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Tendon afflictions constitute a significant share of musculoskeletal diseases and represent a primary
cause of incapacity worldwide. Unresolved/chronic inflammatory states have been associated with the
onset and progression of tendon disorders, contributing to undesirable immune stimulation and detri-
mental tissue effects. Thus, targeting persistent inflammatory events could assist important develop-
ments to solve pathophysiological processes and innovative therapeutics to address impaired healing
and accomplish complete tendon regeneration.
This review overviews the impact of inflammation and inflammatory mediators in tendon niches,

unveiling the importance of tendon cell populations and their signature features, and the influence of
microenvironmental factors on inflamed and injured tendons. The demand for non-invasive instructive
strategies to manage persistent inflammatory mediators, guide inflammatory pathways, and modulate
cellular responses will also be approached by exploring the role of pulsed electromagnetic field
(PEMF). PEMF alone or combined with more sophisticated systems triggered by magnetic fields will be
considered in the design of successful therapies to control inflammation in tendinopathic conditions.
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1. The problematic behind tendon healing

Tendon tissues have limited intrinsic healing potential, and
injuries to these tissues can lead to debilitating conditions with
poor long-term clinical outcomes. Together with age, gender, life-
style, and exercise levels, changes in cellularity and extracellular
matrix (ECM) activity may contribute to advancing tendon injuries
and disorders [1]. Clinical treatments are often lengthy, expensive,
and insufficient to provide functional and permanent solutions for
an increasingly active aging population. The clinical, social, and
economic impact of tendon lesions and impaired regeneration
inspires an understanding of tendon biology and advanced
approaches to stimulate the formation of new functional tendons,
enabling the restoration of tissue biomechanics to a pre-injury
state.

Tendinopathies are an umbrella term that characterizes a mul-
tifactorial spectrum of tendon disorders usually associated with
swelling, prolonged pain, overuse activities and impaired perfor-
mance. Tendinopathies are common, accounting for up to 30% of
general practise musculoskeletal consultations [2], and constitute
a complex medical problem. These pathologies have been associ-
ated with a failed healing response affecting the ability of the ten-
don to adapt to loading, which weakens the tissue and
compromises its integrity, ultimately leading to partial or full rup-
tures [3]. Despite the multifactorial aetiology related to tendinopa-
thy, the complexity and symptoms behind chronic tendon
disorders suggest the involvement of unresolved inflammation. A
microenvironment with persistent inflammatory events is likely
to contribute through deviant cellular and mechanical signals to
chronic/degenerative changes in tendon structure, impairing ten-
don functionality and increasing the tissue vulnerability to re-
injury. Since early diagnosis is difficult, chronic tendinopathy is
underestimated with treatments often oriented towards the man-
2

agement of pain that would greatly benefit from a deeper knowl-
edge of the inflammatory events mediating the underlying
pathophysiology aiming to prevent and manage the progression
of tendon disorders.

1.1. Tendon architecture

Tendons hold a unique structure that guarantees a specific
biomechanical performance necessary for their role in movement
and locomotion as well as for the stability of the joints by transmit-
ting forces from the muscle to the bone and absorbing external
forces to prevent injury to the muscle. Such features are enabled
by a dense extracellular matrix (ECM) composed of tightly bundled
collagen fibers, predominantly type I collagen (Col I). Collagen
molecules are hierarchically arranged into fibrils, fibers, fiber bun-
dles, and fascicles that confer biomechanical strength to the ten-
don [4]. Also present in the matrix, type III collagen (Col III) is
essential for normal collagen fibrilogenesis and responsible for reg-
ulating the dimensions of Col I fibrils. Type I and type III collagens
provide mechanical strength to the newly synthesized matrix [5]
whereas type V collagen provides a template for fibrillogenesis.
In addition to collagens, proteoglycans (PGs) and glycosaminogly-
cans (GAGs), such as fibromodulin and chondroitin sulfate, respec-
tively, are present in tendon matrix and provide viscoelastic
properties [1] adjusting the tissue to the mechanical forces tendons
are subjected to.

The tendon unit and tendon subunits are surrounded by loose
connective sheaths, the epitenon, and the endotenon or interfasci-
cular matrix (IFM), respectively. The IFM is a looser, less organized
matrix than collagen-rich fascicles with a greater number of cells,
and high quantities of Col III, PGs, and elastin. The greater rate of
matrix turnover, which helps to maintain a healthy tendon struc-
ture, and facilitated sliding between fascicles to allow tendons to
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stretch, highlights the critical action of IFM for tendon function
[6,7].

Tendons that bend sharply around joints (e.g. Achilles) have a
sheath called the paratenon that reduces friction, allowing free
tendon movement against surrounding tissues [3], and sustaining
the vascular network that penetrates the endotenon and epitenon.
Taken together, the sheaths ensure vascular, lymphatic, and nerve
supplies.

When homeostasis is disrupted by trauma, mechanical stress,
and/or aging, tendons lose matrix integrity due to changes in
collagen fiber thickness and organization, as well as increased
GAG and PG content [8]. The decrease in collagen content results
in tendon stiffening whereas variations in the ratio of Col III to
Col I contribute to the irregular alignment of the fibers and infe-
rior biomechanical strength [9]. The exposure in time and the
severity of these events jeopardize a functional and healthy ten-
don contributing to the establishment of tendinopathic condi-
tions. The pain and swelling that often accompany
tendinopathy have been theorized to be associated with an
inflammatory response promoted by the changes in tendon
milieu, which in turn benefits a vascular and neural supply
and a hypercellular state with more prominent nuclei rounding
tenocytes [10]. Along with an increased number of cells, necrotic
zones and the formation of non-tendon tissues, typically carti-
laginous, bone, or adipose deposits are also observed in tendino-
pathic lesions [1,11].

1.2. Cell populations in tendon tissue

The tendon ECM is synthesized andmaintained by a sparse pop-
ulation of resident cells, whose interactions with their biological
context define cell fate and function, being critically important
for ensuring tendon functional competence and structural
integrity.

Historically, tendons were classified as relatively hypocellular
tissues composed of a mixed population of tenocytes and
tendon-derived stem/progenitor cells [12], with endowment from
other cell types such as immune, vascular, synovial, and non-
resident mesenchymal stem cells [13].

Tenoblasts and tenocytes are organized in longitudinal rows
between collagen fibers being responsible for the formation and
turnover of the matrix. Despite their influence in establishing a
complex network of cytoplasmic processes that link adjacent cells
via gap-junctions, they have limited mitotic activity in adults and
aged individuals, which may compromise the healing process after
injury, especially in later stages of life.

Distinct biological responses have been related to different
tenocyte populations according to their distribution within ten-
dons (Fig. 1A). Tenocytes resident within the fascicles are more
active [3,12], and the populations of IFM proliferate more quickly
and have a higher ECM turnover than tenocytes in fascicles [14].
Tenocytes commonly express tendon markers such as scleraxis
(SCX), a basic helix-loop-helix transcription factor, tenomodulin
(TNMD), a type II transmembrane protein, and Col I. It has been
demonstrated that SCX is expressed in mature tendons of the limb
and trunk and in the progenitor cell population [15]. SCX is
required for the proper embryonic development of tendons and
the earliest detectable marker for differentiated tendon cells [16].

A population of tendon-derived stem/progenitor cells (TDSCs)
also resides in the tendon microenvironment holding an important
function in tissue renewal and repair [18]. TDSCs are scarce cells
representing less than 5% of the total tendon cell population that
exhibit a classical adult mesenchymal stem cell (MSCs) profile with
self-renewal capability, clonogenicity, and differentiation into
osteoblasts, chondrocytes, tenocytes, myocytes, or adipocytes
[3,19,20]. Interestingly, no TDSC-specific marker that enables dis-
3

tinction between mature tenocytes and stem/progenitor cells has
been identified to date. TDSC populations share with tenocytes
high amounts of SCX [21] as well as Mohawk (MKX) and Tenascin
C (TNC) during the tendon maturation phase [22]. TDSCs also
express TNMD [12], which is positively regulated by SCX and
reported to be a specific marker of mature tenocytes and ligamen-
tocytes [23,24].

Published works have reported that stem cell populations from
tendon proper hold increased potential for the regeneration of ten-
don structures nevertheless, stem cells from the paratenon show
higher expression of progenitor cell markers comprising CD45,
CD90, CD105, and Oct-4, compared to cells from the tendon core
[25] and reinforce the expression of SCX, TNMD, and Col I in tendon
proper stem cells and tenocytes [26].

Nestin, a type IV intermediate filament protein crucial to fate
decisions and phenotype maintenance in TDSCs, was found to be
highly expressed in TDSCs isolated from human Achilles in com-
parison to mature tenocytes [27]. Nestin+ cells evidence strong
self-renewal, tenogenesis, and colony formation abilities [27].
Studies also showed TDSCs to be positive for pluripotency-
inducing factors including Oct-4, Nanog, nucleostemin, SSEA-4, c-
myc, and Sox-2 [28,29].

In vitro studies with rotator cuff-derived tendon cells reported a
human TDSCs-subpopulation expressing high levels of CD44, CD90,
and CD146. Additionally, this subset express the transmembranar
proteins CD49d (integrin a-4) and CD49f (integrin a-6), the latter
of which is described as being present in multiple stem-cell popu-
lations. CD146+ populations were shown to influence recruitment
and survival outcomes whereas CD49f seems to be involved in
self-renewal regulation of TDSCs [30].

In human patellar tendon Harvey et al. revealed a tubulin
polymerization-promoting protein family member 3 (TPPP3+) and
platelet-derived growth factor receptor alpha (PDGFRA+) TDSC
population able to generate new tenocytes during tissue healing.
Interestingly, in the same tendon cell niche a population of TPPP3-

fibro-adipogenic progenitors originated fibrotic cells, which could
ultimately influence the formation of fibrotic scars during tendon
repair [31].

The expression of CD109 and CD200 ligands were likewise
described in TDSCs with potential for engaging inflammation mod-
ulation. The inhibition of CD109 suppressed inflammation reduc-
ing inflammatory factors, chemo-attractiveness and cell
migration. Although CD200R is a receptor typically identified on
immune-competent cells, the interaction of CD200/CD200R sug-
gests an active role for TSPCs in regulating inflammatory processes
during tendon injury/repair [30].

More recently, the identification of human cell populations,
their heterogeneity, and interactions have been boosted by
single-cell analysis technologies based on cell-type gene regulation
signatures. Millar et al., described mix populations of endothelial,
immune, stromal tenocytes and stromal mural cells in the human
supraspinatus tendon. The mural cells included pericytes that may
be the source of epitenon TDSCs, as they are phenotypically similar
to notch receptor 3 (NOTCH3) cells, which in turn can differentiate
into fibroblasts following interaction with endothelial cells [17]. In
the same study, stromal cell populations were shown to modulate
immune responses by promoting the recruitment and activation of
immune cells together with cytokine secretion in diseased tendon.
Moreover, the density of cell populations [32] and their molecular
expression [17] were described to be distinctive from healthy ten-
dons, whose amounts may provide insights on mechanisms driving
tendon disease (Fig. 1B, 1C).

In diseased tendon, the expression of amyloid beta precursor
protein (APP) which can act as an inducer of a resolution-
promoting phenotype is decreased in stromal tenocytes [17],
whereas the APP receptor (CD74) involved in intracellular sorting



Fig. 1. Schematic representation of tendon organization and resident cell populations influencing tendon healing. A. Tenocytes align between collagen fibers, which are
organized into structural units of increased complexity (fascicles). Cells within endotenon are responsible for intrinsic healing while paratenon and epitenon also house stem
cells and other cell populations commonly associated to the extrinsic healing of tendons. B. Violin plots of extracellular markers, namely type I collagen (COL1A1), type III
collagen (COL3A1), fibronectin 1 (FN1), and biglycan (BGN) from healthy (pink) and diseased (blue) human tendons. C. Uniform manifold approximation and projection
(UMAP) embedding of single cells delineating Ci. stromal cells of the tendon, and Cii. immune cells of tendon. B and C adapted from [17]. Abbreviations: dT1: diseased
tenocyte 1, dT2: diseased tenocyte2, dT3: diseased tenocyte3 nT1: normal tenocyte1, mT: mural tenocyte, nT2: normal tenocyte2, dTc: diseased cycling tenocytes, macro1:
macrophage1, macro2: macrophage2, T-Cell1: T-Cells1, T-Cells2: T-Cell2, and DC: dendritic cell.
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of major histocompatibility complex II (MHC II) molecules was
upregulated in Mu [33].

Also, in tendinopathic tendon a population of lymphatic vessel
endothelial hyaluronan receptor 1 (LYVE1+) endothelial cells
showed an upregulation of C–C motif chemokine ligand (CCL21).
CCL21 regulates dendritic cells (DC) and T cell populations and
may be an important player in the development of an inflamma-
tory milieu. Matrix genes including Col I, Col III, FN1, and BGN evi-
denced an increased expression in diseased stromal cell
populations [17].

Using healthy and diseased tendon samples, Kendal et al.
applied scRNA-seq and CITE-sequencing to screen cell subtypes
4

with specialized functions to assist signaling pathways in different
stages of disease [32]. From the ex vivo human tendons and consid-
ering the top differentially expressed 4 genes per cluster and liter-
ature selected markers, tenocyte clusters expressing collagen
matrix genes, monocytes, T lymphocytes and endothelial cells
were identified. The expression of inflammatory genes C-X-C motif
chemokine ligand 1 (CXCL1), CXCL6, and CXCL8 as well as the alar-
min gene CD248, vascular cell adhesion molecule 1 (VCAM-1), and
podoplanin (PDPN) were increased in the tenocyte populations
from diseased tendons. In the same tendons, monocytes and
macrophages (Mu) expressed increased CCL2, CCL3, and CCL4
while diseased endothelium revealed increased expression of
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intercellular adhesion molecule 1 (ICAM-1), VCAM-1, and the
chemoattractant genes CXCL12, CCL2 and Selectine E together with
serine/arginine repetitive matrix 2 (SRRM2), interleukin 33 (IL-33),
and Nestin [32].

Despite the multiple (stem) cell subsets identified in tendon tis-
sues and their plasticity, the involvement of these populations in
the mechanisms of tendon (neo)formation, homeostasis, adapta-
tion to loading, and healing is in its infancy, posing new challenges
and opportunities to the development of novel therapies and pre-
venting the advancement of tendon disease.
2. The role of inflammation in tendon repair

Inflammatory pathways have a pivotal molecular basis in the
pathogenesis of many chronic diseases, including tendinopathy.
As in other tissues, the self-recovery of tendons involves a complex
and coordinated series of events starting with an initial insult the
surface pattern receptors recognize [34]. Upon mechanical stress
caused by injury, tenocytes are activated and release endogenous
damage-associated molecular patterns (DAMPs) [35]. Tenocytes
also participate in the inflammatory response by synthesizing
inflammatory signals that stimulate cell recruitment and the
migration of monocytes and activated T cells to the site of damage
[35].

A subset of pro-inflammatory macrophages (M1u) are more
abundant in the early inflammatory process (1–5 days after injury)
[36]. M1u significantly contribute to the release of interleukin 1
beta (IL-1b), interleukin 6 (IL-6), tumor necrosis factor alpha
(TNFa), interleukin 12 (IL-12), cyclooxygenase-2 (COX-2) and reac-
tive nitrogen and oxygen species [13,37] to assist T helper (Th1)
cell responses [38], enhance phagocytosis of apoptotic cells [39]
and help to clean the debris. M1u together with M2u, the latter
supporting T helper 2 (Th2)-associated effector functions [39]
appear in later stages (4–10 days). M2u secrete anti-
inflammatory factors ((e.g. IL-4, IL-10, IL-13, and transforming
growth factor-beta 3 (TGF-b3)) and cell attracting chemokines
(e.g. CCL7, CCL22, and CCL24) enabling the attenuation of inflam-
mation and the beginning of the cell proliferation and tissue depo-
sition phases [37]. Both populations also contribute to recruiting
and stimulating fibroblasts to synthesize ECM components [40].
Afterwards, a gradual reorganization of the newly deposited colla-
gen occurs. The tenocytes and collagen fibers become more orga-
nized and aligned in the direction of stress, corresponding to a
decrease in Col III, vascularity, cellularity, and water content in
the forming scar. The Col III is replaced with Col I, with stronger
crosslinking and tensile strength. The remodeling phase is a critical
and necessary process during healing for the restoration of tendon
biochemical properties.

Normal tendon healing results from both intrinsic and extrinsic
processes. Intrinsic healing occurs when tenocytes from the epite-
non and endotenon proliferate and migrate to the injury site. In
turn, extrinsic healing involves the migration of cells comprehend-
ing endothelial-, perivascular-, smooth muscle-, synovial, neu-
ronal, fat, and immune cells [1,32,41] into the damage from the
surrounding sheath and synovium. Extrinsic healing has been
linked to scarring and peritendinous adhesions due to the infiltrat-
ing fibroblastic activity and fibrin deposition between the lesion
and the sheath, which severely compromise tendon functionalities,
and the motion of the affected joint.
2.1. Cellular contributions to inflammation

Immune resident cells positive for CD45, CD206, and neutrophil
cytosolic factor 1 (Ncf1+) were identified in postnatal mouse
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Achilles, indicating a physiological role of immune cells in tendon
maintenance and homeostasis preservation [42].

Owing to the fact that immune cell populations have been
detected in tendinopathies, the adaptive immune response may
play a crucial task in the chronicity of the inflammatory response
in the context of tendon damage [2]. Moreover, inflamed tissues
express inflammatory triggers and molecules that can stimulate
the migration, retention, and survival rates of leukocytes, favouring
cyclic disease events and the tendinopathic process.

2.1.1. Macrophages
As mentioned before, Mu populations are pivotal players in ten-

don injury and healing. The functional switch into M1u or M2u
phenotypes is a versatile tool for Mu-targeting strategies to study
biomarkers influencing disease progression and to create thera-
peutics with multivalence downstream signaling for tendinopathy.

Abrogation of interleukin 4 receptor alpha (IL-4Ra) signaling in
Mu was found to impair wound repair in an in vitro model [43]. On
the other hand, interleukin 13 (IL-13) can drive pathological fibro-
sis through excessive M2u activation. In models of helminth-
induced fibrosis, IL-13 driven inflammation and fibrosis were alle-
viated by depletion of Th2-associated Mu [44].

IL-4 stimulated-chemokine receptor 2 (CCR2) plays a crucial
function in Mu recruitment and regulated inflammation with
impact in patient healing outcomes. Although CCR2 is expressed
in several tendon-intrinsic cell populations, loss of CCR2 resulted
in a low number of Mu and myofibroblasts compromising the total
recovery of tendon functionality. Thus, CCR2 has been shown to be
very important for Mu downstream functionality in tendon main-
tenance by reacquiring mechanical properties after tendon injury
[45].

Biopsy specimens of chronic tendinopathic Achilles tendons
evidenced increased numbers of Mu (CD68-KP1+) and endothelial
cells (CD34+) compared with healthy tendons [46]. Additionally,
cycling Mu were found to be unique to diseased tendons [42].

2.1.2. Dendritic and T cells
Diseased tendons exhibit higher levels of DC activation and

decreased C1Q genes which were described as regulatory DCmark-
ers [42]. Endothelial cells seem to stimulate DCs presenting
increased levels of CCL21, which regulates the migration of DC
and subsequently T cells [42]. Activated T cells lead to the upregu-
lation of IL-6, IL-8, COX-2, CCL2, CCL5 and CXCL10 in tenocytes
amplifying the inflammatory response. This interaction also influ-
ences the collagen III/I ratio in tenocytes, changing the matrix
properties of the tendon [35].

2.1.3. Mast cells
Mast cells act as sentinel cells in the tendon proper and are clo-

sely associated with neovessels to respond rapidly to external
insults [47]. It is not clear whether mast cells proliferate locally
or migrate into tendon as differentiated cells or by an influx of
mast cell progenitors from the circulation. Nevertheless, mast cell
density is considerable in human tendinopathic tissue. Scott et al.
demonstrated a three-fold increase of mast cells in diseased patella
[48], and a two-fold increase in diseased rotator cuff compared to
healthy tendons.

2.1.4. Other cells
Lehner et al. reported a fractalkine receptor (CX3CR1) and its

cognate C-X3-C ligand 1 (CX3CL1) in resident cells of the tendon
core in healthy human Achilles [49]. The CX3CR1 and CX3CL1 have
functionality related to the recruitment of monocytes and are typ-
ically expressed by myeloid and lymphoid cells, including mast
cells and natural killer (NK) cells [50]. These regulatory cells are
engaged in reciprocal interactions with other immune cells, which
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might participate in tendon healing by modulating cell prolifera-
tion, collagen deposition, the release of vascular endothelial
growth factors, and the fibrosis response.

The phenotypic signatures of immune-competent clusters and
selectively targeting the adaptive/stromal interface may provide
novel translational strategies for assisting the management of
human tendon disorders.

2.2. Investigating inflammatory pathways for designing successful
therapies

2.2.1. NF-jB pathway
Dysregulation of NF-jB and MAPK activity has been associated

with inflammatory, autoimmune, and metabolic diseases. In
inflammatory niches, NF-jB typically responds to cytokines such
as IL-1b and TNFa. IL-1b is released in response to pathogen-
associated molecular patterns (PAMPs) and DAMPs inducing teno-
cytes to produce COX-2, prostaglandin E2 (PGE2) and matrix
metalloproteinase-1 (MMP-1), which in turn accelerates the degra-
dation of the ECM [51]. Similarly, TNFa stimulates in vitro teno-
cytes to amplify their own TNFa and produce IL-1b and IL-6
leading to the inhibition of ECM formation [52]. As major produc-
ers of IL-1b, Mumay be a key player in the stimulation of fibroblast
proliferation with consequent influence on collagen and a-smooth
muscle actin synthesis [53].

During homeostasis, NF-jB is bound to inhibitors-of-kappa B
(IjB), which maintains the NF-jB pool mainly in the cytoplasm
by inhibiting its nuclear localization and association with DNA. In
the case of activation (non-homeostasis), the binding between
NF-jB and IjB is phosphorylated, and consequently, NF-jB dimers
translocate to the nucleus, bind to the DNA, and regulate the tran-
scription of numerous inflammatory genes into cytokines and
chemokines [54,55]. Increased NF-jB expression has been associ-
ated with early rotator cuff tendinopathy [56]. In accordance, ten-
don stromal cells from patients with supraspinatus tendon disease
revealed increased expression of interferon gamma (IFNy) and NF-
jB genes compared to tendon cells obtained from healthy controls
[57]. In recent work performed by us, NF-jB activation by exoge-
nous IL-1b supplementation in human tendon-derived cells trans-
lated into an increase in IL-6, TNFa, IL-8, and COX-2 [58]. Also,
suppression of IL-1b-induced activation of the NF-jB pathway in
cultured human tenocytes, resulted in an increase in collagen,
TNMD, and SCX production, while the genetic expression of COX-
2, MMPs, Bax, and caspase-3 was inhibited [59]. Preclinical studies
in a mouse rotator cuff model supports that NF-jB activation by
IL-1b causes tendon degeneration, which is accompanied by a rise
in IL-6 and CCL2 [56].

In Mu cultures, the activation of NF-jB induces the expression
of TNFa, IL-1b, IL-6, and c-Rel complexes. c-Rel is important for
scaling the inflammatory response based on transient/persistent
TLR-4 stimulation, which can prevent hyperinflammatory
responses [60]. Courtine et al. showed that mice lacking both c-
Rel and p50 NF-jB proteins have impaired innate immune
responses to sepsis, with deficient Mu responses for phagocytosis
and bacterial killing [61].

2.2.2. MAPK pathway
Mitogen-activated protein kinases (MAPKs) are a family of ser-

ine/threonine kinases implicated in several cellular processes,
including proliferation, differentiation, cell motility, metabolism,
and inflammation. There are three well-known MAPK pathways:
extracellular signal-regulated kinase 1/2 (Erk1/2), which is acti-
vated in response to growth factors, hormones, and inflammatory
stimuli, the Jun N-terminal kinases (JNK) and p38 mitogen-
activated protein kinases (p38 MAPK) pathways, both activated
by inflammatory stimuli and stress signals [62].
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Activation of the Erk1/2 signaling pathway has been implicated
in a rat supraspinatus tendinopathy model and in tendon-derived
cells from rat Achilles treated with IL-1b [63]. Erk1/2 pathway
operates on the degradation of tendon fascicles driving tendon
matrix deterioration and moderates the expression of important
fibrotic mediators, including TGF-b, connective tissue growth fac-
tor (CTGF), and bone morphogenic proteins (BMP) in torn tendons
[63].

The use of pharmacological inhibitors of Erk1/2 has been
described to abolish the induction of catabolic gene expression
(e.g. MMPs) and prevent the loss of tendon mechanical properties
in tendon explants from mice [64]. FR180204 (Erk inhibitor), in
particular, also inhibits the production of IL-6, IL-8, and TNFa in
human tendon cells [65]. The JNK pathway has been reported to
have an important involvement in regulating inflammation during
tendon healing. Conditioning co-cultures of human Mu and syn-
ovial fibroblasts with TNFa modulated the expression of janus
kinase/signal transducer and activator of transcription (JAK/STAT)
signaling pathway necessary for M1u polarization [66]. In a patel-
lar tendon injury model of Sprague-Dawley rats, Tarafder et al.
showed that treatment with IQ-1s, a JNK inhibitor, significantly
downregulated IL-6, and iNOS, while the expression of IL-10 and
TIMP-3 was significantly upregulated [67]. A similar study investi-
gated the effects of aspirin (ASA) and IL-1b on TDSCs from rat
Achilles, both in vitro and in vivo, with similar outcomes. The TDSCs
treated with IL-1b and ASA significantly reduced IL-6 and MMP-3,
and upregulated IL-10 and TIMP-3. When a JNK inhibitor
(SP600125) was applied, the expression of IL-10 and TIMP-3 was
induced by IL-1b treatment, and the effect of ASA was significantly
reduced by SP600125 while IL-6 was enhanced [68]. This work
suggests that ASA inhibits inflammation via JNK and that
SP600125 diminishes the anti-inflammatory effects of ASA.

Similar to Erk1/2 and JNK, inhibition of p38 MAPK results in a
significant reduction of IL-6 in the rat Achilles and a modest
decrease in the expression of Col I and Col III [69]. In a rat
supraspinatus tear, the inhibition of p38 MAPK by SB203580
caused a reduction in IL-1b, IL-6, and COX-2, and an increase in
IL-10 [70]. Likely, Millar et al. reported the activation of p38, and
Erk1/2 MAPK in cultures of human tendon-derived cells derived
from hamstring tendons subjected to hypoxic environments. When
SB203580 and FR180204 were administered, the expression of IL-6
and IL-8 diminished [71]. Thus, therapies to assist in the resolution
of inflammatory events targeting key molecules associated with
the activation of signaling pathways could lead to balanced inflam-
matory signals that may modulate the progression of tendon dis-
eases and improve treatment outcomes.

2.3. Cell to cell communication in inflammatory mediators

2.3.1. Cell-cell junctions
Cell-cell junctions are functional units for the correct and effi-

cient flow of information in multiple cell processes, including
adhesion, communication, and differentiation of cells. These com-
plexes can generate surface polarity, which permits cells to sense
and respond to their local environments. In tendon tissues, cells
are coupled via the connexins Cx32 and Cx43. Connexins integrate
gap-junctions, which are protein monomers specialized in intercel-
lular membrane channels that function as conduits between the
cytoplasm of contiguous cells. They enable the direct commute of
ions, nucleotides, small molecules, and second messengers
between neighboring cells [72], working as active social networks.
The involvement of gap-junctions in the communication of inflam-
matory signals and tendon regeneration has not been fully eluci-
dated. In vitro studies with rabbit Achilles tendon cells showed
that Cx43-mediated gap junctional intercellular communication
may be important in the broadcasting of inflammatory markers
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following intense exercise and an increment in body temperature
[73]. In this study, Cx43 was not affected by heat treatment, but
inhibition of gap-junctions with B-glycyrrhetinic acid led to an
increase in the expression of MMP-1, IL-1b, and IL-6. Moreover,
when Cx43 was overexpressed under heat stress, lower levels of
Col I, IL-1b, MMP-1 and IL-6 were observed.

The permeability of gap junctions between tenocytes is modi-
fied in response to mechanical loading. Maeda et al. showed that
tenocytes isolated from Achilles tendons and mechanically stimu-
lated with 4% strain for 1 h showed increased expression of Cx43
and its localization at the cell membrane. Interestingly, when an
8% strain was applied to the cells, Cx43 expression diminished
but Cx43 localization was not affected [74].

The duration of mechanical loading also influences tenocyte
communication. A 10 min loading did not interfere with gap-
junction communication, whereas loading for 1 h significantly
reduced intercellular gap-junction permeability, thus inhibiting
cell networks.

The regulation of collagen production in the tendon matrix may
also rely on gap-junction mechanisms. In chick tenocytes, the inhi-
bition of Cx43 resulted in a significant production of Col I mRNA
even though the use of non-specific inhibitors of gap-junctions
(e.g., octanol) suppressed collagen synthesis [75]. However, under
mechanical loading, Cx32 stimulates collagen synthesis in tenocyte
monolayers [76], suggesting a strong interaction between collagen,
loading, and gap junctions in tendons.

2.3.2. Extracellular vesicle-mediated-communication
The extracellular vesicles (EVs) are 50–150 nm membrane-

bound vesicles of endosomal origin secreted by multiple types of
cells. EVs are selectively packaged with molecules like proteins,
peptides, oligonucleotides (e.g. mi/si/mRNA), and other factors that
precisely contribute to immunomodulation responses and to the
regulation of phenotype and function during tissue repair [77].
Since EVs are designed for efficient cell–cell communication and
intracellular delivery, these physiological broadcasters have the
therapeutic capability of targeting sensitive cells. Moreover, EVs
can be engineered using chemical or biological modification strate-
gies to develop sophisticated payload systems for tendon disease
intervention [78].

Exosomes isolated from tendon derived stem cells (ExosTSC)
promoted the proliferation and migration of tenocytes in vitro,
which relied on the activation of the phosphatidylinositol 3-
kinase (PI3K)/protein B (AKT) and (MAPK/Erk1/2) signaling path-
ways. ExosTSC was mixed with gelatin methacryloyl (GelMA) and
placed in an Achilles defect. Two and eight weeks after in situ
administration, ExosTSC treated tendons demonstrated a continu-
ous and regular arrangement of ECM in comparison with control
groups, suggesting that ExosTSC could assist the healing of injured
tendons [79].

Exosomes derived frommesenchymal stem cells (ExosMSCs) also
improved patellar tendon injury. ExosMSCs promoted the prolifera-
tion, migration, and tenogenic differentiation of TSCs in vitro, likely
mediated by the activation of SMAD2/3 and SMAD1/5/9 pathways.
ExosMSCs were further loaded into GelMA hydrogels, and cross-
linked in patellar lesions. Animals treated with ExosMSCs evidenced
higher numbers of M2u (CD163+), higher levels of M2u-
stimulating IL-10, and tendons with more regular collagen fibers
[80].

The injection of exosomes from adipose derived stem cells into
a rat supraspinatus tendon model also promoted the alignment of
collagen fibers and muscle bundles unlike the exosomes-free
group, which showed a defective arrangement of collagen fibers
[81]. All together, these results highlight the potential of exo-
somes to biomechanically stimulate healing during the remodel-
ing phase.
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Chamberlain et al. demonstrated that fibrin with MSC-derived
EVs reduced the M1/M2 ratio and increased the number of
endothelial cells 14 days after Achilles injury following unilateral
surgical transection in mice. Furthermore, tendons treated with
fibrin containing MSC-derived EVs demonstrated alignment and
compact collagen fibers and higher expression of the Col I, SCX
and TNMD.

EVs were also shown to demonstrate potential for immunoreg-
ulation in tendon, counting the successfully education of Mu into
an M2-like phenotype, and thus accelerating tendon healing [82].
Intraperitoneal injection of MSC-derived EVs decreased the num-
ber of CCR7+ cells as well as the levels of IFNy, IL-1b and IL-6, lead-
ing to an increase in the number of CD163+ Mu and higher
expression of the M2u genes, IL-4 and IL-10 [83].

The contribution of EVs communication has also been explored
in inflammatory diseases. Mice with ulcerative colitis showed an
increase in IL-10 and TGF-b levels and a reduction in IFNy, IL-12,
TNFa, chemokine (C–C motif) ligand 24 (CCL24), and chemokine
(C–C motif) ligand 17 (CCL17) levels after EVs treatment [84].

In summary, intercellular signaling is highly relevant for elu-
cidating the mechanisms driving immunomodulatory responses
and anticipating effective regenerative responses (Fig. 2). Fur-
thermore, the fine-tuned biomodulation of cells and biochemical
cues to regulate microenvironmental stimuli offers attractive
possibilities for scar-free healing and therapeutic strategies in
mature tendons.
3. The dynamic cell-ECM interplay

3.1. Tendon matrix cues

Healthy tendons rely on inflammatory mediators like TGF-b,
basic fibroblast growth factor (bFGF) and platelet-derived growth
factor (PDGF) to protect tissue integrity after sudden exposure to
mechanical stresses [85] or overloads. When a mechanical thresh-
old is overcome, injury may occur leading to matrix degradation
and a rearrangement of the discontinuous, crimped, and thinned
collagen fibers deposited at an early phase of healing. Inadequate
remodeling events or persistent inflammatory triggers support
abnormal cell responses, for instance, autophagic and apoptotic
cell death [87] guiding unbalanced matrix organization and
changes in the matrix properties that weaken the tissue favouring
the course of tendon disease.

Matrix stiffness is an important part of the regulation of the
proliferation and differentiation processes in stem cell niches
[86,87]. The proliferation of tendon cells was shown to increase
with increasing matrix stiffness [88], likely a native response to
advance repair after trauma. Stretching TDSCs (1 Hz and 8% strain)
cultured on flexible silicone dishes demonstrated a positive effect
on gene expression of FN, lumican, and versican with an important
role in the assembly of collagen into fibrils, and in collagen-binding
receptors a1, a2 and a11 [89]. On the other hand, matrix softness
seems to maximize paracrine factors implicated in monocyte pro-
duction and chemotaxis upon TNFa stimulation [90]. A decrease in
stiffness implies a more extensible tendon that may facilitate its
capacity to mechanically buffer the force transmitted through the
tendon body [91]. Reduced tendon stiffness correlated with better
clinical outcomes in athletes suffering from patellar tendinopathy.

ECM degradation products formed from collagen, FN, hyaluro-
nic acid, and biglycans are potential DAMPs that upregulate pro-
inflammatory triggers [92]. However, depending on the pathway
involved, DAMPs can also modulate the production or activity of
mediators such as TGF-b and IL-1b [93], and consequently the reg-
ulation of immune cells that naturally respond to these soluble
factors.



Fig. 2. Molecular and cellular interplay in injured/inflamed versus healthy tendons. The scheme represents the regulation of cell populations and microenvironmental cues
through juxtacrine and paracrine communication in the tendon niche. The overall balance dictates a favorable or detrimental influence on tendon repair mechanisms.
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Another important aspect of ECM degradation is abnormal cell
communication due to misalignment of the fibers in the scar tissue,
or complete interruption of cell networks in the most severe inju-
ries. A study performed by Schoenenberger et al. reported that dis-
organized fiber surfaces can prime tendon cells towards pro-
inflammatory signaling [94]. This hypothesis is supported by the
fact that cytokine-mediated activation of MMPs is more significant
in tendon fibroblasts in contact with biomaterials with misaligned
fiber topography. Such topographies mimic the architecture of
tendinopathic ECM, and it is plausible that matrix organization
contributes to the perpetuation of tissue inflammation [94].
Accordingly, Thankam et al. associated matrix disorganization
and inflammation with intracellular high mobility group box 1
(HMGB1) upregulation and leucine-rich repeat containing
protein-3 (NLRP3) inflammasome activation in rotator cuff tendon
injuries [92].

3.2. Mechanotransduction

Tendon matrix undergo tension, compression, shear, and fluid
motion in response to the mechanical loads [95] driven by exercise,
loading or injury and regulated by mechano-assisted mechanisms
[96].

In healthy tendons, surrounding mechanical forces induce con-
formational changes in mechano-sensitive proteins and receptors
guiding the subsequent transcription of mechanosensitive genes
[97] (Fig. 3A).

Integrins are involved in the regulation of tendon cell processes
important for exercise-induced adaptation and mechanotherapy as
an upstream complex of the mechanosensory cellular apparatus.
Mousavizadeh et al. demonstrated that integrin-linked kinase is
necessary for the phosphorylation of AKT following mechanical
stimulation [98]. A 10-day repetitive stretching of human ham-
string cells via uniaxial cyclic strain (0.1 Hz, 10% strain, 10 s rest
insertion for 1000 cycles/day) activated the AKT and mammalian
target of rapamycin (mTOR) pathways increasing collagen expres-
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sion. Similarly, a lack of mechanical load after a rotator cuff tear led
to decreased activity of the AKT/mTOR pathway and a loss of
mechanotransduction signaling.

In response to loading, the pathways that connect to the defor-
mation sensors change the cytoplasmic filament organisation and
content of human tenocytes, entailing brief changes in the intracel-
lular calcium concentration, the release of ATP and -alter the
expression of matrix genes (e.g. MMP-1) and of inflammatory sig-
nals (e.g. PGE2) [99]. In particular, the sensitivity of the calcium ion
channel piezo type mechanosensitive ion channel component 1
(PIEZO1) has been investigated in tendon models, including rat fas-
cicles. PIEZO1 detects shear stresses that are further translated into
an increase of collagen crosslinking enzymes (Lox and Plod2) asso-
ciated with tendon stiffness [100].

Since stiffness varies in healthy and diseased tendon, Hussien
et al. developed a Col I coated-polydimethylsiloxane (PDMS) for
studying human tendon-derived stromal cell phenotypes driven
by soft (2 kPa), intermediate (35 kPa), and rigid (180 kPa) stiffness
(Fig. 3B). Using a pairwise differential expression analysis, the
number of differentially expressed genes and Enrichr showed that
cells on the range (35 vs. 180 kPa) were functionally enriched in
mechanically regulated pathways, such as Hippo-Merlin and
PI3K-Akt, and kinases (JAK-1, �2,-3 and YK2) (Fig. 3Bi). Conversely,
the cells in the (2 vs. 180 kPa) comparison showed higher tran-
script levels in pathways related to the ECM, cell adhesion, and
cytoskeleton, as well as in cyclin-dependent-, casein-, and
homeodomain-interacting protein kinase (HIPK) (Fig. 3Bii). These
results suggest that stiffness-signaling pathways may be altered
by matrix stiffness in tendon stromal cells [101].

Tendon cilia also constitute physical stimulus-sensitive struc-
tures. Cilia are highly oriented with the ECM, and deflect in
response to cyclic loading. A 4% stretching caused a greater elonga-
tion of the primary cilia in the tendon matrix, which is associated
with a greater loss of biomechanical integrity. Six hours after an IL-
1b treatment, no significant change in cilia elongation was
observed, suggesting a physical rather than a IL-1b influence on



Fig. 3. Mechanotransduction in tendon. A. Resident cell populations sense and adapt to external mechanical changes through the activation of mechano-regulated
structures such as cell receptors, integrins or ion channels. In the case of matrix damage downstream signaling pathways lead to the production of cytokines and other
danger-associated molecules (e.g. DAMPs) that encourage the recruitment of inflammatory cells. B. Schematic overview of the range of substrate stiffnesses that were used to
interrogate stiffness-sensing on healthy human tendon-derived cells directly seeded on PDMS substrates. Bi and Bii 10 enriched pathways assessed for paired stiffness
comparison; namely Bi. 35 kPa vs. 180 kPa, and Bii. 2 kPa vs. 180 kPa. Enrichment analysis was performed in Enrichr using both up-regulated and down-regulated genes.
Adapted from [101]. C. Immune cells are also influenced by mechano-magnetic forces. The fluorescent microscopic images show the distribution of the cation channel
transient receptor potential melastatin 2/Transient Receptor Potential Cation Channel Subfamily M Member 2 (TRPM2) (green) in Mu. In the control condition, the Mu
displays a cytoplasmic distribution of TRPM2 (depicted by arrows). After exposure to a magnetic-field gradient (magnet), TRPM2 is grouped around the nucleus (blue).
Reprinted from Biophysical Journal, 114, Magnetic field changes macrophage phenotype, Jarek Wosik, Wei Chen, Kuang Qin, Rafik M. Ghobrial, Jacek Z. Kubiak, Malgorzata
Kloc, Pages 2001–2013, Copyright (2023), with permission from Elsevier.
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changes in cilia length [102]. Overuse and loads may initially cause
cilia disassembly and shortening, affecting the mechanotransduc-
tion mechanisms. The changes in tendon cilia in response to load-
ing, stress deprivation, and matrix environment may contribute to
altering the mechano set point during injury.

3.3. Mechano-immunology in tendinopathy

In diseased tendons, the contact-dependent nature of immune
cells makes them extremely sensitive to biomechanical variations,
which may act as important immunomodulatory stimuli during
tissue healing and regeneration [97].

Schoenenberger et al. studied THP-1 derived macrophages cul-
tured in aligned and randomly oriented polycaprolactone (PCL)
nanofiber substrates under static and dynamic loading. The
dynamic loading was provided by a bioreactor inducing a 7% cyclic
strain at 1 Hz for 8 h, which was combined with a 16 h resting per-
iod. Such load caused an upregulation of the M1u marker C–C che-
mokine receptor type 7 (CCR7) but did not affect C-type mannose
receptor 1 (MRC-1), a M2u marker, independently of the subtract
topography. Afterwards, authors studied the immune response
with aligned subtracts under dynamic loading in the rat Achilles.
The mechanical stretching increased the M2u population demon-
strating a mechano-protective role in the Achilles tendon [103].
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Approaching a rotator cuff repair model, Liu et al. studied the
effect of hydrogel containing an IL-4 neutralizing antibody under
mechanical stimulation. A treadmill protocol established at 10 m/
min on a 0� decline lane for 20 min per day, 5 days a week was
set for the C57BL/6 mice run. The mechanical stresses induced by
the exercise stimulated the synthesis of IL-4 and M2u-
polarization by IL-4/JAK/STAT [104].

On peritoneal Mu exposed to a magnetic field (1.24 T, coerciv-
ity HcB 950 kA/m, and coercivity HcJ 1750 kA/m), the cation
channel transient receptor potential melastatin 2/Transient
Receptor Potential Cation Channel Subfamily M Member 2
(TRPM2), a Ca2+ permeable cation channel, was observed in the
vicinity of the nucleus. Such action impacts on actin polymeriza-
tion, which is ion current dependent causing Mu elongation [105]
(Fig. 3C).

The interplay between ECM dynamics, immune cells, and
mechanical loading during tendon healing is just beginning to be
explored. These pioneering works highlight the relevance of the
mechanosensing machinery of immune cells, in particular Mu, in
the design of immunomodulatory approaches in injured or dis-
eased microenvironments. The importance of restructuring tissue
architecture is unquestionable to unveil the mechanisms behind
tendon healing and to boost the development of improved regen-
erative tools for tendinopathy therapies.
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4. Magnetic force-based strategies for inflammation regulation
and tendon healing

4.1. Magnetotherapy as non-conventional treatment

Magneto-therapy defines an alternative therapy using magnets
or a magnetic field (MF) to modulate cell response directly at the
injury site, thus providing the medical community with a safe
and non-invasive therapy. This therapeutic modality employs
external magnetic stimulation, which can be provided by static-,
alternating- or pulsed electro- magnetic fields. While static mag-
netic fields are constant fields over time, the pulsed electromag-
netic field (PEMF) is generated by an alternating electric current
traveling through a solenoid and applied in pulses. The magnetic
field more frequently used for medical treatments is PEMF. PEMF
devices have been approved by the U.S. Food and Drug Administra-
tion (FDA) to treat non-union fractures and post-operative pain
and edema [106]. Magneto-therapy has been also applied to reha-
bilitation treatments of osteoarthritis [107]. In these treatments,
the magnetic stimulation follows pre-established therapeutic pro-
grams, in which exposure time and intensity parameters are
defined for a particular pathology or tissue. The magneto-therapy
devices provide a non-invasive extracorporeal stimulus within
human physiological ranges yet with a high precision control. This
is partially due to the excellent organic tissue penetration of MF
despite its remote action and the minimized potential to cause
harmful effects upon cell contact [108]. Unlike other technologies,
MF are not affected by changes in pH, temperature or surface
charges.

Magnetic stimulation from a cellular and molecular perspective
would enable new contact-free and cost-effective approaches in
comparison to current pharmacological or rehabilitation regimens.
Short-term exposure to low frequency electromagnetic fields has
been shown to influence cell dynamics [109-112] in the transport
of proteins, in the flow of Ca2+, Na2+ or K+ ions [113], cell prolifer-
ation rate, and protein synthesis [114], which could further be
explored for improving ECM deposition and collagen fiber align-
ment during tendon healing [115,116].
4.2. Exploring magnetic fields in the modulation of pro-inflammatory
microenvironments

MF are defined by several parameters, including frequency and
intensity. The main challenge for magnetic guidance of cell pro-
cesses is to establish the most optimal parameters for biological
responsiveness; overstimulation may be detrimental, resulting in
apoptosis and cellular death, while under stimulation may cause
no effect at all. Low-intensity (<1 Gauss) and low frequency
(<3,000 Hz) PEMF is sufficient to interact with cells and tissues
and exert a beneficial effect on inflammation control. Girolamo
et al. compared different dosages of PEMF (75 Hz), varying the field
intensity (1.5 mT or 3 mT) and exposure time (4 h, 8 h, and 12 h)
applied to healthy human tendon cells. These studies demon-
strated that exposure to a PEMF with 75 Hz, 1.5 mT, and 0.1% duty
cycle decreased the release of IL-1b, TNFa, and IL-6 after 8 h and
12 h, and increased IL-10 levels, suggesting a modulatory beha-
viour of PEMF over cytokine profiles [111,112]. Concordant out-
comes were observed in human fibroblast-like cells exposed to
PEMF (50 Hz, 2.25 mT) for 15 min, indicating a decrease in IL-1b
and TNFa after 14 and 21 days, and increased IL-10 values on
day 21 [117].

Low-intensity and low frequency PEMF have evidenced regu-
latory outcomes in cytokine conditioned works. IL-1b-primed
3D tendon-like constructs using rat Achilles-derived cells
exposed to a 1 h-PEMF (2 treatment cycles at 82 mT and
10
2 Hz) followed by 1.5 h resting time revealed matrix remod-
elling with the production of Col I, and MMPs, and attenuating
of apoptosis [118].

Our group has investigated different combinations of PEMF
parameters in IL-1b conditioned tendon cells obtained from human
tendons. Some combinations of PEMF parameters were more
favourable for biological processes, namely 5 Hz, 4 mT and 50%
duty cycle while others, 5 Hz or 17 Hz combined with 5 mT and
50% duty cycle induced lower metabolic activity and reduced cell
viability rates [119]. Supporting these studies on human tendon-
derived cells, we also observed that a 1 h-exposure to PEMF with
5 Hz, 4 mT, and 50% duty cycle decreased the levels of IL-6, TNFa,
IL-8, and COX-2, and upregulated IL-10 and IL-4. Moreover, under
magnetic stimulation, the gene expression of MMP-1, �2, and �3
was reduced while TIMP-1 levels increased [119]. Although the
impact of magnetic stimuli on cell responses from different tissues
is not clear, studies with human annulus fibrosus cells conditioned
to IL-1b evidenced an analogous modulatory effect of PEMF
(3.85 Hz, 15 Hz burst and maximum 10 T/s rate, 25% duty cycle)
on the expression of the inflammatory mediators IL-1a, IL-1b, IL-
16, and IL-17 [120].

4.3. Immunomodulatory effects of PEMF stimulation

MF have been shown to regulate cytokine production by ten-
don cells populations. However, the predominant cytokine pro-
ducers are immune-competent cells that exhibit plasticity and
coordinated action in the articulation of multiple cell responses.
Thus, insights into the magnetic responsiveness of cells, with a
noteworthy emphasis on immune cells may assist in the estab-
lishment of more effective cell communication networks to pre-
vent persistent detrimental signals and accelerate a pro-healing
response.

In vitro studies have reported a decrease IL-6 and TNFa secreted
by Mu after PEMF stimulation, even when different PEMF condi-
tions (15 Hz, 2 mT for 15 min or 5 Hz, 4 mT, and 50% duty cycle)
were applied [121,122]. Furthermore, specific PEMF conditions
(5 Hz, 4 mT, and 50% duty cycle) could increase IL-4 and IL-10
and predispose M2u polarization by upregulating arginase-1
(Arg-1), MRC-1, and Sialic acid-binding lg-like lectin 1 (Singlec-1)
[122].

The control over cytokine production in Mu populations may
be related to a reduction in NF-jB activation induced by contin-
uous exposure of RAW264.7 macrophage-like cells to PEMF
(75 Hz, 1.5 mT and 10% duty cycle). This study showed that the
phosphorylation of p38 was PEMF-inhibited, and consequently
the TNFa production by Mu was also inhibited [123]. A study
by Wosik et al., proposed that the morphological elongation of
Mu in vitro can be induced by a MF [105], switching the upregu-
lation of M2-specific genes, such as ARG-1, and decreasing iNOS
expression (M1u) to undetectable levels. In a more complex
approach, Kang et al. developed a magnetic remotely controlled
nanocage (MNC) conjugated to a bioactive ligand (Arg-Gly-Asp
(RGD) peptide) to regulate in vivo the adhesion and resultant
polarization of RAW 264.7 cells to an implantable surface [124].
The RGD uncaging improved the adhesion and M2 polarization
inhibiting M1u functions through Rho-associated protein kinase
(ROCK) signaling, involved in the regulation of cytoskeletal
arrangement and contractility. This elegant system holds promise
to manipulate inflammatory or tissue-regenerative immune
responses to implants [124] (Fig. 4A).

Although there are still questions to be addressed, especially
considering the interactive and dynamic role of Mu and other
immune cells in tendon inflammation and healing, these works
reinforce the potential effect of magnetic forces to promote the res-
olution of inflammation using precise cell-oriented tools.



Fig. 4. Magnetically-assisted technologies with applicability to control inflammatory events in tendons. A. Smart-oriented platform to control cellular responses
manipulating inflammatory and immune functions. A. Magnetic nanocage (MNC) was conjugated to RGD-bearing gold nanoparticle (GNP) via a flexible linker. The MNC
was magnetically manipulated to reversibly uncage and cage RGD. The uncaging of RGD promoted the adhesion and M2u polarization, and inhibited the M1u polarization
in vitro and in vivo. Reprinted (adapted) with permission from, Heemin Kang, Hee Joon Jung, Sung Kyu Kim, Dexter Siu HongWong, Sien Lin, Gang Li, Vinayak P. Dravid, Liming
Bian, vol. 12, pages 5978–5994, Copyright (2023) American Chemical Society. B. Magnetically-driven drug delivery to modulate the cell response. A system with celecoxib
drug actuated by a pulsed electromagnetic field (PEMF) was developed for the treatment of tendon injury. The celecoxib-loaded magnetism–responsive hydrogel showed
higher drug release in the presence of PEMF, which led to a reduced inflammatory response. In accordance, the CatWalk gait analysis verified a synergistic effect of the drug
and PEMF demonstrating promise for the rehabilitation of Achilles tendon rupture. Adapted from [127].C. Magnetofection to efficiently deliver genetic material into cells.
Magnetofection involves the conjugation of nucleic acids to a magnetic nanoparticle for intracellular uptake by the application of an external magnetic field. A peptide
binding to plasmid DNA (pDNA) (red) combined with MNPs was internalized in fibroblast cells (green) by the actuation of magnetic fields aiming for gene delivery to assist
disease therapies. Adapted from [125]. D. Sophisticated magnetically responsive systems to enhance tendon regeneration approaching scaffold-based and scaffold-free
strategies. i)Magnetic cell sheet technology: construction of magnetic cell sheet using human adipose derived stem cells (hASCs) magnetized with MNPs evidencing vinculin
(green), phalloidin (red) and nuclei (blue). Reprinted from Publication Acta Biomaterialia, Vol 63, Ana I. Gonçalves, Márcia T. Rodrigues, Manuela E. Gomes, Tissue-engineered
magnetic cell sheet patches for advanced strategies in tendon regeneration, Pages No.110-122, Copyright (2023), with permission from Elsevier. ii) Magnetic cell sheets
constructed with human tendon derived stem cells (hTDCs) and MNPs, in which matrix deposition is detected by Sirius red/Fast green collagen staining and
immunolocalization of Col I (green). Reprinted from Publication Acta Biomaterialia, Vol 131, Adriana Vinhas, Ana I. Gonçalves, Márcia T. Rodrigues, Manuela E. Gomes, Human
tendon-derived cell sheets created by magnetic force-based tissue engineering hold tenogenic and immunomodulatory potential, Pages No.236–247, Copyright (2023), with
permission from Elsevier. iii. Human tendon cells (hTDCs) stimulated with IL-1b on magnetic responsive membranes made of SPCL and MNPs (magSPCL) led to the activation
of NFkB pathway. Representative confocal microscopy images of NFkB (in green) and nuclei (in blue). Arrows point the intracellular localization of NFkB protein. iv.
Microscopy images of human Mu (CD206 (green), and CD169 (red)) on magSPCL membranes. Insets are representative images in lower amplification (x20, scale bar 100 lm).
Reprinted from Publication Acta Biomaterialia, Vol 117, A. Vinhas, M.T. Rodrigues, A.I. Gonçalves, R.L. Reis, M.E. Gomes, Magnetic responsive materials modulate the
inflammatory profile of IL-1b conditioned tendon cells, Pages No. 235–245, Copyright (2023), with permission from Elsevier.
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4.4. Prospects of magnetic based systems to tackle inflammation

Encouraging desirable interactions with living entities and
prospecting functionalities to recreate the intricacy of biological
processes, the actuation of MF can be combined with magnetically
responsive nanomaterials such as magnetic nanoparticles (MNPs).

MNPs are extremely versatile with applicability as contrast
imaging agents, in magnetically driven-cell transfection (magneto-
fection) [125], drug and gene delivery, or labelling of cells jointly
with the possibility of transporting relevant molecules improving
biorecognition and cellular regulation [126]. An example of inflam-
mation imaging is the resource to in vivo MRI to detect tissue infil-
tration of inflammatory cells labelling circulating Mu with MNPs.
As Mu naturally migrate into inflamed tissues, the magnetic prop-
erties of MNPs allow a non-invasive visualization and monitoring
of inflammation, thereby assisting an earlier intervention in
inflammation-associated diseases and improving outcomes.

The synergistic effect of PEMF and MNPs for remotely con-
trolled delivery of an anti-inflammatory drug, celecoxib was inves-
tigated by Wang et al. anticipating improved tendon healing. The
drug was loaded into a magnetically responsive hydrogel made
of gelatin and magnetite nanoparticles. When PEMF was applied
(pulsed magnetic therapy apparatus, for 30 min) there was an
increment in the drug release rate with the time. The celecoxib-
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loaded system implanted in the rat Achilles improved the animals
walking function pointing to an efficient repair [127] (Fig. 4B).

Another strategy employing magnetically actuated systems
combined a peptide, a plasmid DNA (pDNA), and dextran MNPs.
The pDNA internalization was homogeneously distributed
throughout the cytosol by magnetofection using neodymium mag-
nets, allowing magnetic field-guided local transfection and poten-
tially facilitating targeted therapies [125] (Fig. 4C).

In recent years, cell and intracellular targeting, and mechano-
magnetic transduction studies have widen the expectations for
magnetically assisted technologies for human-driven cell-based
and cell-free therapies [128]. The MNPs can be externally MF
manipulated and locally create transient physical forces that cells
are able to sense and respond to. Functionalized MNPs have
already been designed for targeting mechano-responsive ion chan-
nels (e.g., TREK1, Wnt Frizzled, or PDGFRa and b receptors) in the
promotion of osteogenic and smooth muscle cell phenotypes in
human MSCs. In previous work by our group addressing tendon-
oriented therapies, MNPs were functionalized with anti-activin
receptor type IIA (ActRIIA) to stimulate tenogenic outcomes in
human adipose stem cells (hASCs) actuated by an oscillating mag-
netic bioreactor [129]. ActRIIA targeting activated SMAD pathways
regulating tenogenic features, which resulted in the expression/in-
creased production of TNMD, TGF-b as well as of Col I and III.
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PEMF has gained visibility in tissue engineering and regenera-
tive medicine strategies due to the increasing literature supporting
PEMF role in tissue healing and regeneration, along with the wide
range of possibilities for designing sophisticated approaches com-
bining PEMF with magnetic components. Such approaches propose
advanced magnetically responsive systems designed to operate as
smart delivery systems of bioactive molecules, including drugs,
oligonucleotides, and/or genes, to educate cells [124,130], act as
oriented triggers to precisely bind and activate cell receptors
[131,132], intracellular molecules [133], or even to support the
maturation of tissue-engineered constructs in scaffolding strate-
gies [134]. Despite the fundamental and therapeutic potential of
the systems with magnetic responsiveness to study the inflamma-
tion in the onset and progression of tendon pathology and their
contribution to the repair of damaged tissues, there is a limited
number of reports describing the magnetically-assisted regulation
and control of inflammatory events. These numbers are even more
depicted concerning inflammation in tendon disease.

Our group has been working with MNP-based strategies for the
modulation of cell phenotypes pre-conditioned to cytokines. These
include the exploitation of magnetic cell sheets (magCSs) [135] and
MNPs incorporated into polymeric matrices [58] envisioning
inflammation resolution foreseeing tendon regeneration.

The fusion of magnetically assisted- and cell sheet- technologies
enables a more complex and more physiologically representative
model for studying tendon responses, in which the dynamic cell–
cell and cell-matrix interactions are preserved. Additionally,
magCSs can be directly applied in a tendon lesion as a living patch
enabling a closer interaction between implant and host cell popu-
lations [133] (Fig. 4Di). The IL-1b priming of magCSs made of
TDSCs and MNPs results in an increment of inflammatory associ-
ated cytokines, as occurs with 2D monolayers of TDSCs, that is
reversed with a 1 h exposure to PEMF (5 Hz, 4 mT, 50% duty cycle)
[135]. PEMF was shown to modulate the inflammatory profile of
IL-1b-treated magCSs reducing the expression of IL-1b, IL-6, IL-8,
and TNFa, and reinforcing IL-10 and IL-4. Additionally, PEMF assists
in the production of COL I and COL III and a decrease in MMP-1,-2,-
3 expression via the MAPK (ERK1/2) pathway, known to be present
in both acute and chronic inflammation (Fig. 4Dii).

To better understand the role of magnetically actuated bioma-
terials in modulating tendon inflammatory responses, a magneti-
cally actuated membrane was fabricated using a polymer blend
of starch and polycaprolactone (SPCL) impregnated with MNPs
(magSPCL) [58]. IL-1b-treated tendon cells cultured on magSPCL
evidenced a decrease of TNFa, IL-6, IL-8, COX-2 as well as MMP-
1,-2,-3 under PEMF (5 Hz, 4 mT, 50% duty cycle). Conversely, the
expression of TIMP-1, IL-10, and IL-4was enhanced, likely mediated
by the NF-jB pathway (Fig. 4Diii). Interestingly, when Mu were
cultured on magSPCL, PEMF actuated constructs demonstrated an
immunomodulatory effect favouring M2u markers (e.g. CD206+)
(Fig. 4Div). Furthermore, these membranes demonstrated the
in vivo modulation potential of inflammation in an ectopic rodent
model [136].

Overall, the promising PEMF actuation in the different phases of
healing, together with magnetically responsive biomaterials, can
provide new prospects to influence the immune system and favour
immunomodulatory responses to assist enhanced functional
recovery of tissues.

4.5. Bottlenecks hindering the expansion of PEMF-based therapies

Amajor challenge of external magnetic stimulation relies on the
standardization of magnetic parameters and the selection of the
MF applied for comparable outcomes. Most of the studies are per-
formed in custom-designed or house-made systems that pose bar-
riers to the reproducibility of the work and, consequently, to
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advances in the understanding of magnetic effects in cellular struc-
tures and functionality. Notwithstanding these limitations, preclin-
ical models support the modulatory effects of PEMF on
inflammatory cues. In a work by Lee et al., daily application of
PEMF (17 Hz, 15 min/day, five sessions per week) led to a reduction
in inflammation in Achilles tendonitis [137]. The effect of PEMF
(3.846 kHz and 25% duty cycle) applied for 4 hr/day has also been
reported in a rat model of intervertebral disc injury. The inhibition
of TNFa gene expression and of IL-6 and IL-1b occurred 7 days after
PEMF stimulation [138]. These results were also verified in the
knee joint of an osteoarthritis model in Dunkin Hartley guinea-
pigs, where a 3-month PEMF therapy (75 Hz, 1.6 mT, 6 h/day)
reduced the progression of osteoarthritis lesions [139].

Independently of the cell population and tissues investigated, it
seems that PEMF stimulation holds a desirable effect on inflamma-
tory events in pathological environments. Intriguingly, PEMF
(75 Hz, 1.3 ms pulsed for 24 h) not only modulated the cytokine
production, but the PEMF stimulation over adenosine receptors
previously treated with IL-1b could be associated with the inhibi-
tion of the NF-jB pathway in chondrocytes and hFOB 1.19 osteo-
blasts cells [140].
5. Conclusions

Understanding the intricate inflammation signaling in injured
and diseased tendons will provide new opportunities to timely
resolve inflammation and overcome persistent inflammatory cues
that influence the composition and properties of tendon ECM and
induce phenotypic and functional changes in resident cell popula-
tions. Magnetically-assisted technologies constitute a sophisti-
cated and versatile platform of precision nanotools at cellular
and molecular scales to guide and stimulate cellular behaviour
and regulate signaling events. Magnetically-assisted technologies
brings a promising future to assist the restoration of the tissue bal-
ance with great contributions to the fields of regenerative medicine
and inflammatory-associated pathologies that go beyond tendon
disease.
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