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ARTICLE INFO ABSTRACT

Keywords: When not treated adequately, neuromusculoskeletal, tendinous, and joint tissue injuries may become chronic,

Fascia leading to impaired tissue function due to fibrosis, extracellular matrix densification, and fatty connective tissue

rume . accumulation, ultimately resulting in reduced joint and muscle mobility. Timely treatment involving the
egeneration

mobilization of fascia and targeted muscle exercise has been shown to enhance and promote tissue regeneration.
Key phases in tissue regeneration after injury include the activation of the innate immune system, followed by its
resolution. Although several treatment modalities are effective in restoring tissue function, their success rate and
time to recovery may still need optimization. Over recent decades, increasing attention has been given to the role
of fascia in neuromuscular tissue function, adaptation, and regeneration. However, the complex interactions
between fasciae, myofibers, and the immune system remain insufficiently understood, particularly regarding the
mechanisms underlying fibrosis, extracellular matrix densification, and chronic pain. Fasciae are interconnected
connective tissue sheaths that maintain anatomical organization, allow tissue gliding, and facilitate mechanical
force transmission between structures. Because of their mediating role in mechanical and biochemical signalling,
fascial tissues are also involved in injury and regeneration processes. Pathological stiffening of fascial connec-
tions may impair regeneration by limiting mobility and disrupting mechanotransduction. Therefore, treatment
strategies that target both muscle and fascial tissues may offer improved outcomes in the recovery of neuro-
musculoskeletal function.

Neuroimmunomodulation
Musculoskeletal manipulations

1. An introduction to fascia anatomy in relation to skeletal
muscle and neuroimmune interactions

Skeletal muscles largely consist of fascia and myofibers, providing
both active and passive stiffness. Active stiffness is determined by actin-
myosin interaction, which results in contractile activity of the myo-
fibers, whereas passive stiffness is influenced by titin and myofascia
(Purslow, 2010, 2020, Van Amstel et al., 2025b, Willard et al., 2012).
Myofascia is defined as a scaffold for myofibers, consisting of several

interconnected structures: the epimysium, perimysium, endomysium,
and tendon (Bordoni et al., 2022, Schleip et al., 2019b). In addition, the
deep fascia is defined as a strong and dense sheath of connective tissue
that extends throughout the entire body and compartmentalizes skeletal
muscles and bones (Schleip, Hedley, 2019b). The superficial fascia
connects the deep fascia with the (epi)dermis (Fede et al., 2025). All
phenotypes of fascia (fasciae) are viscoelastic fibrous connective tissues
composed of a ground substance consisting of hyaluronan, glycosami-
noglycans, proteoglycans, and glycoproteins, which is reinforced by
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collagen, reticular, and elastin fibers (Van Amstel, Weide, 2025b).

In general, within human fasciae, fibroblasts, myofibroblasts, and
fasciacytes are the predominant cells responsible for extracellular matrix
production (Chapman et al., 2017, Langevin et al., 2004, Schleip et al.,
2019a, Stecco et al., 2018). In the myofascia, muscle stem cells (MuSCs)
reside adjacent to muscle fibers, where they contribute to local muscle
regeneration (Huijing and Jaspers, 2005; Mauro, 1961, Pirri et al.,
2024a). In addition, myoblasts (activated muscle stem cells that prolif-
erate and fuse with uninjured myofibers or form myotubes within
injured myofibers), fibro-adipogenic progenitors, and immune cells (e.
g., neutrophils, mast cells, and macrophages) have been identified, and
they may play regulatory roles in the adaptation and regeneration of
myofascia and muscle fibers (De Micheli et al., 2020, Kosmac et al.,
2018, Moratal et al., 2018). However, only limited evidence exists for
the presence of immune cells in deep fascia, and most reports describe
them in pathological conditions (Wang et al., 2025, Zheng et al., 2025).

Within fasciae, specialized sensory cells are present, such as noci-
ceptors, mechanoreceptors, thermal receptors, and polymodal receptors,
responding to mechanical, thermal, and chemical stimuli, respectively.
Nociceptors also respond to substances and signalling molecules pro-
duced by immune cells and release neuropeptides to which immune cells
are responsive, indicating biochemical neuroimmune interactions
within the fascia (Fede et al., 2022, Stecco et al., 2007). The deep fascia
and myofascia exhibit a high density of nerve fibers and various immune
cells. These fibres and cells help maintain local homeostasis
(Suarez-Rodriguez et al., 2022), particularly in areas with high shear
stress and strain (Berrueta et al., 2023). Fascial tensile and shear stresses
are thought to transmit mechanical forces and thereby stress and
extracellular matrix strain the encapsulated cells via integrins, cadher-
ins, caveolae, glycocalyx core proteins, and stretch-activated ion chan-
nels, enabling the cells to sense mechanical loads and initiate
mechanotransduction (Huijing and Jaspers, 2005; Ingber, 2006, Pirri
et al., 2023a, Xu et al., 2014). Mechanotransduction (Ingber, 2006) is
the process by which cells convert mechanical cues into biochemical
signals, activating cellular pathways and influencing their function. As
immune responses are governed by signals from the microenvironment,
physical cues from the fascia, in addition to biochemical signals, may
shape immune function and interaction between cells.

Neuroimmune interaction can become dysregulated due to psycho-
logical stress, trauma, and hormonal imbalances, all of which are com-
mon in conditions such as chronic fatigue, fibromyalgia (Meade and
Garvey, 2022), and recurrent/chronic skeletal muscle (micro)injuries
(Yang and Hu, 2018). When neuroimmune interactions become dysre-
gulated, they can lead to both local tissue effects and consequences
within the nervous system (central and peripheral) (Ji et al., 2018).
Hypothetically, changes in local tissue stiffness may modify force vector
transmission and stiffness-dependent biochemical signalling, redis-
tributing mechanical load and altering afferent input via mechano-
sensitive sensory cells, including nociceptors and proprioceptors.
Despite existing findings, there is still a lack of understanding about how
local inflammation interacts with neuroimmune processes and how
mechanotransduction, induced by manual interventions, influences
fascia and myofiber regeneration after muscle and fascia (micro)injury.
Prolonged local inflammation may hinder fascia regeneration, while
inadequate recovery could lead to dysregulated neuroimmune in-
teractions and tissue impairments. This narrative provides an overview
of these mechanisms by evaluating the effects of manual interventions in
animal and in vitro studies (studies of cellular effects outside the body),
and to identify in current research gaps.

2. Fascia and myofiber regeneration

When (micro)injury occurs in the fascia and myofibers, this clearly
triggers a complex recovery process involving multiple cells and
biochemical signalling pathways (Table 1) (Bentzinger et al., 2012).
This process consistently consists of three main phases: bleeding and
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Table 1

Molecular Mediators of Inflammation.

This table provides an overview of the mechanisms of action of the molecules
discussed in this paper, summarizing their roles in pro- and anti-inflammatory
processes.

Biochemical Effects Inflammatory
Molecules
Pro Anti

TGF-f Regulates immune response, fibrosis, v
and tissue repair.

CTGF Promotes tissue fibrosis and extracellular v/
matrix production.

IGF-1 Promotes muscle growth and v
regeneration.

MGF Involved in muscle repair and growth, v
similar to IGF-1.

MSTN Inhibits muscle growth. v

DAMPs Activate immune response via pattern v
recognition receptors.

IL-10 Anti-inflammatory cytokine that v
suppresses pro-inflammatory signals.

1L-4 Promotes differentiation of Th2 cells, v
contributing to immune regulation.

1L-6 Pro-inflammatory cytokine, but can have v/ v
anti-inflammatory effects in muscle
repair.

TNF Pro-inflammatory cytokine is involvedin v/
systemic inflammation.

PGs Mediate inflammation, pain, and fever v v
(depending on subtype, can be pro- or (PGE2) (PGD2)
anti-inflammatory).

5-HT Neurotransmitter involved in mood v
regulation and pain modulation.

BK Causes vasodilation and increases v
permeability, involved in pain response.

HIS Mediator of allergic reactions increases v
vascular permeability.

HT Lower pH contributes to pain and v
acidosis in inflamed tissue.

SP Neurotransmitters involved in pain v
perception and inflammation.

CRP Marker of systemic inflammation v
increases in response to pro-
inflammatory signals.

CTX-1 Marker of bone resorption, involved in v
bone turnover

NOS2 Inducible nitric oxide synthase produces v
nitric oxide during inflammation.

RANTES Chemokine involved in recruiting v
immune cells to sites of inflammation.

NPY Modulates pain and inflammatory v
responses.

Leptin Regulates energy balance, immune v v
response, and may contribute to
inflammation.

Abbreviations: TGF-f, Transforming Growth Factor Beta; IL-10, Interleukin 10;
CTGF, Connective Tissue Growth Factor; DAMPs, Damage-Associated Molecular
Patterns; IL-4, Interleukin 4; TNF, Tumor Necrosis Factor; IGF-1, Insulin-like
Growth Factor 1; MGF, Mechano-Growth Factor; MSTN, Myostatin; PGs, Pros-
taglandins; 5-HT, Serotonin (5-Hydroxytryptamine); BK, Bradykinin; HIS, His-
tamine; H", Hydrogen ions; SP, Substance P; CRP, C-Reactive Protein; CTX-1, C-
Terminal Telopeptide of Type 1 Collagen; NOS2, Nitric Oxide Synthase 2
(Inducible NOS); RANTES, Regulated on Activation, Normal T Cell Expressed
and Secreted; NPY, Neuropeptide Y; IL-6, Interleukin 6.

inflammation (day 0-5), proliferation (day 5-21), and remodelling (day
21>) (Bentzinger et al., 2013). Successful regeneration generally re-
quires a tightly regulated sequence of these phases, primarily regulated
by the local microenvironment and immune cells such as neutrophils
and macrophages (Bentzinger et al., 2013). During the early inflam-
matory phase, neutrophils are recruited to the site of injury, followed by
monocytes that differentiate into proinflammatory macrophages. These
macrophages critically play a crucial role in clearing damaged tissue and
initiating the repair and remodelling of the tissue. This initial
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inflammatory phase is followed by a transition towards tissue remod-
elling, mediated by immune and muscle cell signalling (Wynn and
Vannella, 2016).

Inflammation (the first main phase) is widely recognized as a critical
component of tissue repair and is initiated when immune cells like
neutrophils, macrophages, mast cells, and natural killer cells detect
Damage-Associated Molecular Patterns (DAMPs) released by injured
tissue (Tu and Li, 2023). These immune cells respond by triggering an
inflammatory cascade aimed at eliminating the cause of the injury (Tu
and Li, 2023). Monocytes are recruited from the bloodstream and
differentiate into proinflammatory macrophages (M1), which, along
with neutrophils, effectively help clear cellular debris and eliminate the
cause of inflammation (Italiani and Boraschi, 2014). Macrophages
become more pro-inflammatory when subjected to mechanical loads
(Shan et al., 2019). In addition, mechanical loading of MuSCs and fi-
broblasts apparently increases the production of insulin-like growth
factor-1 (IGF-1) and mechano-growth factor (MGF) (Huijing and Jas-
pers, 2005). These growth factors not only promote myofiber regener-
ation, but also likely support the transition of macrophages from a
proinflammatory to an anti-inflammatory phenotype (Dort et al., 2019).
Moreover, pro-inflammatory macrophages produce cytokines and
growth factors such as interleukin-6 (IL-6) and IGF-1, which subse-
quently promote the proliferation of MuSCs and (myo)fibroblasts (Dort
et al., 2019). As the inflammatory response progresses, cells including
muscle cells, neutrophils, and macrophages release transforming growth
factor-beta (TGF-B), interleukin-4 (IL-4), and interleukin-10 (IL-10),
which clearly drive the transition from inflammation to tissue remod-
elling and connective tissue formation (Wynn and Vannella, 2016) (see
Fig. 1).

While the inflammatory process unfolds, hypoxia at the injury site
apparently amplifies the response by delaying neutrophil apoptosis,
contributing to low oxygen availability, and thereby recruiting addi-
tional neutrophils (Talla et al., 2019). The nervous system also poten-
tially plays a regulatory role, modulating inflammation via the
inflammatory reflex, in which neural circuits are activated by cytokines
and other signals to help resolve inflammation (Pereira and Leite, 2016).
As recovery advances, pro-inflammatory mediators are gradually
replaced by anti-inflammatory mediators, like TGF-p and IL-10, which
clearly promote the resolution of inflammation and the transition to the
proliferation phase (the second main phase) of tissue healing (Barnig
et al., 2022, Greenlee-Wacker, 2016). The apoptosis of neutrophils and
their subsequent clearance by macrophages through efferocytosis are
well-established processes in this resolution (Greenlee-Wacker, 2016).
Macrophages undergo a phenotypic switch from pro-inflammatory to
anti-inflammatory phenotypes (M2), a switch partially mediated by
IGF-1, TGF-B, IL-4, and Tumor Necrosis Factor (TNF) (Italiani and Bor-
aschi, 2014). During tissue regeneration, myofibers and fascia undergo
adaptation to maintain structural integrity. TGF-p and Connective Tissue

=
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Growth Factor (CTGF) critically play vital roles in regulating extracel-
lular matrix reorganization and collagen production. Fibroblasts and
myofibroblasts are contributors to wound closure, facilitating matrix
deposition and contraction of the injury site (Hinz et al., 2019). Addi-
tionally, fibro-adipogenic progenitors (FAPs) are involved in the repair
response, contributing to both fat deposition and fibrosis (scar tissue) in
response to muscle and fascia injury (Fig. 2) (Moratal et al., 2018).

It has been speculated that myofascial force transmission plays a
crucial role in skeletal muscle recovery and regeneration (Huijing and
Jaspers, 2005). This process involves the transfer of force from fascia to
adjacent tissue (Huijing, 2009), resulting in mechanical stress at the
basal lamina and encapsulated cells (Huijing, 2009). In response to this
mechanical stress, fascia likely adapt their biomechanical properties (e.
g., stiffness, elasticity, plasticity, viscoelasticity, and anisotropy). In
addition, the mechanical stress applied to transmembrane mechanore-
ceptors and channels in myofibers and fascia cells apparently modulates
protein turnover (gene expression), enhances the secretion of growth
factors like IGF-1, MGF, vascular endothelial growth factor (VEGF), and
reduces myostatin levels, thereby promoting regeneration (Fig. 2)
(Juffer et al., 2014).

These growth factors, alongside anti-inflammatory mediators,
clearly promote regeneration in an autocrine (self-signalling) and
paracrine (neighbour-signalling) manner. Hence, early joint movement
and mechanical loading of injured myofibers and fasciae are presumably
essential for optimal recovery.

2.1. Discussion and future directions

Although inflammatory and regenerative pathways are well char-
acterized, their functional implications remain equivocal. Mechanical
loading and growth factor signalling (e.g., IGF-1, TGF-p) appear essen-
tial for regeneration but are also associated with fibrosis and maladap-
tive remodelling. These inconsistencies likely depend on load
magnitude, timing, and cellular context. Future human studies inte-
grating mechanobiology, immune phenotyping, and longitudinal im-
aging are required to distinguish regenerative from pathological
myofascial adaptations.

3. Chronic fascia injury causes prolonged inflammation, which
can alter skeletal muscle quality

Failure to resolve inflammation or repeated stimulation of the im-
mune response can clearly lead to prolonged tissue inflammation
(Generaal et al., 2014). Collagen is the primary component of fascia,
predominantly types I and III, which consistently form a structural
framework for myofibers (Fede et al., 2021b). Collagen type I is stiffer
than type III, and prolonged inflammation may significantly alter the
extracellular matrix, shifting the collagen I/III balance and promoting

]

Fig. 1. Trauma initiates nociceptive and inflammatory responses via DAMPs, interleukins, cytokines, and prostaglandins (see Figs. 2 and 3). After the
inflammatory phase (day 0-6), the regeneration phase begins (day 7-21), followed by tissue remodelling (> day 21). Optimal recovery results in functional tissue
remodelling during the healing process. However, incomplete regeneration alters tissue composition (1 collagen I, | collagen III and hyaluronan) and leads to
dysfunctional remodelling, increasing local stiffness. Due to this increased stiffness, mechanical strain is redistributed to adjacent tissues, activating transmembrane
mechanosensitive channels (e.g., Piezo and TRP channels) on nociceptor cells, thereby triggering pain sensation. When strain exceeds the strain breakpoint, local
microtrauma may occur proximal or distal to the stiffened region. Repetitive overstress to these surrounding tissues activates peripheral nociceptors, leading to
neuroinflammation and ultimately to sensitization, making their transmembrane channels increasingly sensitive.
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Fig. 2. Schematic representation of skeletal muscle (myofascial and myofiber) regeneration.

This schema provides a simple representation of skeletal muscle recovery and regeneration after (micro)injury. A-D, M1) This represents the bleeding and
inflammation phase (day O to day 5), where D marks the differentiation from MO to M1. D-G, M2) corresponds to the proliferation and modulation phase
(approximately day 5 to day 21), where D marks the differentiation and/or polarization into M2. The figure also represents myofascial shear forces (F) induced by
training. A) In response to excessive stress, such as overstretching, overuse, or (micro)injury of tissues, B) danger-associated molecular patterns (DAMPs), Tumor
Necrosis Factor-a (TNF-a), and interleukins can be released. These matrix components C) recruit neutrophils, which clear the damaged tissue and release Trans-
forming Growth Factor Beta (TGF-p) to initiate tissue repair. D) Locally, biochemical molecules drive the differentiation of macrophages-0 (MO) into macrophages-1
(M1) or macrophages-2 (M2). E) M2 macrophages produce large amounts of TGF-f, which recruits and activates adipocytes, myoblasts, fibroblasts, myofibroblasts,
and fibro-adipogenic progenitors, promoting muscle recovery. F) Mechanical forces cause tensile and shear stress applied to transmembrane mechanoreceptors and
channels of myofibers and fascia cells, G) enhancing the secretion of growth factors such as Insulin-like Growth Factor-1 (IGF-1) and Mechano-Growth Factor (MGF),
and reducing myostatin levels, thereby modulating protein turnover (gene expression); thereby promoting muscle recovery and regeneration.

hyaluronan aggregation, resulting in densification and increased stiff-
ness of the fascial matrix (Pratt, 2021, Stecco et al., 2023, Stecco et al.,
2022).

Lumbar fascia injury in mice robustly triggers macrophage infiltra-
tion, with fascia containing significantly more macrophages than adja-
cent fat tissue (6.8% =+ 0.79% vs 2.0% + 0.48%; P < 0.01), indicating a
local immune response (Bi et al., 2023). In addition, exposure to phys-
ical tasks after injury apparently upregulates collagen type I and CTGF,
while high-force tasks clearly increase CTGF, TGF-f, and collagen I
expression (Abdelmagid et al., 2012). In addition, rats subjected to

high-force tasks for up to 18 weeks consistently exhibited elevated levels
of TNF-a and fibrogenic proteins (Fisher et al., 2015, Hilliard et al.,
2021). While inflammation subsided by week 18, persistent fibrosis was
observed, relating to declines in sensorimotor function (Fisher et al.,
2015). This strongly suggests that prolonged elevated levels of fibro-
genic proteins may contribute to excessive fibrosis development within
and surrounding the fascia, as seen in mice (Bishop et al., 2016, Jiang
et al., 2020, Kirchgesner et al., 2019, Lee et al., 2024). Similarly, rat
models with induced peripheral nerve injury demonstrated a significant
decrease in hyaluronan concentration and an increase in collagen
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deposition in both the skeletal muscles and thoracolumbar fascia,
particularly on the injured side (Zhao et al., 2024). These findings were
similarly mirrored in porcine models following thoracolumbar fascia
injury and 8 weeks of leg mobility restriction, where thickening of the
thoracolumbar fascia was observed (Bishop et al., 2016). A thickening of
the thoracolumbar fascia is commonly observed in patients with chronic
low back pain, with mean fascia thickness of 2.11 + 0.65 mm in patients
versus 1.75 + 0.85 mm in healthy controls (p < 0.05) (Pirri et al.,
2023b), and a ~25% increase in perimuscular connective tissue thick-
ness, including thoracolumbar fascia and epimuscular fat, compared
with healthy controls (p < 0.01) (Langevin et al., 2009). However, im-
aging outcomes, including ultrasound assessments of thoracolumbar
fascia thickness, are influenced by spatial and temporal resolution. In 2D
ultrasound, speckle patterns can limit the precision of thickness mea-
surements (Pirri et al., 2024b), and if speckle tracking is used for dy-
namic analysis, measurement variability may increase (Van Amstel
et al.,, 2025a). Low temporal resolution further reduces accuracy in
capturing rapid tissue changes, which may partly explain variability in
reported fascia thickness across studies. 3D ultrasound imaging with
state-of-the-art devices and high spatial resolution (small voxels) may
reduce partial volume effects and improve the accuracy of lumbar
muscle and epimuscular connective tissue measurements, showing clear
potential, although further validation and research are still required
(Rummens et al., 2024, Weide et al., 2017). Nevertheless, these findings
cautiously suggest that prolonged immune response and fibrogenic ac-
tivity may contribute to fascia thickening and functional decline asso-
ciated with chronic low back pain, although direct evidence in humans
remains limited.

In patients with chronic systemic inflammation and pain, elevated
levels of inflammatory mediators, like various cytokines, chemokines,
and growth factors, strongly suggest the presence of chronic low-grade
inflammation (Backryd et al., 2017, Hysing et al., 2019). The pro-
longed presence of pro-inflammatory immune cells, such as macro-
phages (Morris et al., 2020, Sanabria-Mazo et al., 2022), likely drives the
chronic overexpression of TGF-p1 and CTGF (Zimowska et al., 2017).
These inflammatory mediators clearly promote fibrosis by increasing
local collagen production by fibroblasts (Pan et al., 2020, Zhang et al.,
2024), myofibroblasts, and MuSCs (Hillege et al., 2022, Shi et al., 2021).
Additionally, prolonged tissue inflammation may attract adipocytes to
the affected area (Coté et al., 2017), exacerbating fibrosis and fat
accumulation both within and outside the fascia (Hodges and Danneels,
2019, Kondrup et al.,, 2022), altering its biomechanical properties
(Brandl et al., 2024, Koppenhaver et al., 2020, Langevin et al., 2011).
Altered fascial biomechanical properties are expected to reduce the local
shear stress and strain between the deep fascia, myofascia, and myo-
fibers (Maas, 2019), which is presumably expected to disrupt the
mechanotransduction to their encapsulated cells (Van Amstel, Weide,
2025b). The disruption of mechanotransduction likely hinders the
release of growth factors and anti-inflammatory mediators, both criti-
cally important for dampening inflammation and essential for skeletal
muscle regeneration (Du et al., 2023). Failure of skeletal muscle
regeneration due to prolonged tissue inflammation may lead to fascia
and myofiber denervation (loss of nerve supply), initiating a cascade of
tissue inflammation and further apparently causing fat and fibrosis
accumulation (Hodges et al., 2021, Pavan et al., 2014). This loss of nerve
supply, combined with the overproduction of collagen by fibroblasts in
response to persistent inflammation, clearly degrades the quality of both
fascia and myofiber, making these tissues more susceptible to recurrent
(micro)injuries (Bogdanov et al., 2021, Hodges and Danneels, 2019).

In conclusion, a prolonged pro-inflammatory environment substan-
tially impairs fascia and muscle regeneration by attracting adipocytes
and activating fibroblasts, leading to excessive local collagen deposition,
shifting the balance between collagen types I and III, fat accumulation,
and fibrosis within and around the fascia and muscle. This process ul-
timately increases local stiffness, which negatively affects the fascial
viscoelastic  properties. These altered viscoelastic properties
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consequently reduce local strain at the stiffened region, thereby
increasing vulnerability to strain injury in the areas adjacent to the
stiffened region. In addition, increased stiffness in the connections be-
tween fascia and myofibers likely restricts their relative movement,
thereby disrupting shear strain and hindering the cellular processes
critically essential for repair and regeneration (Huijing and Jaspers,
2005).

3.1. Discussion and future directions

Although animal and clinical studies consistently link prolonged
inflammation to fascial thickening and fibrosis, its causal relationship
with altered biomechanics, such as increased stiffness, in humans re-
mains equivocal. Load intensity, duration, and neural integrity are
critical modifiers, yet thresholds for adaptive versus maladaptive
remodelling remain unclear. Future studies should integrate human in
vivo imaging, immune profiling, and biomechanical assessments to
elucidate interactions between chronic inflammation, altered mecha-
notransduction, and musculoskeletal disorders like low back pain.

4. Local neuroimmune interactions affect neuronal excitability

Fasciae are densely innervated tissues in the musculoskeletal system
(Fede et al., 2021a, Suarez-Rodriguez et al., 2022). Increased fascial
stiffness may alert immune cells to the possibility of tissue injury. In
addition, changes in mechanical cues through mechanotransduction can
potentially alter the local biochemical milieu, thereby triggering a local
immune response and possibly modifying neuronal excitability during
neuroimmune interactions (Du et al., 2023; Van Amstel, Weide, 2025b).
In this context, local stiffened extracellular matrix or crosslinks within
and/or between anatomical structures can apparently change the di-
rection of force vectors generated by myofibroblast contraction, muscle
contraction, and/or passive joint motion. This redirected tension can act
on neighboring cells, effectively activating their mechanosensitive
channels in sensory cells, potentially increasing their activity and
further influencing neuronal excitability. It is possible that increased
local stiffness keeps embedded sensory cells like nociceptors silent,
while surrounding nociceptors become overloaded and more easily
excitable, moving closer to their stress threshold.

From skin to bone, structures like the superficial fascia, deep fascia,
myofascia, myofibers, and arthrofascia are clearly innervated by nerve
fibers from the neurovascular tract (Van Amstel, Weide, 2025b). These
nerve fibers contain both myelinated and unmyelinated efferent and
afferent fibers, with conduction velocities in the range of Aa fibers
(motor), AB fibers (mechanical conduction), C fibers, and AS fibers
(nociceptive conduction) (Fede, Petrelli, 2021a, 2022; Mense, 2019).
Anatomical studies in human cadavers and animals have consistently
shown a high density of various mechanosensitive sensory cells within
the fasciae, including Meissner's bodies, Pacini bodies, Ruffini endings,
and Golgi-Mazzoni corpuscles, and nociceptors (Fede et al., 2022;
McLain and Pickar, 1998; Mense, 2019; Stecco et al., 2007, Tomlinson
et al., 2020, Yahia et al., 1992).

In pain-free adults, hypertonic saline injections into the lumbar deep
fascia resulted in greater pain intensity and duration than injections into
the superficial fascia or erector spinae muscle (Schilder et al., 2014,
Vogel et al., 2022). The pain was described as burning, throbbing, and
stinging, clearly indicating A8 and C-fiber nociceptor involvement
(Schilder et al., 2014). Another study confirmed that injections into the
lumbar deep fascia led to higher pain levels and larger pain areas
compared to injections into back muscles. In addition, larger fluid vol-
umes consistently resulted in significantly more intense and widespread
pain than smaller volumes (Vogel et al., 2022). These findings strongly
highlight the dense innervation of the deep fascia and emphasize its role
in afferent signalling.

Sensory cell receptors can be activated biochemically by sensitizing
substances (e.g., inflammatory mediators) and mechanically via
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mechanosensitive channels (e.g., piezo-gates and transient receptor
potential channels) (Heppenstall and Lewin, 2006; Yang and Plotnikov,
2021). Biochemical channels are specifically sensitive to inflammatory
mediators, such as prostaglandins, serotonin, bradykinin, histamine, H"
ions, and Substance-P. Mechanosensitive channels include
pro-nociceptive types, such as Piezol-channels, transient receptor po-
tential channels, and nociceptive types, such as two-pore domain po-
tassium channels (Della Pietra et al., 2024). These channels effectively
modulate nociceptive excitability at low thresholds (Heppenstall and
Lewin, 2006) and regulate the passage of Na*, Ca?*, and K' ions
through the plasma membrane, thereby triggering the nociceptor
excitability (Della Pietra, Gomez Dabo, 2024). Activation of these
channels clearly plays a key role in regulating nociceptor excitability,
contributing to the onset and persistence of nociception through both
biochemical and mechanical pathways.

In chronic constriction injury rat models, in which the sciatic nerve is
loosely ligated with chromic gut sutures to induce mild chronic
compression, immune cells, including T lymphocytes (Moalem et al.,
2004) and neutrophils (Morin et al., 2007), actively migrate to the
dorsal root ganglia and contribute to neuro-immune signalling. In mouse
models, TGF-p was found to significantly influence macrophages and
microglia in the dorsal root ganglia, thereby contributing to an inflam-
matory response associated with neuropathic pain (Yu et al., 2020).
Sensory neuron-associated macrophages also enhance nociceptive
neuron hyperexcitability by releasing TNF-o and interleukins, which
attract other immune cells (Santa-Cecilia et al., 2019). Furthermore, in
rat models, increased reactive oxygen species production following
spinal nerve ligation (tight ligation) substantially contributed to the
development of neuropathic pain (Kim et al., 2004).

Myofibroblast contraction may also activate mechanosensitive
channels in sensory cells, potentially increasing their activity and
leading to a change in neuronal excitability (Schleip, Gabbiani, 2019a;
Schleip and Klingler, 2019). In-vitro research has revealed that TGF-p
stimulates myofibroblast and fibroblast contractions, which mechani-
cally apply tension to the extracellular matrix of the fascia via integrins
(Schleip, Gabbiani, 2019a; Schleip and Klingler, 2019). These contrac-
tions likely stiffen the fibrous tissues and effectively activate mechano-
sensitive channels in nearby nociceptors within the fascia (Castella et al.,
2010, Tomasek et al., 2002).

In conclusion, fasciae are densely innervated anatomical structures,
and nociceptor excitability can be substantially influenced by both
biochemical and mechanical stimuli. Inflammatory mediators from
macrophages and neutrophils clearly contribute to hyperexcitability,
while myofibroblast contraction, together with stiffened extracellular
matrix or crosslinks between anatomical structures, can apparently
redirect mechanical forces toward neighboring cells, thereby activating
their mechanosensitive channels and further enhancing neuronal
excitability.

4.1. Discussion and future directions

Fasciae are densely innervated, and nociceptor excitability is influ-
enced by both biochemical mediators and mechanical forces. While
myofibroblast contraction, matrix stiffening, and inflammatory signal-
ling clearly affect neuronal activity, the precise thresholds for patho-
logical versus adaptive responses remain unclear. Future studies should
combine human neuroimaging, mechanosensitive channel profiling, and
biomechanical mapping to clarify how fascial stiffness, neuroimmune
interactions, and mechanotransduction contribute to pain onset and
chronicity.

5. Peripheral neuroimmune interactions and spinal
neuroinflammation

There is a growing interest in understanding sterile neuroimmune
interactions within the spinal cord and supraspinal regions, collectively
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known as neuroinflammation. Peripheral and central neuroimmune in-
teractions are closely interconnected, with various tissues, including
nerves, bones, fasciae, and skeletal muscles, capable of triggering neu-
roinflammatory responses (Sun et al., 2022). A key mechanism linking
peripheral and central neuroimmune interactions is neurogenic neuro-
inflammation, where C-fiber peptidergic nociceptor activation directly
leads to the release of neuropeptides within the spinal cord (Xanthos and
Sandkiihler, 2014). These neuropeptides may induce neuroimmune in-
teractions both in peripheral tissues (neurogenic inflammation) and
within synapses between first- and second-order neurons, resulting in
neurogenic neuroinflammation in the central nervous system (Xanthos
and Sandkiihler, 2014).

Tissue-derived inflammatory mediators act locally through autocrine
and paracrine signalling, but can also contribute to systemic inflam-
mation (Perry, 2004). Systemic inflammatory mediators potentially can
enter the brain through leaky regions near the brain, such as the choroid
plexus and circumventricular organs, thereby initiating neuro-
inflammatory responses. Furthermore, immune cells primed in injured
tissues may migrate into the central nervous system through these leaky
regions, guided by high concentrations of chemokines (D'Mello et al. ,
2009).

Much of this understanding comes primarily from animal studies,
and the direct applicability to humans remains uncertain. Nevertheless,
preliminary evidence strongly suggests that neuroinflammation is pre-
sent in humans with musculoskeletal conditions (Sandstrom et al., 2022,
Torrado-Carvajal et al., 2021). However, the specific triggers and de-
terminants of neuroinflammation and how these relate to (chronic) pain
are still largely unclear (Ji et al., 2018). For instance, in rats injected in
the paw with complete Freund's adjuvant (an immune activator), only
one of six animals showed increased microglial activation, indicating
minimal spinal neuroinflammation (Miller et al., 2013). In contrast, rats
with osteoarthritic pain showed an approximately 25% ipsilateral in-
crease in microglial marker binding compared with contralateral tissue
(p < 0.05), and those with nerve injury exhibited a >70% increase (p <
0.01), indicating graded spinal neuroinflammatory responses across
models (Miller et al., 2013).

Chronic and/or recurrent (micro)injury of the fascia may potentially
lead to neuroinflammation, which could be triggered by prolonged pe-
ripheral sensitization. This sensitization might activate neuroimmune
and nerve cells in the nervous system, initiating a neuroimmune
response that potentially leads to neuroinflammation (Fig. 3). Neuro-
inflammation can alter the excitability of nociceptive processing, and
emerging evidence suggests that supraspinal neuroinflammation may
affect not only the sensory aspects of pain but also the cognitive and
emotional dimensions. This likely may partially explain the widespread
symptoms often seen in patients with musculoskeletal conditions.

5.1. Discussion and future directions

While preclinical and emerging human studies highlight the poten-
tial role of peripheral fascia injury in driving neuroinflammation and
chronic pain, the causal mechanisms, triggers, and thresholds remain
largely unknown. Future research should focus on establishing these
links in humans and determining how peripheral microinjury contrib-
utes to central sensitization and multidimensional pain. Clarifying these
mechanisms could ultimately inform targeted therapeutic strategies and
improve outcomes for patients with musculoskeletal conditions.

6. Neuroimmune interactions, fascia regeneration, and
mechanotransduction by manual interventions

Tensile and shear loads applied to skeletal muscle and surrounding
fascia have been shown to cause shear and tensile strains within fascia,
which subsequently are transmitted to the myofibers, including their
MuSCs and myoblasts within their niches on top of the myofibers
(Haroon et al., 2021). It is conceivable that macrophages in the
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Fig. 3. Schematic representation of neuroinflammation.

This schema represents how neuroinflammation can be triggered by prolonged peripheral sensitization. A) Sensory cell receptors can be activated B) biochemically
by sensitizing substances (e.g., inflammatory mediators) released by immune cells and C) mechanically by opening mechanosensitive channels (e.g., piezo-gates and
transient receptor potential channels) by nearby myofibroblasts. Biochemical channels are sensitive to inflammatory mediators such as prostaglandins, serotonin,
bradykinin, histamine, H" ions, and Substance-P. Mechanosensitive channels include pro-nociceptive types, such as Piezol channels and transient receptor potential
channels, as well as nociceptive types, such as two-pore domain potassium channels. Both channel types modulate nociceptive excitability at low thresholds. D) These
channels regulate the passage of Na*, Ca®*, and K" ions in and out of the cell, triggering nociceptor excitability and the generation of action potentials. E) Prolonged
peripheral sensitization causes continuous action potentials, which can trigger F) a neuroimmune response by activating neuroimmune cells (e.g., microglia, as-
trocytes, oligodendrocytes, and macrophages) and nerve cells in the nervous system, G) potentially leading to neuroinflammation. H) Neuroinflammation can alter
the excitability of nociceptive processing and may affect not only the sensory aspects of pain but also the cognitive and emotional dimensions.

interstitial space between muscle fibers are similarly mechanically
loaded as MuSCs in their niche (van Santen et al., 2022). The mechanical
loading of both muscle cells and macrophages consistently triggers
immunomodulatory responses (Su and Yin, 2025). However, in case of
stiffening of the connective tissue and the connection between fascia and
myofibers the shearing will be limited or minimized (Fig. 4). It is hy-
pothesized that manual interventions follow the skin displacement
principles, which implies that forces applied to the skin are transmitted
to deeper structures, including fasciae and muscles, and bones (Van
Amstel, Weide, 2025b). These transmitted forces may strain the
anatomical structures under the skin beyond their yield point, poten-
tially causing plastic deformation and even breaking collagen crosslinks,
both of which likely enhance shear strain between the fascia and un-
derlying myofibers, thereby eliciting immunomodulatory responses
(Fig. 4).

There is increasing evidence from animal studies that manual in-
terventions (such as joint and fascia mobilizations) may influence fascia
regeneration after injury (Barbe et al., 2022, Barbe et al., 2021b, Bove
et al., 2019, Franca et al., 2020, Loghmani et al., 2021). This introduces
new ideas regarding treatment, suggesting that mechanotransduction
potentially has important features necessary for normal fascia and
myofiber regeneration. This process is thought to activate immune cells,
MuSCs, myoblasts, as well as stimulate their differentiation into myo-
tubes and myofibroblasts, simultaneously influencing both immune
modulation and tissue regeneration (Van Amstel, Weide, 2025b). In this

section, we will discuss the outcome of several in vivo studies on rodent
bone, neuronal tissue, and muscle as well as in vitro studies, which
together provide evidence supporting how mechanotransduction from
manual interventions may affect neuroimmune interactions and fascia
and myofiber regeneration.

In a rat study investigating bone remodelling in response to me-
chanical loading, rats were randomly assigned to either a control group
or a muscle force task group (task group). The rats in the task group
performed a high-repetition, high-force lever-pulling task (4 pulls per
second at >60% of their maximum voluntary force), for 2 h per day, 3
days a week, over 12 weeks. They were subsequently allocated to
receive either manual interventions or not (untreated) during the 12
weeks. The manual intervention consisted of forelimb long-axis
stretching, wrist flexion/extension joint mobilizations, and forearm
massage, applied for approximately 5 min per forelimb, 3 times per
week, immediately after each task session. Additionally, some rats in the
task groups rested after 12 weeks, either with or without manual in-
terventions. The manual interventions were performed three times per
week for approximately 10-14 min in total per rat and resulted in
increased osteoblast indices (osteoblasts per bone surface: 6.06 + SD.49
vs 4.87 + SD.32, p < 0.05; osteoid volume per bone volume: 1.63 +
SD.18% vs 1.23 £ 0.12%,p < 0.05), such as alkaline phosphatase, while
decreasing osteoclast activity (osteoclast number per bone surface: 1.18
+ SD.14 vs 1.49 + SD.15; osteoclast surface per bone surface: 3.71 +
0.35 % vs 4.83 £+ 0.29 %, p < 0.05) in trabecular bones (Barbe et al.,

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en abril 13, 2026.
Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2026. Elsevier Inc. Todos los derechos reservados.



R.N.van Amstel et al.

==()

=

)

Musculoskeletal Science and Practice 82 (2026) 103507

Fig. 4. Hypothesized mechanism underlying manual interventions based on skin displacement principles. This schematic illustrates how manual in-
terventions may biomechanically modulate the interaction between fasciae and underlying muscles, which could be crucial for optimizing tissue regeneration. A)
Upright standing position with intact collagen cross-links between the skin, fasciae, and underlying muscle tissue. B) During trunk flexion, longitudinal displacement
of the skin, superficial fascia, and deep fascia (black arrows) transmits forces to deeper structures, increasing strain within fascial cross-links and myofibres (black
arrow with dot). C) Increased strain transmission may elicit a protective muscular contraction to limit excessive deep fascial and myofascial strain. D) Manual
intervention applies externally induced normal and shear forces to the skin (purple arrow), which are transmitted to deeper tissues (yellow arrows) and may exceed
the connective tissue yield point. E) Exceeding the yield point may result in plastic deformation and partial disruption of collagen cross-links, altering myofascial
force transmission. F) During subsequent trunk movements, normalization of deep myofascial shear strain (yellow arrows) is proposed to facilitate effective
mechanotransduction and associated immunomodulatory responses. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

2022). In contrast, untreated rats showed increased catabolic indices,
including decreased trabecular bone volume (approximately 11 % loss
relative to controls, p < 0.01), increased osteoclast numbers and surface
(both significantly higher than controls, p < 0.05), mid-diaphyseal
cortical bone thinning and altered geometry (p < 0.05), and elevated
serum levels of C-Terminal Telopeptide of collagen type I (CTX-1) and
TNF-a consistent with increased bone resorption and inflammation
(Barbe et al., 2022). These findings indicate that manual interventions
enhance bone remodelling. These interventions also resulted in
increased IL-10 levels (142 £ 15 pg per milliliter vs. 98 + 12 pg/mL, p
< 0.05) and decreased TNF-a (32 + 4 pg/mL vs. 58 + 6 pg/mL, p <
0.05) and collagen type I within the muscles (14 + 2 % area vs. 28 + 3 %
area, p < 0.01), compared to the control group of rats that were allowed
to rest for 7 weeks without receiving manual therapy (Barbe, Panibatla,
2021Db). These studies show that manual interventions during the acute
phase provide some inflammatory modulation. The observed decrease
in collagen type I may have contributed to the prevention of fibrosis.
Furthermore, mechanical loading of neuronal tissue after injury ap-
pears to promote regeneration and improve functional outcomes.
Another indication that mechanical loading of neuronal tissue after
injury promotes regeneration comes from a study in which rats with
median nerve injury (forearm) and inflammation showed significant
improvements in muscle force tasks following treatment with manual
interventions combined with High-Repetition High-Frequency (HRHF)
training for 3 weeks. The interventions were applied during the sub-
acute phase of nerve injury (6 to 12 weeks post-injury). Treated rats
exhibited improved reach rates and impulse, with the highest scores in
the group that received both HRHF training and manual interventions,
compared to the untreated and HRHF-only groups. Biochemical analysis
revealed that both HRHF-only and combined treatments influenced in-
flammatory markers, with manual interventions significantly reducing

CD68 immunopositive macrophages and Degraded Myelin Basic Protein
(DMBP) expression compared to HRHF-only. Electrophysiological re-
sults indicated that the HRHF-only group had higher ongoing activity in
the median nerve, suggesting increased nociceptive signalling, while
HRHF combined with manual interventions showed reduced nerve ac-
tivity. Histological findings strongly supported these results, showing
less inflammation and extracellular collagen deposition around the
injured nerve in the combined treatment group. Behavioural observa-
tions also showed fewer discomfort-related behaviours in rats receiving
the combined treatment compared to HRHF-only (Bove et al., 2019).
This study suggests that manual interventions during the sub-acute
phase contribute to inflammation modulation, with a decrease in
intramuscular and fascial collagen deposition.

Further evidence for the beneficial effects of mechanical loading
after muscle and fascia tissue inflammation is provided by the obser-
vation that mice undergoing chemical irritation to induce connective
tissue inflammation showed that acute manual intervention (fascia
mobilizations) on connective tissue resulted in a reduction of neutrophil
infiltration (Ly-6G positive cells (p < 0.05), decreased expression of
inducible nitric oxide synthase-2 (p < 0.05), and increased levels of anti-
inflammatory cytokines (TGF-B1: 7.9 + SD 1.4 vs. 4.2 + SD 0.7 pg/mg
protein, p < 0.05; IL-4: 5.3 £+ SD.8 vs. 2.1 + SD.4 pg/mg protein, p <
0.05), in comparison to no treatment (Franca et al., 2020). The inter-
vention, which involved daily application of sustained pressure to the
lumbodorsal skin for approximately 10 min, resulted in reduced
inflammation at the back (Franca et al., 2020). These changes suggest
that the applied manual intervention reduces inflammation by lowering
NOS-2 levels, while the increase in IL-4 suggests an increase in
anti-inflammatory cytokines (Franca et al., 2020) and promotion of
myoblast fusion and differentiation (Kurosaka et al., 2023). Similarly, in
rats with chemically induced inflammation, manual intervention
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targeted to the lumbar fascia resulted in reduced inflammation. After 14
days of manual intervention (5 min, 3 times a week), chemokine
secretion (RANTES) was significantly decreased (96.1 % reduction at
<30 min post-treatment, p < 0.002), while neuropeptide-Y was
increased approximately 3-fold immediately post-intervention (p <
0.05) and IL-10 showed a non-significant upward trend compared to the
untreated group, indicating a shift toward anti-inflammatory and neu-
romodulatory response (Loghmani et al., 2021). These findings suggest
that the use of manual intervention to the lumbar fascia may have an
anti-inflammatory effect. The observed changes in TGF-p1, IL-4, IL-10,
RANTES, neuropeptide-Y, and NOS-2 levels suggest that manual inter-
vention on the fascia (including myofibers) may play a key role in
modulating inflammatory responses.

In vitro studies have further supported the effects of mechanical
stress on tissue regeneration. Shear stress applied to myoblasts increased
anabolic growth factors such as IGF-1 and MGF while reducing myo-
statin levels and increasing nitric oxide production (Juffer et al., 2014).
Mechanotransduction, the conversion of mechanical strain into
biochemical signals, occurs through mechanosensitive ion channels,
integrins, dystroglycan-sarcoglycans, and the glycocalyx, which regu-
late various signalling pathways (Van Amstel, Weide, 2025b). However,
a stiffened glycocalyx may reduce membrane strain in myoblasts during
shear stress, thereby potentially impairing mechanotransduction and
resulting in reduced nitric oxide production, as suggested theoretically
(Germain et al., 2022). While shear stress in myoblasts is essential for
activating regenerative signalling, in (myo)fibroblasts it appears to
suppress activity and collagen production, indicating that mechanical
load may have cell-specific effects with therapeutic potential in fibrotic
conditions (Krishnan et al., 2009, Walker et al., 2020).

In conclusion, the above-discussed results indicate that manual in-
terventions during the (sub)acute phase offer improvement with regard
to fascial and musculoskeletal tissue regeneration, but there is no direct
evidence that fibrosis can be completely prevented or reversed. In our
view, it is plausible that the timing, magnitude, and intensity of manual
interventions are crucial for optimizing physico-chemical properties of
the cell and its surroundings, which are important for local immune
modulation and skeletal muscle recovery. It is expected that different
types of manual stress, such as manual shear, tensile, and compression
stress, with various modalities (frequency, intensity, and duration),
elicit varied immunomodulatory responses. However, the optimal
timing of these interventions during the phases of inflammation, pro-
liferation, and remodelling in fascia and myofiber regeneration remains
unclear. Further research is warranted to determine the optimal timing
to enhance recovery and transition from hands-on manual therapy to
hands-off resistance training interventions.

6.1. Discussion and future directions

Tensile and shear loads on muscle and fascia trigger immunomodu-
latory responses in myofibers, MuSCs, and macrophages. Manual in-
terventions, following skin displacement principles, can enhance tissue
regeneration and modulate inflammation. While animal studies show
promising results, the optimal timing, intensity, and modality of manual
interventions remain unclear. Future research should focus on trans-
lating these findings to humans to optimize recovery and potentially
prevent fibrosis.

7. Discussion

Fascia adapts its biomechanical properties in response to mechanical
stress. These adaptations generally occur through various processes,
including structural growth and maintenance. After fascia and myofiber
(micro)injury, immune cells, MuSCs, myoblasts, and (myo)fibroblasts
rapidly release critical biochemical mediators that interact with the
nervous system and contribute to fascia regeneration.

Immune cells such as macrophages play a critical role in the fascia
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and myofiber regeneration process. Macrophages actively transition
from a resting, undifferentiated state into specialized functional states in
response to signals from their microenvironment. Following (micro)
injury, resting-state macrophages polarize into either pro-inflammatory
or anti-inflammatory macrophages, a shift that is important for the
effective regeneration of myofibers and fascia (Martinez et al., 2008,
Vogel et al., 2014). The transition from pro-to anti-inflammatory type
macrophages is vital for resolving inflammation and initiating tissue
repair. However, the precise mechanisms driving this shift are still
largely unclear. Some studies propose that pro-inflammatory macro-
phages may either revert to the resting state or undergo apoptosis
(Bentzinger et al., 2013, Jain et al., 2019). These potential regulatory
pathways underlying macrophage polarization remain underexplored in
the literature, highlighting the need for further research to better un-
derstand the fate of pro-inflammatory macrophages during
regeneration.

Mechanotransduction, as occurs during manual interventions or
resistance training, effectively affects immune cells, myoblasts, and
(myo)fibroblasts functioning, promoting the release of cytokines and
growth factors like IL-4, IL-6, IGF-1, and MGF, which enhance fascia and
myofiber regeneration (Forbes and Rosenthal, 2014). The timing, fre-
quency, and intensity of mechanical stress are expected to be crucial for
optimizing recovery; however, evidence is currently lacking.

Prolonged underloading, where tissues are subjected to insufficient
mechanical stress, can significantly lead to a decrease in the ability to
tolerate future stresses (Mueller and Maluf, 2002). Over time, this
underloading may result in conditions like muscle atrophy (Hooijmans
et al., 2023, Wesselink et al., 2024), thickening of the deep and myo-
fascia (Kirchgesner et al., 2019; Langevin et al., 2009; Pirri, Pirri,
2023b), and adhesions between myofibers, myofascia, and deep fascia
(Langevin, 2021). These adhesions can subsequently stiffen the con-
nections between fascia and myofibers, reduce fascia-muscle shear
strain, and potentially elevate tensile stress on adjacent tissues (Brandl
et al., 2023, Langevin et al., 2011), thereby potentially leading to local
recurrent (micro)injuries (Newell et al., 2024). Based on animal studies,
fascia (micro)injury clearly affects the quality of the fascia (Bi et al.,
2023; Bishop et al., 2016), increasing the risk of recurrent (micro)injury
(DuBay et al., 2005) and the prolonged release of pro-inflammatory
mediators (Barbe et al., 2021a). This process can lead to local immune
and neuroimmune interactions, as well as alterations in neuronal
excitability and pain (Yang et al., 2022).

The central challenge is determining the optimal timing and in-
tensity of physical stress in rehabilitation programs. Current evidence,
largely based on animal studies, provides limited guidance on this topic.
An important point of discussion is that applying manual interventions
in animals is not a straightforward task, as many factors can influence
these treatments, such as the species of the animal, its condition, and the
specific characteristics of the intervention itself (Bove et al., 2022).
Effective movement and loading of tissues are crucial for the recovery
and regeneration of myofibers and fasciae. However, it remains uncer-
tain whether manual therapy or resistance training alone is more
effective in eliciting a beneficial immune response, either locally or at
the level of the nervous system. It is also unclear whether a combination
of both within the same session, for example by applying manual ther-
apy first to modulate local tissue or neural responses, followed by
resistance training, might be more effective. The chosen approach can
substantially impact local immune interactions, potentially influencing
the resolution of inflammation and the overall effectiveness of tissue
repair. Ensuring healthy fascia and myofiber recovery and regeneration
is pivotal in mitigating the risk of recurrent skeletal muscle (micro)in-
juries, local immune and neuroimmune interactions, and eventually
pain.

Although endomysium, perimysium, epimysium, and tendons are all
classified as fascia, their structural and functional properties differ
considerably (Schleip et al, 2012). Endomysium is a loose,
three-dimensional network surrounding individual muscle fibers and
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plays an adaptive, sensorimotor role, whereas perimysium organizes
fascicles and distributes force across fibers, and epimysium surrounds
the entire muscle primarily transmitting mechanical loads
(Suarez-Rodriguez et al., 2022). Tendons are highly dense, linearly
aligned, and optimized for unidirectional force transmission to bone
(Purslow, 2020). These intramuscular connective tissues also differ in
collagen organization, extracellular matrix composition, and mechani-
cal behavior, confirming that findings obtained in one fascial structure
cannot be generalized to all fasciae, emphasizing the need for
layer-specific investigation (Purslow, 2020). In addition, chronic
inflammation may lead to the accumulation of fat and collagen, as well
as densification of the ground substance within fascia, which can in-
crease tissue stiffness, impair mechanotransduction, and enhance noci-
ceptor excitability, potentially limiting effective tissue regeneration
(Van Amstel, Weide, 2025b). However, the precise mechanisms remain
unclear. Human studies integrating high-resolution ultrasound elastog-
raphy and shear strain models, MRI elastography, in vivo force mapping,
and blood or cerebrospinal fluid (CSF) biomarker profiling are needed to
monitor immune and fibrotic responses. Central neuroinflammation can
be directly assessed using positron emission tomography (PET) with
TSPO tracers, reflecting activation of glial immune cells, while func-
tional MRI (fMRI) can be used to characterize functional and
network-level brain alterations that may accompany or reflect neuro-
inflammatory processes. While our narrative review summarizes the
current evidence, future work should quantify the statistical significance
and effect sizes of reported findings to clarify the magnitude and reli-
ability of observed relationships, as narrative synthesis alone may
overemphasize clinically trivial effects. Further investigation is there-
fore urgently required to gain a deeper understanding of the biochemical
processes involved in fascia and myofiber regeneration, as well as the
effects of different frequencies, intensities, and durations of mechanical
stress on these processes.

8. Conclusion

Local immune and neuroimmune interactions are crucial for fascia
regeneration, with macrophages playing a central role in resolving
inflammation and facilitating skeletal muscle repair. The shift from pro-
inflammatory to anti-inflammatory type macrophages is critical for
fascia and facilitating skeletal muscle recovery, though the precise
mechanisms driving this shift remain poorly understood (Bentzinger
et al., 2013). Evidence from animal and cell-based studies indicates that
manual interventions (Barbe, Panibatla, 2021b; Bove et al., 2019;
Franca et al., 2020) and mechanical stress (Huijing and Jaspers, 2005)
can modulate immune function, particularly through altered secretion
of biochemical mediators such as IGF-1, HGF, MGF, IL-4, IL-6, TGF-p,
and IL-10 by immune cells, muscle cells, and fibroblasts. Integrative
experimental and theoretical work on fascia-muscle interactions further
highlights mechanical stress transmission and tissue deformation as key
determinants of structural and functional adaptation (Van Amstel,
Weide, 2025b). Manual interventions, such as fascia and joint mobili-
zations, demonstrate therapeutic potential by reducing local inflam-
mation and fibrosis while enhancing tissue repair in animals.
Specifically, IL-4 promotes muscle regeneration by stimulating myoblast
differentiation. Anabolic factors like IGF-1, HGF, and MGF support
muscle growth. Anti-inflammatory cytokines such as IL-10 suppress
pro-inflammatory mediators like TNF. IL-6, depending on the context,
can enhance anti-inflammatory signalling. Together, these factors
reduce peripheral inflammation, which decreases nociceptive signalling
and promotes the reduction of neuroinflammation, thereby reducing
pain and promoting fascia, myofiber, and neural tissue recovery. How-
ever, the timing and intensity of these interventions during rehabilita-
tion are critical factors influencing recovery outcomes. Although
preclinical and animal studies support the benefits of these in-
terventions, further studies are needed to establish optimal timing and
dosage across different stages of rehabilitation. A deeper understanding
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of how to balance mechanical loading and immune modulation will be
crucial for minimizing dysregulated neuroimmune interactions and
maximizing tissue regeneration. In conclusion, an integrated approach
that combines controlled mechanical loading with targeted immune
modulation is expected to be key in facilitating effective fascia and
myofiber regeneration. This is important for enhancing skeletal muscle
and fascia quality and reducing the risk of chronic pain and neuro-
immune dysregulation.
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