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Preface

Survival of the human species is in no small way associated with the tremendous exercise
attributes of Homo sapiens honed by evolutionary pressure over millions of years. What
other mammal can not only survive but thrive in environments from the bitter cold of the
Arctic to the blistering heat of the Sahara. What other animal can push itself to such physical
extremes as the human. Although our bodies have adapted over millions of years of evolu-
tion, we are still prone to injury and breakdown. Sports, particularly professional sportspeo-
ple push their bodies to the limit and over the limit in some cases, resulting in injury and
tissue disruption. The first section of this book looks at what happens when injury strikes
and describes some of the current issues and novel therapies for sports injuries.

An enormous exercise capacity and the ability to travel large distances to hunt and gather
food was one of the Homo sapiens major attributes. Performing such exercise not only al-
lowed the early humans to survive by collecting food but probably also contributed to the
physical health of these humans. We are only now just starting to uncover some of the major
benefits of maintaining a physically active lifestyle and learning about the undesirable con-
sequences of being inactive. Indeed, recently the American College of Sports Medicine intro-
duced the term ‘Exercise is Medicine’ to highlight the association between exercise and
health. In the second section of this book a number of chapters deal with the effect of exer-
cise on health and performance, particularly in sports people (Exercise and Immunity, Iron
Supplementation and Physical Performance, The Positive and Negative Aspects of Reactive
Oxygen Species to Sports Performance). Another chapter investigates current issues and
new approaches to exercise training, particularly in athletes (Real and Simulated Altitude
Training and Performance). We hope that the new information within these chapters is of
use to the sports physician, coach, physical conditioner, athlete and student, and that the
book becomes a useful resource in the field of sports and exercise medicine. | personally
wish to thank my two co-editors, Dr. Nick Draper and Dr. Yaso Kathiravel.

Michael Hamlin
Department of Social Science, Parks, Recreation, Tourism & Sport,
Lincoln University, Christchurch, New Zealand
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Chapter 1

Novel Therapies for the Management of Sports Injuries

Robi Kelc, Jakob Naranda, Matevz Kuhta and
Matjaz Vogrin

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/53593

1. Introduction

With the contemporary active lifestyle and widespread professionalism in sport, the need
for high-end injury therapies is growing. Conservative principles in managing various
sports injuries usually do not meet the need of athletes and their coaches. In order to achieve
better and faster recovery after injuries, significant effort has been made in the recent decade
among researchers. Local growth factor application, targeted therapies using recombinant
proteins and tissue engineering represent promising groups of future therapeutic options
with promising results.

= TEQT2uTOEOOUWECERTEOTONTT0OI0UT ExToUTTUEAEWROTOTUEX xMEEIROOUOILIOUETOUEAUELU TS
xTE(TEyOUOUUIENO T EWEEMROOUITEMWEUTULIT oUW TETEOPEEETEUEENTUDUIPEUG& T OTREVERUOUE TUUNE TS
ing, decreased vascularity, endocrine influences, nutritional status, inactivity,
immobilization, and exercise may cause tendon degeneration, thus rendering the tendon or
ligament more susceptible to injury when force is applied. Hypovascularity is hypothesized
(0ux0E2u (T T OEIOUUO0TubOuITOUETTIOTUEROONEOUTYEBUT El0au EAEE DO TuEOUETETOpELTOYUODs
ment for the fibroblast and indirectly both by contributing to the production of free radicals
and by allowing for tissue hyperthermia to occur. Conservative management, such as rest,
EQUIREOUITUOREROIT EIROOWOUITOIREUN UAIVEUOUOENIEUTUIUTEIOTOINOWUTOEOPEY TuIUTEIO 100ixU0e
vide pain relief but, when they fail, surgery is required. Local growth factor application and
(ROOUTITOTOOTT0RO Tu UOUEITTOR U UUE T EGLUT Tu ETYT00x O 100 Olu UEETTO0E OPEUOTOYIIOOO 100U UT
UxOOEDO TuET0000 EOEw UBTOERO Tu EBOTEEIOUIL EUTu EUUUT OU0au TTOTUEIRO TuxOUTOREWEUTEU IOUEEEDs
tional prospective investigation in tendon or ligament regeneration.

Cartilage tissue also comprises of limited intrinsic potential for healing due to the lack of
EOOOEWUx x0auEOEWUEUT@UTOIMOEOO x0T ITuUT xEDLE AW0OEENE TOOEUOEAIT Vsl TdOTT IDOULIDEUOEEUs
tilage formation. Surgical intervention is often the only option, but the repair of damaged

© 2013 Kelc et al,; licensee InTech. This is a paper distributed under the terms of the Creative Commons
I m E C H Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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cartilage is often less than satisfactory, and rarely restores full function or returns the tissue
(0uB0ULOE DY TuOOUOEWUIEN &3 TTuO T PUEOOET > (uOTEEVROETTulBUOU TuxUTUTUYEROOuUUT UulpUUUTuTOThs
neering technologies, combining new biomaterials as a scaffold, applying growth factors
and using stem cells and mechanical stimulation.

Skeletal muscle, on the other hand, has a great regenerative capacity; however, this process
DIuOIUTOWOEOO*OTITUETEEUUTuOIuxEUIRENTDEUOUUUEEUTOUOEROOH" " OOUTUYERY TulTTUEXDTUBOEIUES
DO TUEUAOUTTUEx a0 TUIRO Thux TAREEWITTUEx AWEOEx EBOWT T kO TEDEEIROOUEOOWOTUTOUTY TuUERUs
factory results and can even be controversial. While surgery is reserved for bigger tissue
defects, the need for antifibrotic agents to improve muscle repair after injury is obvious.
These and platelet-derived growth factors represent the future of biological therapies for
this common type of sports injury.

Novel tissue-specific therapies are mainly molecular, based on pathophysiological processes
after injury. Although they seem to significantly accelerate healing and shorten the recovery
time, their true goal is to achieve better and more functional repair.

2. Biological therapy for better muscle regeneration

While spontaneous muscle fibre regeneration usually occurs after muscle injury, this process
EEQUOIITOUETuUIOPUEOEWOEOO x01(TuEOELEEEOO X EON EuEau DEUOURELROTDIIUEROON P TIETUEOOXU0s
mises the restoration of contractile function [1]. Scar formation is the result of excessive
wound healing leading to a poor functional outcome after trauma and surgery [2¢w2UEETU
ful muscle repair after injury is important for restoring mobility and patients’ quality of life.
We therefore have an important medical need for drugs that can promote or hasten muscle

fibre regeneration, reduce fibrosis, and enhance muscle function [1].

Despite the clinical significance of muscle injuries, current treatment principles for injured
skeletal muscle lack a firm scientific basis, and are based on performing RICE (Rest, Ice,
Compression, Elevation) and sometimes prescribing non-steroidal anti-inflammatory drugs
p—2  (#0K = OPTYTUNDOEUTEURO Ty TYDETOETUBOEREEIT U ITEW ITTUEEOIONIUEROOIOI —2  (H#WETs
creases regeneration and increases fibrosis by inhibiting inflammation [3, 4].
(OEOOX0TITWOUUENTUDEUTWUTTTOTUEIROOUEOEWIBEIOIREDDOIRIUEIROOEEOOTEEWGWOOTIITUOUTUOEROe
al deficits and physical incapacitation [1]. In recent years of muscle regeneration research,
many agents have been described to have a significant antifibrotic effect in patients with
heart or kidney disease and systemic sclerosis. Consequently, researchers are testing these
for muscle healing, as therapeutic targets are the same. Although these agents play a life-
saving role in the previously mentioned diseases, their importance for muscle injuries could
be substantial and for athletes specifically, vital.

Transforming growth factor-Beta (TGF-¢) and myostatin have been identified as the main
factors that stimulate fibrotic differentiation. It has been shown in In vitro and In vivo studies
that drugs with anti-fibrotic properties that can prevent or minimize scar formation have the
potential of standalone or adjuvant therapies (Table 1). Although the World Anti-Doping
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Agency (WADA\) prohibits any use of myostatin inhibitors in athletes, their potential to act
only therapeutically at the site of injury without any performance enhancement may play an
important role in muscle injury therapy in the future. In the following chapters, various
agents are described that reportedly have beneficial effects on muscle healing after injury.

Class Agent

Follistatin

Decorin
Recombinant proteins Interferon-1

Suramin

Relaxin

Autologous growth factors Platelet-rich plasma (PrP)

Mannose-6-phosphate (M6P)
Other bioactive agents N-acetylcysteine (NAC)

Angiotensin receptor blockers (ARBs)

Table 1. Agentswith proven anti-fibrotic effectsin Invitro or In vivo studies of skeletal muscle regeneration afterinjury

2.1. Recombinant proteins in muscle regeneration

Follistatin is an autocrine glycoprotein expressed in nearly all tissues of higher animals, with
multiple effects on skeletal muscles as well as other tissues [5]. It is a functional antagonist
of several members of the TGF-¢ family of secreted signalling factors, including myostatin -
the most powerful inhibitor of muscle growth characterized to date [6, 7]. Follistatin was
xUTYpOU0an000P OuENL%2 = 1UUxxUTUURO TuxUOIT80u%2/ WEUuDl PEUTOUGEL 10N TEY TupOTOERIOUau T i
fect on pituitary secretion of follicle-stimulating hormone (FSH) [8¢iuLTUTEUETOIOWUTTUETY 10s
opment of therapies to antagonize myostatin has led to the discovery of several new
functions exhibited by follistatin [9]. Several In vivo studies on follistatin have shown that it
EpUTEN02wdO TREDIU OA0UIEIOL EOEWEQUO UTEUET Uy Oa0UIEROBOEUET Ey OUUEITY PEUROTUEIUTU Uale
temic administration [5, 10]. In recent research, Zhu et al. reported on the stimulative effect
of follistatin on MyoD, MyF5, and myogenin expression, which are myogenic transcription
IEEIOU0LITEW xUOOOITuOUUEITLEDITTUTOREROOW 3T TawENGuUTOP TEWIIDO TRENOUAT ITTELOOLOa0R
statin, activin A, and TGF-¢uEOTuPTIETUEUTuOTTERY TuUTTUOEIOUUOTs OUUEITUET00EDITTUTOMES
tion [9]. Although various myostatin inhibitors have been described, follistatin can modulate
other regulators of muscle mass in addition to myostatin [11¢5%0U TREQ %010 100RUIEROIEES
ObORUIEROOuION , 23 —vvOPETUEEUUTEvOUUEITUOEUUNOEUT EUTUWETA0O0EWTENUROUOEITEvEaIOan
ostatin depletion [12, 13], suggesting that this may be a more potent approach than targeting
myostatin alone. Intramuscular administration of gene therapy vectors expressing follistatin
has increased muscle mass and strength in both young and aged mdx mice, as well as in
nonhuman primates [14]. In order to investigate the mechanisms of the follistatin-induced
muscle hypertrophy, Gilson et al. used irradiation to destroy the proliferative capacity of
satellite cells. They found that not only inhibition of MSTN, but also of activin (ACT) and

5
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proliferation of satellite cells are involved in follistatin-induced muscle hypertrophy [12].
Follistatin thus might offer a novel therapeutic strategy for muscular injuries and dystrophy
by suppressing the progression of muscle degeneration and permitting skeletal muscle mass
restoration [15]. However, before translating follistatin-based therapies from the bench to
UTIWETERET0ENTEWOTETEGUOUOTWTOPuiGRIIEROLxUOOOITU O UUENTUUTTTIOTUEROOUT@UATY T R
tensive investigation.

Decorin is a component of the extracellular matrix in all collagen-containing tissues [16] and
is expressed at high levels in skeletal muscle during early development [17¢u((UEUOEN0T Us
cine-rich proteoglycan that can modulate the bioactivity of growth factors and act as a direct
signalling molecule to various cells [18]. It was found to neutralize the effects of myostatin
OUEGITuIREVOEIEVINEOEXOAOEIEUIUa( L TEWE T 10O xEEIT EWOUET00sx VORI TUEIROOIEOELEDI TTUTOMDES
tion due to its ability to bind growth factors and has been found to interact with collagen,
IPEVOOTEROECEWTUOOEOUxOOENONTTOET®OIIUTOEO TuxUOETUUTUWIUETUEUIBEUROOTTOTURUNE TOMEES
hesion, and migration [19¢i%U0UUTIOENTIENxUOY TEWTEWETEOIROUENOWOEERYENT UlTTulROUs
lating effect of TGF-¢ in myofibroblasts In vitro, which has a beneficial effect in muscle
fibrosis and leads to enhancement of muscle regeneration and strength [20]. Recent reports
showed that the injection of decorin into lacerated muscle improves both muscle structure
and function, enabling nearly complete recovery of muscle strength [20-22¢i ' TRETUUTEUEs
ing fibrosis, decorin promotes muscle cell differentiation by upregulating follistatin,
/&' 1Y, and myogenic genes, including MyoD [23¢u3TUULE TEOUIOUEX x TEUIIOE TUELOTPUO Ol
ecule in the myostatin-signalling pathway [24-26¢u(0iTEUE TTOWTxOUTEWTEWO UUENTUET00Uux V0w
duce decorin and myostatin proteins at the same time, and that prenatal and postnatal
expression of myostatin is similar [17].

(OUTUITUOOu(% —AmudluEOWOTIEO OEIOUaUEAIO0ROTul TE P EULBUI0E T0MIRT EyEUVEOUEOIYDUETEES
00UueIAgEL  uxDOEVauTUOEROOLOT I (%—1ooubUuEERYEROOLOT1 OEEIOX TETTUITUOUTTul T TuEOEUUREED
xE(TPEAP TETuxUOOOITUuXEITOTIOU0MRO Tue IUighu+ENT 00w (%—100u PEVUUTEOTOPAT EUEUUELX01808
tropic cytokine that also plays a role in regulating different immune responses as well as
influencing many physiological processes [29]. It has also been shown by Foster et al. in
2003 to not only down-regulate endogenous collagen expression, but also to effectively
signalling by inducing expression of SMAD 7, which participates in a negative feedback
000xuOulTTu3&%puUTOENIVEOUEUEROOuXEITPEAUCHEI3TTUTIOUT 0w (%—100ubUulTOUTTUuIOUETUED
EORIPEUOIREYTEEIOULEUROTulROUUTuUTENWITEILEECWUTEUET s0AOITTUR0LOTuUTTu TRIVEETIOUOEIN OEs
R uEAWENUUx DO T uUBTOENOT uEALITTuxUOMEIONIE uEAIOOROT 13&Y%1d ueHuIu+I¢iu (%—1mu TEULETTO
found to influence skeletal muscle homeostasis and repair. In 1999 Shelton et al. reported
ETIIET<T10E1001 010000400 Ty OAa0XEITa b0 uE uIUEQUTIORE y OOUUT uITENuEOOUIRIUMBY 102u0YTUTRs
xUT00T0u (% —1wuElulTTuOTUUOOUUEUIEUUIUOEROO ugH N - OulTTuOITTON TEOEWITTUEEODORIVEROD
Olu(%—1wuExxTEWLI0upOXUOY TulTTu TTEROTuOTLUOT01IEdOUUENT0uOBIu IBEUOURUWEOE WITTUTIOUT
BONUITTuIUOEROOLOTUELUTTIOTUERO TuOUUENT uedYdhu(OulyYUlu* " TTOTuTlEGWUTOP TEWTEN (% —1w
is expressed at both mRNA and protein levels in skeletal muscle following injury, and
ITEOUUTTuROTWEOUUUTuOTu (%— 1w T RXUTUROOUEOUUTOEITEu PRI TuITTUEEEUO UEROOLOTUOEEIOX TE TR
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BUIUECROOLOTUESW (% —1wuUTET x(OUIEOOEORO TUEOREOE aul0uPIEIax 1y OIET1OXERTEOEUEROOUOT
pOUTUITUOOUUTUxOOUTUIEEIOUOWUTEUETEUET00uxUORTTUEROOLEOELETEUTEUTEWITTuIOUOEROOUOIWTR
TIOTEROT LUlDEUlUWlN]ZfOW(OUJ |YYUIOUJ"| TOuT0uEwuUTxOUITE vEwUAOTUTRUMRE u TTTTEDuO1 u(%— —1wuEQE

(&%) u PTRET 180y 000PO L0 U TEYTuETOTBEREO TTTTENN 1 OO u OUUENT uUTTIOTUEROO 1 EIITUuBOIUUAS
3TTaTOP1EWTEN(%—1mubOITEITEwndIOuwOI0UTEsOUUENT W TECUIT TuTTTTENOTUEOIIIEIOURINP TIET
0y OOUTulrTONREECIWITEOUITEIWOTu (&Ythiu 3TTauEOOEIUETE LITEILEUEOOENOTE 1pONTEROOUEOUIE
pOXUOYTuOUUENM uUTTTOTUEROOIL B T80T ubOTOERIROT uiBEUOUBUuUBOUNIEDTOUIANEDE uxUOOOIT ulTT
TIEROTuOTubOIUUTE y OUUEN ue4Kghu SuramintuEQ uEQIEUEURIRE uEQE s EQIRIUOOUWEVUTILEEIDWEULE
3&%1pudOTHERIOULEALEOO X T(p0BY 10auEIOERO TulOWITTuTUO BT UTERIOUUWUTET xIOUueHKOuH gL (Du TEU
ETTOuTYEOUEITE u iU x0T Ol EROPEEIL ExxBEEROOUIEOE 1 TEU 1 UTOPO 1 EORIDEUORE u 111100100
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OUUENTWIIUTOTUTWTEOY T0auENGn  ATOUTTWUOUEOROLEECWOTEEWIOWRET W TTTTENu P TTOUEEODOMs
UTUTE wdOUUEY TO0U00a0u00EEIBOIEO UUEUOEDBOTTEROOUOEALOO00N TRENLITTUUESTUETOTITUOUU LTS
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2.2. Platelet-rich plasma in muscle injury therapy

OO00TuOTPulTTUEXTUREIOxBOOUTOWEETRT YIO TuOOUTuTTTOENT Ol TTERO TUEUIOOOTOUITUOOE e
EAUTOTEY TuEwY 10O xOUIEOIxOEE TG  ATOUTTWUTTUTu0:O0WEOEOODAT EuxUOUx TERY TulIUEAWEODe
firming its value, platelet-rich plasma as a source of autologous growth factors is thought to
be used by many sports physicians for treating muscle injuries. The use of platelet-derived
sidering the lack of current evidence concerning the use of the method for the purposes of
xTUIOUOEOET TOTEOET OTOWEWEUIUTOlUIUENT UEPENOOUUTY TEQENxOUTOWREWIOUx TUIOUOEOCETUTOs
hancement beyond the therapeutic effect [46].

/0/ugOUsx0ETT0T010RE Ty x0EUOEAOEAIETUETIDOTEVEUENYOOU O TuO I TTux0EUOE TUEEROOUOEUI000s
gous blood having a platelet concentration above the baseline [47]. Normal platelet counts in
E0OOEL UEOT 1u 1000 kYYYY 4+ 10u HKYYY Y4+ Z0EITOTUZURE Tu x0EUOEW EOQIEDOUN Eu 4 00u kriO0ELDOs
crease in growth factor (GF) concentrations, sometimes more [47,48]. Platelet-rich plasma
can only be made from anticoagulated blood [47]. The process begins by adding citrate to
whole blood to bind the ionized calcium and inhibit the clotting cascade, followed by one or
two centrifugation steps to separate red and white blood cells from platelets. When using
EQUPEOE TUOENT EusU/0uEERY EIROOWULEIRIREENNEUWEIOIIRO TuUTUUNI0LOWT TuUT0TEUTWOIu&IuiUOOulT Tux(Es
telet Y-granules (degranulation). PrP may be activated immediately before application, or it
can occur In vivo. There is no consensus on the timing of PrP activation, or even whether
activation is necessary at all [47]. Approximately 70% of the stored GF is released within 10
minutes, and more than 95% of the GF is released within 1 hour. Some GF is produced by
(T Tux0E0TOT00EVURO Wl T TuO T RUuis00uhvys EEAUR - U THOENANEOYDOTWITUOOENOuPENUUTEVEWEOUEE N
vating agent; however, a rare but major risk of coagulopathy from antibody formation has
restricted its use for activation. Calcium chloride (CaCl,) and autologous prepared thrombin
are now used for activation instead. The CaCl, is added during the second centrifugation
V0T xulOuiOUOLELE TOUTuIDEROUOENUBRMOuP TOE TuxOEITOTIUEUTWIUEX x TEXEOEWTOTEUTu&%iu2 G0UENTUEODe
lagen type | may also be used for activation. It is important to note that the composition of
EOOOTUERENAUE TUBYTEw/U/uxUOEUEIUERITT ligUERUERY 10auEOEU@UEOIUERY 10auekNgiu3 TTuOOUInOs
xOUUEOCWERTTTUTOE T UDOWIT TEEOOET OIUEROOUO TuxOEITOT IEUu T0WEUBOWUT TWEOOETOIUEROOUOTITUO0R
cytes in the preparation. Whether leukocytes have a positive or negative role is not clear yet.
3TTuxEUEESTOWUTTTU0UITEROTUIUOX T200sORIIVELTueOIOUT ElpUUU TuEOEWOLIT TuxUOETUULOTENUNTe
ing the removal of disrupted tissue, exacerbate or increase the original damage [49].

ZOETTOTURE Tux0EUOEIEECux OUTOREN2uTOTEOETUTTERO TUEAWTTUETRY TUAOTYEIROU & INEOEIEAIO
kines from the Y-granules contained in platelets. Platelets also contain subpopulations of Y1
granules that undergo differential release during activation, a potentially important point in
OTEUT 0EUT Ty EOOUONU Ol EDOIO THEE AW EEMDY Tu xUOITEOU ITEN xUOOOUT (00U Ty UTTTOTUEROON 118
searchers have identified more than 1100 types of proteins inside platelets or on their
surface [47-49]. The most commonly studied platelet proteins include platelet-derived
growth factor (PDGF), transforming growth factor (TGF-¢), platelet-derived epidermal
TUOPITUEEIOUI/ A 15 &%ANY EVEUIETOEOITTRENTUOBITUIEEIOUNS $&%AMOUUMBOINROTITUIO LI TIIEEs
tor I and Il (IGF-I, IGF-II), fibroblastic growth factor (FGF), and cytokines, including proteins
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such as platelet factor 4 (PF4) and CD40L. The roles of the above listed growth factors are
listed in Table 2 [47, 48, 50].

Growth i .
Target tissue/cell Function
Factor
FGF Blood vessels, smooth muscle, skin fibroblasts Proliferative and angiogenic action Stimulates
and other cells collagen production
Stimulates vascularisation by stimulating vascular
VEGF Blood vessels .
endothelial cells
. . Stimulates fibroblast production Stimulates
TGF-+ Blood vessels, skin cells, fibroblasts, monocytes . . .
production of collagen type-I and fibronectin
One of the first growth factors to be expressed
after injury
PDGE A+B Fibroblasts, smooth muscle cells, chondrocytes,  Stimulates other growth factor secretion Stimulates
+

osteoblasts, mesenchymal stem cells angiogenesis and macrophage activation

Chemotaxic and proliferative action on fibroblasts,
stimulates collagen synthesis

Stimulates epidermal regeneration and wound
healing by stimulating keratinocytes and dermal

PD-EGF Blood vessel, skin cells fibroblasts and other cells  fibroblasts Promotes cell growth, recruitment,
differentiation

Stimulates cytokine secretion

Chemotactic for fibroblasts

IGF-1, 11 Bone, blood vessel, skin, other tissue fibroblasts ~ Stimulates protein synthesis

Enhances bone formation

Stimulates influx of neutrophils Chemotactic for

PF-4 Neutrophils, fibroblasts )
fibroblasts

Myostatin,

Leukaemia inhibitory factor (LIF),

Mainly function on bone/skeletal muscle

mechano growth factor (MGF), adaptation and repair

Bone morphogenetic protein (BMP)

(a member of TGF-+ superfamily)

Table 2. Growth factors released from platelets and their function

In vitro studies showed that the application of PrP enhances gene expression of the ECM
proteins, has mitogenic activity, promotes tenocyte proliferation and induces secretion of
other growth factors [47]. Importantly, animal studies showed that all positive effects of PrP
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EUTWOTTOTENTEup TTOW00iO TETEOLEEUUIBO UEUTUEX xBT EWlOWTTWITOEOOIE U T T TU T TERO Tux 1 Us
od, e.g. if the tendon is immobilised. Besides increased expression of growth factors, PrP
was found to increase the expression of matrix degrading enzymes. PrP may also promote
EQUDEEEDTUDEOT 1TTEUG (QuEEEDIROOLI010XUO00X TETOEAIOURULETTOOIERINWEOEUORIEENDY Tt ODEUOED
EDEEQEERYD0a0<0EITOTIWEOEL0TUOOEAIT UEECWUTOTEUTuEYEDRT (2uOTuUOELEEROODE 1 xDET UipEOURs
bacterial peptides) that have bactericidal activity [47].

When treating ligament injuries with PrP, animal studies suggest that use of PDGF-BB may
improve the quality of healing medial collateral ligaments, and in a similar way PrP may
influence the healing of other ligaments [51]. The effect of PrP may be dose and time-related
[52]. However, extra-articular ligaments showed better wound site filling and increased the
presence of finbrinogen and GF when healing as compared to intra-articular ligaments (like
ACL), but the application of PRP can improve the results after ACL injury [53].

To date, no major adverse effects of PrP have been noted in humans. No adverse effects
were observed when PrP was infiltrated in 808 patients, mainly with osteoarthritis [54].
The use of bovine thrombin for activation may cause a hypersensitivity reaction and is
therefore avoided in modern preparation techniques [47]. To date, there is no evidence
of a systemic effect of local PrP injection or carcinogenesis. The latter may be mainly due
to the short In vivo half-lives and local bioavailability of GF produced by PrP [47]. At the
moment, PrP is permitted by WADA (The World Anti-Doping Agency) by all routes of
administration since 2011 [47].

The International Olympic Committee Consensus Statement expresses that current evidence
suggests the use of PrP to be safe. They proposed that what type of PrP product is used and
how it has been prepared, validated and tested should be made clear [47].

Suggested techniques for the application of PrP and post-injection recommendations of the

International Olympic Committee Consensus Statement are [47]:

1. /0/u0EOOURETUTEulOEEIETUNL PTTOux0EETEuEWITTu 0Ty OTupOIUUT Eu(ROUUTOUTTUTIOUTs UOUUE
sound guidance is advisable for accurate needle placement to the injured site.

2. With respect to tendon administration, there is no agreement on whether the needle
UTOU0EETux0EETEWORE Tu(TTuITOEOON OUipOL ITTuU0IIOUOENO TuITOEOOUUTTEN TS (GulTTuxUTUs
ence of exudates around the tendon, it is suggested that it be evacuated before PrP is
injected.

3. If PrP is administered at arthroscopy, it is suggested that the injection be administered
EilT0u 1 Ox (a0 Tul T Tui0p0UOWEVITUOUEOXDE T0UBER (GuITTUEEUTuOILOX TOWUUUTTUAMIT TuEX x(DEER
tion of PrP can be undertaken using one of the gel or semi-solid forms.

4. Patients should follow general recommendations after an injection with rest, ice, and
limb elevation for 48 hours. Depending on the site of treatment and extent and duration
OlUTTYEOOERROONW xERT G0l OEaw 10000 EOuEEETOTUENT Eu UTTEERIEIROO xUOIOEON UOETUNEXx
propriate supervision.

In the XX (number needed for chapter: physiology of sports injuries)IETExTUWOTITIUWEOOOUEN X TEUs

es of healing in an injured tissue are described. They are influenced by a number of growth
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factors that control cell functions through direct interactions with extracellular parts of the
transmembrane receptors. Because thrombocytes represent a major source of growth factors
in blood clots, the idea to concentrate them at the site of injury is well accepted. The effects
of several individual growth factors have been studied in muscle regeneration. Results from
In vitroiWUEDTUEUTUYEWREEITTOPTYTUIT TO0OEYDOUUUOTdOWT TTOTUEROOWUOOLIOUE TWOTTOTED
ed. Growth factors together with macrophages and products of the cyclooxygenase 2
0" - 71l AUTTUOEIOUawxEITPEAUT TUOEI T TTeOIEO OEIOUawx TEUTWEURO TWUTTTOTUEROOOWUOT0Tx
tal muscle [55]. IGF-1 and FGF have been shown to have positive effects on healing and fast-
twitch tetanic strength in a murine model of muscle laceration [56]. In case of gastrocnemius
contusion, the local application of both GFs lead to higher satellite cell activation in bigger
muscle fibre development [57¢u# 10xa0TuTTuxUOOIBO Tux OUTORENO 11/ U/uiOUIITEIOTOWOIIOUls
cle injuries, some doubts have arisen concerning their use. Due to application of exogenous
3&%1¢ into the tissue, which has been proven to be highly responsible for tissue scarring,
some experts are not defenders of this particular therapeutic option. However, in a recent In
vitro study using human myoblast cell lines it was shown that PrP-derived growth factors
promote satellite and muscle cell proliferation as well as inhibiting fibrotic differentiation,
OEOIAEUTWOIEOPO1TRXUTUIROOIOTI3 & Yrduekllgh

To date there are no randomized control studies confirming the real role of PrP in treating
muscle injuries [59¢ 00U PEWEOaIUEO x01upOuEROREENWUIVENTUOEUTTuTOOUT TulOWUT<UTUTOWUTOTS
vant statistical data [KW]. However, the preclinical data seems to be promising enough for
clinical studies to take place.

2.3. Other bioactive agents to improve muscle healing

OUTTOWUTETOUWUIUE Y , +/uUBTORIBEEOIOALUTEUET Eu3&%1dphrOTENENT EWIUEOUIOUOEROOIOTITUOED
corneal fibroblasts into myofibroblasts and is therefore a potential modulator of corneal
POUOEITTEROTUITEIWOEAWTEVETVTEATUETUTUWUTIUEERY Tu00UTTUAuCH @ L TTEVERO TUITTuOUUE S
0000101 0E0uUA0IT O0uOOiauEL TP LUIUENTUuOOWITOEOOUN TEEVETTOux TUIGUOTE uIOuEENT5u(OuEOUTRe
periment by Bates et al. the antifibrotic effect of M6P was under observation In vitro and
In vivo, where primary cell cultures from the rabbit flexor tendon sheath, epitenon, and
TOEQUTOO0u P TUTuTUIEERUTTEUEOEUIUxx0TOTOITEPHTY3&%1duEIOOTu P TuOEITEWOTUEOUTU
Oy , #/6u3TTauEUOLIUECUTEINTELEOE OO TEDEIT0auUTxENTEWEEEDIUI0TROULITOEOOU ,, +/1000Ux
tion was added to the repair sites and compared to a placebo group. They found that
» F/7 000U TITTERYT ubOuUTEUEDOT u3&%1dyu UxUTTUOEITE 1 EQQETTOuxUOEUEROOIL B TOET uEQUUTOEITE
with the finding that a single intraoperative dose of M6P improved the postoperative
VEOTTuOTuOOROGH 1 TEEUITLOTuRI01O000OOUOOTIORE uxU0xT10aLEOELETEEUUT ublublu TEURIAL xU0e
duced, M6P could be an ideal candidate for clinical application in muscle injuries [2].
SEOTuT0uELUIVEN EwITTuTIITEILOTY , #/100u3&%1duxTxRETUEOEUUTETXI0UNTRXUTUIROO 1BOUOUS
der to provide the experimental basis for preventing tendon-healing adhesion by M6P.
3TT2auiOUOEWITED , +/uEECLUITODIBEEONALE TEUTEUTuITTuTRXUTUUBO0UO 13 &Yxdux T xRET0u3&Y%1d
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UTETx0000u3&%1puO1— WEOEUOEAWTIUTIOUTuxUOYRETUELOTEOULOTUOOEUIEROTUITTuTITTENLOI

3&%1duOOEETI (00O IOUOEROO WO BOULITOEOOUPOUOE LT TEROTLCHE
0TOUTTuN-acetylcysteine (NAC)ubUuEOO01IORIELEOIOOI IO PDET0au000POuEIEQUECIREN(T
00uEETIEOIOOXTTOUOYTUEOUTOu0u TEUy OUMB=0T uOITTULUUTUWIUxxOUITE uEA W YEVAROT u0TYT00uO1
TYDETOET0u0OT u ETUOORE u OEUIVUERY T 1 x UOOOOEVA L EBUTEUT u TREETUEEROOIW xUTYTOROO ¥ 01 1 EODr
I0B0IROBVETELOEOTAUEEOET TUEUWOTI0OETIOT uxUOETEOUTUuEDE 1IUTEIOTOIu0T1dOTTUlR0A1D0
xE1 6001 POUT U ECO OB TT 111 (BUIEOT x DAL AUBE L OYEUAL IAOEIOOT sk LTETOINIUEN DU TEYT
TOXTERATELITTuUO0T uOTuORPEERY TulIUTUUWENLITTyOOTEUOEILEEUBUOTLOUOTuibEUOUR I — “*uTEU
Es00UOOTUUTEUEDRY TuEEXEENALITEIWOTOENINLIT T3 &%1pTUO UOEITELEONET T OuxUOEUEROOBOUEUs
OUTE uDEUOEEUIU uetkgdn , OUTOY T00ubu TEVUETTOWUTOPOuEAY = ETPEUELT0uENITEILITTUETUOUO
paTEyEEONOBUIVEROOLOTu— **uEUTOUEITOLITTL00OT 1 TDEUOUUWBOEUETE LEAUEITOOAEIO 1bOu OBET
CHAOUTTIVROTW0TTu00xxUT00OTu TTTTENWOTuEQIRORDEEDTI 3&YTENIINTOEROTuIN vitrouEOE uINn
vivols WUTETONUIVEALETOOOUIUEITEWTEIN— *"uUTEUETUITTuENUIET uEOOEULOTL3&UIENUEOE
EVEOTI0L0TT 0EDOEERY T IOUOWIOLITT 0OEERYT uiOUO sekAg (uENIOLETEGTTUuINT EBOEROTEED VSR
Oiu3&%ENIOWBIULUTETxI0ULDOL TTXEREVUITORITLET000WUUTTTURO TLITEIITTuTTT1E0OTLEOIRORIEEDD
**upULEEUTEOOUELEDUT EILEOOEOEE Tu0OTu3&%1EN L TUOEROOIEOEUUBTOERO i = ORPTYTUUBTIITIU
— "uEEOUOOEUEITuITTu3&%IENOEUETELlBUUUT uUTxEBNOTEDEIOULxUOEUEROONMEDE UEDITTUT Os
(pEROOWOITUOEDUOTLIBEUOEIENIUL TEUOOIET TOuTUMaN TOUEDEENT Eughulgiu2UTOUUET IuEOUUTETOle
0auUT<OUTE uUTEIu — " wENTTEO0w 01T uxUOEUEROO u OT u iEUOOTERO 1 EOE 1 YEUEUOEU ¥ TOEOITT0DE
TUOPUTUIEEIOUupS$&YH P TOETUEUTUETRTYTE ulOuETudOxOUIEQII OTEEIOUILOTuUT<EBUEOE 1UTs
OOETROTITTITENOI— 100 TTu3&%duOEUETUsEDTIVTOEROOLIOLOAOPEIOEEINER
EOUTUUROTUELIOOOIT UJOUUEOILUEEUDOUJQ]EIZ KLUIBWIUUDOOM[HUMOM WUTOUTTLUIEIOTOlubATu—
TEWETT10uUTOPOWIOUENNTOUENT 10OUTUIIRIREN IDEUOUBILOLOOUITEOOETINOTU Tax TUIUOX TRELEEUED s
OaOXEMTatOUIEROOUEOE LT YTUENOIT IUWXEU|OOO|DEEOuIUUEU|Uw@iN¢0wOOuIUUUED|UuI TEYTUETT10ux1Us
IOUOTELOOUITTLTTTTIEILOTu—  **upOuOUUENT LT TIOTUEIROOLEITTUWBOIDUAS = OB TYTU0uUBOET ublu TEU
ETTOWTOPOWOUTEY TuETOTDERETTTTEIOuOOuERITENTULITENUTEUT Wi T TuEOTuxEITOX TAROIOTOEED
EOUTubBlTulTTuxUOETU0LOTuOUUENT uiBEUOUBULITTuTITTEIUWOTu— " uEOUOE uxOUTOWENAVETUETOT iDe
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Angiotensin-converting enzyme (ACE) inhibitors and angiotensin receptor blockers (ARBS)UTEY]
E0U0uUTOPOUETOTIRENEOW TITTENDuDOUUIUERTUuOTuOUUEN W TTEROTL " "$udUuELERIEVIEROTuT04AOT
UTEQuxEUIEDXENTUuDOWITTUEOEaNuUTOROIEOTOOUTOROIEIEOUITUOOTWAlITOWL  20ub TRETuUO0ES
UOEITUWTROVEETO0U0EUL YOOU O TuEOE yEUIT UBEGwYEUOEOOUIUDEIROOHY (U kbOTRERIOUILUTEUET 1 OOUEDENIAD
OOUUERIa0L TOUxBIEILEE OBUOOUEOEUETEROT 1dOux TAEE TUOEROOUEOE TR TUERUT LEEXEENALIO0
EOOTIURY T TTEU0MIERUUTuxERTOIUG 3 TTUTWUTTUEX TURELTITTEIUEUTWENIREUITEuxBOEIR0AWIOUET Or
TIREDEO W EEUEROYEUEUOEU u EEIROOU u OT u ITTUT u BUUTUwEAY gy - EUTUYEROOUW TEYTu(dOO0TE u xEITOIOTOE
IPEUOURULRGWYEUROUULOUTEOUUAUITOULIOWITTWOOEEN TITTEINWOTUEOTOOUTOUROU((Bu3TTuOOEUIEROOUOI
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EOOEOT00uTEVu ETOOOUIUEITE u ETEUTEUTE 1 IDEUOURU u EOE udOXUOYTE uTUOEROO 100 u Y 100w ODEOT &0
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fibrosis. Myocardium exposed to decreased levels of angiotensin I, either through the
use of ACE inhibitors or ARBs, has also demonstrated a measurably improved function
[75, 76]. However, it has been suggested that ACE inhibitor-induced positive effects may
also be mediated by direct action on the skeletal muscle [70]. Recent studies reported on
the beneficial side effects of ACE inhibitors in hypertensive patients free of chronic heart
failure [70]. Treatment with ACE inhibitors was associated with better performance and
muscular outcomes, and genetic studies also support the hypothesis that the ACE system
OEauETudOYOOYTE ubOuxTABEEu x TUIOUOEGET 1 EOE yUOTOTIE(y OUUET u TUOEROO u AN u Allghu ,, OUTw
OYT00u T600T wECTOTUTUu X EUIDEVOEU0AWITOUT udOu TOEUUEGET uUxOUI00L TEYTuEWOUETOOOUIUEITE uibOES
ings consistent with inherent differences in their body’s metabolism of angiotensin II,
with decreased exposure resulting in improved skeletal muscle function [70, 79, 80]. In
an In vitro and In vivoullUEauEaw ! TEERULT0uECGUEOTOOUTOUROUUTET xUOULEIOEOTUuITTUEXauUpTORiDe
cantly reduced fibrosis and led to an increase in the number of regenerating myofibres
in acutely injured skeletal muscle and may therefore provide a safe, clinically available
treatment for improving healing after skeletal muscle injury [81].

3. Future perspectives of cartilage tissue repair

Damage to articular cartilage is of great clinical consequence since the cartilage tissue
comprises of limited intrinsic potential for healing due to the lack of blood supply and
UUEUT@UTO0wBOEOO X010 uUT=ERU u Ea u00EE L ETOOEUOEATU Y PAIT udOITIBOU L IDEUOEEUIRIETT 1 IOUOEs
tion. Surgical intervention is often the only option, but the repair of damaged cartilage is
often less than satisfactory, and rarely restores full function or returns the tissue to its
native normal state.

Tissue engineering of articular cartilage still remains challenging due to the special structure
of cartilage tissue consisting of multiphasic cellular architecture and great weight-bearing
characteristics. Good knowledge and understanding of cartilage structure, its metabolism,
and the process of chondrogenesis enables In vitro EEUROET TuxUOEUEROOMOWITUOUOIBIIUTYTOs
TOTTROTa3TTuOTPUEOOET < (uOTEEURIET TulBUUU TuxUTUTUYEROOUUUTURUOUTITOTROTTUROTUITETOO
ogies, combining new biomaterials as a scaffold, the application of growth factors, the use of
UUTOuET00UEOELOTETEODEEWUIROUOEIROOw2EETTOIE UL TOEETu+IEPO TOUOOENTOYIOOO T0IENEODs
ditions to promote hyaline-like cartilage production. Additionally, various types of growth
factors, which are the endogenous regulators of chondrogenesis, can be applied locally or in
culture condition to promote cartilage development. Further studies are attempting to create
UTTWETEQUEETTOOEIEOELT RX0OUTWITT0AOTUTOUMET TTTELOLEOOEO OBIEOUE X xPEEROOLOTIOPTUEEs
tors and mechanical loading. In clinical practice, new generations of autologous chondrocyte
implantation (ACI) are based on the use of biodegradable materials that serve as temporary
cell-carriers for the In vitro growth and subsequent implantation into the cartilage defect.
, OUTOYTUNORO TOTWUIET TuxUOETEUUTUEx x TEUWEIIUEERDY TWEU(TT2uEOOURINOTLOEIUUENE TOOEUENRUs
UOTupOUTUUTEWOOu T TUEENUD TUEOEWEEOUUTEUE TUEOUIEOEENRT Olu OOUEDEDIAuIDOE Tl TTaWEY ODEWUT Ex
ond operation and cell culturing procedures.
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3.1. Tissue engineering of articular cartilage

3TTuDIEOTRUUTLTOTIOTTIROTuOUTULITTuxUBOEDXOTUuOTUETM0uEROIO Tl TOTIOTTIROTOEOELOTEDs
cine in order to produce such a construct that can successfully replace damaged tissue.
Engineered tissue should comprise of the characteristics of the native intact tissue in
terms of histological structure, morphology, function, and mechanical properties. The
challenges of tissue engineering of articular cartilage include isolating and culturing cells
to gain relevant and reproducible constructs with good durability In vivo. A demanding
and crucial role in the process of In vitro culturing represents phenotype regulation, In
vitro expansion, scaffold design, the use of bioreactor, etc. All of these components
UTOUOELE 140X (DOpAT ELlONEEYEOETUEEURIETTulB0UUTuTOTHOT TUBOTuiUOOWEUIURO TulOUERODEEE xS
plication. In particular, there is still a need to develop suitable scaffolds that can provide
Eu+1EDOT00ROOENL 10YIUOOOTOUuTOULITTuETO0u0OUEETTUTLIOUEOEVEET@UENT0au<UOMITUEITY EED
(pOOENA0LUEETTOOEUUUTOUE LETuOTETEGREENALIIIOOTUEOE LEBOEOOXERENTfu**EURIETTulBUUUT 1108
gineering usually uses bioactive molecules (growth factors) and mechanical loading to
promote differentiation towards a cartilage phenotype [82].

3.1.1. Biomaterials and scaffolds

Scaffolds are engineered extracellular matrices that serve as an artificial structure capable of
supporting 3-dimensional tissue formation. Cells are often implanted or seeded into these
UEETTO0EUWEOEUEDTTTUTOUEIOOENTEILEITuUUT EulTEWENOPLETOWEIIEETOTOMNTUOPITUERTTUTORES
tion, and regeneration of functional cartilage tissue. Scaffolds were developed with the aim
10O xUOY TWITTUEDOIO TOEENx TUIOUOEOE TUOIETOOEUOEAIT UED T00EUUTOE TUITTWUUTOEEWITET Obe
@UTuTEUDTUdu (OuEEUIROET TulRUOUTuTOTROTTUDO TWUEETTO0EUuUTOUIEVEOO x U TuOlul T Tui G000 PAOTUETEUs
acteristics; they should be biocompatible (not triggering inflammatory response and not
(ORBEA OTTTUBO T ITOxOUEUaw UUxxOUUk 10x ET00U0s O TETEODEE W VOO Tu U0u xUOITElw ET00Us EOEY PHITs
stand In vivo forces during joint movement, and bioactive to provide cellular attachment and
OVTUEROOH  EENROOE A0 UEETTOOEU UTOUOEL ETy EDOETTUEEEENT 0 UT0YBO Ty EUw Eu (TOxOUEVA EOOs
struct that is later replaced by a newly synthesized extracellular matrix (ECM) [83]. With
time, the transplanted chondrocytes take over the function of the cell carrier; therefore they
should be degraded once they have served their purpose. The ideal biodegradable scaffold
should also enable uniform cell spreading possible [84-87].

(OuTTOTUEOWUEETTOOEWEUTUEDYRETEOUOuOEIVUEOENT IREMLUAOITT(pE1xG0aO TUUNEOEIOT PUOE(T e
als. Natural materials include collagen, hyaluronic acid, fibrin glue, chitosan, agarose, and
EOTDOE(Tau3 T TOWEEYEOUET 1idUul RET00TOEDOEOO < ElRENBIAUUROE Tl T T auEU TWOEIUUENEOENAEOOURIUS
ents, thus degradation is physiological and non-toxic. On the other hand, their use includes
sourcing, processing, and the risk of disease transmission. Synthetic polymers, especially
PLA (poly alfa-hydroxil acid polymers) and PLGA (poly lactic-co-glycolic acid) are also widely
used due to the approval of the FDA. Their major advantage is the design flexibility (highly
porous 3-dimensional structure) and no risk of disease transmission. The disadvantages are
acid degradation products, inflammatory response, and chronic inflammation due to high
OOMEVIEN P TOTTUuxUOUTB0U—OY TWOEITRENTEY TWETTOWOIOEUET EWTETOW0alUUETUEUDONET (s
lulose, and other synthetic materials (biodegradable elastomer, polycaprolactone, poly
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ol UTTUTO0TUAEOxO0AOTUUEETIOEUK  EERROOENAUITTEOOENOEROOIONERTTUTOWOEITIRENRIEXS
plied [88¢uTiTaTT10EMOUEOEITAEIUUOOPELEEREVTEY TLETTOUEOOEIOT Es i TuEuiDEOITOUTUEOELETOOs
droitin-6-suplphate. Furthermore, scaffolds to support bone formation (hydroxiapatite)
were combined with the chitosan to enable the regeneration of osteochondral lesions.
3TTOTPUEXXUOEETWUTXUTUTOIITTETYT00x O10WOIWIOENLOEIURET I TEWEENRY 10au00xx OULEEIRs
lage formation and not only provide mechanical function but also allow control over cell
metabolism, tissue formation, enable adjustment of the physical properties, inclusion of
$" , vOORINEOELEERY TuUUEUIEOE TUUUETUE L& Y0DOEOUx OUE(T EOLOBEIOUX TTUTUIOUENO PulTOX s
rally and spatially controlled delivery of GF in scaffolds [87].

Although most of these developments seem to be promising for future clinical application,
they are mainly used In vitro and in animal models [84-87¢ " TOOEUOEAUTUu xUTYDOUUA TRe
xEOETEWEOEWUTTETEUOOUOUUEETO0ENxUOEUE TUELE TEUEEDTUDUURELS" " , wURETudOuxUOUTOT0AEEOUNEONES
gen type Il and aggrecan. After implantation in the full thickness femoral defect in rabbits, it
promoted healing and regenerated a cartilage-like tissue [89¢u3TTulU00UTuxUOUx TERY TuiOUEEUs
tilage repair is also based on the quality of integration between the newly formed tissue and
the native tissue for achieving stable healing.

3.1.2. Growth factors

&UOPTIEEIGUUEOENT TRUIRTOEMO Tix EITPEAUEU T Tul UUTOREATTUOEIGUUOLETOOEUGTTOTUUE Ule
ing tissue engineering and thus are the prime candidates for engineering of cartilage tissue.
" TOOEUOTTONUUBAEO UIBUIT xix UOETUUITEMEOO < UBUT UOTIT Y TUEAUIT x Ua<UTEUUUOUETOEOOE TOUES
(pOOUERTTTUTOREROOUOPEUEGETOOEUOTTOEX TTO00aX TAUTEVTIROOOIEEUROET WX TEDIDES" , 1EOOR
ponents (collagentype I, aggrecan and others), chondrocytes proliferation in the area of growth
plate, further differentiation towards hypertrophy, and replacement of cartilage with the bone

tissue. All of the stepsare regulated by differentand overlappingsignals (Figure 1).
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Figure 1. Schematic diagram of different stages of chondrogenesis (including main growth factors and alteraf
tions in ECM)
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In general, GFs are endogenous regulators of chondrogenesis and their logical choice of use
appears to be promising to stimulate anabolic responses and the repair of articular cartilage.
For example, in In vitrouEEURETTuiOUOEROCuIpULT0UTOREWIOIxUOOOUTTEUAIETOOEUOEADTUERTs
ITUTOUREROOUEOExUOMITUEROGuP TH0TulUa0 TulOuxUTY TOWIUUITTUERTTUTOREROOWOPEVES Tax 1
trophy. However, the design and optimization of all GF’s for a particular tissue engineering
and/or local application is complex and has to consider the combination of different factors,
their timing, concentrations, etc.

3TTuOOUIOxOUIEON TEEIOUIEDUUTOU0AL UUTEudOuRUUU TuTOTROTTRO TUEUTW(TTu OTOETUOTWIUEOUS
00O Tu TUOP U TEEIOU dun3 &Ytk IEOAN 100T , OUXTOTTO(RE Z/U00TI0uDT , /K0 (BUUMOIROT
TUOPUITUEEIOUVun( &K EUOEIEUI&UO B ITIEEIOU Y& Y680l Ux TEDEN % & Y61 LIEOE & Yerhuliu$ xDE T U
of the effect of different GFs on chondrocytes/cartilage is presented in Table 4. It is becoming
DOEUTEURG ToAWEx < EUTOUITE &% POUOuUA0TUTUREENaLEOEIUROUIEOTOUALI0WOEUE TUEOEIXU0N
mote cartilage formation; e.g.: TGF-$puEOE%&%1 lu¢90glOTIITTU BTy (&Y%rhwugNv], BMP-7 and
(&YTuENgu3 &Y HEOEWT , ZuNEgulUER Y EUTEWOOWTTEOOET x W TENUTYTUEMERITTUTOl& %P OUOWO
EOOENOEROO EUUBO Tu EEVIROET TuUTxEDUG T Tu UUTL Olu /U/0 EDIOOOTOUEOOEDROOTENUTIUOun  ** 2K
EOELEOOTUOEUIOPUEOOETOIEITuP TUTWUUT EBOEEUMET TuUT < EBITETORRUT UgN 45

Growth factors Effect on chondrocytes/cartilage
) Stimulates synthesis of ECM Decreases
TGF-+ Transforming Growth Factor -+ _ o
catabolic activity
. . Stimulates synthesis of ECM Increased ECM
BMP-2 Bone Morphogenetic Protein - 2 . i
turnover (increased aggrecan degradation)
. ) Stimulates ECM synthesis Decrease cartilage
BMP-7 Bone Morphogenetic Protein - 7 )
degradation
o Stimulates ECM synthesis Decreases matrix
IGF-1 Insulin-like growth factors )
catabolism
. Decreases aggrecanase activity Antagonizes PG
FGF-2 Fibroblast Growth Factors-2 .
synthesis
. Increases chondrocyte proliferation and
FGF-18 Fibroblast Growth Factors-18

stimulates ECM

Table 3. Proven effects of various growth factors on cartilage

3.1.3. Mesenchymal stem cells

» 1UTOETAOEMUIITOUET 00w , 2" *UKEUTux00UDxO0TOLETAUTOUOEROIO U1 TUOEOEEURRUIUTU
including bone marrow, synovial tissues, and adipose tissues. They are of great interest for
UEDTOURU0ULDOY OOV TE4DOuET00 T TUEx 2w EOEL (BUUUTu TOTROTTURO Tu UDOETu T Tau TEY TuUT0iUT1OT PEN EEs
pacity and multilineage differentiation potential. Depending on the cultivation conditions,
they can differentiate into adipogenic, ostegenic or chondrogenic cells as well as form bone,
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cartilage, and fat. Currently, researchers are exploring the possibilities of manipulating the
stem cells under laboratory conditions into mature chondrocytes that can then be integrated
into scaffolds for later application [94,95]. There are many studies reporting the isolation
and characterization of MSCs from adult human synovium and periosteum and providing
evidence about their multipotency at the single cell level [96, 97]. It was also demonstrated
that human MSCs from different tissues possess distinctive biological properties [98¢u EEdk
tionally, there is still the issue of whether MSCs are capable of forming stable hyaline-like
cartilage as opposed to that formed during the process of endochondral ossification, which
BULOETTDuUT<0EET EupbITuEOO 103 T TuYEUREEDDIAOUEDOIO TOEEAUTUXOOUT WOy , 2" WEOELOOWIIEOEEUe
dized MSC bioprocessing to obtain MSC preparations with consistent, reproducible, and
quality-controlled biological potency for therapeutic applications limit the use of MSCs in
clinical practice. On the other hand, the use of MSCs as chondrocyte substitutes in an ACI-
equivalent procedure has become highly attractive since MCSs are easily accessible, easy to
DUOOEUTUEOELEEXEENTUOTUTRXEQEDO T OIOEUAIUUTUEIO> xOUT EwIOEVREVIEWETOOEUOEAIT IuPlTuldOs
ited proliferative capacity and rapid de-differentiation In vitro.

Furthermore, MCSs appear to be immune privileged under certain conditions [94-97¢i (00s
gether, these properties would allow the generation of large batches of quality controlled
» " 20uxUT<EUEROOUUT EE i GUEOT T ODEUUUT hu( OuEEEDIROONRORIEIROOUDOuxENRT OUiOTXERT Ol ElBe
ability would be circumvented [93]. In animal models, MSCs have already shown significant
potential for cartilage repair and novel approaches using MSCs as an alternative cell source
to patient-derived chondrocytes are being tested [89, 99]. However, preclinical and clinical
studies should be conducted in order to evaluate whether the implantation of MCSs results
in a cartilage formation that is as durable as the one following the implantation of articular
ETOOEUOEATUN  EEDIBOOENAWITTUEXXMEEROOUOI ,, ** 20 EEOUETuIUUITTUL TR*EOE T Eul010001I0EESs
ized chronic lesions in osteoarthritis patients [100].

3.1.4. Mechanical load

uxOUTOREGUIUENT TawdOuEEUMRIE T TuUOEMROOEWRIUUTLTOTROTTIROTUEOOXUTUO I TTLTITIELOOTa
chanical stimuli applied during In vitro tissue formation. Several studies demonstrated that
mechanical forces stimulate the synthesis of ECM and may even enhance the mechanical
properties of the developing tissue [101, 102]. After physical stimuli are applied to the tissue,
the intracellular mechanisms convert mechanical signals into biochemical events responsible
TOUUTTUOERRO TulT TulUEOUEURx(pOOuOT TTOT U TOY TUOKO TUET TUOPITUEOEWEDTTTUTOREROOH 3 ToUu T Ts
TTEQxUOY TEWOUETuiOUITTUBOUTOURIDT Eubbi TIEOOEO ONIEOIE X X MEEROOLO I TUIOPITUIEEIOUIMEOEIO Ta
chanical load in a synergistic manner [103, 104]. Various bioreactor systems have been
developed in order to form cartilaginous grafts with similar biomechanical characteristics
compared to native intact cartilage tissue [105-107]. Due to the complexity of the load and
motion patterns within an articular joint, new bioreactors with multi-axial loading patterns
are designed to recreate the In vivo situation [106, 107¢u3TTOITUTUROTUEUx 1EWOTEEVRIET TilTe
< EBUDOuEROPEE < UEERETWUT xUTUTOUULET00rEEUT EuOOUECT TOT U TEWEUTuOOIEVUUTHOUTOURY TUEOEuE
low single surgical procedure. Hence, a natural environment is the most suitable for tissue
development therefore cell culture and bioreactors may not be required [108].

17
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3.2. Clinical application of tissue engineering in cartilage repair

Cartilage repair has gained great interest since autologous cartilage implantation (ACI) has
ETEOOTuEOu TOIEERUTTELIUTEIOTOW 3 TTu U000k 0O TuOTuIUTEIOT Ol OxBOOUL UTOEOU OBEUOTUEEIUUe
ing, due to low cost, arthroscopic procedure, and ease of performance.

Bone marrow stimulation techniques as well as ACI represent the cell-based approach for
tissue regeneration in which the attendance of specific cells with the ability of proliferation
and differentiation in desired cell phenotype plays a crucial role. In the case of bone marrow
stimulating techniques, these cells are recruited from the bone marrow either by drilling or
microfracturing; as such they are released from the medullar canal and subsequently form
ITTUEOOUEIOIOOUIT TuURE TuO NI TTu01U000M = OB TY T T TuiOENUTUURUIBEUOUIEEUIET TubBiTnOI T
rior biomechanical properties compared to native hyaline cartilage. On the other hand, the
TOUIO0OTOEEN EOE0AURUL Olu UEOEOOUEDOX Uau Ux TEDOTOUEIITU  **(uxUOETEUUTuDOEDEET Eu (T Ty xUTUs
ence of type-II collagen and hyaline-like cartilage within the healing tissue.

ACI is both technically demanding and associated with a high percentage of reoperations.
3TTuOOEDIREEROOUOITOUET 00 ITTUExa PEWETUIRTOTEulOuUT EVETUEOO X EEMOOUIUUE TuE Uy x TUDOUs
teal hypertrophy, the need for second look arthroscopy, the development of fibrocartilage
(pOUU TP TyYEREEITUEOOUOO TAEROTUEEVRETT0TIERSTTLOTRUTTIOTUEROOWON ** WPEWETY (e
OxTEuEaUUT<0EERO TUUT Tux TUBOUITEQXEIETuPb TUEIEDOEO O X EMENTIOEIIBRIEOEUTOTEROTIET 0000 Tux On
tentially improved chondrogenic potential. For example, second generation ACI uses
collagen-covered autologous cultured chondrocyte implantation and in third-generation
ACI, special cell carriers or cell-seeded scaffolds were created. Fourth generation cartilage
UT>EBiOEUUT 0O TUO PUTUEEIOUIEOEITTOTWTTUE AT TuUUTuOT0IT OuETOUEOEWRIIUTLIOTHOT 1Us
ing [109, 110]. In general, arthrotomy and a two-stage procedure are the most commonly
used, but all-arthroscopic techniques and one-stage procedures (e.g. technique with minced
articular cartilage) have become highly attractive treatment techniques. Additionally, pre-
implantation chondrocyte phenotype manipulation has also shown excellent outcomes.

3.2.1. Second generation ACI

Second generation ACl is still a two-step procedure, but in contrast to classical ACI it involves
culturing in 3-dimensional conditions, which favours the maintenance of phenotypic stability
of chondrocytes. In particular, chondrocytes are cultured on the scaffold that is biocompatible,
enables cellular growth, and as such represents the graft to be transplanted. These scaffolds/
matrices containing the chondrocytes are implanted on the chondral lesion and attached with
fibrin glue. In this manner, periosteal grafts and their suturing onto healthy cartilage are not
OTETUUEUaR3TTUTWIETOM@UT U TULETY 100x TEROEOUEINT OxulduUTUOY TWOO TuOIITTUOOUNEOOr
mon problems indicated by the standard ACI technique such as periosteal hypertrophy, which
isasource of complaints about localized pain among some patients.

STIEETTOEWUUTEROUTEOOEMTOTUEROO: ** WTOUIEEOO X BUTEIRO LT Tui0000 PO Tul DI0UTUnED R
compatibility (no inflammatory response), biodegradability (controlled rate of degradation),
EDOEE(RYDUaupxUOOOITUOEIOITOEOE T10Tux TTOOIAX TUEOEXUORITUEIROOKEOELxTUOTEENRIunI0NT Os
sure nutrition). Natural and synthetic scaffolds can be used. The concern about the synthetic
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scaffolds is the risk of the harmful effect of degradation products on surrounding tissue. A
comparison of the first and second-generation ACI has shown rather equivalent short-term
clinical outcomes, with similar complications and a similar rate of reoperation [110]. A variety
ONUEETTOOEWTEY LETTO0OIOEUETEDO x0EOUT ElITTUWITUOUT NEVOEMEITUIOIOO Au0UEIITUOUE X
ically and will be presented briefly: collagen-covered ACI (CACI or ACI-C), Hyalograft C
based on hyaluronic acid and membrane/matrix induced ACI (MACI) and others.

The main innovation in CACI is the use of bioresorable collagen membrane cover instead of
the periosteal cover. Initial reports showed clinical improvements of this second generation

" Pl TP TWEOO xPEEROOUEOO XEUT EWIOUEOEUUREEN  ** (3T TuEROIEENEOETUOEROOEMWEUUT IS
ment after two years showed that 74% of patients had good or excellent results following
* WEOOXEUTEW IO ACIEIITUEOEUUREEN **(up ""(1/uOUu/ "*(uhuxTUBOUUTEG ** (A6 1TYBUROOUEUs
throscopy was required in 36.4% in the PACI group one year after surgery due to shaving
for hypertrophy compared to none in the CACI group [111]. In the systemic review of ACI
procedures including 82 studies they reported that the failure rate was highest in PACI
(7.7%) compared to CACI (1.5%). Similarly, the highest rate of unplanned re-operation was
in the PACI group (27%) compared to CACI (5%) [112].

Matrix-induced ACI (MACI) was first introduced in 1998. In this technique, cells are seeded
EpUTEN0AuO000uT TWUUUTEE TUOTUEVEROE T TUEEEE( Tu0ax Tu(r(((LEOVETTOuOTOEUEO TUEOEWEUUUETUOY Tk
come the shortcomings of the original periosteum-covered technique. The membrane is a bi-
layer structure, smooth on one side and rough and more porous on the inner side, with
BOEOUXOUEITEET00UuI0s WO UOEITUEEUIRIET Tu OEIURRWUX 1 EpIRENOOITEUNT Ul (l PEUUTOP OuITEWETOOs
drocytes can adhere and maintain their phenotypic characteristics while seeded onto a type
I/111 collagen membrane [113]. The procedure requires limited exposure of the joint ensuring
shorter operation time and less morbidity. The rate of failure was low (0-6.3%) and mainly
due to symptomatic graft hypertrophy or detachment. However, clinical, arthroscopic, and
histological outcomes are comparable for CACI and MACI [114]. Additionally, MACI was
also significantly more effective after two years compared to microfracturing [115¢u 0O
though significantly improved results after 5 years were reported, MACI still remains the
cost-intensive alternative [116].

= AEOOTUETu* " O <0EQIUEVIOIOTOUULETO00OOIOUEOUTUUTURIRT EvTAE0UUOOREUEEDELUEETTO0E AU EUWTS
ported that 76% of patients had no pain and 88% had no mobility problems. Additionally,
96% of patients’ treated knee was assessed to be normal by the surgeon and cartilage repair
was graded arthroscopically as normal or nearly normal in 96%. The majority of second-
0000u EBOxUBT Uk UTOP TES TAERO 11000 Tu EEVIROE T Tu EOE Eu Y TU2w00Pu UEITu Ot EOOXEEIROOU P TUTuUTs
corded [117]. Several other studies also reported positive clinical results with Hyalograft C
[118, 119¢u20ONEUANOLIP OUEOOXEUERY TwUUUEDTULUTUTEVETTU0IOUOEIU T1U80URIAWOY Tl TAEIUle
OOREIEEPEVEEUTEVETOOEUOEAIT UIUEOUXIEQUEIROOUENIDY TualEUL G000 PuUxuOulTUx 1 ENlOuOEUOTUEES
ture in young, active patients [120, 121].

3.2.2. Third and fourth generation ACI
LTETO00a0 TOUTTOITETOO0OTREEWEEYEOE T U TEY Tu 0T Eu(0u Es(TOUETTTOTUEROO " (WP TTUTETO0s
drocytes are embedded into three-dimensionally constructed scaffolds (i.e. 3-dimensional
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environment) for cell growth [122¢u3To0u00Y 10uExxUOEETuUUT U ETOOEUOROEUERY TuOUETOR
dro-conductive matrix; autogenous or alogenous cells treated In vitro in order to induce cell
proliferation, differentiation and production of ECM; a single-stage surgical approach; and
mechanical stimulation to improve the material properties and maturation of the implant
[123]. Such mature tissue might ensure shorter rehabilitation and shorten the time to achieve
ECRODEED T11DEDTOE AN %OUs TREO X010 [T Tu#1 —OYOu $OTHOTTUTEN 300U Tu oS3k TUETlip9OOTUN6 Els
saw) is generated from juvenile cartilage cells under special laboratory conditions and is
TaEROTI0T3((upUuT OTHOTTUT EuEau(23 - u3TETOOIO TOTUWEOEWT T 1ExxUOYTEW(23 - Uu(OYTUIBTER
tional New Drug (IND) application for Neocartilage in 2006, which allowed them to pursue
clinical trials of the product in humans.

Likewise, Neocart (Histogenics, Waltham, MA), a bioengineered tissue patch containing
an autologous chondrocyte population matured in a biodegradable collagen matrix, uses
bioreactor technology (hydrostatic pressure with modified flow rates and low oxygen) to
stimulate ECM accumulation and suppress long-term degradation. A recent randomized
study suggests that the safety of autologous cartilage tissue implantation, with the use of
(TTu—T10""EV0UTETOD@U T ub0uURONEVIOUITENOTuOBEUOTUEEIDUTUEOELEUUOEDET EudI Ty TUTEUTULEROx
DEECuTTIREEEAUENWIPOuATENLEINTUWIUTEIOTOlue IKgSy = OB TYTU0WUTTUTwEUT u00R00u UTETOREED xUOEs
lems remaining regarding the initial fixation technique, subchondral and edge
integration, long-term durability, etc. [125].

yOUOET Ol OTPu TIOTUEROO  **(u OTUTOEL 10UsdO0ECROTUEUNINUT Ey EDIOOIOTOU ETOOEUOR
cytes in a biodegradable matrix are currently in development or testing. These include
Chondroselect (characterized chondrocyte implantation, TiGenex, Phase Il trial), BioCart Il
0/00" TOOu 1DOUTET0/ TEUTu ((uUUBECKD " *EUIRRupxO0AO TU TAEUOTT 00" "ELRORAN ,  ** (unOEIRRMOR
EUETEL " (WSTWTTOWEYENEENTLOUIRE TuOiulT Tuai20Ky " *EVDXEE TugUOBEWUEETIOIEN POUTUEOUETE U
ose-alginate matrix, TBF Tissue Engineering, Phase Il trial), NeoCart (ACI with a 3-
dimensional chondromatrix, Histogenics, Phase Il trial) and Hyalograft C (ACI with a
hyaluronic acid-based scaffold, Fidia Advanced Polymers). Although the clinical use of
these second-generation ACI products has been reported in Europe, none are approved for
use in the U.S. at this time [126].

The future of fourth generation cartilage repair focuses on gene therapy, the use of stem
E1000urEOO TuOEUOPUEENXOUTLOWOUUENTUETRY TEAESELRUOUTUTOTROTT IO T , 2" " WEUTUEOUEIIUEEs
tive cell source due to their differentiation capacities. To expand and deliver MSCs to the
site of defect, the cells should be seeded into an appropriate scaffold that is biocompatible,
OITETEOEEN 2w UIEEOT x TUOTEENTWwEOE EDOETTUEEEENG  u YEUDT Uaw Oy EXOOE(TUREN P 1UTwdOIU0s
EUETENTGTREEVEO TAEUEITux00aO 100 TAEIUUOOECUETEUOUTUEITOOETW/+ 1/+& HKUTEWEUTuxUOe
tein-based (collagen, fibrin, gelatin) in order to obtain homogenous distribution within a 3-
dimensional matrix.

Future generations of cartilage tissue engineering will also include methods to control the
TI00OTWIOUENTEWETOOEUOT 10REUERTTTUTOREROOUOPEVEIELTAEMROT100 TuxEITPEAK(OulTIILOEDs
ner, the local cellular environment can be coordinated by a tightly regulated GFs that signal
molecules to regulate cellular maturation and proliferation. Additionally, with the use of
gene therapy, either viral or non-viral vectors can be applied into cells, which then express
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chondrogenic GF. Gene transfer enables localized exposure of bioactive proteins or gene
products to the site of tissue lesions. There have been numerous cDNAs cloned and used for
biological stimulation of cartilage healing in terms of mitosis induction, synthesis of ECM
EOOx00100UBOEUEROOL Ot ETOOEUOTTOTUpUu Eaw xUOT T 000U ETO000 B0 THENROTudOTIEO OEIOUawUTs
sponse, etc. Researching involves identification and specific gene combinations that could be

incorporated into vectors and delivered to target cells [127¢u" *UUUTOWEEIEWOEDEEIT U TENWT 110
Ep1 O ET0DYTUaw EOEW TRXUTUIROO Oy ETUIEDOL TTOTU OEau TEY Ty EQu THTTEN OOu OYTUEN TTEROTuUTe
sponse in cartilage tissue and is capable of turning the repair response towards the synthesis
of a more hyaline cartilage tissue [128]. The novel approach in cartilage tissue engineering is
(TTWOUTWOILET00ux Ox UOEIROOUE T URTDEEIROOuUEUT T 0RO TLO I TTOTWOEUOT U< OUBIRY TVEOEWOTTE(RY TuiEEx
tors, gene expression score - ChondroCelect), which enables prediction of whether cells are
capable of making stable hyaline-like cartilage In vitro. By selecting those characterized cells
POUTUETIT TuxUOEEENR2L0TUOEDOIEIODO TUELETOOEUOTT OBEux TTOOIAX 10T T TTTERYTOTUUOIVEOUe
planted chondrocytes would be maximized.

3.2.3. One-step surgery

Recent directions in cartilage repair are moving towards the possibility of performing one-
step surgery, including the use of MCS and GF, and to avoid the first surgery, harvesting
cell material, and subsequent cell cultivation. Numerous studies reported that bone marrow
UUTOUETOUWEUTUELOUTTU0UOUUETUIOUUTUIOUROTUEEURETTUETTTEIVN  EERIROOENaNEaITTUEOOEOODR
tant use of PRP and MCS it is possible to develop a single step procedure.

Single stage procedures can be divided into two categories: cell free implants (scaffolds) and
rafts). One of the most common cell-free procedures is AMIC (autologous matrix-induced
ETOOEUOTTOURUK 3T TuITETOMZUTuUT@URUT U EvET00u TUT TudOx0EQU ITENBU PUOEUI2u TOOUT Tul0uxU0e
vide the appropriate stimuli to induce orderly and durable tissue regeneration. Moreover, it
should be capable of inducing in situ cartilage formation. The AMIC procedure comprises of
microfracturing combined with the implant of a porcine collagen type /111 bilayer matrix to
stabilize blood clot formation.

The first reports on the AMIC technique were promising and the results were comparable to
standard ACI with the advantage of a single stage technique and no donor site morbidity
[129¢3u(OuEWIUE 2u LTI T TUO TECUI 000 PuUxWEITUOTAHALO OO TUWITT 2uUT < OUIT EvTHT T02uUERRUIEEIOs
ry results in 87% with MRI showing moderate to complete filling and normal to hyperdense
signal [130¢i  OOUTTUsxOUBENRIAUULIOIUUTUEOOTUOEIOBUEOOETOIEITupY , *"AuiOlu ,, **2ubOulUTEls
ing cartilage defects. The technique consists of harvesting 40-60ml of bone marrow aspirate
from the iliac crest, centrifugation, and the use of special enzymes to activate the BMC and
produce the sticky clot material that is placed on the side of the lesion; finally the defect is
covered with a collagen membrane.

An attractive option in terms of cell-based technologies is represented by minced articular
cartilage procedures for repairing articular cartilage, as they are one-staged, autologous and
inserted on scaffold carriers that provide chondro-milieu, mechanical protection and even
distribution of the cells within the defect. The principle of the minced cartilage procedure is
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to obtain hyaline-like “minced” cartilage pieces supplemented with the scaffold delivery
system. Minced cartilage represents the source of cells and even relatively large defects can
be treated with a small amount of cells; specifically, one-tenth of the cartilage that originally
covered a defect is required. The proposed advantages of this procedure over conventional
treatment are the elimination of the need for in-vitro cell expansion and a second surgical
procedure. Several technologies are being investigated and are in current late stage trials
[131]. The autograft cell-based procedure CAIC (Mitek, USA) is currently under phase Il
evaluation. During the procedure, autologous cartilage is harvested with the special shaver
device, then morcellized and secured on resorbable polymer mesh with fibrin glue. DeNovo
ment of the cartilage lesions limited to an articular surface with intact subchondral bone. It
utilizes morcelized juvenile cartilage, which is secured with the fibrin glue. As there is no
UUTuOIETTOREEIWEOEIONOROENOEONX UIEIROOWEI#T —OY O — U &UETWEOTIOOWUTAUNT%A  1EXy
xUOYEWEOEDUEUUUTOl0aw EYEREENTudOuIT Ty 40T E20E0T UG 1OUTu"  (2uEQEu#T —OYOu —3u(1ETO
ques rely on chondrocytes migration out of the cartilage tissue with subsequent matrix
production to fill the defect [130-132¢u$EUAEONOEWEOEuxUTERODEEROOE 10U TEY TUETOOOUIUEDR
TEsTAEROT 1000 TuEEUIROET 16u" *00OPEE TR TUDTOETubUutOBUT EuPplTuUTOUIITUOWUIUEDT UiETOOOUIUE e
ing both procedures to be safe, feasible, and effective, with improvements in subjective
patient scores, and with magnetic resonance imaging [133].

4. Strategies to improve ligament and tendon repair

Tendons and ligaments are avascular and hypocellular with distinct mechanical features
that make them dif EU0IOUWEDUUTONaUEYENEENTWUTEIOT OINIOWTEETUELEOD x0T UTui UOEIROOEMITs
xEDULOTITTUEEOETT Eu(p0UUTaw3TOEOOuOIOWT W TTUTTUWEEUITOWETUOONENEUTIEOOO00aOEDs
aged either conservatively or surgically. Conservative management, such as rest,
corticosteroid injection, orthotics, ultrasound, laser treatment, or shockwave provide pain
relief but, when they fail, surgery is required [134].

Surgical repair may be indicated in acute injuries. In chronic lesions, excision of the involved
EUTEL O T ETuxTUIOUOTEN = OB TYTUUUT>EUTELITOEOOU TEY TudOT1UBOUS xUOX TURTUs P TTOUEOOR
XEUTEIOTTETau00T1 U3 T Tu00UO IO TETEOREENTTEIOUTUstUu O EDOIAWE U TulOUEVERIIOUUT EuT RIVELET b
lular matrix (ECM) composition and a misalignment of collagen brils of the scar tissue
[134]. Another option is to use tendon or ligament grafts, but graft-augmentation devices
EOELEVRIDEDEQ<UOUITTUTUTEY TuECUOUET TOUET Y100 1 Eughubkgiu ¥ TEEUUTUEOUUTOWIUTEIOTOUbUUUEDxs
timal, alternative therapies have been developed, such as the delivery of growth factors, the
development of engineered scaffolds or the application of stem cells.

4.1. Grafts and graft-augmentation devices

Autografts are used widely to repair the affected tendon and prevent instability due to the
EECETIETEOT Ol TTUOOULEOO OOGIaUUTEEUIOTUETIUMOEIUE WTEOUIRO TWITOEOOUUTON e
ndinosus and gracilis) and bone-patellar ligament (middle third)-bone. Several factors are
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important in the selection of the graft tissue reconstruction, such as the initial mechanical
properties of the graft tissue, morbidity resulting from graft harvesting, graft healing, and
the initial mechanical properties of the graft fixation, [134].

QOO TUETIOUTxUTUTOUEOLENTUOEDRY TuOx (0001 IOuEVIOTUETIUTOUITOEOOUEOEWNTEOTOUUT DU ¥ T
EEOUTLOT BT TEOU00u0DORUT EVEEETUUREDGUANEUUOERENT EutBUOUOTUERUTEUTWIUEOUONIROOUEOELRUUUTW T
jection with the use of allografts, autografts are preferred.

Immediately after a reconstruction with autograft or allograft, the fixation site, not the
graft midsubstance, is considered to be the weakest point; following that period, the
process of ligamentization influences the mechanical properties of the graft, making it
more vulnerable.

30uxUTY100u00i00RTUsOTuITTu TUEITuUOROuDOITTUEROO 1DOIOUITTUEOOT UEQE uUTTuxUOETUIOTu0TES
O10paEROOBUILEOOX0TIT0UTUEIIUEUTOTOIEROOUETYRETUsP TUTUETYT00XTEWIOuxUOYIETIO OT1ENR
ate post-surgical protection. They share mechanical loads with the biological graft until
the graft itself is capable of withstanding local tensile and compressive forces [134]. Graft

augmentation devices should be resorbable, but the rate of resorption should be limited
by gradual transfer of mechanical loads to the biological graft [134, 135].

4.2. Tissue engineering

Tissue engineering (TE) combines biological materials and cells into a construct that is
eventually able to replace the regenerated tissue [136], through the merging of three
EUTEUouUEETTO0E s OREUOTOYRUOOOTOMUITO WET00U0WEOE s UPTOEMROTuEDOTEEIOUUG 3TTUTOENWIIOWUTe
construct a ligament/tendon by providing a scaffold seeded with cell-inducing neotissue
formation that adequately meets the required biological and mechanical properties
[136,137]. Engineering brous tissues, such as tendons and ligaments, requires the use of

bre-based scaffolds, because they should possess appropriate mechanical properties to
withstand high stresses, but also high porosity and surface area to allow the seeded cells
to proliferate and regenerate the tissue [137].

4.2.1. Stem cells and scaffolds

3TTux00x0UTWO1u3SuPd I TWTUxOOEO TUET000BUIOWOEUETUEWT TTOTUERY TuUTUxOOUTWOUUTEEIOIUEE U
ring. Tissue engineering can be divided into two subtypes: the In vivo approach and the ex
vivo-de novo. The In vivo approach permits the self-regeneration of small tissue lesions [138].
The ex vivo-de novo approach is designed to produce functional tissue that can be implanted
in the body. Several cells have been used: tenocytes, fibroblasts and stem cells. The latter can
ERETRYTEIUOOEOOTUIOEINOPUTUOEOWTOEOOUy  **+u/* " +KUEEIXOUTuIRIUUTuOUT OEUA0REIE Ts
rived stem cells [138].

4x000I00aNT000 TEITELIDEUOEIEUIETO00UTURETOUOul T TuUTOEOOUEUTUEERYEIT EvE AT T0OTIEO OFs
tory response for collagen deposition. To conduct this function, tenocytes are assisted by
tendon-derived stem cells (TDSCs) [139].
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MSCs do not differentiate spontaneously during In vitro culture, which permits a controlled
microenvironment, such as to dictate the differentiation of MSCs after implantation. Because
(TTauEUTuOOUTuTEURO&uBUOENT EvEOEEEOOT EvTUOOWEOOT1OENIO PUEOOXEUT EulOu3#£2" Ul TTaul T xx
UTUTOWENOOUTUOXDOEWIOUUETUOTUIT OUET00UWIURIEETUIOUITTUEX TUREUUTE , 2* WTEY TLETT0u0e
duced to differentiate to tenocytes through the Wnt signalling pathway and cyclic
mechanical stimulation that mimics normal processes [140]. It was also found that platelet-
rich plasma (PrP) stimulates both MSCs and TDSCs [139].

Adipose-derived stem cell (ASC) use for tendon regeneration and repair has recently been
taken into consideration. In a recent study, the role of these stem cells in primary tendon
healing has been investigated by a local autologous ASC-mixed platelet-rich plasma (PrP)
application at the site of tendon injury in a control to PrP application only [141]. The tensile
strengths experimental groups were found to be significantly higher in comparison to the
control group and, along with higher expression of collagen type I, FGF and VEGF levels in
the experimental group, ASCs seems to enhance primary tendon healing.

It is now well accepted that seeded grafts vastly improve outcomes over un-seeded
grafts. Recently, collagen matrices cultured with MSCs have appeared on the horizon
for tendon repair [142-144]. The isoelectric focusing technique aligns collagen fibres to
the parameters of the target tissue, adjusting the density, alignment, and strength of
tion of tendon derived fibroblasts and bone marrow stromal cells on electrochemically
aligned collagen constructs 2010). These matrices support a higher proliferation rate of
MSCs compared to randomly oriented collagen. Currently, the versatility of synthetic
polymers shows great promise in tissue engineering. Poly (1.8 octanediol-co-citrate)
scaffold (POC) is a highly reproducible elastomeric material capable of being used as a
synthetic scaffold to support cell growth. Instead of attaching tendinous grafts to bone
via screws, the optimal approach is reconstruction using the collaboration of synthetic
materials with MSCs. Paradoxically, the very complexity of the fibrocartilage interface
makes it a perfect candidate for POC utilization. A scaffold with three distinct regions
would allow formation of a collagenous tendon along one edge, osseous material
along the other, and a middle zone representing the transition from tendon to bone.
Given the capacity of MSCs to differentiate into osteogenic and tenogenic lineages, a
UbOTOTuET00wxOxUOEROOLUTTETELOOIOUITTyUEETTOOE UEOUIE uUTTTOTUEIT uUTTUEOD x0T Ru BEUOEED (R
OETTubOUTUIEETo  EENROOENAlL/ - **uUEETTO0EUWEOUIEUETLEUETUTE WEEEOUEDOT ulOUWITTuIEUTT0u0TOn
don interface, relying on Wolff's Law to govern the dynamics and load of the tendon
aimed for reconstruction [139].

4.2.2. Bioreactors

yEDOUTEEIOUA0u3$udUuEyETYDETuUTEN UDO UOENT U Eu x TAUROIO THEEN 1O YBUOOOTOlkdOu OUETUs 0w xU0w
mote cell or tissue growth In vivo. Tendons respond to mechanical forces by changing the
metabolism as well as their structural and mechanical properties. Without the appropriate
EDOO1ETEGREENUROUEROONOTP0auiOUO T EuRUUU TubEEOUE X xUOXREITUEONETTOOUUOUTEGRAES
tion and alignment for suf cient load-bearing capacity [134, 145, 146]. When subjected to
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mechanical stimulation In vitro, embryonic stem cells exhibited tenocyte-like morphology
and positively expressed tendon-related gene markers, as well as other mechanosensory
UIUUENDUTECELO GOTEUN UugEppEAROUT TUDOUEO EuOa0UpOK(Oul EIOxPEWIUEOUXIEQIEIROONITTU3$uIT 08
don under In vivo mechanical stimulus displayed more regularly aligned cells and larger
collagen fibres that enabled enhanced tendon regeneration in situ, as evidenced by better
histological scores and superior mechanical performance characteristics [145]. In a recent
UUEANUEEENIIOTROUITOEOOUP TUTVET xBY TEWOIUETO0UWEOET RxOUTEulOuEAEREIUIUENOBOIELEDOUT EER
tor, in comparison to a control, which was kept unloaded in a medium for 5 days [147]. The
(TOEOOUP TUTWITTONOX0EQIT EWOUERE TTUELA00 Tu(ETITELAOWT TWEEEDILIOWO P TEIEAETITUOIOES
tion of ultimate tensile strength and elastic modulus after 4 weeks. Both were significantly
improved in tendon constructs that were exposed to cyclic strain, and the histology showed
an increased cellularity in the bioreactor tendons. In another study, it was showed that the
OE(TUREW>UOXTURT WOl TUOEOUENOTUETIulBUUUTITOTROTTUTEVEOOUIVUEILEEOUE Tu TOTEOET EvEaulTs
seeding and dynamic conditioning [148]. It was found that while conditioning duration has
a significant effect on material properties, the load magnitude does not. The issue of attrition
in biomechanical properties with time following cycle completion must be addressed before
bioreactor preconditioning can be successfully introduced as a step in the processing of
these constructs for clinical application.

4.2.3. Growth factors

Following acute tendon injury, circulation-derived cells play a crucial role in the healing
xUOETUUTUOTROUU T8l EUUTO P Q0 TENOOEEN O ENT Evs/U/Us0UTTOGEUEOUEEIYEIOUO TEDUEUOES
tion-derived cells for the enhancement of the initial tendon healing process [149]. PrP also
improves the mechanical properties of tendons in the early phase following acute injury, in
terms of increase in the force at failure, ultimate stress, and stiffness; but the effect seems to
vanish in the long-term follow up [150]. To date, there is still a debate regarding the positive
effect of PrP following acute tendon injury. There are studies that confirm the positive effect
of PrP on tendon healing, since an earlier return to sports, decreased cross-sectional area of
ITOEOOUEOEMNOxUOY TESTEURTUWUEOT TuOIECOIT1OOBOONI000PI0TY  ETo0TUITOEOOWUTEOOUIUE
tion was noted [151]. It is speculated that In vivo use of PrP, as well as platelet-poor plasma
(OuELETUOEROUT RUTOROWTOEOOWOIUIDT UuOB T TEEETOTUEITWUT TUEEIEEOMELE T OEUEEROOUONIVEUOERs
cally injured tendon matrices and promote angiogenesis and formation of a fibrovascular
callus [152]. A study showed that platelets influence only the early phases of regeneration,
but this allows for mechanical stimulation to start driving neo-tendon development at an
earlier time point, which kept it constantly ahead of the controls [153]. However, all studies
EQuOOUEOORUOUWITTuxOUBDY TuT TTTEOTu/ U/ pOuTEENEN<OUUDEITUOT TERY TUl TTTEWO 1L/ U/100u T TuIUOEs
tional results after the reconstruction of an Achilles tendon during a long-term follow up
was observed [154].

In chronic tendon lesions, especially tendinopathy, the use of PrP is focused on restoring
OOUOEN RUNUTLEOO xOWIRO0L P TH0TLEYOREDOTY TUUITT Uk ETTTOTUEIROGH 400UEUOUOEITURETEuONIEs
tions of PrP were effective in reducing pain in elbow tendinosis, medial epicondylitis [155]
and jumper's knee [156]. Until now, few high-quality studies on the use of autologous GF
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injections for the management of chronic tendinopathy showed no significant improvement
compared to a control group, but in those studies, autologous blood was injected and not
PrP [157-159]. Currently, there is level 3 (limited) evidence that PrP injections improve pain
or function in chronic tendinopathy [160gi , OUTWITUTEVETUOOIEEUEWEDT OE TUEOEWT TUEROPEENE xu
X(EEROCuOTL/UZuOTTEUIOETIUOETUIEOTOETTIOUTUENTDOEWUTEOO O TOEEROOTOUL/U/UEEONORIIUES
tion for the treatment of tendinosis can be made [47, 160].

UUIUEasxTUIOUOTEVENOUUETXEUOTOWUTOP TEWTEWITTLEEOIOUIVEROOuOTu/U/uTTOWUTEO s
UI0OEROTY **+uPaTuEs TEQUIURO TUEUIO TUEIluT OTEGETUsTEUOWTUE TIUTYEUEDIEIRAEROOWOW T 100U Us
face zone between graft and bone in the tibial tunnel; furthermore, PrP stimulates the
formation of a sclerotic bony ring around the graft [161¢u/0E01010x0TUO0EAITuTT0WEX x0T Eul0x
cally, can also improve knee stability in the first three-month period and especially in the
second three-month period [162¢20UE1 UOEDEEITUITEWITTUETMY TU2u01u/U/1OVOPEUWEOEIEEET b
mentization process. Therefore, such therapy could improve knee stability and shorten the
xTUDOEu OluUTTEEDRUEROOLETITUs UTEOOUIVUELRY TuOOTTuUUUTTUAN = O TY 100 OO0 £ UIUEDT Uy O0u TUs
mans confirm the positive effect of PrP. In one study after ACL reconstruction using patellar
tendon graft with the application of PrP, researchers did not find any statistically important
EpITTUTOET0unOIIEO OEIOUAxEVEOTITUIMEXx TEVEOETuOM T TWTUETIO0u , 1.(0uOUsERODEEN TYEIUES
tion using validated scores [163¢u20000uO0TTUUWEDELOONIBOEIECAUEDTTTUTOETUOUTUETIIBREROOIE T
ter ACL reconstruction with hamstring allograft and application of PrP [164].

4.3. Extracorporeal shock wave therapy

SRIVEEOUxOUTEOUUTOEOUPEY TulTTUExaup$26 SkubUuEulTETOUTuOUTEOuITTulUTEIOTONOTuT0x
don disorders, particularly calci ¢ tendinopathy. The treatment is an extension of renal
UTOU0RxUabu (JubUuE s OOOMOYEWRY 1y OOEE®IauUITE 100 uUBAUIEN 1 TTERO Ty xEUREUIEIa SO U TE
ment, tendon, or bone structures. A high-energy sound wave rapidly increases pressure
as it travels through the tissue, which results in cavitation that causes microtrauma. This
stimulates an increase in blood flow and new blood vessel formation in the target area.
Studies showed an increase in inflammatory cytokines and growth factors, as well as the
UTTUOEROOWOTWIUOOUUNOTEUOURULTEEIOUMOUTUOTUOROEOEUEOOTuOOUX TOTIOTIREN<UOITI0NI000 PY
ing ESWT. Studies indicate that differentiated tenocytes are metabolically “activated” by
ESWT and signi cantly induced proliferation and production of collagen (mainly type I)
EOOXEUTEuPITuUOIUTEITELET000uehKOuh gL — OUuECWUIUEDTUu B TUTUEENTWlOWUTO PUENXOURRY TuTin

thetics that interfere with ESWT treatment [167].

Numerous other substances have been used in the treatment of tendon disorders, including
sclerosants, calcium gluconate, heparin, dextrose, and aprotinin; however, more studies
have to be performed to prove their efficiency [168¢ii30uEEITUOOIOXROEWINTEIOTOIOOEENs
ties for injured tendons or ligaments have been proposed. In fact, sheathed tendons may
heal differently from those not enclosed in sheaths and the process of healing of an intra-
articular ligament may differ from an extra-articular ligament. Recent studies support the
DETEWTEWUEETTO0EUEECuxUOYIE TuEOUENTUOERY TuiOUITOEOOIEUTO TOIEROOEOELITENRUIUTLTOTEs
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neering has an enormous therapeutic potential. In recent years studies revealed that tendon
healing and regeneration may be improved by the application of several growth factors and
the use of PrP expanded widely. Today, many different producers provide PrP of different
composition that makes studies hard to compare. Future studies will have to explain which
EOOETOWEROOUOTL/U/uPOUOUITTLETU P TTUTL0R0L TTTTERY TuEOEUP TEQWITTUO0TUOIEEEOOXEDaS
ing leucocytes is.

5. Conclusion

Regenerative medicine holds great promise for sports medicine with aim to develop novel
UTTUEXDT Uy UTEw 00u UT < 0EET0u UT > E8U0 OUy x UOOOUTulBUUU TuUTTTOTUERO O (UuBUu ECuDOEUTEIRO T02w 1 Re
panding area of research with hopes of providing therapeutic treatments for diseases and/or
injuries that conventional medicines cannot effectively treat. Skeletal muscle has a great self-
regenerative capacity, but it is unfortunately limited by fibrotic infiltration. Although none
OluUTTUEGREVORELETTON10uOXUOY TuUOT0T0EN QUUETWUTTIOTUEROOU TEY TWETTOUTUITENOOuTUx
mans to date, its clinical implications are potentially far-reaching and include not only
UxGUIUUT0ECT EudGIOUDT UNEUEIUOUERITEUT UUE TUEUWO UUEUOEUE U0 THTWEOEWUEU OELEOEWUUs
T10arUT0E0T EwOiUUak6 sUTulOTUTIOTuOOY TRUTTUEXTUREIEITT0UITOUBUEOWO x OUIEOWEUTELOTUTs
search and presents a basis for further possibilities to study different mechanisms of action
and effects drug combinations for improving muscle regeneration.

Biomaterials play an important role in directing tissue growth and may provide another tool to
manipulate and control stem cell behaviour. Growth factors and therapies using mesenchymal
stem cells, scaffolds, and tissue engineering using bioreactors represent promising strategies
for tendon, ligament and cartilage repair. While therapies using growth factors seem to be well
established in case of the first two, lack of scientific evidence still makes them questionable. In
UTTuiO00UTUOTUEEUMRIET TuUT < EBU0IT TuOOEDIDEEROOLO TLETO0UIEIERTTTUT OIBEIROOul 0000 PHO TUODEUOTUEES
0UTEOUOEIE TE00TUOENT Byl Tl TTWOU WO ROTTOOUUTUO PUTUEEIOUMEOEWEETTOOEUBOOUE T UiOuUTe
tain chongrogenic phenotype and to improve the quality of repair tissue generated in the
defect. The important future prospective of cartilage repair is also focused on the quality of the
bonding and integration of the newly engineered tissue to native cartilage to achieve stable
TIEROTAS 10U O0E U OUTORENIOWIUUUTLIOTOO TTUTEWIVEITTOT U TELIP OUIELT OEEOTWT X EBBOTEO R
plex cartilage lesions together with the subchondral bone and other structures. However, as
with all innovations, carefully conducted studies should be carried out to access the efficiency
for cartilage regeneration. Furthermore, long term prospective randomized studies are needed

to confirm the encouraging preliminary results.
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1. Introduction

Sports injuries are among the most common injuries and therefore present a significant
public health problem. Physiologic processes after injuries are often neglected while
OUETuOOUTUENITOROOWULETIOTuxERELIOWITTUOESETION00u01u0aOx 100U = OPTYTULEOOXUTs
T10000uOTuITTUTuxUOETUUTULBULETEOONOTuOOUTuEOE yOOUT udOxOUIEOIEUITTUEXDTULEUTuTT e
ting increasingly focused on specific molecular and cellular processes. In recent decades,
TR0TO0Y TuUTUTEVETuOTRUUUTWUTTIOTUEROOUEINT UudOIUUaUEOEVETTIOTUEIROONNOEIUEIOTUOOIT EUs
lar pathways in healing, helped towards better understanding of this process and led to
EBUEOYTURTUuOTuOT P uxOUTORENITTUEXTUUREWIEUTT0UG (OulTBULETEXUTUux TaOI0 TauO1uUxOUI0OIUs
ries and the latest advances in understanding pathophysiological processes after injury
will be discussed.

2. Physiology of tendon and ligament injury and repair

For skeletal muscles to act properly they must be attached to the bone. Tendons serve as
mediators of force transmission that results in joint motion, but they also enable that the
muscle belly remains at an optimal distance from the joint on which it acts. Tendons act
as springs, which allows them to store and recover energy very effectively. Ligaments on
the other hand attach bone to bone and therefore provide mechanical stability of the
100000 TUBE T 1iGpOIs OOBOOLITIOUT 1T T80uO0UOENMUESTTuOTuOOBOOUP TTOWEITOUR TW0OEELOULE xS
plied and prevent excessive joint displacement. Although tendons and ligaments differ in
function, they share similar physiological features with a similar hierarchical structure
and mechanical behavior.

© 2013 Robi et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
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2.1. Histoanatomical features of tendons and ligaments

Tendons are made up predominantly of collagen fibers embedded in proteoglycan matrix
that attracts water and elastin molecules with a relatively small number of fibroblasts.

Fibroblasts are the predominant cell type in tendons. They are spindle shaped and arranged
in fascicles with surrounding loose areolar tissue called peritenon. Cells are orientated in the
direction of muscle loading. In mature tendon tissue they are arranged in parallel rows
along the force transmitting axis of the tendon. Long cytoplasmic processes extend between
the intratendinous fibroblasts, enabling cell-to-cell contact by gap-junctions.

Fibroblasts are connected to the extra cellular matrix (ECM) via integrins that permit the
ET000u00uUTOUTYEOEWUTUXOOEWIOuO TETEGREEWIRO Uty P TOETuE xx TEU YAUEW TOU T T80k TUOEROOUETw
EEUUTW TP EaulTTUOTETEGREENEOOROUUOuUTUIEERUTTELEIOO TuP TRETui OUETWEEOUE TWIUEOUON s
ted from the outside to the inside of the cell and vice versa. Integrins are also likely
EEQEDEENTUniOUUTOURO TulT AU TWUUTUUKENUT TuET00UUUTEE 16w (upUuENUOWUX TEVOEIT EWITENDOUT TIBOIEUs
sociated proteins are involved in signaling adaptive cellular responses upon mechanical
loading of the tissue [1-5].

Type | collagenubUu0T TuOEIOUEOOURIUTOUOTITOEOOUNEEEOUOIROTUIOUEEOUINKCIOTLIT TuEUAWT Or
don weight. Collagen type Il accounts for about 5% of the dry tendon weight, but smaller
quantities of other collagens are also present, including types V, VI, XII and type Il collagen.
The latter is primarily found in regions that are under compression [1-3].
Y%EUOEOEUIULUTEUTUTuEL<UTEDUUOUL OTuEGIOET 100 EENT EuxUOEONETTOW P TRETUpULENTEYTEL TRIVEETOUG
0EU02u00u OUOWAX Tu(UEGIETTOw3 T TuaOITTUBILOTEONET 1 OuipEURIUOEEUUUBOWP OuUIET TUNBOIUEET (0Ux
lar and extracellular. The pro Y-chains are initially synthesized with an additional signal
peptide at the aminoterminal end with the function to direct movement of the polypeptides
p00GWITTUUOUT T OEOXOEUOENUTREVIUOUP TTUTuludUuEOTEY TEuOT 150 300x0Tu TT08Ru PO TuITUT TuxO0as
peptide chains wound together to form a stiff helical structure is formed intracellularly.
31O TuxUOEGOETTOudUsUTEUTITEOIOWIT T TRIVEET0UOEUOEINRRL P TTUTudldUEOOY TUIT EulOuEONER
T100OE0ANEONETTOUOO0TEUOTUWET TUTTEITEOEWTTUEIOUUZOOUUTUx OOURENTui OUBIUWIIEETWIIUES
ture are formed [1-4].
3TTuxEVEOTWENEOTTOTOUOIITTVEONETTOuiRETUUOLITOEOOULTOEENT UulTTOulGuUUUIENOL TET TulT On
sile loads. Collagen molecules group together to form microfibrils, which are defined as 5
EONETT Oy OOIEU0T Uu UUEEOT EwdOu Ey @UEDITUZOUET TTUu EDUEAG ,, DEUOTBEURUEOOENO 1404 I0UOLUUEIR
EUR0UEOEWITOUTUEOOEDOTuiDUIT TUul0uTOUOUDERIUugkY11YYuOOuOUEREO TUTUAEIRINEOOENO 1108
gether to form fibers (3-7 um in diameter) which further combine to form fascicles, and
(TTUTUTUOUu0OTTOTTUu00uTOUOUELITOEOOMY%EUEDEI T UEUTuUT < EUENT EvEauT OEOITOO0EOEWIUIIOUOER
TEEaTxD0TO00M  WUTTu0TY 10O TUIEUEREOT U T TUETEUEEITUBUIDEIREUIBO x quxENUTUOUEEDUE TuUTTOuTB000R
logically (discussed later in this chapter) (Figure 1) [1-4].

Proteoglycansig/ &UAEEEOUOHTOUhIk Ol TTuEIaup I TTUWOLITTWUT0EOON/ &UEUTVTIT T0au TAEUOs
X TROREWUTTAUENIUEEN P ENTUOO0TEU0T U3 T TuxUTEOONOEOUuxUOUTOT0AEEOUROW T T TOEOOUEUTUETEOUs
in and lumican. Biglycan and decorin (and collagen type V) regulate collagen fiber diameter
in fibrillogenesis. Because decorin molecules form cross-links between collagen fibers they
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may increase the stiffness of the fibrils. Proteoglycans are also responsible for lubricating
collagen fibers and thus allowing them to glide over each other [2-4]. Aggrecan, a normal
structure of articular cartilage, in found in tendons that are under compression [5].

Tropociiagen Microfibril Ribroblas

DDDD Subdiei

Tendon

Figure 1. Structure of a tendon. See text for details. Adopted from Kastelic et al. [6]

WUTOUTTITOEOOUECERTEOTOINEUTLY 102U OREUBOWINUEIOUTAITTUEITWOO TUEDITTUTOETUETw
tween them. (1) Ligaments consist of lower percentage of collagen molecules, but a higher
percentage of the proteoglycans and water. (2) Collagen fibers are more variable and have
higher elastin content and (3) fibroblasts appear rounder. (4) Furthermore, ligaments receive
blood supply from insertion sites (Table 1) [1, 2].

Content / Feature Ligaments Tendons

Fibroblasts 20% 20%

Ground substance 20-30% lower

Collagen 70-80% Slightly higher
Collagen type | 90% 95-99%

Collagen type IlI 10% 1-5%

Elastin Up to 2x collagen scarce

Water 60-80% 60-80%
Organisation More random Organized
Orientation Weaving pattern Long axis orientation

Table 1. Differences between tendon and ligament structure

2.1.1. Vascular supply

There are two types of tendons: (1) tendons covered with paratenon, and (2) sheathed tendons.
3TTaOE00AED 11O EUEUIENUUx x0ai( QT TEITTELTOEOOWEO 1U0UITOO00wYIOEUOEAEEIIRT UEuY TUs
UTOUTEGOU> x0T 000200 Tux EVLO T TWTOEOORITTUTIOUT A EUIO T TWTOEOOEUTWTOEDY T0aUE YEUe
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cular and their nutrition depends on diffusion. On the other hand, paratenon-covered tendons
UTETDY T TTOUEIOOEWU x x0aulUO O TUUTOUT OUTUBO TW T Tl T OEOOWUUTEE LUEOEL OUOIO TUEWRE TLEE x00Es
ry system. Because of the difference in the vasculature, paratenon-covered tendons heal better.
As stated above, ligaments receive their blood supply from insertion sites [2, 3].
3TT0Tuw0u00R00uEOUOOTOROTUETEEITUEEOUIITTuTTiDENT OEALOTWITTUEIOOE 1UUX x02ul0uiTOEOOULE U
ing exercise. Experiments showed that although the increase in tendon blood flow is
somehow restricted during exercise, there is no indication of any major ischemia in the
tendon region. The question remains how blood flow to the tendon region is regulated.
Several candidates as regulators of blood flow in skeletal muscle have been proposed,
EOE ububUuxOUUREQT 4 UTE(s UDOROEUWUUENIEOETUWEQE s OTIEEORITULEUT u YEUOEENDY TuEOUOuBOWITTu0TOx
don region suca as bradykinin [2].

2.1.2. Insertion sites

As tendons attach skeletal muscles to bony structures, two types of tendinous junction are to
be distinguished - osteotendinous where tendon attaches to the bone and musculotendinous
PTTUTu0ENEETT0u00u0TTu OUUET8u%O U EBUIROEI AOOTU TEY TuETTONOEUTUY TELEQITTuOUITOUTOEDs
nous junction, with a gradual change between them (Figure 2)dughu3TTuip0U0&OO T1UUIUEIUUs
ally similar to the tendon propter, but with smaller amounts of PG decorin. This zone is
followed by (2) fibrocartilage, where mostly collagen type Il and Il are found, but also small
amounts of types I, IX and X. Furthermore, there is less PGs aggrecan and decorin. In the
third zone, (3) mineralized fibrocartilage is made up of mainly collagen type Il, but large
quantities of collagen X and aggrecan are also present. The fourth zone is (4) bone, build up

mainly of collagen type | and minerals [1-3].

Figure 2. Diagram of aosteotendinousjunction; B—bone; MF—minarelized fibrocartilage; F-fibrocartilage; T-tendon.

At musculotendinous junction, muscle cells are involuted and folded to provide maximal
surface for attachment where fibrils attach. Sarcomeres of the fast contracting muscles are
shortened at the junction, which may reduce the force intensity within the junction [3].
+TEQTO0UOUTUIOIOUEOOTuOulp Oup EalnITUOUT T OERUTENOUENUTENROUTUROOU (OubOENTENN
UTU0ROOUIT TuUUX TUTDEBE OEAT UubUu EOOIBOUT EuEl PATuIT Tux TUOUITUOUEOELITTUETTx TU0EATUEDs
chores to bone via Sharpey’s fibers. In direct insertions, fibers attach to bone at 90° angle.
%000 EBUROEN&OOT U TEY TUETTQuOEUTUY TEN PAITUEVTUEEUEWETEOTUETIP TTOWHTEO10liOPEUUES
stance, fibrocartilage, mineralized fibrocartilage, and bone [2].
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2.1.3. Biomechanics of tendons and ligaments

Typical parameters describing the tendon/ligament mechanical properties are strain, which
describes the elongation/deformation of the tendon ( L) relative to the normal length (LO);
stress, the tendon force (Ft) relative to the tendon cross-sectional area (CSA), stiffness, the
change in tendon length ( L) in relation to the force applied ( Ft) and modulusyPTETIETw
scribes the relation between tendon stress and tendon strain and represents the properties
independently of the CSA (Figure 3 and 4). High modulus indicates stiffer tissue [7-9].

' Ultimate load

Stiffness

Load

Elongation

Figure 3. Structural properties of the bone-ligament-bone complex - A load/elongation curve; stiffness is represented
by the slope of the curve; ultimate load is the highest load applied to the bone-ligament-bone complex before failure;
the dashed area under the curve is the maximum energy stored by the complex [7, 9].

A Tensile strength

Modulus

Stress

Y

Strain

Figure 4. Mechanical properties of the bone-ligament-bone complex — A stress/strain curve; modulus is represented
by the slope of the curve; tensile strength is the maximum stress of the bone-ligament-bone complex before failure;
the dashed area under the curve represents the strain energy density [7, 9].
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3TIEOOTETEGRENLO W TEOTO0UBUROMEUIOITOEOOUEROOTETEDREIR 3 TTUEIOO TETEOREEW* U0 xs
erties of ligaments are described as either structural properties of the bone-ligament-bone
complex or the material properties of the ligament midsubstance itself. Structural properties
of the bone-ligament-bone complex depend on the size and shape of the ligament, therefore
they are extrinsic measures. They are obtained by loading a ligament to failure and therefore
UTxUTUTOUT EuENUELIOEETTOOOTEROOUEUDY LETUP TTOWP OuETROTERONUOILTIOOTEROOM , TETEODR
EEQuxUOx 100 TULEUTuBOIUBOUBELO TEVDUT 0Tl T Tu@UEGALOTI T TulpUUU TWIUEUIEGE TUEOEWEUTUUTUTUTOls
ed by a stress-strain curve [7, 8].

A tendon is the strongest component in the muscle-tendon-bone unit. It is estimated that
tensile strength is about one-half of stainless steel (e.g. 1 cm? cross-section of a tendon can
bear weight of 500-1000 kg) [3, 9].

2.1.4. Non-linear elasticity and viscoelasticity

STTUREUTWTUTTLEROROEUTTOOULOIT Tul0UTUUYUOUEDOUEUDY TaughiAul T TulOTWUT TOOON NAUT TuROTEUUTs
gion, and (3) the yield and failure region (Figure 5). In normal activity, most ligaments and
tendons exist in the toe and somewhat in the linear region. This region is responsible for
nonlinear stress/strain curve, because the slope of the toe region is not linear. The toe region
represents "un-crimping” of the collagen fibrils. Since it is easier to stretch out the crimp of
UTTWEGIETTOuIDEURI0UTEU < EUNOTL T Tu00UT00LUIUEDOLEUUY TuUTOP UELUTOERY 10au00Pulki IO TUEOOs
pared to linear portion. The toe region ends at about 2% strain when all crimpled fibers
UIUESTTUTON6 TTOWEWECOET TOuBEURULETEOO TuUOEIO > 1 EQITTuECNETTOMBETUUIUTIETG3 TTulTOn
don deforms in a linear fashion due to the inter-molecular sliding of collagen triple helices.
(1u00UEROuBULOTUULITEOUK CruU T TulTOEOOu Bp00UTIOU0I0IUOUTIOEWOTOTITu TTOWUOIOEETEWITTUTS
fore this portion is elastic and reversible and the slope of the curve represents an elastic
OO0EUIUUWE TTOuEITOEOOWNTEOTOURULUIUTIET TELETA00EX TaURO0O TOEENMNODIULIOO TuIDEUILE T
gin to fail. Micro failure accumulates, stiffness is reduced and the ligament/tendon begins to
fail. This occurs when intramolecular cross-links between collagen fibers fail. The tendon
therefore undergoes irreversible plastic deformation. When the tendon/ligament is stretched
to more than 8-10% of its original length, macroscopic failure follows [2, 3, 7].

Viscoelasticity refers to time dependent mechanical behavior. In other words, the relationship
between stress and strain is not constant but depends on the time of displacement or load.
There are three major characteristics of a viscoelastic material of ligaments and tendons:
creep, stress relaxation, and hysteresis or energy dissipation. CreepudOEDEEITUDOEUTEROTUETw
formation under constant load. This is in contrast with the usual elastic material, which does
not elongate, no matter how long the load is applied (Figure 6). Stress relaxation is a feature
of a ligament or tendon meaning that stress acting upon them will be eventually reduced
under a constant deformation (Figure 7)ii6 TTOWEWYBUEOTOEURELOENTIDENRUNOEETEIEOEIUDIOEES
ed, the unloading curve is different from the loading curve. This is called hysteresisii3TTuEDis
ference between the two curves represents the amount of energy that is dissipated or lost
during loading (Figure 8). If loading and unloading are repeated several times, different
curves are obtained. However, after about 10 cycles, the loading and unloading curves do
OOUETEOTILEOAOOUTHWEULITTaWEUTWIRERTTTUTOU(CuOIT Tl OUEWITTEEOOUOOTAUITUTURUOe



The Physiology of Sports Injuries and Repair Processes
http://dx.doi.org/10.5772/54234

Linear region
Stress B

| o8 e E {Cal ]
— R

T
-

2% Strain

Figure 5. There are three distinct regions of the stress/strain curve: (1) the toe region, (2) the linear region, and (3) the
yield and failure region. The toe region represents "un-crimping" of the collagen fibrils; toe region ends at about 2%
of strain when all crimpled fibers straighten. It os followed by linear region, in which the collagen fibers respond linef
arly to load. If strain is less than 4%, the tendon will return to its original length when unloaded. Between 4 to 8 per
cent of strain the collagen fibers begin to slide past one another as the cross-links start to fail which results in microf
scopic failure. If strain is more than 8%, macroscopic failure results.

der cyclic loading is reduced and the stress-strain curve becomes reproducible (Figure 9).
This behavior is called pseudo-elasticity to represent the nonlinearity of ligament/tendon
stress strain behavior [7].

Creep

Deformation

Application of
constant load

Time

Figure 6. Creep is increasing deformation under constant load.

2.1.5. The influence of loading and gender on tendon and ligament size

Ligaments and tendons are adapted according to changes in mechanical stiffness. However,
ETEOTIWOEEUNUIO P&t x EVI0AE UTulOWIT TuTEEWITENITOEOOWEOEWRNTEO 1 OIUEUTUUTOENRY T0UEYEUs
cular tissues. There is strong evidence that tendons undergo hypertrophy, at least after long-
term mechanical loading.
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Figure 7. Stress relaxation - the stress will be reduced under a constant deformation.

Load Loading

Unloading

Elongation

Figure 8. Hysteresis or energy dissipation — when tendon or ligament is loaded and unloaded, the unloading curve
will not follow the loading curve. The energy is lost as heat (dashed area).

Male runners were found to have about larger Achilles tendon cross-sectional areas than
non-runners. Furthermore, greater cross-sectional area (CSA) of patella tendons in the
leading leg of male athletes competing for at least 5 years in sports with a side-to-side
difference was demonstrated; an almost 30% difference in the cross-sectional area of the
proximal part of the tendon between the leading and non-leading leg was observed [8,
10]. When subjected to short-term loading, only certain parts of tendons hypertrophied.
It appears that tendons undergo hypertrophy in response to both long- and short-term
0OEEROTOUEUWTENUTOWIITUOWETEOTTUMOW ™2  wEUTWUTOERY 102uUOENECEITT OO TIAUOEEUUNO0:
ly in specific regions of the tendon [8].

Interestingly, findings described above seem to be gender specific since marked differences
in tendon CSA were not consistently found between female athletes and sedentary controls.
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Figure 9. During cyclic loading and unloading, the stress/strain curve shifts to the right. After 10 repetitions, the curve
becomes reproducible. The amount of hysteresis under cyclic loading is reduced.

200 TuOUTTUUIUEDT UuEOuOuEENBOEREEITUITEWIT TuTRTUERUTWUTOEIT EVEEEXIEROOUOIIT Tul1OEOOulRUe
sue is lower when levels of estrogen are high but the mechanism of this is not clear [8, 11].
Similary, premenopausal women were found to have lower risk for developing lower leg
I10EIOOXEITRI UITEOLOT 003 TTURUOMOUETY100xDOT0O P 10T Tul1 OEIOOXEITaub0up OO 10OEUT Ele
10BOulTTux 00O 100X EUUEN>1BOEIEOEMUixUOEEEIaOI0UTOETELEAITOUOOOTIUTXEETOTOWITTUs
apy and activity levels. The mechanism behind this observations is not clear [12].

2.1.6. The effect of aging and immobilization ligament and tendon structure and function

With age there is an increase in the mechanical properties of ligaments and tendons up to
(TTiaOUOTEEUITOOEWL TTOEETEUTENTHOWTTUO TETEODEEN=UOX TURTUi0N0P U6 OOUEOEIEOIT Ex
gues tested femur-acl-tibia complex from young cadaver knees with the average age of 35
and older cadaver knees with the age of 76. They found that the linear structural stiffness of
the ACL decreased both when tested at 30 degrees of knee flexion and when tested along
the axis of the ligament complex [13].

Immobilization has a negative impact on tendons and ligaments [14]. Corresponding to the
UTEUEROOBOUO TETEOIEENxUOX TURTULITTUT®UELUTEVEROOBOuTTWOTEO T00UIVUEIVITa(O OOEN DR
zation has a more rapid effect on mechanical properties than increased load from exercise. It
was established that during immobilization,the cross sectional area of the ACL is reduced,
PTIETWOETRTYTEWUOE TLELEOOUT@UTOETuOTELIOUUBOUEOWET T OuiEURIULEUP T00EU TIAEOUEOIOO T0As
can that form the ground substance of the ligament. In addition, there might be alterations
DOuEGIOET 10w IDEUR0N OUDTOUEIOOLUTEUENO Tu (T TuI TEO 100w xU0> T U0RT Uy 4 00u UTO OENRAEROOINEXs
XTEUTE(TERUTTyOTETEODEEN x U0 10010 OOUOEMAT Eu 100000 10000 TEu Eau T TuUIUUEIUUEGN x U0 1Us
ties. It is also believed that structural loss at the ligament insertion site may take longer to be
removed than changes in ligament substance [7].
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2.2. Tendon and ligament injury mechanisms

Tendon injury occurs because of direct trauma (i.e. penetrating, blunt, etc.) or indirect tensile
overload. Acute tensile failure occurs if strain is more than 10%. However, lesser strain can
EEOUTWITOEOOUERUUTUEUTuIOuxUTTTRIVIBOTUE TUOODEWT > 1 EITEWOUUIEOEWETTIOTUEROON , UUEU0OR
tendinous junction is the weakest link, especially during eccentric contractions. Maximum
(TOUPOOuBULEUTENTEudOu IOUETTUWEOOIVEEROOU%ULITTUOOUT TUTEITUUx T TEWOT TEETOI0RENEOOIVEE
tion will increase the force developed. If the loading rate is slow, avulsion fracture is likely
to occur. If loading is fast, tendon failure is more likely, especially if degenerated [3].
310EOGuOYTU00TOI0URT UEUTUELUOUUE 10Ty OEIOUWEOOETUOWOUEOO 1 (RY TuEOEWUTEUTEROOEWEI TR
letes. It is estimated that 30% to 50% of all sport injuries are due to overuse [15, 16]. Studies
from primary care show that 16% of general population suffers from shoulder pain, which
UBUT Uu0Oul v CrudOu T T TOETU0AR3 T TuxUTYEOTOETuOM  ET000T U TOEROOXEITadOuUOOT UL TEUWETTOuT UlBe
mated at 11%. Tendinopathy of the forearm extensor tendons affects 1-2% of the population,
most commonly occurring in the fourth and fifth decade of life. The overall prevalence of
patellar tendinopathy among elite and non-elite athletes is high and varies between 3% and
45% [17]. Quadriceps tendon and tibialis posterior tendon are also often affected [15]. In the
TUTEWOEIOURIauOTxERT Ol TIUxOOIEOTOUUITOEOOWUXIUUTUITTWUUXI0UTEWTOEOOWUTOPUETs
generative lesions present before the rupture [16].

3TTUTUORITOENO AU TEWET 10uPDET02uUUTEWIOUE TUERE TUEVEOOEDOEROOLOTITOEOOuXENOWUIP 108
ling, and impaired performance. It is believed to be an inflammatory condition, although
histopathological studies show degeneration rather than inflammation and therefore the
term »tendinopathy« has been suggested as a more appropriate term [16, 18¢u3TTulTUOu10x
dinopathy encompasses a spectrum of disorders, including lesions of the tenosynovium, the
xEUEITOO0MUTTuT OUTURULOULIT OEOOux U0 Ui+ TUROOUEEDEO T RIVILEOEW T TuITOEOOEEOUTEUu EVRES
ly or completely. Tendinopathies can be divided according to the duration of symptoms into
acute (up to 2 weeks in duration), subacute (2-4 weeks), and chronic (over 6 weeks) [18].

There are multiple theories for the mechanism of tendon degeneration: (1) mechanical, (2)
vascular, (3) neural, and (4) alternative theory.

In the mechanical theory of tendon injury, the overload of the tendon tissue is blamed for the
pathologic process. Towards the higher end of the physiologic range, a microscopic failure
may occur within a tendon and repetitive microtrauma can lead to matrix and cell changes,
altered mechanical properties of the tendon, and symptoms development. Non-uniform
VUTU0u PRI TROUEWTOEOOLOEauxUOE UETWOEERAT ELIDETIWETTTOTUEROOIEOEVEEOET TubAITOUELTDUs
tory of a specific injury [15]. Studies have shown that cyclic mechanical stretching of cells
can cause changes in cell morphology and alteration of both DNA and protein syntheses. In
situ cell nucleus deformation does occur during tensile loading of tendons which may play a
significant role in the mechanical signal transduction pathway in the affected tendon [19].
The production of prostaglandin E2 (PGE2) in tendon fibroblasts increases in a stretching
magnitude-dependent manner for which cyclooxygenase (COX) is responsible [20]. Studies
EQUOWUTOPTEWTEWEIAO X IOOEREIXEITOO TEETEOTIUD TUTEOO QOO0 Ty ETN0ITUEOEIXElTts
lar tendons in elite soccer players and that a greater number of hours per week resulted in a
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higher prevalence of patellar tendinopathy. However, »underuse« may also be the cause of
tendon degeneration because the etiopathogenic stimulus for the degenerative cascade is the
catabolic response of tendon cells to mechanobiological understimulation [19].

The vascular theory of tendinopathy suggests that tendons generally have poor blood supply,
especially the Achilles tendon and those of tibialis posterior and supraspinatus muscle. The

tion. In such tendons overuse may lead to injury.

However, studies on the Achilles blood flow show that blood supply along the whole
tendon is in fact evenly distributed throughout the tendon, but is significantly lower at
the distal insertion. Blood flow in the symptomatic tendons was significantly elevated as
EOOXEUTEuPAITuITTUEOOIIO0U0ETOOOUIVEITE 1 EuUDOREI YEUEUOEILUTUxOOUT ul0ux TAUBEEUIOEES
ing with a progressive decline in blood flow with increasing tension [21]. Male gender,
advancing age, and mechanical loading of the tendon are associated with diminished
tendon blood flow [22]. Therefore, vascular theory may be more important in the lesions
of fibrocartilagenous entheses that are relatively avascular, and this may contribute to a
poor healing response. Angiogenesis is mediated by angiogenic factors such as vascular
dons, whereas its expression is nearly completely downregulated in healthy tendons.
21YTUEOUIEEIOU0LEUTuEEOTulOu UxUTTUIEITuS$&%uTRXUTUROO1OLITOOEAIT Uou TaxORENDOIIEO OEs
(10UauEAIO0ROTUEOE s OTETEODEEU0OEES 200ET 1 5$&%u TEUuITTuxOUTOWEILI0uUBOUIEIT ulTTuTRs
pression of matrix metalloproteinases and inhibit the expression of tissue inhibitors of
OEIRRuOTIENOXUOITIOEUTUug3( , ZH0ulTB0uEAIO0ROTuONT Tlux0EAUEUURTODBEEOIUUOIT 10T TuxElTw
ogenetic processes during degenerative tendon disease [23].

The neural theorysUUTTTUI0UTEWOTOUEN2uOTENENTExOEUIET0iETTUEOUIEROOUEOUIELUTITEUTUO T
diators such as substance P, which is contained in primary afferent nerves. Its quantity
could be related to chronic pain. The increased amount of substance P in the subacromial
bursa and nerve fibers immunoreactive to substance P were localized around the vessels of
rotator cuff, especially in patients with the non-perforated rotator cuff injury [1Kgu(OIlEOOEs
tory cytokines, proteinases, and cyclooxygenase enzymes, have been shown to be present in
the subacromial bursa of patients with rotator cuff tear [25]. However, neural theory does
not explain why morphologically pathologic tendons are not always painful [15].

The alternative theoryuOUTTTU0ULUTEOWTRTUEDUTuDOEUET EW0OEE®ATEuTaxTUTTUOEIOEAETIET(UD
mental to tendon cell survival. Tendons that store energy during locomotion, such as the
equine superficial flexor digitorum tendon and the human Achilles tendon, suffer a high
DOEPETOETUOTUETOIEWEOUTUETTIOTUEROOu P TET ibUulTOUT TUul0uxUTETETWITOEOOuUUXI0UTiu200ES
ies have shown that the central core of equine tendon reaches temperatures as high as
45°C during high-speed locomotion, but temperatures above 42.5°C are known to result
in fibroblast death In vitroufI4giu31OXTUEIUUTUTR*TUDTOETEWOuITTUETOIUEEOUTuOTWITTulTOx
don In vivo are unlikely to result in tendon cell death, but repeated hyperthermic insults
may compromise cell metabolism of matrix components, resulting in tendon central core
degeneration [27].
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Although exact mechanism or their combination has not been determined yet, some factors
influencing the development of tendinopathy have been. There is some evidence for genetic
correlation, especially with target genes close to ABO gene on chromosome 9 like COL5A1
and TNC gene [28]. Women seem to have less tendinopathy than men, especially prior to
O100xEU0TE  UTOUTTWITOEOOUECuOOWETTIOTUENTY PATUET TuEUUUE T EuUTEUEROOuIOUxUOUT On
TOAEEOUEOEIEOWOEUTEUTHOEUOUURO0UNPITOEUTERO TUETTUOEO W TOEOOWUITTWEOEWTUNEEXEs
ble in tolerating load. Decreased flexibility, training on harder surface, and even drugs such
EUEOUIRECUITUOREIiEOE@UROOI00 TUEOREDOREITEY TET TOuT > OUIT ExIOuE TuEVUOERENT Eupal Wl T TLE Te
velopment of tendinopathy [15].

Ligament injuries are classified into three grades. (1) Grade | injury — mild sprain. Clinically,
there is minimal pain present over the injured ligament and no joint instability can be detected
E2uEPOREENT REODOEROOUE TUxDUTWI T TWOREUOTERUUTLOLEONET T OuidE 10U AUEE Tu((90IU0auhOOE 1Ue
ate sprain or partial tear of the ligament. There is severe pain present and minimal instability
ET0TE0T EEuEROREENITURO Ta+T TEOTOLUIUTOTUTEOEWIRITOTUUE TEUT EUTUE AUKY CrtupHu&UEE Tu((00x
jury —a complete ligament tear. Most collagen fibers have ruptured and the joint is completely
unstable. Another type of injury is ligament avulsion from its bony insertion. Midsubstance
VUXIOUTUEUTIOOUTEOO O OOMOKKIEE UMIULE Y U0UROOWOIUIRT WEITIOOUTEOO OOOROETNEUTON YU
sion occurs between unmineralized and mineralized fibrocartilage layers [2, 3].

2.3. Pathophysiology of tendon and ligament repair

The process of tendon healing follows a pattern similar to that of other healing tissues. There
EUTW0TUT TuxTEOT 0w Olu TTECRO Tou vy TTOOUIEURUWMOTOEO OEROON ol AuUTXEUERY Tu x TEUTWEOEuphAuUTs
modeling and maturation phase. Ligament healing goes through the same stages as tendon
TIEROTa = OPTYTUWUTTUTUEUTUERTTTUTOETIWEOOOTUERTTUTOWOTEOTOIUE  WEOEUREUOOET QOB TEs
ment healing is the rupture of medial collateral ligament of the knee (MCL). MCL has a
good tendency to heal spontanelously. In contrast, the anterior cruciate ligament of the knee
D "+REOTUOOITOPIEOATOETOEAUIONTTEQUXOGIEOTOUANP TRETWIETRTYTEWOETWTTEOOUTs
quence of synovial fluid interrupting the healing process between the ruptured ends of the
ligament. Therefore, an ACL reconstruction is a treatment of choice [2, 3].

After the injury, the wound site is infiltrated by inflammatory cells. Platelets aggregate at
the wound and create a fibrin clot to stabilize the torn tendon edges. The clot contains cells
and platelets that immediately begin to release a variety of molecules, most notably growth
factors (such as platelet-derived growth factor, transforming growth factor ¢, and insulin-
like growth factor -1 and -Il) causing acute local inflammation. During this inflammatory
X TEUTWTEWUUUEN2W0EOU0TUT Tu0OuidY TUEEAULITTUTUEOWOYEROOuOTuT RIVBOUBELET 00UMIUE TUEWOT Us
trophils and macrophages which clean up necrotic debris by phagocytosis and together with
intrinsic cells (such as endotenon and epitenon cells) produce a second pool of cytokines to
initiate the reparative phase [2-4].

(OuUT<EUERDY Tux TEUTwTUT TulOuUBRuP TTOUAEUTTUEOOUOINOTENIOUTEDAT EVEOIETTOEUTUE T x OB
TEERITTUT<EB0ORI TP T TUEOUOEIROGURUIIU T OUOEROOUIOTTIT TP TuOTOYEUEUIEIRAEROONT Re
trinsic fibroblast migration, and intrinsic fibroblast proliferation. After four days fibroblasts
infiltrate the wound site and proliferate. They produce extracellular matrix, including large
amounts of collagen Il and glycosaminoglycan [2-4].
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(OCulTTWUTOOET®OTux TEUTWITTUTudUEy ETEUTEUTudOWIT TuET00U0E EOEL YEUEUOEUEOOUT Ol OTulT TulTx
xEBUBO TulBUUU T EOEWEOudOEUTEUTdOUEONET T Oulax Tu(EOOUTOlEOELE 10UNatS Y TOIUEWANITTUEOWE
gen becomes more organized, properly orientated, and cross-linking with the healthy matrix
OUIORE 10T TeOI0UALEO T Uux0EETE , ENUDRUO TIEWOXUOITBOEUTUETTUEE Tl T TuEGIETTOLOEUIRMUT X0EEs
pOTulax Tu((ECOETTOuPbITWax TuEOVETTOB3TTWUTOOE 1O TWIIETTEECE TUEDYDE T EWOIOEIEOOUOMN
dation and maturation phase. At the end of the consolidation phase, at about 10-12 weeks,
and with the beginning of the maturation phase, the brous tissue is converted to a stronger
scar tissue. Around the fourth week collagen fibers are being longitudinally reorganized so
that they are aligned in the direction of muscle loading. During the next three months the
DOEDYPEUENEOWET1OuiRETUUuiOUOIEUGENTURETOREEMIOWTTUOUITIOEWOOTU  TUTUITTWTTEROTuxUOEs
T00sp0EOO x0T T ETO0U0EURIE0N Y EVEUOEURIat EOEECNETTOu OEOT Uxu pa0tuUTIU00u 0 UOOTITIOTUEXx
proximating that of the normal tendon, but the diameters and cross-linking of the collagen
0o 01010 UTOEDOLBOTTUROU ETUT U TTEMO To 300w x TEUTw0EUU 10U OOOUT Uk Ol a1 EUUG UUUE AW ETs
tween 6 weeks and 9 months or more. However, the tissue continues to remodel for up to 1
AlEUR3TTW00UOEIOUE = UOX TUIRT UWOTWIT TuUT xEDUT EulT OEOOulaxpEENauUT EETuOO00auP Ol TRUE OO0 U
mal, even years after injury [2-4].

There are slight differences in the way different tendons heal. Extrasynovial tendons can be
easily influenced by growth factors and cytokines produced by extrinsic cells (e.g. paratenon),

butintrasynovial tendons are more reliant on intrinsic cells (e.g. epitenon and endotenon) [3].

2.4. Treatment of tendon and ligament injuries

According to stages of healing response, a proper rehabilitation program time frame can be
introduced. During the inflammatory phase of 3-5 days rehabilitation program should avoid
excess motion because it can disrupt the healing process. During the repair phase a gradual
introduction of motion can be introduced to prevent excessive muscle atrophy and prevent
ITTUER OO TIOTUOIUEO T TuOIOOIBO0u - , Aiu-+EITUIxUOTUTUURY TWOIUTUUEELETUEX xBTENTOPTYa
er, tendons can require up to one year to get close to normal strength levels [3, 29].
/U0xTUuxOUI00UTREENUT TEERRIEROOWIIUEITTOT WEUTUETRO TUETEE(T Ed 1 TTEEDRIEROOuxUOIOEOIULEDTs
fer due to anatomical site, because different tendons have different healing characteristics.
310100 TYTOuEVERTITUTOETudOUIT TuUT TEERRIEIOOuxUOIOEOWETIP TTOuUTTEITTELTOEOOUEDET Os
dons that are not enclosed in sheaths. In sheathed tendons, early mobilization is crucial to
prevent scar formation between tendon sheath, therefore diminishing ROM. The response of
healing tendons to mechanical load varies depending on anatomical location. Flexor tendons
require motion to prevent adhesion formation, yet excessive force results in gap formation
and subsequent weakening of the repair [2, 3].

2.4.1. Immobilization and early remobilization

Ruptured and immobilized ligaments heal with a fibrous gap between the ruptured ends,
whereas sutured ligaments heal without fibrous gap. The mechanical properties of scars are
inferior to normal ligaments, which may lead to joint dysfunction by abnormalities in joint
kinematics [30]. In spite of this, many ligaments are not repaired routinely[3].
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Protective immobilization may enhance tendon-to-bone healing compared with other post
repair loading regimens like exercise or complete tendon unloading. In the repaired rotator
cuff, immobilization has shown to be bene EBEWIOLITOEOOIIOIEOOTYTIEROTH wEOOX01TulTe
moval of loading is detrimental to rotator cuff healing. However, immobilization is not a
proper treatment for all repaired tendons; some require early passive motion [4].

Tendons requiring long excursions for function (e.g. the TROUITOEOOUA EUTu UaxpEEEW T0x
cased in synovial sheaths. To maintain gliding after injury, adhesions between the tendon
surface and its sheath must be prevented. Passive mechanical rehabilitation methods have

shown to be beneficial to prevent brotic adhesions [4, 31].

The optimal time for the initiation of such treatment is about 5 days after tendon repair

[31]. Controlled loading can enhance healing in most cases, but a ne balance must be
reached between loads that are too low (leading to a catabolic state) or too high (leading
to micro damage).

2.4.2. Surgical reconstruction

There is still a debate when ligament or tendon injuries should be treated conservatively and
when surgical repair is indicated. In practice the »50% rule« is commonly used [32]. The »
50% rule« suggests that tendon/ligament injuries with structural involvement of less than
50% should be treated conservatively, but damage greater than 50% should be treated by
surgical repair or reconstruction. This rule applies to a variety of orthopedic conditions, like
partial fractural involvement of less than 50%, anterior cruciate ligament, partial-thickness
injuries of the rotator cuff, and partial tears of the long head of the biceps tendon. However,
there is very little evidence for accuracy, reproducibility, or predictive power and this rule
has to be used with caution. It is maybe better to individualize the treatment according to a
patient's clinical and physical status, expectations, and demands after the treatment [32].

2.5. The role of corticosteroid injection therapy

At the cellular level, anti-inflammatory and immunosuppressive actions of corticosteroids
EUTW0TTUEOOUT@UTOETuOTua0TOERROOL OluEAIOONO TTTT1OTUEOEY xUOMOIIEO OEIOUa OTEEIOUU Uale
UTTURUOOUE TuEUORIURELORDE TUEO Eux UOUUE TOEOEDOURS T TdOOUO0UUx xUTUURY TIEOEWEOROIEO OEs
tory actions of corticosteroids are mediated through the interference of two transcription
factors: activating protein-1 (AP-1) and nuclear factor-f Hip—%If Agh#]. The exact mechanism
by which corticosteroids inhibit the transcriptional activity of AP-1 is not fully understood.
However, the activation of the cell by immune signals leads to degradation of I 10 TENOUA
xU0UT50u 106G — Y%z ¥ 0u EQOPDO Tu OUENT Ely (UEOUOOEEIROOu Ol —%rF 1w EOEWEOOUT@UT Ol0au (1T IUEDs
scription of multiple target genes. Corticosteroids induce the production of I WEOE(TTUTx
10UTuxUOYDE Tul 11DEDT OUOEERYEROOUOIN—%1F Y ughied

VTURETUu UTTu EORrIOTIEO OEIOUaw EEROGN EGUREOUITUORE W ETEVTEUTu (1 Tu xUOEUEROO Olu EGRETTO
EOE TRIVEE T00U0ED OEURR xUOUTBOU Eaw (T Tu PEVOEIEUIN EOEW TOTEOETUEOOTuUTUOUX(DOGH %UUITTUs
more, the production of extracellular matrix degrading enzymes MMP-3 (stromelysin-1),
MMP-13 (collagenase-3), and MMP-1 (collagensae-1) in ligaments and other tissues is also
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suppressed. Whether this is beneficial when treating chronic tendon lesions is unknown, but
some reports indicate the overexpression of MMPs in the Achilles tendinopathy [16].
"*OUUBEQUUTUODEUENUT O TETEGREEx U0 TUIDT UiOTuJTOEOOUR OEUEEROOO1ITOEOOUIBEURIULOEOUREDS
UUTUGREGUTUONIT EDOuEUNT OpiBEEOLUT EUEROOWOWT O TWIUTOTUTE T UOOIarkE EAULHHIAK U8V OUs
sible, that corticosteroid injection affect the component of the extracellular matrix in a way that
pOI00UTOETUIT O RIIUTOTUTE3 TTAOEAUTEVERETEOUOT TOTU R UTUIOOECEDO TOEDIT TuxUOMITUES
(pOOUEOEEERYDUALOTITOOEAUT Wb TRETOTEEIIOWIU > xUTUUROOHOEONET 1 Oux UOEUEROOLHK g = OP1Ys
er, the magnitude of reduction in collagen type 1 and decorin gene expression appeared to be
smaller when corticosteroid treatment was combined with mechanical strain [35].

Recommendations for the use of local corticosteroid injections are still not clear. Application
UTOUIELETux1080TOEDOOUUUEIT T Ul TEOOIUEITOEDOOULEUTLIOTTVETOOOUIUEITEVETOTITIROUN e
fect of corticosteroid on tendon tissue. Short or moderate acting, more soluble preparations
EULUTEOOOTOETEVETEEUUTubOUITTOUALITTAWEEUUTuTT P TUWRETuTITTEI g TAEUOEOURUOO T OT Tl
xUTEOIO0OOT Adu+OEEQEOTUITTIRENEUTuUUUEN 2w DR EupplTul T TUEOUREOUITUOREWOITEROOLTOUuPHES
er dispersion and more comfortable procedure; but some manufacturers warn against
mixing because of theoretical risk of precipitation. Corticosteroid injections in »high strain
QuUTOEOOUNTUxTEPEN Ul Ty ET000TUu0TOEOOUOU<EITWEUITOEOOUEUTUENUEOUUE TTEVEUTUIOWT TuxOls
sible and well documented risk of tendon rupture [18]. This therapy should be reserved only
for chronic tendon injuries after the intensive use of other approaches for at least 2 months;
injections should be peritendinous only. One study showed an increased rupture risk only
P T10uEOUREOUITUORE U B TUTuDOITENT ExbOIUEITOEOOOUUGaM EUls OO0 P TT0ubOITEIT ExdOu x TUDITOEDR
OOUMMRIIUTE  yOERMOUOIOITUTT1OITEROOUEROOTulRITUUTOUIEIE TuTRY 101 TuELOI0IOUOIN0N
terval between injections of 6 weeks. If two injections do not provide at least 4 week’s relief,
they should be discontinued [18].

2.6. Future therapies to improve tendon and ligament healing

(OIMEROOuOTI TUOPITUTEEIOUUG TUx TEDEAWITOUTU ETUDY TEL VOO EERYETEsTUOOEOEAIT U EOEL (BUs
UOTZIOTOOT 10RO TLUOUENT TOTUNUUE TUEUughl T TUETY 100X O TOUOUEETTO0ELOREUOTOYIUOOOTOW 1 A Ts
sponding cells, and (3) signaling biofactors are generating potential areas for additional
xUOUxTERDY 10Y TUIBTEROOWOLTOEOOOURTEO TOUUTTIOTUEROORIUIU T OTTOETUIO TibliEuxU0Os
ising field to enhance tendon and ligament repair. Nevertheless, signi EEOWETENTOTIUUTs
main to accomplish a complete and functional tendon or ligament repair that will lead to a
clinically effective and commercially successful application. More will be discussed in the
following sections.

3. Skeletal muscle damage and repair

» UUEUOOUOT0T0EG bOTUURT Uy UTUUAIRO Tu 80w UT Ty OTEUOURU Oy OUUENTY ETUUN EUT TUT@UTO0aw TOEOUOs
tered in clinical and sports medicine [36] and are the most common cause of severe long-
term pain and physical disability, affecting hundreds of millions of people around the world
and accounting for the majority of all sport-related injuries [37].
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The annual direct and indirect costs for musculoskeletal conditions in the United States
were estimated at USD $849 billion or ~ 8% of the gross domestic product. Similarly, a study
xUERUTTEMOulYYNiE2uwduio6 OUOu$UI0x 10i1REOIOOTUOUUEUIOUOTOTIEWEDIOUE TUUMOLIHSUUOs
pean countries, reported that > 44 million members of the European Union workforce had a
000 TIUIEOENOTuTTENTuxUOEN OuOUEBUEEDRUALITENETTTENT Ev0T T80 EENRIAWI0N POUOUEOEITEWO Ul
culoskeletal disorders accounted for a higher proportion of sickness absence from work than
any other health condition. In 2009, the total cost of musculoskeletal disorders in European
workforce was estimated at €240 billion a year [38, 39].

Injured skeletal muscle can undergo repair spontaneously via regeneration; however, this
xUOETUUOTUTOublupOEOO xOTUTETEEUUTWIT TuOY TUTUO P UTuOTuTRIVEETOUIEN OEIUIRIEOEWITTUE Tx OB
tion of collagen lead to significant fibrous scarring [40, 41].

, DUEOTOI00RT Ul T TUTIOUTuiUT@UT 0002wt T0000mOuR T O IREEO IO OUEDENIANROEIUERO TUTEUGWi UOEROOs
al and structural deficits, contraction injury, muscle atrophy, contracture, and pain.

1 w0 TU0UER&DO TuxUOTIDEUOIRENUOETUUT UupOupOOUT EwUOTOTUEO UUENT 0uplupUux OUREOTuIOuxUTY TOIDES
UOUPLEOETOTEOETuO UUENTWT TTOTUERROONLITTUTEAO xUOYDO TulTTui UOEIROOEGUTEOY TUauOTIT T:d0e
jured muscle [40].

3.1. Muscle structure and mechanism of action

A number of non-contractile connective tissue elements are necessary for the organization of
UTTuEOOIUEENROT OUUEOTL IBETUUOOUO TTTTENDY Tu OTETEOREEWUIUTUUa 3TUIT Ty DETULEUTUEOUOEL10s
gether into fascicles by the fibroelastic perimysium; the ends of the muscle are attached to
the bones by tendons and aponeuroses, and the whole muscle is held in its proper place by
the connective tissue sheets called fasciae [42].

The arrangement of muscle fascicles, and the manner in which they approach the tendons,
has many variations. In some muscles, the fascicles are parallel with the longitudinal axis
and terminate at either end in flat tendons. In case of the converging fascicles to one side of
a tendon the muscle is called penniform,u®OTuITTuUTOIOTOEIEOOUUIOUUENTE (IkOUUEITUEODR
verge to both sides of a tendon, they are called hipenniform, or if they converge to several
tendons, they are called multipenniform, as in case of deltoid muscle. The nomenclature of

striated muscle is based on different parameters describing their properties (Table 2).

The arrangement of fascicles and the power of muscles are positively correlated. Those with
EOOXEUELRY T0aul TPulEUEREOT UuTRITOERO TWIT TuOTOTUTOIUT TWOUUENTO TEY UECTUTEDTUUEO TTuOIOOs
tion but not as much power. Penniform muscles, with a large number of fascicles distributed
along their tendons, have a greater power but a smaller range of motion (ROM).

Molecular basis of muscle contraction is in the interaction between actin and myosin, fuelled by
ATP and initiated by the increase in [Ca?'];. Skeletal muscle possesses an array of transverse T-
tubules extending into the cell from the plasma membrane, through which the action potential
is spread into the inner portion of the muscle fiber (Figure 10), followed by releasing a short
puff of Ca?* from the sarcoplasmic reticulum (SR) into the sarcoplasm. Ca? binds to troponin, a
protein that normally blocks the interaction between actin and myosin. When CazEpOEU0IU0s
ponin moves out of the way and allows the contractile machinery to operate.
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Muscle, named by Muscle

. Y brachialis
location .
Y supraspinatus

Y rectus abdominis

direction . o
Y obliquus abdominis
. Y flexor hallucis

action o
Y extensor digitorum
Y deltoideus

shape .
Y trapezius

. Y sternocleidomastoideus
attachment points .
Y omohyoideus

Table 2. Muscle nomenclature according to different parameters.

Actign patential

Acetylhaling

ACLn
potential

Figure 10. Molecular basis of muscle contraction.

3.2. Muscular injury mechanisms

Muscle injuries can be a consequence of a variety of causes: during the exercise, on the
sports field, in the workplace, during surgical procedures, or in any kind of accidents.
LITEVEOT ulTTu OTETECNUONITTauEUT w EOEUUDIRT E uEUwEBUTEDLEQE udOEDUTENGu#UTED1DOIUURTU1DO0x
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EOUETWOEETUEIROOUUEQE KEOOIUUROOU P TTUTENUIT TudOERUTEIVEIEUIDOYOIY TULEOO x0T TudUIOEOOr
plete muscle strain [43].

The current classification of muscle injuries distinguishes mild injuries from moderate and
severe, based on the clinical symptoms. In a mild muscle injury, a strain or contusion is
ETEUEECTUpAT ExEawEulTENOTuO00awETTPuOUUENTUIET Ui Pl TiOp00UUP 1600 TUEOELENEOO 10UNEEs
companied with no or only minimal loss of strength and restriction of movement. Moderate
injury is represented by greater muscle damage with a clear loss of function, whereas a tear
across the entire cross-section of the muscle resulting in a virtually complete loss of muscle
function, is termed a severe injury [44, 45].

» UUEOTuOOUERGuONOURT UuETUT U TEETOUUREWEOOIUEEROOUEUTWITTu OOULEOO OOulax110iu OUUENTu0s
jury in athletes and are especially common in sports that require sprinting or jumping [46].
Submaximal lengthening contractions are used in everyday life, but it is well known that
high-force lengthening contractions are associated with muscle damage and pain [47, 48].
Muscle strains are divided into three grades according to severity (Table 3) [43].

Muscle strains classification according to clinical severity

Grade Clinical Manifestation

Tear of new muscle fibers with minimal swelling and discomfort

Minimal loss of strength with almost no limitation of movements

A greater damage of muscle

Partial loss of strength and limitation of movements

" A severe tear across the whole section of the muscle
Total loss of the muscle function

Table 3. Classification of muscle strains according to clinical manifestation [43].

3.3. Pathophysiology of muscle damage and repair

3TTET0U0EWEOEYOO0 EVIEN OTETEONOU Oy OUUENTuUTTIOTUEROOUEINT UudOIUUWEOELETTIONUES
tion have been described extensively in recent decades [39, 49, 50]. Physiologically, healing
progresses over a series of overlapping phases [43]. These stages include: (a) hemostasis,
PTIETWUUUENaUIENN P TuI T TulOUOEROOIOIEVEIOOEUEIOEOERUTONO P TEIEAITTOOEEWE TTUEOUs
lation of platelets, which release several granule constituents; (b) the acute inflammatory
phase is characterized by peripheral muscle fiber contraction, formation of edema and cell
EEOETIOEOEIETEITUEOEuEAITTIUTOOETROTux TEUTuITEMOEV0U TUO UKL TUIN U1 00udu P OULEDES
tomic structures are restored and tissue regeneration occurs. Several cell types are involved
in this phase and fibroblasts start to synthesize scar tissue.

Only local necrosis affects the injured ends of the myofibres because the torn sarcolemma is
rapidly resealed, allowing the rest of the ruptured myofibres to survive [51giu#1E00B0IUTs
moved by macrophages that secrete growth factors and activate the satellite cells. These are
regenerative mononucleated stem cells of muscle tissue that normally lie between the b