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Abstract

The mechanisms that regulate angiogenic activity in injured or mechanically loaded
tendons are poorly understodd.this studywe hypothesised thaepetitivestretchingof tendon
cells alters the expressiorand releaseof angiogenicfactors which may promote tendon

vascularization

In order to examine the effects of repetitsteetchingon the expression of angiogenic
genes primary human tendon cells were subjected to ctiietching Cyclic stretchingof two-
dimensional primary tenocyte cell cultures increased the expression of VEGF, bFGF aad Cox
But, by extendingthe time course, VEGF, bFGF and G&xvere progressively downregulated.
Angiogenic profiling of tendon cells by gPCR array identified a number of other genes
(ANGPTL4, FGF1, T GF U-C and §RBIR1) thatesponédto tensile loading in a similar
pattern Further experiments revealed thgtlic stretching of human tendon fibroblasts stimulated
the expression and release of ANGPTL4 proténTGFb an dl UHIsA gANGPTL4 n g
promotedthe angiogenic activity of endothelial cells. Angiogenic activity was also increased
following injury and following ANGPTL4 injection into mouse patellar tendons, whereas the
patellar tendons of ANGPTL4 knock out mice displayed reduced angiogenesis riglliojuiry.

In human rotator cuff tendons, there were both spatial and quantitative associations of ANGPTL4

with tendon endothelial cells.

The experiments described in this thesis have shownAIR&PTL4 may assist in the
regulation of vascularity in injed or mechanically loaded tendon. ™8F andl UHlaFr e t wo
signalling pathways that modulate the expression of ANGPTL4 by tendon fibroblasts and which

could, in future, be manipulated to influence tendon healing or adaptation.
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Chapter 1. Introduction

1.1Researchaims

Tendinopathy is a common overuse injury, prevalent among both athletes and workers
(Lewis et al. 2009 The disorder is often considered a mechanically driven pathology, as repetitive
or forceful loading of tendons are webltablished risk facto(Seitz et al. 201)1 Repetitive strain
and shear are thought to induce matrix degeneration in tendon tissue, making the tissubleuscepti
to damage and eventually to overuse injiMghta et al. 2008 However, the mechanisms which
precede the development of symptomatic injury have not been fully described but are felt to be
multifactorial, with repetitive strain being an important risk facfBlevins 1997 Arnoczky et al.

2007). To date, there has been very little research aimed at understanding the mechanisms that
promote neovascularization in overused tendons. A better understasfdthg relationship
between repetitive loading and neovascularizatow the contributionof angiogenic factorto

the progression of tendon degenerataan help in the design of novel and effective treatments to

limit the advancement of overusation injuries and to improve their clinical outcomes.

The original objective of my PhD project wasdetermire the factors that promote the
proliferation of new blood vesselsiiesponse toepetitivestretchingof tendoncells The general
goalwasthe understanding of mechanisms involved in pathogenesis of acélated soft tissue
disorders in order tprovide improved understanding that could assist in the future development
of new modalities for the disease management. In my study |Usedthree complementary

research models:

1. In vitro model: identifying molecular factors and regulatory mechanisms that

promote angiogenesis in responsegoetitivestretch



2. In vivomodel: Characterizing the mechanoresponsive ggshestified in model 1)
duringthe course of tendon neovascularizafimfowing tissue injury

3. Clinical modes: Histological study of human tenddssue

1.2.Human tendon

1.2.1.Structure

Tendons areonnective tissues thatespecialized for transmitting force fromuscleto
bone.Their shapsvary based on theianatomical location and force transmission. For example
finger flexors have long and thin tendons to transmit precise and delicate movements while the
tendons of quadriceps and triceps brachiates short andvide to resist and transmit powerful
forces(Kannus 200p The fundamental unit of tendsis the collagen fiberwhich consists of a
bundle of collagen fibrils. These fibrils are mainly composed of type | collagen which is
synthesized by resident fibroblastlsnamedenocytesTenocytes secrete collagen itive ECM
when the polypeptides formcollagen triple helix.The crosslinking of collagentriple helices
formscollagen fibrils whicklthen furthemassemble into microfibsland then collagen fibrils which
appear as visible units undéeelectron microscopé\ bundle of collagen fibrils forna collagen
fiber which is visible with light microscopy. Collagen fibges structural units aendon bear
force duringtendon elogation. These fibers are surroundeddmglotenorwhich is a sheath of
connective tissue. Collagen fibers bundle into a hierarchical organization which make a primary
(subfascicle)secondary (fascicle) and tertiary fiber bundlegure 1-1.). Tertiary fiber bundles
may becovered byan epitenonsheath which is enclosed layparatenoror a synovial sheath

Tendons with synovial sheaths such as hand tendons are lubricated with synovial fluids which



di minish sliding friction. epitendoo énipaatenarpartrald ons |

sheaths are responsible for redudimcfion.

Fibril

i Endotenon Epitenon ;
|
Connective Tissue sheaths

Figure 1-1. Tendon Structure

1.2.2.Matrix

Water constitute§5-70% d the wet weighof tendon tissuand negatively correlates with
the elastic modules of tend@Kjaer 2004 Birch 2007. Collagen $ the main component of the
dry weigh of tendon(60-85%) and mostly is collagen type | (95%) with traces of collagen types
I, V, XI, XIl and XIV. The main component of tendon matrix is organized collagen fibers which
withstand tensile forcesElastinfibers, inorganic and ground substances are the remamany

components of tendon matr@ndtheir functions ar@ot as well characterizecElastic fibers are



2% of the dry weight of tendon and are mainly made of elastin, fibrillins 1 @not@ns.These

fibers are localized between fascicles to facilithtr sliding (Grant et al. 2013 Inorganic and
groundsubstances include proteoglycans (R@k)cosaminoglycan&SAGs), glycoproteins, and

other small molecules which predominantly are leucidle proteinsandplay a role inlubricating

and fibril fusion.Thelargeaggregating PGsuch as versican aaggrecapandthesmall leucine

rich proteoglycan (SLRP) are two groups ofsh@Gtendon tissue which govern water content and
collagen fibril assembly of tendon tissue, respectivklipalance between components of tendon
matrix determines the mechanigaioperties of tendon tissue to perform its function in force
transmission. The matrix also provide a dynamic microenvironment for resident cells to ensure
tissue homeostasis aadaptiveresponsg (Kannus 2000Kjaer 2004 Birch 2007 James et al.

2008 Screen et al. 20}5

1.2.3.Vascular system

Mature tendons areelatively hypovascular(compared to vesseich organs like skin,
liver, lungs etc) due to their limited metabolic activity and unique mechanical fun¢tarie et
al. 2005. Nutrients for tendon tisguare derivedothfrom synovial fluid diffusionandvascular
perfusion in some tendons such as tiexor tendons of the hand, synovial diffusion may be
predominantHowever this modest vascular perfusion is essential for tissue homeostasis. Tendon
blood vessels originate frothree different anatomical areas including surrounding connective
tissues (eg. epitendon, paratenonetc.) , musculotendinous and osseotendinous junctions
(Fenwick et al. 2002 Some tendons likthe rotator cuff tendorsealso vascularized by arteries

and arterioles which usually come from the perimysium at the musculotendinous and



osseotendinous junctiorfjaer 2004. The pattern of bloogessels isliverseamong different
tendons; in some tendons blogesselextendalong the length of tendon while others mostly have
curvedor branchinglood vessels/esseldnsert intoepitendonendotenorand between collagen
fibers in tendons covered with sheaths of connetisgeie The insertion sitefor some tendons
occur atvery specificsitesalong tendorge.g. theanteriorinsertion points of blood vessels into the
human Achilles) However inothertendors covered withparatenonblood vesselsnayinsert in

any pointalong theparatenor{fFenwick et al. 2002

Codman and Akersodescribeda relatively hypwascular zone in supraspinatus tendon
which came to be known a8 Cod mans c r Hypovascalarzoreo aise iaveeen
describedn a few other tendons such as bicepshilles, patella and posterior tibial tendons.
Tendon degeneration and rapture more frequently associated with these zones; however there is
no strongevidence to suggestat alack of vascularity igmportant inthe etiology of tendon

degeneratioifFenwick et al. 2002

1.2.4.Cell population

The main cell population in tendon tissue@nposed ofenocytes and tenoblasthich
comprise 985% of the resident cellsefocytes are theighly elongatedibroblastlike cells that
aligned longitudinally between the collagen fibers. These cells synthesise collagen and other
factors that modulate tendon matfkannus 2000Riley 200§. Absence of specific markers for
tenocytesnakes them difficult to distinguish among other tendon cells; hovgelaraxis (SCX)
and tenomodulin (NMD) are suggested as potential markers for tenoggbeakunami et al.

2006. Tenoblasts haveaditionally been identified morphologicallythey have aigger size



compared to tenocytes which suggeshigher metabolic activity. These cells have varied
morphology from round to spindle shape. Tenokldgterentiateinto tenocytesiuring tendon
aging and slightly lose their metabolic activéigd rounded appearanddowever tenocytes are
also metabolically ante andregulatethe components of tendon matrikenoblasts may simply
represent a more metabolically active tenocyte, rather than a distinct cell populagoother
cells in tendon tissu@ncludng synovial cells, chondrocytes, andscularcells) are associated

with tendon sheaths, insertion sites and blood vessghectivelyKannus 2000

1.3.Tendon injuries

1.3.1.Terminology

Several intrinsic and extrinsic factors can lead to acute or chronic tendon infuries
different site Achilles, patella, posterior tibial,elbow, wrist and rotator cuff tendons are the
common sites for tendon injuriésaffulli et al. 2003. A variety of terms pertaining to tendon
disorders are referred to the scientific and clinical literaturelhe pathological classification of
tendon injuries istill a matter ofdebate. However a classification for the tendon conditions has
been adopted based on histological findiragsl clinical symptomsTable 1-1 shows the

definitions of four types of tendon injuries based on histologindlclinical signs



Table 1-1. Classification of tendon injuries

Term Definition

Tendinopathy A clinical syndome of tendon pain and thickening, diagno:

according to specific signs and symptofidean et al. 199p

Tendinosis Structural changes in a tendon: most notably, collagen degene
andextracellular matrix abnormality, with or without, proliferati

of nerves and vessgde Mos et al. 2007

Activity related soft An encompassing term which includeshdinopathy, as well as oth

tissue disorder musculoskeletal soft tissuegpafatenon bursa, muscle, nerv
(ASTD)* ligament).
Tendon rupture A macroscopic failure of tendon tissue with catastrophic results

(complete or partial)

* Also referred to as cumulative trauma dider, repetitive strain injury, overuse syndrome, repetitive motion disorder

(Rempel et al. 1992

1.3.2.Epidemiology

Tendon disorders are a significant cause of pain and morbidity amongst athletes, workers
and the general public. The condition affects numerous tendons throughout the body and can
prevent patients from physical activitgveruse injuries comprise 30% to%®f all sport injuries
(Scott et al. 2006 Tendinomthy is a common overuse injury prevalent among athletes and
workers(Kaux et al. 201)L The incidence of musculksletal soft tissue injuries is influenced by
age and gender. A study by Clayton etdamonstrate that patients withAchilles, patellar

guadricep®r extensotendoninjuriesare mostly middle agk while rotator cuff tears and biceps
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tendon rupture angredominant in eldér people.The overall age distribution of soft tissue injury

in malesshows &igh peakat the ag®f 20 to 30.They also showethatthe incidence of the soft
tissue injuries is higher in malen different age groups; however thegnderdifferences decline

with increasing ageThe highest incidenced tendon injuries includérearm/hand tendorend
Achilles tendorrupture(Clayton et al. 2008 Some population studies in Finland addngary
suggest an increased risk of tendon injuries in people with O blood type; however in other
populatiors this associationvasnot significant. The risk of tendon injurys also higher among
athletes and spaprofessionalsTraining errors, repetite movements and overload are the main

causes of sporelated tendoimjuries (Maffulli et al. 2003.

1.4.Tendon healing

After acute tendon injuries, tendsastarta healing process whiamay becategorizednto

thethree following overlappingstages:

1. Inflammatory phase
2. Proliferative phase

3. Remodeling phase

1.4.1.Inflammatory phase

During thefirst few days after tendon injuryhe inflammatory phase of tendbealing
begirsthe repair process. Due to vessel injuhe coagulation cascade, and local upregulation of

vascular adhesion molecujédood cells such as white blood cells and plateleifitrate into the
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tendon tissu& form ahematomaEntrappedeukocytes and platelatsthe fibrin-rich clotrelease
pro-inflammatory mediators, growth factors antdemoattractastat thesite of injury which
attracs moreinflammatory cells including monocytes and lymphocyiEsese factorseleased
during clottingand inflammatioralso stimulate tenocytes and angiogengatbwaysvhich speed
up the next stage of tendon healifge phagocytic cells such as neutrophils and macrophages
the major cell types whicmvade the woundinjury) site during the inflammeory phaseand

digest necrotic tissues and blood ¢ldope et al. 2007Yang et al. 2018

1.4.2.Proliferative phase

About 23 days after tendon injuryhe proliferativeor reparativgphase of injury begin
with proliferation and migrationof tenocytes to the injured areand increased tendon
neovascularizatianThe sources of proliferative tenocytes are fromternal and surrounding
tissues includinggndtenon, epitenon, paratenon and synovial sheaththis stage phagocytic
macrophage®egin transforning to becomereparative macrophage$he growth factors and
cytokinesreleased byhesemacrophagemduceexpansion of tendocells andsynthesizingissue
matrix including collagen type Il and glycosaminoglycdncreased release of various factors
including bFGF, BMP, CTGF,IGF-I, TGFb ,PDGF, VEGF promote reparative process
including angiogenesis. PDG#irects macrophages and fibroblagb the site of injury while
TGFb st isrhe byathesis of collagen. Soroé the induced factorsuch as VEGF stay
upregulated durinthenext phase of tendon healiniche study of flexor tendon injury shows that
indication of new blood vessels appear aftdays of tendomjury, which is correlated with peak

expression of VEGFMMPs are also playersin tendon repajr since theyregulate collagen



degradation and remodelingihe expression pattemf various MMPs determine the phase of
tendon healing. The pkaexpression of MMP® and MMR13 duringthe proliferative phase
suggest that they play aole in collagen degradatipmvhile MMP-2, MMP-3 and MMR14
mediate collagen degradation and remodeling at the last phase of tendon. Adaditigansient
upregulatio of BMP-12, -13, and-14 promots differentiation of tenocytes and stimulatie

expression of tenogenic marké@elberman et al. 1986lope et al. 2007¥ang et al. 2018

1.4.3.Remodeling phase

The emodelingphasebegirs 1-2 months after injurandmaytake monthor years The
synthesis of collagen type | increases #rahreturrs to normal while the deposition of collagen
type Il diminishes in order tallow tendon filers to become more aligned and mechanically
resilient. The cell populatiomand glycosaminoglans also decreadeDGF and bFGipromote
proliferationof tendon fibroblast cell® increase cell populati@while IGF1and TGFb i nduc e
synthesis ofmatrix components such as proteoglycan, collagaednon-collagen proteia IGF-1
also inducs fibroblast proliferation and migration tbe site of injury.Some studies showed the
beneficial effects of IGR on tendon healingand induced expression of I&Fcan improve
healing outcom@ TGFb has broad bi ol ogi cal tiomtofiteraldirs o n
matrix synthesis, TGB | nsdhe e@xpressiorof tendon cell markers ang involved in
maintenance and differentiation of tendon progenitAssmentioned beforghe expression of
MMP-2, MMP-3 and MMR14 remainsunregulatedn this phaseand plag a critical role in
collagen remodeling to promote the formation of mature and normal {{gelsti et al. 2012

Yang et al. 2013Thomopoulost al. 201%.
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1.5.0veruse tendinopathy

1.5.1.Etiology

Tendinopathy is a common overuse injury, prevalent among both athletes and workers
(Lewis et al. 209). The disorder is often considered a mechanically driven pathology, as repetitive
or forceful loading of tendons are well established risk faqi®estz et al. 201)1 Overuse of
tendonthroughrepetitiveor forcefulmovements leato theaccumulation of microtrauma which
distors the integrity of collagen fibers and tendon tissue. Alepgtitive strain and shear are
thought to inducecell-mediated matrix degeneration in tendon tissue, making the tissue
increasinglysusceptible to damage and eventually to overuse i(ilepta et al. 2008 However,
the mechanisms which precede the development of symptomatic injury haveenofubig
described but are felt to be multifactorial, with repetitive strain beingngortant risk factor.
Sedentary lifestyle alsoontributes to poor tendon healing and tenddegeneration due to low
circulation and nutrition of tendooells So it seems that a balanced physical actiwibych
promotes collagen synthesis but avoids overuse or overload isjunegessary for tendon health
Some metabolic, inflammatory and genetic disordeich asobesity rheumatological diseases
and Marfai@s syndromemay influence the integrity and strengthcollagen fibers and promote
tendinopathyThe impact of some conditions on tendinopathy that interfere with microvascularity
of tendon such as hypertension, diabetes, hyperuricemia and high serwndipghasize the
importance of tendon circulation tendon health.It seems thathe metabolic state of tendon
tissue also is important inthe regulation of matrix synthesis and collagen fiber assembly.
Therefore, conditions that disturb this regulation may deteriorate the strength and integrity of
tendon and lead to tendinopatiNutritional conditions and pharmaceutical agentsy alterthe

turnover of matrix production in tendon antange tendon strength. Some evidence suggest
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detrimental effect of corticosteroid injection feometendors such as the Achilles and lateral
elbow tendonsSince corticosteroids cannot prevent tendon degearratid may also reduce the
stiffness and strength of tendon, they may in fact exacerbate tendon prdbiging.maturation
and development of tendon, the stiffness and strength of tetnskare increass; however
histological studies have shown that aghaga detrimental impact on tendon tisstregeneral,
multiple intrinsic and extrinsi€actorsmay simultaneouslpromotesome micre or macrelevel
changes in tendon tissue whiahay accumulée and predisposéndividuals to tendinopathy

(Blevins 1997 Jarvinen et al. 199Kannus et al. 199Arnoczky et al. 200,/Seitz et al. 2011

In cases of chronic tendinopathy, a lack of inflammatory cellular infiltratiosoime
studies ofsurgical biopsies has led some to challenge the involvement of inflammation in the
etiology of this disordefKhan et al. 1999 However, several studies havepwoth animal models
and humans, shown inflammatory reactions in early development of tendin@athkynan et al.
199Q Millar et al. 2010. More recently, macrophages and T and B lymphocytes has been detected
not only in the early phase, but also in chronic tendinop&@étlyubert et al. 200Kragsnaes et al.
2014). Other studies have demonstrated increased levels of macregérage interleukinl (IL-

1), cyclooxygenase (COX]), COX-2, and IL-6 (Riley 2008 Millar et al. 2010.

1.5.2.Histopathology

The main histological features of tendinopathy include collagen disorientation and
degeneration without inflammation, hypezllularity and tenocytesvith more roundshaped
nuclei, ingrowth of new blood vesselamongst the collagen fibgersand elevated

glycosaminoglycans and proteoglycéfafar et al. 2000 Animal models have shown mechanical
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loading causes excessive proliferation of tenocytes, disruption of collagen fibers, and an increase
in the noncollagenous matrix. Thes@aimalities cause tendons to be more prone to microrupture

or partial tearing due to the loss of mechanical propeftdeng et al. 2006Scott et al. 2007

Longo et al. 2009Andersson et al. 20)1Somein vitro studies have shown that repetitive
mechanical loading results in elevated production of factors by tenocytes which are sometimes
characterized as inflammatory and/or degenerative (e.g., WBEP1 or-2 , T (KRan gt al.

2005 Wang et al. 2006Asundiet al. 2008. It has been reporteatiat sites of subjectively defined

pain, clinically palpated tenderness, tendon thickness and increased colour Doppler signal are
anatomically associated, indicating a possible association between pain and neunsizascgks
resulting from tendon overaglLewis et al. 2009Divani et al.2010. However, it must be
acknowlelged that the colour Doppler signal typically associated with tendinopathy may represent
not only angiogenesis, bwlso increased bloodlow in vessels which are already present.
Angiogenesis maglsobe accompanied by neurogenesis, nerves may be proliferating along

with neovessels in mechanically loaded tendon tissue increasing the level of substance P and other
painproducing substaces in tendanThis histological change could lead to the transition to a

symptomatic phase in tendinopail@otoh et al. 1988

1.5.3.Cytokines and growth factors
Damage to tendon due to overuse or tendon rupture alters the expression aaofeleas
cytokines, pro-inflammatory factors and growth factors which may influence the course of tendon
injury or healing(Millar et al. 2009 Gao et al. 201)3 Mechanical stimuli induce tendon cells to

releasea number of cytokines such as VEGF, TNF. -6 PIGE2, substance P and PDGF which
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may promote angiogenesis in tendon tisSlaitek et al. 20Q1Skutek et al. 20Q1Petersen et al.
2004 Fong et al. 2005Yang et al. 200pBackman et al. 2011Gao et al. 2013_egerlotz et al.
2013. Tendon fibroblast cedl demonstrate endogenous expression of various og®&ind

growth factorss u ¢ h  a s -1TON#,UL110, VEGF, TGFb, bFGF, and PDGSkutek et al.
2001, SchulzeTanzil et al. 201l These cytokines and their role in tendon areimarized in

Table1-2 (SchulzeTanzil et al. 2011

Table 1-2. Cytokines and their effects in tendortissue

Cytokine Effects in tendon/on tenocytes

IL-1 b ECM degradationN\IMPs), induction of inflammatory mediators (Lb , T N& U,

COX-2, PGE2), suppression tfpe | collagen, induction of elastin, cytoskeletal chan

T N F UECM degradation (MMPs), induction of cytokines{ILb , T N&; IU-10), | L
suppression of type bagen, induction of elastin, SOCS1, pamd antiapoptotic

effects, cytoskeletal changes

IL -6 STAT3 phosphorylation, VEGF expression, supports tendon healing, induction of ¢

and of I.-10

IL-10 IL-10R1 induction (suppressing macrophage activation)

VEGF Neo-angiogenesis, remodeling (MMP expression)

T G F b Fibronectin expression, tendepar formation
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The induced expression of growth factors in response to physical tensidrenmsplved
in theadaptation of connective tissues to increased mechanical ld&jaey et al. 200R Some
angiogenic factormayinfluence the course of degenerative tendon disease. For exaMBQE€
upregulates tenocyte expression of MMIR and 3trough induction of transcription factor Ets
1. MMPs area family of enzymes which are involved in matreggneration in tendon tissuéne
increased expression pfoinflammatorycytokines and their receptors in tendinosis suggests the
role of inflammatory response in tendon tissue damage in earlysstdgeiever a lack of
inflammatory cells and symptomsa&td to inflammation in tendinostsuldchallenge this notion
(Dakin et al. 20141 Markedexpression of IE21R in early tendinopathy and its regulation in tendon
cells by proinflammatory cytokines may contribute to the tissue damage in tendinopathy. Although
IL-21 ligand is ot expressed in tendon cells, thedlLR might be activated by altetive binding

ligands(Campbell et al. 2074

1.5.4.MMPs

It is acknowledged that matrix metalloproteire@@MPs) contribute taheremodeling of
the tendonextracellular matrix and that their balance withMMP inhibitors is necessary for
maintaining tendon homeostagdagra et al. 2005Jones et al. 2006 Tendon degeneratias
accompanied bghanges in the expression and activity of matrix metalloproteinases (MMPSs)
which are consistent with increasgebteolyticdegradation of matriceSeveraMMPs including
MMP1, MMP2, MMP8, MMP12 and MMP14 have activity fibre cleavage Ofibrillar collagen.
These MMPs may havae key role in tendon remodeling during both tendon healing and

degeneratiorfRiley 2009. Mechanical loading has been shoterregulatethe expression and
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activity of MMPs (Archambault et al. 2002Tsuzaki et al. 2003 Some studies have shown
changes in MMRexpressioror activity in tendon disorders. Howevéehe precise role of MMPs

in tendinopathy is not cleafhe expression of MMR was upegulated irtendon biopsies taken

from Achilles tendinopathyesionsand from rupturedAchilles tendos (Alfredson et al. 2003

Karousou et al. 2008In isolated tenocytes from rat Achilles tendpithere was gositive

correlation between MMR activity andage(Yu et al. 2013 MMP-2 can modulate angiogengsi

through cleavage ahe FGF receptor and regulation of F@Factivity. MMP-2 also binds to
integrin Uvb3 on epithelial -mediattdsVEGFeXpiession nt er

andsubsequerdngiogenesis vitro (Bauvois 2012

1.6.Role of neovascularization in tendinopathy

Numerous studieBaveshown thattendinopathyoften ariss in the hypovasculazone of
tendon such athecritical zone (Codman) isupraspinatus tendohpwever the actualsite of the
painful lesion once it developgenerallyshows an increased vascularity. It seems that the sites
of subjectively defined pain, clinically palpated tenderness, tendon thickness and
neovascularization are anatomically asstad; so there may be an association between pain and
neurovascular changes resulting from tendon overuse in tendinopathy p@igetst al. 2005
Scott et al. 2008Divani et al. 201D Tendinopatic lesions in tendon and paratendon are
associated with increased neovascularization and degenerative vabnidanalitieancluding
vascular hyperplaswmithin tendon Neovascularizatioalsois an essentigbart of tendon healing
during the proliferative phase; however hypervascularity in chronic tendinopathy is associated

with tendonpain Several growth factors and cytokscluding VEGF, bFGF and TGE
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promotevascularizationn tendon tissuéut the factorsn painful tendon lesionthat lead either

to ongoing angiogenesis, offalureto retract new blood vesselre unknown(Fenwick et al.

2002. Gene expression studies indicate the increased expressiond® TGFVE GF, PDGF r e (
and IGFI in chronic tendinopathy which may contributette hypervascularity of tendon lesions

(Riley 2009.

Hypervascularitycould potentiallydisrupt the integrity ofloadbearingtendon tissue
which maypredisposdendors to teas andto tissue inflammation. In theory, factors thatiuce
the presence or persistenceradw blood vesselsr accompanying nerves chronially painful
tendon may relievpain and improve the biomechaniéahction of tendon tissue. Indegegome
modalities for tendinopathy such as sclerosant injestoil extracorporeal shoekave therapy
may treat painful tendon by targeting blood ves@eikey 2008. The efficacy of these treatments

has not been firmly established, however.

1.7.Mechanotransduction

Live cells are able to senpbysical deformationandtherebyreact tomechanicaforces.
The mechanismby which cells transform themechanical stimuli tdiological and chemical
responsess calledmechanotransductioiMechanical forces alter thmnformation and dynamnsc
of different cell componerg such ascytoskeletal and membrane proteii$iesedeformation
induced changes cammodify the interactios betweenintracellular proteia andligands to
transducethe mechanicalstimuli to biochemical signal¢Paluch et al. 2005 The major

mechanotransducein cell membrang include mechanosensitiveon channelscaveobe, and
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surface receptordn cell-cell and cellmatrix contacts some qieins such asintegrins, focal

adhesionsgadherinandgap junctions also contribute mechanotransductigiingber 2008.

In eukaryotic cellsseveral famikes of mechanosensitive chagls have been identified.
Mechanegated potassium channéeluding TREK and TRAAKare mostly present in neurones.
Stretch andnechanicabtress can activate thesegannelsand operthemto theflow of potassium
(Martinac 2004 The amiloridesensitive epitheliasodiumchannet (ENaC)anddegenerinas
the subclass of ENaQDEG superfamilyare pore channelthat are permeable to sodium or
calciumand playa central role imouch sensatioand proprioceptiofMano et al. 1990 Transient
receptor potential (TRP) channalso contribute tphysicalsensation.These chanceklrewidely
expressedn different tissue andre nonspecificallypermeable to catiorsuch as calcium i@

(Chatzigeorgiou et al. 2010

Some mechanosensitive ion channels such as ElNdCalcium channebre adjacent to
integrins(Shakibaei et al. 2003Integrins are transmembranefeins which bind to ECM and
cytoskeletalproteins. Mechanical forcesan transmitfrom integrins to the iorchannelsvia
cytoskeletatomponents or their direct interactiomgh the channel@ingber 2008. Integrinslink
actincytoskeletorto ECM proteinsaandform focal adhesios and complexesocaladhesions are
an assembly ofiumerousproteinsassociated with integrindlechanical forces can change the
conformation offocal adhesion proteinthereby activaing integrirs, focal adhesion kinases
(FAK), Rho GTPases arsbme other signalling facto(Schwartz 201 The signalling cascades
triggeredby integrinssimulatedownstream target proteins suchmBiall and heassociated
kinase (ROCK) whichchange the dynanscof cytoskeletonfilament polymerization.These

changescan feed back to the conformation @dcal adhesionsand ECM protein In this way,
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ateration ofintracellular filamentgriggered by integrimctivationpromotesa bidirectionaleffect
between integrindECM andcytoskeletorto governsomebiological processes like cell migration

(Ingber 2008.

Activation of signallingpathways by integrins alsaffects gene expressiopatterrs and
leadsto changs incell phenotype and ECM compositi@@hiquet et al. 2003Alteration of ECM
composition and structure moi$ the interaction between ECM components aaohe protein
complexes. These modificatisichange the mechanical properties of the E@8Iwell as the
activity of proteincomplexesandtheir bioavailability to the resident cel(Schwartz 201D In
myofibroblastsintegrins transmitontractile forceproduced byytoskeletafibers andhe ECM
to the latent TGFb ¢ o mip thi® contractile forceactivates the latent complex through
conformational changd$Vipff et al. 2008. Integrins alsanduceproteolyticactivationof TGFDb
by enhancinghe interactiorbetweenlatent TGFb andthe membrandound MMPs(Mu et al.

2002.

1.8.Mechanobiology of tendon ce#

The strain level measured in tendon tissue is dependent on the type of tendon and the
physical activity. Wilson et al recorded the maximum average strain of 5.8% in Achilles tendon
during running andgtrains 0%6%-7% were recorded in the patell@nidon during the development
of maximal isometric force; 15% peak strain is predicted for the patellar tendon during jumping
(Lichtwark et al. 2006Lavagnino et al2008 Couppe et al. 2009The failure strain of Achilles

tendon is 16.1% and 12.8% for fast (10% and slow (1% 9) strain rates respective(yWren et

19



al. 200). In anin vitro model, the transmission of strain to individual cells in cell culture depends

on their adhesion to substrate and usually is less than substratéVgaamet al. 2007

1.9.Mechanical stimulus- effectson gene regulation

Tenocytes comprise the main cell population (98B%0) in tendon tissue, aridey may
be defined as scleraxexpressing fibroblasts residing within the extracellular matrix of the tendon,
and playing a keyole in tendon development, adaption and the response to mechanical loading
(Mendias et al. 2002 Tenocytes produce a variety of endogenous cytokines and growth factors
which exert both autocrine and paracrine efféatsSadi et al. 201)1 Somein vitro studies have
shown that repetitive mechanical loading of tendon cells results in an elevated production of
soluble factors which are sometimes characterized as inflammatory, catabolic, or anabolic
(Almekinders et al. 1993Vang et al. 2003Jones et al. 20} 3Table1-3 summarizes thetudies

of mechanicastimulation ofisolatedhumantendon cells antheir results.
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Table 1-3. Mechanical stimulation of human tendon cells

Cell Source Mechanical Simulus Parameters Outcome Ref
normalfinger repetitivemotion with 0.25 strainat0.17 P GE2 YV , LTB4yin pr es e (Almekinder
flexor Hz (10 cycles.mifl), with/without 25uM L DH 2 s etal. 1998
indomethacin, or 0.25 strain at 1 Hz (60
cycles.minl).
normal upper repetitive motion and nonsteroidalantt P GE2 ¢, pr ot ei n synt h (Almekinder

extremities inflammatory medication

presence of nonsteroidal amtflammatory setal 199p

medication

healthy Achilles

10% equibiaxial strain with a frequency o

substance HFV,r erceeyrt ok (Backman et

and hamstring 1 Hz for a total of 120 min/day for 3 days al. 2011
tendons Fong et al
2013
healthy patellar cyclic mechanical longitudinal strain proliferationy,y HSP (Barkhausen
frequency of 1 Hz and an amplitude of 59
tendon et al. 2003
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Cell Source Mechanical Simulus Parameters Outcome Ref

senitendinosus detensioning i ntegrin subunit al p (Bayeretal.
and gracilis markers for tendon cetlifferentiation TNMD, 2014
tendon SCX, MKXCOL1A1, COL3A1, COL14A1,

DCN, FBMD, CCN}Z , -inflamnaatory
molecules COX-1 and COX2, IL1B,IL§ ¢

COL12AY ,FNz ,TGFB1 ,

healthy soft-focused extracorporeal shock wave cell viability, proliferation andendonspecific (de
semitendinosus treatment (0.1™J/mnf) markers ¢cleraxisandtype | collagehy ; Girolamo et
and gracilis release of cytokinesl-1 b ,-6 and.1L-10, al. 2019
tendons TNFUY GHOVEGF , MMaRd

MMP13z, nitZic oxi de

normal continuougrestinserted cyclic equiaxial  collagentype I, llly SCXA (Huisman et
hamstringiendon strain at a frequency of 0.1 Hz for 100 or al. 2019
1000 cycles
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Cell Source Mechanical Simulus Parameters Outcome Ref

patellar tendon  biaxial strain with magnitude of 5% ata HSR72y (Jagodzinski
1 Hz frequency for 30 or 60 min et al. 2008

patellar tendon cyclically strain at 4% or 8% at Otz for  collagen type¥ , coll agen t (Jiang et al.

8h

proliferatiyony, 8 &pop 2012
strain, inflammatory factors (I£2, IL-10,

VEGF,IL-6, and TGFb1)y,

Achillestendon

uniaxial strain at 5% cyclic strain atHiz

for up to 48n

After 24 and 48 h straiiRDAMTS2, (Jones et al
ADAMTS4, ADAMTS16, MMP2hdTIMPY . 2013

After 24 h StrainMMP10, THBS1
ADAMTS6andADAMTSS14

After 48 h strainMMP10, MMP11, Lumican,

MMP3,andMMP 17 Z2; ABDAMTSI1

patellar tendon

uniaxialstrain at 4%, 8%, 12% at 0.5 Hz,

for 4 hours

LTBsandPGEyY at8% and12%5- (Li et al

|l i poxygenase 2 2009
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Cell Source Mechanical Simulus Parameters Outcome Ref

hamstring tendor 10% equiaxial cyclic strain with a Transienty ANGPTL4, FGF-2, COX2, (Mousaviza
frequency of 1 Hz for up to 24 hrs SPHK1, TGFalpha, VEGFA andVEGFC; deh et al.

2014

flexor digitorum uniaxial strain with £% elongation at 1 ~ matrix proteingcollal, fibronectin, biglycan), (Qi et al.

profundus Hz for 1 h/day for up to 5 days cytokines and signaling factof§GFb 1 , 201))

tendon COX2),and enzyme@MMP27, ADAMTS5Y

healthypatellar  biaxial cyclic strain with 5% elongation at releaseof IL-6y TGFbetal, bFGF, and (Skutek et al.

tendon Hz up to 60 min PDGF 200))

healthy patellar biaxial cyclic strain with 5% elongation at transientJNK activation and apoptosis (Skutek et al.

tendon Hz up to 60 min 2003

flexor digitorum cyclic strain(1 Hz, 0.035 strain, 2 h) ATPase activity (Tsuzaki et

profundus al. 2009

tendon
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Cell Source Mechanical Simulus Parameters Outcome Ref

flexor digitorum equibiaxial cyclic strain (1 Hz, 3.5% IL-1beta, (COX 2), and MMBYy MMP-1zZ ; (Tsuzaki et
profundus elongation) for 2 h followed by an 48rest ATP releasg al. 2003
tendons period.
patellar tendon  biaxial cyclic strain(5%, 1 Hz) for up to 60 nitric oxide ¥ (van
min Griensven el
al. 2003
patellar tendon cyclic strainat 4%, 8%, or 12% with PGE2,COX1andCOX-2 § :CO¥%2, MMP-1 (Wang et al.
frequency of f 0.5 Hz for 24 hr and PGE2 stimulated by 11b, 2003 Yang
et al. 200%

patellar tendon uniaxial cyclicstrainwith 8% elongation at PGEZ), cytosolicphospholipaséd2y; COX1, (Wang et al.
0.1, 0.5 and 1 Hz for 4 hrs COX2y ( f r e gu e n gplospolipase 2004

A

A2 activity ¥V

patellar tendon  uniaxial cyclic strain, 8%, (0.5 Hz) for up phospholipasé\?2 activity andJ-SMA (Wang et al.
to 72 hrs proteiny i n a c edependent i e n 2004 Wang
et al. 200%
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Cell Source Mechanical Simulus Parameters Outcome Ref

patellar tendon  uniaxial cyclic strain with 4%,red to 8%, cellpr ol i f edllagenitypenl angd TGF (Yang et al.

(0.5Hz,4h) by, coll agen type | 2009
posteriortibial cyclic strain of 0% or 5% for 24 hr. Type |l collagerandd e cor i ny (Chen et al.
tendon 2007
supraspinatus  cyclic strain with1% elongation daily for 5 gap junction proteiconnexind3 and (Triantafillo
tendon days intracellular calcium concentratignin poulos et al.

presence of steroid 2009
humantenocytes cyclic strain(5% at 1Hz) for up to 48 hrs  ITGA5 and ITGBY ; (Jones et al
2014
Z: downregul atizon;noy:c huapnrgeegsul at i on;
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1.10.Substance RSP)

SP ishistorically known to be a paisignalling molecule and since its presence in tendon
fibroblasts was confirmedt has been suggested as a source of pain in tendinopathy. This
speculation was further strengthened when the expression of SP was showp-tedidaied in
the state of tendinosis, in whiatcreased nerve sproutingalsoseen. This makes the mechanism
of locally produced SP on the efferent pain signalling possible, considering the fact that the
sproutingnerves do express SP ge¢ferred receptor, NKLR (Schubert et al. 200%\ndersson et
al. 201). In the rotator cuff, pain levels are remarkably correlated with tissue levels(Gfdbéh
et al. 1998 Fredberg et al. 2008 Interestingly, although peripheral $Bntaining nerves are
known to exist and are more extensive in chronically injured tendon, local tendon fibroblasts also
appear to be a local source #;3his fnding is in keeping with recent studies demonstrating that
SP is locally upregulated by repetitive overuse in tendon fibroblgsisdersson et al. 2008
Backman et al. 201 Backman et al. 20)1SP also regulates the expression of MMPs and TIMP
in fibroblast cells and tendon ce{fSury et al. 2008Fong et al. 2012 SP induces hypercellularity

and angiogenesis in tendon tisgBerssens et al. 200Bndersson et al. 20}.1

1.11.TGF-b s i g mpatway n g

Transforming growth facteb TGFD) is a secretory protein released by various cell types
as a latent formvhich, following its activation modulats extensivebiological activitiessuch as
cell proliferation and differentiation, apoptosis, inflammation, healing, developnetat,
Malfunction oftheTGFb s i g n a | | plays gkeyrald ith@patlyology oimany disorders

extending from genetic syndromesitdlammatoryand metabolic disorder§GFb i s pr od u c €
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asthree isoforms, TGb 1, -BiZGFa n & 3T G kate secrdtednto the ECM asa Large
Latent Complex (LLC)LLC consist of TGFb h o maq Hateneg Associated Peptide (LAP)
and Latent TGH-Binding Protein (LTBP)Figure 1-2.). This complex is activated byarious
factorssuch as MMPsplasmin thrombospondirl (TSR1), integrinsg reactiveoxygen species
(ROS) and acidic pH which liberate TGFb  f r o mhrough Rlegradation, denaturation,
conformational change or breaking disulfide linkafjeAP (Annes et al. 2003Binding of active
TGFb dimer to type Il receptopromotes recruitmerand phosphorylatioof type | receptor
which induce SMAD phosphorylationand activatess SMAD-dependent signalling pathway
(Figure1-3.) (Derynck et al. 2008 In mammas, severtype Ireceptors and five type Il recepsor
have been identified whictiifferentially bind to 79 different ligand€<Combinationof different

receptors and ligands define a complé4A® -mediated responsgDerynck et al. 2003

TGF-Db proteins and othemembersof TGF-b s u p e induding iBMBs, activia and
related protein also activate other signalling pathways addition tothe SMAD signalling
pathway addng another layer of complexity to the T&F r erkespdnsestudieshaves shown
that TGFb  caetivateMAPK pathwayshroughSMAD or someindependentechanismsvhich
differ in slow or rapid activation ofMAPK-mediated gene transcriptiom.GFb-activated kinase
1 (TAK1) known asMAPK kinase kinas€ (MAPKKK-7) is activated by both TGB a n d- B MP
4. TAK1, MAPKKK-1 and RaaanactivateJNK, p38 MAPK and ErkMAPK pathways TAK1

alsoinduces NFeB signalling pathwayhr o ugh p h o s p h @Deryrickeet al. 2063 o f |
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Figure 1-2. Large Latent Complex.

Active TGF-B
dimer
® ® (' smapz3
TGF-§ RII TGF-B RI D
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— 1
/ Gene Transcription g——. |
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Figure 1-3. TGF-b Si gnal |l ing Pat hway
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1.12.Functionof TGF-b i n tendon tissue
The TGFb S u p e, rifcladmg Bone Morphogenic Protein (BMP) and TGF
subfamilies hasa prominent role in tendon development and healinduced expressioonf
tendon cell markers such &sxduring tendon development is mediated by 6sF s i ghnal | i ng
this signallingis essential for maintenance of tendon progenitor cellgtaecruiitment ofnew
cells. Therefore, disruption of the signalling pathway provokes loss of tendon(isgue et al.

2009).

TGFb plays a pivotal role in tendon repaand injury due to its diverse functions in
collagen deposition, angiogenesis, adhesion and scar formd@hRrb st i mul at es coC
synthesis. TG a | s ®the erpdessmreof Sca genavhich regulatsthe expression Collal
in tenocytes.Differentactivitiesof TGFb i s odurimg temdon healingavebeen reported. In
addition, the expression of T r e c e p t ©during reparativeg ghase3he TGFb
signalling pathway mawglsoregulate the expression pattern of collagen type | ardulhgthe
course of tendon repdi€Chan et al. 2008 The expressiolevelsof TGFb i sof or ms and r
are also altereith chronic tendon lesionsnplyingarolefortheTGFb p a t hthis@athology
(Fenwick et al. 2001 It seems that balance ofmechanicaforcesis essential fonormalactivity
of TGRb i n to suppibrotissue homeostasBtherwise excessiveor lack of mechanical
loadingcan disturb the physiologaxtivity of TGF b andmaycause consequedamaggMaeda

etal. 2011
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1.13.Role of HIF-1 in tendon injury

HIF-1 is a wellstudied transcription factor that indgcan array of genes in response to
hypoxic conditions to modulate various biological pathways including angiogenesis, invasion,
metastasis, apoptosis and some metabolic pathways. The protein complex betbedsasic
helix-loop-helix (b-HLH) familyoftrans cr i pti on factors and compri
subunitsconstantly expressed by different cell typ€&kese subunitshare some similar domain
structuresthat control their activity and dimerizatiomcluding bHLH, PAS named aftePER
(period circadian proteiPARNT (aryl hydrocarbon receptor nuclear translocator proiglv)
(singleminded protein), anttansactivation stimulation of transcription (TADJIF-1U al so has
an oxygendependent degradation domain (ODDDat controk its stability (Figure 1-4.). The
activity and stability of HIFL Uis determined by postanslational modifications such as
hydroxylation, ubiquitination, acetylation, and phosphorylgtiaimnese postranslational
modificationsareregulated byrolyl hydroxylase domairPHD), factorinhibiting HIF-1 (FIH-1)
and VVon Hippel Lindau tumor suppressor (VHL), respectiveand mitogeractivated protein
kinase (MAPK). Phosphorylation activates HIFU whereas other modifications promote

inactivation and degradation thfe protein inthe presence of oxygefiKe et al. 200b
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HIF-1 o B bHHJ] PAS [ ODDD [ N-TAD | [ c-TAD |

N/ N/

DNA binding and dimerization of HIF-1 complex Transcriptional regulation
HIF-1 B W oHHT]] PAS ] [ TAD |

Figure 1-4. Structure of HIF -1 subunits and their functions

HIF-1 Uas an inducible intracellular transcription facta increased in response to
hypoxic conditiols and modulates angiogenic factors such as VEK&@Rdon isa more oxygen
dependent tissue compdte other joirt tissues such as cartila@gharma et al. 2005Factors and
conditions that stimulate the metabolic activity of tendon cells may increase the oxygen demand
and evetually leadto hypoxic conditios, in part dueto the hypwascular nature of the tendon
tissue Torn rotator cuff tendon shows increased HIEJ) a n d exMds<ioR compared to intact
tendon tissueyhich may cause increased neovascularity. These chamgese expression could
reflect a hypoxic condition in tendon tissue that rabsp promote the degenerative process and
cell apoptosigBenson et al. 201@akemeier et al. 20)0Cultured tenocytes rafly upregulate
HIFF1U foll owed by increased ympaompithdenaditasignpficaott e i n s
cell death. All VEGF isoforms also were induced by hypoxia. But adding growth factors from PRP
to these cells protemtithem from apoptosid.iang et al. 2012 Hypoxic conditiors areproposed
asacause ofnducedNuclearfactora B (e NBRCctivity in torn rotator cuff tendoristhis activity
is correlated withncreased neaoangiogenef@umina et al. 2013 Hypoxia also induces the
expression of inflammatory cytokines, apoptosis and alters collagen matrix regulation in tencoytes.
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This evidence demonstratéhe potentialrole of hypoxia as an initiator factor in promoting early
tendinopathy(Millar et al. 2013. Other stimulus that may induce HIFU i s mechani cal
Repetitive mechanical strain induces HIFU a n d- exp@$siBn in cultured tendon cells

(Petersen et al. 20p4

1.14.Angiopoietin-like 4

1.14.1.Function of ANGPTL4

ANGPTL4 belongs to a superfamily of secreted proteins which regulate angiogenesis.
Although there is a structural similarity with angiopoietins, ANGPTL proteins are orphan ligands
and they do not bind to the receptor tyrosine kinases Tie 1 or Tie 2. dte®lgtic cleavage of
native ANGPTL4 protein generates two fragments including deriinal coiledcoil fragment
(nNANGPTL4) and a @erminal fibrinogerdike domain (CANGPTL4)that have different
physiological and pathological functions. The nANGPTirdgment is mostly involved in
metabolic hemostasis; while CANGPTL4 modulates angiogefiegise 1-5.). Shortly after the
disoovery of ANGPTL4 as a factor involved in lipid metabolism (known as faStwlgced
adipose factor), the function of this proté@sbeen determined in many other metabolic and non
metabolic pathwaythat modulate energy homeostasis, wound healimgogenesis, metastasis,
inflammation, lymphangiogenesis and angiogenesis. Recent studies showed that ANGPTL4
provokes the disruptiom f vascul ar junct i on-madiatédeRgua/PAK y Vv i a
signaling and the delustering and internalization of V&aderin and claudib which eventually
induces vascular leakiness and permeabi(itg Jan et al. 20Q3/orisada et al. 20Q65ealekman

et al. 2008Hato et al. 2008Huang et al. 200)1 ANGPTL4, induced by hypoxiand high glucose
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promotes vessel permeabjiland angiogenesias ischemicand diabetiaetinopathiegXin et al.

2013 Yokouchi et al. 2013Kwon et al. 201k Tissue damge due to inflammation in some
disorders is meditated by induced expression of ANGPIuAg inflammation due to pneumonia
infectionand LPSstimulatesthe expression of ANGPTLA4 followed by increased pulmotiasyie
leakiness and damagEherefore silecing or neutralizing ANGPTL4 can protect lung tissue from
further damage and improve recové@uo et al. 2015Li et al. 20135. By contrast, ANGPTL4
plays a protective roleagainstinflammation following intake of saturated fat. ANGPTL4
inactivates LPL to block fatty acid uptake into mesenteric lymph node macrophages which

decreasefoam cell formation and inflammatory gene expresgiochtensten et al. 201).

Signal . . . . . . . _
N E- Coiled-coil domain Linker Fibrinogen-like domain . «

Lipolysis Angiogenesis

Figure 1-5. Structure and dual function of ANGPTL4.

1.14.2 Regulation of ANGPTL4

ANGPTL4 is modulated by variety of factors and receptors, including glucocorticoid
receptor (GR), hypoxia inducible factor 1 (H1F, prostaglandinE receptor 1, transforming
growth factor b ( TGFDb)-actwatedl repeptorso (PRARS). nDéffereptr o | i f

conditions suclasfasting, glucocorticoid therapies, hypoxia and treatment with PPAR agonists
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stimulate ANGPTL4 expression [38]. The crosstalk between C&Xderived prostaglandin E2
(PGEZ2) and hypoxia synergistically induces ANGPTL4 expression in colorectal claackng

to tumaur growth by enhancing cell proliferation. Recent findings also suggest the crosstalk of
TGFb andin drRumation of ANGPTL4; however contrasting results showed either
synergistic or antagonistic induction H35]. Metabolic caditions that alter the level of
circulating free fatty acids and triglycerides would change the synthesis and release of ANGPTLA4.
Kerdenand colleagueshowed thatirculatingfree fatty acidsipregulateANGPTL4 proteinin
cardiac tissue andhmobilisedmusclestherebyreducng the local uptake of plasma triglyceride
derived fatty acid¢gKersten et al. 20Q95eorgiadi et al201Q Catoire et al. 2004 High glucose

also induces the releasé ANGPTL4 from retinal pigment epithelium cel{¥ okouchi et al.
2013. Metabolicconditions such as diabetwsd metabolic syndrome increa8GPTL4 plasma
levelin associabn with theinflammatory respons@jeerdema et al. 20)4The activators ofoll

like receptorsdy LPS inducsthe expression of ANGPTL4 in adipose, muscle and cardiac tissues
T this inductionis mediated bylLR4 signalingpathways including N¥1B and p38 MAPK
(Brown et al. 200R Inflammation in lung tissue in response to infection with influenza
Pneumoniainduces the IL6/STAT pathway therebypromoing the expression oANGPTL4

(Brown et al. 200
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1.15.Specific aims and hypotheses

1.15.1.Study I: Evaluation of the effect ofcyclic stretchingon the

expression ofangiogenic factorsby tendon cells

The objective of this study was to determinedffect of repetitive stretching on expression
and release angiogenic factorfom tendon cellshat may affect the vasculariby tendon tissue.
| alsoinvestigate the regulatory pathwaykat maygovern the expression ofechanoresponsive

genesFor this purposkeaddressethe following broad question

Which angiogenic factors arenduced in response torepetitive stretching?

| hypothesized that:

The early response of tendon cells teepetitive stretching leads to upregulaton of a

specific subset ofingiogenic factors.

1.15.2.Study IlI: Investigation of the mechanisms that regulate

ANGPTL4

The overall aim of this study wase investigatethe regulatory pathways that modulate
ANGPTL4 expression, particularly in responsecilic stretching The main question to be

addressed by this study was:

How doescyclic stretching of tendon cellsregulate ANGPTL4 ?
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| hypothesize that:

Cyclic stretching increases the expression and release of angiogenic factors through
induced activity of transforming growth factor beta (TGF-b) and stabili zati ol

inducible factor-1 (HIF -1) (Figure1-6.).

Increased activity

\
of TGF-p \

<o / ®e Induce expression and | rath
Mechanical Stress W ‘ P ) Tendon neovascularization

release of ANGPTL4 |/
Tenocytes \ m /

HIF-1 stabilization

Figure 1-6. Hypothetical function of ANGPTL4 and related pathways in tendon

1.15.3.Study Il I: Characterizing the function of ANGPTL4 protein

in tendon tissue

Some interrelated in vitro and in vivo models were used to addressllowing question:

What is the function of ANGPTL4 in promoting vascular changes during tendon

healing?

| hypothesizd that:

ANGPTL4 protein promotes angiogenesisfollowing tendon injuries and thus

enhances théhealing process.
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Chapter 2. Materials and methods

2.1.Animal studies

ANGPTL4 +/+, +f and-/- mice were generated by inbreeding of ANGPTL4 rmnice,
B6;129S5ANgptl4OSTH2930 e imucd, obtained from the Mutant Mouse Regional Resource
Center (MMRRC, 03214WUCD). Mice were genotyped acceding to MR protocol. The acute
patellar tendon (PT) injury was performed using a @80 TrueCut Disposable Biopsy Punch
(Robbins Instruments, US, # RERO0) as previously describé8cott et al. 201land wound was
sutured. The left uninjured PT was used as control. PTs were harvested after 3 days, 3 weeks and

12 weeks post injury.

5 pg recombinanmouse ANGPTL4 protein (RB Systems, 488@\N) reconstituted in
10ul PBS were injected into right PTs of female-Cinice (Charles River, St. Constant, Canada)
and left PTs were injected with 10ul PBS as control. PTs were harvested 3 days after the injection.

All animals were betwee8-16 weeks and 287 grams at the beginning of the experiments.

2.2.Primary tendoncell culture

Primary human tendon cells were isolated from healthy hamstring (semitargjinos
tendons (excess anterior cruciate ligament autograft material) of maferaal® patients (n=4,
mean age 25.75 with SEM +5.75 years). The tendon biopsies were minced imtm ®ieces and
digested by 1.5 mgiL Collagenase D (Roche Applied Science, Switzerland, #11088866001) for
20 minutes 1 n a s hak e rolloweddyilcabationr with 0289 trypsip m) a't

(TrypLEE, Life TechnologiesE, USA, #A1217702)
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digested tissues were cultured in high glucose Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% fetal boviserum, 2 mm tglutamine, 100 unitsiL penicillin, and 100

e gnL streptomycin in a humidified incubator containing 5% .G 37°C. After tendon cell
adherence to the tissue culture plates, the cultured cells (at 70% confluence) were subcultured 1:3
up to five passages to obtain adequate c@&tmary mouse tendon cells were isolated from
harvested tendons from tails. The tendon explants were cultured in same conditions as human
tendon cells. Several days after migration of tendon cells from explantssihestwere discarded

and culture cells were expanded.

The isolated tendon cells were incubated witM@G (EMD Millipore, 400091),
recombinant human TGBF1 ( R&D S y-B-@02),nthetomi2 @dxris, 4705) or-83-01

(Tocris, 2939).

2.3.Ethics

Becauseur aim was to examine the potential etiological events of tendinopathy resulting
primarily from tensile overload, we elected to use tendon cells from normal (healthy) donors,
which necessitated the use of orthopaedic autograft material (semitendindeis)id his excess
tendon material would otherwise have been discarded. The study was reviewed and approved by
the UBC Clinical Research Ethics Board, and each patient provided written informed consent. The
primary HUVEC cells wergésolated from normal umlical cords under a UBC approved human

ethics certificate.
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2.4Mechanical stimulation of tendm cells

The isolated human tendon cells were seeded on 6Bisg#lex® Culture Plates coated
with collagen type | (Flexcell® International Corporation, USABR3001C) with a density of
1.2x1C cells per well with high glucose DMEM supplemented with 10% fetal bovine serum, 2
mM L-glutamine, 100 units/ml penicillirg n d 1 @LOstreptgniycin. By using 4 0 0 0 T E
FlexLink® Starin Unit (Flexcell® International Corporation, USA), isolated tendon cells were
exposed to equibiaxial (radial and circumferential) cystiietching(1Hz frequency, 10%tretch)
for up to 24 hours. Thistretchlevel has previously been shown to be well tolerated by human

tendon cell§Backman et al. 2031

2.5.Flow cytometry

The viability of tendon cells after applied cyctretchingwas assessed with propidium
iodide staining, as previously descrili&tott et al. 2006 Thestretchedandnonstretchedendon
cellswere trypsinized and centrifuged along with their supernatant in individual tubes. The cell
pellets were washed in PBS and fixed with ice cold 70% ethanol for 1 hour. Then the fixed cells
were stained with propidium iodide staining solutiém[. PBS (C&?, Mg*?free, 0.1% glucose),

10 uL RNaseA 100 mgiL and 5uL propidium iodide 10 mgiL] and incubated for minimum
30 minutes. The DNA content in suspended cells was analyzed using the FL3 channel on a flow
cytometer, Coulter Epics XIMCL (Beckman Coulterrdc, USA), and cell death was calculated

based on cell populations in the sub G1 phase of the cell cycle.
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2.6.Cell proliferation

Conditioned media (DMEM, 5% FBS) atretchedor non-stretchedtendon cells were
harvested after 24 hours and stored&XC. Primary human umbilical vein endothelial cells
(HUVECS, kindly provided by Dr. Aly Karsan and isolated as previously desdf{@@dan et al.
1998) were seded in 96 well plates at a density of 2%bells/well and incubated with the
conditioned media ddtretchedr non-stretchedendon cells for 24 hours. At this time point cells
were assessed with the MTS assay using a modified ptdtocGellTiter 96® Aqueous MTS
reagent powder (Promega, USA, G1111) and PMS (Sigma, USA, #P9638).adMTS/PMS
solution were added to the culture media of cu
at 37eC i n a meubatodthefabseribanct & 490 was recorded using an Epoch

MicroplateSpectrophotometer (BioTek, US).

2.7.Endothelial cell tube formation assay

In order to evaluate the angiogenic activity of released factors from tendon cells subjected
to cyclic stretding, a tube formation assay was used (modified f(@émmaoutova et al. 203D
The conditioned media of the stretched and-stoetched tenocytes were hanessafter 24 hours
andstoredaB 0 AC. Fl at bottom 96 well plates were co
Basement Membrane Matrix, USA, #356231). The HUVEC cells wesespended in the
conditioned media of tendon cells which had bseetchedor nonstretched(controls) for 24
hours. Then 100 pl of the resuspended cells (281®1 | s) were added to eac!l
incubation, the tubular networks which form in the matrigel in each well were micrographed using

a digital camera (AxioCam ICm 1, Zeiss, Germany) attached to an inverted microscope (Axio
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Observer.Al, Zeiss, Germany) with 5x objective lens. In some experiments, the tubular networks
were stained with Calcein AM (Trevigen, US#4892010-K) and visualizedby fluorescene
microscopy[18]. Then The TIF format gregcale images of biological and technical replicates
were analyzed with AngioTool software in order to measure the total tube length p&ucidare

etal. 2011

The angiogenic activity of recombinant human ANGPTL4 (R&D Systems,-AdgAvas
also measured by tube forrmat. The recombinant protein was addedmatrigel and media of
endothelial cells at a concentration of 10 pg/ml. After 6 hours incubation the tubular networks of
endothelial cells were stained with Calcein AM (Trevigen, USA, #4B82K) to bevisualized
by fluorescene microscopy. Total tube length in micrographs were measured with AngioTool

software and data were reported as pixels per field.

2.8Gene expression analysis

Total RNA was extracted and converted to cDNA as explained above in tion siletd
Acel | characterization. 0 The c¢ DN Atretcleedepdorat e s
cells for 4 and 12 hours ambnstretchedcells wereused to profile 84 key gene$aple 2-1)
involved in modulating the biological processes of angiogenesis with a Human Angiogenesis RT2
ProfilerE PCR Array (PSHS02BZ). cAstirdefelch ahange, in gerge A , #
expression w&s chosen as a cut off for selecting genes for further analysis. Then conventional
gPCR was used to confirm and further analyze the expression pattern of stimulated genes after 1,
2,4, 6,8, 12 and 24 hours cychtretching The qPCR data were resented as fold change

compared tmonstretchedendon cells. Gene expression changes from samples harvested at 1, 2,
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and 4 hours cyclistretchingwere grouped as early response genes, and gene expression changes
from samples harvested at 6, 8, 12 and 24 hstweschingwere grouped as late response genes.

We also analyzed the expression of several of the mosistuelied angiogenic facteralready
suspected to play a role in tendons including VEGFs and bFGF. The primer sequences used in
conventional gPCR are shown Tiable 2-2. The gPCR primers used in this study for detecting
mouse genes are listed Tlable2-3. To extract RNA from mouse tendon tissue, mouse patellar
tendons were harvested and stored in liquicbgen. The frozen tissues were homogenised in a
Mikrodismembrator (Sartorius, Germangimd immediately incubated with Trizol followed by
chloroform to form a biphasic solution for harvestthg RNA fraction. Total RNA was purified

using High Pure RNA Isolation Kit (Roche, Germany, #11828665001) and used as template for
cDNA synthesis with fjh Capacity cDNA Reverse Transcription Kit (Appe d Bi osy st e ms

USA, #4368814).

Table 2-1. Gene symbols and description of angiogenic factors analyzed by Human

Angiogenesis RT] ProfilerE PCR Array
Symbol Description
AKT1 V-akt murine thymoma viral oncogene homolog 1

ANGPT1 | Angiopoietin 1

ANGPT2 | Angiopoietn 2

ANGPTL3 | Angiopoietinlike 3

ANGPTL4 | Angiopoietinlike 4

ANPEP Alanyl (membrane) aminopeptidase
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Symbol Description

BAI1 Brain-specific angiogenesis inhibitor 1

CCL11 Chemokine (&C motif) ligand 11

CCL2 Chemokine (&C motif) ligand 2

CDH5 Cadherin 5, type 2 (vas@arlendothelium)

COL18A1 | Collagen, type XVIII, alpha 1

COL4A3 | Collagen, type IV, alpha 3 (Goodpasture antigen)

Chemokine (€X-C motif) ligandl (melanoma growth stimulating activity,

CXCL1 alpha)

CXCL10 | Chemokine (€X-C motif) ligand 10

CXCL3 Chemoking(C-X-C motif) ligand 3

CXCL5 Chemokine (€X-C motif) ligand 5

CXCL6 Chemokine (€X-C motif) ligand 6 (granulocyte chemotactic protein 2)

CXCL9 Chemokine (€X-C motif) ligand 9

TYMP Thymidine phosphorylase

S1PR1 Sphingosinel-phosphate receptor 1

EFNAL EphrinAl

EFNAS EphrinA3

EFNB2 Ephrin-B2

EGF Epidermal growth factor

ENG Endoglin

EPHB4 EPH receptor B4

EREG Epiregulin
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Symbol

Description

FGF1 Fibroblastgrowth factor 1 (acidic)
FGF2 Fibroblast growth factor 2 (basic)
FGFR3 Fibroblast growth factor receptor 3
FIGF C-fos induced growth factor (vascular endothelial growth factor D)
Fmsrelated tyrosine kinase 1 (vascular endothelial growth factiar
FLT1 permeability factor receptor)
HAND2 Heart and neural crest derivatives expressed 2
HGF Hepatocyte grwth factor (hepapoietin A; scatter factor)
Hypoxia inducible factor 1, alpha subunit (basic hédiap-helix transcription
HIF1A factor)
HPSE Heparanase
ID1 Inhibitor of DNA binding 1, dominant negative helop-helix protein
ID3 Inhibitor of DNA binding 3, dominant negative heli@op-helix protein
IFNA1 Interferon, alpha 1
IFNB1 Interferon, beta 1, fibroblast
IFNG Interferon, gamma
IGF1 Insulin-like growth factor 1 (somatomedin C)
IL1B Interleukin 1, beta
IL6 Interleukin 6
IL8 Interleukin 8
ITGAV Integrin, alpha V (vitronectin receptor, alpha polypeptide, antigen CD51)
ITGB3 Integrin, beta 3 (plateleflycoprotein llla, antigen CD61)
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Symbol Description
JAG1 Jagged 1
KDR Kinase insert domain receptor (a type Il receptor tyrosine kinase)
LAMAS Laminin, alpha 5
LECT1 Leukocyte cell derived chemotaxin 1
LEP Leptin
MDK Midkine (neurite growtfpromoting factor 2)

Matrix metallopeptidase 2 (gelatinase A, 72kDa gelatinase, 72kDa type IV
MMP2 collagenase)
Matrix metallopeptidase 9 (ginase B, 92kDa gelatinase, 92kDa type IV

MMP9 collagenase)
NOTCH4 | Notch 4
NRP1 Neuropilin 1
NRP2 Neuropilin 2
PDGFA Plateletderivedgrowth factor alpha polypeptide
PECAM1 | Platelet/endothelial cell adhesion molecule
PF4 Platelet factor 4
PGF Placentafgrowth factor
PLAU Plasminogen activator, urokinase
PLG Plasminogen
PLXDC1 | Plexin domain containing 1
PROK2 Prokineticin 2
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Symbol

Description

Prostaglandirendoperoxide synthase 1 (prostaglandin G/H synthase and

PTGS1 cyclooxygenase)
Serpin peptidase inhibitpclade F (alph& antiplasmin, pigment epithelium
SERPINF1| derived factor), member 1
SPHK1 Sphingosine kinase 1
STAB1 Stabilin 1
TEK TEK tyrosine kinase, endothelial
TGFA Transforming growth factor, alpha
TGFB1 Transforming growth factor, beta 1
TGFB2 Trangorming growth factor, beta 2
TGFBR1 | Transforming growth factor, beta receptor 1
THBS1 Thrombospondin 1
THBS2 Thrombospondin 2
TIMP1 TIMP metallopeptidase inhibitor 1
TIMP2 TIMP metallopeptidase inhibitor 2
TIMP3 TIMP metallopeptidase inhibitor 3
TNF Tumor necrosis factor
TNFAIP2 | Tumor necrosis factor, alphaduced protein 2
VEGFA Vascular endothelial growth factor A
VEGFC Vascular endothelial growth factor C
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Table 2-2. Oligonucleotide sequence of primers and amplicon sizes of selected angiogenic genes

Target gene Forward primer sequence

Reverse primer sequence

Amplicon size

(bp)
ANGPTL4 CTCCCGTTAGCCCCTGAGAG AGGTGCTGCTTCTCCAGGTG 140
Cox-2 CAGGGTTGCTGGTGGTAGGA GCATAAAGCGTTTGCGGTAC 119
FGF1 GAAGTTTAATCTGCCTCCAGGGAAT CCCCCGTTGCTACAGTAGAG 63
FGF2 CGGGTGCCAGATTAGCGG GGGTTCACGGATGGGTGT 114
TGFA CCTTGGAGAACAGCACGTC CACATGCTGGCTTGTCCTC 147
SPHK1 CTTCACGCTGATGCTCACTG GTTCACCACCTCGTGCATC 124
VEGFA CCTCCGAAACCATGAACTTT CCACTTCGTGATGATTCTGC 132
VEGFC GCCCCAAACCAGTAACAATC GCTGGCAGGGAACGTCTAAT 109
GAPDH TCTTTTGCGTCGCCAGCCGAG TGACCAGGCGCCCAATACGAC 94
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Table 2-3. Oligonucleotide sequence of primers and amplicon sizes of selected mouse genes.

Target gene Forward primer sequence Reverse primer sequence A:izg”((i)opr;
CD31 CAAGCAAAGCAGTGAAGCTG CTAACTTCGGCTTGGGAAAC 146
CD34 ATCCGAGAAGTGAGGTTGGC CAGGGAGCAGACACTAGCAC 156
FLK-1 CTGTGGCGAAGATGTTTTTG TTCATCCCACTACCGAAAGC 163
MMP-3 GGAAATCAGTTCTGGGCTATACGAGG CCAACTGCGAAGATCCACTGAAGAAG 301
MMP-13 TCTTTATGGTCCAGGCGATGA ATCAAGGGATAGGGCTGGGT 82
VEGF-A TTACTGCTGTACCTCCACC ACAGGACGGCTTGAAGATG 189
TNMD TGACTTTAAAAATGGATACACTGGC TCTGCGGGAACCCAAATCAC 171
SCX CCAGCGAAGAACTCATACAGC GGACACCCCTTCTACGTTGT 105
COL1A2 CGGGATCAGTACGAAAGGGC TGAGCAGCAAAGTTCCCAGTA 178
DCN GCAGTGTTCTGATCTGGGTTTG TGCCTCTGGACTGATTTTGCT 178
Nucleostemin GAGGAATCTGACGAGCCCAA TCTGAGGCTTCAATCACCTTT 101
LOX TACTTCCAGTACGGTCTCCC AGTCTCTGACATCCGCCCTA 151
COL3A1 AGATAAGGGTGAAGGTGGTTCC CCTGGTTCACCATTCTGTCC 135
GAPDH TCACCACCATGGAGAAGGC GCTAAGCAGTTGGTGGTGCA 169

*(Ogawa et al. 2005** (Mendias et al. 2008
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2.9.Zymography

After 2 hours of cyclicstretching followed by 6 hours incubation withostretch the
serumfree conditioned media of tendon cellene@harvested and stored -@®0°C. Zymography
assays were carried out following a modified protocol described by Won{/ébag et al. 200)/
The conditioned medmwas concentrated with YN8 Centricon membranes (Millipore, Billerica,
MA) at 7000g for 4 h at ndaAG polymcryamideogél coptairong e i n
0.1% gelatin (Sigma, Canada) for electrophoresis. Following electrophoresis, the gel was
incubated in Triton XLO0 exchange buffer including 20 mM Tiri$Cl (pH 8.0), 150 mM NacCl,
5 mM CaCt and 2.5% Triton XL00. After 30 min incubation followed by three 10 min washes
with the incubation buffer (the exchange buffer without Tritori00), the gel was placed in
incubation buffer and incubated overnight at 37°C. Then the incubation buffeemvasad and
the gel was stained with 0.5% Coomassie blue R250 (Sigma) for 1Tineugel wasthenwashed
with 30% methanol and 10% acetic acid for 1 hour festééning. Gelatinolytic activity of MMP
2 (gelatinase A) was identified as clear areas irgtieat the apparent molecular weight of ~72

kD.

2.10.Immunoblotting
Total protein was harvested in lysis buffer (50 mM TIspH 7.7; 1% Triton X100; 10%
glycerol; 100mM NaCl, 2.5mM EDTA, 10mM Naf#ojabrpour et al. 20)Zupplemented with
cOmpl eteE protease inhi bi t 8Pr400i)andkherahorhogeniied ¢ h e,
by 3 sonication cycles with 25 watts power output at frequency of 23dtbzseconds on ice and

with 10 seconds interval. The homogenates were spun at 13,000g for 10 min. The protein
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concentrations of the supernatants wereasured using the BCA Protein Assay Kit (Pierce,
ThermoScientific, USA, #23225). The protein was &dafor 3 min in 5x loading buffer

(Fer ment as, Lithuani a, #R0891) . 20 €49 of pr
electrophoresis in a 12% SBBAGE gel at a constant voltage of 110 volts. For the detection of
secreted ANGPTL4, 20 ug protein of concetegdaconditioned meditom stretchedand non
stretchedendon cells wreused. Thetretchedcells were subjected to 2 hours of cyslietching

followed by 6 hours incubation withostretchingand the serurfree conditioned media of tendon

cells were harvested and stored-&2°C. The serum free conditioned medianoh-stretched

tendon cells were used as a contfbhe conditioned mediavere concentrated with YNMB

Centricon membranes (Millipore, USA, #4302) at 7000g for 4 h at 4°C. The resolved proteins
were transferred to a 0.45 pum nitrocellulose membrane (Biorad, Germanyp#15pincold

transfer buffer (25 mM Tris, 192 mM glycine, 20%timenol) at 35 volts fot6h The membranes

were blocked with 5% milk in Tribuffer saline with 0.5% Tween 20 (TBST), and probed with
antrANGPTL4 Antibody (Novex®, Life Technologies, USA, #710186) in TB®vernight at

4°C, followed by 3 x 18min TBST wasbes, followed by Goat AnfrRabbit IgG, H & L Chain

Specific Peroxidase Conjugate (Calbiochem®, USAQ#315)in TBST. Immunoreactivity was
detectedusingSuper Si gnal E West Femto Chemiluminescent
#P134095). The denyiof detectecbands was quantifieagsinglmage Jand vinculinwasused as

the reference protein for data normalization.
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2.11.Enzyme-Linked Immunosorbent Assay (ELISA)

The conditioned media of tendon cells cultured in high glucose DMEM supplemented with
10% fetal bovine serum,2mMdé¢ | ut ami ne, 100 wunits/ml penicil/|l
were harvested after 6 hours cydtcetchingand stored a80°C. The conditioned media ofor
stretchedendon cellsvere used as control. The protein levels of ANGPTL4 in the samples were
guantified using a commercial ELISA kit, Human Angiopoidiike 4 DuoSet (R&D Systems,

USA, #DY3485) accordingto he manuf acturer 6s protocol

212.TGF-b | uci ferase assay

TGFb activity in conditioned media of- tendo
based luciferase ass@jones et al. 20)3Hela cells were transfected with CAGA and Renilla
plasmids using Metafecten® Pro (Biontex, Germany, #T040). Harvested conditioned media of
tendon cellsubjected to cyclistretchingwere incubated with the transfected cells for 6 hours,
and media of nostretched cells were used as control. The luciferase activity was measured by
DualLuciferease® Reporter Assay System (Promega, USA, #E1910) according to the kit manual
and the luminesnce was recordedsing anlinfinite 200 PRO microplate reader (Tecan,
Switzerland). The luminescence of CAGA was normalized to Renilla as a control for transfection

efficiency.

2.13.Immunohistochemistry

Mouse tendon tissgavere fixed in 10% formalin overnighvashel three timesvith PBS

and stored in PBS at 4°. The tissues were dehydrated and embedded in paraffin. - Paraffin
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embedded tissue sections were deparaffinised in three changes of xylene, and thtad hyd

through two changes each of 100%, 90%, and 70% alcohol, and then two changes of distilled
water. Slides were blocked for endogenous peroxidase activity by two incubations of 20 minutes
each in 3% hydrogen peroxide solution at room temperature. Antegageval was performed

using a 2% Pepsin in 0.1M HCI solution at 37c¢
BSA + 0.1% Tween in PBS for one hour, and then incubated withC&nR81 rabbit primary

antibody (Abcam ab28634; 1:100) for one hour. Atgaatirabbit Alexa 594 fluorescent
secondary (Invitrogen A11037; 1:500) was then applied for 30 minutes at room temperature.
Finally, slides were incubated with Hoescht (1:10,000) for two minutes to visualize nuclei. All

staining procedures were conducgtdoom temperature in a darkened humidified chamber.

Paraffinrembeddechuman rotator cuff tendobiopsieswere processed #he Provincial
Health Services Authority (PHSA) Laboratories, Histology Services, and immunostained with
antibodies against CD31 (Abcam ab28634; 1:100), ANGPTL4 (Aviscera Bioscinece, USA,
A0030902; 1:20) and HIL U ( Novous Bi 0-105;g1i5@) d&dllased by#DMB 1 0 0O

staining.

2.14.lmage Processing

Fluorescene micrographs were taken using a Zeiss Axio Observer A.1 with a 10x
objective.The exposure timeas seat4096and150 ms ér CD31 and nuclei respectivelynages
from five representative fields of view were taken for each tissue section. For each field of view,
images were taken from the fluorescent channels representing CD31 and nuclei. CellProfiler

software was used to color and overlay separate chanitieis a field of view.
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To quantitatehe expression of CD31, a positivity score representing the ratio of stained
tissue to total tissue was taken for each CD31 channel image. Staining artefacts and overlapping
tissue segments were cropped, and surfagz @frstained tissue was determined via thresholding
using an Otsu method in Imagé€3chindelin et al. 2002 Total tissue surface area was then

determined by outlininghetissue in ImageJ.

For human tendon tissue, the tissue slides were scarsiggl anAperio Scanscope XT
system (Leica Biosystems, USA) and ftilsue sections were scored for positivity of DAB
chromogen staining using ImageScope software. Sections were outlined, excluding any areas of
tissue overlap, and the built Positive Pixel Coungalgorithm was used to count thatio of

positiveto-negative pixels.

To quantify the proximity oimmuncstainingfor ANGPTL4 and CD31ijssueimagesvere
capturedusing ImageScope software at a 2.0x magnification. Images were manually aligned,
cropped to represent a 4 x 4 mm area of tissue, and subdivided into 64 equal squares. Two trained
observers were instructed to mark each square with positive staining. Hne s@s considered
to have positive staining if both observers agreed. Where there was a disagreement with one
observer noting positive staining and the other not, a third observer was brought in to break the tie.
Squares betweeANGPTL4 and CD31 stainingrials in the same sample were then overlapped,
and the number of positive overlaps to mismatches were consideedercentage of proximity
were reported as the ratiothie number of matched aaeof CD31 and ANGPTL4 stainin the

total number of CD3 staining.
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2.15.In vitro ANGPTL4 cleavage assay

The cleavage afecombinant human ANGPTL4 (R&D Systems, 448Y) by MMPs was
asseseal i n Dr . C h (Stag et @Vv281R B g Fedombinlard grotein was incubated
with nine different MMPsat aratio of 10:1 at 371C overnight The cleaved products were

confirmed by silveistained 15% Trigricine SDSPAGE.

2.16.In vitro scratch assay

A modifiedin vitro scratch assaftiang et al. 200ywasused to evaluate cell migration in tendon
cells that were isolated frodNGPTL4 +/+, +/ and-/- mice The tendorfiberswere pulled out
from the mouséail usinga clamp Thetendon cells were isolat@shd cultured as prescribed before
for human tendon cell'he cultured tendon cells were subcultlirgo 12-well plates at adensity

of 1 cellswell. A straightscratchwas created on the confluent cell monolayer using a p1000
pipet tip. The wells were washed 3 tiseith PBS to remove debris aniétached cellsThen 1

ml of cell culturemedium wasaddedto eachwell. A small dot was placed on the plate with a
marker, as aeference pointUsing a phasecontrast microscopgeiss Axio Observer A.1Yhe
reference point was aligned at the centrthefield of view and thegap between the twsidesof
scratch wasnicrographediusinga 5x objectivelensatdifferentincubationtime periodsto monitor
closureof the scratchThe gap distance in the scratch was measure wamglite 2012 software
(©Carl Zeiss Microscopy GmbH, 2014hd the migratory distance was calculated by subtracting

thedistance in each image from thartingdistance
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2.17 Statistics

The qPCR data of the in vitro and in vivo experimewvgse examinedsing aoneway ANOVA,
followed by Tukey's multiple comparison and pairgdds, respectively. Pairedtess werealso

applied to the datgenerated b¥LISA, tube formation assay and dual luciferase assay. Pearson's
correlation coefficients were used to identify the association between target proteins/genes.
Descriptive results from Angiogenesis RT|] Pro
ted using the WeilBased PCR Array Data Analysis on the SABiosciences welidie.daher

statistical analyss mentioned abovevere carried out using GraphPad Prism.
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Chapter 3.Cyclic stretching alters the expression and release angiogenic

factors by human tendon cells

3.1.Background

Tendinopathy is a common owse injury, prevalent among both athletes and workers
(Lewis et al. 2009 The disorder is &&n considered a mechanically driven pathologypading
of tendons whetherrepetitive or forceful has beerstablishea@s arisk factor(Seitz et al. 2011
Repetitive strain and shear are thought to induce matrix degeneration in tendon tissue, making the
tissue susceptible fartherdamage and eventuglio a symptomatioveruse injuryMehta et al.
2003. However, the mechanisntisat precede the development of symptomatic injury have not
been fully described but are felt to be multifactorial, with repetitive strain being an important risk

factor(Blevins 1997 Arnoczky et al. 200)f

There is evidence of extensive new blood vessel growth in most types of tendinopathy,
including Achilles, patellar and lateral epicondyle tendinopathies, as well as the rotator cuff.
Histopathological examination hasvealed increased mibers of vessels within and around
painful tendongMatthews et al. 20Q@.akemeier et al. 20301t has been reported that sites of
subjectively defined pain, clinically palpated tenderness, tendon thickndsscreased colour
Doppler signal are anatomically associated, indicating a possible association between pain and
neurovascular changes resultiigm tendon overusé.ewis et al. 2009Divani et al. 201D
However, it must be acknowledged that the colbwppler signal typically associated with
tendinopathy may represent not only angiogenesisalbaincreased blood flow in vesls that
are already present. Angiogenesis may be accompanied by neurogenesis, i.e, nerves may be

proliferating along with neovessels in mechanically loaded tendon tissue increasing the level of
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substance P and other pgaroducing substances in tendon; this hsgatal change could lead to

the transition to a symptomatic phase in tendinopé®ofoh et al. 1988

Tenocytes comprise the main cpthpulation (90%95%) in tendon tissue, and may be
defined as scleraxisxpressing fibroblasts residing withinet extracellular matrix of the tendon,
and playing a key role in tendon development, adaption and the response to mechanical loading
(Mendias et al. 2012 Terocytes produce a variety of endogenous cytokines and growth factors
which exert both autocrine dparacrine effectéAl-Sadi et al. 201)1 Some in vitro studies have
shown that repetitivenechanical loading of tendon cells results in an elevated production of
soluble factors which are sometimes characterized as inflammatory, catabolic, dicaieatpo
PGE, T @¥nfeRinders et al. 1993Vang et al. 2003Jones et al. 20)3Several studies have
suggested that such changes in gene expression induced by regtesitofengof tenocytes could

lead to tendinopath¢Arnoczky et al. 200)0

In this study, we investigated the expression and activity of angiogenic factors released by

cyclically stretchedscleraxisexpressing cells derived from human tendon tissue.

3.2.Results

3.2.1.Cell viability of tendon cells after applied cyclicstretching

Flow cytometry of human tendon cells showed that the cgtietchingprotocol (1Hz
frequency, 10%stretching was well tolerated by tendon cells and did not induce cell death

(Figure3-1). This same cyclistretchingprotocol has previously been shown to lead to increased
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transcription of other factors known to play a role in tendinopathy, such as Subs(Back&man

et al. 2011
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Figure 3-1. Flow cytometry histograms of tendon cells following propidium iodide staining.

The cell death percentage, as represented by cell populations at Sub G1, showed that applied
cyclic stretching (1Hz frequency, 10%stretching) for 24 hours (b) did not induce cell death

compared tonon- stretchedtendon cells (a).

3.2.2.Increased angiogenic activity of factors released by repetitively
stretchedtendon cells

Incubation of HUVEC cells with the conditioned media from 24 haetnestchedor non
stretchedtendon cells showed that cycktretchingresulted in the accumulation of angiogenic
factors, since media from loaded tendon cells increased the proliferation of HUVEC cells. In
addition, the tube formation analysis showed that the released factors from 24thetscied
tendon cells ineased the total length of tubular network of endothelial cells in Matrigel compared
to madia fromnon-stretchectells (Figure3-2).
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Figure 3-2. Increased angiogenic activity of released factors by stretched tendaoslls.

Conditioned media from tendon cells subjected to 24 housdretching (ST) compared to non
stretchedcells (NS) increasé (a) the proliferation of the endothelial cells (HUVEC) and (b)
the tubular network formation by HUVECs in Matrigel (a: T test; b: Paired T test; mean +
SE; **, P < 0.0% N=3). (c)Micrographs of calcein AM-labeled tubular network of HUVECs
in Matrigel after incubation with conditioned media of non stretched (left) and stretched

(right) tendon cells.Scale bars, 100 puM.
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3.2.3.Cyclic Stretching Upregulates the Expression of Angiogenic

Factors in Tendon Cells

Profiling the expression of angiogenic fact
Array showed that cyclicstretchingincreased the expression of several angiogenic factors,
including some that have already been identified as playing a reledmopathy, such as VEGF
and COX2, along with some novel genégyre3-3). Realtime quantitative PCR on selected
genes Figure 3-4.) showed that cyclistretchingwithin 1-4 hours (early response) transiently
upregulated the expression of angiogenic factors including ANGPFI4(.001), FGR2 (P <
0.001), COX2 P < 0.001), SPHK1R < 0.01, TGFalpha P < 0.01), VEGFA (P < 0.001) and
VEGFC (P < 0.01). In fact, the upregulation of these genes reached peak levels withiouts
of cyclic stretching By extending the time course (longer than 4 hours), theesgion of these
genesvas observed treturnto control levels. The earnd transientipregulation of mRNA for
angiogenic factors in response to cyaiiretchingwas significant for albf the abovementioned
genes Figure 3-4.). The gene expression array showed no increase in the expression of

antiangiogenic factors such as BABERPINF1, THBS1 and 2, TIMP3 (Figure3-3).
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Figure 3-3 Gene expression array of angiogenic factomxpressed bytendon cells after 4 and

12 hours cyclicstretching.

The expression of 84 genes involved in angiogenesis in tendon ogls examined by gPCR

after 4 and 12 hours cyclicstretching of tendon cells(Mean = SE;N=4).
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Figure 3-4. Realtime quantitative PCR on selected genes.

The results shoved a dynamic response tayclic stretching for inducing the expression of
most angiogenic factors. (Early response:-4 hrs cyclic stretching, Late response: &4 hrs
cyclic stretching). (Mean + SE; **, P < 0.01; ***, P < 0.001N=4).
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