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Tendons link muscle to bone and transfer forces necessary for normal movement. Tendon injuries can be
debilitating and their intrinsic healing potential is limited. These challenges have motivated the development of
model systems to study the factors that regulate tendon formation and tendon injury. Recent advances in
understanding of embryonic and postnatal tendon formation have inspired approaches that aimed to mimic key
aspects of tendon development. Model systems have also been developed to explore factors that regulate tendon
injury and healing. We highlight current model systems that explore developmentally inspired cellular, mechanical,
and biochemical factors in tendon formation and tenogenic stem cell differentiation. Next, we discuss in vivo,

in vitro, ex vivo, and computational models of tendon injury that examine how mechanical loading and
biochemical factors contribute to tendon pathologies and healing. These tendon development and injury models
show promise for identifying the factors guiding tendon formation and tendon pathologies, and will ultimately
improve regenerative tissue engineering strategies and clinical outcomes.
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Background
Tendons transfer forces from muscle to bone and are es-
sential for movement. Unfortunately, tendons are fre-
quently injured [1], and their poor healing ability results
in long-term loss of function [2]. Medical interventions,
including surgical and non-surgical treatments, physical
therapy, steroid injections, and anti-inflammatory medi-
cations have limited efficacy, and re-rupture is common
[3]. These poor outcomes motivate the search for alter-
native treatment strategies aimed at preventing tendon
injury, improving regenerative healing, and developing
engineered tendon tissue replacements from stem cells.
A major challenge for developing regenerative ap-
proaches has been a limited understanding of the factors
that regulate tendon formation, injury, and healing.
Normal embryonic and postnatal tendon development
are perfect models of tendon formation, but have been
poorly understood. However, over the past 20 years, sig-
nificant progress has been made in identifying under-
lying cellular, biochemical, and mechanical factors that
regulate tendon formation during early development,
and these important findings have been discussed in
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other recent reviews [4—17]. Using this new information,
developmentally inspired approaches have recapitulated
aspects of embryonic tendon cell differentiation and ten-
don formation in vitro. Here, we first focus on cell and
explant tissue culture and tissue engineered model sys-
tems that have explored the cellular, biochemical and
mechanical aspects of tendon development. In the sec-
ond part of this review, we highlight model systems that
may inform future clinical interventions for adult tendon
injury. Specifically, we discuss in vivo, in vitro, and
ex vivo models of tendon injury. In addition to experi-
mental models, we highlight recent computational
models that explore factors involved in tendon degener-
ation, injury, and healing.

Main text

Models of embryonic and postnatal tendon development
Tendon formation is initiated in early development as
the musculoskeletal and connective tissues differentiate
from embryonic mesoderm [15]. A few specific markers
have been identified to distinguish tenogenesis (differen-
tiation toward the tendon lineage) of progenitor and
stem cells. Scleraxis, a transcription factor, is an early
marker and regulator of tenogenesis [18-21]. Scleraxis
regulates expression of tenomodulin, a late stage
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tenogenic marker [22, 23]. Mohawk is another transcrip-
tion factor and regulator of tendon differentiation and for-
mation [24]. The increased presence of collagen type (Col)
I also indicates tenogenesis [25], but collagen production
alone is not indicative of tenogenic differentiation since it
is a major component of other musculoskeletal tissues
such as bone and skin. However, the development of an
aligned collagen structure and mechanical function can
indicate appropriate tenogenesis and tendon formation.
Taken together, this set of tenogenic markers (scleraxis,
mohawk, tenomodulin, collagen content and organization,
and mechanical properties) has led to advancements in
understanding tendon development. To determine regula-
tors of tenogenesis, in vitro and engineered model systems
have been developed to incorporate the key cellular (cell
organization and environment), biochemical (growth fac-
tors and extracellular matrix), and mechanical (tissue elas-
tic modulus and dynamic loading) cues that are
characteristic of developing tendons (Table 1).

Cellular cues

Embryonic and early stage postnatal tendon is highly
cellular and collagen content is relatively low, compared
to adult tendon [26, 27, 29, 51, 59, 60]. For example, col-
lagen content of Achilles tendons from postnatal day
(P)4 mice is less than 3% of the dry weight [26], and in
1 week old sheep, cells account for nearly 33% of the
tendon volume [59]. High cell density and cell
organization in developing tendons may contribute to
the organized and aligned collagen fibrils found in ma-
ture tendons. Based on scanning electron microscopy
(SEM) imaging of embryonic tendon, it was proposed
that embryonic tendon cell condensation and alignment
of the cell’s plasma membrane channels, where collagen
fibrils may be released into the extracellular space by the
cells, regulate collagen fibril alignment [28]. The cell-cell
junction protein cadherin-11 was demonstrated to play a
role in embryonic tendon cell organization. When
cadherin-11 was knocked down in isolated and cultured
whole chick metatarsal tendons at embryonic day (E)13
using small interfering RNA (siRNA), the cells appeared
to move apart, and plasma membrane channels and col-
lagen fibrils were disrupted [28]. In a different study, ser-
ial block face-SEM was used to visualize cells in
embryonic, neonatal, and postnatal mouse tail tendons
[61]. Throughout development, the number of cells per
unit volume decreased, but direct cell-cell contacts were
maintained [61]. A study in E8 to 11 chick calcaneal ten-
dons showed that the tendon progenitor cells formed an
aligned and organized actin cytoskeleton network that
appeared to be continuous between adjacent cells
(Fig. 1a) [29]. Disrupting the actin cytoskeleton with
blebbistatin in E10 calcaneal tendons decreased tendon
elastic modulus. Similarly, the elastic modulus of
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embryonic tendon cell-seeded alginate gels decreased with
blebbistatin treatment [29]. These findings suggest that
the actin network of embryonic tendon cells contributes
to the mechanical properties of the developing tendon.
Taken together, these developmental studies underscore
the role of tendon progenitor cells in tendon tissue forma-
tion, and suggest that their content and organization are
important considerations in engineered models.

A few in vitro engineered model systems have been
developed to mimic the high cell density of embryonic
and neonatal tendons. A scaffold-free approach used di-
rected cell self-assembly to recapitulate the high cell
density and low collagen content associated with embry-
onic tendon [35]. 3-dimensional (3D) channels were
laser micromachined into agarose gels, which were lined
with a thin coating of fibronectin and seeded with neo-
natal fibroblasts. The channels directed cell self-
assembly into single fibers with high cell density, and an
organized and aligned cell structure [35]. Cells in the fi-
bers contained cadherin-11, the cell-cell junction protein
found in embryonic tendons [28]. In a different study,
uniaxial cyclic tensile loading of the cellular fibers for 1,
3, and 7 days improved tendon fiber formation [34]. The
fibroblasts forming the fibers had aligned and elongated
cell nuclei and actin filaments (Fig. 1b). Scleraxis and
tenomodulin gene expression increased in loaded fibers
on day 1, and tenomodulin increased between day 1 and
7. Interestingly, none of the unloaded control fibers sur-
vived past day 3 [34]. In this model, loading appeared to
counteract the self-generated static tension that arises in
the cellular fibers. It is possible that only the loaded cel-
lular fibers had established enough structure to support
long-term fiber formation. These cell-based, scaffold-free
models offer the advantage of combining high cell dens-
ity with mechanical stimulation, making them a useful
system for investigating key cellular aspects of early ten-
don development in a controlled in vitro environment.

Fibrin gels have also been used as in vitro model sys-
tems to explore what roles cells may be playing in em-
bryonic tendon formation. Cell encapsulated in fibrin
gels, formed from thrombin and fibrinogen crosslinking,
can mimic the soft, 3D structure, and high cell density
representative of embryonic tissues, without introducing
exogenous collagen matrix. E13 chick metatarsal tendon
cells seeded into fibrin gels at ~ 1.5 million cells/mL and
cultured for up to 42 days resulted in tissue constructs
that appeared similar to embryonic tendon, with newly
synthesized collagen fibrils aligned along the axis of ten-
sion [36]. This embryonic-mimicking model system was
then used to explore how contraction by the embryonic
tendon cells may regulate mechanical development.
When actin cytoskeleton-mediated cell contractility was
disrupted for 24 h using cytochalasin D and blebbistatin,
the mechanical properties of the tissue constructs failed to
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Table 1 Summary of developmental tendon models
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Developing Tendon Characteristics

Model Characteristics

Model Outcomes

References

High cell density and low
collagen content
(Ansorge 2011) [26]
(Chaplin 1975) [27]
(Richardson 2007) [28]
(Schiele 2015) [29]

Cell-cell junction proteins
(Cadherin-11 & N-Cadherin)
(Richardson 2007) [28]

TGFB28&3 (Pryce 2009) [21]
(Kuo 2008) [30]

Scleraxis and mohawk
(Schweitzer 2001) [18]
(Liu 2015) [31]

(Otabe 2015) [32]
(Shukunami 2018) [33]

Self-assembled cellular fibers

Embryonic tendon cells in
fibrin gels

Chick tendon explants,
fibroblasts, and mouse MSCs

Mouse embryonic tendon
progenitor cells and
fibroblasts, and MSCs

Mouse MSCs

Human BM-MNCs and MSCs
in fibrin gels

Scleraxis knockdown in
equine embryonic stem cells,
and fetal and adult tendon
cells

Scleraxis knockout in mice,
and scleraxis knockdown in
isolated rat tendon cells

Mohawk knockout in rats via
CRISPR/Cas9

Overexpression of mohawk
and scleraxis in mouse MSCs
and cell sheets

Overexpression of mohawk in
human and mouse bone
marrow-derived MSCs

Overexpression of scleraxis in
human MSCs in a silk-

Upregulated expression of
scleraxis and tenomodulin
with loading; potential for
scaffold-free, cellular self-
assembly for single tendon
fibers

Upregulated tendon genes
and collagen synthesis;
improved tendon formation
in fibrin gel vs collagen gel
models

Possible regulators of early
tendon tissue formation; N-
cadherin and cadherin-11
levels decreased with teno
genic induction

TGF@2 increased scleraxis and
tenomodulin expression

TGFB2 increased scleraxis and
tenomodulin production;
decreased N-cadherin and
cadherin—11 production

TGFB3 increased collagen
fibril synthesis, and
upregulated TGF@3, Col |, and
Smad?2

Decreased expression of Col
I, COMP, and Sox9, and
reduced cell survival in
embryonic stem cells and
fetal tendon cells with
scleraxis knockdown; adult
tendon cells unaffected

Decreased or absent
tenomodulin expression at
P1 in scleraxis ~/~ mice;
tenomodulin expression
reduced to 17% of control by
scleraxis knockdown in rat
tendon cells

Heterotropic mineralization of

Achilles tendons and tendon
hypoplasia in 3 and 4-week-
old rats; increased expression
of Col I, Runx2, Aggrecan,
COMP, and osteopontin in
patellar tendon cells

Increased expression of Col |,
biglycan, Col Ill, Col V, Col
XV, decorin, fibromodulin,
tenascin C, tenomodulin, and
scleraxis via binding to the
TGFB2 promoter

Increased expression of Col |,
tenomodulin, tenascin C,
tenascin XB, scleraxis

Increased expression of
tenogenic genes, cell

Mubyana 2018 [34]
Schiele 2013 [35]

Kalson 2010 [36]
Kapacee 2010 [33]
Yeung 2015 [37]
Breidenbach 2015 [38]

Richardson 2007 [28]
Schiele 2013 [35]
Theodossiou 2019 [39]

Pryce 2009 [21]
Brown 2014 [40]
Brown 2015 [41]
Havis 2014 [42]
Havis 2016 [43]
Chien 2018 [44]

Theodossiou 2019 [39]
Kapacee 2010 [33]

Bavin 2017 [45]

Shukunami 2018 [46]

Suzuki 2016 [47]

Liu 2015 [31]

Otabe 2015 [32]

Chen 2014 [48]
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Table 1 Summary of developmental tendon models (Continued)
Developing Tendon Characteristics Model Characteristics Model Outcomes References

FGF4

(Edom-Vovard 2002) [49]
(Brent 2005) [50]

(Havis 2014) [42]

BMPs

(Lorda-Diez 2014) [38]
(Liu 2015) [31]

(Otabe 2015) [32]

LOX and Mechanical Stimuli
(Marturano 2013) [51]
(Pan 2018) [52]

Lengthening/slow stretching
(Hamburger & Hamilton 1951) [53]

Elastic modulus
(Marturano 2013) [51]

Progressive mineralization of
tendon to bone attachment
(Thomopoulos 2010) [12]

collagen scaffold

Mouse MSCs and chick limb
explants

Mouse embryonic tendon
progenitor cells and MSCs

Chick progenitor mesodermal
cells

Human bone marrow-derived
MSCs

Embryonic chick tendon and
limb explants

Embryonic chick tendon cells
in fibrin gels stretched 2 mm/
day

RGD-functionalized alginate
gels with embryonic-
mimicking elastic modulus

FEA model of cell- and
tissue-level stress
concentrations

alignment, and fibril diameter

Species-specific scleraxis
expression: decreased in
mouse or increased in chick

No changes or decreased
scleraxis expression

Transient gene expression
determines response to BMP
isoforms

BMP-12 increased mohawk,
scleraxis, Col |, tenascin XB,
and decorin expression

Paralysis decreased elastic
modulus and LOX,
hypermotility increased LOX
and elastic modulus, LOX
inhibition decreased elastic
modulus

Increased collagen fibril
diameter, packing volume,
and stiffness

Scleraxis, Col XII, and Col | gene
expression regulated by
elastic modulus

Cell-level stresses much
higher than tissue-level
stresses; higher stresses
may drive enthesis formation

Havis 2014 [42]
Havis 2016 [43]

Brown 2014 [40]
Brown 2015 [41]

Lorda Diez 2014 [54]

Otabe 2015 [32]

Pan 2018 [55]

Kalson 2011 [56]

Marturano 2016 [57]

Liu 2014 [58]

increase, even though collagen production was not altered
[36]. This model implies that development of tissue mech-
anical properties may depend on contractility of the em-
bryonic tendon cells. Taken together, engineered models
have revealed the contributions of cell contractility, the
actin cytoskeleton, and cell-cell junctions to tendon for-
mation. However, the mechanisms by which cells regulate
tendon development remain an ongoing area of study.

Alongside these cell-level contributions, biochemical and
mechanical cues may also guide tenogenesis.

Growth factors and biochemical factors

A number of growth factors have been identified in em-
bryonic tendon development, but transforming growth
factor beta (TGFp) has emerged as a critical tenogenic
regulator. TGFfBs and their receptors (TGEFPR1 and

permission by Mary Ann Liebert, Inc. from Mubyana & Corr 2018 [34]

Fig. 1 Embryonic tendon and a cellular fiber model. a E11 chick calcaneal tendons have high cell density and an organized actin cytoskeleton
network. Actin cytoskeleton (green) and cell nuclei (blue) show actin filaments in embryonic tendon that appear to form a continuous network
between adjacent cells. Scale bar= 10 um. b A self-assembled cellular tendon fiber to mimic the high cell density of embryonic tendon, following
7 days of mechanical loading in vitro. Actin cytoskeleton (red) and cell nuclei (blue) show high cellularity, actin stress fiber organization and
nuclear elongation. Scale bar =100 um. a reprinted with permission by Wiley Periodicals, Inc. from Schiele et al. 2015 [29]. b reprinted with
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TGFPR2) have been found in embryonic chick [62] and
mouse [21] tendon. Chick calcaneal tendons from E13
to 16 were evaluated for TGEP1, 2, 3, TGFPR1 and
TGEPR2 using immunohistochemistry [62]. TGFB2 and
3, and TGEFp receptors were detected at all ages in the
tendon midsubstance, but TGFB1 was not observed. In
embryonic mice, TGFps were found to regulate scleraxis
expression and tendon formation [21]. No tendons
formed in the limbs, trunk, tail, and head of TGFp2 and
TGEP3 double knockout mice at E14.5, even though ten-
don progenitor cells were present, indicating that TGEf
signaling is required for maintenance of the tendon
phenotype [21]. Taken together, TGFfs are critical to
embryonic tendon formation in vivo.

Based on these findings in developing embryos, a
number of studies have explored TGFps in developmen-
tal and tissue engineered in vitro models. Mouse embry-
onic fibroblasts and mouse mesenchymal stem cells
(MSCs) (C3H10T1/2 cells) both increased scleraxis ex-
pression when treated with TGFP2 in culture [21]. In
another study, mouse tendon progenitor cells, isolated
from the limbs and axial skeleton at different ages (E13
to 17, and P7), were treated with either TGFp2, cyclic
tensile loading (1% strain, 0.5Hz), or fibroblast growth
factor (FGF)4, a member of the FGF/ERK/MAPK signal-
ing pathway [40]. TGFB2 treatment enhanced scleraxis
gene expression across all ages in both axial and limb
tendon progenitor cells. When E16.5 tendon progenitor
cells were treated with combinations of TGFP2, FGF4,
and cyclic loading, scleraxis gene expression was upregu-
lated in all treatment groups that included TGEB2 [40].
In a similar study, E14 mouse tendon progenitor cells
were compared directly to adult mouse bone marrow-
derived MSCs [41]. MSCs had increased scleraxis gene
expression with TGFB2 treatment alone, and when
TGEP2 was combined with loading. FGF4 treatment
alone decreased scleraxis [41], even though FGF4 had
been identified in early stage embryonic mouse and
chick tendon development [49, 50]. As before, scleraxis
gene expression by embryonic tendon progenitor cells
was upregulated in all treatment groups that included
TGEB2 [41].

To further assess the ability of TGFB2 and FGF4 to
drive tenogenesis, E3—4 chick forelimbs were grafted
with beads containing FGF4, TGFP2, FGF4 with a
Smad2/3 inhibitor (SIS3), or TGFB2 with a FGF/ERK/
MAPK inhibitor (PD184352) [43]. Both FGF4 and
TGEP2 treatment increased scleraxis expression, and the
Smad 2/3 and FGF/ERK/MAPK pathways regulated
tenogenesis independently, as neither inhibitor downreg-
ulated scleraxis expression. When evaluated in chick and
mouse limb explant cultures, FGF4 upregulated scleraxis
expression in chick limbs, but downregulated scleraxis
in E9.5 mouse limbs. TGFP2 upregulated scleraxis in
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both animal models [43]. With scleraxis, tenomodulin
was also upregulated in chick forelimb explants from
E6.5 and 7.5 treated with TGFB2 and FGF4. Addition-
ally, E5.5, 6.5, and 7.5 chick limbs paralyzed during ex-
plant culture using decamethonium bromide (rigid
paralysis) and pancuronium bromide (flaccid paralysis)
had downregulated expression of scleraxis and tenomo-
dulin [43]. FGF4 restored scleraxis expression in para-
lyzed chick limbs [43]. FGF4 was not tenogenic for
mouse limb cells, where it inhibited scleraxis expression
[43], in agreement with other in vitro models [40]. In
the absence of FGF4, TGFB2 was sufficient to maintain
scleraxis and tenomodulin expression in immobilized
chick limbs [43]. Taken together, these studies suggest
variations in TGFP and FGF signaling during embryonic
tendon development between species, with only TGFp2
able to induce tenogenesis in both mouse and chick.
These results also indicate that TGFB2 and FGF4 signal-
ing may be initiated by mechanical stimuli from muscle
contractions, to induce and maintain tenogenesis.
TGEFB2 was also used to explore tenogenic differenti-
ation in mouse MSCs [42]. TGEP2 treatment upregu-
lated tenogenic genes via the Smad2/3 pathway, as a
Smad 2/3 inhibitor (SIS3) eliminated TGEFP2-induced
scleraxis expression [42]. In the same study, chemically
blocking TGEp receptors prevented tenogenic gene up-
regulation. A transcriptomic analysis of developing E11.5
to 14 tendons showed upregulation of several FGF li-
gands during differentiation, but downregulation of
MAPK signaling [42]. The role of FGF signaling was
then assessed in mouse limb explants [42]. A FGF/ERK/
MAPK inhibitor (PD184352) activated scleraxis expres-
sion in explants from E9.5 or later, while activation of
the FGF pathway downregulated scleraxis, consistent
with prior studies [40]. Taken together, the results of
these in vitro mouse and chick models suggest multiple
growth factor-mediated pathways through which tendon
development is initiated, modulated, and maintained,
but highlight the pro-tenogenic impacts of TGFp2.
Genetically manipulated cells have been utilized in
other in vitro models of tendon development to investi-
gate the role of Smad signaling in TGFp2-induced teno-
genesis. In addition to Smad2/3, TGFp may drive
differentiation of tendon and cartilage through Smad4
[63]. To explore Smad4 in tenogenesis, 3D fibrin gels
were seeded with mouse embryonic fibroblasts modified
by adenovirus-Cre-mediated floxing to knockout Smad4
[44]. Smad4 knockout cells still showed enhanced teno-
genic differentiation with TGEP2 treatment, but without
TGFB2-induced proliferation [44], suggesting that regu-
lators of tendon cell proliferation are important to con-
sider. While scleraxis expression remained higher in
Smad4 knockout cells treated with TGEB2 than wild
type controls, untreated Smad4 knockout cells stained
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more strongly for glycosaminoglycans (GAGs), suggest-
ing potential chondrogenic differentiation [44]. This
in vitro developmental model demonstrated the role of
TGFB2 and Smad4 in regulating tenogenesis.

Tenogenic induction via TGFB2 was also explored in
mouse MSCs over 21 days in vitro. TGF2 treated cells
showed fibroblastic morphology and enhanced prolifera-
tion, while protein levels of scleraxis increased at day 14
and 21, and tenomodulin increased at day 21 [39]. Cell-
cell junction protein levels of N-cadherin and cadherin-
11 decreased at all timepoints, and connexin 43 in-
creased before trending downwards [39]. This study fur-
ther showed that TGFB2 may be useful in tenogenic
induction of MSCs, and that cell-cell junctions found in
embryonic tendon (cadherin-11, N-cadherin, and
connexin-43) [28, 64], may also be regulated during
tenogenesis.

While TGFB2 appears to regulate tenogenesis, recent
work has focused on identifying regulators of TGEFp2.
Mohawk was found to bind to the TGFB2 promoter, in-
dicating mohawk directly influences TGF2 gene expres-
sion [31]. Overexpression of mohawk in cell sheets
cultured from mouse MSCs increased gene expression
of scleraxis, tenomodulin, biglycan, decorin, fibromodu-
lin, tenascin C, and Col I, III, V, and XIV [31]. Ectopic
expression of mohawk and scleraxis both individually
decreased the osteogenic and adipogenic potential, as
well as the self-renewal capacity of MSCs, while neither
transcription factor affected the chondrogenic capacity
of the cells [31]. Finally, mohawk was found to more ef-
ficiently promote tenogenesis compared to scleraxis ec-
topic expression, as ectopic mohawk expression resulted
in a higher upregulation of fibromodulin, tenomodulin,
and Col L, III, and V, as well as larger Col I fibril diame-
ters within the cell sheets [31]. In a different study, mo-
hawk overexpression in human bone marrow-derived
MSCs upregulated expression of tenomodulin, tenascin
C, tenascin XB, and Col I after 7 days, compared to con-
trols [32]. Early growth response (EGR) 1, a recently
identified tenogenic transcription factor [25], has also
been explored as a potential regulator of TGFB2. How-
ever, despite evidence that mohawk directly drives
TGEFP2 expression [31], overexpression of both mohawk
and scleraxis in vitro failed to increase expression of
EGRI and 2 [32], indicating another mechanism may be
responsible for TGFP2 regulation via EGRs. Collectively,
mohawk appears to influence tenogenesis alongside
scleraxis, and acts via TGFP2 signaling, though add-
itional studies are needed to determine how TGEP2 is
regulated during tendon development.

The role of mohawk in tenogenic differentiation was
further demonstrated in vivo. Mohawk knockout rats gen-
erated via CRISPR/Cas 9 gene editing showed heterotopic
ossification of the Achilles tendon at birth, and at 3 and 4
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weeks of age [47]. This is an interesting finding, especially
considering that heterotopic mineralization is frequently
observed in human tendinopathies [65]. Furthermore, mo-
hawk knockout rats had systemic hypoplasia of tendons,
similar to mohawk knockout mice [24]. Cells derived from
the patellar tendons of 3 week old Mohawk knockout rats
had upregulation of chondrogenic and osteogenic genes,
compared to cells from 3 week old mohawk */* rats [47].
In the same study, overexpression of mohawk via retro-
viral transduction of patellar tendon-derived cells from
the knockout rats suppressed chondrogenic, osteogenic,
and adipogenic differentiation, consistent with similar
findings in mouse.

Overexpression and knockdown of scleraxis have also
been used to explore tenogenesis. Overexpression of
scleraxis in human embryonic stem cell-derived MSCs
seeded onto knitted silk-collagen scaffolds increased
tenogenic gene expression, cell alignment, and collagen
fibril diameter, compared to control cells [48]. Disrup-
tion of scleraxis negatively impacts tenogenesis.
Scleraxis-null mice have tendon hypoplasia, complete
loss of some tendons, and diminished tenomodulin ex-
pression [18, 20, 46]. Tendon cells isolated from P7 and
P14 rats and treated with siRNA to knockdown scleraxis
had tenomodulin expression that was reduced to 17% of
the expression levels in control cells [46]. Another study
knocked down scleraxis expression in equine embryonic
stem cells, and adult and fetal tendon cells [45]. Scleraxis
knockdown in fetal tendon cells significantly reduced
Col 1, cartilage oligomeric matrix protein (COMP) and
Sox9 (a cartilage marker) gene expression, and reduced
cell survival and tissue formation in 3D culture [45].
Interestingly, adult tendon cells were not affected by
scleraxis knockdown. Overall, scleraxis appears neces-
sary to maintain tenogenic differentiation, possibly
through regulation of tenomodulin. Since tenogenesis is
mediated at least in part by TGFf2, the relationship be-
tween scleraxis, mohawk, TGFp2, and tenomodulin re-
quires further investigation.

TGEP3 treatment and cell type were explored in an
embryonic-like tendon formation model in vitro using
human bone marrow-derived MSCs and bone marrow-
derived mononuclear cells (BM-MNCs) [33]. Only MSCs
produced embryonic tendon-mimicking collagen fibrils
and fibropositors (cell structures that assemble fibrils)
when cultured in fibrin gels under static tension for 7
days. TGEB3, Col I, and Smad2 were upregulated in
MSCs, and MSC contractility was prevented when
treated with a Smad2 inhibitor (SB431542). TGEFf33
treatment increased collagen fibril synthesis, and upreg-
ulated TGEP3, Col I, and Smad2 in MSCs and BM-
MNCs, illustrating a potential role for TGEP3 in aug-
menting the tenogenic potential of human stem cells. In
other studies, TGFB3 is chondrogenic [66], but these
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results suggest the tenogenic or chondrogenic effects of
TGEP3 may depend on factors such as cell type, tension
generated by cell contractility, or characteristics of the
engineered matrix.

Other growth factors have been explored in model sys-
tems of tendon development in vitro. Bone morpho-
genetic proteins (BMPs), members of the TGFp family,
are involved in musculoskeletal tissue and tendon devel-
opment [67, 68-71] and induce tenogenic differenti-
ation. Human bone marrow-derived MSCs treated for 5
days with BMP-12 increased expression of mohawk,
scleraxis, Col I, tenascin XB, and decorin, compared to
control cells, but tenomodulin levels were not impacted
[32]. BMP-12 was also found to increase tenogenic gene
expression in adipose-derived [72] and bone marrow-
derived [32, 73] stem cells, making BMP-12 useful for
inducing tenogenesis across multiple cell lines.

The role of other BMP isoforms in limb development
was examined via in situ hybridization of chick limb
autopods from E6.5 and E8, and in vitro micromass cul-
ture of E4.5 chick progenitor mesodermal cells isolated
from limb buds [54]. Cells in micromass culture were
treated throughout 12 days with exogenous BMP-2, 4, 5,
and 7, as well as growth and differentiation factor
(GDF)-5. In 2-day cell cultures treated with BMP-2 for
6 h, and in 4-day cell cultures treated with BMP-2 for 6
h, scleraxis expression was downregulated. Inhibition of
BMP-2 upregulated scleraxis in 2-day cultures, but sur-
prisingly, scleraxis was downregulated in 4-day cultures
treated with a BMP inhibitor (AB204). These findings
indicate that the cellular response to available BMPs de-
pends on transient gene expression occurring in the tar-
get cells at the time of BMP signaling, and can vary
based on culture day [54]. Understanding the variable
cell responses to the same signaling pathway during dif-
ferentiation provides new opportunities for understand-
ing the spatiotemporal regulation of tenogenesis.

In addition to growth factors, several in vitro models
have examined potential biochemical contributions of
the extracellular matrix (ECM) during tenogenesis [74].
When E14 chick metatarsal tendon cells were cultured
in fibrin or collagen gels, the gene expression profiles of
cells in fibrin were most similar to native embryonic ten-
dons, whereas cells in collagen gels had expression pro-
files more similar to cells in 2D culture, with an overall
reduction in mechanotransduction-associated gene ex-
pression [37]. In addition to an ellipsoid cell morphology
and parallel alignment, cells in fibrin constructs secreted
their own de novo collagen matrix, which occurs in nor-
mal development [37]. Similarly, tendon and ligament
progenitor cells from E17.5 scleraxis-GFP mice displayed
increased collagen alignment and linear region elastic
modulus when seeded in fibrin gels, compared to colla-
gen gels. Cells in fibrin gels also had increased scleraxis,
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tenascin C, and fibromodulin expression after 14 days in
culture [38]. Based on these studies, embryonic tendon
may be better represented by in vitro models that in-
corporate minimal collagen matrix, which mimics the
low collagen content found in developing tendons [26,
51].

Embryonic tendon cells produce matrix metallopro-
teinases (MMPs), enzymes that can degrade collagen
and other proteins that may regulate the cell’s local bio-
chemical environment. MMP-2, membrane type (MT)1-
MMP, and MT3-MMP are present within tendon during
embryonic development [75-77], and these MMPs may
play a role in tendon tissue formation. Based on its pres-
ence in embryonic tendon, MT1-MMP was explored in
an in vivo rat rotator cuff injury model [78]. Fibrin glue
seeded with bone marrow-derived MSCs genetically ma-
nipulated to overexpress MT1-MMP was injected into a
supraspinatus tendon injury. Tendons repaired with
MT1-MMP overexpressing MSCs had improved mech-
anical properties and more fibrocartilage at 4 weeks
post-injury, compared to control MSCs, suggesting that
MT1-MMP augmented the healing process [78]. Based
on these findings, MMPs deserve further study in
models of tendon formation.

Overall, model systems have applied growth factors
and biochemical cues identified in embryonic tendon de-
velopment to influence tendon formation in vitro.
TGEP2 has been increasingly explored, as it appears to
induce tenogenesis across a range of in vitro systems.
Future model systems need to identify how TGEFp2 is
produced and controlled to direct tendon formation. In-
teractions between biochemical cues (ECM and growth
factors) are complex and may vary based on the cell type
and species used, the timing and concentration of each
biochemical cue, and the presence of mechanical load-
ing. Such interactions need to be further explored in iso-
lation and combination.

Mechanical factors

Elastic modulus

Elastic modulus, the measure of a material’s resistance
to elastic (i.e., non-permanent) deformation, is a factor
that may guide stem cell differentiation [79, 80], and a
few studies have measured the elastic moduli of embry-
onic tendons. Tensile testing showed that elastic moduli
of E13 to 18 chick tendons range from approximately
200 kPa to over 20 MPa [36, 81, 56]. Nanoscale and mi-
croscale elastic moduli of chick calcaneal tendons from
E5.5 to 17, measured by force volume-atomic force mi-
croscopy, increase nonlinearly from 7 to 21kPa, and
from 5 to 108 kPa, respectively [51]. These increases in
elastic modulus occur simultaneously with differenti-
ation of tendon progenitor cells, and may be an



Theodossiou and Schiele BMC Biomedical Engineering (2019) 1:32

important tenogenic factor that several model systems
have explored.

To identify the impact of elastic modulus on tenogen-
esis, alginate hydrogels were designed to mimic the elas-
tic modulus of embryonic tendon at specific
developmental stages [57]. Alginate hydrogels function-
alized with arginyl-glycyl-aspartic acid (RGD), to enable
cell attachment, were tuned using a combination of al-
ginate concentration and calcium crosslinking density to
have nanoscale elastic moduli from 3.4 to 20.1kPa,
representing the nanoscale elastic moduli of embryonic
chick tendon from prior to E5.5 and up to E17 [57].
Tendon progenitor cells isolated from E11 chick calca-
neal tendons were encapsulated in the 3D alginate
hydrogels and cultured for 7 days in vitro. Scleraxis and
Col XII gene expression increased at the highest elastic
modulus (representing late stage embryonic tendon). Col
I expression was downregulated at elastic moduli repre-
senting middle and later embryonic stages, whereas
tenomodulin and Col III were not affected by elastic
modulus [57]. This model suggests that embryonic ten-
don mechanical properties impact tenogenic markers,
but additional factors may be needed, as late stage ten-
don markers (tenomodulin) were not affected. It is also
possible that embryonic magnitudes of elastic moduli
are not fully representative of the tenogenic environ-
ment. Tendon formation continues throughout postnatal
development with increases in differentiation markers
[82], collagen content, and mechanical properties [26,
59]. For example, linear region elastic modulus of post-
natal mouse Achilles tendon increases from approxi-
mately 87 MPa at P4 to 544 MPa at P28, and toe region
elastic modulus increases from 25 MPa to 72 MPa [26].
Elastic modulus of postnatal tendon can serve as a tem-
plate for models aiming to mimic the complete develop-
ing tendon environment. As the stress-strain
relationship in tendon is non-linear [83], the elastic
modulus (e.g., toe region or linear) that impacts teno-
genesis needs to be explored. Furthermore, tendon ma-
terial properties can be evaluated at nano- and
microscales (e.g., atomic force microscopy) or bulk scale
(e.g., uniaxial tensile test), but how each scale impacts
cells is unknown and challenging to uncouple. Model
systems exploring the effects of bulk and cell-level ma-
terial properties on tenogenesis are needed.

Static and dynamic tensile loading

Mechanical loading is a critical factor in tendon develop-
ment, and has been highlighted in recent reviews [4, 15,
17]. In the developing embryo, quasi-static or static
loading may result from limb lengthening or the con-
tractile forces generated by the tendon cells themselves,
while dynamic loading results from skeletal muscle con-
tractions. In vitro bioreactor systems have been
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developed to apply mechanical stimuli [44, 84-86], with
loading enhancing tenogenic markers [87-89], collagen
production [30], and mechanical properties [36, 90-92]
of engineered tissues. Here, we discuss developmentally
mimicking tendon models that investigate the effects of
static and dynamic loading.

Tendon cells isolated from adult human semitendino-
sus and gracilis tendons and cultured in fibrin gels under
self-generated static tension produced embryonic-like
tendon tissue, with increased collagen fibrillogenesis and
deposition of aligned collagen fibrils [30]. After 10 days
of culture, force-displacement curves displayed the char-
acteristic toe and linear regions of tendon [30]. The cells
produced Col I, III, XII, and XIV, fibronectin, integrin
a5, and small-diameter collagen fibrils and fibropositors,
all components found in embryonic tendon [30]. With
the right environment and self-generated static tension,
adult tendon cells may behave as embryonic tendon
cells, and develop an embryonic tendon-like tissue.
However, in a different study, fibrin gel contraction by
embryonic tendon cells occurred at a faster rate than
adult tendon cells [36]. While adult tendon cells may
form embryonic-like tissues in vitro, the ability for em-
bryonic tendon cells to rapidly modify their microenvir-
onment by contraction may result in functionally
distinct tissues and should be considered when evaluat-
ing cell types for in vitro developmental models.

Slow stretching has been explored in a model of ten-
don formation, based on the observed increase in limb
length during development [93]. Specifically, lengthening
of the third metatarsal in chick from E10 to 14 was pro-
posed to stretch the developing metatarsal tendon. To
mimic this, a slow continuous stretch was applied to em-
bryonic chick metatarsal tendon cells seeded in fibrin
gels [56]. Slow stretching (2 mm/day over 4 days to
double the construct length from 8 to 16 mm) increased
collagen fibril diameter, fibril packing volume, and stiff-
ness, all characteristics of more mature tendon (Fig. 2)
[56]. Unstretched controls resembled early stage embry-
onic tendon. Extrinsic stretch can be effectively applied
to mimic in vivo stretch experienced by the developing
tendon, but the appropriate magnitudes and timing for
each tendon need further characterization.

Dynamic movement in the embryo is facilitated by de-
veloping muscles, whose concomitant development
alongside tendons provides both mechanical and bio-
chemical cues that drive tenogenic differentiation. Pax3
knockout mice (Pax3%PY5P4) which lack skeletal muscle,
show that tenogenesis is initiated even in the absence of
normal myogenesis [94]. However, while initial teno-
genic induction is independent of muscles, tendons are
unable to elongate and are subsequently lost by E13.5 in
Pax3°PYSPdmyscle-less mice [94], similar to prior studies
in muscle-less chick limbs [49, 53, 95]. When muscles
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Fig. 2 Stretch influences collagen fibril formation in an embryonic tendon model. Transmission electron microscopy images of fibrin gel tendon
constructs seeded with embryonic chick metatarsal tendon cells at day 0 (T0), and after 4 days (T4) with and without stretching. Slow stretching
(2 mm/day) increased collagen organization and collagen fibril packing volume in this in vitro model of embryonic tendon formation. Scale bar =
250 nm. Figure reprinted with permission by Wiley Periodicals, Inc. from Kalson et al. 2011 [56]

were intact, but genetically altered via a muscular dys-
genesis (mdg) mutation to limit movement, tendon pro-
genitors in the embryonic mouse forelimb were
maintained at E12.5 [94]. However, tendons from mdg
mice at E16.5 were smaller than in wild-type mice,
though they were not diminished to the same extent as
tendons from Pax3%PY*Pdmuscle-less mice [94]. While
muscles may not be required for tenogenic induction,
several previous studies suggest that muscles and subse-
quent mechanical stimuli are needed for continued ten-
don development [49, 53, 55, 94, 95]. This was further
demonstrated in a chick model. Chick embryos sub-
jected to systemic rigid paralysis (using decamethonium
bromide) for 48 h had reduced calcaneal tendon elastic
modulus at E17, whereas hypermotility (using 4-
aminopyridine) increased elastic modulus [55]. Lysyl oxi-
dase (LOX), an enzyme involved in collagen crosslinking
and embryonic tendon mechanical property develop-
ment [96], was also assessed in calcaneal tendons in em-
bryos and limb explant cultures from paralyzed and
hypermotile chicks at E19 [55]. In embryos, paralysis re-
duced LOX activity, and when LOX was inhibited,
hypermotility no longer increased elastic modulus. Over-
all, embryonic movements may regulate the formation of
tendon mechanical properties through LOX-mediated
collagen crosslinking. Based on these studies, in vitro
models exploring mechanical loading may consider
LOX-mediated mechanisms of tissue formation. Further-
more, exogenously applied LOX increased ultimate ten-
sile strength and modulus in an engineered tissue model
[97], suggesting that LOX can be successfully used to
enhance tissue mechanical properties in vitro.

In vitro, cyclic loading representing contracting mus-
cles during development has the potential to impact
tenogenesis. For example, cyclic loading of mouse MSCs
seeded in collagen gels increased scleraxis and Col I
gene expression, over static controls [88]. Scleraxis also
increased as a function of strain magnitude and number
of loading repetitions. Similarly, cyclic loading enhanced

tendon tissue formation and tendon gene expression in
self-assembly models that captured embryonic tendon
cellular cues [34, 35]. However, appropriate levels of
loading (e.g., strain magnitude, frequency, rate, duration,
etc.) for tendon formation are still unknown. The
in vitro models reviewed here may be employed to de-
termine these loading parameters in bioreactor systems
isolated from other confounding factors associated with
in vivo models. Determining the timing, intensity, and
duration of tenogenic mechanical stimuli is a challenge
for tendon tissue engineering, and will require additional
in vivo and in vitro studies.

To explore mechanical loading parameters, computa-
tional models may be a good alterative, but have only
been used for evaluating enthesis formation. The
enthesis is a progressively mineralized fibrocartilage
interfacial tissue that extends from the tendon to the
bone insertion and is impacted by loading [11, 12, 52,
98]. A computational model of mineralization during
enthesis formation was developed based on histological
data from mice at P7, 10, 14, 28, and 56 [58]. The
mineralization gradient was predicted to be driven by
cell-level stress rather than tissue-level stress, which may
allow for relatively small tissue-level stresses to drive
mineralization via the larger effect exerted on individual
cells [58]. Cell-level local stresses predicted by the model
at early time points almost reached adult physiological
levels, likely stimulating mineralization [58]. The devel-
opment of this complex interface tissue has been ex-
plored in vivo [99, 100, 101], but future engineered
systems and computational models may be useful for
understanding the mechanical and biochemical factors
involved in enthesis and tendon formation.

Models of adult tendon injury

Adult tendon contains a dense network of aligned and
continuous collagen fibrils that are responsible for force
transmission [102, 103]. Unfortunately, the incidence of
tendon ruptures is increasing [1, 104, 105], and tendon
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heals as disorganized scar tissue that does not regain
mechanical function [2, 106]. A major challenge has
been a limited understanding of the numerous factors
that influence tendon injury (e.g., tendinopathy and
ruptures) and healing. Model systems and computa-
tional models have been developed to explore impacts
of mechanical loading, biochemical factors, and in-
flammatory cytokines on adult tendon injury and
healing (Table 2).

Mechanical loading

Overuse injury Adult tendon injury may be influenced
by mechanical loading [128, 141-143]. Models to ex-
plore overuse injury have induced uphill and downhill
treadmill running in animal models. Adult rats running
on a 10° incline treadmill (1 h/day, 5 days/week) over 12
weeks had no observable Achilles tendon damage, com-
pared to controls [110]. Elastic modulus and the ratio of
failure stress to body weight increased in Achilles ten-
dons from the running group. Running upregulated ex-
pression of Col III and insulin-like growth factor (IGF)-I,
but downregulated TGFP1, connective tissue growth fac-
tor (CTGF), and ECM components fibromodulin and
biglycan, with no impact on Col I. Notably, these gene
expression profiles are not observed in human tendino-
pathies [144]. The increased mechanical properties
coupled with these changes suggest that tendons
adapted to increased mechanical stimuli and exercise
may maintain or improve tendon health, but this did not
produce an overuse injury model [110]. These results
were consistent with a study that found no histological
evidence of tendon injury with uphill running in rats
[111]. In contrast, downhill running on a 10° decline (17
m/min, 1h/day, 5days/week) for 4, 8, or 16 weeks in-
duced an overuse injury in the supraspinatus tendon of
the rotator cuff in adult rats [107]. Compared to unexer-
cised controls, downhill running increased cellularity
and rounded cell-shape, and decreased collagen fiber
alignment, cross-sectional area, maximum stress, and
elastic modulus [107]. In a follow-up study, 2 and 4
weeks of downhill running increased cartilage-
associated gene expression for Col II, aggrecan, and
Sox9 in the rat supraspinatus tendon, compared to
nonrunning controls [108]. These rat models of ten-
don overuse demonstrate that some tendons can
adapt to mechanical loading, while others display
pathology, suggesting that specific tendons are more
prone to overuse injuries, an important consideration
for selecting an appropriate model system.

A potential limitation of rat models in overuse tendon
injury is the difference in locomotion between bipedal
humans and quadrupedal rats. To address this, a custom
treadmill was used to allow adult rats to run downhill
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bipedally on a 20° decline (1 h/day, 7 days/week) for 8
weeks. Achilles tendons of the running group had in-
creased cell proliferation, a more ovoid cell morphology,
and less organized ECM, with localized disintegration of
collagen bundles. Bipedal running also reduced stiffness
and ultimate tensile strength, compared to controls
[109]. Achilles tendons did not appear to adapt to the
increased loading demands with this magnitude of bi-
pedal running, but appeared pathogenic, making this a
potentially good model of Achilles tendon overuse in-
jury. However, bipedal running in a normally quadru-
pedal animal may be a confounding factor. Model
systems to mimic human adaption or overuse injuries in
tendon are needed, and also must consider other poten-
tial factors including age, gender, systemic inflammation,
co-morbidities, prior injuries, and lifestyle. Specific load-
ing parameters such as duration and intensity also need
to be explored, as studies in human Achilles tendon
show adaption as a function of strain magnitude during
loading [145, 146].

Ex vivo models have examined damage in tendons
resulting from repetitive loading. Fatigue damage in iso-
lated adult rat flexor digitorum longus tendons was
assessed at low (6.0-7.0%), moderate (8.5-9.5%), and
high (11.0-12.0%) peak levels of clamp-to-clamp tensile
strain [130]. Samples were cycled between 1 and 16 N at
0.75 Hz until the desired strain magnitude was reached.
Stiffness decreased and hysteresis increased, but only at
high strain. Low strain led to isolated collagen fiber
damage, but as strain increased, fiber dissociation and
localized rupture were observed, and damaged fiber
areas increased. This model expanded the range of
strains that must be considered when assessing tendon
damage, but used a relatively high strain magnitude
(12%), which may account for the differences observed
between strain magnitudes. Interleukin (IL)-1B, an in-
flammatory cytokine, and MMP-13 may also be im-
pacted by strain magnitude applied to tendon [147].
Adult female rat patellar tendons were cyclically loaded
in vivo between 1 and 35N at 1 Hz until reaching 0.6%
or 1.7% strain. Following 1 and 3 days of recovery, ten-
dons elongated to 1.7% displayed microstructural dam-
age and upregulated expression of MMP-13 and IL-1f,
compared to the 0.6% group, which downregulated ex-
pression of both MMP-13 and IL-1f [147].

Other ex vivo models applied mechanical loading to
isolated tendons and tendon fascicles. Equine superficial
digital flexor tendon fascicles cyclically loaded from 2 to
12% uniaxial strain for 1800 cycles had increased levels
of inflammatory mediators, IL-6 and cyclooxygenase 2
(COX2) [132]. Collagen degradation markers, C1 and
C2, and MMP-13 activity were also increased, and cells
appeared rounder and less elongated. Although these
markers of tendon damage were increased, overall levels
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Injured Tendon Characteristics

Model Characteristics

Model Outcomes

References

Overuse injury

Transection/Acute injury

IL-1B treatment

Genetic knockouts

Downhill running in rats

Bipedal downhill running in rats

Uphill running in rats

Neonatal and adult mouse Achilles tendons

Mouse supraspinatus tendons with full and
partial transections

Rat Achilles tendon partial transection
repaired with scaffolds

Mouse Achilles tendon full transections
repaired with MSC sheets overexpressing mohawk

Canine digital flexor tendons

E15 and P7 mouse tendon cells treated
with IL-18

Human patellar tendon fibroblasts treated with IL-1(3
and strain

Adult and fetal equine tendon cells, and
equine embryonic stem cells treated
with IL-13

Tenomodulin knockout mice with
transected and repaired Achilles tendons

GDF-5 knockout mice subjected to Achilles
tendon injury

Decorin-null and biglycan-null mice
subjected to full thickness, partial width
patellar tendon injury in adult and aged
groups

Induced overuse injury in the
supraspinatus

Reduced stiffness and tensile
strength; localized
disintegration of collagen
bundles

Achilles tendons adapted to
loading; no observable
pathology

Regeneration observed in
neonates, but not adults

Different cell populations
involved in healing of full
versus partial injury; distinct
cell lineages participate in
healing response

Cells in scaffolds expressed
mohawk during repair

Mohawk-overexpressing MSC
sheets resulted in increased
collagen fibril diameter,
visible crimp, increased
stiffness, elastic modulus,
maximum force and stress,
and energy absorbed

Following injury, IL-13
upregulated 4000-fold, MMP-
13 upregulated 24,000-fold

Higher expression of IL-6,
TNFa, COX2, MMP-3 and
MMP-13 in P7 compared to
E15

IL-18 and 8% strain
upregulated MMP-1, COX2,
and PGE2; IL-13 and 4% strain
downregulated expression of
MMP-1, COX2, and PGE2
compared to 8% strain

Adult and fetal tendon cells
upregulated MMP-1, =2, =3,
-8, =9, and — 13, tenascin-C,
Sox9, and downregulated
scleraxis and COMP,
compared to embryonic
stem cells

Downregulation of Col |,
tenascin-C, thrombospondin
2, and TGF{1; upregulation of
scleraxis, COMP, and proteo
glycan 4

Delayed healing and
increased adipocytes in
knockouts

Smaller diameter collagen
fibrils, decreased cell density,
and altered cell shape and
collagen alignment in
knockouts; biglycan

influenced early healing,
decorin influenced late healing

Soslowsky 2000 [107]
Archaumbault 2006
[108]

Ng 2011 [109]

Heinemeier
2012 [110]
Dirks 2013 [111]

Howell 2017 [112]

Moser 2018 [113]
Yoshida 2016 [114]

Otabe 2015 [32]

Liu 2015 [31]

Manning 2014 [115]

Li 2019 [116]

Yang 2005 [117]

McClellan 2019 [118]

Lin 2017 [119]

Chhabra 2003 [120]

Dunkman
2014 [121]
Dunkman 2014 [122]
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Injured Tendon Characteristics

Model Characteristics

Model Outcomes

References

Chronic Injury/Induced
Tendinopathy

Ex vivo Loading

Computational models

Transection or Botox-unloading of
rat Achilles tendon

Immediate or delayed repair of
rat rotator cuff injury

TGFB1 injection to rat Achilles

Collagenase injection in rat
Achilles tendon

Carrageenan injection in rat patellar
tendon; treatment with IL-1
receptor antagonist

Stress deprivation in rat tail tendons

Stress deprivation in rat tail tendons

Fatigue loading of rat flexor digitorum
longus tendon loaded at low (6.0-7.0%),
moderate (8.5-9.5%), and high (11.0-12.0%)
tensile strain

Equine flexor and extensor tendon cells
subjected to 10% biaxial cyclic loading

Equine superficial digital flexor tendon
fascicles cyclically loaded from 2-12%
uniaxial strain and 1800 cycles

Bovine deep digital flexor tendons cyclically
loaded from 1 to 10% strain

Mouse patellar tendon cells isolated from 3-
week old mohawk knockouts and subjected
to 4% cyclic tensile loading

Cell- and tissue-level responses to strain
simulated via Hill functions

Hill-type equations of human Achilles-
soleus unit

Regression model of healing

Irreversible loss of scleraxis
expression with transection;
partial loss and return of
scleraxis with Botox

Delayed repair had worse
outcomes than immediate
repair

Warburg pathway, hypoxic,
angiogenic, and glycolytic
metabolism gene activation

Increased IL-6 and MMP-9 in
senescence-accelerated rats
compared to senescence-
resistant rats

Carrageenan decreased
tendon length, and increased
MMP activity and
inflammation. Inflammation
absent with IL-1 receptor
antagonist

Increased MMP-13 expression

Stress deprivation decreased
TIMP/MMP ratio; loading
increased TIMP/MMP ratio

Isolated fiber deformations at
low strain; fiber dissociation
and localized rupture,
decreased stiffness, and
increased hysteresis at high
strain

Collagen synthesis,
proliferation, COMP
expression as a function of
tendon type

Increased expression of IL-6,
COX2, C1, C2, and MMP-13

Collagen fiber disruption,
kinks, and interfascicular
network damage, and
expression of IL-6, COX2,
MMP-1, 3, and 13

Increased chondrogenic gene
expression (Col Il, Aggrecan,
COMP)

Tissue-level response similar
at low and high strain
conditions

Proteolytic damage leads to
collagen fiber shortening;
mechanical damage
lengthens fibers

Multiple differential
predictors of early
development and early
developmental healing;
however, no differential
predictors of late
development and late
developmental healing

Maeda 2011 [123]

Killian 2014 [124]

Sikes 2018 [125]

Ueda 2019 [126]

Berkoff 2016 [127]

Arnoczky 2007 [128]
Gardner 2008 [129]

Fung 2009 [130]

Goodman 2004 [131]

Thorpe 2015 [132]

Spiesz 2015 [48]

Suzuki 2016 [47]
Mehdizadeh 2017

[133]

Young 2016 [134]

Ansorge 2012 [135]
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Table 2 Summary of tendon injury models (Continued)
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Injured Tendon Characteristics

Model Characteristics

Model Outcomes

References

2D FEA simulation of “jumper’s knee” in

Highest localized strain

Lavagnino 2008 [136]

Patellar tendon

Agent-based model of collagen fibril

alignment with applications in tendon

loading during healing

Multiscale OpenSim model of cellular

responses to various loading parameters

Empirical model of patellar tendon response

to aging and injury

Empirical model of Achilles tendon response
to decorin and biglycan knockout in aging

mice

predicted successfully

Peak collagen alignment Richardson 2018 [137]
occurs at lower strain level

than peak deposition; peak

deposition occurs above

damage threshhold

Single set of cellular response  Chen 2018 [138]
curves explained tendon
behavior observed in several

different experiments

Effects of aging and injury on
patellar tendon mechanical
properties predicted by
damage models

Buckley 2013 [139]

Model predicted changes in Gordon 2015 [140]
dynamic modulus resulting
from decorin and biglycan

knockout

were relatively low, indicating a possible low-level in-
flammatory response. Low-level inflammation with load-
ing may have implications for long-term tissue health,
rather than inducing an acute injury. Similar results were
obtained when bovine flexor tendons were cyclically
loaded from 1 to 10% strain [148]. Loaded tendons had
collagen fiber disruption and kinks, and interfascicular
network damage, as well as expression of IL-6 and
COX2, which were absent from non-loaded controls
(Fig. 3). MMP-1, 3 and 13 were detected in interfascicu-
lar regions of loaded tendons, but only minimally de-
tected in controls [148]. The interfascicular tissue
involvement in the loading response is a novel finding of
this model, and highlights a possible role in tendon
pathology.

In vitro cell culture models have assessed effects of
cyclic strain and growth factors on tendon cell behavior,

as a function of tendon type. Equine tendon cells iso-
lated from flexor and extensor tendons of fetal, P11, 8
month, and 4, 8, and 10 year old horses were cyclically
loaded to 10% strain for 24 h, and treated with TGEFf1
or TGEP3 [131]. TGEP1, TGEPR3, and cyclic strain did
not increase flexor tendon cell proliferation. Extensor
tendon cell proliferation was increased by loading, but
not by TGFP1 or TGEB3 treatment. TGFB1 and TGFfB3
increased Col I and III production, incorporation of 3-
hydroxyproline into the collagen, and COMP in both
cell types regardless of whether cells were loaded, but
when TGFB1 or TGFB3 were combined with loading,
neither cell type had increased proliferation at any age.
COMP and Col I and III synthesis was higher in flexor
tendon cells from horses up to 8 months old, compared
to flexor cells isolated from older horses. Interestingly,
age had no effect on activity of extensor tendon cells.

Static control

Commons Attribution License from Spiesz et al. 2015 [147]

Loaded
300 cycles

H-DAPI M -IL-6 [@-COX-2
Fig. 3 Mechanical loading impacts ex vivo tendon damage. Ex vivo static (a) and cyclically loaded (b, ¢) bovine flexor tendon fascicles
immunostained for inflammatory markers IL-6 (red) and COX-2 (green), and co-labeled for cell nuclei (DAPI, blue). Fascicles and the interfascicular
matrix of the loaded samples show damage (white ellipses), with collagen fiber kinks and interfascicular matrix disruption. IL-6 and COX-2 are
found in loaded samples only, with COX-2 expression increasing with cycle number. Scale bar =10 um. Figure reprinted under a Creative

N
Loaded
1800 cycles
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Tendon-specific responses to mechanical stimulation
and aging emphasize the importance of controlling for
tendon type in model systems.

In a different cell culture model, adult rat patellar ten-
don cells were loaded in vitro via hydrostatic pressure to
2.5 and 7.5 MPa [147]. Both loaded groups upregulated
IL-1f and MMP-13 expression, compared to unloaded
controls. siRNA knockdown of IL-1f partially sup-
pressed loading-inducedMMP-13 expression and activity
[147]. MMP-13 has been associated with human tendi-
nopathies [149], and this model shows that MMP-13 ex-
pression may be regulated by loading and resulting
inflammatory cytokines. Using model systems, loading
parameters to induce an adaptive rather than pathogenic
response may be identified and provide opportunities for
clinical interventions incorporating loading.

While tendon over-loading may induce damage,
under-stimulation also leads to pathology [150-152, 128,
153]. MMPs have been explored as mediators of load-
dependent tendinopathy in ex vivo models of stress
deprivation. Adult rat tail tendons subjected to 1 week
of stress deprivation ex vivo increased MMP-13 gene ex-
pression and enzymatic activity, and inhibiting MMPs
improved ultimate stress, tensile modulus, and strain at
ultimate stress [154]. Mechanical loading also stimulates
tissue inhibitors of metalloproteinases (TIMPs), which
inhibit MMPs [129]. Stress deprivation of rat tail ten-
dons ex vivo decreased the TIMP-1 to MMP-13 ratio,
compared to cyclically loaded controls [129]. When tail
tendons were subjected to 1, 3%, or 6% cyclic strain for
24 h, all groups increased the TIMP-1 to MMP-13 ratio
[129]. Mechanically activating TIMPs may prevent
MMP-mediated degradation. Mechanical stretch may
also protect collagen fibers aligned along the axis of
loading by hiding MMP-cleavable degradation sites
within the collagen [155, 156-160]. Based on these
models, stress deprivation in tendon may stimulate
MMP production, while also making collagen more sus-
ceptible to MMP degradation, but these compounded ef-
fects need further study in vivo.

A few injury models have explored how mechanical
loading impacts tendon healing. When a supraspinatus
injury was cast immobilized in adult rats, mechanical,
compositional, and structural properties improved, com-
pared to injured groups allowed cage activity or allowed
to run at 10 m/min for 1h/day and 5 days/week [161].
Immobilized groups had upregulated chondrogenic
genes, while exercise upregulated tenogenic genes [161].
Another study investigated Achilles tendon injuries in
mice [162]. Healing of a bilateral full thickness, partial
width excisional injury was evaluated at 0, 1, 3, or 6
weeks. A fatigue test showed initial decreases in tangent
stiffness, dynamic modulus, and hysteresis immediately
following injury that were not improved after 6 weeks of
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healing [163]. In a follow-up study, the hindlimbs were
cast-immobilized in plantarflexion for 1 or 3 weeks fol-
lowing Achilles tendon transection, and then assessed
after 16 weeks [163]. Tendons immobilized for 1 week
had lower joint stiffness in plantarflexion than tendons
immobilized for 3 weeks, though both were increased
compared to transected controls with normal cage activ-
ity. Stride width during walking, tendon cross-sectional
area, and laxity (the tendency of the tendons to elongate
under fatigue loading) increased in mice immobilized for
both 1 and 3 weeks, compared to uninjured controls. Se-
cant stiffness remained at pre-injury levels, and tissues
appeared histologically normal for both injured groups
[163]. This model recreated immobilization periods con-
sistent with conservative management of acute tendon
injuries in humans, and showed some improvement in
tendon mechanical properties. However, laxity may lead
to joint dysfunction, and may be regulated by contractile
tendon cells [164, 165], suggesting immobilization dur-
ing healing did not return tendons cells to their normal
function. Taken together, these injury models show that
the mechanical environment may play a role in tendon

healing.

Surgical injury models of the rotator cuff Surgical
models to induce injury have shown promise for identi-
fying factors that influence rotator cuff healing. Partial
and full detachment tears of the supraspinatus tendons
in adult mice were induced by either insertion of a 26G
needle through the central portion of the supraspinatus
tendon into the insertion site at the enthesis, or a full
transection and surgical repair using sutures [113]. Both
injury models healed via scar formation, but the amount
of scarring following full detachment and repair led to
permanent impairments in gait and disruption of the
architecture and organization of the enthesis. In the par-
tial tear model, gait was not affected, but there was still
considerable hypercellular scarring and increased cell
density within the healing enthesis. In the same model,
lineage tracing showed minimal scleraxis or Sox9 ex-
pression in the scar, suggesting that the scar-forming
cells were not predominantly derived from tendon, ar-
ticular cartilage, or unmineralized enthesis [113].
Axin2-expressing cells (indicating resident stem cell
lineage) were not found in the scar of the partial tear
model, but were the majority of cells detected in the
scar of the full tear. Sox9-expressing cells were de-
tected in the articular cartilage of the humeral head,
the unmineralized enthesis fibrocartilage, and near the
insertion in both the full and partial tear models
[113]. These results suggest that distinct cellular
mechanisms may operate in response to partial or full
tear injuries of the rotator cuff.
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Another surgical model developed a full-thickness in-
jury by detaching the central portion of the supraspina-
tus tendons of adult mice [114]. Healing was assessed at
1, 2, and 5weeks post-surgery along with evaluating
smooth muscle actin, proteoglycan-4, and aggrecan-
expressing cells at the site of healing. Two weeks post-
surgery, proteoglycan-4 expressing cells were found in
midsubstance and in the paratenon on the bursal side of
the supraspinatus, as well as in the articular cartilage of
the humerus and joint capsule, while smooth muscle
actin-expressing cells were localized to the paratenon,
blood vessels, and periosteum [114]. Aggrecan-
expressing cells were found in the articular cartilage of
the humerus, the unmineralized fibrocartilage at the
supraspinatus tendon enthesis, and in the fibrocartilage
cells of the acromioclavicular joint, but were not found
elsewhere in the midsubstance, myotendinous junction,
or paratenon [114]. The distal stump of the injured ten-
don underwent minimal remodeling, as indicated by a
lack of labeled cells, but cells from both the bursal and
articular surfaces appeared to contribute to healing, a
novel finding in rotator cuff injury models [114]. To-
gether these models have implications for the type of
surgical model used to investigate rotator cuff injuries
(i.e. partial or full transection). The identification of mul-
tiple distinct cell lineages participating in the healing
process is interesting and worth exploring in chronic
models of rotator cuff injury.

Biochemical factors

Inflammatory cytokines

The inflammatory cytokines IL-6 and IL-1p have been
implicated in tendinopathies [166, 167]. IL-6 and MMP-
9 were upregulated in adult senescence-accelerated and
senescence-resistant mice in response to collagenase
type I injections in the Achilles tendon, compared to
controls injected with saline [126]. Upregulation of IL-6
was higher in the senescence-accelerated mice compared
to the senescence-resistant mice, suggesting the inflam-
matory response increases with age. IL-6 was also upreg-
ulated in tendon cells from bovine extensor tendon
fascicles cyclically loaded to 30 and 60% of failure strain
[168]. Compared to unloaded controls and fascicles
loaded to 60% of failure strain, fascicles loaded to 30% of
failure strain increased IL-6 and Col I expression and
had no structural damage. Together, these findings sug-
gest that IL-6 is involved in an adaptive response to
loading and may be influenced by aging, but additional
studies are needed to distinguish adaptive and patho-
logical functions of IL-6.

IL-1P is a potent mediator of inflammation and is as-
sociated with tendon injuries [115]. IL-1 was upregu-
lated 4000-fold, 1 day after a laceration injury in canine
forelimb flexor tendons, and remained elevated
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compared to uninjured controls for 9 days post-injury
[115]. In vitro, human patellar tendon cells treated with
IL-1B and cyclically loaded to 8% strain for 4 h upregu-
lated expression of MMP-1, COX2, and prostaglandin
(PGE)2, compared to cells treated with IL-1f and
stretched to 4% strain [117]. When compared to
unstretched controls, 4% strain and IL-1p downregulated
expression of MMP-1, COX2, and PGE2, while 8% strain
and IL-1B upregulated MMP-1, COX2, and PGE2 [117].
This in vitro model shows that mechanical stimulation
and IL-1 may mediate markers of tendinopathy.

In vivo tendon injury models show that embryos and
neonates retain greater regenerative capacity than adults
[169, 170]. For example, an Achilles tendon transection
in neonatal (P5) mice showed regenerative healing, with
a return to pre-injury mechanical properties and gait,
while adult mice healed with scar and diminished mech-
anical properties [112]. IL-1p has been explored in
model systems aimed at understanding the inflammatory
responses in adult and fetal tendon cells. IL-1B treat-
ment of adult equine tendon cells increased expression
of MMP-1, 2, 3, 8, 9, and 13, as well as tenascin-C and
Sox9 (a chondrogenic marker), and decreased expression
of scleraxis and COMP, compared to IL-1p treated
equine fetal tendon cells and tendon cells derived from
equine embryonic stem cells [118]. Gene expression of
tendon cells derived from embryonic stem cells was not
altered with IL-1p, possibly due to lower expression of
IL-1 receptors and increased expression of IL-1 decoy
receptors. This model suggests that tendon cells derived
from embryonic stem cells retain their reduced response
to inflammatory cytokines (e.g., IL-1P). Additionally,
blocking IL-1 receptors may limit adult tendon path-
ology [127]. Impacts of IL-1p were also explored in iso-
lated E17 and P7 mouse tendon cells [116]. When
directly compared to E15 cells, P7 cells treated with IL-
1B for 24 h upregulated inflammatory mediators, specif-
ically IL-6, tumor necrosis factor (TNF) o COX2,
MMP-3 and MMP-13 [116]. Together, these in vitro
models showed that postnatal and adult tendon cells
have an inflammatory response to IL-1f, which may
contribute to poor postnatal tendon healing and scar
formation, and are intrinsically different from embryonic
cells. Improved understanding of the pathways regulat-
ing scarless healing in embryonic and neonatal tendons
may advance adult tendon healing strategies.

Knockout and overexpression models

Animal models have been developed to explore impacts
of specific proteins on tendon injury and healing. Teno-
modulin knockout mice and wild-type controls under-
went Achilles tendon transection and surgical repair
[119]. Col I, tenascin-C, thrombospondin 2, and TGFp1
were downregulated in tenomodulin knockouts, but
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scleraxis was upregulated, along with chondrogenic
genes, COMP and proteoglycan 4. Compared to wild-
type controls, scar tissue in tenomodulin knockout mice
was more disorganized and had increased adipocyte and
blood vessel accumulation, apoptosis, and reduced ten-
don cell proliferation. These findings suggest that teno-
modulin may be an important factor in regulating adult
tendon healing.

Mohawk may be involved in tendon cell responses to
loading and healing. Cells isolated from patellar tendons
of 3 week old mohawk knockout rats and subjected to
4% cyclic tensile loading for 6h in vitro had increased
chondrogenic gene expression, compared to control cells
from mohawk */* animals [47]. Cyclic loading of tendon
cells from mohawk /" rats increased expression of the
tenogenic genes, mohawk, and Col I and III [47], sug-
gesting that mohawk plays a role in mechanoregulation.
Partial transections of rat Achilles tendons repaired with
scaffolds seeded with bone marrow-derived MSCs had
increased expression of mohawk, Col I, tenascin C, and
tenomodulin, compared to defects repaired with a cell-
free scaffold, suggesting that mohawk is expressed in
MSCs during repair [32]. Another in vivo injury model
repaired full transections of adult mouse Achilles tendon
with cell sheets composed of mohawk overexpressing
mouse MSCs [31]. After 4 weeks of healing, tendons
repaired with mohawk-overexpressing cell sheets had
collagen fibrils with increased diameter and a visible
crimp pattern, and increased stiffness, elastic modulus,
maximum force and stress, compared to repairs using
cell sheets that contained wild type MSCs [31]. Overall,
mohawk expression appeared to enhance tendon heal-
ing. As mohawk expression is suppressed in human ten-
dinopathy [144], interventions regulating mohawk
expression may have potential for preventing and treat-
ing tendon injuries.

GDF-5 has also been explored in tendon healing.
GDEF-5-null 8 week old mice with an induced Achilles
tendon injury lagged 5 to 9 days behind wild-type mice
in attaining peak values for normalized DNA, GAG, and
hydroxyproline content [120]. Compared to wild-type
controls, tendons of GDF-5-null mice had increased col-
lagen fibril disorganization and adipose cells, and re-
duced collagen fibril area fraction and orientation [120].
However, despite the initial delay, at 12 weeks both
groups had similar structural properties, suggesting that
other factors may be able to promote healing in the ab-
sence of GDF-5 [120]. Redundancy and overlap in many
signaling pathways are a persistent challenge in under-
standing the biochemical factors in tendon injury, but
GDF-5 may regulate early tendon healing.

Decorin and biglycan, small leucine rich proteoglycans,
have been implicated in the mechanical properties and
aging of tendon [171, 172], and have been investigated
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in the response to injury. Biglycan-null and decorin-null
mice were subjected to a full thickness, partial width pa-
tellar tendon injury at P120 [121]. At 3- and 6-
weekspost-injury, all injured tendons contained smaller
diameter collagen fibrils, compared to uninjured con-
trols, but biglycan-null tendons had fewer of the largest
diameter fibrils. Furthermore, decorin-null and biglycan-
null tendons had decreased cell density, and altered cell
shape and collagen alignment following injury [121].
Overall, this model suggested that early healing is influ-
enced by biglycan, while healing 6 weeks post-injury is
impaired in the absence of decorin. In a follow-up study,
the same injury model was evaluated in P270 decorin-
null and biglycan-null mice to determine impacts of age
on patellar tendon healing [122]. At 3 weeks post-injury,
tendon healing was delayed in both biglycan-null and
decorin-null mice, compared to wild-type control ten-
dons that had a higher dynamic modulus [122]. These
findings contrast with injury at P120, where biglycan-
null mice were deficient in healing at 3 weeks post-
injury, while decorin-null mice healed more poorly at 6
weeks post-injury [121]. Together, these models show
that decorin and biglycan impact tendon healing differ-
ently depending on age, which highlights age as an im-
portant consideration in injury models.

Models of chronic injury

The models discussed above have featured mainly acute
injuries. Chronic tendon injuries are challenging to de-
velop in models due to the multitude of contributing
and unknown factors and the long timescales associated
with pathologies. Nevertheless, chronic injury models
have been developed by altering mechanical loading or
biochemical factors. An in vivo model used 10-week-
oldscleraxis-GFP mice to compare the chronic loss and
gradual return of mechanical loading through botulinum
toxin A (Botox), to an acute loss of mechanical loading
(transection) [123]. At 3 days after Achilles tendon tran-
section, 70% fewer tendon cells remained in the injury
site (cell death was mainly via apoptosis), and scleraxis
expression was irreversibly lost in most remaining cells
[123]. However, when tensile loading was reversibly lost
(via Botox) and gradually restored, there was still apop-
tosis, but a larger proportion of remaining tendon cells
expressed scleraxis [123]. A TGFB1 receptor inhibitor
(SD208) prevented massive tendon cell death in trans-
ected tendons, suggesting loss of tension by transection
resulted in TGFpP1 signaling that induced apoptosis. In
the same study, when Achilles tendon cells were isolated
and cultured in vitro, scleraxis expression decreased, but
fluid flow-induced shear force restored scleraxis expres-
sion [123]. These in vivo and in vitro models showed
that both chronic and acute loss of loading impact scler-
axis expression and cell viability.
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Another animal model evaluated healing of chronic
and acute rotator cuff injuries [124]. Rat supraspinatus
and infraspinatus tendons were transected and then sur-
gically repaired after a delay of 8 or 16 weeks for the
chronic case, or repaired immediately for the acute case.
Compared to tendons injured and repaired immediately,
tendons repaired after 8 weeks showed reduced tough-
ness, elastic modulus, and stiffness when assessed at 4
weeks after reparative surgery [124]. Scar tissue forma-
tion and tendon retraction made surgery difficult in the
delayed repair cases. Rats were not immobilized follow-
ing injury, which may have led to larger tears and worse
outcomes in the chronic injury groups [124]. This model
showed the direct impact of a chronic versus an acute
injury.

TGEFp1 is found in injured tendon, and may initiate in-
flammation via the hypoxia-inducible factor (HIF)la
pathway [173, 174]. Another chronic tendinopathy
model was developed by injecting human TGFB1 in
adult mouse Achilles tendons [125]. This TGEFB1-
injection model of tendinopathy also explored the role
of glucose metabolism in tendon injury in both wild type
and Adamts5 /" (TS5KO) knockout mice [125]. The
production of lactate from glucose breakdown during
hypoxia or normoxia is implicated in chronic tendinopa-
thy and may be a metabolic marker of tendon disease
[175]. TS5KO mice have reduced or absent osteoarthritis
following surgical joint injuries, since they lack the in-
flammatory aggrecanase ADAMTS5, and have a dimin-
ished response to inflammatory mediators such as
TGEP1. TGEPL injections in Achilles tendons in vivo
and ex vivo upregulated several HIFla, angiogenesis,
and glycolytic metabolism associated genes in wild-type
mice, but not in TS5KO mice. TGFp1 injections acti-
vated the Warburg pathway, which generates lactate
from glucose under normoxia rather than just hypoxia,
inhibits mitochondrial energy production, and contrib-
utes to tendinopathy [125]. Taken together, this model
showed that TGFP1-induced glycolytic reprogramming
contributes to pathogenic responses in tendons. Therap-
ies aimed at blocking this metabolic shift may have clin-
ical potential.

Computational models of tendon pathology

Computational models of tendon pathology have been
used for assessing the causes, onset, and progression of
tendon damage at both the cell and bulk tissue levels.
Computational models provide insights that are other-
wise difficult to obtain in an experimental setting, such
as stress distributions in tendon. To understand stress
distributions associated with injury, 2D finite element
analysis (FEA) has been used [176, 136]. FEA was used
to model stress concentrations in partial-thickness de-
fects in the rotator cuff, and highlighted the importance
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of limiting mechanical loading to prevent worsening of
partial tears [176]. Another 2D FEA model predicted lo-
cations of increased strain and isolated tendon fascicle
damage in “jumpers knee,” a common patellar tendon
injury with previously unknown etiology [136]. Evalu-
ation of the model wusing cadaveric patella-
patellartendon-tibia samples showed that the predicted
loading conditions with the highest local strain induced
tendon fascicle disruption in 3 of the 5 samples, at the
anatomical location of reported pain [136]. This FEA
model was later used to assess infrapatellar straps, a de-
vice used to reduce patellar tendon pain, and showed
that strain was effectively decreased by the strap [177].
FEA models can be useful in assessing forces on tendon,
and evaluating invasive and non-invasive interventions,
but impacts on cell behavior cannot be easily integrated.

Injury alters the cellular, biochemical and mechanical
characteristics of tendon. These changes can be challen-
ging to express mathematically, but several tendon injury
models are based on Hill equations, which are com-
monly used to model cellular responses, particularly se-
cretion or degradation of molecules or ligands [178,
179]. A three-componentHill-type equation model was
used to incorporate mechanical and strain-dependent
proteolytic collagen fiber damage in a human Achilles-
soleus tendon unit [134]. The model predicted that pro-
teolytic damage would result in collagen fiber shorten-
ing, while mechanical damage would result in overall
fiber lengthening [134], thus showing that collagen fiber
damage and resulting length after healing is modulated
differently in overuse versus inflammation injuries. Pre-
dicting how collagen is altered by various damage and
repair mechanisms will help guide treatments and pre-
vent re-injury during rehabilitation.

ECM and inflammatory protein secretion by tendon
cells has been modeled using a modified Hill equation
[133]. Secretion profiles of IL-1p, MMP-1, Col I,
and TGEFB1 were predicted in response to tensile strain
magnitude. A low (4%) and high (10%) strain applied to
the tendon model both resulted in a damage response. A
low tissue strain resulted in cell-level strain that was too
low to elicit a cell response (e.g., underloading), and at
high tissue strain (e.g., overloading), the collagen fibers
ruptured and could no longer transfer localized strain to
the cells, leading to ECM protein secretion profiles simi-
lar to the low strain condition [133]. Therefore, both low
and high intensity loading increased inflammatory
markers IL-1p and MMP-1, and decreased Col 1. Based
on these predicted cell expression profiles, quantitative
thresholds for tendon mechanical under-stimulation
(e.g., underuse) or overstimulation (e.g., overuse) were
developed (Fig. 4). Predicting tendon cell responses to
various mechanical loads can guide therapies for pro-
moting tendon homeostasis.
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A regression model was developed to assess the mech-
anical properties of developing and healing Achilles ten-
dons in mice with injuries induced at P7 or P21, and
with 3 or 10days of healing [179]. Proteoglycans were
found to predict tendon elastic modulus during early
healing, but not during later healing or during normal
development (early or late) [135]. While multiple inde-
pendent parameters predicted stress relaxation during
normal development, only biglycan and collagen fibril
diameter predicted the percent relaxation in the tendon
during early healing [135]. Using regression analysis, it
may be possible to predict outcomes based on specific
measurable factors. In a different study, healing of a
supraspinatus tendon injury with mechanical loading
was evaluated using an agent-based computational
model. The model predicted that collagen content would
increase steadily with increasing load, whereas collagen
alignment would peak at an intermediate strain, and
then decline at higher strain [137]. Peak collagen align-
ment occurred at a slightly lower strain level than peak
collagen content. Notably, collagen deposition peaked
after the damage threshold, suggesting that sub-damage
threshold loading may be used therapeutically to
optimize both collagen deposition and alignment. Ten-
don mechanical function after injury is largely deter-
mined by its underlying collagen structure, which may

depend on the degree of mechanical loading experienced
during  healing, therefore understanding strain
magnitude-dependent mechanisms of collagen remodel-
ing is needed for developing therapies [137].

Various animal models of Achilles tendon healing have
produced conflicting results, possibly due to differences
in mechanical loading during healing. A multiscale com-
putational model of rat Achilles tendon healing was de-
veloped to address this experimental variability and
incorporate the loading environment to study impacts
on cell behavior, collagen deposition, and scar formation
[138]. The model generated a single set of cellular re-
sponse curves that were able to explain observations of
tendon behavior in several experimental studies with
otherwise differing results [138]. The model successfully
predicted cell-level behaviors from tissue-level strains,
highlighting disparities in strains between cells and bulk
tissues as a factor contributing to contradictory experi-
mental results, and offering the possibility of reconciling
these variances.

Empirical models have been developed to assess the
progression of mechanical damage with injury and aging
[180, 139]. In these models, damaged tendons are con-
sidered to be experiencing a lower strain than what is
actually applied [180]. Based on this concept, mouse pa-
tellar tendons were evaluated as a function of age at
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P150, P300, and P570, and compared to P120 patellar
tendons at 3- and 6-weeks after a full thickness, partial
width injury [139]. Tendons were mechanically evaluated
with a 10-cycle frequency sweep of 0.125% amplitude si-
nusoidal strain at frequencies of 0.01, 0.1, 1, 5, and 10
Hz superimposed onto a baseline offset strain (4, 6, or
8%). The equilibrium stress, dynamic modulus, and loss
tangent were measured at each frequency and strain
level, and an empirical model was used to develop a sin-
gle damage parameter for each tendon group. The dam-
age parameter was able to predict dynamic modulus and
loss tangent for each tendon across frequency (0.01-10
Hz) and strain (4—8%). This model showed that the ef-
fects of aging and injury on patellar tendon mechanical
properties could be described by the same damage
model [139]. A similar strain-based empirical damage
model was developed to examine impacts of decorin and
biglycan knockout on Achilles tendons of P150, P300,
and P570 mice [140]. The empirical damage model pre-
dicted the changes in dynamic modulus that resulted
from the null phenotypes, and identified a correlation
between measured and predicted dynamic modulus
based on genotypes and ages [140]. Overall, these
models are useful tools for understanding and predicting
tendon mechanics with age, genotype, and injury.

Alongside their considerable potential for providing
insight into tendon injury and healing, computational
models have inherent limitations. Most simplify multiple
parameters of tendon responses to load and damage.
Baseline values for tendon material properties, such as
elastic modulus, are obtained from previous studies, but
elastic modulus varies based on tendon and species
[181]. Finally, as not all proteins involved in injury and
healing are known, all models necessarily exclude some
cellular responses to tendon injury. Nevertheless, com-
putational models are proving useful as research tools
and predictors of tendon responses to many physio-
logical conditions. They will undoubtedly improve fur-
ther as experimental studies continue to uncover
mechanisms that regulate tendon development, injury
and healing.

Conclusions and future directions

The high cell density, low collagen content, growth fac-
tors, and mechanical environment of embryonic tendon
development have been incorporated into engineered
model systems. Embryonic tendon becomes mechanic-
ally stronger, but differentiation and tissue formation
continue postnatally, before maturation into adult ten-
don. Assessing the changes that postnatal tendons
undergo through in vitro models remains an ongoing
challenge. Furthermore, many biochemical and mechan-
ical cues inevitably originate from surrounding tissues.
The impacts of concurrent adjacent tissue formation
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(muscle and bone) on tenogenesis need to be explored,
as simulating these tissues in vitro may facilitate more
realistic tendon models. Few multi-tissue developmental
models exist, but one study showed that 3D in vitro
skeletal muscle-tendon constructs developed ultrastruc-
tural characteristics resembling in vivo muscle-tendon
interfaces, when skeletal muscle constructs where co-
cultured with self-organizing tendon constructs and
explanted fetal rat tail tendon [182]. Such constructs can
be supplemented with biochemical or mechanical factors
to better mimic the developmental process. Further-
more, examining development of the musculoskeletal
system as a whole will aid in understanding how tendon
formation is regulated in coordination with adjacent tis-
sues including muscle and bone.

An additional challenge with developmental models is
that recreating the spatiotemporal sequence of embry-
onic or postnatal biochemical signaling alone may be in-
adequate for developing functional tissue [183]. Several
models examine specific tenogenic factors in isolation,
an understandable limitation given the complexity of
tendon development. Future models will need to assess
the interplay between cell-level cues, mechanical loading,
development of mechanical properties, and the biochem-
ical factors involved in tendon formation.

In vivo, in vitro, ex vivo, and computational models
have explored the impacts of mechanical loading and
various biochemical factors on adult tendon injuries and
healing. Few models have investigated human derived
cells or isolated human tissues, mainly due to the under-
standable challenge of procuring tissues and working
with human subjects. Recent studies in other tissue sys-
tems have developed humanized models (e.g. decellular-
ized animal tissues seeded with human cells or
humanized animal models) [184, 185], but this has not
been explored as thoroughly in tendon. Advancing
models of chronic tendon injuries are needed for explor-
ing the factors that regulate tendon pathologies in hu-
man tissues and cells. Taken together, the
developmental and injury models reviewed here have
greatly improved our understanding of the numerous
cellular, biochemical and mechanical factors that regu-
late tendon formation and health. Tendon models will
ultimately improve clinical outcomes by offering novel
insights into the mechanisms of how tendons develop
and how they respond to injury and treatment.

Abbreviations

Adamts5: A disintegrin and metalloproteinase with thrombospondin motifs
5; BMP: Bone morphogenetic protein; Col: Collagen; COMP: Cartilage
oligomeric matrix protein; COX2: Cyclooxygenase 2; CTGF: Connective tissue
growth factor; D: Dimensional; E: Embryonic day; ECM: Extracellular matrix;
EGR: Early growth response; FEA: Finite element analysis; FGF: Fibroblast
growth factor; GAG: Glycosaminoglycan; GDF: Growth and differentiation
factor; GFP: Green fluorescent protein; HIF: Hypoxia-inducible factor;

IGF: Insulin-like growth factor; IL: Interleukin; LOX: Lysyl oxidase; MMP: Matrix



Theodossiou and Schiele BMC Biomedical Engineering (2019) 1:32

metalloproteinase; MSCs: Mesenchymal stem cells; MT: Membrane type;

P: Postnatal day; PGE: Prostaglandin; RGD: Arginyl-glycyl-aspartic acid;

SEM: Scanning electron microscopy; siRNA: small interfering RNA;

TGF: Transforming growth factor; TGFR: Transforming growth factor receptor;
TIMP: tissue inhibitors of metalloproteinases; TNF: Tumor necrosis factor

Acknowledgements
Not applicable.

Authors’ contributions
SKT and NRS prepared the manuscript. All authors read and approved the
final manuscript.

Funding

This work was supported by funding from the NIH/NIBIB (RO3EB024134), the
INBRE program, P20 GM103408 (National Institutes of General Medical
Sciences), and the John F. Keegan Fellowship (to SKT). The funders had no
role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interest.

Received: 29 April 2019 Accepted: 24 September 2019
Published online: 29 November 2019

References

1. Lantto |, Heikkinen J, Flinkkila T, Ohtonen P, Leppilahti J. Epidemiology of
Achilles tendon ruptures: increasing incidence over a 33-year period. Scand
J Med Sci Sports. 2015;25(1):e133-8.

2. Lin TW, Cardenas L, Soslowsky LJ. Biomechanics of tendon injury and repair.
J Biomech. 2004;37(6):865-77.

3. Kedia M, Williams M, Jain L, Barron M, Bird N, Blackwell B, et al. The effects
of conventional physical therapy and eccentric strengthening for insertional
Achilles tendinopathy. Int J Sports Phys Ther. 2014;9(4):488-97.

4. Schiele NR, Marturano JE, Kuo CK. Mechanical factors in embryonic tendon
development: potential cues for stem cell tenogenesis. Curr Opin
Biotechnol. 2013;24(5):834-40.

5. Glass ZA, Schiele NR, Kuo CK. Informing tendon tissue engineering with
embryonic development. J Biomech. 2014;47:1964-8.

6. Nguyen PK, Pan XS, Li J, Kuo CK. Roadmap of molecular, compositional, and
functional markers during embryonic tendon development. Connect Tissue
Res. 2018;59(5):495-508.

7. Huang AH. Coordinated development of the limb musculoskeletal system:
tendon and muscle patterning and integration with the skeleton. Dev Biol.
2017;429(2):420-8.

8. Schweitzer R, Zelzer E, Volk T. Connecting muscles to tendons: tendons and
musculoskeletal development in flies and vertebrates. Development. 2010;
137(17):2807-17.

9. Felsenthal N, Zelzer E. Mechanical regulation of musculoskeletal system
development. Development. 2017;144(23):4271-83.

10.  Dyment NA, Galloway JL. Regenerative biology of tendon: mechanisms for
renewal and repair. Curr Mol Biol Rep. 2015;1(3):124-31.

11, Zelzer E, Blitz E, Killian ML, Thomopoulos S. Tendon-to-bone attachment:
from development to maturity. Birth Defects Res C Embryo Today. 2014;
102(1):101-12.

12. Thomopoulos S, Genin GM, Galatz LM. The development and
morphogenesis of the tendon-to-bone insertion - what development can
teach us about healing. J Musculoskelet Neuronal Interact. 2010;10(1):35-45.

13. " Subramanian A, Schilling TF. Tendon development and musculoskeletal
assembly: emerging roles for the extracellular matrix. Development. 2015;
142(24):4191-204.

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

Page 20 of 24

Huang AH, Lu HH, Schweitzer R. Molecular regulation of tendon cell fate
during development. J Orthop Res. 2015;33(6):800-12.

Yang G, Rothrauff BB, Tuan RS. Tendon and ligament regeneration and
repair: clinical relevance and developmental paradigm. Birth Defects Res C
Embryo Today. 2013;99(3):203-22.

Liu CF, Aschbacher-Smith L, Barthelery NJ, Dyment N, Butler D, Wylie C.
What we should know before using tissue engineering techniques to repair
injured tendons: a developmental biology perspective. Tissue Eng Part B
Rev. 2011;17(3):165-76.

Arvind V, Huang AH. Mechanobiology of limb musculoskeletal
development. Ann N Y Acad Sci. 2018;1409:18-32.

Schweitzer R, Chyung JH, Murtaugh LC, Brent AE, Rosen V, Olson EN, et al.
Analysis of the tendon cell fate using Scleraxis, a specific marker for
tendons and ligaments. Development. 2001;128(19):3855-66.

Brent AE, Schweitzer R, Tabin CJ. A somitic compartment of tendon
progenitors. Cell. 2003;113(2):235-48.

Murchison ND, Price BA, Conner DA, Keene DR, Olson EN, Tabin CJ, et al.
Regulation of tendon differentiation by scleraxis distinguishes force-
transmitting tendons from muscle-anchoring tendons. Development. 2007;
134(14):2697-708.

Pryce BA, Watson SS, Murchison ND, Staverosky JA, Dunker N, Schweitzer R.
Recruitment and maintenance of tendon progenitors by TGFbeta signaling
are essential for tendon formation. Development. 2009;136(8):1351-61.
Docheva D, Hunziker EB, Fassler R, Brandau O. Tenomodulin is necessary for
tenocyte proliferation and tendon maturation. Mol Cell Biol. 2005;25(2):699-705.
Shukunami C, Takimoto A, Oro M, Hiraki Y. Scleraxis positively regulates the
expression of tenomodulin, a differentiation marker of tenocytes. Dev Biol.
2006;298(1):234-47.

lto Y, Toriuchi N, Yoshitaka T, Ueno-Kudoh H, Sato T, Yokoyama S, et al. The
Mohawk homeobox gene is a critical regulator of tendon differentiation.
Proc Natl Acad Sci U S A. 2010;107(23):10538-42.

Guerquin MJ, Charvet B, Nourissat G, Havis E, Ronsin O, Bonnin MA, et al.
Transcription factor EGR1 directs tendon differentiation and promotes
tendon repair. J Clin Invest. 2013;123(8):3564-76.

Ansorge HL, Adams S, Birk DE, Soslowsky LJ. Mechanical, compositional, and
structural properties of the post-natal mouse Achilles tendon. Ann Biomed
Eng. 2011;39(7):1904-13.

Chaplin DM, Greenlee TK Jr. The development of human digital tendons. J
Anat. 1975;120(Pt 2):253-74.

Richardson SH, Starborg T, Lu Y, Humphries SM, Meadows RS, Kadler KE.
Tendon development requires regulation of cell condensation and cell shape
via cadherin-11-mediated cell-cell junctions. Mol Cell Biol. 2007;27(17):6218-28.
Schiele NR, von Flotow F, Tochka ZL, Hockaday LA, Marturano JE, Thibodeau
JJ, et al. Actin cytoskeleton contributes to the elastic modulus of embryonic
tendon during early development. J Orthop Res. 2015;33(6):874-81.

Bayer ML, Yeung CYC, Kadler KE, Qvortrup K, Baar K, Svensson RB, et al. The
initiation of embryonic-like collagen fibrillogenesis by adult human tendon
fibroblasts when cultured under tension. Biomaterials. 2010;31(18):4889-97.
Liu H, Zhang C, Zhu S, Lu P, Zhu T, Gong X, et al. Mohawk promotes the
Tenogenesis of mesenchymal stem cells through activation of the TGF
signaling pathway. Stem Cells. 2015;33:443-55.

Otabe K, Nakahara H, Hasegawa A, Matsukawa T, Ayabe F, Onizuka N, et al. The
transcription factor Mohawk controls tenogenic differentiation of bone marrow
mesenchymal stem cells in vitro and in vivo. J Orthop Res. 2015;33(1):1-8.
Kapacee Z, Yeung CY, Lu Y, Crabtree D, Holmes DF, Kadler KE. Synthesis of
embryonic tendon-like tissue by human marrow stromal/mesenchymal
stem cells requires a three-dimensional environment and transforming
growth factor beta3. Matrix Biol. 2010,29(8):668-77.

Mubyana K, Corr DT. Cyclic Uniaxial Tensile Strain Enhances the Mechanical
Properties of Engineered, Scaffold-Free Tendon Fibers. Tissue Eng Part A.
2018;24(23-24):1808-1817.

Schiele NR, Koppes RA, Chrisey DB, Corr DT. Engineering cellular fibers for
musculoskeletal soft tissues using directed self-assembly. Tissue Eng Part A.
2013;19(9-10):1223-32.

Kalson NS, Holmes DF, Kapacee Z, Otermin |, Lu Y, Ennos RA, et al. An
experimental model for studying the biomechanics of embryonic tendon:
evidence that the development of mechanical properties depends on the
actinomyosin machinery. Matrix Biol. 2010,29(8):678-89.

Yeung C-YC, Zeef LAH, Lallyett C, Lu Y, Canty-Laird EG, Kadler KE. Chick
tendon fibroblast transcriptome and shape depend on whether the cell has
made its own collagen matrix. Sci Rep. 2015;5(1):13555.



Theodossiou and Schiele BMC Biomedical Engineering

38.

39.

40.

41,

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

(2019) 1:32

Breidenbach AP, Dyment NA, Lu Y, Rao M, Shearn JT, Rowe DW, et al. Fibrin
gels exhibit improved biological, structural, and mechanical properties
compared with collagen gels in cell-based tendon tissue-engineered
constructs. Tissue Eng Part A. 2015,21(3-4):438-50.

Theodossiou SK, Tokle J, Schiele NR. TGFbeta2-induced tenogenesis impacts
cadherin and connexin cell-cell junction proteins in mesenchymal stem
cells. Biochem Biophys Res Commun. 2019;508(3):889-93.

Brown JP, Finley VG, Kuo CK. Embryonic mechanical and soluble cues
regulate tendon progenitor cell gene expression as a function of
developmental stage and anatomical origin. J Biomech. 2014;47(1):214-22.
Brown JP, Galassi TV, Stoppato M, Schiele NR, Kuo CK. Comparative analysis
of mesenchymal stem cell and embryonic tendon progenitor cell response
to embryonic tendon biochemical and mechanical factors. Stem Cell Res
Ther. 2015;6(1):89.

Havis E, Bonnin MA, Olivera-Martinez |, Nazaret N, Ruggiu M, Weibel J, et al.
Transcriptomic analysis of mouse limb tendon cells during development.
Development. 2014;141(19):3683-96.

Havis E, Bonnin MA, de Lima JE, Charvet B, Milet C, Duprez D. TGF and FGF
promote tendon progenitor fate and act downstream of muscle
contraction to regulate tendon differentiation during chick limb
development. Development. 2016;143:3839-51.

Chien C, Pryce B, Tufa SF, Keene DR, Huang AH. Optimizing a 3D model
system for molecular manipulation of tenogenesis. Connect Tissue Res.
2018;59(4):295-308.

Bavin EP, Atkinson F, Barsby T, Guest DJ. Scleraxis is essential for tendon
differentiation by equine embryonic stem cells and in equine fetal
tenocytes. Stem Cells Dev. 2017;26(6):441-50.

Shukunami C, Takimoto A, Nishizaki Y, Yoshimoto Y, Tanaka S, Miura S, et al.
Scleraxis is a transcriptional activator that regulates the expression of
Tenomodulin, a marker of mature tenocytes and ligamentocytes. Sci Rep.
2018;8(3155).

Suzuki H, Ito Y, Shinohara M, Yamashita S, Ichinose S, Kishida A, et al. Gene
targeting of the transcription factor Mohawk in rats causes heterotopic
ossification of Achilles, tendon via failed tenogenesis. PNAS. 2016;113(28):
7840-5.

Chen X, Yin Z, Chen JL, Liu HH, Shen WL, Fang Z, et al. Scleraxis-
overexpressed human embryonic stem cell-derived mesenchymal stem cells
for tendon tissue engineering with knitted silk-collagen scaffold. Tissue Eng
Part A. 2014;20:1583-92.

Edom-Vovard F, Schuler B, Bonnin MA, Teillet MA, Duprez D. Fgf4 positively
regulates scleraxis and tenascin expression in chick limb tendons. Dev Biol.
2002;247(2):351-66.

Brent AE, Braun T, Tabin CJ. Genetic analysis of interactions between the
somitic muscle, cartilage and tendon cell lineages during mouse
development. Development. 2005;132(3):515-28.

Marturano JE, Arena JD, Schiller ZA, Georgakoudi |, Kuo CK. Characterization
of mechanical and biochemical properties of developing embryonic
tendon. Proc Natl Acad Sci U S A. 2013;110(16):6370-5.

Schwartz AG, Lipner JH, Pasteris JD, Genin GM, Thomopoulos S. Muscle
loading is necessary for the formation of a functional tendon enthesis.
Bone. 2013;55(1):44-51.

Kieny M, Chevallier A. Autonomy of tendon development in the embryonic
chick wing. J Embryol Exp Morphol. 1979;49:153-65.

Lorda-Diez Cl, Montero JA, Choe S, Garcia-Porrero JA, Hurle JM. Ligand- and
stage-dependent divergent functions of BMP signaling in the differentiation
of embryonic Skeletogenic progenitors in vitro. J Bone Miner Res. 2014;
29(3):735-48.

Pan XS, Li J, Brown EB, Kuo CK. Embryo movements regulate tendon
mechanical property development. Phil. Trans. R. Soc. B. 2018;373:20170325.
Kalson NS, Holmes DF, Herchenhan A, Lu Y, Starborg T, Kadler KE. Slow
stretching that mimics embryonic growth rate stimulates structural and
mechanical development of tendon-like tissue in vitro. Dev Dyn. 2011;
240(11):2520-8.

Marturano JE, Schiele NR, Schiller ZA, Galassi TV, Stoppato M, Kuo CK.
Embryonically inspired scaffolds regulate tenogenically differentiating cells. J
Biomech. 2016;49(14):3281-8.

Liu Y, Schwartz AG, Birman V, Thomopoulos S, Genin GM. Stress
amplification during development of the tendon-to-bone attachment.
Biomech Model Mechanobiol. 2014;13:973-83.

Meller R, Schiborra F, Brandes G, Knobloch K, Tschernig T, Hankemeier
S, et al. Postnatal maturation of tendon, cruciate ligament, meniscus

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Page 21 of 24

and articular cartilage: a histological study in sheep. Ann Anat. 2009;
191(6):575-85.

Liu CF, Aschbacher-Smith L, Barthelery NJ, Dyment N, Butler D, Wylie C.
Spatial and temporal expression of molecular markers and cell signals
during normal development of the mouse patellar tendon. Tissue Eng Part
A. 2012;18(5-6):598-608.

Kalson NS, Lu Y, Taylor SH, Starborg T, Holmes DF, Kadler KE. A structure-
based extracellular matrix expansion mechanism of fibrous tissue growth.
elife. 2015;4:€05958.

Kuo CK, Petersen BC, Tuan RS. Spatiotemporal protein distribution of TGF-
betas, their receptors, and extracellular matrix molecules during embryonic
tendon development. Dev Dyn. 2008;237(5):1477-89.

Bénazet J, Pignatti £, Nugent A, Unal E, Laurent F, Zeller R. Smad4 is
required to induce digit ray primordia and to initiate the aggregation and
differentiation of chondrogenic progenitors in mouse limb buds.
Development. 2012;139:4250-60.

Russo V, Mauro A, Martelli A, Di Giacinto O, Di Marcantonio L, Nardinocchi
D, et al. Cellular and molecular maturation in fetal and adult ovine calcaneal
tendons. J Anat. 2015:226(2):126-42.

O'Brien EJO, Frank CB, Shrive NG, Hallgrimsson B, Hart DA. Heterotropic
mineralization (ossification or calcification) in tendinopathy or following
surgical tendon trauma. Int J Exp Pathol. 2012,93(5):319-31.

Bian L, Zhai DY, Tous E, Rai R, Mauck RL, Burdick JA. Enhanced MSC
chondrogenesis following delivery of TGF-beta3 from alginate microspheres
within hyaluronic acid hydrogels in vitro and in vivo. Biomaterials. 2011;
32(27):6425-34.

Mikic B, Entwistle R, Rossmeier K, Bierwert L. Effect of GDF-7 deficiency on
tail tendon phenotype in mice. J Orthop Res. 2008;26(6):834-9.

Maloul A, Rossmeier K, Mikic B, Pogue V, Battaglia T. Geometric and material
contributions to whole bone structural behavior in GDF-7-deficient mice.
Connect Tissue Res. 2006;47(3):157-62.

Mikic B, Bierwert L, Tsou D. Achilles tendon characterization in GDF-7
deficient mice. J Orthop Res. 2006;24(4):831-41.

Wang RN, Green J, Wang Z, Deng Y, Qiao M, Peabody M, et al. Bone
morphogenetic protein (BMP) signaling in development and human
diseases. Genes & diseases. 2014;1(1):87-105.

Wolfman NM, Hattersley G, Cox K, Celeste AJ, Nelson R, Yamaji N, et al.
Ectopic induction of tendon and ligament in rats by growth and
differentiation factors 5, 6, and 7, members of the TGF-b gene family. J Clin
Invest. 1997;100(2):321-30.

Shen H, Gelberman RH, Silva MJ, Sakiyama-Elbert SE, Thomopoulos S.
BMP12 induces tenogenic differentiation of adipose-derived stromal cells.
PLoS One. 2013;8(10):e77613.

Lee JY, Zhou Z, Taub PJ, Ramcharan M, Li Y, Akinbiyi T, et al. BMP-12
treatment of adult mesenchymal stem cells in vitro augments tendon-like
tissue formation and defect repair in vivo. PLoS One. 2011;,6(3):217531.
Yang G, Rothrauff BB, Lin H, Gottardi R, Alexander PG, Tuan RS.
Enhancement of tenogenic differentiation of human adipose stem cells by
tendon-derived extracellular matrix. Biomaterials. 2013;34:9295-306.

Apte SS, Fukai N, Beier DR, Olsen BR. The matrix metalloproteinase-14
(MMP-14) gene is structurally distinct from other MMP genes and is co-
expressed with the TIMP-2 gene during mouse embryogenesis. J Biol Chem.
1997,272(41):25511-7.

Kinoh H, Sato H, Tsunezuka Y, Takino T, Kawashima A, Okada VY, et al. MT-
MMP, the cell surface activator of proMMP-2 (pro-gelatinase a), is expressed
with its substrate in mouse tissue during embryogenesis. J Cell Sci. 1996;
109(Pt 5):953-9.

Jung JC, Wang PX, Zhang G, Ezura Y, Fini ME, Birk DE. Collagen fibril growth
during chicken tendon development: matrix metalloproteinase-2 and its
activation. Cell Tissue Res. 2009;336(1):79-89.

Gulotta LV, Kovacevic D, Montgomery S, Ehteshami JR, Packer JD, Rodeo SA.
Stem cells genetically modified with the developmental gene MT1-MMP
improve regeneration of the supraspinatus tendon-to-bone insertion site.
Am J Sports Med. 2010;38(7):1429-37.

Sharma RI, Snedeker JG. Biochemical and biomechanical gradients for
directed bone marrow stromal cell differentiation toward tendon and bone.
Biomaterials. 2010;31(30):7695-704.

Engler AJ, Sen S, Sweeney HL, Discher DE. Matrix elasticity directs stem cell
lineage specification. Cell. 2006;126(4):677-89.

McBride DJ, Trelstad RL, Silver FH. Structural and mechanical assessment of
developing Chick tendon. Int J Biol Macromol. 1988;10(4):194-200.



Theodossiou and Schiele BMC Biomedical Engineering

82.

83.
84.

85.

86.

87.

88.

89.

90.

92.

93.

94.

95.

96.

97.

98.

99.

101.

102.

103.

(2019) 1:32

Yin Z, Hu JJ, Yang L, Zheng ZF, An CR, Wu BB, et al. Single-cell analysis
reveals a nestin+ tendon stem/progenitor cell population with strong
tenogenic potentiality. Sci Adv. 2016;2(11):21600874.

Wang JH. Mechanobiology of tendon. J Biomech. 2006;39(9):1563-82.
Kluge JA, Leisk GG, Cardwell RD, Fernandes AP, House M, Ward A, et al.
Bioreactor system using noninvasive imaging and mechanical stretch for
biomaterial screening. Ann Biomed Eng. 2011,39(5):1390-402.

Raveling AR, Theodossiou SK, Schiele NR. A 3D printed mechanical
bioreactor for investigating mechanobiology and soft tissue mechanics.
MethodsX. 2018;5:924-932.

Youngstrom DW, Rajpar |, Kaplan DL, Barrett JG. A bioreactor system for

in vitro tendon differentiation and tendon tissue engineering. J Orthop Res.
2015;33(6)911-8.

Kuo CK, Tuan RS. Mechanoactive tenogenic differentiation of human
mesenchymal stem cells. Tissue Eng Part A. 2008;14(10):1615-27.

Scott A, Danielson P, Abraham T, Fong G, Sampaio AV, Underhill TM.
Mechanical force modulates scleraxis expression in bioartificial tendons. J
Musculoskelet Neuronal Interact. 2011;11(2):124-32.

Subramony SD, Dargis BR, Castillo M, Azeloglu EU, Tracey MS, Su A, et al.
The guidance of stem cell differentiation by substrate alignment and
mechanical stimulation. Biomaterials. 2013;34(8):1942-53.

Chokalingam K, Juncosa-Melvin N, Hunter SA, Gooch C, Frede C, Florert J,
et al. Tensile stimulation of murine stem cell-collagen sponge constructs
increases collagen type | gene expression and linear stiffness. Tissue Eng
Part A. 2009;15(9):2561-70.

Juncosa-Melvin N, Matlin KS, Holdcraft RW, Nirmalanandhan VS, Butler DL.
Mechanical stimulation increases collagen type | and collagen type lll gene
expression of stem cell-collagen sponge constructs for patellar tendon
repair. Tissue Eng. 2007;13(6):1219-26.

Shearn JT, Juncosa-Melvin N, Boivin GP, Galloway MT, Goodwin W, Gooch C,
et al. Mechanical stimulation of tendon tissue engineered constructs: effects
on construct stiffness, repair biomechanics, and their correlation. J Biomech
Eng-T Asme. 2007;129(6):848-54.

Hamburger V, Hamilton HL. A series of Normal stages in the development
of the Chick embryo. J Morphol. 1951;88(1):49-92.

Huang AH, Riordan TJ, Pryce BA, Weibel JL, Watson SS, Long F, et al.
Musculoskeletal integration at the wrist underlies the modular development
of limb tendons. Development. 2015;142(14):2431-41.

Kardon G. Muscle and tendon morphogenesis in the avian hind limb.
Development. 1998;125(20):4019-32.

Marturano JE, Xylas JF, Sridharan GV, Georgakoudi |, Kuo CK. Lysyl oxidase-
mediated collagen crosslinks may be assessed as markers of functional
properties of tendon tissue formation. Acta Biomater. 2014;10(3):1370-9.
Makris EA, Responte DJ, Paschos NK, Hu JC, Athanasiou KA. Developing
functional musculoskeletal tissues through hypoxia and lysyl oxidase-
induced collagen cross-linking. PNAS. 2014;111:E4832-E41.

Thomopoulos S, Kim HM, Rothermich SY, Biederstadt C, Das R, Galatz LM.
Decreased muscle loading delays maturation of the tendon enthesis during
postnatal development. J Orthop Res. 2007,25(9):1154-63.

Schwartz AG, Long F, Thomopoulos S. Enthesis fibrocartilage cells originate
from a population of hedgehog-responsive cells modulated by the loading
environment. Development. 2015;142(1):196-206.

. Dyment NA, Breidenbach AP, Schwartz AG, Russell RP, Aschbacher-Smith L, Liu

H, et al. Gdf5 progenitors give rise to fibrocartilage cells that mineralize via
hedgehog signaling to form the zonal enthesis. Dev Biol. 2015;405(1):96-107.
Ng LJ, Wheatley S, Muscat GE, Conway-Campbell J, Bowles J, Wright
E, et al. SOX9 binds DNA, activates transcription, and coexpresses
with type Il collagen during chondrogenesis in the mouse. Dev Biol.
1997,183(1):108-21.

Provenzano PP, Vanderby R Jr. Collagen fibril morphology and organization:
implications for force transmission in ligament and tendon. Matrix Biol.
2006;25(2):71-84.

Svensson RB, Herchenhan A, Starborg T, Larsen M, Kadler KE, Qvortrup K,
et al. Evidence of structurally continuous collagen fibrils in tendons. Acta
Biomater. 2017;50:293-301.

. Lemme NJ, Li NY, DeFroda SF, Kleiner J, Owens BD. Epidemiology of

Achilles tendon ruptures in the United States: athletic and nonathletic
injuries from 2012 to 2016. Orthop J Sports Med. 2018;6(11):
2325967118808238.

. Oh LS, Wolf BR, Hall MP, Levy BA, Marx RG. Indications for rotator cuff repair:

a systematic review. Clin Orthop Relat Res. 2007;455:52-63.

106.

107.

109.

110.

111,

112.

114.

115.

116.

118.

119.

120.

121.

123.

124.

128.

Page 22 of 24

Voleti PB, Buckley MR, Soslowsky LJ. Tendon healing: repair and
regeneration. Annu Rev Biomed Eng. 2012;14:47-71.

Soslowsky LJ, Thomopoulos S, Tun S, Flanagan CL, Keefer CC, Mastaw J,

et al. Neer award 1999 - overuse activity injures the supraspinatus tendon in
an animal model: a histologic and biomechanical study. J Shoulder Elbow
Surg. 2000,9(2):79-84.

. Archambault JM, Jelinsky SA, Lake SP, Hill AA, Glaser DL, Soslowsky LJ. Rat

supraspinatus tendon expresses cartilage markers with overuse. J Orthop
Res. 2006,25(5):617-24.

Ng GY, Chung PY, Wang JS, Cheung RT. Enforced bipedal downhill running
induces Achilles tendinosis in rats. Connect Tissue Res. 2011;52(6):466-71.
Heinemeier KM, Skovgaard D, Bayer ML, Qvortrup K, Kjaer A, Kjaer M, et al.
Uphill running improves rat Achilles tendon tissue mechanical properties
and alters gene expression without inducing pathological changes. J Appl
Physiol. 2012;113:827-36.

Dirks RC, Richard JS, Fearon AM, Scott A, Koch LG, Britton SL, et al. Uphill
treadmill running does not induce histopathological changes in the rat
Achilles tendon. BMC Musculoskelet Disord. 2013;14:90.

Howell K, Chien C, Bell R, Laudier D, Tufa SF, Keene DR, et al. Novel model
of tendon regeneration reveals distinct cell mechanisms underlying
regenerative and fibrotic tendon healing. Sci Rep. 2017;7:srep45238.

. Moser HL, Doe AP, Meier K, Garnier S, Laudier D, Akiyama H, et al. Genetic

lineage tracing of targeted cell populations during enthesis healing. J
Orthop Res. 2018;36:3275-84.

Yoshida R, Alaee F, Dyrna F, Kronenberg MS, Maye P, Kalajzic |, et al. Murine
supraspinatus tendon injury model to identify the cellular origins of rotator
cuff healing. Connect Tissue Res. 2016;,57(6):507-15.

Manning CN, Havlioglu N, Knutsen E, Sakiyama-Elbert SE, Silva MJ,
Thomopoulos S, et al. The early inflammatory response after flexor tendon
healing: a gene expression and histological analysis. J Orthop Res. 2014;
32(5):645-52.

Li J, Stoppato M, Schiele NR, Graybeal KL, Nguyen PK, Kuo CK. Embryonic
and postnatal tendon cells respond differently to interleukin-13. Ann N'Y
Acad Sci. 2019;442(1):118-127.

. Yang G, Im HJ, Wang JH. Repetitive mechanical stretching modulates IL-

Tbeta induced COX-2, MMP-1 expression, and PGE2 production in human
patellar tendon fibroblasts. Gene. 2005;363:166-72.

McClellan A, Evans R, Sze C, Kan S, Paterson Y. Guest D, A novel mechanism
for the protection of embryonic stem cell derived tenocytes from
inflammatory cytokine interleukin 1 beta. Sci Rep. 2019;9(2755).

Lin D, Alberton P, Caceres MD, Volkmer E, Schieker M, Docheva D.
Tenomodulin is essential for prevention of adipocyte accumulation and
fibrovascular scar formation during early tendon healing. Cell Death Dis.
2017;8:e3116.

Chhabra A, Tsou D, Clark RT, Gaschen V, Hunziker EB, Mikic B. GDF-5 deficiency
in mice delays Achilles tendon healing. J Orthop Res. 2003;21(5):826-35.
Dunkman AA, Buckley MR, Mienaltowski MJ, Adams SM, Thomas SJ, Satchell
L, et al. The tendon injury response is influenced by Decorin and Biglycan.
Ann Biomed Eng. 2014;42(3):619-30.

. Dunkman AA, Buckley MR, Mienaltowski MJ, Adams SM, Thomas SJ, Kumar

A, et al. The injury response of aged tendons in the absence of Biglycan
and Decorin. Matrix Biol. 2014:35:232-8.

Maeda T, Sakabe T, Sunaga A, Sakai K, Rivera AL, Keene DR, et al. Conversion
of mechanical force into TGF-beta-mediated biochemical signals. Curr Biol.
2011;21(11):933-41.

Killian ML, Cavinatto L, Shah SA, Sato EJ, Ward SR, Havlioglu N, et al. The
effects of chronic unloading and gap formation on tendon-to-bone healing
in a rat model of massive rotator cuff tears. J Orthop Res. 2014;32(3):439-47.

. Sikes KJ, Li J, Gao S, Shen Q, Sandy JD, Plaas A, et al. TGF-b1 or hypoxia

enhance glucose metabolism and lactate production via HIF1A signaling in
tendon cells. Connect Tissue Res. 2018;59(5):458-71.

. Ueda Y, Inui A, Mifune Y, Takase F, Kataoka T, Kurosawa T, et al. Molecular

changes to tendons after collagenase-induced acute tendon injury in a
senescence-accelerated mouse model. BMC Muskuloskeletal Disorders. 2019;
20(120):1-7.

. Berkoff DJ, Kallianos SA, Eskildsen SM, Weinhold PS. Use of an IL1-receptor

antagonist to prevent the progression of tendinopathy in a rat model. J
Orthop Res. 2016;34(4):616-22.

Arnoczky SP, Lavagnino M, Egerbacher M. The mechanobiological
aetiopathogenesis of tendinopathy: is it the over-stimulation or the under-
stimulation of tendon cells? Int J Exp Pathol. 2007,88(4):217-26.



Theodossiou and Schiele BMC Biomedical Engineering

129.

131.

132.

135.

137.

138.

140.

141,
142.

143.

145.

147.

148.

149.

150.

151

152.

(2019) 1:32

Gardner K, Arnoczky SP, Caballero O, Lavagnino M. The effect of stress-
deprivation and cyclic loading on the TIMP/MMP ratio in tendon cells: an
in vitro experimental study. Disabil Rehabil. 2008;30(20-22):1523-9.

. Fung DT, Wang VM, Laudier DM, Shine JH, Basta-Pljakic J, Jepsen KJ, et al.

Subrupture tendon fatigue damage. J Orthop Res. 2009;27:264-73.
Goodman SA, May SA, Heinegard D, Smith RK. Tenocyte response to cyclical
strain and transforming growth factor beta is dependent upon age and site
of origin. Biorheology. 2004;41(5):613-28.

Thorpe CT, Chaudhry S, Lei Il, Varone A, Riley GP, Birch HL, et al. Tendon
overload results in alterations in cell shape and increased markers of
inflammation and matrix degradation. Scand J Med Sci Sports. 2015;25:
e381-e91.

. Mehdizadeh A, Gardiner BS, Lavagnino M, Smith DW. Predicting tenocyte

expression profiles and average molecular concentrations in Achilles tendon
ECM from tissue strain and fiber damage. Biomech Model Mechanobiol.
2017;16:1329-48.

. Young SR, Gardiner B, Mehdizadeh A, Rubenson J, Umberger B, Smith DW.

Adaptive remodeling of Achilles tendon: a multi-scale computational
model. PLoS Comput Biol. 2016;12(9):e1005106.

Ansorge HL, Adams S, Jawad AF, Birk DE, Soslowsky LJ. Mechanical property
changes during neonatal development and healing using a multiple
regression model. J Biomech. 2012;45(7):1288-92.

. Lavagnino M, Arnoczky SP, Elvin N, Dodds J. Patellar tendon strain is

increased at the site of the Jumper’s knee lesion during knee flexion and
tendon loading. Am J Sports Med. 2008;36(11):2110-8.

Richardson WJ, Kegerreis B, Thomopoulos S, Holmes JW. Potential strain-
dependent mechanisms defining matrix alignment in healing tendons.
Biomech Model Mechanobiol. 2018;17:1569-80.

Chen K, Hu X, Blemker SS, Holmes JW. Multiscale computational model of
Achilles tendon wound healing: untangling the effects of repair and
loading. PLoS Comput Biol. 2018;14(12):e1006652.

. Buckley MR, Dunkman AA, Reuther KE, Kumar A, Pathmanathan L, Beason

DP. Validation of an empirical damage model for aging and in vivo injury of
the murine patellar tendon. J Biomech Eng. 2013;135:41005-1-7.

Gordon JA, Freedman BR, Zuskov A, lozzo RV, Birk DE, Soslowsky LJ. Achilles
tendons from decorin- and biglycan-null mouse models have inferior
mechanical and structural properties predicted by an image-based
empirical damage model. J Biomech. 2015;48(10):2110-5.

Killian ML, Cavinatto L, Galatz LM, Thomopoulos S. The role of
mechanobiology in tendon healing. J Shoulder Elbow Surg. 2012,21(2):228-37.
Kjaer M. Role of extracellular matrix in adaptation of tendon and skeletal
muscle to mechanical loading. Physiol Rev. 2004;84(2):649-98.

Magnusson SP, Kjaer M. The impact of loading, unloading, ageing and
injury on the human tendon. J Physiol. 2019;597(5):1283-98.

. Jelinsky SA, Rodeo SA, Li J, Gulotta LV, Archambault JM, Seeherman HJ.

Regulation of gene expression in human tendinopathy. BMC
Muskuloskeletal Disorders. 2011;12(86):1-12.

Arampatzis A, Peper A, Bierbaum S, Albracht K. Plasticity of human Achilles
tendon mechanical and morphological properties in response to cyclic
strain. J Biomech. 2010;43:3073-9.

. Arampatzis A, Karamanidis K, Albracht K. Adaptational responses of the

human Achilles tendon by modulation of the applied cyclic strain
magnitude. J Exp Biol. 2007;210:2743-53.

Sun HB, Li Y, Fung DT, Majeska RJ, Schaffler MB, Flatow EL. Coordinate
regulation of IL-Tbeta and MMP-13 in rat tendons following subrupture
fatigue damage. Clin Orthop Relat Res. 2008466(7):1555-61.

Spiesz EM, Thorpe CT, Chaudhry S, Riley GP, Birch HL, Clegg PD, et al.
Tendon extracellular matrix damage, degradation and inflammation in
response to in vitro overload exercise. J Orthop Res. 2015;33:889-97.

Lo IKY, Marchuk LL, Hollinshead R, Hart DA, Frank CB. Matrix
metalloproteinase and tissue inhibitor of matrix metalloproteinase mMRNA
levels are specifically altered in torn rotator cuff tendons. Am J Sports Med.
2004;32(5):1223-9.

Lavagnino M, Aroczky SP, Tian T, Vaupel Z. Effect of amplitude and frequency
of cyclic tensile strain on the inhibition of MIMP-1 mRNA expression in tendon
cells: an in vitro study. Connect Tissue Res. 2003;44(3-4):181-7.

Lavagnino M, Aroczky SP. In vitro alterations in cytoskeletal tensional homeostasis
control gene expression in tendon cells. J Orthop Res. 2005,23:1211-8.

Woo SL, Gomez MA, Sites TJ, Newton PT, Orlando CA, Akeson WH. The
biomechanical and morphological changes in the MCL of the rabbit after
immobilization and remobilization. J Bone Joint Surg. 1987,69A:1200-11.

153.

154.

155.

156.

158.

159.

163.

164.

169.

170.

172.

173.

Page 23 of 24

Arnoczky SP, Tian T, Lavagnino M, Gardner K. Ex vivo static tensile loading
inhibits MMP-1 expression in rat tail tendon cells through a cytoskeletally
based mechanotransduction mechanism. J Orthop Res. 2004;22(2):328-33.
Arnoczky SP, Lavagnino M, Egerbacher M, Caballero O, Gardner K. Matrix
metalloproteinase inhibitors prevent a decrease in the mechanical
properties of stress-deprived tendons - An in vitro experimental study. Am J
Sports Med. 2007;35(5):763-9.

Flynn BP, Bhole AP, Saeidi N, Liles M, Dimarzio CA, Ruberti JW. Mechanical
strain stabilizes reconstituted collagen fibrils against enzymatic degradation
by mammalian collagenase matrix metalloproteinase 8 (MMP-8). PLoS One.
2010;5(8):212337.

Bhole AP, Flynn BP, Liles M, Saeidi N, Dimarzio CA, Ruberti JW. Mechanical
strain enhances survivability of collagen micronetworks in the presence of
collagenase: implications for load-bearing matrix growth and stability. Philos
Transact A Math Phys Eng Sci. 2009;367(1902):3339-62.

. Camp RJ, Liles M, Beale J, Saeidi N, Flynn BP, Moore E, et al. Molecular

mechanochemistry: low force switch slows enzymatic cleavage of human
type | collagen monomer. J Am Chem Soc. 2011;133(11):4073-8.

Chang SW, Flynn BP, Ruberti JW, Buehler MJ. Molecular mechanism of force
induced stabilization of collagen against enzymatic breakdown.
Biomaterials. 2012;33(15):3852-9.

Flynn BP, Tilburey GE, Ruberti JW. Highly sensitive single-fibril erosion assay
demonstrates mechanochemical switch in native collagen fibrils. Biomech
Model Mechanobiol. 2013;12(2):291-300.

. Wyatt KE, Bourne JW, Torzilli PA. Deformation-dependent enzyme

mechanokinetic cleavage of type | collagen. J Biomech Eng. 2009;131(5):051004.

. Thomopoulos S, Williams GR, Soslowsky LJ. Tendon to bone healing:

differences in biomechanical, structural, and compositional properties due
to a range of activity levels. J Biomech Eng. 2003;125:106-13.

. Freedman BR, Sarver JJ, Buckley MR, Voleti PB, Soslowsky LJ. Biomechanical

and structural response of healing Achilles tendon to fatigue loading
following acute injury. J Biomech. 2014;47:2028-34.

Freedman BR, Fryhofer GW, Salka NS, Raja HA, Hillin CD, Nuss CA, et al.
Mechanical, histological, and functional properties remain inferior in
conservatively treated Achilles tendons in rodents: Long term evaluation. J
Biomech. 2017;56:55-60.

Gardner K, Lavagnino M, Egerbacher M, Arnoczky SP. Re-establishment of
cytoskeletal tensional homeostasis in lax tendons occurs through an actin-
mediated cellular contraction of the extracellular matrix. J Orthop Res. 2012;
30(11):1695-701.

. Lavagnino M, Bedi A, Walsh CP, Enselman ERS, Sheibani-Rad S, Arnoczky SP.

Tendon contraction after cyclic elongation is an age-dependent
phenomenon in vitro and in vivo comparisons. Am J Sports Med. 2014;
42(6):1471-7.

. Legerlotz K, Jones ER, Screen HR, Riley GP. Increased expression of IL-6

family members in tendon pathology. Rheumatology (Oxford). 2012;51(7):
1161-5.

. Riley G. Tendinopathy—from basic science to treatment. Nat Clin Pract

Rheumatol. 2008:4(2):82-9.

. Legerlotz K, Jones GC, Screen HR, Riley GP. Cyclic loading of tendon

fascicles using a novel fatigue loading system increases interleukin-6
expression by tenocytes. Scand J Med Sci Sports. 2013;23(1):31-7.

Favata M, Beredjiklian PK, Zgonis MH, Beason DP, Crombleholme TM, Jawad
AF, et al. Regenerative properties of fetal sheep tendon are not adversely
affected by transplantation into an adult environment. J Orthop Res. 2006;
24(11):2124-32.

Beredjiklian PK, Favata M, Cartmell JS, Flanagan CL, Crombleholme TM,
Soslowsky LJ. Regenerative versus reparative healing in tendon: a study of
biomechanical and histological properties in fetal sheep. Ann Biomed Eng.
2003;31(10):1143-52.

. Dunkman AA, Buckley MR, Mienaltowski MJ, Adams SM, Thomas SJ, Satchell

L, et al. Decorin expression is important for age-related changes in tendon
structure and mechanical properties. Matrix Biol. 2013;32:3-13.

Robinson PS, Huang TF, Kazam E, lozzo RV, Birk DE, Soslowsky LJ. Influence
of decorin and biglycan on mechanical properties of multiple tendons in
knockout mice. J Biomech Eng. 2005;127(1):181-5.

Benson RT, McDonnell SM, Knowles HJ, Rees JL, Carr AJ, Hulley PA.
Tendinopathy and tears of the rotator cuff are associated with hypoxia and
apoptosis. J Bone Joint Surg Br. 2010,92(3):448-53.

. Tempfer H, Traweger A. Tendon vasculature in health and disease. Front

Physiol. 2015;6:1-7.



Theodossiou and Schiele BMC Biomedical Engineering (2019) 1:32 Page 24 of 24

175. Alfredson H, Bjur D, Thorsen K, Lorentzon R, Sandstrom P. High
intratendinous lactate levels in painful chronic Achilles tendinosis. An
investigation using microdialysis technique. J Orthop Res. 2002;20(5):934-8.

176. Sano H, Wakabayashi |, Itoi E. Stress distribution in the supraspinatus tendon
with partial-thickness tears: An analysis using two-dimensional, finite
element model. J Shoulder Elbow Surg. 2006;15(1):100-5.

177. Lavagnino M, Arnoczky SP, Dodds J, Elvin N. Infrapatellar straps decrease
patellar tendon strain at the site of the Jumper's knee lesion: a
computational analysis based on radiographic measurements. Sports Health.
2011,3(3):296-302.

178. Ingalls BP. Mathematical modeling in systems biology: an introduction.
Cambridge: The MIT Press; 2013.

179. Goutelle S, Maurin M, Rougier F, Barbaut X, Bourguignon L, Ducher M, et al.
The Hill equation: a review of its capabilities in pharmacological modelling.
Fundam Clin Pharmacol. 2008;22:633-48.

180. Duenwald-Kuehl S, Kondratko J, Lakes RS, Vanderby R Jr. Damage
mechanics of porcine flexor tendon: mechanical evaluation and modeling.
Ann Biomed Eng. 2012;40(8):1692-707.

181. LaCroix AS, Duenwald-Kuehl SE, Lakes RS, Vanderby R Jr. Relationship
between tendon stiffness and failure: a metaanalysis. J Appl Physiol (1985).
2013;115(1):43-51.

182. Kostrominova TY, Calve S, Arruda EM, Larkin LM. Ultrastructure of
myotendinous junctions in tendon-skeletal muscle constructs engineered
in vitro. Histol Histopathol. 2009;24(5):541-50.

183. Deng XH, Lebaschi A, Camp CL, Carballo CB, Coleman NW, Zong J, et al.
Expression of signaling molecules involved in embryonic development of
the insertion site is inadequate for reformation of the native Enthesis:
evaluation in a novel murine ACL reconstruction model. J Bone Joint Surg.
2018;100(3102):1-11.

184. LaRanger R, Peters-Hall JR, Coquelin M, Alabi BR, Chen CT, Wright WE, et al.
Reconstituting mouse lungs with conditionally reprogrammed human
bronchial epithelial cells. Tissue Eng Part A. 2018;24(7-8):559-68.

185. Schinnerling K, Rosas C, Soto L, Thomas R, Aguillon JC. Humanized mouse
models of rheumatoid arthritis for studies on Immunopathogenesis and
preclinical testing of cell-based therapies. Front Immunol. 2019;10:203.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Abstract
	Background
	Main text
	Models of embryonic and postnatal tendon development
	Cellular cues
	Growth factors and biochemical factors
	Mechanical factors
	Elastic modulus
	Static and dynamic tensile loading

	Models of adult tendon injury
	Mechanical loading

	Biochemical factors
	Inflammatory cytokines

	Knockout and overexpression models
	Models of chronic injury
	Computational models of tendon pathology


	Conclusions and future directions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

