plasticity [120, 121].
Regenerative rehabilitation has attracted wide attention
because of its effects, feasibility, and non-invasiveness.
Rehabilitation science and medicine include treatments
incorporating mechanical stimuli, including rehabilitative
training, joint mobilization, tissue loading, stretching,
and traction, and physical stimuli, including ultrasound
stimulation, electrical stimulation, magnetic stimulation,
and temperature gradients [93]. Notably, the status of
regenerative rehabilitation differs between clinical and
preclinical studies in numerous respects. First, individuals
with SCI habitually undergo rehabilitation in clinical
settings and frequently continue rehabilitative training to
preserve their mobility, joint range of motion, muscle
strength, and activities of daily living. Second, rehabilitation

is possible in many clinical settings and is combined with
stem cell therapies in clinical trials. Third, it is relatively
easy to plan appropriate training for patients according
to their impairments because there is much knowledge of
SCI rehabilitation, and rehabilitation therapists and doc-
tors can receive patient feedback. On the other hand, in
preclinical studies, rehabilitation training is less feasible,
very time-consuming, and expensive [122], and laboratories
investigating regenerative treatment often lack the capa-
bilities to achieve rehabilitative techniques [123]. Likewise,
the appropriate training and its load have not been struc-
turally validated or standardized among research groups.
Converging stem cell therapy and rehabilitation medicine
have shown benefits for SCI through various biological
processes (Figure 5). The following rehabilitative training
approaches have been applied in combination with stem cell
therapies to animal models of SCI regardless of chronicity:
bipedal treadmill training with body-weight support. The
study focused on mouse thoracic chronic SCI and the re-
sults found that NS/PC transplantation alone led to limited
improvements. Notably, significant locomotor recovery
was observed only in the group that received both NS/PC
transplantation and treadmill training. Further investiga-
tion showed that NS/PC transplantation improved spinal
conductivity and central pattern generator activity, while
treadmill training improved inhibitory motor control. This
combined therapy synergistically improved these aspects
and promoted neuronal differentiation of transplanted cells,
suggesting that rehabilitative treatment can enhance loco-
motor recovery even in chronic SCI cases [124]. Another
recent study examined the effect of treadmill training on
transplanted NPCs following SCI injury in rats. The findings
indicate that combining stem cell therapy with treadmill
training enhances NPC survival, differentiation into neurons
and oligodendrocytes, myelination, and regeneration. This
combination approach increases functional recovery,
emphasizing the significance of synergistic treatments for
SCI [125]. Active quadrupedal training, the study investigated
the combined effects of NPC transplants and intensive
locomotor training (ILT) on neuropathic pain in rats with
SCI. They found that both NPC and ILT transplants alone
could alleviate pain. the combination of NPC and ILT
significantly improved pain reduction, including allodynia
and hyperalgesia. This combined approach also decreases
pro-inflammatory markers and spinal damage, with
GABAergic neuronal density nearly restored to normal
levels. The results propose that combining ILT with NPC
transplants may offer a more efficient way to reduce
neuropathic pain and promote spinal cord recovery after
SCI [126]. On the other hand, the following physical medicine
modalities have been applied using apparatus resembling
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epidural electrical stimulation in clinical use. Thornton et al.
examined the effects of combining olfactory ensheathing cell
(OEC) transplantation and epidural electrical stimulation
during a motor task for SCI in rats. The OEC-treated group
showed increased axon crossing at the injury site and
enhanced connectivity, indicating potential axon regenera-
tion and circuit sparing. However, there were no observed
behavioral variations in this small-scale study. In summary,
combining OEC transplantation, stimulation, and motor
activity improved axonal growth and connectivity across the
injury site but did not lead to direct behavioral improve-
ments [127]. Further study demonstrated that intermittent
repetitive transcranial magnetic stimulation (rTMS) com-
bined with human umbilical cord blood mesenchymal stem
cell (hUCB-MSC) transplantation could promote motor
functions in a rat model of SCI, which was supported by the
Basso, Beattie, and Bresnahan (BBB) locomotor assessments,
motor evoked potentials (MEPs) and reduced neuron
apoptosis [128]. When hUCB-MSC transplantation and rTMS
were combined, there was a significant increase in positive
cells for neural stem cell markers, such as nestin, BrdU, and
Tuj1, and a decrease in markers, such as Ng2+ and GFAP.
Furthermore, the levels of growth factors bFGF and EGF
were upregulated. Overall, the combination of rTMS and
hUCB-MSC transplantation effectively reduced SCI-induced

neural stem cell apoptosis and enhanced motor function in
rats [128]. In addition, when hADSC therapy was combined
with low-level laser, the motor function was significantly
improved, and allodynia and hyperalgesia were ameliorated
in rats with SCI [129]. These combined treatments also
increased the expression levels of GDNF mRNA, and the
number of axons near the site of SCI [129]. In conclusion,
existing evidence has demonstrated the advantageous syn-
ergy between regenerative rehabilitation and stem cell
therapy in treating SCI. However, further investigation is
warranted to fully explore the possibilities of integrating
stem cell therapy with regenerative rehabilitation.

Regenerative rehabilitation for knee osteoarthritis

OA, a degenerative condition, affects approximately 15 % of
the adult population and ranks as the second leading cause
of disability globally [130]. The knee joint is predominantly
affected, characterized by progressive degradation of artic-
ular cartilage, loss of ECM, and ongoing inflammation. OA
significantly impacts both the individual quality of life and
healthcare system expenditures [131]. Traditional OA man-
agement primarily focuses on symptom alleviation, partic-
ularly pain relief, rather than facilitating cartilage
regeneration or mitigating joint inflammation. MSCs have

Figure 5: Regenerative rehabilitation for spinal cord injury. Cell therapy using NSC, NPC, OEC, ADSCs or hUCB-MSC, when combined with rehabilitative
strategies, has been studied in rodentmodels of spinal cord injury. The rehabilitative interventions include techniques such as laser therapy, treadmilling,
intensive locomotor training, epidural electrical stimulation, and repetitive transcranial magnetic stimulation. This combination has the potential to
influence neural differentiation, neuronal survival and regeneration, anti-inflammatory abilities, GABAergic neuronal density, myelination, axonal growth
and connectivity, circuit sparing, as well as growth factors, thus contributing towards the decreased spinal damage, reduced allodynia and hyperalgesia,
increased spinal conductivity, enhanced central pattern generator activity, and improved motor functions. OEC, olfactory ensheathing cells; ADSC,
adipose-derived stem cells; hUCB-MSC, human umbilical cord blood mesenchymal stem cell.
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emerged as a promising candidate for cell-based repair of
articular cartilage in patients with knee OA [132]. Given
the limited inherent repair capacity of articular cartilage,
intra-articular ligaments, and menisci, MSCs have garnered
significant attention in the development of novel therapeutic
approaches for OA treatment. Their ability to differentiate
into chondrocytes and modulate immune responses
makes MSCs a key target for innovative cell-based OA
therapies [133]. Mechanical stimulation is vital for bone
health as it affects bone shape based on force direction, with
bone mass increasing in high-stress areas and decreasing in
low-stress areas. The bone may adjust to the external me-
chanical loading [134]. Mechanical stimulation can be sensed
by a variety of bone cells, including bone marrow MSCs and
osteocytes. These cells have different roles in a variety of
physiological processes and respond to external mechanical
stimuli. Recent research shows that external mechanical
stimulation directs BMSCs into an osteogenic lineage that is
independent of osteocyte regulation [135]. Some studies on
the molecular mechanisms of MSCs’ responses to different
mechanical stimuli have been addressed here (Figure 6).
Tensile strain stimulation augments MSC osteogenesis
differentiationwhile inhibiting adipogenesis differentiation,
mostly via the Smad signaling pathway [136]. Chen et al.
suggested that optimum levels of mechanical stretching
enhanced the osteogenesis of BMSCs decreased ROS levels
in BMSCs and elicited antioxidant responses by activating
the AMPK-SIRT1 pathway [137]. MSC differentiation and

mineralization toward osteogenesis and chondrogenesis
can be promoted through dynamic compression [138].
Another study revealed that compression-induced MSC
differentiation toward chondrogenic or osteogenic line-
ages was dependent on ERK1/2 pathway activation, while
under normal settings, dynamic compression produces
chondrogenic differentiation of MSCs and osteogenesis
differentiation when the ERK1/2 pathway is inhibited [139].
However, the mechanism underlying the effect of compres-
sion stimulus on MSCs and the means of controlling the
differentiation of MSCs has not yet been fully investigated.

Furthermore, appropriate amplitude and frequency
vibrations can induce anabolic reactions in the bones.
Recent research demonstrated the effect of vibration on
the Yes-associated protein (YAP), a transcription factor
significant in MSC osteogenesis. Thompson et al. [140]
revealed that vibration boosted YAP nuclear shuttling and
restored baseline nuclear levels of YAP, resulting in MSC
osteogenesis. Low-Intensity Pulsed Ultrasound (LIPUS) is
also found to be a type of force to promotes bone formation.
LIPUS increased all MSC-type’s proliferation. ERK1/2
was activated in dental pulp stem cells (DPSCs). Besides
proliferation, LIPUS also promotes the MSCs migration in
bone healing possibly through activating the SDF-1/CXCR4
signaling [141]. Several studies illustrated that LIPUS led
to better osteointegration [142]. The possible osteogenic
differentiation mechanism is the actuation of the Rho-
associated kinase-Cot/Tpl2-MEK-ERK signaling pathway [143].

Figure 6: Regenerative rehabilitation for knee osteoarthritis. In animal models of knee osteoarthritis, therapies of MSCs combined with mechanical
stimulation involving tensile strain stimulation, mechanical stretch, vibration, compression, and LIPUS reduce ROS levels while increasing antioxidant
responses, osteogenesis differentiation, and adipogenesis differentiation. These effects are mediated via Smad pathway, anti-inflammatory effects,
vascularization, YAP/BMP2 axis, AMPK-SIRT1 pathway, YAP, ERK 1/2 pathway, and Rho-associated kinase-Cot/Tpl2-MERK-ERK pathway. In addition, LIPUS
coupled with MSC therapy promotes the proliferation and migration of MSCs via the SDF-1/CXCR4 pathway. MSCs, mesenchymal stem cells; LIPUS, low-
intensity pulsed ultrasound; YAP, yes-associated protein.
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MCS niches create a microenvironment vital for MSC self-
renewal differentiation, and bone regeneration. The process
involves inflammatory responses, blood vessel formation of
endothelial cells, and the osteogenic process of MSCs. Effective
intercellular communication within the niche, including
crosstalk with macrophages, vascular endothelial cells, and
osteocytes, is critical for bone regeneration. Additionally,
mechanical stimulation regulates key aspects, such as inflam-
mation and blood vessel formation, and mechanical stimula-
tion modulates the surrounding microenvironment of MCS
in bone regeneration. In this context, we state some studies
that link to the regulation of microenvironments surrounding
MCS through mechanical stimuli. Most studies have focused
on MSCs’ responses to mechanical stimulation during osteo-
genesis. A recent study revealed that macrophages, under
specific stretch conditions, effectively enhance osteogenic
differentiation in MSCs. This involves an interaction between
M2 polarization and the YAP/BMP2 axis. Cyclic stretch stimu-
latesmacrophages, leading toM2 polarization, which produces
anti-inflammatory cytokines. Moreover, mechanical stretch
triggers YAP activation, regulating BMP2 expression and
enhancing MSCs’ osteogenesis [144]. Mechanical stimulation
is one of the biophysical factors that stimulate osteogenesis and
is important in the interaction of MSCs and vascular endo-
thelial growth factors (VECs). The significance of VEGF, a
recognized signaling protein that regulates osteogenesis
and vascularization, in mechanical stimulation-induced
osteogenesis has been found. Charoenpanich et al. [145] used
microarray analysis to investigate the effect of stretching on
humanMSC gene expression. The results of cyclic tensile strain
of magnitude not only enhanced osteogenesis in hMSC but
also enhanced expression of angiogenic factors VEGF.
Furthermore, Jiang’s team showed that stretching-stimulated
VEGF secretion of MSCs not only increased tube formation but
also induced VECs to release bone formation growth factors
such as BMP-2 and IGF-1, which in turn regulated the osteo-
genesis process of MSCs [146]. Overall, MSCs respond to
mechanical signals by orchestrating responses that include
immunological regulation, angiogenesis, and osteogenesis.
The exciting interaction of mechanical stimulation in the
environment around MSCs calls for further research.

Regenerative rehabilitation for cardiovascular diseases

Cardiovascular diseases remain the foremost cause of
death in the developed as well as in the developing,
rendering cardiovascular diseases the main contributor
to mortality worldwide [147]. Over the years, an increasing
set of solid data has shown that aerobic physical exercise
has beneficial effects on the prevention and reduction of
cardiovascular risk, even if the underlying mechanisms

have not been completely refined [148]. Aerobic or endur-
ance training, such as running, jogging, slow swimming,
and cycling, are particularly effective in initiating a series
of mechanisms that allow the body, including the heart and
vessels, to adapt and improve overall cardiovascular
function [149, 150]. Research shows physical exercise
training (ET) has positive implications for HFmanagement,
attenuates HF symptoms, and improves both systolic and
diastolic function, affecting cellular contraction [151, 152]
(Figure 7). Exercise can also initiate positive mechanisms
that improve blood pressure, reduce resting vascular
resistance, and improve cardiac function and structure
(Figure 7). MSC therapy has been related to various bene-
ficial effects in reducing myocardial infarct size (Figure 7).
These benefits of therapy include a reduction in the size of
the infarcted area, reduced thinning of the left ventricular
(LV) wall, antiapoptotic properties, and the mitigation of
ventricular remodeling via antifibrotic mechanisms. Like-
wise, MSCs have shown the capacity to enhancemyocardial
perfusion and preserve both systolic and diastolic perfor-
mance, as well as cardiac electrical viability and impulse
propagation [153–156]. At the same time, nitric oxide (NO) is
increasingly recognized as amolecule of importance for the
protection, growth, and differentiation of a variety of stem/
progenitor cells [150] (Figure 7). This can be relevant
because one of the problems associated with autologous
and allogeneic stem cell therapies is the poor survival of
transplanted cells. To enhance the post-stem cell trans-
plantation survival and therapeutic potential through
physical ET, by enhancing the bioavailability of NO and its
downstream signaling, can protect stem cells in a hostile
environment and enhance their activation, mobilization,
and differentiation that, in turn, can translate to improved
tissue repair. In an investigation involving rats with MI,
the rats were divided into groups: sedentary without
transplant cells, sedentary with cells, trained without cells,
and trained with cells. The sedentary group exhibited a
lower left ventricle ejection fraction (LVEF), whereas the
trained group with cells demonstrated a higher LVEF and
stabilized ventricular remodeling [157]. Besides in the
trained groups, collagen reduction and decreased cardiac
fibrosis were observed, indicating the potential benefits
of combining cell treatment with physical exercise on
ventricular function [157]. Amore recent study investigated
the effect of aerobic exercise andMSC therapy onMI in rats.
Rats were divided into sedentary (SC) and exercised (EX)
groups with or without MSC transplanted. The findings
showed that rats in the combination group had higher
cardiac function than those in the SC group and had lower
collagen content than SC, while EX and EX-MSC had lower s
α-actin expression than SC.
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Aerobic exercise seems to boost the beneficial effects
of stem cell therapy on ECM remodeling and fetal gene
expression in the left ventricle of rats with moderate
infarction [158]. Furthermore, another study investigated
how ET affects the cardioprotective impact of ADSC
transplantation in rats following MI. Echocardiography
revealed reduced scar size in both non-trained rats
receiving ADSC transplantation (sADSC) and trained
rats receiving ADSC transplantation (tADSC), However,
fractional shortening was improved only in the tADSC
group. In vitromyocardial performance, compared to sMI
rats, the tADSC group exhibited higher expression of
phosphoSer473Akt1 and VEGF, and histologic examination
indicated enhanced capillary density in the remote and
border zones of infarcted areas. In summary, exercise
preconditioning creates a pro-angiogenic environment,
which could boost the therapeutic effects of ADSCs on
heart remodeling after MI [158] (Figure 7). Moreover,
the convergence of aerobic exercise and stem cell ther-
apy could prove to be a comprehensive approach to car-
diovascular disease treatment providing significant
improvements in the management of cardiovascular
conditions particularly MI.

Another study explored the impact of ET on post-
infarction retention of ADSCs and its combined effects on
the inflammatory environment. ET was investigated for its
impact on post-MI cardiac remodeling in rats followingADSC
treatment. ET for nine weeks before MI and subsequent
ADSC transplantation improved LV parameters inhibited
myocardial hypertrophy and fibrosis, and decreased proin-
flammatory cytokines in rats compared to sedentaryMI rats.
Notably, ET increased the positive effects of ADSCs, attenu-
ation of proinflammatory cytokines (such as interleukins 1β
and 10, tumor necrosis factor α, and transforming growth
factor β), and was correlated with higher ADSC retention in
the myocardium. These results highlight the significance of
exercise in improving ADSC retention and reducing cardiac
remodeling following MI suggesting a positive effect on the
myocardial microenvironment based on anti-inflammatory
actions [158].

Regenerative rehabilitation for other diseases

In addition to stroke, SCI, OA, cardiovascular diseases, and
other well-recognized conditions, regenerative rehabilita-
tion has been investigated in other conditions such as

Figure 7: Regenerative rehabilitation for cardiovascular diseases. Stem cell therapy, which includes MSCs, BMMS, and ADSC, has been found to be
effective in reducing the infarcted area, thinning of the LV wall, and ventricular remodeling in cardiovascular diseases. It also improves myocardial
perfusion, impulse propagation, systolic and diastolic function, and cardiac electrical viability. These positive results are due to the anti-apoptosis and
anti-fibrosis effects of stem cell therapies.Moreover, physical exercise training has been found to be helpful in increasing blood pressure, cardiac function
and structure, and systolic and diastolic function, as well as reducing resting vascular resistance and heart failure symptoms. However, when stem cell
therapy is combined with physical exercise training, the effects of these treatments can be enhanced, and more positive results can be achieved. This is
because of the enhanced bioavailability of NO and its downstream signaling, anti-inflammatory abilities, pro-angiogenesis, and ADSC retention. MSCs,
mesenchymal stem cells; ADSC, adipose-derived stem cells; LV, left ventricular; NO, nitric oxide.
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skeletomuscular diseases, dry eyes, neurodegenerative
diseases, and diabetic peripheral neuropathy [159–163].
For example, it has been shown that exercise combined
with a 3D nano fibrillar scaffold can improve the abundance
of neuromuscular junctions and increase the regenerating
myofibers in a mouse model of volumetric muscle loss [160].
For corneal complications of dry eye disease, trans-
plantation of limbal stem cells can restore limbal stem cell
deficiency [161]. Additionally, regenerative rehabilitation
based on exosomes provides approaches to promoting
neural regeneration. It was shown that electrical stimulation
combined with exosomes from BMSCs had positive effects
on diabetic peripheral neuropathy [162]. Furthermore,
emerging areas such as wound healing, immune modula-
tion, and organ regeneration offer exciting opportunities
for regenerative rehabilitation to optimize recovery and
enhance the QoL [164–166].

Regenerative rehabilitation in clinical
practice

Hematopoietic stem cell transplantation (HSCT) combined
with rehabilitation therapy, is one of the most widely used
treatments for various types of malignant tumors [167].
It has a vast amount of clinical experience. Every year,
more than 50,000 HSCT treatments are performed globally,
significantly improving the survival rate of patients with
malignant tumors [167]. However, despite the effectiveness
of HSCT, it is observed that the incidence of cardiovascular
risk factors and cardiovascular diseases in these patients
is higher than that of the general population [167]. The
incidence rates of hypertension, dyslipidemia, diabetes,
and obesity amongHSCT survivors can reachup to 28%–74%,
33%–58%, 10%–41%, and 20%–44%, respectively [168–170].
The incidence of arrhythmias, HF, and MI ranges from 2 to
13 %, 1 %–9%, and 1 %–6%, respectively [171–173]. It is worth
noting that these data imply that HSCT survivors have a 7- to
16-fold higher incidence of CVD risk factors and a 2- to 4-fold
increase in CVD mortality compared with the general
population [174–177]. The risk factors for such outcomes may
be pre-existing cardiovascular disease risk factors and
functional disability, prolonged bed rest, organ damage
from chemotherapy/radiation therapy, and graft-versus-host
disease (GVHD) [173]. HSCTpatients typically have an average
hospitalization period of ≥ 4 weeks, which may negatively
affect their cardiorespiratory health due to long-term bed
rest, such as decreased muscle mass and exercise capac-
ity [173, 178, 179]. Therefore, improving the cardiopulmonary
health of HSCT patients is of utmost importance. As

recommended by the American College of Sports Medicine
(ACSM), incorporate moderate-intensity aerobic training
for at least 30min at least 3 times per week for at least
8–12 weeks, and at least 2 times/week using at least 2 sets of
8–15 resistance training at a maximum of 60% of 1 repetition
should be prescribed for cancer patients [180, 181]. Many
clinical studies have shown that physical activity can
improve cardiovascular health and strength, reduce fatigue,
and improveHSCT patients’ and survivors’QoL. Some studies
have shown that six-week treadmill walking can improve
metabolism in patients with solid tumors and non-Hodgkin
lymphoma undergoing HSCT [182]. Combining walking,
stretching, and strength training improves the 6-min walk
distance in patients with multiple myeloma undergoing
HSCT. Exercise therapy can be safely initiated during or
before transplant hospitalization, positively affecting limb
strength and cardiorespiratory fitness [183]. Moreover,
physical therapy can increase or decrease the engraftment
rate of HSCs, shorten the duration of total parenteral nutri-
tion, reduce the patient’s need for blood transfusions, and
reduce the number of attempts required to harvest stem
cells [183–186]. Physical therapy and exercise can also
reduce fatigue and the emotional impact of HSCT on pa-
tients [184, 187]. Studies have shown that patient-reported
physical function before HSCT predicts survival and that
exercise initiated before HSCT significantly positively affects
upper and lower limb strength.

Challenges and perspectives

Interdisciplinary collaborations

The intersection of rehabilitation science and technology
with regenerative therapy is becoming increasingly crucial.
Consequently, these twofields aremutually influencing each
other to a greater extent. However, efforts to elucidate the
precise biological mechanisms underlying regenerative
rehabilitation strategies are still ongoing. Establishing a
new field requires time, vision, and the commitment of
key stakeholders. Federal government agencies have been
allocating resources to support research and clinical care
endeavors in regenerative medicine. Their collective aim is
to define a vision for thefield, identify crucial challenges that
must be addressed, and discuss key initiatives to promote
the growth of regenerative rehabilitation. Panelists unani-
mously concurred that the moment has arrived to transition
regenerative rehabilitation research from isolated collabo-
rative endeavors to the formal establishment of an inter-
disciplinary field [47].
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Facilitating interdisciplinary interactions

Interdisciplinary research, where knowledge and ap-
proaches are combined, is often the impetus for a new field.
Within this latter approach, researchers possess training
and expertise that extendmore than one discipline, allowing
them to rapidly integrate fundamental principles across
both fields and act as focal points to bridge collaborations.
However, rehabilitation medicine has a long history of
interdisciplinary approaches following prevalent conditions
such as spinal injury, stroke, joint replacement, etc. Regen-
erative rehabilitation is poised to transition from multidis-
ciplinary collaborations to a new interdisciplinary field. The
question remains as to how to orchestrate this transition
with the most effectiveness and efficiency. Experts in
regenerativemedicine and rehabilitation can benefit greatly
from working together in a multidisciplinary group
(Figure 8). Such a group would comprise regenerative
medicine experts, rehabilitation doctors, and rehabilitation
therapists. Through collaboration, they can deepen their
understanding and cooperation to develop innovative
therapeutic methods that can improve the functions
and activities of daily living of disabled patients [188].
Additionally, in rehabilitation medicine centers, a similar
multidisciplinary working group including experts from
the rehabilitation field and regenerative medicine can be
established to explore projects that carry out regenerative
rehabilitation in scientific research activities. To support
this, cell biologists, molecular biologists, material scientists,
bioinformatics scientists, and physicians are required
to help translate innovative therapeutic methods from
laboratories to the bedsides of patients [2] (Figure 8). The
University of Washington has established a steering
committee and developed a set of guidelines to guide
regenerative rehabilitation activities. The aim is to establish

an intersection of research, education, and clinical appli-
cation to optimize the precision and effects of regenerative
medicine [188]. Since stem cells are susceptible to
mechanics and mechanical stimulation can enhance their
functions [189–191], it is important to determine the
optimal time to start rehabilitation protocols to maximize
the benefits of regenerative medicine.

Developing regenerative rehabilitation at the
institutional level

The growth of an interdisciplinary field of research at
the institutional level will demand engagement with
researchers and clinicians who are actively treating patients
(Figure 8). First, researchers, clinicians, and educators
should engage in education of regenerative rehabilitation,
and its effects and potential benefits in various disease
conditions. New educational curricula that encompass
regenerative medicine and rehabilitative strategies need
to be developed. It is necessary to introduce advanced
biological technologies such as stem cell therapies, tissue
engineering, gene editing, and computer sciences to offer
valuable insights and a deep understanding of this inte-
grated new field. Furthermore, there is a pressing need to
establish training programs that bridge these disciplines,
offering certificates, degrees, and fellowships in novel
multidisciplinary areas. Leveraging new tools and technol-
ogies, including online platforms such as Massive Open
Online Courses (MOOCs), can facilitate this educational
evolution and enable broader access to interdisciplinary
training opportunities.

Increasing the visibility of regenerative rehabilitation

With the formation of any new field, promotion, and
visibility are needed for the area to engage established
researchers and attract new trainees. The area will benefit
from stakeholders, ICRR members, and regenerative reha-
bilitation researchers taking an influential role in promoting
success, engaging at both the pre-clinical and clinical levels
with outreach to current fields. Notably, regeneration
rehabilitation can grow by highlighting its solutions and
successes to funding partners, particularly regenerative
rehabilitation (NIH and VA). A further step in adopting
leading-edge technologies in regenerative rehabilitation
includes implementing new regenerative technologies in
the clinic and new regenerative therapies, which can
significantly improve the translation of regenerative
medicines and ultimately optimize patient outcomes.
The emergence and growth of the field of regenerative
rehabilitation have great potential to improve clinical

Figure 8: Interdisciplinary collaboration of regenerative rehabilitation.
Experts in multidisciplinary areas must work together and have close
communications, aiming to establish an intersection of research,
education, and clinical application to optimize the precision and effects of
regenerative medicine.
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outcomes for patients with disabilities. However, this field is
in its infancy, and perfectly combining regenerative and
rehabilitation medicine technology is an issue that needs to
be continuously investigated.

Ethical issues

As regenerative rehabilitation is rapidly evolving, an
exciting promise is to provide a comprehensive solution
for patients on the waiting lists for organ transplantation.
By merging organ bioengineering, transplantation, and
rehabilitation, patients can receive a more effective treat-
ment plan [5] (Figure 9). However, ethical issues are an
important factor affecting the progress of stem cell therapy.
First, the fundamental issue of applying human embryonic
stem cells (hESCs) is to destroy early human embryos. Faced
with this issue, different countries have introduced different
policies [192]. For example, in the UK, the use of hESCs for
research is allowed, but nuclear transfer for reproductive
or therapeutic purposes is illegal [192]. In Italy, all hESC
research is illegal. The United States prohibits the

destruction of embryos to produce hESCs lines but allows the
use of hESCs lines generated before August 9, 2001 [192].
Therefore, most current research on hESCs focuses on ani-
mal models [193]. Later, the emergence of iPSCs solved this
ethical problem because the production of iPSC lines does
not require the destruction of embryos. Patient-specific
iPSCs can be used for drug screening, establishing in vitro
models of human diseases, and creating new reproductive
technologies. Since iPSC-derived cells are produced from
somatic cells obtained from the patient, there is no risk
of immune rejection after iPSC transplantation [194].
Developments in reproductive technologies have enabled
the production of sperm and eggs from human iPSCs [195].
This technology may be useful in treating infertility, but the
use of iPSC-derived gametes has created additional ethical
issues, such as concerning the potential utilization of created
embryos, human NT, the possibility of isosexual and asex-
ually derived gametes [195]. MSCs are considered safe to
date, but continued monitoring and long-term follow-up
should be performed to avoid the possibility of tumor
formation. However, it is worth noting that this is also a
challenging issue when clinics offer unproven stem cell

Figure 9: Organ bioengineering, transplantation, and rehabilitation. Regenerative rehabilitation is an exciting field that is rapidly evolving. One of its
most promising applications is providing a comprehensive solution for patients who are on organ transplantation waiting lists. By combining organ
bioengineering, transplantation, and rehabilitation, patients can receive a more effective treatment plan. Organoids generated from patient-derived
iPSCs can be used to address the issues of organ shortages and immune rejection. Additionally, incorporating rehabilitation strategies such as physical
and occupational therapies before and after transplantation can significantly improve the success rate of transplantations, reduce the risk of graft loss
andmortality, and increase independence and quality of life for patients. It is important to note, however, that the development of organ bioengineering
is still ongoing and requires further research and development. iPSCs, induced pluripotent stem cells. Parts of the figure were drawn by using pictures
fromServierMedical Art. ServierMedical Art by Servier is licensed under a Creative Commons Attribution 3.0Unported License (https://creativecommons.
org/licenses/by/3.0/).
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treatments. Therefore, researchers and clinicians are
ethically obligated to adhere to ethical guidelines.

Regulatory and safety concerns

To ensure patients’ safety in the field of regenerative reha-
bilitation, stem cell therapy poses several regulatory and
safety issues. First, before and after stem cell trans-
plantation, their behavior and efficacy need to be tightly
controlled. The microenvironment that affects stem cell
proliferation and survival, migration to the site of interest,
and the ability to differentiate into specific cells should also
be modeled to ensure success for the host treatment [13, 33].
Secondly, we need to further research and apply new tech-
nologies, such as 3D bioprinting and suitable biomaterials, to
overcome the challenges of tissue heterogeneity and vascu-
larization and achieve structurally and functionally correct
tissue or organ survival after transplantation. Third, an ideal
immune system in the host can optimize the outcome of
regenerative therapies, so a better understanding of im-
mune responses and appropriate techniques to adapt stem
cells to their environment will address this issue. Stem cell
treatments, which are subject to scientific, ethical, and legal
controversies, need to be regulated, and major countries
such as the United States, Japan, and China have currently
issued regulatory guidelines to ensure the safety and effec-
tiveness of these treatments [196–199]. With the rapid
development of this multidisciplinary field, more guidelines
should be developed to ensure the safety and effectiveness of
new treatment technologies and protocols in clinical
applications.

Safety concerns for unproven stem cell therapies

All treatment options have associated benefits and risks, and
stem cell treatments that have not been proven safe and
effective can be extremely dangerous for clinical patients.
The risks include: first, after injecting stem cells, the local
reaction is unclear; second, the injected stem cells may
transfer from the injection site to other places, and then
develop into unfavorable cell types in themicroenvironment
of other places, or possessing other unpredictable abilities;
third, cells may not develop according to the ideal state, but
develop into tumors due to their ability to proliferate
indefinitely; fourth, stem cell treatments that have not been
verified and standardized may be a risk of contamination.
Although autologous stem cells are currently considered
safer than allogeneic stem cells, the risks mentioned above
still exist. For example, patients with systemic lupus
erythematosus developed renal failure due to the infusion of

autologous HSCs into the kidneys and developed hemangi-
oma and proliferative lesions [200]. In the end, their kidneys
had to be removed [200]. Intravitreal injection of stem cells
derived from autologous adipose tissue has also caused
vision deterioration and even loss of light perception in
patients with macular degeneration [201]. Therefore, if
unapproved stem cells are being used, or if stem cell prod-
ucts are processed in a way that goes beyond minimal
manipulation, there must be relevant administrative and
judicial measures to curb these practices.

Some therapies exhibit a favorable risk-benefit balance,
while others lack proven efficacy, and their associated
adverse effects often go unreported. The extent to which
the clinical benefits of these therapies outweigh potential
risks remains uncertain. Strengthening oversight of clinical
applications and stem cell clinics is crucial to mitigate
potential risks. To address the benefits and risks associated
with stem cell therapy, the FDA published an article in
the New England Journal of Medicine (NEJM) in March
2017 [196]. This article emphasized the FDA’s role in facili-
tating the development and approval of new stem cell
therapies [196]. However, it underscores the importance
of providing scientific evidence to support the safety and
efficacy of these products. Based on evidence-based
standards, unsafe or ineffective treatments will be
excluded from routine use [196]. Therefore, stem cell treat-
ments require controlled clinical studies to determine
that the therapy is safe and effective for its intended use.

Accelerated approval for breakthrough therapies

Due to the complexity of mammalian cells, the behavior
of stem cells when introduced into new environments is
difficult to predict, so the safety of such treatments requires
documented empirical data. The FDA said that for treat-
ments that can provide relatively impressive benefits to
patients, only large-scale studies are needed to prove that the
benefits outweigh the risks. For treatments with fairly sig-
nificant benefits, regulators can approve modest trial sizes,
such as Randomized trials with at least 42 participating
patients redetected statistically significant 100 % improve-
ments in outcome measures with α=0.05 and β=0.1 [196].
Additionally, the FDA believes that for life-threatening
serious illnesses, expedited pathways are readily available
when current medical needs are not sufficient to treat
the disease, especially in the field of oncology, to develop
creative treatments that will meet the needs of patients and
physicians and give them an interest in commercially
available treatments-drugs and biologics with confidence.
For applications in non-life-threatening situations but
with relatively large patient numbers, moderately sized
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trials are likely to show a favorable benefit-risk profile, and
such trials will facilitate the development of truly effective
cell preparations and delivery methods. Stem cell therapy
product developers need to conduct a systematic under-
standing of the available pathways to develop cell therapy
products, collect necessary clinical data, and establish
innovative methods for evidence production to facilitate the
development and eventual licensing of safe, effective stem
cell therapies. Therefore, to promote and ensure the safe and
effective application of stem cell therapy in rehabilitation,
drug regulatory authorities/stem cell therapy product
researchers and sponsors must work together to solve
existing problems and difficulties with stem cells.
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