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Abstract

Regenerative Rehabilitation represents a multifaceted
approach that merges mechanobiology with therapeutic inter-
vention to harness the body’s intrinsic tissue repair and
regeneration capacity. This review delves into the intricate
interplay between mechanical loading and cellular responses
in the context of musculoskeletal tissue healing. It emphasizes
the importance of understanding the phases involved in
translating mechanical forces into biochemical responses at
the cellular level. The review paper also covers the mecha-
nosensitivity of macrophages, fibroblasts, and mesenchymal
stem cells, which play a crucial role during regenerative
rehabilitation since these cells exhibit unique mechanores-
ponsiveness during different stages of the tissue healing pro-
cess. Understanding how mechanical loading amplitude and
frequency applied during regenerative rehabilitation influences
macrophage polarization, fibroblast-to-myofibroblast transition
(FMT), and mesenchymal stem cell differentiation is crucial for
developing effective therapies for musculoskeletal tissues. In
conclusion, this review underscores the significance of
mechanome-guided strategies in regenerative rehabilitation.
By exploring the mechanosensitivity of different cell types and
their responses to mechanical loading, this field offers prom-
ising avenues for accelerating tissue healing and functional
recovery, ultimately enhancing the quality of life for individuals
with musculoskeletal injuries and degenerative diseases.
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From mechanotherapy to regenerative
rehabilitation

Without any exception, all musculoskeletal tissue
(MSK) tissues, including bone, tendon, ligament,
intervertebral discs, cartilage, etc., are under constant
mechanical loading due to diurnal and recreational ac-
tivities [1]. The mechanical loading applied on MSK
tissues is crucial to keep the MSK in a hemostasis state,
so many prominent studies have been conducted to
understand the intertwined relationship between me-
chanical forces and cellular responses [2]. These studies
demonstrated that direct physical stimuli applied to
tissues incite biological processes at the cellular level
through cellular mechanotransduction at the interface
between the extracellular matrix (ECM) and the cell
membrane [3]. In fact, the ancient Chinese, Greek,
Roman, and Egyptian civilizations used this concept,
applied mechanical loading for MSK tissue healing, and
established the roots of mechanotherapy [4,5]. Mecha-
notherapy, an emergent concept bridging mechanobiol-
ogy and therapeutic intervention, uses mechanical
forces to alter molecular pathways and evoke cellular
responses conducive to tissue growth, remodeling, and
repair [5]. This multifaceted strategy aims to restore
and establish normal tissue functions following loss due
to injury, aging, and exposure to microgravity through
employing mechanotherapeutic approaches. However,
many musculoskeletal tissues are inherently limited in
spontaneously regenerating and repairing following in-
juries, even with the help of mechanotherapy. Thus, the
cells, biologics, and carrying platforms, including extra-
cellular vesicles (EVs) from stem cells, fibroblasts, and
cellular scaffolds as regenerative agents, have been uti-
lized along with mechanotherapy to improve tissue
healing [4,6—8]. This paved the way for establishing the
field of regenerative rehabilitation, which integrates
principles from regenerative medicine (stem cells,
extracellular vesicles, scaffolds, etc.) with mechano-
therapy for enhanced tissue regeneration and functional
tissue recovery.

Understanding the regenerative
rehabilitation strategies at the cellular level
Regenerative rehabilitation is a multidisciplinary field
bringing rehabilitation specialists, occupational thera-
pists, basic scientists, tissue engineers, and surgeons
together to be used in a wide range of conditions,
including musculoskeletal injuries (such as fractures,
tendon, and ligament tears), neurological disorders (such
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as spinal cord injuries and stroke), and degenerative
diseases (such as osteoarthritis) [4]. By now, it is well
established that mechanical loading and unloading
translate into cellular and molecular level responses, sub-
sequently affecting the tissue responses. For instance,
low-magnitude, high-frequency mechanical stimulation
enhances bone mass and muscle regeneration in young
individuals [3,6,9] while deconditioning (unloading) of
bone or spine due to prolonged bed rest and microgravity
exposure initiates muscle atrophy and disc degeneration
[10,11]. Yet, it is still unclear how cellular responses can
be modulated using well-tailored regenerative rehabili-
tation strategies toward tissue regeneration and recovery.
Toward this end, first, it is important to understand the
phases in translating mechanical forces into biochemical
responses at the cellular level to improve the field of
regenerative rehabilitation.

Four distinct phases convert external mechanical stimuli
into a biochemical signal, leading to tissue repair and
regeneration as depicted in Figure 1: Mechanocoupling,
Biochemical coupling, Signal Transmission, and Effector
Cell Response [12].

During the mechanocoupling phase, the cell senses the
mechanical cues from the external environment within

milliseconds [13] and initiates the biochemical coupling

Figure 1

phase. In biochemical coupling, the cells generate
biochemical signals using various signaling pathways to
originate changes in gene transcription.

In the mechanocoupling and biochemical coupling
phases, the receptors on the cell membranes work as
mechanosensors to detect the mechanical forces and
activate the intercellular signaling pathways [14]. The
key mechanosensors are integrins, mechanosensitive ion
channels, primary cilia, and cadherins. The primary cilia
microtubule-based structure extends from the surface
to detect fluid flow and shear forces [15]. Once extra-
cellular mechanical forces activate the cilia, they can
influence the Signal Transducer and Activator of the
Transcription (STAT) pathway through various mecha-
nisms, including Hedgehog Signaling. 'The cadherin can
modulate intracellular signaling pathways in response to
mechanical forces by activating the Wnt signaling
pathway [6]. It is well-established that these orches-
trated events guide the MSK tissue repair upon
mechanotherapy and regenerative rehabilitation exer-
cises. Yet, the knowledge gap still exists in how cell-type
specificity and timeliness of mechanical loading play a
role in mechanotherapy and regenerative rehabilitation
effectiveness. It is important to note that the timing of
mechanotherapy is crucial. Different mechanotherapies
may be most beneficial at specific stages of recovery. For
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Mechanotransduction phases are initiated upon mechanical loading in mechanotherapy. Created with BioRender.com.

Current Opinion in Biomedical Engineering 2024, 29:100516

www.sciencedirect.com



Musculoskeletal tissue repair and recovery Jacho and Yildirim-Ayan 3

example, if a particular mechanotherapy has been
demonstrated to promote macrophage recruitment, it
may be most effective in the early stages of recovery
when inflammation and immune responses are critical.
In contrast, using a pro-inflammatory therapeutic might
disrupt the healing process during the restorative pro-
cesses in the latter stages of recovery [2].

Furthermore, cells can sense various mechanical forces,
including but not limited to shear force, compression,
and tension [16]. These forces play a significant role in
shaping the mechanotransduction process and guiding
cellular responses. For example, shear forces can affect
the mechanosensitive ion channels, leading to changes
in intracellular calcium levels and subsequent down-
stream signaling pathways [17,18]. Understanding the
specific mechanical forces involved in mechano-
transduction is essential for developing precise and
effective regenerative rehabilitation strategies that align
with the needs of the injured tissue. The orchestrated
events in mechanotransduction guide musculoskeletal
tissue repair upon mechanotherapy and regenerative
rehabilitation exercises. Yet, a knowledge gap still exists
in how cell-type specificity, timing, and the nature of
mechanical loading play a role in mechanotherapy and
regenerative rehabilitation effectiveness. Addressing
these aspects is fundamental to advancing our under-
standing of this field.

Importance of cells
mechanoresponsiveness for enhanced
regenerative rehabilitation outcome

The application of targeted mechanical loading during
mechanotherapy exercises in regenerative rehabilitation
is rooted in the principle of cell-type specificity. This
fundamental concept underscores the importance of
targeting treatment options to the specific types of cells
involved. Upon injury, the body initiates a well-
orchestrated healing process involving four consecutive
phases: hemostasis/coagulation, inflammation, prolifer-
ation, and remodeling/maturation [19]. Various cell
types predominate during these phases, each displaying
unique mechanosensitivity or mechanoresponsiveness.
Moreover, it’s worth noting that cells respond to me-
chanical loading dimensionality-dependently. Recent
research, such as the study by Man, K [20], has shed
light on how the dimensionality of mechanical cues can
significantly influence cellular responses. The dimen-
sionality effect is an important consideration, as it can
impact how different cell types respond to mechanical
loading based on factors like the direction and magni-
tude of the force and the dimension of the cellular
microenvironment [20].

Due to the dominance of different cell types in distinct
stages of healing and the dimensionality effect, it’s
important to recognize that applying the same

mechanical loading amplitude can yield varying out-
comes depending on the specific stage of the healing
process [21]. In tissue repair, the cellular milieu is vast
and diverse, involving well-discussed cell types and
lesser-known contributors. For example, resident stro-
mal cells, including fibroblasts, endothelial cells, and
various immune cells, play crucial roles [22—24].
Endothelial cells are the initial responders that secrete
molecules into circulation, initiating immune cell inva-
sion and tissue repair processes. Furthermore, immune
cells such as T cells also communicate with macro-
phages, orchestrating the termination of the immune
response and transitioning towards the restorative phase
[24]. This intricate interplay among various cell types
highlights the complexity of the healing process and the
importance of understanding their mechanoresponsive-
ness. In addition to the traditionally discussed macro-
phages, fibroblasts, and mesenchymal stem cells, a
comprehensive understanding of the roles of resident
stromal cells, endothelial cells, and the immune cell
populations, including T cells and mononuclear cells, is
essential for appreciating the scale of different cell types
involved in tissue repair.

The uniqueness of cell mechanical responsiveness in each
healing stage can significantly influence the response to
regenerative rehabilitation and, consequently, the results
achieved. Considering their importance in tissue regen-
eration, the responses of macrophages, fibroblasts, and
mesenchymal stem cells to mechanical loading are
discussed below, and representative studies are tabulated
in Table 1.

Mechanosensitivity of macrophages

A convincing body of clinical evidence states that innate
immune cells are critical regulators in musculoskeletal
(MSK) tissue regeneration during rehabilitation [35].
Among the innate immune cells, macrophages are recog-
nized as key elements for the inflammatory response and
tissue healing [36]. The macrophage-depleted animal
studies demonstrated that bone [37], muscle [36,38], and
tendon [39] tissues do not heal following an injury without
the direct involvement of macrophages. Upon injury, the
circulating blood monocytes extravasate into the tissue
and differentiate into naive macrophages (MO), which
concomitantly differentiate into pro-inflammatory mac-
rophages (M1) to stimulate the precursor cell proliferation
through secretion of pro-inflammatory molecules,
including TNF-a, IL6, IL1PB and phagocytize the tissue
debris. Following the initial inflammatory phase, macro-
phages can alter their metabolic functions and polarize
from a pro-inflammatory phenotype to a healing/growth-
promoting phenotype or anti-inflammatory macrophages
(M2) [40]. These sequential and transient phenotypic
changes in macrophages either contribute to or hinder
MSK tissue regeneration, depending on the microenvi-
ronment circulating the macrophages. Developing
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Table 1

Summarized studies investigating the effect of mechanical loading as a treatment for regenerative rehabilitation in musculoskeletal tissues.

Mechanical Loading Species and Dimensionality Targeted Tissue Role in Regenerative Rehabilitation Ref.
parameters
Fibroblasts 10%—150 % strain 36min Mouse (3D) Musculoskeletal tissues Stretch and ECM stiffness positively affect proliferation, [25]
for 3 days (soft, hard tissues) polarization, and differentiation of cell types towards
regeneration
4 %, 8 %, 12 % strain with Human (3D) Musculoskeletal tissues Mechanical strain exerted on fibroblasts can initiate [26]
0.1 Hz, 2 h/day for 7 days autocrine and paracrine tissue healing in a strain
amplitude dependent manner.
3 %, 6 %, and 18 % with Rabbits (3D) Intervertebral discs Moderate tensile strain at low frequencies benefits an [27]
1Hz, 0.5Hz or 0.1 Hz for anti-catabolic effects of the annulus fibrosus tissue
4-24h.
2 % and 5 % strain with 1 Hz Human (3D) Ligament Tissue Increased ligament matrix in ACL-fibroblast positively [28]
for 1 h/day for 15 days influences by the magnitude of stretching.
Stem cells 5 % strain, 6 h/day, Rat-marrow MSC (2D) Bone and adipose tissues Appropriate mechanical loading can enhance osteogenic [29]
10times/min differentiation of MSc, exercise can promote bone growth
and impede maturation of adipocytes.
2 % and 5 % strain with 1 Hz Human bone-marrow MSC Ligament Tissue Magnitude of stretching (amplitude) determines the [28]
for 1 h/day for 15 days (3D) positively effect towards ligament matrix secretion and
ACL regeneration
3 %, 6 %, 12 % strain at Human Adipose (3D) Intervertebral discs Optimized mechanical loading induce Annulus fibrosus- [30]
0.1 Hz or 1Hz for 2 h/day for like cells toward IVD repair and regeneration
7 days
Macrophages 3 %, 6 %, 12 % strain with Human pro-monocytic cell Blood-derived Response of macrophages to mechanical loading is not [31]
0.1Hz for 2 h line (3D) only contingent on their sub-phenotype but varies with
the amplitude of strain applied.
0—10 % strain for up to 6h Mouse-derived naive Musculoskeletal tissue Dynamic strain mechanism has an effect of intercellular [32]
macrophages (3D) fibroblast-macrophage communication through ECM.
1Pa at 0.5Hz for 8 days Human (3D) Musculo-vascular tissues Mechanical cues and cell—cell interplay affects the [33]
inflammatory environment during early stages to tissue
regeneration
20 % strain for 16h Human (3D) Bone Mechanical strain has an osteolytic potential for [34]

macrophages
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effective regenerative rehabilitation therapies for MSK
tissue regeneration depends on elucidating the mecha-
nosensitivity of macrophages and understanding how
mechanical loading modulates the phenotypic switch to-
wards tissue healing (anti-inflammatory macrophages)
phenotype [41] upon mechanical loading.

It’s worth noting that various signaling molecules and
the local microenvironment influence macrophage po-
larization. These factors, along with mechanical loading,
collectively impact the therapeutic outcomes. Recent
findings challenge the conventional belief that me-
chanical loading primarily impacts the formation and
remodeling of the extracellular matrix [42]. For
instance, after just five days of mechanotherapy exer-
cises lasting as short as 30 min per day, a significant
downregulation of pro-inflammatory gene expressions
(such as IL-1B, TNF-a, and IFN-Y) was noted in the
mechanically loaded tendons, unlike immobilized
counterparts, where botulinum toxin A (Botox) injec-
tion was employed [43,44].

With the current clinical mechanotherapy exercises,
while becoming more effective, the mechanistic un-
derstanding of how mechanical loadings exerted on
MSK tissue modulate macrophage differentiation can
further enhance the positive clinical outcomes of ther-
apy [31]. Considering the frequency of MSK tissue in-
juries and their social and economic consequences, it
becomes important to develop informed and effective
clinical mechanotherapy modalities for MSK tissue
healing For designing such modalities, one needs to
know how mechanical loading with various amplitudes
and frequencies and the influence of signaling mole-
cules and the local microenvironment affect macrophage
polarization and, consequently, MSK tissue healing [16].
Several prominent studies have been conducted in this
direction. For instance, a cyclic stretch of 4 % strain at
1Hz for 24 h promotes the secretion of inflammatory
genes such as IL-6, IL.-8, and TNF-a in naive macro-
phages. This mechanical loading rapidly induced the
immediate early response of c-fos, c-jun, and MMPs
genes, demonstrating that human monocytes/macro-
phages respond to mechanical loading with selective
augmentation of MMPs and enhancing the proteolytic
activity of macrophages within repairing tissues. It is
important to understand how mechanical loading, as a
component of mechanotherapy exercises, influences the
macrophage phenotype, particularly its orientation
toward pro-inflammatory lineages. This understanding
represents a crucial step in advancing our knowledge of
regenerative rehabilitation.

Mechanosensitivity of fibroblasts

Fibroblasts participate in the intricate interplay between
mechanical forces and regenerative tissue repair [45]. In
response to mechanical stimulation, fibroblasts show a
varied response involving upregulated proinflammatory

and profibrotic genes [26]. Similarly, these cells undergo
molecular changes, including proliferation, migration,
and differentiation into contractile myofibroblasts. The
transition of fibroblasts to myofibroblasts is crucial in
fibrotic tissue formation during the healing process. Ef-
forts have been made to understand the loading ampli-
tude influencing this transition, as fibroblasts are
commonly used in musculoskeletal tissue regeneration
[46—48]. While the 3D collagen lattice models are widely
used to study fibroblast-ECM interactions and myofi-
broblast differentiation, a very few studies consider the
mechanical loading exerted on the ECM and cells, which
is significant for positive clinical outcomes [48,49].
Figure 2 demonstrates data from a representative study
investigated the role of mechanical forces acting on the
fibroblast-laden tissue on onset and progression of
fibroblast-to-myofibroblast transition (FMT) [26].

Understanding how different amplitudes of mechanical
loading applied to a physiologically relevant in vitro
environment affects the transition from normal tissue
repair to fibroblast-to-myofibroblast is crucial for
developing effective therapies for musculoskeletal tis-
sues subject to constant mechanical loading [26]. There
are still questions about how the degree of mechanical
loading and changes in matrix properties impact this
transition. This orchestrated response to mechanical
loading underscores the complexity of molecular path-
ways that initiate fibroblast mechanotransduction.
While certain pathways remain examined, recent studies
[32,45] have witnessed substantial progress in under-
standing the integral cellular structure, genes, and
signaling cascades that facilitate fibroblast response to
mechanical stimuli. For instance, Baum and Duffy
explained the mechanosensitive phenomenon charac-
terized by cell traction forces (C'TFs) generated through
intricate coordination of the cellular cytoskeleton. This
phenomenon is crucial for wound contraction during the
fibroblast to myofibroblast transition. Myofibroblasts
organize granulation tissue in its late stage, exerting
contractile forces that facilitate wound closure [26,50].
"This mechanical coordination originates from the sliding
interactions of ATP-powered actin-myosin filaments,
transmitting tension via focal adhesions that anchor to
the ECM [26]. Notably, actin polymerization at the
leading edge of migrating cells contributes to CTF
generation.

As mentioned, focal adhesion kinase (FAK) is a central
kinase receptor and conductor of mechanical input and
cellular responses (Figure 1). Mechanical loading, such
as tension, stretching, or compression, can activate FAK
during mechanotherapy. This integrin-dependent auto-
phosphorylation of FAK activates kinases within the Src
family, initiating downstream signaling cascades. FAK’s
pivotal role is underscored by studies demonstrating its
influence on cell migration, mechanical responses, and
scar formation on fibroblast and myofibroblast transition
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(a) Excessive mechanical strain amplitude induces fibrosis (b) Relationship between the amplitude of mechanical strain applied on the tissue and
fibroblast-to-myofibroblast (FMT) transition. Increased mechanical strain leads to proto-myofibroblasts forming and subsequent differentiation to
myofibroblasts. The data and images are from “Mechanoresponsive regulation of fibroblast-to-myofibroblast transition in three-dimensional tissue

analogues: mechanical strain amplitude dependency of fibrosis’ [26].

[22]. For example, FAK-knockout mice exhibit reduced
inflammation and fibrosis in a murine hypertrophic scar
model [51], highlighting FAK’s involvement in patho-
logic scarring. Therefore, it is particularly important to
investigate how mechanical loading, as a viable option for
mechanotherapy, affects the fibroblast—myofibroblast
transition toward tissue regeneration.

Mechanosensitivity of mesenchymal stem cells
(MSCs)

The intricate interplay between cellular mechanics and
biological processes has also gained prominence in stem
cell biology and regeneration, particularly in mesen-
chymal stem cells (MSCs). MSCs, often called the ar-
chitects of tissue repair and regeneration, exhibit an
extraordinary ability to differentiate into various cell
lineages [1,52], contributing to maintaining tissue ho-
meostasis and facilitating wound healing. A significant
breakthrough in understanding MSC behavior has been

the recognition of their ability to be mechanosensitive —
the responsiveness to physical forces and mechanical
cues from their environment. This mechanosensitive is
pivotal in dictating MSC fate determination and dif-
ferentiation, offering profound implications for regen-
erative and rehabilitation [1,53].

As in the case of macrophages and fibroblasts, the ECM
orchestrates MSC behavior, intricately regulating self-
renewal, pluripotency, and lineage specification. The
mutual communication between MSCs and their ECM is
a two-way path. MSCs secrete bioactive molecules that
influence the environment and exert mechanical forces
through their cytoskeletal components, thereby modu-
lating the environment in which they reside [54]. For
instance, the plasticity exhibited by cancer stem cells in
reorganizing their microenvironment underscores the
malleable nature of the ECM. Furthermore, studies illu-
minating the maintenance of pluripotency in naive stem

Current Opinion in Biomedical Engineering 2024, 29:100516
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cells emphasize the impact of mechanotransducers [55].
Their transducers communicate signals that regulate vital
pathways like WN'T/B-catenin and control the expression
of key markers such as E-cadherin, steering the fate of
MSCs towards self-renewal and multipotency [55].

The pivotal role of mechanical cues in lineage specifica-
tion emerges as a central question in MSCs mechanobi-
ology. Many prominent studies have already proved that
human MSCs are mechanoresponsive. The mechanical
loading amplitude and frequency dictate the lineage
commitment of hMSCs towards tenogenic, myogenic,
chondrogenic, and osteogenic differentiation [30,56].
One study by Azizi, P et al. [57] utilized a fluid—
structure interaction (FSI) model to simulate mechani-
cal stimulation on 3D hydrogel scaffolds seeded with
hMSCs. It was discovered that cell fate was strongly
impacted by the dynamic compressive loading’s magni-
tude. While the number of cells differentiating into bone
tissue decreased as the compression amplitude increased,
within a certain range of compression, the differentiation
of cartilage cells increased and then declined. Another
study highlighted the multidirectional differentiation
capacity of bone marrow MSCs [58] by examining how
they responded to mechanical loading and motility. The
effects of locomotion-induced mechanical stimulation on
BMSC migration, proliferation, and differentiation pro-
vide insight into the potential benefits of proper exercise
regimes for maintaining bone health.

To explore the effects of mechanical stimuli on stem
cells, particularly mesenchymal stem cells (MSCs),
specialized devices such as stretch stimulation devices
have become instrumental in replicating the physical
changes these cells experience in their natural envi-
ronment. Understanding how mechanical stress in-
fluences MSC behavior and differentiation is crucial for
advancing regenerative rehabilitation strategies. In
addition, a study by Uzieliene, I. et al. [59] looked at
how chondrocytes and hMSCs responded to mechanical
stress in 3D hydrogels based on chondroitin sulfate.
Even while chondrocytes expressed more genes specific
to cartilage, they were more vulnerable to mechanical
stress. hMSCs, on the other hand, showed more
consistent regulation of intracellular calcium levels,
indicating their benefit for cartilage regeneration.
Together, these findings highlight the complex rela-
tionship between mechanical loading and hMSC dif-
ferentiation. As we delve deeper into the intricate world
of mechanotransduction, these innovative devices
continue to shed light on how mechanical stimuli can
enhance tissue repair and rehabilitation, opening new
therapeutic applications.

Extracellular vesicles as mechano-
therapeutic effectors

As our understanding of regenerative rehabilitation grows,
the interaction between mechanical forces and biological

responses 1s crucial in maximizing tissue repair and
regeneration. This investigation emphasized the poten-
tial significance of extracellular vesicles (EVs) and how
mechanical loading might affect the formation and
composition of EVs, thus affecting the regenerative pro-
cess. Examining these dynamics may lead to the creation
of focused treatments that improve tissue healing results
by boosting regeneration signals mediated by EVs.

Moreover, in addition to the sheer number of EVs, it is
critical to investigate how mechanical loading affects the
makeup of EV cargo. The EVs extracted from the me-
chanically stimulated cells are packed with bioactive
chemicals to further support tissue regeneration and
repair. For instance, as shown by Wang. et al. [60], EVs
released by mechanically strained fibroblasts may
contain components that promote collagen synthesis
and tissue remodeling. This study sheds light on the
molecular pathways behind regeneration rehabilitation
by examining EV cargo under various mechanical envi-
ronments. With the increasing depth of our knowledge
regarding the effects of mechanical loading on EV
secretion and function, the possibility of creating
customized EV-based treatments for regeneration
rehabilitation is becoming more viable. According to the
study by Guo S. et al. [61], these therapies might entail
separating and engineering EVs from mechanically
stimulated cells to increase their capacity for regenera-
tive medicine. Furthermore, the stage of tissue repair
and the current mechanical loading circumstances may
influence the timing and dosage of EV-based therapies.
Although, these studies reveal the potential of EVs in
regenerative rehabilitation, it is important to note that
EV-based therapies are still emerging techniques that
require further study.

Conclusion

This review has underscored the pivotal role of
mechanome-guided strategies in shaping the future of
regenerative rehabilitation. The mechanosensitivity of
cells to mechanical loading during the regenerative
rehabilitation process is a central theme of this review.
From macrophages orchestrating inflammation and
healing to fibroblasts bridging the gap between injury
and tissue repair and mesenchymal stem cells offering
plasticity for regeneration, cells exhibit distinct
mechanoresponsiveness during different phases of
tissue healing. By exploring the mechanosensitivity of
various cell types and their responses to mechanical
loading, this field offers a pathway for designing more
effective regenerative rehabilitation strategies. While
the future of regenerative rehabilitation is filled with
boundless possibilities, mechanome-guided regenera-
tive rehabilitation holds immense promise for acceler-
ating tissue healing and improving the quality of life for
individuals with musculoskeletal injuries and degener-
ative diseases.

www.sciencedirect.com

Current Opinion in Biomedical Engineering 2024, 29:100516



8 Novel Biomedical Technology: Regenerative Rehabilitation

Author’s contribution

E.YA. and D.]. conceived the main idea. E.-YA. and D.].
wrote the main manuscript text. All authors reviewed
the manuscript.

Funding information

"This study is supported by the National Science Foun-
dation under Grant 2213958 (E.Y-A) and by the National
Institute of Health Advance AR3T 2.0 Pilot Study-
5000629 (E.Y-A).

Declaration of competing interest

The authors declare the following financial interests/
personal relationships which may be considered as po-
tential competing interests: Eda Yildirim-Ayan reports
financial support was provided by National Institutes of
Health. Eda Yildirim-Ayan reports financial support was
provided by National Science Foundation. Eda Yildirim-
Ayan reports a relationship with Altered Gravity, LLC
that includes: equity or stocks.

References
Papers of particular interest, published within the period of review,
have been highlighted as:

* of special interest
** of outstanding interest

1. Trumbull A, Subramanian G, Yildirim-Ayan E: Mechanores-
ponsive musculoskeletal tissue differentiation of adipose-
derived stem cells. Epub 20160422 Biomed Eng Online 2016,
15:43. https://doi.org/10.1186/s12938-016-0150-9. PubMed
PMID: 27103394; PMCID: PMC4840975.

2. d’Agostino MC, Craig K, Tibalt E, Respizzi S: Shock wave as
biological therapeutic tool: from mechanical stimulation to
recovery and healing, through mechanotransduction. Epub
20151128 Int J Surg 2015, 24(Pt B):147—-153. https://doi.org/
10.1016/}.ijsu.2015.11.030. PubMed PMID: 26612525.

3. Somers SM, Spector AA, DiGirolamo DJ, Grayson WL: Bio-
physical stimulation for engineering functional skeletal
muscle. Tissue Eng Part B 2017, 23(4):362—372. hitps://doi.org/
10.1089/ten.TEB.2016.0444. PubMed PMID: 28401807; PMCID:
PMC5802252.

4. Seo BR, Mooney DJ: Recent and future strategies of mecha-
notherapy for tissue regenerative rehabilitation. Epub
20220208 ACS Biomater Sci Eng 2022, 8:4639—-4642. https://
doi.org/10.1021/acsbiomaterials.1c01477. PubMed PMID:
35133789.

The authors highlight that mechanotherapy, involving the application of
mechanical forces to injured tissue, is a promising approach for tissue
regeneration. It emphasizes recent advances in tissue engineering,
soft robotics, and analysis methods and the need for diversified, tissue-
friendly actuation systems for systematic and controlled studies, ulti-
mately enabling a range of mechanotherapy options in the future.

5. McKay J, Nasb M, Hafsi K: Mechanobiology-based physical
therapy and rehabilitation after orthobiologic interventions: a
narrative review. Epub 20211028 Int Orthop 2022, 46:179—188.
https://doi.org/10.1007/s00264-021-05253-5. PubMed PMID:
34709429.

Ma Q, Miri Z, Haugen HJ, Moghanian A, Loca D: Significance of
mechanical loading in bone fracture healing, bone regener-
ation, and vascularization. Epub 20230522 J Tissue Eng 2023,
14, 20417314231172573. https://doi.org/10.1177/
20417314231172573. PubMed PMID: 37251734; PMCID:
PMC10214107.

The authors demonstrated that bone responds to mechanical and
biophysical stimuli as a dynamic organ, offering potential for tissue

*O

repair. It discusses the critical role of various cell types in bone tissue
and the effects of different types of mechanical loading on bone
structure and cellular function, focusing on fracture healing and
regeneration.

7. Saito T, Nakamichi R, Yoshida A, Hiranaka T, Okazaki Y, Nezu S,
Matsuhashi M, Shimamura Y, Furumatsu T, Nishida K, Ozaki T:
The effect of mechanical stress on enthesis homeostasis in a
rat Achilles enthesis organ culture model. Epub 20211115 J
Orthop Res 2021. https://doi.org/10.1002/jor.25210. PubMed
PMID: 34783068.

8. lijima H, Wang K, D’Amico E, Tang WY, Rogers RJ, Jakicic JM,
Ambrosio F: Exercise-primed extracellular vesicles improve
cell-matrix adhesion and chondrocyte health. Epub 20230606
Res Sq 2023. https://doi.org/10.21203/rs.3.rs-2958821/v1.
PubMed PMID: 37333349; PMCID: PMC10274961.

This study showed that exercise facilitates communication between
extracellular vesicles (EVs) and chondrocytes in articular cartilage.
Computational analysis and experimental studies found that exercise-
primed EVs can mitigate pathogenic matrix signaling in chondrocytes,
potentially promoting cellular rejuvenation and health through epige-
netic reprogramming.

9. Zhang P, Liu X, Guo P, Li X, He Z, Li Z, Stoddart MJ, Grad S,
Tian W, Chen D, Zou X, Zhou Z, Liu S: Effect of cyclic me-
chanical loading on immunoinflammatory microenvironment
in biofabricating hydroxyapatite scaffold for bone regenera-
tion. Epub 20210309 Bioact Mater 2021, 6:3097—-3108. https://
doi.org/10.1016/j.bioactmat.2021.02.024. PubMed PMID:
33778191; PMCID: PMC7960680.

10. Treffel L, Navasiolava N, Mkhitaryan K, Jouan E, Zuj K,
Gauquelin-Koch G, Custaud MA, Gharib C: DI-5-Cuffs: Lumbar
intervertebral disc proteoglycan and water content changes
in humans after five days of dry immersion to simulate
microgravity. Epub 20200526 Int J Mol Sci 2020, 21. https:/
doi.org/10.3390/ijms21113748. PubMed PMID: 32466473;
PMCID: PMC7312650.

11. Sugimoto T, Imai S, Yoshikawa M, Fujisato T, Hashimoto T,

** Nakamura T: Mechanical unloading in 3D-engineered muscle
leads to muscle atrophy by suppressing protein synthesis.
Epub 20220317 J App! Physiol 1985:2022. https://doi.org/
10.1152/japplphysiol.00323.2021. PubMed PMID: 35297688.

In this study using a 3D-engineered muscle model, the authors showed
that mechanical unloading led to significant muscle atrophy, with
muscle weight, length, twitch contractile force, and myosin heavy chain
expression in the "stretched-off" group (OFF) decreasing by approxi-
mately 38.1% to 75.0% on days 2 and 7 compared to the "stretched-
on" group (ON). The primary mechanism of atrophy was found to be
the suppression of muscle protein synthesis (MPS), with a reduction
ranging from approximately 38.5% to 51.1%, while muscle protein
breakdown (MPB), particularly through the ubiquitin-proteasome
pathway, was not significantly affected.

12. Huang C, Holfeld J, Schaden W, Orgill D, Ogawa R: Mechano-
therapy: revisiting physical therapy and recruiting mecha-
nobiology for a new era in medicine. Epub 20130618 Trends
Mol Med 2013, 19:555—564. https://doi.org/10.1016/
j.molmed.2013.05.005. PubMed PMID: 23790684.

13. Carvalho JR, Fortunato IC, Fonseca CG, Pezzarossa A,
Barbacena P, Dominguez-Cejudo MA, Vasconcelos FF,
Santos NC, Carvalho FA, Franco CA: Non-canonical Wnt
signaling regulates junctional mechanocoupling during
angiogenic collective cell migration. Epub 20190627 Elife
2019, 8. hitps://doi.org/10.7554/eLife.45853. PubMed PMID:
31246175; PMCID: PMC6684320.

14. Dunn SL, Olmedo ML: Mechanotransduction: relevance to
physical therapist practice-understanding our ability to affect
genetic expression through mechanical forces. Epub
20151223 Phys Ther 2016, 96:712—721. https://doi.org/10.2522/
ptj.20150073. PubMed PMID: 26700270.

15. Lydia Djenoune MM, Truong Thai V, Nguyen Christopher T,
Fraser Scott E: Martina Brueckner, Jonathon Howard and
Shiaulou Yuan. Cilia function as calcium-mediated mecha-
nosensors that instruct left-right asymmetry. Science 2023,
379:71-78. https://doi.org/10.1126/science.abq7317ce.

This study focuses on the mechanisms underlying left-right (LR)
asymmetry determination in embryos, particularly focusing on cilia in
the left-right organizer (LRO). Using an innovative approach in zebra-
fish, the study demonstrates that cilia act as calcium-mediated

Current Opinion in Biomedical Engineering 2024, 29:100516

www.sciencedirect.com



Musculoskeletal tissue repair and recovery Jacho and Yildirim-Ayan 9

mechanosensors, essential for LR development, shedding light on the
long-debated question of how cilia perceive flow to establish LR
asymmetry.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

* %

Adams S, Wuescher LM, Worth R, Yildirim-Ayan E: Mechano-
immunomodulation: mechanoresponsive changes in macro-
phage activity and polarization. Epub 20190619 Ann Biomed
Eng 2019, 47:2213-2231. https://doi.org/10.1007/s10439-019-
02302-4. PubMed PMID: 31218484; PMCID: PMC7043232.

Fahy N, Menzel U, Alini M, Stoddart MJ: Shear and dynamic
compression modulates the inflammatory phenotype of
human monocytes in vitro. Epub 20190305 Front Immunol
2019, 10:383. https://doi.org/10.3389/fimmu.2019.00383.
PubMed PMID: 30891042; PMCID: PMC6411641.

Wang X, Ha T: Defining single molecular forces required to
activate integrin and notch signaling. Science 2013, 340:
991-994. https://doi.org/10.1126/science.1231041. PubMed
PMID: 23704575; PMCID: PMC3710701.

Kwon SH, Padmanabhan J, Gurtner GC: Mechanobiology of
skin diseases and wound healing. Mechanobiol Heal Dis 2018:
415-448.

Man K, Liu J, Phan KM, Wang K, Lee JY, Sun X, Story M, Saha D,
Liao J, Sadat H, Yang Y: Dimensionality-dependent mechani-
cal stretch regulation of cell behavior. Epub 20220405 ACS
Appl Mater Interfaces 2022, 14:17081—-17092. hitps://doi.org/
10.1021/acsami.2c01266. PubMed PMID: 35380801.

Guillamat-Prats R: The role of MSC in wound healing, scarring
and regeneration. Epub 20210708 Cells 2021, 10. https://
doi.org/10.3390/cells10071729. PubMed PMID: 34359898;
PMCID: PMC8305394.

Baum J, Duffy HS: Fibroblasts and myofibroblasts: what are
we talking about?. Epub 2011/02/08 J Cardiovasc Pharmacol
2011, 57:376—-379. https://doi.org/10.1097/
FJC.0b013e3182116e39. PubMed PMID: 21297493; PMCID:
PMC3077448.

Song G, Wang S, Barkestani MN, Mullan C, Fan M, Jiang B,
Jiang Q, Li X, Jane-Wit D: Membrane attack complexes,
endothelial cell activation, and direct allorecognition. Epub
20220923 Front Immunol 2022, 13, 1020889. https://doi.org/
10.3389/fimmu.2022.1020889. PubMed PMID: 36211400;
PMCID: PMC9539657.

Wynn TA: Cellular and molecular mechanisms of fibrosis.
Epub 2007/12/29 J Pathol 2008, 214:199—-210. https://doi.org/
10.1002/path.2277. PubMed PMID: 18161745; PMCID:
PMC2693329.

Li Y, Huang G, Li M, Wang L, Elson EL, Lu TJ, Genin GM, Xu F:
An approach to quantifying 3D responses of cells to extreme
strain. Epub 2016/02/19 Sci Rep 2016, 6, 19550. https://doi.org/
10.1038/srep19550. PubMed PMID: 26887698; PMCID:
PMC4757889.

Jacho D, Rabino A, Garcia-Mata R, Yildirim-Ayan E: Mechanor-
esponsive regulation of fibroblast-to-myofibroblast transition
in three-dimensional tissue analogues: mechanical strain
amplitude dependency of fibrosis. Epub 2022/10/08 Sci Rep
2022, 12, 16832. https://doi.org/10.1038/s41598-022-20383-5.
PubMed PMID: 36207437; PMCID: PMC9547073.

This study focuses on the impact of mechanical loading on fibroblast
behavior in a 3D tissue model and its implications for tissue regener-
ation. The findings indicate that moderate mechanical strain (4%)
promotes tissue regeneration, but higher strain amplitudes (8%—12%
strain) trigger fibrotic tissue formation by initiating the fibroblast-to-
myofibroblast transition, emphasizing the need for precise mechano-
modulatory approaches in tissue healing strategies

27.

28.

Alkhatib B, Rosenzweig DH, Krock E, Roughley PJ, Beckman L,
Steffen T, Weber MH, Ouellet JA, Haglund L: Acute mechanical
injury of the human intervertebral disc: link to degeneration
and pain. discussion -1. Epub 20140912 Eur Cell Mater 2014, 28:
98-110. https://doi.org/10.22203/ecm.v028a08. PubMed PMID:
25214017.

Kreja L, Liedert A, Schlenker H, Brenner RE, Fiedler J, Friemert B,
Durselen L, Ignatius A: Effects of mechanical strain on human
mesenchymal stem cells and ligament fibroblasts in a
textured poly(L-lactide) scaffold for ligament tissue engi-
neering. Epub 20120624 J Mater Sci Mater Med 2012, 23:

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

2575-2582. https://doi.org/10.1007/s10856-012-4710-7. PubMed
PMID: 22729594.

Li R, Liang L, Dou Y, Huang Z, Mo H, Wang Y, Yu B: Mechanical
strain regulates osteogenic and adipogenic differentiation of
bone marrow mesenchymal stem cells. Epub 20150402
BioMed Res Int 2015, 2015, 873251. https://doi.org/10.1155/
2015/873251. PubMed PMID: 25922842; PMCID: PMC4398939.

Elsaadany M, Winters K, Adams S, Stasuk A, Ayan H, Yildirim-
Ayan E: Equiaxial strain modulates adipose-derived stem cell
differentiation within 3D biphasic scaffolds towards annulus
fibrosus. Epub 2017/10/11 Sci Rep 2017, 7, 12868. https://
doi.org/10.1038/s41598-017-13240-3. PubMed PMID: 28993681;
PMCID: PMC5634474.

Babaniamansour P, Jacho D, Teow A, Rabino A, Garcia-Mata R,
Yildirim-Ayan E: Macrophage mechanoresponsiveness within
3D tissue matrix upon mechanotherapy- associated strains.
Epub 20230919 Tissue Eng 2023. https://doi.org/10.1089/
ten.TEA.2023.0110. PubMed PMID: 37725574.

Pakshir P, Alizadehgiashi M, Wong B, Coelho NM, Chen X,
Gong Z, Shenoy VB, McCulloch CA, Hinz B: Dynamic fibroblast
contractions attract remote macrophages in fibrillar collagen
matrix. Epub 2019/04/25 Nat Commun 2019, 10:1850. https://
doi.org/10.1038/s41467-019-09709-6. PubMed PMID: 31015429;
PMCID: PMC6478854.

Wissing TB, van Haaften EE, Koch SE, Ippel BD, Kurniawan NA,
Bouten CVC, Smits A: Hemodynamic loads distinctively
impact the secretory profile of biomaterial-activated macro-
phages - implications for in situ vascular tissue engineering.
Epub 2019/11/12 Biomater Sci 2019, 8:132—147. https://doi.org/
10.1039/c9bm01005j. PubMed PMID: 31709425.

Matthews JB, Mitchell W, Stone MH, Fisher J, Ingham E: A novel
three-dimensional tissue equivalent model to study the
combined effects of cyclic mechanical strain and wear par-
ticles on the osteolytic potential of primary human macro-
phages in vitro. Proc Inst Mech Eng H 2001, 215:479—-486.
https://doi.org/10.1243/0954411011536073. PubMed PMID:
11726048.

Dean BJF, Dakin SG, Millar NL, Carr AJ: Review: emerging
concepts in the pathogenesis of tendinopathy. Surg-J R Coll
Surg E. 2017, 15:349-354. PubMed PMID: WOS:
000418216700006.

Dort J, Fabre P, Molina T, Dumont NA: Macrophages are key
regulators of stem cells during skeletal muscle regeneration
and diseases. Epub 2019/08/10 Stem Cell Int 2019, 2019,
4761427. hitps://doi.org/10.1155/2019/4761427. PubMed PMID:
31396285; PMCID: PMC6664695.

Gu Q, Yang H, Shi Q: Macrophages and bone inflammation.
Epub 2018/04/18 J Orthop Trans 2017, 10:86—-93. https://doi.org/
10.1016/j.jot.2017.05.002. PubMed PMID: 29662760; PMCID:
PMC5822954.

Liu X, Liu Y, Zhao L, Zeng Z, Xiao W, Chen P: Macrophage
depletion impairs skeletal muscle regeneration: the roles of
regulatory factors for muscle regeneration. Epub 2016/11/27
Cell Biol Int 2017, 41:228—238. https://doi.org/10.1002/
cbin.10705. PubMed PMID: 27888539.

Hays PL, Kawamura S, Deng XH, Dagher E, Mithoefer K, Ying L,
Rodeo SA: The role of macrophages in early healing of a
tendon graft in a bone tunnel. Epub 2008/03/04 J Bone Joint
Surg Am 2008, 90:565—579. https://doi.org/10.2106/
JBJS.F.00531. PubMed PMID: 18310707.

Brown BN, Ratner BD, Goodman SB, Amar S, Badylak SF:
Macrophage polarization: an opportunity for improved out-
comes in and regenerative medicine. Biomaterials 2012, 33:
3792-3802. https://doi.org/10.1016/j.biomaterials.2012.02.034.
PubMed PMID: WOS:000303273200002.

Hortensius RA, Ebens JH, Harley BA: Inmunomodulatory ef-
fects of amniotic membrane matrix incorporated into
collagen scaffolds. Epub 2016/01/23 J Biomed Mater Res 2016,
104:1332—1342. https://doi.org/10.1002/jom.a.35663. PubMed
PMID: 26799369; PMCID: PMC5030101.

Meli VS, Veerasubramanian PK, Downing TL, Wang W, Liu WF:
Mechanosensation to inflammation: roles for YAP/TAZ in

www.sciencedirect.com

Current Opinion in Biomedical Engineering 2024, 29:100516



10 Novel Biomedical Technology: Regenerative Rehabilitation

innate immune cells. Epub 20230502 Sci Signal 2023, 16,

eadc9656. https://doi.org/10.1126/scisignal.adc9656. PubMed

PMID: 37130167.
The authors discuss the role of mechanosensitive proteins YAP and
TAZ (YAP/TAZ) in regulating inflammation and immunity in innate
immune cells. It discusses how YAP/TAZ plays a role in various aspects
of inflammatory diseases, wound healing, and tissue regeneration,
emphasizing their potential as therapeutic targets for managing in-
flammatory conditions.

43. Hettinger ZR, Wen Y, Peck BD, Hamagata K, Confides AL, Van
* Pelt DW, Harrison DA, Miller BF, Butterfield TA, Dupont-
Versteegden EE: Mechanotherapy reprograms aged muscle
stromal cells to Remodel the extracellular matrix during re-
covery from disuse. zqac015. Epub 20220324 Function (Oxf).
2022, 3. https://doi.org/10.1093/function/zqac015. PubMed PMID:
35434632; PMCID: PMC9009398.
The authors discuss the impact of mechanotherapy on extracellular
matrix (ECM) remodeling in aged muscle during recovery from disuse.
Through single-cell RNA sequencing and isotope tracing, the study
reveals that mechanotherapy promotes ECM turnover in aged muscle,
emphasizing its potential to enhance recovery from disuse-induced
atrophy in older individuals.

44. Eliasson P, Andersson T, Aspenberg P: Rat Achilles tendon
healing: mechanical loading and gene expression. Epub
2009/06/23 J App! Physiol 2009, 107:399—-407. hitps://doi.org/
10.1152/japplphysiol.91563.2008. PubMed PMID: 19541731.

45. Balestrini JL, Billiar KL: Magnitude and duration of stretch
modulate fibroblast remodeling. J Biomech Eng 2009, 131,
051005. https://doi.org/10.1115/1.3049527. PubMed PMID:
19388775.

46. Berry CE, Downer Jr M, Morgan AG, Griffin M, Liang NE,

** Kameni L, Laufey Parker JB, Guo J, Longaker MT, Wan DC: The
effects of mechanical force on fibroblast behavior in cuta-
neous injury. Epub 20230418 Front Surg 2023, 10, 1167067.
https://doi.org/10.3389/fsurg.2023.1167067. PubMed PMID:
37143767; PMCID: PMC10151708.

The article discusses the significance of mechanical stress in wound

healing and scar formation, highlighting the cellular mechanisms

involved in this process. It reviews proteins and pathways, such as
focal adhesion kinase, RhoA/ROCK, the Hippo pathway, YAP/TAZ, and

Piezo1, and how their modulation can reduce scar formation and

improve wound healing.

47. Sha 'Y, Zhang B, Chen L, Hong H, Chi Q: Mechano growth
*  factor Accelerates ACL repair and improves cell mobility of
mechanically injured human ACL fibroblasts by targeting
rac1-PAK1/2 and RhoA-ROCK1 pathways. Epub 20220414 Int
J Mol Sci 2022, 23. https://doi.org/10.3390/ijms23084331.
PubMed PMID: 35457148; PMCID: PMC9026312.
The authors focus on the impact of mechanical stress on anterior
cruciate ligament (ACL) fibroblasts and the potential of mechano
growth factor (MGF) to mitigate its negative effects. It found that MGF
treatment improved cell mobility and relevant molecule expression in
injured ACL fibroblasts, and a rabbit model, MGF accelerated ACL
regeneration and restored its mechanical loading capacity after partial
transection, suggesting a potential clinical application for ACL rupture
treatment.

48. Rogers JD, Richardson WJ: Fibroblast mechanotransduction
** network predicts targets for mechano-adaptive infarct ther-

apies. Epub 20220209 Elife 2022, 11. https://doi.org/10.7554/

elife.62856. PubMed PMID: 35138248; PMCID: PMC8849334.
The authors discuss the importance of regional fibrosis control after
myocardial infarction and the complex interactions between signaling
pathways in cardiac fibroblasts. By employing a mathematical model,
the study identified potential therapies that can modulate matrix protein
expression context-specific, with 13 mechano-adaptive treatments
showing promise in promoting tissue repair while reducing fibrosis
where it's not needed.

49. Liu L, Yu H, Zhao H, Wu Z, Long Y, Zhang J, Yan X, You Z,
Zhou L, Xia T, Shi Y, Xiao B, Wang Y, Huang C, Du Y: Matrix-
transmitted paratensile signaling enables myofibroblast-
fibroblast cross talk in fibrosis expansion. Epub 2020/05/03
Proc Natl Acad Sci U S A 2020, 117:10832-10838. https:/
doi.org/10.1073/pnas.1910650117. PubMed PMID: 32358190;
PMCID: PMC7245086.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Li Z, Bratlie KM: Fibroblasts treated with macrophage condi-
tioned medium results in phenotypic shifts and changes in
collagen organization. Epub 2021/03/02 Mater Sci Eng C 2021,
122, 111915. https://doi.org/10.1016/j.msec.2021.111915.
PubMed PMID: 33641908.

Wong VW, Rustad KC, Akaishi S, Sorkin M, Glotzbach JP,
Januszyk M, Nelson ER, Levi K, Paterno J, Vial IN, Kuang AA,
Longaker MT, Gurtner GC: Focal adhesion kinase links me-
chanical force to skin fibrosis via inflammatory signaling.
Epub 20111211 Nat Med 2011, 18:148—152. https://doi.org/
10.1038/nm.2574. PubMed PMID: 22157678; PMCID:
PMC4457506.

Schaefer B, Beier JP, Ruhl T: Mesenchymal stem cells and the
generation of neomuscle tissue. Surg Technol Int 2020, 36:
41-47. PubMed PMID: 32243565.

Argentati C, Morena F, Tortorella |, Bazzucchi M, Porcellati S,
Emiliani C, Martino S: Insight into mechanobiology: how stem
cells feel mechanical forces and orchestrate biological
functions. Epub 20191026 Int J Mol Sci 2019, 20. https://doi.org/
10.3390/ijms20215337. PubMed PMID: 31717803; PMCID:
PMC6862138.

Forcales SV: Potential of adipose-derived stem cells in
muscular regenerative therapies. Epub 20150713 Front Aging
Neurosci 2015, 7:123. https://doi.org/10.3389/fnagi.2015.00123.
PubMed PMID: 26217219; PMCID: PMC4499759.

Panciera T, Azzolin L, Cordenonsi M, Piccolo S: Mechanobiol-
ogy of YAP and TAZ in physiology and disease. Epub
20170927 Nat Rev Mol Cell Biol 2017, 18:758—770. https:/
doi.org/10.1038/nrm.2017.87. PubMed PMID: 28951564; PMCID:
PMC6192510.

Subramanian G, Stasuk A, Elsaadany M, Yildirim-Ayan E: Effect
of uniaxial tensile cyclic loading regimes on matrix organi-
zation and tenogenic differentiation of adipose-derived stem
cells encapsulated within 3D collagen scaffolds. Epub 2018/
01/30 Stem Cell Int 2017, 2017, 6072406. https://doi.org/10.1155/
2017/6072406. PubMed PMID: 29375625; PMCID:
PMC5742457.

Azizi P, Drobek C, Budday S, Seitz H: Simulating the me-
chanical stimulation of cells on a porous hydrogel scaffold
using an FSI model to predict cell differentiation. Epub
20230919 Front Bioeng Biotechnol 2023, 11, 1249867. https:/
doi.org/10.3389/fbioe.2023.1249867. PubMed PMID: 37799813;
PMCID: PMC10549991.

Sun Y, Yuan Y, Wu W, Lei L, Zhang L: The effects of locomo-
tion on bone marrow mesenchymal stem cell fate: insight
into mechanical regulation and bone formation. Epub
20210517 Cell Biosci 2021, 11:88. https://doi.org/10.1186/
513578-021-00601-9. PubMed PMID: 34001272; PMCID:
PMC8130302.

Uzieliene |, Bironaite D, Bagdonas E, Pachaleva J, Sobolev A,
Tsai WB, Kvederas G, Bernotiene E: The effects of mechanical
load on chondrogenic responses of bone marrow mesen-
chymal stem cells and chondrocytes encapsulated in chon-
droitin sulfate-based hydrogel. Epub 20230202 Int J Mol Sci
2023, 24. https://doi.org/10.3390/ijms24032915. PubMed PMID:
36769232; PMCID: PMC9918200.

Wang K, Frey N, Garcia A, Man K, Yang Y, Gualerzi A,
Clemens ZJ, Bedoni M, LeDuc PR, Ambrosio F: Nanotopo-
graphical cues tune the therapeutic potential of extracellular
vesicles for the treatment of aged skeletal muscle injuries.
Epub 20231005 ACS Nano 2023, 17:19640—-19651. https:/
doi.org/10.1021/acsnano.3c02269. PubMed PMID: 37797946;
PMCID: PMC10603813.

Guo S, Debbi L, Zohar B, Samuel R, Arzi RS, Fried Al, Carmon T,
Shevach D, Redenski I, Schlachet I, Sosnik A, Levenberg S:
Stimulating extracellular vesicles production from engi-
neered tissues by mechanical forces. Epub 20210312 Nano
Lett 2021, 21:2497-2504. https://doi.org/10.1021/acs.nano-
lett.0c04834. PubMed PMID: 33709717.

Current Opinion in Biomedical Engineering 2024, 29:100516

www.sciencedirect.com



	Mechanome-guided strategies in regenerative rehabilitation
	From mechanotherapy to regenerative rehabilitation
	Understanding the regenerative rehabilitation strategies at the cellular level
	Importance of cells mechanoresponsiveness for enhanced regenerative rehabilitation outcome
	Mechanosensitivity of macrophages
	Mechanosensitivity of fibroblasts
	Mechanosensitivity of mesenchymal stem cells (MSCs)

	Extracellular vesicles as mechano-therapeutic effectors
	Conclusion
	Author's contribution
	Funding information
	Declaration of competing interest
	References


