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The Role of the Non-Collagenous
Extracellular Matrix in Tendon
and Ligament Mechanical
Behavior: A Review

Tendon is a connective tissue that transmits loads from muscle to bone, while ligament is
a similar tissue that stabilizes joint articulation by connecting bone to bone. The 70-90%
of tendon and ligament’s extracellular matrix (ECM) is composed of a hierarchical colla-
gen structure that provides resistance to deformation primarily in the fiber direction, and
the remaining fraction consists of a variety of non-collagenous proteins, proteoglycans,
and glycosaminoglycans (GAGs) whose mechanical roles are not well characterized.
ECM constituents such as elastin, the proteoglycans decorin, biglycan, lumican, fibromo-
dulin, lubricin, and aggrecan and their associated GAGs, and cartilage oligomeric
matrix protein (COMP) have been suggested to contribute to tendon and ligament’s char-
acteristic quasi-static and viscoelastic mechanical behavior in tension, shear, and com-
pression. The purpose of this review is to summarize existing literature regarding the
contribution of the non-collagenous ECM to tendon and ligament mechanics, and to
highlight key gaps in knowledge that future studies may address. Using insights from the-
oretical mechanics and biology, we discuss the role of the non-collagenous ECM in
quasi-static and viscoelastic tensile, compressive, and shear behavior in the fiber direc-
tion and orthogonal to the fiber direction. We also address the efficacy of tools that are
commonly used to assess these relationships, including enzymatic degradation, mouse
knockout models, and computational models. Further work in this field will foster a better
understanding of tendon and ligament damage and healing as well as inform strategies
for tissue repair and regeneration. [DOI: 10.1115/1.4053086]

Introduction

Tendon is a commonly injured connective tissue that transmits
loads from muscle to bone, whereas ligament is a structurally and
compositionally similar tissue that stabilizes joint articulation by
connecting bone to bone. High incidence rates of tendinopathy, a
degenerative condition characterized by pain, swelling, and ten-
derness, are reported among both athletic and nonathletic popula-
tions [1]; one study suggests upwards of two million cases of
lower extremity tendinopathy occur in the U.S. per year [2]. Liga-
ment sprains and tears are also pervasive, with an estimated
224,000 anterior cruciate ligament (ACL) tears occurring in the
U.S. per year [3]. These pathologies have previously been associ-
ated with altered loading environments or repetitive overloading,
emphasizing the importance of understanding the mechanical
behavior of tendon and ligament [4—6]. Furthermore, because ten-
don and ligament’s mechanical responses are largely driven by
their microstructures, a better understanding of the structure—
function relationship between tissue composition and multiscale
mechanical behavior is needed in order to understand injury risk,
progression, and healing and to improve tissue repair and replace-
ment strategies. Tendon and ligament are also known to differ in

!Corresponding author.
Manuscript received August 24, 2021; final manuscript received November 15,
2021; published online December 20, 2021. Assoc. Editor: Spencer P. Lake.

Journal of Biomechanical Engineering

Copyright © 2022 by ASME

functional demands, injury modality, and bulk mechanical behav-
ior (Fig. 1(b)) [11], which warrants further research in order to
determine how microstructural composition contributes to their
unique macroscale responses.

The majority of tendon and ligament consist of an organized
hierarchical collagen structure (Fig. 2), with the remaining frac-
tion composed of non-collagenous constituents. The 70-90% of
tendon and ligament’s dry weight consists of collagen I, an extrac-
ellular matrix (ECM) protein which is primarily aligned along the
tissue’s long axis [11,16,17]. At the nanoscale level, individual
collagen molecules form a triple helix structure known as tropo-
collagen. Several grouped tropocollagen molecules form microfi-
brils, which then aggregate to form collagen fibrils. Covalent
crosslinks also form orthogonally to adjacent microfibrils, contrib-
uting to mechanical stiffness in the fiber direction [18]. Next, col-
lagen fibrils group to form larger fibers, which in turn group to
form fiber bundles encased in a loose connective sheath called the
epitenon. Some tendons and ligaments consist of a single fiber bun-
dle, while others consist of multiple fiber bundles, or fascicles [19].
Adjacent fascicles are connected by an interfascicular matrix (IFM),
also known as the endotenon. At the outermost level, the entire tissue
is encased in another loose connective sheath called the paratenon,
which contain blood vessels. Outside of the collagen I hierarchy, the
remaining 10-30% of the ECM consists of minor collagens and a
variety of non-collagenous constituents such as proteoglycans, gly-
cosaminoglycans (GAGs), and other glycoproteins. These
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Fig. 1 Quasi-static mechanical behavior of tendon and ligament and the macro- and microscale. (a) Represen-
tative stress—strain curves for human MCL strained at a rate of 10 mm/s, demonstrating the high degree of ani-
sotropy observed in ligament and tendon. Linear moduli during longitudinal (axial) and transverse tensile tests
were reported to be 332.15+58.27 MPa and 11.02+3.57 MPa, respectively (Adapted with permission from Quapp
and Weiss [7]. Copyright 1998 by American Society of Mechanical Engineers). (b) Representative stress—strain
curves and tangent lines (used to calculate toe and linear moduli) for the human ACL and patellar tendon
strained at a rate of 100%/s. Linear moduli for ACL and patellar tendon in males were reported to be
128+25MPa and 479141 MPa, respectively (Adapted with permission from Chandrashekar et al. [8]. Copyright
2008 by Elsevier). (c) Collagen fibrils uncrimp in the toe region (Adapted with permission from Miller et al. [9].
Copyright 2012 by Elsevier), while fibril sliding, demonstrated by shearing of a grid photobleached onto the
ECM (Adapted with permission from Cheng and Screen [10]. Copyright 2007 by Springer Nature), is the predom-
inant mechanism of tissue deformation at high strains in the linear region.
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Fig. 2 Diagram of hierarchical tendon and ligament structure with representative diameter
[12] and length [13,14] scales for human tissue, as first proposed by Kastelic et al. [15]. Fibril
discontinuity is demonstrated throughout the length of the tissue.

constituents make up the interfibrillar and interfascicular matrices
that connect adjacent collagen fibrils and fascicles, respectively.
Together, the collagenous and non-collagenous portions of the
ECM govern tendon and ligament’s multiscale mechanical behav-
ior. At the fibril and fiber levels, the collagen structure exhibits a
characteristic wavy crimp pattern and provides tendon and
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ligament with highly nonlinear and anisotropic mechanical prop-
erties (Fig. 1(a)) by supporting the majority of loading in the fiber
direction (axial). Specifically, the stress—strain curves of tendon
and ligament exhibit a characteristic nonlinear “toe” region in
which collagen uncrimps and a “linear” region in which collagen
is fully uncrimped. Additionally, in both viscoelastic and
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Fig. 3 Staining of mature tendon to visualize elastin, the proteoglycan-GAG bridge, and lubricin. (a) Inmunostaining
of elastin, which exhibits a wavy crimp pattern along the fiber direction (vertical), surrounding tenocyte nuclei
(Adapted with permission from Grant et al. [47]. Copyright 2013 by Wiley). (b) Cupromeronic blue staining of proteo-
glycans, which reveals that the proteoglycan—-GAG bridge is oriented orthogonally to horizontal collagen fibrils
(Adapted with permission from Liao and Vesely [48]. Copyright 2007 by Elsevier). (¢) Inmunostaining of lubricin in
which intense staining is observed between collagen fascicles (running along the diagonal) and less intense staining
is observed within collagen fascicles (Adapted with permission from Sun et al. [49]. Copyright 2015 by Wiley). Images
were obtained from bovine flexor tendon, porcine mitral valve chordae tendinae, and human Achilles tendon,

respectively.

quasi-static axial loading regimes, tendon and ligament exhibit
sliding of collagen fibrils and fascicles past one another in con-
junction with shear deformation of the interfibrillar and interfas-
cicular matrices (Fig. 1(c)) [10,20-23]. While this behavior
suggests that the interfibrillar and interfascicular matrices facili-
tate load transfer between adjacent fibrils and fascicles, the spe-
cific ECM constituents involved in this process are heavily
debated [24-27]. Shear loading at the macroscale also leads to
interfibrillar and interfascicular sliding [28], yet the involvement
of the non-collagenous ECM in this response is only partially elu-
cidated [29-31]. Finally, further evaluation is necessary in order
to identify the role of the non-collagenous ECM in fiber direction
quasi-static mechanical properties, such as tensile modulus, and
viscoelastic properties, such as stress relaxation and energy loss,
in mature and developing tendons and ligaments. Taken together,
it is evident that much work remains to be done in order to com-
pletely define the structure—function relationship between non-
collagenous ECM constituents and tendon and ligament’s macro-
scale mechanical responses.

Likewise, defining the mechanical function of the tendon and
ligament microstructure is crucial to our understanding of multi-
scale mechanotransduction in homeostasis and disease. From the
macro- to microscale, tendon and ligament experience stresses
and strains that are transmitted from the tissue-level to the matrix-
level to the cell- and nuclear-levels [32,33], resulting in mechano-
sensitive gene expression that dictates biological outcomes [34].
Non-collagenous proteins that reside in the pericellular matrix, a
specialized region of the ECM surrounding cells [35], may be par-
ticularly important in this process. From the micro- to macroscale,
mechanically stimulated gene expression modulates the dynamic
structure and composition of tendon and ligament’s non-collage-
nous ECM [36-38], which in turn may affect the tissue’s mechan-
ical behavior across all length scales, further emphasizing the
intimate relationship between tissue mechanics, ECM remodeling,
and homeostasis. Thus, the non-collagenous ECM plays a key role
in driving mechanical behavior across all length scales, not only
by providing direct mechanical support but also by facilitating
multiscale mechanotransduction which in turn modulates tissue
structure and function. For an in-depth discussion of mechano-
transduction and homeostasis in tendon and ligament, we refer the
reader to several excellent reviews dedicated to this topic [39-42].

The purpose of this review is to discuss existing research
regarding the role of the non-collagenous ECM in governing ten-
don and ligament mechanical behavior. Specifically, we present
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literature that highlights the role of various non-collagenous ECM
constituents in tendon and ligament’s quasi-static and viscoelastic
responses to tension, shear, and compressive loading in the fiber
direction and orthogonal to the fiber direction (transverse). We
also discuss the strengths and weaknesses of several methods used
to assess these properties, which highlights the need for future
studies to clarify existing discrepancies in the literature. By doing
so, we aim to move the field toward a complete understanding of
the non-collagenous ECM’s role in tendon and ligament’s micro-
and macroscale mechanical behavior.

Elastin

Elastin is a highly extensible matrix protein present at multiple
hierarchical levels. It can withstand strains of up to 100% without
plastically deforming, which allows it to facilitate elastic recoil
and fatigue resistance [43]. As such, elastin has been found at
higher concentrations in energy storing tendons that undergo fre-
quent cyclic loading compared to positional tendons that act as
structural support for the skeleton [44]. in vivo, elastin resides
within elastic fibers, which consist of a desmosine-crosslinked
elastin core surrounded by a microfibril scaffold composed of
fibrillin 1, fibrillin 2, or both [45]. Elastic fibers have diameters
ranging from 200 to 800nm [46], similar to those of collagen
fibrils and fibers, and conform to the pattern of collagen’s crimp
(Fig. 3(a)) [47]. These elastic fibers are present at lower concen-
trations within collagen fibers and at higher concentrations sur-
rounding tenocytes and within the IFM [47].

Elastin likely plays a role in quasi-static fiber direction mechan-
ics by resisting deformation in response to fiber direction loading.
Studies in this area most commonly degrade elastin within the tis-
sue using the enzyme elastase and compare the mechanical behav-
ior of control and elastin-depleted tissues. Notably, elastase-
treated tendon and ligament exhibited decreased fiber direction
tensile moduli in the toe [50] and linear [51] regions. However,
loss of elastin has been associated with an increase in collagen
crimp wavelength in the toe region [52], suggesting a concurrent
increase in toe region mechanical properties according to the
worm-like chain model [53]. While others have hypothesized that
elastin primarily contributes to tendon and ligament mechanics by
stabilizing the collagen crimp waveform [50], the observed
decrease in mechanical properties despite the increase in crimp
wavelength in elastin-depleted tissue indicates that elastin’s pri-
mary mechanical role is more likely to directly bear fiber direction
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loads and resist deformation. Additionally, while one study found
that the Achilles tendon and supraspinatus tendon (SST) from
mice heterozygous for the elastin allele (haploinsufficient) exhib-
ited a 14% increase in fiber direction linear stiffness compared to
wild type tendons [54], developmental effects observed in the
mouse model are likely responsible for the discrepancy between
this study and those discussed previously. In total, these data sug-
gest that elastin’s ability to recoil may provide some structural
support to the collagen crimp waveform, but its primary purpose
is to resist deformation in the fiber direction.

Recent evidence suggests that elastin is a key regulator of
energy storage in tendon and ligament, but not other fiber direc-
tion viscoelastic behavior. Unexpectedly, older works showed no
effect of elastin depletion on hysteresis [50,52] despite elastin’s
known elastic recoil behavior. Two studies that did find increased
hysteresis in elastase-treated tissue did not perform any precondi-
tioning prior to testing, which likely resulted in increased hystere-
sis and nonreproducible mechanical behavior in both control and
elastase-treated samples [51,55]. However, a recent breakthrough
study by Godinho et al. showed that elastin depletion increased
hysteresis in equine tendon fascicles connected by the IFM, but
not tendon fascicles alone [31]. Similarly, elastin depletion drasti-
cally decreased the fascicle-IFM—fascicle unit’s fatigue life.
These findings may explain why Grant et al. reported that elastin
depletion did not affect hysteresis, as their study depleted elastin
in singular tendon fascicles [52]. Further, Godinho et al. [31]
measured hysteresis at a cyclic strain rate 20 and 40 times greater
than those used by Henninger et al. [50] and Grant et al. [52],
respectively, likely contributing to the observed differences in
time-dependent behavior. With regards to other fiber direction
viscoelastic properties, Achilles tendons and SSTs from mice hap-
loinsufficient for elastin did not display any differences in peak
tensile stress, equilibrium tensile stress, or stress relaxation com-
pared to tendons from wild type mice. Overall, elastin’s contribu-
tion to fiber direction viscoelastic behavior is largely in line with
expectations, as elastin prevents energy loss and contributes mini-
mally to other time-dependent properties.

Finally, studies indicate that elastin plays a large role in tendon
and ligament’s quasi-static and viscoelastic shear and transverse
tensile behavior. Removal of elastin from the medial collateral
ligament (MCL) decreased peak stresses by 62% and 70% during
cyclic shear and transverse tensile loading, respectively, suggest-
ing that elastin governs a disproportionately large fraction of non-
axial mechanical stress despite only accounting for 4% of the
MCL’s dry weight [30]. One study also showed that elastase-
treated human SST exhibited decreased peak and equilibrium
shear stresses during stress relaxation tests at 8% and 16% shear
strain, but not 24% shear strain [56]. This study was hindered by a
large amount of error at higher strains, which could explain why
no significant differences in properties were reported at 24%
strain. Finally, the previously mentioned study by Godinho et al.
demonstrated that elastin depletion resulted in decreased failure
load, decreased stiffness, and increased fascicle sliding in
fascicle-IFM—fascicle units subject to shearing of the IFM [31].
Together, these studies suggest that elastin is involved in both
quasi-static and viscoelastic responses to nonaxial loading and
may play a key role in governing shear behavior of the non-col-
lagenous matrix. However, the mechanism by which elastin con-
tributes to nonaxial mechanical behavior, especially in the
transverse direction, is unknown. Future studies in this area would
contribute to increased understanding of structure—function rela-
tionships in tissues that are subject to significant nonaxial loading,
such as the Achilles tendon.

While much progress has been made in defining elastin’s
mechanical role, off-target proteolytic activity of elastase has
been a major limitation of elastin degradation studies. Several
studies have reported that elastase treatment significantly
decreased GAG content [30,31,52], which makes it impossible to
isolate the mechanical contribution of elastin if GAGs also play a
role in tendon and ligament mechanics. One study attempted to
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overcome this limitation by demonstrating that GAG depletion
did not affect any of the mechanical properties evaluated with
respect to elastin [31]. However, because the mechanical contribu-
tion of GAGs is still heavily debated (as will be discussed later in
this review), it is difficult to draw definitive conclusions about the
role of elastin in mechanics from these studies. Any number of
factors may have affected the proteolytic activity of elastase in
these studies, including the tissue source, the enzyme source, con-
centration, and purity, and the length of sample incubation. Inter-
estingly, Fang and Lake employed a higher enzyme concentration
and longer incubation time than Henninger et al., yet Henninger
et al. reported significant off-target GAG depletion [30] and Fang
and Lake did not [56]. Given that these works used samples from
human SSTs and porcine MCLs, respectively, there may well be a
large organism- and tissue-specific effect of elastase on off-target
GAG depletion.

Proteoglycans and Glycosaminoglycans

Proteoglycans are a diverse group of ECM proteins that com-
prise 1-5% of tendon and ligament’s dry weight [57]. They per-
form numerous critical functions in these tissues, including
regulating fibrillogenesis, modulating cell growth, and stimulating
immune responses [58]; in fact, the role of proteoglycans in tissue
development is much better characterized than the role of proteo-
glycans in mature tendon and ligament [59,60]. Each proteoglycan
has a specific set of GAG side-chains that it binds to, which is typ-
ically a combination of dermatan sulfate (DS), chondroitin sulfate
(CS), heparan sulfate, keratan sulfate (KS), and the nonsulfated
GAG hyaluronic acid. GAGs are highly hydrophilic and therefore
play a role in both fiber direction and transverse compression
mechanics by modulating tissue water content [17,61]. However,
the role of proteoglycans and GAGs in fiber direction tensile,
transverse tensile, and shear mechanics is debated. Prior work
suggests that small proteoglycans such as decorin, biglycan, lumi-
can, and fibromodulin are present at higher concentrations in mid-
substance regions of tendon that are subject mostly to tension,
whereas large proteoglycans such as aggrecan and versican are
present at higher concentrations in fibrocartilaginous regions of
tendon that are subject mostly to transverse compression [17].
This provides some initial context as to the role that each proteo-
glycan might play in mechanics, although specific
structure—function relationships have not been fully elucidated.

Decorin and Biglycan. Decorin is a small leucine-rich proteo-
glycan (SLRP) that makes up ~80% of the proteoglycan content
in tendon and ligament, whereas biglycan is a similar SLRP pres-
ent in lesser amounts [57]. Both proteoglycans have a sickle-
shaped structure that allows them to bind to the exterior of colla-
gen fibrils near the D-period, a dark band that appears every
68 nm along the fibril length [48,62]. Additionally, decorin typi-
cally binds to one CS or DS GAG chain, while biglycan binds to
two GAG chains, which can be any combination of CS and DS.
These GAG side-chains can bind together in interfibrillar spaces
due to van der Waals forces, dipole—dipole interactions, hydrogen
bonding, and hydrophobic interactions [63], forming a complete
proteoglycan—-GAG-GAG—proteoglycan bridge (hereafter referred
to as the proteoglycan—-GAG bridge) that links adjacent collagen
fibrils (Fig. 4). As we will discuss in detail here, the
proteoglycan—-GAG bridge has been hypothesized to facilitate
load transfer between adjacent collagen fibrils, although existing
evidence suggests that the proteoglycan—-GAG bridge may play a
minor role at most in tendon and ligament mechanics. However,
decorin and biglycan may indirectly contribute to tendon and liga-
ment mechanics by modulating fibril diameter size.

Computational and constitutive models have been used to
attempt to demonstrate that it is mechanically feasible for the
proteoglycan—GAG bridge to transfer loads between neighboring
collagen fibrils. One such computational model simulated molecu-
lar mechanics of interactions between CS and collagen to
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proteoglycans

bound GAGs

Fig. 4 Proteoglycan molecules (modeled as white semi-cylin-
ders) bound to collagen fibrils (modeled as black rods) that are
surrounded by other collagen fibrils (modeled as gray rods) to
form a collagen fiber. The proteoglycans are linked via the inter-
action of two GAGs in the interfibrillar space, forming an interfi-
brillar bridge. Image adapted with permission from Vesentini
et al. [64]. Copyright 2005 by Elsevier.

demonstrate that computed bulk tissue stresses were consistent
with experimental findings; the authors of the study suggested that
this implicates the proteoglycan—-GAG bridge in facilitating load
transfer between adjacent fibrils [65]. Another work expanded
upon this study by using a poroelastic model to demonstrate that
fiber direction tensile strain is transferred through the matrix via
extension of the proteoglycan-GAG bridge in conjunction with
fibril sliding [66]. Finally, Ciarletta et al. presented a pseudohypere-
lastic mathematical model that described the contribution of soften-
ing effects and breakage and reformation of proteoglycan— collagen
bonds to bulk tissue mechanics; this model agreed well with experi-
mental data and implicated the proteoglycan—-GAG bridge in con-
tributing to tendon and ligament’s viscous response [67].

However, computational models are restricted in their ability to
accurately describe mechanical phenomena, which could mean
that they overestimate the role of the proteoglycan-GAG bridge
in tendon and ligament’s mechanical response. Simplification is a
key issue among this group of studies, as models have often
treated collagen as a solid rod and neglected to account for fibril
and fiber uncrimping and reorganization during loading [24,68].
Some studies have also simplified the structural complexity of the
proteoglycan—GAG bridge by representing it as a GAG attached
directly to the fibrils rather than a dumbbell-like bridge composed
of two proteoglycans and a GAG [65]. These simplifications may
result in discrepancies between computational and experimental
results; one study found no difference in mechanical properties
after depleting DS and CS with chondroitinase ABC, but a 14%
decrease in linear stiffness after depleting GAGs in a finite ele-
ment model [68]. Finally, and most importantly, these phenome-
nological models are limited in their applicability because they
are often based on assumptions rather than experimental evidence.
For example, the model presented by Ciarletta et al. [67] is limited
by a lack of physiological evidence describing the breakage and
reformation of covalent bonds as having mechanical significance.
Likewise, the GAG-GAG interaction in the proteoglycan-GAG
bridge has been computationally modeled as a covalent bond [65],
rather than a weak electrostatic interaction [63], which overesti-
mates the stiffness of interconnected GAG chains by several
orders of magnitude [69]. These weaker bridges may not be able
to withstand physiologic loads as predicted by the computational
models described here. In total, because there is significant room
to improve computational models of shear load transfer, there is
reason to believe that the proteoglycan—GAG bridge may contrib-
ute minimally to load transfer between collagen fibrils.

In further support of a load transfer mechanism that is not
facilitated by the proteoglycan—GAG bridge, in vitro enzymatic
GAG depletion studies have shown that the proteoglycan—-GAG
bridge has minor influence at most on viscoelastic mechanics and
little to no influence on quasi-static mechanics in both fiber direc-
tion tension and shear (Table 1). Several studies have shown that
depletion of CS and DS from tendon and ligament using the
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enzyme chondroitinase ABC did not affect peak tensile stresses or
fiber direction tensile modulus [26,71,72]. Depletion of DS also
did not alter peak shear stresses or shear modulus in ligament
[70]. With respect to viscoelasticity, studies have found that GAG
depletion does not alter stress relaxation in fiber direction tension
[71] or shear [29], while another study only found significant dif-
ferences in fiber direction tensile stress relaxation after 300s of
relaxation [73]. The study that found differences in relaxation
after 300 s was the only study out of this group to fit their data to
Fung’s quasi-linear viscoelastic model [80], which revealed that
removal of CS and DS from bovine digital extensor tendon fas-
cicles decreased fast stress relaxation and increased slow stress
relaxation [73]. These findings seem to indicate that comparing
time constants is a more robust method of describing changes in
tendon and ligament stress relaxation behavior because dynamic
stress behavior throughout the testing period, rather than only
peak and equilibrium stress, is considered. Similarly, Fang and
Lake found no changes in stress relaxation but nonsignificant
trends (p <0.1) toward decreased peak and equilibrium shear
stresses during stress relaxation of GAG-depleted human SST
[29]. Together, these studies demonstrate that although GAG
depletion does not seem to alter the percentage of stress relaxation
observed in fiber direction tension or shear, noticeable changes to
the shape of the stress-time curve may still occur, suggesting a
minor role for the proteoglycan—GAG bridge in modulating visco-
elastic behavior.

Mouse knockout studies do not clearly support a role for the
proteoglycan—GAG bridge in load transfer, although they seem to
suggest that decorin is at least involved in fiber direction visco-
elastic behavior. Some knockout studies have implicated decorin
in stress relaxation behavior and strain rate sensitivity, but not
quasi-static or failure properties [74,76,81]. Other studies have
attempted to differentiate between the roles of decorin and bigly-
can across multiple tendons. One such study revealed that decorin
knockout increased modulus and stress relaxation in the patellar
tendon but not the flexor digitorum longus (FDL) tendon, whereas
biglycan knockout decreased peak stress and modulus in the FDL
tendon but not the patellar tendon [81]. Another study demon-
strated that removing biglycan from the patellar tendon did not
affect quasi-static fiber direction properties such as toe modulus,
linear modulus, or stress relaxation, but did increase dynamic
modulus, a measure of viscoelasticity [78]. In addition, the
decorin- and biglycan-null patellar tendon displayed decreased
failure stress and stiffness, increased viscous behavior and stress
relaxation, and no changes in linear modulus [79]. Interestingly,
this is the only mouse knockout study to use an inducible knock-
out model that removed the influence of decorin and biglycan in
mature, but not developing, mice. The fact that these results differ
from the results of other mouse knockout studies indicates that the
role of decorin and biglycan could change throughout the mouse’s
life cycle, which agrees with other studies that analyzed the effect
of decorin and/or biglycan knockout across age groups [75,77,82].
These results may also confirm a possible synergistic effect in
which knockout of both proteoglycans together has more impact
than knockout of either decorin or biglycan alone, which has been
reported previously in bone [83]. Overall, these mouse knockout
studies implicate decorin in limiting tendon and ligament’s stress
relaxation behavior but do not directly demonstrate decorin’s role
in quasi-static mechanics. Additionally, decorin and biglycan’s
mechanical contributions appear to be tendon-specific, although
more work is needed to determine which tissues and properties
they affect and why their mechanical involvement is not universal.
Finally, there is evidence that decorin and biglycan’s influence on
mechanics is age-dependent, and future work is needed to fully
define the mechanical properties that are differentially regulated
by decorin and biglycan throughout the development and aging
process.

Although the mechanical role of the proteoglycan—-GAG bridge
is still debated, a large breadth of mouse knockout studies has
implicated decorin and biglycan in regulating tendon and
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— Stress relaxation
— Stress relaxation

— Linear modulus

Biglycan K/O
Biglycan K/O

— Toe modulus, linear modulus

| Failure stress

Murine patellar tendon

Dourte et al., 2013 [78]

T Dynamic modulus

1 Stress relaxation, phase shift

— Linear modulus

Decorin and biglycan K/O

Murine patellar tendon

Robinson et al., 2017 [79]

(-) Indicates that there were no significant differences in the listed properties between control and treatment groups, (1) indicates that the listed properties were significantly increased in the treatment group compared

to the control group, and () indicates that the listed properties were significantly decreased in the treatment group compared to the control group.

ligament’s collagen structure, which is presumed to affect
mechanical properties. Several studies have employed transmis-
sion electron microscopy and observed larger, more irregularly
shaped collagen fibers and fibrils in decorin- or biglycan-null ten-
don and ligament compared to wild type tendon and ligament,
which is expected given that decorin and biglycan prevent lateral
fusion of adjacent fibrils [75,78,79,84,85] (we refer the interested
reader to a recent publication [86] discussing tendon microscopy
for further commentary on transmission electron microscopy,
which has been used extensively to study tendon and ligament
morphology). However, confounding variables render it impossi-
ble to determine how altered fibril diameter in the absence of
decorin and biglycan contributes to the observed mechanical prop-
erties in these studies. Further, the literature continues to disagree
on the role of fibril diameter in governing quasi-static mechanical
properties of fibrous tissues, with varying studies supporting either
a positive [65] or nonexistent [87,88] correlation between fibril
diameter and elastic modulus. A novel computational or in vitro
model that can independently modulate both proteoglycan—-GAG
bridge content and fibril diameter could advance these in vivo
findings by assessing the separate impacts of proteoglycan-
mediated fibril diameter changes and the proteoglycan—-GAG
bridge on mechanical behavior.

Another key uncertainty regarding mouse knockout models is
the potential for compensation by the remaining ECM constitu-
ents. Knockout of one proteoglycan from tendon or ligament
could cause upregulation of other proteoglycans that play a simi-
lar mechanical role, resulting in no discernable differences in
mechanical properties between wild type and knockout tissues.
Some works have highlighted that decorin-null tendons have
increased biglycan expression, which could act as a functional
replacement for the missing decorin [75]. Similarly, biglycan-null
mouse patellar tendons were shown to have increased lumican
expression but no changes in mechanical properties compared to
controls [82]. These changes in ECM “background” protein con-
tent are an unavoidable consequence of mouse knockout studies
that must be taken into consideration when analyzing the findings
of such studies, especially if the proteins that are upregulated in
the absence of a particular proteoglycan are suspected to play a
role in tendon and ligament mechanics. Future mouse knockout
studies should determine whether the levels of background pro-
teins differ in wild type and knockout tissues, which will allow for
a more accurate determination of whether any observed mechani-
cal differences (or lack thereof) are caused by the genetic knock-
out itself or by some compensatory mechanism.

Lumican and Fibromodulin. Lumican and fibromodulin are
additional members of the SLRP family that are similar to decorin
and biglycan but exhibit key differences in GAG binding. Like
decorin and biglycan, lumican and fibromodulin can bind to the
same spot on collagen fibrils, suggesting that they have functional
similarities [89]. They are also not present at the same levels in
healthy animals, as fibromodulin content was shown to be six- to
eightfold higher than lumican content in wild type mouse tail ten-
don [90]. In contrast to decorin and biglycan, fibromodulin prefer-
entially binds to KS, while lumican is believed to exist as a
glycoprotein not bound to any GAGs in musculoskeletal tissues
[91]. However, to the authors’ knowledge, no studies have investi-
gated whether fibromodulin and KS form a proteoglycan-GAG
bridge in tendon or ligament, or whether these proteins contribute
to interfibrillar load transfer. Overall, lumican and fibromodulin
are much less discussed in mechanics literature compared to
decorin and biglycan despite promising evidence that they con-
tribute to tendon and ligament mechanics.

To our knowledge, very few studies have described the
mechanical contributions of lumican and fibromodulin in tendon
and ligament, although those that do present strong evidence that
lumican and fibromodulin are involved in regulating quasi-static
fiber direction mechanical properties. A key study demonstrated
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that lumican- and fibromodulin-null murine FDL tendons had a
49% reduction in fiber direction tensile modulus compared to wild
type tendons [92]. Depletion of fibromodulin alone, but not lumi-
can alone, significantly decreased stiffness and peak load despite
increased levels of lumican in the fibromodulin-null tendon. How-
ever, lumican expression dictated the magnitude of stiffness
reduction in fibromodulin-null tendon. Fibromodulin-null tendons
with normal, heterozygous, and null lumican expression experi-
enced 25%, 45%, and 61% reductions in stiffness, respectively,
independent of cross-sectional area. These data suggest that fibro-
modulin has more mechanical influence than lumican, as lumican
only seemed to have a noticeable mechanical contribution when
fibromodulin was depleted. In addition to this work, one other
study qualitatively described that cruciate ligaments from
fibromodulin-null mice were more likely to exhibit visible signs
of damage or rupture than cruciate ligaments from wild type mice
[93]. This limited pool of data demonstrates that lumican and
fibromodulin have an important yet underappreciated role in ten-
don and ligament mechanics, and it would be of great benefit for
future studies to expand upon the knowledge described here.

Fibromodulin likely contributes to quasi-static fiber direction
mechanical behavior by regulating the collagen structure during
development, while lumican appears to have little, if any, contri-
bution to this process. Svensson et al. previously showed that
fibromodulin-null mouse tail tendon had thinner and less organ-
ized collagen fibrils despite a fourfold increase in lumican content
[90]. Another study similarly demonstrated that fibromodulin-null
and fibromodulin and lumican-null tendons had highly irregular
fibril shapes and an abnormally large quantity of small fibril diam-
eters, whereas lumican-null tendons only had minor fibril irregu-
larities [94]. These two works implicate fibromodulin in
contributing to tendon and ligament mechanics by facilitating lat-
eral fusion of collagen fibrils, although the relationship between
fibril diameter and mechanical properties remains unclear (as dis-
cussed previously). Additionally, while lumican seems to contrib-
ute little to tendon and ligament mechanics on its own, there
appears to be a synergistic effect when both fibromodulin and
lumican are depleted, as fibromodulin and lumican-null tendons
displayed more severe decreases in mechanical properties com-
pared to fibromodulin-null tendons alone.

Aggrecan. Aggrecan is a large proteoglycan known to govern
compression mechanics in tendon and ligament. At the micro-
scale, aggrecan is primarily located within the pericellular matrix
[95]. At the macroscale, numerous works have demonstrated that
aggrecan content is as much as fiftyfold higher in fibrocartilagi-
nous regions of tendon that are mostly loaded in transverse com-
pression compared to midsubstance regions of tendon that are
mostly loaded in fiber direction tension [96-99]. It is well-known
that aggrecan plays a role in compression mechanics by binding to
over 100 GAGs, which attract water and increase compressive
stiffness by resisting fluid flow out of the tissue [100]. While most
research regarding aggrecan is focused on its ability to modulate
fluid flow in articular cartilage, it is reasonable to assume that
aggrecan has the same function in both fibrocartilaginous tendon
and articular cartilage given their structural similarities [101,102].

Some literature has also implicated aggrecan in the tensile
response of tendon and ligament, but the full details of its involve-
ment have yet to be elucidated. Wang et al. previously showed
that aggrecan accumulation in murine FDL and Achilles tendons
resulted in decreased fiber direction tensile material properties
(i.e., modulus, peak stress), but no changes in structural properties
(i.e., stiffness, peak load) [103]. These results were attributed to
increased cross-sectional area, which may have been caused by
upregulation of fibromodulin or biglycan in the presence of
increased aggrecan. Surprisingly, tendons with increased aggrecan
content did not display changes in viscous behavior, which is
unexpected given that tensile viscoelastic properties are at least
partially governed by fluid expulsion [104,105]. This may have
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occurred because aggrecan in the tendon midsubstance has a dif-
ferent globular peptide structure than aggrecan in fibrocartilage
and binds to few, if any, hydrophilic KS side-chains [96]. Overall,
further research is needed to determine how large proteoglycans
such as aggrecan interact with SLRPs to influence fiber direction
tissue mechanics.

Lubricin. As its name suggests, lubricin is a proteoglycan
responsible for lubricating both the interior and exterior of muscu-
loskeletal tissues. It is present in high quantities on the exterior
surfaces of tendons and ligaments, specifically in regions that are
subject to shear and compression, but also exists to a lesser extent
at the interfascicular and interfibrillar levels (Fig. 3(c)) [106,107].
Most literature discussing lubricin focuses on its ability to reduce
friction between articulating joint surfaces as well as between ten-
don and ligament’s exterior surfaces and the surrounding synovial
fluid. Less is known about how lubricin contributes to the
mechanics of tendon and ligament themselves, which is of most
interest for the purposes of this review.

Existing studies that have measured lubricin’s influence on the
tendon interior have exclusively used a lubricin mouse knockout
model. A key study showed that lubricin-null tendons had
increased gliding resistance, defined as the force required to
remove a fascicle from a tendon section by pulling in the fiber
direction, which suggests that lubricin decreases interfascicular
friction [108]. Another study showed that tail fascicles from
lubricin-null mice had decreased fiber direction stress relaxation
but no changes in Young’s modulus with respect to controls
[109]. Because interfibrillar sliding governs fiber direction stress
relaxation (as discussed previously), this study also suggests that
lubricin increases sliding at the fibril level. Similar knockout experi-
ments are needed to confirm that lubricin also facilitates interfibrillar
and interfascicular sliding during nontensile loading, which has not
been directly studied despite lubricin’s large presence in regions of
tendon and ligament that experience shear and compression [49].

Cartilage Oligomeric Matrix Protein

Cartilage oligomeric matrix protein (COMP), also known as
thrombospondin-5, is a pentameric extracellular glycoprotein
located primarily within tendon and ligament fascicles [110].
Each of COMP’s five subunits can bind to collagen fibrils, which
has led some to suggest that COMP must modulate tendon and
ligament mechanical behavior by regulating ECM assembly and
structure [111]. Further, mutations in COMP are associated with
development of pseudoachondroplasia, a disease that typically
results in lax joints, suggesting that COMP is responsible for part
of the mechanical stiffness of tendon and ligament [112].

Indeed, COMP appears to contribute to fiber direction tendon
and ligament mechanics, possibly by regulating and organizing
the collagen structure. A few studies have directly assessed the
mechanical properties and morphology of tendon and ligament
with mutated or missing COMP. One study found that murine
Achilles tendons with mutated COMP had a 64% increase in fail-
ure stress and 37% increase in failure strain, but no changes in
modulus, stiffness, or failure load compared to wild type tendons
[113]. The tendons with mutated COMP had larger fibril diame-
ters and decreased cross-sectional area, which likely contributed
to the observed increase in failure properties. In agreement with
these findings, mutated COMP has been shown to disrupt collagen
fibrillogenesis in vitro [114]. In contrast, Svensson et al. found
that COMP-null murine Achilles and tail tendons had no changes
in fibril organization or diameter compared to wild type tendons
[115]. Because of the differences observed with respect to
COMP-mutated and COMP-null tendons, more work is needed to
determine when and why COMP affects fibril morphology and
how these changes in morphology subsequently alter tendon and
ligament mechanical properties.

A few studies also indirectly indicate some involvement for
COMP in fiber direction tensile mechanics, although these studies
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could not successfully determine that COMP is responsible for
modulating specific mechanical properties. COMP content was
found to be higher in equine and bovine digital flexor tendon, an
energy storing tissue, compared to digital extensor tendon, a posi-
tional tissue, indicating that COMP probably plays some role in
tendon and ligament’s response to tensile loads [116]. In addition,
another study found positive correlations between COMP content
and both ultimate tensile strength and tensile modulus in equine
superficial digital flexor tendons, although this approach is flawed
because other proteins that could influence mechanical properties
cannot be controlled for [111]. One more recent study degraded
COMP and other ECM constituents from rat tail tendon fascicles
using trypsin and found no differences in quasi-static and visco-
elastic mechanical behavior across several length scales, although
the simultaneous depletion of other ECM constituents could mask
the observation of any mechanical contribution from COMP [27].
In total, there is reason to believe that COMP plays a role in ten-
don and ligament mechanics, although only a few studies have
directly tested this hypothesis.

Challenges and Future Directions

We have summarized the existing literature that discusses the
role of several ECM components in governing mature tendon and
ligament mechanical behavior. In particular, this work has
expanded upon previous reviews of the non-collagenous ECM
[18,117-119] by providing in-depth mechanical analysis of ECM
constituents that receive less attention in tendon and ligament
mechanics literature, such as lumican, fibromodulin, aggrecan,
lubricin, and COMP. Our review demonstrates that the mechani-
cal role of the non-collagenous ECM is partially defined, and that
future work is still warranted in order to increase understanding
within the field.

A more complete understanding of the role of the non-collage-
nous ECM in tendon and ligament mechanics is needed in order
to define the complex relationship between ECM content, age,
mechanics, and degeneration. It is well-established that tendon
and ligament mechanics are altered with age [120-123] and dis-
ease [124,125]. Further, changes in non-collagenous ECM compo-
sition have been implicated in the development of tendinopathy in
both young and old populations [126—-129]. However, studies
have typically evaluated enzyme treated or knockout tissues at
one point in time, despite strong evidence that certain ECM con-
stituents such as SLRPs play a differential role in tendon and liga-
ment mechanics throughout development and aging
[75,77,82,94,129]. Additionally, it is unclear as to whether altered
ECM content contributes to disease progression, or is a pheno-
typic change that occurs as a result of disease progression [130].
Better characterization of the mechanical contribution of the ECM
across developmental stages will further elucidate how tendon and
ligament structure dictate both normal and pathological
conditions.

Tissue engineering research can also be advanced by complete
characterization of the role of the non-collagenous ECM in
mechanics. While collagen-based scaffolds and gels are frequently
the focus of functional tissue replacement efforts, constructs that
incorporate natural and biomimetic elastin, decorin, and GAGs
have exhibited more desirable mechanical properties compared to
constructs made only of collagen [131-135]. The decellularized
ECM, including both collagenous and non-collagenous compo-
nents, has also been used as a scaffold for incorporation of tendon
and ligament cells [135]. Therefore, further defining the contribu-
tion of the non-collagenous ECM to mechanical behavior will
enable the creation of tunable tissue engineering constructs whose
mechanical properties accurately replicate those of native tendon
and ligament.

To address remaining knowledge gaps, several emerging areas
of interest are receiving increased attention within the field. First,
as mentioned in our discussion of elastin, the IFM is a new area of
focus with regards to the non-collagenous matrix. In particular,
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the mechanical testing protocol developed by Thorpe et al. [126]
has been used to identify the distinct mechanical functions of the
fascicle, IFM, and whole tissue. The findings stemming from these
methods implicate the IFM in tissue extension and recovery [136],
fatigue resistance [31], aging [44,126], and development [137]. In
addition, the IFM appears to contribute greatly to specialization of
function in energy storing and positional tendons [136,138-140].
While elastin and lubricin are known to exist primarily in the IFM
and contribute to interfascicular sliding [31,108], the apparent
involvement of the IFM in many crucial biological and mechani-
cal phenomena indicates that more research is warranted in order
to determine how other non-collagenous constituents contribute to
IFM mechanics. More specifically, while decorin, biglycan, lumi-
can, and fibromodulin have traditionally been studied with respect
to interfibrillar mechanics, evidence suggests that these SLRPs
may be present within both the intra- and interfascicular matrices
[139], prompting further investigation of their mechanical func-
tions in each region.

Another area of ongoing focus is aimed at investigating the role
of the ECM in fatigue damage prevention and propagation. Cyclic
fatigue loading of tendon is a well-established driver of micro-
structural tissue damage leading to the development of tendinop-
athy [141-144], and recent work also indicates that
microstructural fatigue damage may precede acute ligament inju-
ries [6]. While elastin is widely known for its fatigue resistance
properties [31,43], the role of other non-collagenous ECM constit-
uents in fatigue mechanics is unclear. One study suggested that
GAGs provide fatigue resistance by limiting viscoelastic behavior,
although this hypothesis was not directly evaluated [73]. To the
authors’ knowledge, no other studies have commented on this
topic. Cyclic fatigue loading of tissues deficient in proteoglycans,
GAGs, or other ECM constituents will advance our knowledge in
this area. This work will prove crucial in determining the role of
the non-collagenous ECM in tendon and ligament mechanical
behavior, as well as highlight the important role of these proteins
in homeostasis and disease.

Finally, the lack of evidence clearly supporting a role for the
proteoglycan—GAG bridge in interfascicular load transfer has led
to new theories to explain previous findings in this area. A key
hypothesis suggests that minor collagen constituents facilitate
load transfer and fibril sliding in tendon and ligament. One study
did not observe differences in mechanical properties when most
of the non-collagenous ECM was degraded using trypsin, but did
observe small collagen fibrils forming bridges between larger col-
lagen fibrils, suggesting that interfibrillar load transfer may
actually be facilitated by collagen itself (Fig. 5) [27]. Collagen
branching in developing and mature fibrils and fibers has also
been reported elsewhere [145-147], which lends support to this
theory and could explain why some studies have observed colla-
gen fibers that appear continuous throughout the length of the tis-
sue [146,148]. The mechanical contribution of branching fibrils
can be further assessed by incorporating depletion of branching
fibrils into existing computational models of fibril mechanics
[149], or by characterizing the composition of branching fibrils,
which is currently unknown [27], and developing a depletion or
knockout model to allow for experimental analysis of tissues lack-
ing branching fibrils.

The largest barriers that prevent a full understanding of the rela-
tionship between the tendon and ligament ECM and mechanical
properties are the lack of breadth of enzyme degradation studies
and the limitations of other study methods. While mouse knockout
studies offer the ability to remove almost any component from the
ECM, they may be limited by compensation from background
proteins, as was discussed previously. Inducible mouse knockout
models have made progress in this area by allowing for depletion
of proteins of interest in mature animals, thus eliminating com-
pensation effects during development [79]. However, some
knockout studies can only compare haploinsufficient and wild
type animals because a full knockout creates nonviable animals,
such as in the case of elastin [54]. This limits the amount of the
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Fig. 5 Three-dimensional reconstruction of collagen fibrils in
rat tail tendon fascicles. Images were obtained using serial
block-face scanning electron microscopy to capture cross sec-
tion throughout the fibril length. Small diameter fibrils were
observed to link adjacent to large diameter fibrils. This finding
could explain why many studies have observed interfibrillar
sliding and load transfer even though the non-collagenous
proteoglycan—-GAG bridge may not be implicated in these proc-
esses. Reprinted with permission from Szczesny et al. [27].
Copyright 2017 by Wiley.

component of interest that can be removed from the tissue and
prevents studies from describing the full spectrum of mechanical
changes that occur when the component of interest is mostly or
fully removed. It is also important to acknowledge that differences
in tendon and ligament structure between small animals and
humans may limit the applicability of results from small animal
models; we refer the reader to an interesting publication by Lee
and Elliott for further discussion of this topic [19]. In addition,
indirect methods of assessing a protein’s mechanical role, such as
measuring protein content in regions of tendon or ligament that
experience different types of loading, do not provide any evidence
that the protein of interest directly contributes to observed
mechanical properties. Because of these limitations, in vitro
enzyme degradation studies remain the most viable method of
assessing an ECM constituent’s contribution to mechanical prop-
erties, although these have only been performed with elastase and
chondroitinase to date. The advantages and disadvantages of tech-
niques used to model tendon and ligament function have also been
reviewed elsewhere, with the authors concluding that tissue
explant models optimally mimic the native tissue structure with-
out confounding biological complexity in comparison to in vitro
cell culture and in vivo models [150].

As evidenced, there is a paramount need to identify enzymes
that can degrade ECM components not previously investigated via
enzyme degradation in vitro. Several members of the ADAMTS
(a disintegrin and metalloproteinase with thrombospondin motifs)
enzyme family have been shown to degrade COMP, aggrecan,
and versican in tissues other than tendon and ligament, which
could be a useful starting point for future studies [151]. Further
investigation of the ability of these enzymes to degrade ECM con-
stituents from tendon and ligament with high specificity has the
potential to greatly enhance the methods available for the assess-
ment of tendon and ligament structure—function relationships.

In conclusion, the role of the non-collagenous ECM in tendon
and ligament mechanics is partially understood. While the
mechanical roles of elastin, lumican, fibromodulin, aggrecan, and
lubricin are at least somewhat clear, other constituents such as
decorin, biglycan, and COMP have been implicated in mechanics
with less understanding of actual structure—function relationships.
The roles of decorin, biglycan, and sulfated GAGs remain particu-
larly controversial, as various study methodologies have produced
conflicting results regarding the ability of the proteoglycan—-GAG
bridge to transfer loads between adjacent collagen fibrils. Addi-
tionally, while quasi-static mechanical tests are frequently used to
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define structure—function relationships, more research is needed to
determine which non-collagenous ECM constituents provide ten-
don and ligament with their characteristic viscoelastic responses.
The studies presented here and those that will be conducted in the
future will foster a better understanding of homeostatic and patho-
logic tendon and ligament function, increase knowledge of tendon
and ligament development and aging, and improve tissue regener-
ation and replacement strategies.
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Nomenclature

ACL = anterior cruciate ligament
COMP = cartilage oligomeric matrix protein
CS = chondroitin sulfate
DS = dermatan sulfate
ECM = extracellular matrix
FDL = flexor digitorum longus
GAG = glycosaminoglycan
IFM = interfascicular matrix
K/O = knockout
KS = keratan sulfate
MCL = medial collateral ligament
SLRP = small leucine-rich proteoglycan
SST = supraspinatus tendon
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