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Abstract

Extracellular matrix (ECM) components that transmit mechanical loads are ubiquitous in the mammalian body. Collagen, the primary
structural component of most ECMs, is present throughout connective tissues (CTs) and forms a continuous fibrous scaffold that joins
ECMs and extends from the epidermis to the bone marrow. Within each ECM, both fibrillar collagen and the interposed glycosamino-
glycans (GAGs) and proteoglycans (PGs), which bind and retain water, dynamically adapt to functional requirements. In this review,
we describe how type I and III fibrillar collagens, which are the predominant collagens found in the body, form fibrils of different sizes,
structures, and orientations that allow them to resist and transmit tensile forces from the environment to the deeper bone marrow, and,
in some tissues, to resist compressive loads. These collagen types are embedded within a viscous matrix of GAGs and PGs that mainly
oppose compressive loads and further contribute to the mechanical and functional properties of the continuous collagen network. These
factors are consistent with a theoretical model emphasizing a broad role for ECM systems in sensing, adapting, and transmitting exter-
nal mechanical stimuli from the epidermis to the bone marrow, allowing these signals to act across the basement membrane, dermis,
hypodermis, fascia superficialis, subcutaneous tissue, deep fascia, muscle sheaths, tendon, ligament, periosteum, bone, and endosteum.
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1. Introduction derlying tissues. In addition to these barrier functions, ep-
ithelial tissues can sense and respond to mechanical stress,
as the physical deformation of the epithelial cytoskeleton
in the epidermis can be transduced into electrical or chem-
ical signals capable of influencing the organization and re-
modeling of the underlying ECM [10]. As this process
of mechanotransduction can induce the production and ac-
tivity of proteolytic enzymes, which are crucial for tissue
adaptation, ECM layers are highly responsive to compo-
nents within the CT [6,7]. The ECM layers found within
every organ or system are physically connected, providing
paths for vessels and nerves to access distant tissues. In
light of their unique properties, these ECM networks of-
fer a uniquely dynamic scaffold that also contributes to the
transmission of external mechanical loads from the surface
of the body to deeper tissues.

The anatomical and functional features of all mam-
mals depend on the ability of their tissues to adapt to vari-
ous mechanical forces [1,2,3]. Connective tissue (CT) sep-
arates and integrates various tissue types in the mammalian
body, and is sensitive to mechanical loading. The blood-
and lymphatic vessel-rich extracellular matrix (ECM) is a
key component of the CT that also harbors nerves and spe-
cialized neuroreceptors responsible for transmitting infor-
mation from the environment to the central nervous system
[4]. Environmental mechanical stimuli can be converted
into chemical signals that induce changes in the organiza-
tion and biomechanical properties of the ECM to modulate
tissue development, growth, remodeling, repair, and regen-
eration, in addition to influencing the pathogenesis of many

diseases, as well as the invasion, drug resistance, and im- The human body contains a range of CT types dis-

munotherapeutic sensitivity of cancers [5,6,7,8].

Mammals interact with the external environment pri-
marily through the skin, which consists in large part of the
epidermis, a thin (31.2-596.6 um) stratified squamous ep-
ithelial layer [9]. All epithelia, including those in the di-
gestive tract, act as barriers to permeability that protect un-

tributed throughout the skin and bones. In the skin, the
superficial epidermis is strongly connected to an underly-
ing specialized ECM known as the basement membrane
(BM). Beneath the BM is a second ECM layer known as
the dermis, which includes two different fibrous sublayers:
the papillary dermis and the reticular dermis. The hypo-
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dermis, located beneath the dermis, is generally regarded
as the deepest layer of the skin. Based on its structural
organization and biomechanical characteristics, the hypo-
dermis forms part of the fascial system of the skin, often
referred to as the “third ECM layer”, encompassing the hy-
podermis, superficial fascia, subcutaneous tissue, and deep
fascia. The deep fascia is tightly associated with the super-
ficial muscle sheaths, known as the epimysium, as well as
the sheaths associated with certain tendons and ligaments.
The epimysium gives rise to the perimysium, which wraps
around groups of myofibers to form the endomysium. The
perimysium directly merges into tendons, which attach to
the bone by perforating Sharpey’s fibers [11]. The mus-
cle epimysium is also continuous with the outer tendon
sheath known as the paratenon, which is connected through
the mesotenon with the other tendon sheaths, including the
epitenon and the endotenon. The paratenon merges with the
periosteum, which is a connective membrane covering the
bone that is strongly attached to the bone surface to support
bone vascularization and nutrient delivery.

External mechanical forces applied to cells and ECM
components generate different types of stress, including
tensional, compressive, torsional, and shear stress [5]. Tis-
sues and cells may be stretched uniaxially or multiaxially by
tensile strain. Tendons and ligaments, along with the cells
that comprise them, primarily undergo uniaxial stretching
and thus align along the principal force direction. In con-
trast, the dermis and skin fibroblasts are subjected to multi-
directional tensile and compressive forces. Moreover, bone
tissue and osteocytes can be subjected to compression and
tension, while cartilage and chondrocytes are primarily ex-
posed to hydrostatic pressure that generates shear stresses
[5,12]. Forms of skin massage are widely used to relax or
stimulate skeletal muscles, while mechanical loading gen-
erated by muscle activity is known to regulate bone devel-
opment and maintain skeletal homeostasis. In this article,
we describe the continuous collagen-based ECM network
and propose a theoretical model in which the collagen net-
work enables mechanosensing and the transmission of me-
chanical forces from the environment to the deep bone mar-
row, across the skin, fascia, muscle, tendons, ligaments, and
bone. This model may help elucidate a range of physio-
logical processes and provide insights into the underlying
mechanisms of clinical and experimental therapies that in-
tentionally modify or remodel the ECM to promote healthy
tissue repair.

2. Major ECM Components Involved in
Sensing Networks

In fresh CTs, water is the main component of the ECM,
while collagen is the main structural component in dehy-
drated tissues. Collagen is also the most abundant pro-
tein in all mammals, comprising approximately 30% of to-
tal body protein. The collagen superfamily includes 28
collagen types (I-XXVIII). However, only a few collagen

types form fibrils (including types I, II, III, V, XI, XIV,
XVII) and fewer aggregate into fibers (including types I,
II, 111, V) [13]. All collagen types are characterized by
a common triple-helical domain, known as tropocollagen,
which constitutes between 96% (collagen I) and 10% (col-
lagen XII) of their molecular structure. In fibrillar colla-
gens, tropocollagen consists of three left-handed polypep-
tide a-chains assembled into a right-handed triple helix re-
sembling a rod of 300 nm in length and 1.5 nm in di-
ameter. Tropocollagen molecules form microfibrils that
further organize into fibrils. These fibrillar collagens, in
turn, form three-dimensional (3D) scaffolds for the epithe-
lia, and through interactions with multiple cell-surface re-
ceptor families and other ECM components, they provide
the structural and mechanical strength of CTs [14]. In skin,
tendons, ligaments, and bone, collagen fibrils and fibers
generally resist tension. However, under certain physio-
logical or pathological conditions, they may contribute to
resistance against pressure or limit cell invasion, while still
being subject to stretching resulting from lateral compres-
sion [15,16,17,18]. As collagen fibrils and fibers tend to
align with the direction of force, analysis of their orienta-
tion can provide insight into the direction of applied forces
and the functional mechanical role of the tissue [19]. Ten-
don is a prototypical example of a tissue type in which col-
lagen fibrils form fibers running in straight lines parallel
to one another that are optimized for uniaxial loading and
efficient transmission of muscle-generated forces to bone,
thereby generating joint movement.

Although many nonfibrillar collagen types, including
types IV, VI, and VII, contribute to the biomechanical prop-
erties of CTs, fibrillar collagens are primarily responsible
for the transmission of mechanical forces. Among these
fibrillar collagens, types I-III are the dominant components
of the fibrillar network in the dermis, bone, cartilage, ten-
dons, ligaments, and interstitial matrices [6,20]. Types I and
III collagen make up 90% of all collagen in the body, with
type I making up approximately 70%, and type III compris-
ing 5-20% [21]. Both type I and I1I fibrils exhibit rope-like
structures that resist the transmission of tensional forces,
although only type I collagen fibrils oppose unidirectional
tensional loads, as is observed in tendons and ligaments.
Type 1 fibrils exhibit a larger diameter (150-300 nm), a
5° microfibrillar helical array, and are stiffer than the thin-
ner (25-100 nm) and more flexible type III collagen fibrils,
which exhibit a 17° microfibrillar array and can better resist
multidirectional forces such as those encountered in the skin
[22,23,24]. In general, type I collagen fibrils form straight
fibers that align along the dominant direction of mechanical
stress, whereas type 111 fibrils are more responsive to multi-
directional loading and typically aggregate into undulating
or reticular fibers with less uniform orientation [23].

Elastin is a less abundant fibrillar component of the
ECM that plays an essential role in the formation of fibers
containing a fibrillin—rich microfibrillar scaffold [24]. In
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skin, elastic fibers account for approximately 2—4% of the
fat-free dry weight of the dermis and are critical for tissue
flexibility, elastic recoil, and the physiological extensibil-
ity of the organs [25]. Elastin is a major structural com-
ponent of highly compliant tissues and is therefore particu-
larly abundant in organs and tissues like the aorta and ma-
jor blood vessels (28-32% dry mass), lungs (3—7%), elastic
ligaments (50%), tendons (4%), and skin (2-3%) [26,27].
Elastic fibers absorb tensional loads by efficiently storing
elastic strain energy when stretched. Moreover, they can
elongate to more than twice their resting length before fail-
ure, and once tension is released, they return to their origi-
nal length without hysteresis [28,29]. The elastic properties
of elastin are dependent on tissue hydration, and its recoil
properties are largely driven by hydrophobic interactions
within the protein network [30,31].

In all ECMs, fibrils and fibers are held together by a
hydrophilic molecular complex that consists of hydrophilic
glycosaminoglycans (GAGs), proteoglycans (PGs), and
large amounts of water attracted by the strong negative
charge of GAGs. This allows the ECM to absorb com-
pressive forces and protect tissues from friction. One ex-
ample of a tissue rich in GAGs/PGs is the articular carti-
lage, where these molecules contribute to resistance against
compressive loading, reduce friction, and facilitate smooth
joint movement. In the skin, GAGs include heparan sul-
fate (HS), heparin (Hep), chondroitin sulfate (CS), keratan
sulfate (KS), dermatan sulfate (DS), and hyaluronan (HA)
[32,33]. HA is the only non-sulfated GAG produced on
the cell membrane and secreted into the pericellular space,
without any covalent protein linkage. HA is present at
high levels in many ECMs and plays defined biomechani-
cal functions by forming hydrated aggrecan-HA aggregates
that contribute to water retention in CTs [34,35]. In addi-
tion, several extracellular PGs play key roles in regulating
and maintaining collagen fibrillogenesis [32,33,36,37].

Fibronectin is another fibrillar ECM component that
can form insoluble fibrils [38]. Fibronectin binds to col-
lagen, and fibronectin-collagen fibril interactions regulate
de novo fibrillogenesis, thus contributing significantly to
the mechanical properties of the ECM [39]. Mechanical
stretching of fibronectin fibrils can activate a mechanical re-
sponse pathway in fibroblasts [40], as fibronectin can bind
to cell surface receptors known as integrins, as well as com-
ponents of the BM [41]. Mechanical forces regulate the in-
teractions between fibronectin and type I collagen, which
forms a denser and stiffer microenvironment to limit can-
cer cell invasion in the tumor stroma [42].

All major ECM macromolecules contribute to tissue
biomechanics. However, collagen fibrils, which primarily
resist and transmit tensile forces, and the PG/GAG-water
complex, which mainly withstands compressive loading,
are the principal structural elements responsible for me-
chanical function. The fibrillar type I and type I1I collagens
that predominate most ECM structures respond differently
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to various loads. The ratio of type I: type III collagen ranges
from 2:1 to 3:1 in pliable tissues like the skin, intestines,
blood vessels, and lungs, whereas rigid tissues (bone, ten-
don) almost exclusively contain type I collagen [43]. Het-
erotrimeric type I collagen, which consists of two a1 chains
and one o2 chain, supplies high tensile strength and rigidity
to tissues and is specialized for resisting and transmitting
tensile loads. Homotrimeric type III collagen, which con-
sists of three a1 chains, exhibits greater flexibility and plays
critical roles in wound repair, skeletal muscle integrity, vas-
cular stability, and the structural support of blood vessels,
lymphatic vessels, and nerves [44]. These two different
types of fibrillar collagen can also co-assemble to form hy-
brid fibrils in which type I1I collagen influences fibril diam-
eter and modulates type I collagen stiffness [45]. Both the
size and functional/mechanical properties of type I and type
III collagen fibrils differ substantially, with the stiffer and
thicker type I fibrils, which measure up to 500 nm in diame-
ter, being suited for resisting and transmitting tensile forces.
In contrast, the more flexible and thinner type III fibrils (30—
60 nm) are more compliant and less adapted for transmit-
ting unidirectional loads, but they contribute substantially
to tissue elasticity. When type I collagen fibrils are laterally
compressed, they resist the applied pressure while simulta-
neously experiencing tensile loading along their longitudi-
nal axis [16,45,46].

3. Skin Layers: Structural Organization,
Tissue Integrity, and Functional Roles

The skin consists of three distinct tissue layers: the su-
perficial epidermis, the dermis, which consists of the papil-
lary dermis and reticular dermis, and the underlying hypo-
dermis [47]. Given the structural organization and biome-
chanical functions of the hypodermis, we discuss this layer
as part of the deeper CT that includes the fascia superfi-
cialis, subcutaneous adipose tissue, and deep fascia.

3.1 Epidermis and the First ECM Layer of the Skin: The
Basement Membrane

The skin provides mechanical resistance against mod-
erate injury. The stratified squamous epithelium that forms
the human epidermis is continuously subject to physical
stresses and friction, which are sensed and transmitted to
the underlying ECM [48,49,50]. Epidermal tissue integrity
is supported by intercellular adhesions, including adherens
junctions, tight junctions, and desmosomes [51,52]. These
structures are primarily involved in sensing and transmit-
ting tensile forces between and within cells by modulat-
ing plasma membrane tension and actomyosin cytoskeletal
dynamics, thereby activating intracellular signaling path-
ways [51,53]. Changes in plasma membrane tension induce
the opening of transmembrane mechanosensitive ion chan-
nels and specific ions that initiate diverse cellular responses
[54]. Through the transmission of mechanical and bio-
chemical signals, epithelial cells can adapt their metabolism
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and morphological phenotype to changing environmental
and mechanical conditions by reorganizing the cytoskele-
tal system [55,56,57,58,59]. To facilitate both nutrient ex-
change and mechanical integration, the interface between
the epidermis and dermis is amplified by epidermal papillae
that intertwine with the underlying dermal papillae, which
form the papillary dermis.

The BM separates the epidermis from the underlying
dermis. Though thin, the BM is stiffer than the overlying
cells and serves as an important intermediary for the trans-
mission of mechanical signals, as mechanical forces act-
ing on epidermal cells are conveyed through the cytoskele-
ton to the BM and subsequently transmitted to the under-
lying ECM through a combination of mechanotransductive
and biochemical signal transduction [60,61,62]. In addi-
tion to the epithelia, BM layers also surround muscle fibers,
adipocytes, and Schwann cells [63].

The BM is a dynamic ECM structure that undergoes
continuous turnover, thereby modifying its thickness and
mechanical properties [64]. At the ultrastructural level, the
BM consists of distinct layers, including the basal lamina—
composed of the lamina lucida and lamina densa—as well
as the lamina reticularis. The basal lamina contains glyco-
proteins such as laminin and nidogen (entactin), as well as
the HS-containing PG perlecan. The primary component
of the BM is type IV collagen, which forms a mechanical
collagen network that provides tensile strength to the un-
derlying ECM components [65,66,67]. Hemidesmosomes
anchor basal keratinocytes to the lamina densa through
laminin-mediated attachments. In addition to type IV colla-
gen, type XV and XVIII collagens, which are major compo-
nents of the endothelial BM, and cell-associated type XIII
collagen transmit mechanical signals from cells to fibrillar
collagens within the ECM [68,69]. BM stiffness is closely
associated with the extent of type IV collagen crosslinking,
with the disruption of this collagen network being linked to
mechanical disruption of the BM [70]. The lamina reticu-
laris consists of type I, III, and V collagens that form het-
erogeneous fibers, with type V collagen fibrils regulating
the formation of type I and III fibrils [71]. Furthermore,
anchoring fibrils containing type VII collagen form loop-
like structures that connect laminin to the lamina reticu-
laris [71,72,73,74,75,76,77]. Together, these epithelial fil-
aments form a continuous mechanical linkage between ep-
ithelial cytoskeletal elements and the type I and I1I collagen
fibrils of the underlying papillary dermis that allows for the
transmission of external mechanical forces (Fig. 1).

Mechanical signals and biochemical cues can regu-
late cellular behavior and tissue patterning. Mechanosens-
ing is mediated by transmembrane integrins consisting of
two o and B subunits. These integrins are key components
of two major adhesion systems: focal adhesions, which
are mechanosensing complexes that connect integrins to
the actin cytoskeleton, and hemidesmosomes, which anchor
epithelial cells to the ECM through laminin and the keratin

intermediate filament network [52]. Integrins physically
link the intracellular F-actin network of epithelial cells to
ECM proteins, including fibronectin, vitronectin, type I and
IITI collagens, and laminins [78,79]. Because integrins bind
directly to fibrillar collagens and other ECM components,
they form as key adhesion receptors that serve as bidirec-
tional allosteric mechanical and chemical signaling relays
[78]. In addition to integrins, the cell surface PG syndecan-
1 links squamous epithelial cells to ECM components, such
as fibronectin [80]. Epidermal cells exist in continuous me-
chanical and biochemical communication with the under-
lying connective tissues, which adapt their ECM compo-
sition and structural organization in response to changing
environmental conditions [7]. Type I and III fibrillar colla-
gens sense, adapt to, and transmit/oppose tensional loads in
distinct manners when subjected to mechanical stretching.
Interfibrillar GAGs, including decorin and biglycan in ten-
dons, further modulate collagen organization and contribute
to tissue adaptation under mechanical loading.

3.2 The Second ECM Layer of the Skin: The Papillary and
Reticular Dermis

The dermis forms the second major tissue layer of
the skin and provides the skin with the majority of its me-
chanical strength. The ECM composition of the dermis is
distinct, with superficial type I and III collagen fibrils of
the papillary dermis being linked to the BM through type
VII collagen or anchoring fibrils that also interweave with
deeper collagen networks extending throughout the papil-
lary and reticular dermis. This ECM is a form of loose CT
and forms the dermal papillae that interdigitate with epi-
dermal rete ridge projections [47]. Dermal papillae con-
tain blood vessels and nerves surrounded and protected by
collagen fibers embedded within a microfibrillar network
of oxytalan, elaunin, and elastic fibers arranged in a spiral
structure that enables them to withstand compressive, ten-
sile, and shear forces [81,82]. The helical collagen fibers
in dermal papillae act as shock absorbers, absorbing, stor-
ing, and releasing elastic energy in addition to transmitting
pressure or tension to the underlying reticular dermis layer
[83]. The ultrastructural organization of collagen fibrils and
fibers within decellularized rat dermis as viewed by scan-
ning electron microscopy (SEM) is shown in Fig. 2A,B.

The underlying reticular dermis is denser and more ir-
regular than the papillary dermis, containing thicker col-
lagen fibrils and fibers. Barton and Marks reported that
fibril diameters in normal skin exhibit a unimodal distribu-
tion and increase from the papillary to the reticular dermis
(56.2 nm vs. 62.8 nm) [84]. The papillary dermis contains
type I and III collagen fibrils that are randomly oriented and
interspersed with elastic fibers. In contrast, the underly-
ing reticular dermis includes larger fibrils (mean 80 nm),
with type I collagen accounting for 80-90% of the fibrillar
population and type III collagen comprising the remaining
10-20%. This mixture of type I and III collagen exhibits
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Fig. 1. Composition and anchoring of the basement membrane. The basement membrane consists of two layers: the basal lamina

(formed by the lamina lucida and lamina densa) and the reticular lamina (formed mostly of type III collagen). Basal epithelial cells

are tightly anchored to the basement membrane by hemidesmosomes (red), and the basement membrane is connected to type I and

type III collagens in the dermis ECM by anchoring fibrils (type VII collagen; dark orange). Type III collagen fibrils (light green) are

thinner and more pliable than the thicker and stiffer type I collagen fibrils (dark green). Created in BioRender. Piperigkou, Z. (2026)

https://core.local.biorender.dev/api/short-link/rro2f2t.

greater elasticity than a matrix composed purely of type I
collagen [35,44,85,86]. The dermis also contains special-
ized collagenous structures known as skin ligaments or reti-
nacula cutis superficialis, which consist of vertically and
obliquely oriented collagen bundles extending through the
tissue. These structures contribute to the transmission of
tensile forces while also helping the skin resist shear stress.
The mechanical transmission of forces through the dermis
to deeper CTs is mediated through the intervening hypoder-
mis, discussed in the following section.

In the dermal ECM, the hydrophobic collagen fibrils
and fibers are bound together with hydrophilic GAG chains,
including HA, DS, and CS. These connections form a dy-
namic hydrated meshwork with elastic strings that trans-
mit tensile, compressive, and shear forces from the super-
ficial ECM networks to the deeper layers [2]. HA in the
skin and joints forms aggregates with extracellular versican,
thereby contributing to skin hydration and viscoelasticity.
In the dermis, HA-associated water supports lubrication,
cell migration, pressure absorption, and force transmission
[87,88]. When dermal collagen fibers are subjected to ten-
sile loading, they align along the direction of loading, as
PGs and GAGs facilitate collagen fibril sliding [35,89,90].
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3.3 The Third ECM Layer: Fasciae and Adipose Tissue

The hypodermis lies beneath the reticular dermis and
primarily consists of loose CT rich in GAGs and PGs that
cover the body and contains adipose lobules that provide
thermal insulation and mechanical protection for the over-
lying skin [47,91]. The hypodermis, also known as the are-
olar adipose tissue, exhibits a honeycomb-like architecture
in which adipocytes are organized within a fibrous collage-
nous framework [47]. Microscopic examination of the hy-
podermis reveals flattened lobules consisting of large, com-
pacted adipocytes approximately 80 um in diameter that are
separated by many mostly vertically oriented type I collage-
nous septa known as retinacula cutis superficialis, which are
generally oriented vertically and connect the ECM of the
reticular dermis to the underlying superficial fascia. In ad-
dition to collagen, they contain elastic fibers and contribute
to the transmission and resistance of tensile forces between
the epidermis and the superficial fascia [91,92,93,94].

Adipogenesis is highly sensitive to internal and ex-
ternal mechanical loads that induce cytoskeletal changes
in the adipose-derived stem cells and/or modulate ECM—
associated signaling pathways. The adipose tissue is rou-
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Fig. 2. Scanning electron microscopy images of the structural organization of collagen fibrils and fibers in decellularized rat

dermis. (A) The papillary dermis ECM exhibits parallel ridges, including regularly distributed dermal papillae that mainly consist of

collagen fibrils and fibers. Scale bar, 100 um. (B) At higher magnification, the dermal papillae exhibit a regular helical array of collagen

fibrils that form thin and flexible fibers. Scale bar, 10 pm.

tinely subjected to a mix of tensile, compressive, and shear
forces. Tensile loads and shear stresses are likely conveyed
through the collagen scaffold and the retinacula cutis su-
perficialis, whereas adipocytes primarily resist compres-
sive loading. Individual adipocytes possess mechanosen-

sitive and mechanoresponsive properties [95]. When the
hypodermis is subjected to static stretching, fibroblasts
respond by expanding and remodeling their cytoskeleton
within minutes, influencing the viscoelastic properties of
the stretched hypodermis. The fibrillar collagen network
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is vital for adipocyte integrity, functioning as a support-
ive framework that protects against mechanical disruption
[96,97,98].

The microvacuolar structure of the hypodermis also
enables it to serve as an important reservoir for interstitial
fluid, thereby influencing tissue stiffness. Hydrophilic HA,
together with other GAGs or PGs, forms aggregates that
function as shock—absorber complexes and sponges capa-
ble of absorbing interstitial fluid when an increase in tis-
sue pressure occurs, as in the context of inflammation [47].
Water plays an essential role in regulating the mechanical
properties of the skin, with dehydrated skin samples being
up to 60 times stiffer than the wet ones [99,100,101].

In the hypodermis, adipocytes are encapsulated by a
BM containing type IV collagen that is surrounded by a
network of type I collagen fibrils produced largely by the
adipocytes themselves, which constitute the principal ECM
component of this tissue [102,103]. The transmission of
tensional forces in the hypodermis may be mediated by the
BM network that surrounds adipocytes, which withstand
compressive loads, but can also contribute to force trans-
mission through deformation of their cytoplasm [96,104].
Adipocytes store energy, secrete adipokines to regulate in-
flammation, and control metabolism and systemic home-
ostasis, in addition to playing a critical role in cellular
communication and mechanosensing [105,106,107,108].
Adipocytes also stiffen as they differentiate due to lipid
droplet accumulation [109]. Overall, adipocytes embedded
within a collagen-rich matrix respond to both compressive
and tensile stimuli, which can influence lipid storage, while
alterations in the surrounding ECM can, in turn, modulate
adipocyte function [110].

Two distinct membranous soft CT layers lie beneath
the hypodermis: the superficial fascia and the deep fascia
[111]. The collagen content of the deep fascia is higher than
that of the superficial fascia [112]. The superficial fascia
is a thin layer of CT (approximately 500-700 pum thick),
with region-specific variations in both thickness and den-
sity [113]. This layer provides a conduit for nerves, lym-
phatic vessels, and blood vessels [114]. Structurally, the
superficial fascia is composed of loosely organized, inter-
woven collagen fibers with a largely random orientation,
together with abundant elastic fibers arranged into mem-
branous sheets. It is also connected to the collagen fibers
of the reticular dermis by the superficial retinacula cutis,
and to the deep fascia by the deep retinacula cutis [47,115].
The superficial fascia plays a key structural role in main-
taining the integrity and stability of the dermis, hypodermis,
and subcutaneous tissues through the mechanical actions of
the retinacula dermis. Its collagen and elastic components
suggest that the superficial fascia plays an essential role in
regulating tissue biomechanics, permitting movement be-
tween the skin and deeper anatomical structures [113]. In
the superficial fascia, type I and type III collagens exhibit
regional variability, although both are generally present at
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comparable levels in the superficial fascia [112]. The su-
perficial fascial layer is present throughout the human body
with regional variability such that it is thickest in the leg and
thinnest over the dorsum of the hand. It provides structural
support to the hypodermis, as well as subcutaneous struc-
tures such as veins, contributing to their patency. Anatom-
ical investigations have also demonstrated a close interac-
tion between the dorsal fascia superficialis and the adipose
lobules of the subcutaneous tissue in Asian women [113].

3.4 Deep Adipose Tissue and Deep Fascia

Under the superficial fascia lies a deep lamellar adi-
pose layer known as the subcutaneous tissue or adipofas-
cia [116]. The subcutaneous tissue is confined between the
fascia superficialis and the deep fascia, which are struc-
turally connected by the retinacula cutis profunda [117].
These retinacula are similar to the retinacula cutis super-
ficialis in terms of composition and form an extensive net-
work throughout the adipose layers present over most of the
body, with anatomical region-specific variations in length
and density. They function as an endoskeletal framework
that contributes to a reduction in the elasticity of the sub-
cutaneous tissue [91] while permitting constant changes in
tissue length through adaptation to stretching and compres-
sion [118]. The subcutaneous tissue layer is predominantly
found in the abdomen, flanks, trochanteric region, knees,
back of the arms, and the upper third of the inner face of
the thighs, though its distribution varies with gender and
age. For instance, approximately 51% of subcutaneous tis-
sue in women is located in the abdominal region, compared
with 66% in men. The thickness of the subcutaneous tissue
layer is also related to the body contour and localized tis-
sue changes evident in obesity [94]. About 80% of all body
fat is subcutaneous fat that, like other forms of adipose tis-
sue, plays key mechanical roles, including the protective
buffering of external forces to protect the body [119]. This
loose CT also functions as an endocrine organ capable of
releasing estrogens and other endocrine mediators, such as
adipokines or lipokines. It is the main site of adipocyte stor-
age, allowing for the accumulation of lipids and the release
of accumulated energy.

The subcutaneous adipose layer functions as a cush-
ion, can insulate the body from heat and cold, and com-
prises the deepest layer of the cutaneous immune barrier
[120,121]. Subcutaneous tissue is similar to the hypoder-
mis, albeit with larger, flattened, less defined adipocyte lob-
ules, and with collagenous septa that are less prominent and
tend to follow predominantly oblique trajectories. These
ligaments are connected to the underlying deep fascia and
facilitate the sliding of the subcutaneous tissue over the un-
derlying deep fascia [119]. In addition, lipid mobilization
from the larger adipocytes of the subcutaneous tissue occurs
more slowly during weight loss than from adipocytes within
the hypodermis [94]. The common ECM components in
subcutaneous tissue form a network that provides cell sig-
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naling cues and mechanical support, regulating adipocyte
morphology and functionality. Adipocytes secrete SPARC,
an acidic glycoprotein rich in cysteine that is also known as
osteonectin or BM-40, which stimulates metalloproteinase
production and is associated with hyperplasia and adipo-
genesis. Osteonectin also binds to type I collagen fibrils,
which are particularly structured to play a specific role in
the transmission of tensile loads [122].

The deep fascia is located between the subcutaneous
adipose tissue and the underlying skeletal muscle epimy-
sium, although continuity between the superficialis and
deep fascia has been noted in some regions [123]. The
thickness of this CT layer varies regionally, with a mean
thickness of 1 mm. The deep fascia surrounds the super-
ficial skeletal muscles, nerves, and blood vessels through-
out the body [124]. In some areas, it also exists in di-
rect contact with the periosteum covering bones. It ap-
pears as a dense, glossy, fibrous lamina primarily com-
posed of type I collagen and reinforced by the retinac-
ula cutis profunda [125]. Dense, closely packed collagen
fibers are organized in two to three layers of thick bun-
dles with sparse elastic fibers separated by a loose CT layer
[115]. Although some collagen fibers display irregular ori-
entations, the larger bundles are often arranged perpendic-
ular to the underlying epimysium, suggesting a potential
role in transmitting tensile forces between the deep fascia
and the epimysium [126]. However, in human deep fas-
cia, type III collagen is typically more abundant than type
I collagen [112]. The elasticity of type III collagen al-
lows for sliding between different tissues. The deep fas-
cia is also rich in HA, blood vessels, lymphatic channels,
nociceptors, proprioceptors, mechanoreceptors, thermore-
ceptors, and chemoreceptors [127]. Pathological changes
in the fascia are associated with increased tissue stiffness,
altered myofibroblast activity, changes in collagen and ma-
trix metalloproteinase expression, and increased density of
nociceptive nerve fibers accompanied by inflammatory and
immune cell infiltration [124]. The deep fascia is tightly
joined to the connective sheaths of the superficial skele-
tal muscles, as well as the tendons and ligament sheaths.
Close connections have been described between the deep
fascia and the paratenon of the gracilis, semitendinosus,
semimembranosus, and sartorius tendons around the knee
joint [128]. The deep fascia plays an exoskeletal mechani-
cal role, providing sites for muscular attachment and form-
ing osteofascial compartments through the presence of in-
termuscular septa. It coordinates muscle contraction, facil-
itates venous return, dissipates stress concentrated at enthe-
ses, protects underlying structures, and serves as a body-
wide proprioceptive organ [111]. The deep fascia also con-
tributes to lubrication by facilitating tissue gliding [129].
Cells of the deep fascia, known as fasciacytes, produce HA
that is present both between the deep fascia and epimy-
sium, as well as within the deep fascia between adjacent
layers containing densely packed collagen fibers and elastic

fibers arranged in different orientations, forming angles of
approximately 78°[114,115,130]. The biomechanical func-
tions of HA, which are structurally identical across bacteria
and vertebrate CTs [131], stem primarily from its ability
to bind water molecules, forming a viscous tissue environ-
ment that supports lubrication and water homeostasis while
controlling molecular filtration and diffusion [115,132].

4. Extracellular Matrices in Skeletal Muscle:
The Epimysium, Perimysium, and
Endomysium

Skeletal muscle is composed of contractile muscle
fibers, as well as ECM sheaths that account for 1-10%
of total muscle mass and are structurally continuous with
the tendon [133]. Muscle ECM networks are composed of
an external epimysium layer surrounding the entire mus-
cle, an intermediate perimysium layer extending from the
epimysium to surround groups of muscle cells, and the
inner endomysium layer extending from the perimysium
and surrounding individual myofibers [134] (Fig.3, Ref.
[11]). While these three forms of intramuscular CT dif-
fer in composition and structure depending on muscle com-
position, topographic location, and function, the following
discussion focuses on their general structural characteris-
tics [135,136]. The skeletal muscle ECM primarily con-
sists of type I and III collagen, with type I predominating
in the epimysium and perimysium, whereas type 111 is the
dominant type found in the endomysium. Types IV, V, VI,
X1, XII, XTIV, XV, and XVIII collagens are also present in
smaller amounts within these networks [137]. The struc-
tural characteristics of collagens within the muscular fas-
ciae suggest their importance in the transmission and distri-
bution of mechanical forces during normal musculoskele-
tal function [138]. The skeletal muscle ECM also contains
PGs, with the most abundant being decorin and biglycan,
both of which exhibit CS and DS chains. Heparan sul-
fate proteoglycans (HSPGs), including collagen X VIII, per-
lecan, and agrin, account for approximately 30% of the total
PG content in rat skeletal muscle ECM [134]. HA is also
present and distributed heterogeneously through connective
tissue sheaths of skeletal muscle [139].

The epimysium is a superficial, thick connective
sheath in close contact with the deep fascia that encases
each individual muscle and defines muscle volume. Mi-
croscopic findings have prompted some researchers to re-
gard the deep fascia and the underlying epimysium as a
unique structural unit referred to as the deep/muscular fas-
cia. Epimysium thickness varies with anatomical location,
body mass index (BMI), age, and pathophysiological con-
ditions [140]. The epimysium includes predominantly type
I collagen fibers, with a smaller complement of type III
fibers, and with 15% elastic fibers also being present in
the water-rich PG matrix [141]. The orientation of collagen
fibers in the epimysium differs across muscles and species.
In bovine semitendinosus muscle, for example, epimysium
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Fig. 3. Collagen fibers that form the muscle sheaths (epimysium, perimysium, endomysium) follow different courses but exhibit
mutual continuity. Longitudinally oriented type I collagen fibers, which predominate in the epimysium (dark green) and perimysium
(light green), are continuous with the collagen fibers of the tendon (light blue) and tendon sheaths (paratenon, dark blue; epitenon, red).
The orientations of these fibers suggest the directions along which they can transmit lateral forces associated with skeletal muscle con-
traction. During contraction, each myofiber increases in circumference, which generates lateral pressure and a consequent stretching
of the randomly oriented and parallel type III collagen reticular fibers of endomysium. During myofiber contraction, the stretched en-
domysial fibers compress the perimysial fibers (small white arrows), which are stretched to transmit tension (red arrows) along their
course following a dominant oblique direction relative to the muscle axis. Direct myofiber-perimysium contacts at the perimysial junc-
tional plates also enable direct transfer of force from muscle fibers to the perimysial collagen network [11]. Muscle contraction induces
lateral compression of epimysial fibers (large white arrows), which are stretched and transmit tension (red arrows). Because the collagen
fibers of the perimysium and epimysium are continuous with those of the tendon and tendon sheaths, respectively, they contribute to the
lateral transmission of contractile forces. In addition, collagen fibrils and fibers of the endomysium are in continuity with those of the
tendon and are involved in the direct mechanical transfer of muscle contraction-related forces. Created in BioRender. Piperigkou, Z.
(2026) https://BioRender.com/6rf6102.

4A). A 1 mm-thick sheath including fiber bundles measur-
ing 200-300 microns in diameter coursing longitudinally

includes two distinct layers, including one composed of col-
lagen fibers lying in an extremely regular wavy pattern par-

allel to the axis of the muscle fiber, as well as an outer layer
formed by several wavy sheets of collagen fibers running
transverse to the long axis of the muscle fiber (Fig. 3; Fig.
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and parallel to the main axis of muscle fiber has also been
described [142]. In the thick epimysium of the semitendi-
nosus muscle, collagen fibers are densely packed and run
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parallel to the muscle’s long axis [143]. In the tibialis an-
terior muscle of rats, Gao et al. [135] distinguished dif-
ferent layers of epimysium, including an inner layer with
randomly oriented thinner fibril bundles as well as an outer
layer containing thicker fibril bundles with a predominant
fiber direction. In different species, the epimysium appears
to consist of different layers of collagen fibers, with highly
organized outer layers as well as disorganized middle and
inner layers [135,144,145] (Fig. 4). Between these two lay-
ers, amiddle collagen layer forms from sheets of very finely
intertwined collagen fibrils. The architecture of collagen
in muscle-associated ECM layers also changes through the
increasing axial alignment of these fibers in response to
muscle stretching. Collagen fibers found in the diaphragm
epimysium and perimysium begin at different angles and
can also undergo reorientation in the same direction in re-
sponse to muscle elongation [145].

All fascial layers provide intermuscular connections
that can transmit muscular force between adjacent mus-
cles acting in concert with one another. Collagen fibers
of the epimysium have been reported to merge into the
paratenon, which is contiguous with the inner tendon
sheath, or epitenon, covering tendon collagen fibers [146].
The epimysium is thought to be involved in transmitting
tensional forces [147,148] (Fig. 4). Immobilization in-
duces the thickening of muscle fascia associated with re-
duced muscular elasticity/stiffness [149].

The ultrastructural properties of collagen fibers in the
perimysium have been studied in various animals in an ef-
fort to understand the mechanical function of this muscle
sheath. Das et al. [136] were able to observe both thin and
thick transversal fibers composing the perimysium. Simi-
larly, two sets of wavy or crimped collagen fiber bundles
enmeshed in a PG matrix were described as running paral-
lel to the surface of muscle fibers, with their long axes at
+55° and —55° relative to the direction of the muscle fiber
[143] (Fig. 4).

In the perimysium, large fibers are primarily com-
posed of type I collagen, with type III collagen as a minor
component and even smaller amounts of type V collagen
[145,150]. Collagen fibers have been shown to run in dif-
ferent directions in rat skeletal muscle without any domi-
nant orientation [151]. SEM imaging of rat gastrocnemius
muscle confirmed that perimysial collagen fibers differ in
thickness, run in different directions with a predominantly
oblique course, and closely adhere to the endomysium fib-
rils (Fig. 4A-D). In the bovine masseter muscle, the per-
imysium is composed of longitudinal, oblique, and circular
collagen bundles interconnected by thin collagen fibers. It
primarily consists of type I collagen, although type 111, V,
and VI collagens are also present [152]. In mice, longitudi-
nally oriented fibers in the perimysium form a dense series
of bands, with interconnections between transverse colla-
gen fibers and muscle fibers. The collagen fibers of the
perimysium can align after stretching, thereby contributing
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to the tensile mechanical properties of muscle [134,145].
The perimysium can achieve a high level of tensile stiff-
ness, and its continuity with the epimysium, endomysium,
and tendons can enable the transmission of high tensile
loads [153]. Interestingly, the perimysium is composed of a
highly ordered network of collagen fibers and binds tendon
myofibers in a muscle-tendon unit, which may play a role
in skeletal muscle lateral force transmission [154]. At the
myotendinous junctions, collagen fibers of the perimysium
appear more aligned and are continuous with tendon fibers
[134,145,148,155] (Fig. 4A; Fig. 5A-C).

The endomysium is the inner connective sheath that
completely covers each myofiber and consists of felt-like
sheets of collagen fibrils [136]. It forms a continuous 3D
network ranging from 0.2 to 1.0 um in thickness and facil-
itates connections between adjacent muscle fibers, rather
than keeping them physically separated [143]. The en-
domysial collagen fibers are reticular fibers that include thin
fibrils running in a wave-like pattern parallel to the mus-
cle cell surface in bovine skeletal muscle [142,154] (Fig.
4A-FE). Their course has been reported to vary substantially,
with angles ranging from 2.5° to 87.5°. The endomysium is
particularly involved in the transmission of muscle contrac-
tile forces from adjacent muscle fibers within each fascicle
[153]. In muscle sheaths, type IV collagen and laminin are
only present in the endomysium [152,155]. Each skeletal
muscle cell is covered by a 50 nm-thick BM containing type
IV collagen associated with a network of laminin that can
also bind to dystroglycan and integrins, mediating the an-
chorage of collagen IV to the sarcolemma. A microfibrillar
network of type IV collagen also links to collagen fibrils
composing the inner portion of the endomysium. As en-
domysial fibers adhere to the sarcolemma, every force gen-
erated by the myofibers is transmitted directly to the en-
domysium, which thus plays a role in lateral force trans-
mission [153,156].

When the muscle is stretched, the fibers of the en-
domysium change their orientation along the long axis of
the muscle, whereas these fibers align at £90° relative to the
long axis of the muscle on contraction [145]. The endomy-
sium exhibits a honeycomb-like structure, with hexagonal
myofiber cavities measuring 60—100 pum in diameter that in-
clude tightly arranged collagen fibrils from 30 to 70 nm in
diameter [157]. The endomysium is primarily composed of
thin type I1I collagen fibers, together with smaller amounts
of type I collagen, and even smaller proportions of types IV
and V collagen [158]. Ultrastructural SEM images confirm
that the endomysium is directly connected to the tendon,
in line with histological observations at the myotendinous
junction in rats [159] (Fig. 5SA-D).

The skeletal muscle transmits forces directly to the
bone through tendons and via lateral transmission through
the muscle sheaths (Fig. 3). The inner endomysium is
mostly composed of very thin reticular fibers of type III
collagen that are strongly connected to myofibers through
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Fig. 4. Scanning electron microscopy images of the rat gastrocnemius muscle. (A) The thick epimysium (Ep) exhibits undulating
fibrils that form fibers running longitudinally to the main muscle axis (large arrow). Helical fibers of the perimysium (P) run longitudinally
or obliquely relative to the main axis of the muscle and closely enclose the underlying endomysium (En), which is formed from a network
of small reticular fibers. Single collagen fibrils clearly anchor the perimysium to the endomysium (small arrows). Scale bar, 10 um. (B)
Perimysium collagen fibers of different sizes (arrows) adhering to the reticular fibers of endomysium (En) run in different directions.
Scale bar, 10 pm. (C) In the deeper regions of the gastrocnemius muscle, a single muscle fiber is covered by endomysium reticular fibers,
with perimysium fibers of different thicknesses (arrows) wrapping around muscle fibers, and larger fibers containing fibrils with a helical
arrangement. Some fibers are oriented orthogonally to the main axis of the muscle fibers, whereas others run obliquely. Scale bar, 10
um. (D) At higher magnification, the different sizes and courses of the individual fibrils that form straight fibers (likely corresponding to
stretched helical fibrils) in the perimysium (P) and endomysium sheaths are more evident. Scale bar, 1 um. (E) A transverse section of
the rat gastrocnemius muscle after maceration. Muscle sheaths include the honeycomb endomysium composed of reticular fibers (small
arrows) surrounding the digested muscle cells, and thicker perimysium fibers helically arranged (large arrow) in direct contact with the

endomysial fibers. Scale bar, 100 um.
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Fig. S. Continuous collagen network connecting tendon, perimysium, and endomysium at the Achilles myotendinous junction. (A)
Picrosirius red-stained histological section of rat triceps surae at the Achilles myotendinous junction. The red-stained collagen fibers of
the tendon (T) run in continuity with the perimysium fibers (large arrow) that surround small groups of myofibers (light yellow). Collagen
fibers of the tendon appear continuous with the thinner fibers of the endomysium (small arrow). Scale bar, 100 um. (B) Scanning electron
micrograph of triceps surae at the Achilles myotendinous junction. The tendon fibers and fibrils (T) are in tight contact with fibers of the
perimysium (arrows), which surround the surface of intact muscle fibers (MF). Tendon sheaths covering the tendon are visible, including
the inner epitenon (E) and the outer paratenon (P). White bar, 100 um. (C) Scanning electron micrograph of rat triceps surae at the
Achilles myotendinous junction. Densely packed fibrils forming collagen fibers in the tendon (T) are in tight contact with fibrils of the
perimysium (arrows), which follow an oblique direction surrounding two sectioned muscle fibers (MF) exhibiting intracytoplasmatic
myofibrils. Interfiber spaces appear empty after dehydration, but likely contain PGs and GAGs that bind water under physiological

conditions. Black bar, 100 um. (D) Rat triceps surae at the Achilles myotendinous junction after maceration. The collagen fibrils of the

honeycomb endomysium wall (arrows) are in close contact with the tendon fibers (T). White bar, 10 pm.

a BM. The endomysial fibers wrap each myofiber and fol-
low a course with a dominant circumferential orientation
that suggests particular sensitivity to muscle cell changes.
Endomysial fibers appear in close contact with those of
the tendon at the myotendinous junction, both at the mi-
croscopic and ultrastructural levels. This may suggest that
the endomysium can contribute to the direct transmission
of contractile muscle forces to the tendon. However, when
each myofiber contracts, its diameter increases and induces
the stretching of the endomysial fibrils and fibers that can
transmit tension to the perimysial fibers, enabling the fur-
ther transmission of contractile muscle forces. The per-
imysial fibers appear larger than the endomysial ones, run
obliquely with no particular orientation, cross and wrap
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around groups of muscle cells, and include predominantly
type I collagen fibrils that are larger and stiffer than type I11
collagen-including fibrils. While hybrid fibrils formed of
type I and III collagens are also present, type I collagen is
the most abundant type within the perimysium and epimy-
sium. Muscle sheaths were once thought to solely pro-
vide mechanical support to the passive elasticity of muscles.
However, in most ECMs and skeletal muscle sheaths, the
differences in the orientation, diameter, and supramolecu-
lar arrangement of collagen fibrils suggest that they may
play a more specific role in which stiffer and straighter type
I collagen fibrils oppose or transmit tensile loads, whereas
the pliable type III fibrils primarily support passive mus-
cle elasticity. It is therefore plausible that perimysial fibers
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are structurally arranged to laterally transmit tensile forces
that arise during muscle contraction to the tendon. The per-
imysium has also been reported to exhibit perimysial junc-
tional plates in direct contact with myofibers, and perimy-
sium fibers seem to directly merge into the tendon [11].

5. The Tendon and Peritendon Sheaths

Tendons generally connect muscles to bones, trans-
mitting contractile muscle forces and generating joint
movement. Tendons can vary in shape and size but have
a common structure that is related to their biomechanical
role. They are bands of dense, regular, fibrous CT primarily
consisting of densely packed collagen fibers that run paral-
lel to the direction of force, with interposed PGs. Tendons
exhibit a well-organized, multihierarchical structure rich in
collagen fibrils that further assemble to form fibers, which
then group in fascicles and fiber bundles [160,161].

The ECM found within the human Achilles tendon pri-
marily consists of collagen fibers formed from thick (30—
130 nm), stiff fibrils formed predominantly of type I colla-
gen (65-80%) with a straight course, albeit with some fib-
rils and fibers exhibiting crimping that functions as a bio-
logical hinge [162]. By allowing rigid fibrils to bend, these
crimps act as shock absorbers when muscles contract and
favor tendon elastic recoil [163,164]. Minor amounts of
type III collagen and elastic fibers are also present. Ten-
dons include relatively small amounts of PGs (2%) [133].
The major PGs found in tendon tissue are the small leucine-
rich PGs (SLRPs) decorin and biglycan, which appear in the
form of filaments regularly, orthogonally attached to fibrils
to form interfibrillar bridges that regulate ECM assembly
and collagen fibrillogenesis [165]. Decorin contains water-
binding DS and CS, and provides appropriate spacing and
lubrication within the tendon [133]. At myotendinous junc-
tions, skeletal muscle cells transmit force across the cell
membrane to ECM sheaths and then to tendons, such that
force transmission occurs both along the surfaces of my-
ofibers and at their ends [166].

The region where tendon fibers attach to bone is
termed the enthesis. Both fibrous and fibrocartilaginous
entheses have been described. In fibrous enthesis struc-
tures, as in the Achilles tendon, the collagen fibers and
fibrils penetrate and thus physically merge into the ECM
of bones [167]. This attachment is mediated by Sharpey’s
fibers, which are partially mineralized collagen bundles em-
bedded within a GAG-rich matrix [168]. At these enthe-
ses, where tendons and ligaments attach to bone, fascial
expansions are also present that link these structures with
others nearby, including the deep fascia [111]. Tendons
may be surrounded by different anatomical structures in di-
rect contact with the tendon fibers, including the follow-
ing: (1) fibrous sheaths or retinacula; (2) reflection pulleys;
(3) synovial sheaths; (4) peritendon sheaths (paratenon)
in tendons lacking a synovial sheath; and (5) tendon bur-
sae [160]. These loose CT structures provide support for
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the vascular, lymphatic, and nerve supply, while also re-
ducing friction with adjacent anatomical structures through
the secretion of HA. In the Achilles tendon, the principal
covering is the peritenon, which consists of an external
paratenon and an inner epitenon directly covering the ten-
don surface. The epitenon extends into the tendon to form
the endotenon, which is a sheath that surrounds and sep-
arates individual collagen fascicles [169,170]. A delicate
acellular mesotenon sheath, which connects epitenon to the
paratenon, acts as a spacer between the two sheaths and
contributes to the formation of wide peritendinous spaces
containing GAGs and PGs that trap water. In humans,
paratenon collagen fibers composed of type I and type 111
collagens and minor elastic fibers have been described as
variably oriented fibers with diameters ranging from 20 nm
to 200 nm [171], or as being predominantly aligned with
the long axis of the tendon [172,173,174]. The deep fascia
can be in direct contact with the outer collagen fibers of the
paratenon, which stretch during tendon movement, making
these structures difficult to separate anatomically in certain
regions [111,175,176]. In addition, the collagen fibers of
the paratenon may be covered by deep fascia and are con-
tinuous with the epimysium and the bone periosteum (Fig.
6B).

6. Ligaments

Ligaments are specialized fibrous bands that span a
joint and connect bones to one another, passively stabi-
lizing joints while also limiting their movement. Liga-
ment ECM composition is similar to that of tendons, char-
acterized by predominantly parallel, crimped type I col-
lagen fibers (~70-75%), together with PGs and elastin
present in proportionally greater amounts than compared
to tendons. They often have a well-vascularized overlying
sheath, or epiligament, that covers and adheres to their sur-
face [177,178]. Most ligaments, much like tendons, have
fibrocartilaginous entheses that allow them to adapt to com-
pressive loads [179]. Superficial ligaments are covered
by the deep fascia, which provides a structural connection
for the dissemination of mechanical loads. There are also
many deep fascial sheaths that connect tendons and liga-
ments, and many examples of tendons and ligaments de-
veloping fascial expansions linking them with neighboring
structures, such as the deep fascia [111]. Interestingly, lig-
aments play a crucial role in joint proprioception and, when
strained, they activate neurological feedback signals that
promote muscular contraction [177].

7. Bone, Periosteum, and Endosteum

Bone is a specialized mineralized CT that consists
of a mineralized ECM primarily composed of large fib-
rils of type I collagen, with a diameter of approximately
100 nm, which form more than 90% of the organic mass
of bone [180]. Collagen facilitates elastic deformation
through sliding and slippage, whereas hydroxyapatite min-

13


https://www.imrpress.com

Fig. 6. Collagen fiber orientation and structural continuity at the muscle-tendon-bone interface. (A) Osteons in lamellar compact
bone are formed of concentric lamellae helically arranged around the osteon axis and include type I collagen fibers that run parallel to one
another inside each lamella, whereas adjacent lamellae exhibit alternating fiber orientations. Osteons subjected primarily to compressive
loads (red arrow) exhibit transversely oriented collagen fibers, whereas those subjected primarily to tensile forces (green arrow) exhibit
longitudinally oriented fibers. (B) The skeletal muscle (M), shown in red, and the collagen fibers of the tendon (T), shown in blue, are
continuous with Sharpey’s fibers (S, dark blue), penetrating the ECM of dense lamellar bone (B). The epimysium (E, light green) merges
with the paratenon (Pa), which is continuous with the collagen fibers of the periosteum (Pe). The periosteum closely adheres and is
anchored to the bone through perforating Sharpey’s fibers (S) that penetrate the ECM of the bone. In long bones containing a medullary
cavity, the endosteum (En) forms Sharpey’s fibers (S) that are continuous with the sparse collagen network of the bone marrow (BM).
The deep fascia (Df) is in contact and structurally continuous with the epimysium, paratenon, and periosteum. Created in BioRender.

Piperigkou, Z. (2026) https://BioRender.com/qrnweox.

erals deposited within and on collagen fibrils ensure the
strength and toughness of bone [181]. Polarized light mi-
croscopy studies of compact lamellar bone in long bones
have identified three principal osteonal collagen architec-
tures (transverse, alternating, and longitudinal), the organi-
zation of which is thought to optimize resistance to gravita-
tional and mechanical loading [182].

Osteons are cylinder-like structures about 200-250
pm in diameter formed from concentric lamellae of miner-
alized collagen fibers. Osteons run roughly parallel to the
long axis of the bone, with an inclination that is consistent
across bones and varies between 5° and 15° [183]. Osteon
lamellae, which are helically arranged around the main axis
of the osteon, include type I collagen fibers running parallel
to each other inside each lamella, but coursing orthogonally
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in adjacent lamellae to provide resistance against gravita-
tional loading [184,185,186]. A similarly regular organi-
zation of orthogonal collagen fiber lamellae has also been
described in the peritumoral microenvironment of the hu-
man breast, and such collagen arrays can provide resistance
against cancer cell invasion in vivo [16].

In lamellar bone, collagen fibrils are able to adapt by
aligning in response to local mechanical stresses and strains
[187]. Longitudinally aligned fibrils primarily resist tensile
forces, while transversely aligned fibrils resist compressive
loading [181,188,189] (Fig. 6A). The extent of mineraliza-
tion is closely associated with collagen fibril organization.
Under polarized light microscopy, osteons with longitudi-
nally oriented collagen fibers and a higher degree of min-
eralization appear stiffer and more structurally capable of
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resisting tension and compression, whereas osteons that in-
clude oblique fibers exhibit greater ductility and efficiently
dissipate energy [190]. Furthermore, more slowly de-
posited bone often contains a higher proportion of oblique
and transverse collagen fibers [191]. Bone remodeling is
regulated by osteoclasts that resorb bone and osteoblasts
that form new bone. These cells are indirectly controlled
by mechanical loading, which stimulates the osteocytes to
produce factors capable of influencing osteoblast and os-
teoclast activity [192]. In addition, PGs and GAGs within
the bone ECM regulate bone homeostasis and contribute to
the mechanical properties of bone by retaining bound wa-
ter. Biglycan and decorin are members of the SLRP family
and are the major PGs found in bone [193,194].

The outer and inner surfaces of bone are covered by
specialized CTs known as the periosteum and the endos-
teum. The periosteum is a membrane that covers and
closely adheres to the outer surface of all bones at sites other
than articular surfaces. The periosteum plays a role in bone
matrix formation and mineralization through matrix vesi-
cles, and is important for bone fracture healing [195,196].
It includes an outer fibrous layer and an inner layer with
osteogenic potential. The outer fibrous layer is composed
of two sublayers. The superficial sublayer contains small,
densely packed type I collagen fibers, blood vessels, and
many nerves [197], while the deeper sublayer contains
many elastic fibers and collagen fibers primarily oriented
along the femoral axis, with few cells and vessels in this re-
gion. The inner layer of the periosteum contains mesenchy-
mal progenitor cells, differentiated osteogenic progenitor
cells, osteoblasts in direct contact with the cortical bone
surface, and fibroblasts present within a sparse collagenous
matrix with a rich vascular and neural network [198,199].
The periosteum is strongly anchored to the bone surface
through Sharpey’s perforating collagen fibers, which run at
30° and cross the osteoblast layer to penetrate bone tissue
(Fig. 6B). They form a net-like structure surrounded by the
cytoplasmic processes of fibroblasts [200]. As Sharpey’s
fibers are rich in type III collagen, they may be particularly
responsive to mechanical loading and could participate in
the regulation of bone adaptation to physical activity [201].

Within the medullary cavity of long bones, there is a
connective membrane known as the endosteum that lines
the Haversian canal and all the internal cavities of the bone.
The endosteum is thinner than the periosteum [202] and
is classified into three topographic types: (1) the cortical
endosteum lining the bone marrow cavity, (2) the osteon
endosteum lining the Haversian canal and the Volkmann’s
canal, which primarily contains blood vessels and nerves,
and (3) the trabecular endosteum covering the developing
bone. Endosteum membranes are characterized primarily
by osteogenic cells and, unlike the periosteum, do not ex-
hibit a defined fibrillar structure. Some researchers have re-
ported the presence of type III collagen fibers, also known
as reticular fibers, in the endosteum [203,204], while others
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have described the presence of osteoblasts producing type I
collagen [205]. Endosteum structures are strictly associated
with bone metabolism, as they contribute to the growth, re-
modeling, and development of this mineralized tissue [206].
Sharpey’s fiber system, described in the periosteum, has
also been speculated to be present in the endosteum [201].
Within the long bones, the endosteum forms a mechanical
connection between bone and bone marrow that includes
both type I and type III collagens [207].

8. Conclusions and Clinical Considerations

In this review, we present a model of a continuous fib-
rillar collagen network formed by structurally and mechan-
ically connected ECM networks spanning from the skin to
the bone marrow. Within this network, the insoluble frame-
work of collagen fibers and fibrils is held together by hy-
drophilic elastic linear GAGs and PGs, which are essential
for supporting the biomechanical properties of the fibril-
lar collagen network and interact with other proteins like
elastin and fibronectin. With the help of deformable BMs,
integrin-mediated focal adhesions, and the mechanosensi-
tive and mechanoresponsive adipocytes of the hypodermis
and subcutaneous tissue, this fibrous collagen skeleton is
able to adsorb and transmit information about environmen-
tal stimuli and skin structural conditions from the epidermis
to bone marrow.

This model is based on the observation that different
types of fibrillar collagen (mainly types I and III) and fiber
orientation are primary determinants of ECM biomechan-
ical properties. Type I and III collagens make up 90% of
total collagen content in the body and form fibrils of vary-
ing diameters and microfibrillar arrangements in order to
respond to mechanical stimuli in various ways. Fig. 7 pro-
vides a graphical summary of the distribution and interac-
tions of type I and III fibrillar collagens, which form a con-
tinuous network among adjacent ECM networks.

Maintaining an appropriate ratio between the two fib-
rillar collagens necessitates a balance between strength
and flexibility in CTs, and is crucial to reduce the risk of
collagen-related disorders in many diseases [208]. Notably,
changes in the type I/III collagen ratio have been reported
in aging [209], in pathological conditions like osteoporosis,
wound healing, diabetic complications, cardiac function,
solid tumor invasion, periodontal diseases, hemorrhoids,
hernia recurrence after the implantation of alloplastic pros-
theses, and pelvic organ prolapse [43,210,211,212].

The ultrastructural collagen interactions and
mechanosensing functions that interlink different ECM
networks from the epidermis to the bone marrow in this
proposed theoretical model can offer insight into many
biological processes critical for tissue adaptation and
homeostasis, while also influencing disease pathogenesis
and therapeutic outcomes. Notably, physical activity
improves bone metabolism and reduces the risk of bone
fractures by stimulating bone osteocytes. Osteocyte surface
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deformation has been linked to changes in interstitial or
peri-osteocyte fluid flow within the lacunar-canalicular
network, which is rich in HA and perlecan/HSPG2.
However, “collagen hillocks”, also called “canalicular
projections”, directly connect the mineralized walls of
osteocyte canaliculi to the plasma membrane of osteocyte
dendrites, and the primary cilia of these mechanosensing
cells are in contact with the pericellular matrix. Moreover,
uncalcified collagen fibrils extending directly from the
mineralized walls of the osteocyte canaliculi have been
described as being in direct contact with the cell membrane
through integrin-mediated focal adhesions [213,214]. Bone
type I collagen fibrils that connect the mineralized bone
matrix to the osteocyte dendrite may thus be able to adsorb
and transmit some external loads from the superficial
epidermis to the bone ECM, ultimately propagating the
associated signals to the osteocytes.

Collagen-focused therapeutic strategies are an ac-
tively evolving field.  Electrical stimulation, photo-
biomodulation, ultrasound-based approaches, and mechan-
ical loading are all employed in clinical settings as adjunc-
tive therapeutic interventions to induce tissue remodeling
and favor collagen biosynthesis [215,216,217,218].

The clinical application of extracorporeal shock waves
to the skin has been shown to stimulate rapid periosteal
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cell proliferation and migration and to thereby favor dia-
betic and chronic wound healing [219], bone fracture heal-
ing [220], and enhanced bone formation under osteoporotic
conditions [221]. ECM components play an important role
in normal wound healing, and their destruction impairs this
healing process [222]. The potential skin-bone marrow me-
chanical interplay is further supported by the fact that nor-
mal skin serves as a target tissue for bone marrow-derived
cells, highlighting the possibility of bidirectional commu-
nication between these tissues. In long bones, the endos-
teum forms the interface between the compact bone and
bone marrow regions and is rich in type I and type III col-
lagens. Interestingly, in the context of skin wound healing,
the bone marrow provides both inflammatory (CD45+) and
noninflammatory (CD45—) cell types, which are crucial for
the process of skin repair. These cells produce both type I
and III collagens, unlike skin-resident cells, which only pro-
duce type I collagen. Moreover, these cells migrate from
bone marrow to skin through the blood, which is another
essential CT system [223].

Overall, the persistent hierarchical and helical orga-
nization of collagen, from individual molecules to fibrils,
fibers, and higher-order assemblies, is evident across the
dermal papillae, tendons, ligaments, and bone osteons, con-
firming that fibrillar collagens (primarily type I and III) pro-
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vide a structural framework while also playing a fundamen-
tal role in absorbing force and transmitting tensional and
compressive loads from the skin to bone marrow, which
serves as the main source of stem cells essential for develop-
ment, tissue differentiation, tissue repair, and wound heal-
ing. The theoretical model is supported by different exper-
imental data reported in this review. However, quantitative
validation through further mechanical experiments would
be necessary to test and confirm the force transmission,
from epidermis to bone marrow, through different ECMs.
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