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UCINEK RASTNIH FAKTORIJEV 1Z AVTOLOGNE TROMBOCITNE PLAZME IN
ANTAGONISTOV TGF-B NA PROLIFERACIIO IN DIFERENCIACIJO SKELETNO-
MISICNIH CELIC

POVZETEK

Uvod

Regeneracija skeletne miSice po poskodbi je omejena s tvorbo brazgotinskega tkiva, pocasnim
celjenjem in relativno visoko verjetnostjo ponovitve poskodbe. Terapija, ki temelji na pripravkih
avtolognih trombocitnih preparatov (angl. platelet-rich plasma; PRP), je v zadnjem c¢asu postala
izjemno popularna, predvsem v primeru poskodb sklepnih vezi in misi¢nih tetiv. Za zdravljenje misicnih
poskodb se PRP Se ne uporablja, poglavitni pomislek je, da med ostalim vsebuje tudi rastni faktor TGF-

B, ki je pomemben dejavnik brazgotinjenja v skeletnomisicnem tkivu.

.....

TGF-B smo zavirali z njegovim zaviralcem s ciljem izlocitve potencialno neZelenega ucinka v procesu

misi¢ne regeneracije.
Materiali in metode

Zaradi pomanjkanja znanstvenih temeljev o terapiji z avtologno trombocitno plazmo smo zasnovali
predklini¢no raziskavo, v kateri smo uporabili humano, CD56-pozitivno mioblastno celi¢no linijo. Po
dodajanju PRP-ja, dekorina (zaviralca TGF-B) in njune kombinacije v gojilni medij smo preucevali
stopnjo proliferacije mioblastov, njihove metabolne aktivnosti, profil izrazanja fibroti¢nih citokinov in
ekspresijo miogenih regulatornih faktorjev. Z uporabo slikovne pretocne citometrije smo analizirali
razmerje med hibernirajo¢imi, aktiviranimi in diferencirajo¢imi mioblasti ter rezultate primerjali med
posameznimi skupinami. Dodatno smo opravili Se vizualno analizo izraZzanja dezmina z uporabo

visokolocljivostnega konfokalnega mikroskopa ter ugotavljali stopnjo formacije ve¢jedrnih miotubulov.
Rezultati

Ugotovili smo, da pride v mioblastnih celi¢nih kulturah pod vplivom PRP-ja do znacilnega znizanja
izrazanja fibroti¢nih citokinov, povecanja stopnje proliferacije in viabilnosti celic. Obenem pride prav
tako do povecane ekspresije miogenih regulatornih faktorjev, kar pripomore k pomembnemu pomiku
v miogeni diferenciaciji mioblastov. V kombinaciji PRP-ja z dekorinom smo zaznali pomembne dodatne

sinergisti¢ne ucinke.



Razprava

Izsledki raziskave dokazujejo, da v pogojih in vitro PRP ne samo potencialno zniZuje brazgotinjenje,
temvec tudi pripomore k ucinkovitejsi misi¢ni regeneraciji, Se posebej v kombinaciji z zaviralcem TGF-

B.

UDK: 616.74-003.93+576.385.5:615.35(043.3)



EFFECT OF GROWTH FACTORS RELEASED FROM AUTOLOGOUS PLATELET-RICH
PLASMA AND TGF-B ANTAGONISTS ON SKELETAL CELL MUSCLE PROLIFE-
RATION AND DIFFERENTIATION

ABSTRACT

Introduction

Regeneration of skeletal muscle after injury is limited by scar formation, slow healing time, and a high
recurrence rate. A therapy based on platelet-rich plasma (PRP) became a promising lead for tendon
and ligament injuries in recent years, however concerns have been raised that PRP derived TGF-B could

contribute to fibrotic remodelling in skeletal muscle after injury.

In our study we wanted to customize the effects of PRP for use in therapy of muscle injuries by blocking

the activity of TGF-B with its inhibitor.
Methods

Due to the lack of scientific grounds for a PRP-based therapy, we have designed a pre-clinical study
using a human CD56 positive myoblast cell line and evaluated the potential of PRP both alone and in
combination with decorin (a TGF-B inhibitor), to alter myoblast proliferation, metabolic activity,
cytokine profile, and expression of myogenic regulatory factors. Imaging flow-cytometry enabled us to
create a valuable picture on the ratio of quiescent, activated and terminally committed myoblasts in
treated versus control cell populations. Finally high-resolution confocal microscopy revealed the

potential of PRP and decorin to stimulate the formation of polynucleated myotubes.
Results

PRP has been shown to down-regulate fibrotic cytokines, increase cell viability and proliferation,
enhance expression of myogenic regulatory factors, and contribute to a significant myogenic shift

during differentiation. When combined with decorin further synergistc effects have been identified.
Discussion

Our results suggest that in vitro PRP could not only prevent fibrosis but also improve muscle

regeneration, especially when combined with a TGF-f inhibitor decorin.

UDK: 616.74-003.93+576.385.5:615.35(043.3)
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CPC
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1. uvobD

-----

.....

najobseznejsih tkiv v telesu (1). MiSice so v celoti ovite v zunanjo vezivno ovojnico — epimizij, ki v
nekoliko bolj odebeljeni obliki ovija tudi miSi¢ne tetive in skrbi predvsem za zmanjsevanje trenja med
posameznimi misicami.

Sama misica, ki se na koncih preko misi¢nih tetiv pripenja na koS¢ene strukture, je sestavljena iz vec
misicnih snopov oz. fasciklov (slika 1a), ovitih v perimizij - posebno vezivno ovojnico. Med njo in
membrano misi¢nih vlaken je plast zunajcelicnega matriksa, ki tvori bazalno membrano ali lamino. Ta
ima pomembno vlogo pri razvoju in regeneraciji skeletnih misic (1).

Skeletnomisi¢ne celice so velike, vecjedrne celice, ki nastanejo s fuzijo vec¢ enojedrnih prekurzorskih
celic. Celicna membrana se v primeru skeletnih miSic imenuje sarkolema, obdaja pa jo notranja misi¢na
ovojnica - endomizij. Znotraj sarkoleme, v citoplazmi oz. sarkoplazmi, pa se nahajajo Stevilne v

miofilamente povezane kontraktilne beljakovine, ki se zdruzujejo v vzdolZzno potekajoce miofibrile (2).

1.2. Mehanizmi misi¢nih poskodb

Misi¢ne poskodbe so lahko posledica mnoZice razli¢énih vzrokov: poskodbe med 3Sportno in delovno
aktivnostjo, poSkodbe med medicinskimi posegi in poSkodbe ostalih vzrokov. Glede na mehanizem
nastanka jih delimo na neposredne in posredne. Med neposredne Stejemo laceracije in kontuzije, med
slednje pa popolna in nepopolna misi¢na pretrganja (3).

in resnimi poskodbami. Pri blagih poskodbah, kjer pride do pretrganja le majhnega Stevila miSi¢nih
vlaken, sta znacilna samo manjse otekanje in bolecina, brez izgube v funkciji misice ali omejenosti
gibanja. Pri zmernih poskodbah sta oteklina in bolecina vedji, znacilni pa sta tudi delna izguba funkcije
in omejenost gibanja. Priresnih, kjer gre za popolno prekinitev misi¢nih vlaken vzdolz pre¢nega prereza
misice, pride do popolne izgube misi¢ne funkcije (4,5). Misi¢na natrganja glede na resnost delimo v tri

razrede (tabela 1) (2).



e pretrganje majhnega Stevila misi¢nih vlaken z minimalnim otekanjem ter bolecino
e minimalna izguba misicne moci brez omejenosti gibanja
e vecja miSi¢na poSkodba
e delnaizguba misi¢ne moci in omejenost gibanja
e popolno pretrganje preko celotnega pre¢nega preseka misice
e popolna izguba miSi¢ne funkcije
Tabela 1: Delitev misi¢nih natrganj glede na resnost klinicne slike. (3)

1.3. PatofizioloSko dogajanje po misicni poskodbi

V zadnjih letih je prislo do mnogih odkritij celi¢nih in molekularnih mehanizmov misi¢ne regeneracije
po poskodbi (6—8). Takoj po poskodbi pride med degeneracijo tkiva do porusenja homeostaze kalcija v
poskodovanih vlaknih, razgradnje miofibril in sarkoleme. Ob tem ostaneta endomizij in bazalna
membrana vecinoma neposkodovana in tvorita ti. endomizijski tulec, znotraj katerega kasneje
potekajo procesi regeneracije (1).

Proces celjenja sestavlja zaporedje prekrivajocih se faz: (1) hemostaza, ki se navadno pricne s tvorbo
krvnega strdka in degranulacijo trombocitov; (2) akutna vnetna faza s kontrakcijo misicnih vlaken,
tvorbo edema in celi¢no smrtjo; in (3) remodelacijska faza, v kateri pride do ponovne vzpostavitve
tkivne arhitekture. V to fazo je vklju¢enih mnogo razlicnih celic, predvsem pomembni pa so
miofibroblasti, ki so odgovorni za tvorbo fibroti¢nega tkiva.

Ker se pretrgana sarkolema hitro po poskodbi ponovno pri¢vrsti na endomizij, pride ob poskodbi le do
lokalne nekroze poskodovanih misi¢nih celic, medtem, ko ostali deli prezZivijo (9). Poskodovano tkivo
odstranijo makrofagi, ki obenem tudi izlo¢ajo rastne dejavnike za aktivacijo satelitskih celic. Te so
regenerativne enojedrne mati¢ne celice misi¢énega tkiva, ki normalno leZijo med bazalno lamino in
plazemsko membrano misi¢nih vlaken (10). Najprej se preobrazijo v mioblaste, ki nato izlocajo misi¢no-

specificne proteine in konéno dozorijo v misi¢na vlakna s periferno lezecimi jedri (7) (slika 1).

Poseben dogodek v procesu misicne diferenciacije je izrazanje vrste genov in faktorjev miogeneze (11).
Specifi¢ni dejavniki miogene regeneracije (DMR) se izrazajo izklju¢no v skeletnih misicah in uravnavajo
proces misicnega razvoja (12) (slika 2b-d). Igrajo pomembno vlogo pri uravnavanju vec drugih genov,
ki so vkljueni v proces miogeneze, od preobrazbe mezodermalnih celic v misi¢no linijo, do

diferenciacije somatskih celic in konéne diferenciacije miocitov v zrele miofibrile (13).
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Slika 1: Vloga satelitskih celic pri misi¢ni regeneraciji po poskodbi. (a) anatomija zdrave skeletne misice z neaktivnimi
satelitskimi celicami; (b) mehanski stres (poskodba) in sproscanje rastnih dejavnikov iz makrofagov povzrocita aktivacijo
satelitskih celic, ki pri¢nejo izraZati proteine miogeneze — ti stimulirajo nadaljnjo proliferacijo; (c) mioblasti v zgodnji
diferenciacijski fazi izrazajo miogenin in MRF4 - faktorja, ki vzpodbujata nadaljnjo diferenciacijo in fuzijo enojedrnih celic; (d)
vecjedrni miotubuli priénejo v pozni diferenciacijski fazi izrazati faktorje, ki vplivajo na koncno fuzijo in diferenciacijo v
miotubule ter zrele miofibrile; (e) kljub samoregenerativni zmoZnosti misi¢nega tkiva je del kon¢nega izida tudi fibroza, ki je

vzrok delne izgube misi¢ne funkcije.

DMR so prepisovalni dejavniki, ki jih delimo v dve funkcionalni skupini, primarne in sekundarne.
Primarna DMR, MyoD in Myf-5, sta klju¢na za determinacijo skeletnih mioblastov. Sekundarna DMR,
miogenin in MRF4, delujeta kasneje v poteku regeneracije, najverjetneje kot diferenciacijska faktorja
(12). Aktivirane satelitske celice sprvaizrazajo le MyoD oziroma le Myf5, cemur sledi koekspresija obeh.
Po proliferacijski fazi se z izrazanjem miogenina in MRF4 pri¢ne faza diferenciacije (11,14).

Kljub temu, da so skeletne miSice sposobne samoregeneracije, je proces celjenja navadno nepopoln.
Nepopolna regeneracija ima za posledico izgubo misicne funkcije in vecje tveganje za ponovitev
poskodbe na mestu prve poskodbe (15,16). Proces misi¢nega celjenja namrec¢ vkljuCuje kompleksno

ravnovesje med regeneracijo misi¢nih vlaken in tvorbo brazgotinskega tkiva (6).

11



1.4. Tvorba brazgotinskega tkiva

Faktorji TGF-B (angl. Transforming Growth Factor-B) predstavljajo druZino citokinov, ki ima Stevilne
bioloske aktivnosti pri celjenju ran. BioloSke aktivnosti TGF- B so povzete v tabeli 2. Tri glavne izooblike,
ki jih najdemo pri sesalcih, TGF-B1, TGF-B2, in TGF-B3, lahko izlo¢a vecina celic, ki so aktivno udelezene

pri celjenju ran, pri cemer so najpomembnejse celice trombociti (17).

Vzpodbujanje proliferacije mezenhimskih celic
Uravnavanje aktivnosti endotelijskih celic in fibroblastov
Pospesevanje tvorbe zunajcelicnega matriksa
Vzpodbujanje endotelijske kemotakse in angiogeneze
Zaviranje proliferacije makrofagov in limfocitov
Zaviranje diferenciacije satelitskih celic

Tabela 2: Aktivnost TGF-f, povzeto po Borrione in sodelavci (3)

Medtem, ko je med raziskovalci ze Siroko sprejeto dejstvo, da je TGF-B mocan aktivator fibroze v
ledvicah, jetrih, srcu in pljucih (18-20), se je v zadnjem casu podobno pokazalo tudi za njegovo
aktivnost pri celjenju poskodovane skeletne misice. Igra namre¢ pomembno vlogo pri tvorbi fibroze in
indukciji miofibroblastne diferenciacije miogenih celic (21,22) (slika 2). Stevilna poro¢ila kaZejo na
povecano tvorbo TGF-B1 kot odziv na poskodbo ali bolezen. Posledica povecane tvorbe tega citokina

naj bil tudi glavni vzrok tkivne fibroze (18,21).
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Slika 2: Proces regeneracije skeletne miSice. Med regeneracijo pride do aktivacije satelitskih celic, ki se diferencirajo v
mioblaste. Ti proliferirajo in se bodisi diferencirajo naprej v vecjedrne miotubule, bodisi transformirajo v miofibroblaste. V

regulaciji teh procesov imata pomembno vlogo rastna faktorja TGF-B in miostatin (MSTN) (oznaceno s +/-).

V Stevilnih raziskavah, kjer so zavirali aktivnosti TGF-B se je pokazalo, da to lahko vodi v zmanjSanje
satelitskih celic, zmanjsanje nalaganja kolagena in poslediéno zmanjsanje tkivnega brazgotinjenja.
Uporaba zaviralcev TGF-B pri incizijskih ranah pri podganah se je izkazala za ucinkovito proti koZznemu
brazgotinjenju (11). Vendar pa Se ni popolnoma jasno, ali TGF-B deluje sam ali so za razvoj misi¢ne
fibroze potrebni Se kaksni drugi dejavniki.
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Nedavne raziskave so pokazale, da naj bi bil v razvoj misi¢ne fibroze vpleten tudi miostatin (MSTN)
(23,24) (slika 2). V zadnjih letih je zanimanje za ta rastni faktor, ki ga prav tako uvrs¢amo v druzino
faktorjev TGF-B, izrazito poraslo, saj naj bi imel pomembne uéinke na misicno presnovo in uravnavanje
velikosti misicnih vlaken kot odziv na razlicna fizioloska in patofizioloSka stanja (25,26). MSTN,
imenovan tudi GDF8 (angl. Growth Differentiation Factor 8) zavira rast in diferenciacijo misicnih viaken
(27) ter se izraza specifi¢no v razvijajocih se in zrelih skeletnomisi¢nih celicah (25). Preko uravnavanja
mobilnosti makrofagov zavira aktivnost satelitskih celic med misi¢no regeneracijo in prav tako zavira
razmnozevanje mioblastov ter njihovo diferenciacijo (28,29). V razvijajoCih se misi¢nih celicah
miostatin zniZuje tvorbo MyoD, zgodnjega oznacevalca miSicne regeneracije, kot tudi izrazanje genov
Pax3 in Myf5, ki kodirata transkripcijske regulatorje celicne proliferacije (30). Glavne funkcije

miostatina so povzete v tabeli 3.

Glavne bioloske funkcije miostatina
Zaviranje aktivnosti satelitskih celic
Kontrola gibanja makrofagov
ZniZevanje koncentracije MyoD
Zaviranje proliferacije transkripcijskih regulatorjev
Zaviranje proliferacije in diferenciacije mioblastov
Uravnavanje velikosti misi¢nih vlaken

Tabela 3: Bioloska aktivnost miostatina

Izguba gena za miostatin zaradi naravnih mutacij se pri govedu, psih in ljudeh pokaZze predvsem v
povecani misicni masi (31). Jarvninen je s sodelavci leta 2007 prav tako porocal o ucinku uporabe
nevtralizirajoCega monoklonalnega protitelesa na povecanje misicne mase pri misih brez drugih
pomembnih stranskih uc¢inkov (9). Ta metoda se je v nedavnih klini¢nih preizkusanjih izkazala za varno,

vendar pa je visina odmerka zaenkrat odvisna od ravni kozne preobcutljivosti (32).

Blokiranje signalne transdukcijske poti MSTN s specifi¢nimi zaviralci in gensko manipulacijo je pokazalo
izrazit ucinek povisanja misicne mase (33,34). Zaviranje te signalne poti se v principu lahko doseZe na
tri razlicne farmakoloske nacine: blokiranje genskega izrazanja MSTN (»knocking out«, inaktivacija
MSTN gena z »antisense« tehnologijo z virusom); blokiranje sinteze proteina MSTN; in blokiranje

receptorja za MSTN (majhne molekule, specificna blokirajoca protitelesa) (35).
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1.5. Signalizacijske poti TGF-

DruZina TGF-B igra kljuéno vlogo v normalni fiziologiji in patogenezi Stevilnih tkiv. Glede na
Sirokopaletne ucinke v razli¢nih tkivih lahko disregulacija signalizacijskih kaskad TGF-B vodi do razvojnih
defektov ali bolezni (36). Za mnoge citokine iz druZzine TGF-B je bilo dokazano, da igrajo pomembno
vlogo pri regulaciji misi¢ne rasti in atrofije, med njimi pa zaenkrat najbolje razumemo delovanje tistih,
ki imajo pomemben vpliv na skeletno misi¢je: TGF-B1, z mitogeni aktivirane proteinske kinaze (angl.

mitogen-activated protein kinase — MAPK) in MSTN (37).

Druzina citokinov TGF-B sestoji iz razli¢nih signalnih molekul, vkljuéno z izooblikami TGF-B (1 do 3),
MSTN, kostnim morfogenim proteinom (angl. Bone morphogenic protein — BMP 1 do 20), rastnimi in
diferenciacijskimi faktorji (angl. Growth and differentiation factors — GDF), aktivini (A in B), inhibini (A
in B) in anti-Mdllerjevim hormonom (36). TGF-B se v zunajcelicCnem prostoru vezZejo na t.i. receptorje
Smad na celiéni membani, ti pa signal prenesejo preko membrane v citoplazmo in nato preko
efektorskih molekul v celicno jedro. Glede na vkljucenost receptorjev Smad delimo citokine iz druzine
TGF-B v dve skupini: skupino TGF-B, katere signalizacija poteka preko efektorskih molekul Smad 2 in 3,
in skupino BMP, katere signalizacija poteka preko Smad 1, 5 in 8. Druzina TGF-f ima kot omenjeno
pomembno vilogo v embrioloskem razvoju, homeostazi zrelih tkiv in patogenezi razlicnih bolezni.
Dokazano je bilo, da ima prav specificno vlogo pri uravnavanju proliferacije, diferenciacije, celicne
smrti, migracije, remodelacije zunajceli¢cnega matriksa, funkciji imunskega sistema in invaziji tumorske

rasce (38).

TGF-B1 nastane po tem, ko pride do znotrajcelicnega cepljenja prekurzorja v neaktivni kompleks
sestavljen iz zrelega dela TGF-B1 in prekurzorskega peptida, imenovanega z latenco povezani peptid
(angl. latency-associated peptide — LAP) (39). Ta neaktivni kompleks TGF-B1-LAP tvori Se vecji kompleks
z latentnim transformirajocim proteinom (angl. latent transforming growth factor binding protein —
LTBP), ki direktno veZe in spros¢a TGF-B1 iz zunajelitCnega matriksa. LTBP-4 specificno uravnava
sekvestracijo in razpoloZljivost TGF-B1 ter vezavo z njegovim receptorjem (40). Do cepljenja TGF-B1
pride zaradi delovanja proteaz, kot so plazmin, trombin, plazemske transaglutaminaze in
endoglikozilaze oz. preko fizicne interakcije LAP-ov z ostalimi beljakovinami (39). Do aktivacije pride
zunaj celic, nakar se lahko TGF-B1 veZe s svojima receptorjema tipa | (TbR-Il) in tipa Il (aktivinska
receptorju podnobna kinaza (angl. activin receptor-like kinase — ALK) 5). Aktivni receptor tipa Il
fosforilira in aktivira receptor tipa I, kar povzroca direktno fosforilacijo proteinov Smad2 in/ali Smad3,
ki pri¢nejo transdukcijo signala preko od katenina B odvisne signalne poti, t. i. kanoni¢ne kaskade (41)

(slika 3). Po fosforilaciji receptorja Smad namre¢ pride do tvorbe kompleksa z znotrajceli¢nim
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mediatorjem Smad4, ki se translocira v celicno jedro in se direktno veze na DNK (38). K uravnavanju
tega procesa pomembno vplivata tudi inhibitorna proteina Smad6 in 7. Smad?7 je vkljucen v signalizaciji
obeh skupin in tekmuje z receptorji Smad za interakcijo z receptorjem tipa I, medtem ko Smad6

sodeluje samo v signalizacijski poti BMP in tekmuje s proteinom Smad4 za vezavo na Smad1 (5).

Smad4
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Slika 3: Signalizacijske poti TGF-B1 in MSTN: Po tem, ko se TGF-f1 ali MSTN veZe na receptor tipa | in I, pride do fosforilacije
receptorja in posledi¢no fosforilacije efektorjev v celi¢ni citoplazmi. V kanonicni signalizacijski poti receptor tipa | fosforilira
Smad2/3, ki nato veZze Smad4 in se translocira v jedro, kjer deluje kot transkripcijski faktor. V nekanoni¢ni poti receptor tipa |
fosforilira proteine vklju¢ene v aktivacijo kinaz MAPK, ki uravnavajo transkripcijske faktorje in proteine Smad, bodisi preko
direktnih interakcij, bodisi posredno preko razli¢nih proteinov (povzeto po Buijs s sodelavci in Lindsay s sodelavci (42,43)).

Signalizacijska pot TGF-B1 pa poteka tudi preko indukcije nekanoni¢ne signalizacijske poti, ki vkljuCuje
MAPK (slika 3). Druzina MAPK sestoji iz izoform zunajceli¢nih signalno-uravnavanih kinaz (angl. signal-
regulated kinases — ERKs), c-Jun N-terminalnih kinaz (JNK) in p38. Mehanizmi aktivacije MAPK,
povzrocene s strani TGF-B1 in posledic¢ni bioloski procesi so celi¢no specifi¢ni (44). Generalno gledano
pa se v Smad signalizacijski poti receptor tipa | poveZe z adapterskimi proteini, Shc in faktorjem
povezanim z receptorjem za tumorje nekrotizirajoCi faktor 6 (angl. tumor necrosis factor receptor-
associated factor (TRAF 6), kar privede do aktivacije Ras in kinaze aktivirane s TGF-f 1 (TAK) in
posledi¢no ERK oz. JNK ter signalizacijske poti p38 (45). Potrebno je dodati, da lahko MAPK modulira
tudi s TGF-B1-povzroceno signalizacijo in fosforilacijo Smad proteinov neodvisno od TGF-B1 ter prec¢ne

povezave med kanoni¢nimi in nekanoni¢nimi signalnimi potmi TGF- (44,45) (Slika 3).

15



.....

B (46). MSTN nastaja kot prekurzorski protein, ki ga procesirajo furinske proteaze do nastanka
propeptida. Po proteolitichem dogajanju ostaja bioloSko aktivni MSTN nekovalentno vezan na
propeptid, pri cemer slednji vzdrZzuje neaktivno, latentno stanje kompleksa (47,48). MSTN je uravnavan
tudi s strani zunajceli¢nih vezavnih proteinov: folistatina, s folistatinom povezanega genskega proteina
(angl. Follistatin-related gene — FLRG) in z rastnim in diferencirajo¢im faktorjem povezanega
serumskega proteina 1 (angl. growth and differentiation factor-associated serum protein — GASP)
(47,49-51). Ko aktivni MSTN ni vezan na propeptid ali vezavne proteine povzroca signalizacijo z vezavo
na aktivinske receptorje tipa Il, ActRIIA ali ActRIIB (52,53). Aktivacija receptorja tipa | (ALK5 in v
manjSem obsegu ALK4) vodi v fosforilacijo receptorjev Smad2 in 3 (53). MSTN prav tako povzroca

aktivacijo signalizacijske poti MAPK preko od Smad odvisnih in neodvisnih mehanizmov (54-56).

1.6. Zaviralci tvorbe brazgotinskega tkiva

Spontana regeneracija po poskodbi miSice je zaradi fibroti¢ne infiltracije navadno pocasen in nepopoln
proces. To konéno tudi omejuje proces obnavljanja in kontraktilno funkcijo misice (6). Cim uspesnejse
celjenje po poskodbi je izrazitega pomena za obnavljanje mobilnosti in kakovosti bolnikovega Zivljenja.
Medicina tako nosi relativno veliko breme odgovornosti po doseganju ucinkovitejSega procesa misicne
regeneracije, ki bi po eni strani pospesil in olajsal obnovo misi¢nih vlaken, po drugi pa v najvecji meri
omejil proces brazgotinjenja.

Navkljub klinicni pomembnosti miSi¢nih poskodb, terapija pogosto ne sloni na trdnih znanstvenih
temeljih, temvec na splosno sprejetem konzervativhem zdravljenju po principu RICE (Rest, Ice,
Compression, Elevation), adjuvantnem fizioterapevtskem zdravljenju in obcasno socasnem
predpisovanju nesteroidnih protivnetnih zdravil, katerih uporaba pa se je v zadnjem ¢asu izkazala za
potencialno kontroverzno. Nesteroidna protivnetna zdravila naj bi namrec z zaviranjem vnetnega
procesa Se dodatno pripomogla k tkivnemu brazgotinjenju (57,58).

Odkritje in identifikacija DMR omogoca raziskovalcem nov vpogled v proces misSi¢ne regeneracije in
spremljanje posameznih faz v tem procesu. BoljSe razumevanje procesov misicne regeneracije je
kljuéno pri iskanju novih molekularnih tarc¢ ter snovanju molekularne terapije. Tako v in vitro kot in vivo
poskusih je bilo pokazano, da lahko uc¢inkovine z antifibroti¢cnim delovanjem pomembno vplivajo na
zmanjSanje brazgotine, tako samostojno kot v kombinaciji razli¢nih ucinkovin. Razlicne ucinkovine,
vkljuéno s folistatinom, dekorinom, suraminom, relaksinom, manozo-6-fosfatom, interferonom gama,
zaviralci angiotenzinskih receptorjev in N-acetilcisteinom, so pokazale pomemben zaviralni ucinek na

TGF-B in miostatin in tako na razvoj fibroze in regeneracijo skeletnih misic. Kljub temu, da Se nobena
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izmed ucinkovin ni bila preizkusena na ljudeh, pa utegne v prihodnosti njihov ucinek znacilno

evev

1.6.1. Dekorin

Dekorin je proteoglikan in se nahaja v zunajcelicnem matriksu vseh s kolagenom bogatih tkiv (59). Igra
pomembno vlogo v uravnavanju bioaktivnosti razli¢nih rastnih faktorjev, obenem pa deluje tudi kot
direktna signalna molekula za razlicne celice (60). Znano je, da dekorin veZe vse izooblike TGF-B in
zavira njihovo aktivnost s sekvestriranjem v zunajcelicnem matriksu (61) in s tem fosforilacijo
receptorjev Smad. Opisan je bil tudi nevtralizirajo¢ u¢inek dekorina na miostatin tako v fibroblastih kot
mioblastih, kot tudi njegova vloga pri celi¢ni proliferaciji in diferenciaciji zaradi vezave razli¢nih rastnih
faktorjev in interakcije s kolagenom, fibronektinom in trombospondinom ter posledi¢nim vplivom na
brazgotinske procese (52). Fukushima je s sodelavci v svoji raziskavi dokazal negativni ucinek dekorina
na stimulirajoce lastnosti TGF-B na rast in diferenciacijo miofibroblastov in vitro, kar se je pokazalo z
manjSim obsegom razvoja fibroze in boljSo misi¢no regeneracijo ter mocjo (62). Nedavna porocila
govorijo tudi o ucinkovitosti injiciranega dekorina v natrgano misico pri procesu celjenja in skoraj
popolni obnovi miSicne moci po poskodbi (21,62,63). Ob zmanjSevanju obsega fibroze dekorin
vzpodbuja celi¢no diferenciacijo s povecanjem izrazanja folistatina in genov vkljucenih v miogenezo
(MyoD) (64). Dekorin tako predstavlja obetavno »novo« molekulo s pomembno vlogo v signalni poti

TGF-B in miostatina (24,65,66).

1.7. Avtologna trombocitna plazma

Med raziskovalci je sploSno sprejeto mnenje, da predstavlja razumevanje fizioloskih mehanizmov
celjenja na molekularni ravni jedro razvoja novih pristopov pri zdravljenju poskodb. Med novimi
uveljavljenimi metodami za doseganje hitrejSega tkivnega celjenja se v zadnjih letih pojavlja koncept
avtologne trombocitne plazme, katere bistvo predstavljajo avtologni koncentrirani trombociti, ki so
najbogatejsi vir rastnih faktorjev v telesu (67).

V prejsnjih poglavjih omenjene faze tkivnega celjenja potekajo v prisotnosti vrste citokinov in rastnih
faktorjev, ki uravnavajo celicno funkcijo preko neposrednih interakcij z zunajceli¢nimi deli
transmembranskih celi¢nih receptorjev (68). Ker predstavljajo trombociti glavni vir rastnih faktorjev v
krvnih strdkih, se je ideja njihovega koncentriranja uveljavila relativno hitro. V enostavnem in hitrem
postopku lahko tako pridobimo veliko koli¢ino rastnih faktorjev, ki fiziolosko delujejo na razlicne

signalne poti, odgovorne za tkivno celjenje.
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Avtologna trombocitna plazma je bioaktivha komponenta celotne krvi, pri kateri gre za od ostalih
krvnih celic lo¢ene trombocite in plazmo (69). Ker se po principu mehanskega locevanja celic s
centrifugiranjem celice med seboj locijo, to omogoca koncentriranje trombocitov v vnaprej doloceni
koli¢ini krvne plazme. Od tod izhaja sprejet angleski izraz »platelet-rich plasma« (PRP), ki oznacuje
avtologni preparat s trombociti bogate plazme.

Ob ex vivo ali in vivo aktivaciji trombociti sprostijo beljakovine, ki se nahajajo v granulah alfa in delta
znotraj citoplazme in imajo Siroko paleto boioloskih ucinkov (tabela 4). Medtem, ko je normalna
vrednost trombocitov v ¢loveski krvi 150.000-400.000/ul, 1 ul PRP tipicno vsebuje vsaj 1 milijon

trombocitov (70).

e stimulacija proliferacije mezenhimskih celic
. . .. | ® wuravnavanje mitogeneze endotelijskih celic in fibroblastov
Transformirajoci L Ly .
rastni faktor B . vz.podbu.J'anJe tvorbe zunajcellc.r\ega ma'tr!ksa .
(TGE-B) e stimulacija kemotakse endotelijskih celic in angiogeneze
e zaviranje proliferacije makrofagov in limfocitov
e zaviranje proliferacije in diferenciacije satelitskih celic
Fibroblastni . stimulaci_ja Proliferacije .f.ibrobla.stoy .
rastni faktor e vzpodbujanje proliferacije satelitskih celic
(FGF) e zaviranje diferenciacije satelitskih celic
e stimulacija mitogeneze mezenhimskih celic
. e stimulacija mitogeneze mezenhimskih celic
Trombocitni . . ) L
rastni faktor e stimulacija kemotakse fibroblastov in mitogeneze
(PDGF) e stimulacija proliferacije satelitskih celic
e zaviranje diferenciacije terminalnih mioblastov
Epidermalni e stimulacija kemotakse endotelijskih celic in angiogeneze
rastni faktor e stimulacija migracije in proliferacije fibroblastov
(EGF) e zaviranje apoptoze satelitskih celic
e stimulacija mitogeneze endotelijskih celic
Zilni endotelni e stimulacija migracije endotelijskih celic
rastni faktor e poveclevanje permeabilnosti Zilja
(VEGF) e stimulacija migracije mioblastov
e zaviranje apoptoze mioblastov
e vzpodbujanje mitogeneze mezenhimskih celic
Inzulinu podobni | e vzpodbujanje sinteze kolagena
rastni faktor 1 e stimulacija kemotakse in mitogeneze fibroblastov
(IGF-1) e stimulacija proliferacije in fuzije mioblastov
e zaviranje apoptoze mioblastov

Tabela 4: Rastni faktorji v granulah alfa trombocitov in njihova bioloska aktivnost (3).
Po sprostitvi se lahko citokini prosto veZejo na transmembranske receptorje na povrsinah lokalnih ali
cirkulirajocih celic. S tem povzrodijo kaskado znotrajcelicne signalizacije, s posledi¢nim izrazanjem
beljakovin odgovornih za celicno kemotakso, sintezo matriksa in proliferacijo. Tkivno regeneracijo

preko angiogeneze ter tvorbe zunajcelicnega matriksa in kolagena medtem uravnavajo avtokrini in
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parakrini ucinki rastnih faktorjev (70). U¢inek mnoZice rastnih faktorjev iz trombocitov v obliki PRP se
je izkazal kot bistveno vecji v primerjavi z uporabo posameznih rastnih faktorjev, saj se je njihovo
delovanje v razli¢nih fazah procesa celjenja izkazalo za sinergisticno (3). Poleg tega je priprava
trombocitnega preparata v primerjavi z izolacijo ali rekombinantno proizvodnjo posameznih rastnih

faktorjev enostavnejsa in cenovno ugodnejsa.

1.7.1. Ucinki avtologne trombocitne plazme

Spoznanje o klini¢ni vrednosti avtologne trombocitne plazme izvira iz kliniénih opazanj, kot so
izboljSano celjenje kostnine in protivnetni ucinek po oralnih in maksilofacialnih aplikacijah (71,72),
kvalitetnejse celjenje in zmanjsanje brazgotine po rekonstruktivnih posegih (73-75), koZnih ulkusih in
ocesnih poskodbah (76—78). Protivnetni in antibakterijski u¢inki so posledica prisotnosti trombocitov,
v krvi prisotnih brezjedrnih celic, katerih glavna vloga je uravnavanje primarne hemostaze. Po
koagulaciji sprostijo rastne faktorje in ostale citokine, ki imajo pomembno vlogo pri tkivnem celjenju
(74,79). Pred leti je Afaha s sodelavci porocal tudi o protibolecinski vlogi trombocitov, najbrz zaradi

delovanja njihovih anti-nociceptivnih peptidov (81).

1.7.2. Avtologna trombocitna plazma v Sportni in ortopedski medicini

Enostavnost priprave, bioloska varnost in Siroka uporabnost preparatov, ki temeljijo na koncentriranih
trombocitih, so vzbudili veliko zanimanje tudi med Sportnimi zdravniki in ortopedi. Eno izmed
po sebi niso velik porabnik energije, imajo s tem nizko metabolno raven in posledi¢no pocasno celjenje
ob poskodbah. Molloy je s sodelavci pokazal, da lahko rastni faktorji po zunanji aplikaciji u€inkovito
izboljSajo celjenje (82). V drugi raziskavi je Anitua s sodelavci ugotovil, da rastni faktorji iz PRP povecajo
proliferacijo humanih tenocitov (83). V primeru poskodb Ahilovih tetiv pri ovcah je po veckratnih
aplikacijah PRP v misicno tetivo prislo do povecanega Stevila celic in izrazitejSe angiogeneze ob
odsotnosti nastajanja brazgotinskega tkiva (84).

Uporaba PRP ima svoje mesto tudi pri zdravljenju sklepnih nepravilnosti. Vecja bioloska razpoloZljivost
trombocitnih rastnih faktorjev dokazano izboljsa prekrvljenost presadka pri rekonstrukciji kriznih vezi
v kolenskem sklepu, kar ima za posledico hitrejSo remodelacijo (83). Dobre rezultate daje tudi
intraartikularna aplikacija PRP med artroskopskim zdravljenjem avulzije sklepnega hrustanca kolena
(85), medtem ko zdravljenje hrustancnega defekta celotne debeline pri zaj¢jih modelih privede do
izboljSanih mehanskih lastnosti hrustanca (86). Potencial PRP se kaZze tudi pri zdravljenju
osteoartroti¢nih sklepnih sprememb, saj naj bi intraartikularna aplikacija zvisevala koncentracijo

endogene hialuronske kisline (87).
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Vel trombocitnih rastnih faktorjev je Ze bilo preizkusenih tudi pri celjenju misic. In vitro rezultati

.....

evev

.....

IGF-1 in fibroblastni rastni faktor (angl. Fibroblast growth factor — FGF) sta v primeru misjega modela
misicne laceracije izboljsala celjenje misice in hitrost kréenja ter tetanicno misicno moc (90). V primeru
podganjega modela kontuzije miSice gastroknemius je po aplikaciji PRP prislo do povecane aktivacije
satelitskih celic in tvorbe debelejSih misi¢nih vlaken (91). Do hitrejSega misi¢nega celjenja je prislo tudi
pri vrhunskih Sportnikih zdravljenih z ultrazvo¢no vodeno aplikacijo PRP v samo misico, saj se je pri teh
Cas okrevanija skrajsal za polovico (92).

Kljub porocilom o uspehu pri uporabi PRP za zdravljenje misi¢nih poskodb, so se socasno pojavili tudi
dvomi o taksni uporabi, ki naj bi vodila v obseznejse brazgotinsko celjenje misSice (3). Te hipoteze
temeljijo predvsem na opazenih povisanih koncentracijah rastnega faktorja TGF-B po injiciranju PRP v
misSice, za katerega pa so eksperimentalni podatki v preteklih raziskavah Ze pokazali, da je mocno
povezan z razvojem brazgotine. Dodatni pomisleki so se pojavili zaradi prisotnosti nevtrofilcev v
preparatih PRP, saj lahko provnetne proteaze in kisle hidrolaze, ki jih izlo¢ajo, delujejo kot citotoksi¢ni
agensi in povzrocijo dodatno sekundarno poskodbo tkiva (93).

Randomiziranih kontrolnih raziskav, ki bi potrdile viogo PRP pri misi¢nih poskodbah, e ni bilo (70), prav

tako so dosedanje raziskave na ljudeh vklju¢evale premajhne vzorce, da bi to predstavljalo dovolj

evev

1.8. Funkcionalne celicne kulture

Celi¢ne kulture v raziskavah celi¢ne rasti, diferenciacije, proliferacije, izraZzanja genov, citotoksicnosti,
tvorbe rekombinantnih proteinov in reimplantacije Ze desetletja s pridom uporabljajo znanstveniki
razlicnih strok. Velik pomen imajo pri razumevanju znotrajceli¢nih aktivnosti, genomike, proteomike in
medceli¢nih interakcij. Glavna prednost celi¢nih kultur pred in vivo sistemi je zmoZnost nadzora nad
fizikalnim in kemi¢nim okoljem ter fizioloskimi pogoji, pod katerimi jih gojimo. Medtem ko so tkivni
vzorci do velike mere heterogeni, predstavljajo celice, gojene v kulturi relativno homogeno skupino
(95). V vsaki podkulturi replikati ostajajo enaki, z ohranjenimi lastnostmi tudi skozi ve¢ generacij. Zaradi
te enakosti predstavljajo tudi poenostavljen model za statisti¢ne obdelave.

Izvajanje eksperimentov na celi¢nih kulturah ima ekonomske prednosti, saj je pri teh potrebna manjsa
koli¢ina reagentov, ki jih nanaSamo direktno na celice. Prav tako ni sistemskih izgub na racun izlo¢anja

ali porazdelitve reagentov v ostala, nepreucevana tkiva (95).
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1.8.1. Skeletnomisi¢ne kulture v biokemijskih raziskavah

Celi¢ne kulture imajo pomembno vlogo tudi pri endokrinoloskih in ortopedskih raziskavah. V zadnjih
desetletjih je v raziskavah na celi¢nih kulturah prislo do pomembnih odkritij razli¢nih celi¢nih in tkivnih
procesov, regeneracije in ucinkov razlicnih materialov na specifi¢na tkiva. Celi¢ne kulture pridobljene
iz skeletnega misi¢ja postajajo vse pomembnejse v raziskavah procesov regeneracije po poskodobah
in razvijajoCih se misic, predvsem kot komplementarni modeli poskusom in vivo, ¢eprav so taksne
raziskave, v katerih so so¢asno poskuse izvajali in vitro ter in vivo, v glavnem bile izvedene na celi¢nih
kulturah nehumanega izvora.

Skeletnomisi¢ne celice so glavna komponenta skeletnih miSic. Pomembno vlogo imajo ne samo pri
gibanju, pokon¢ni drzi in proizvajanju toplote, temvec tudi pri vzdrzevanju homeostaze in uravnavanju
presnove. Skeletno misicje je eno izmed tkiv za najenostavnejse gojenje v velikih koli¢inah, saj ga je kot
taksnega veliko in ga je tudi relativno enostavno pridobiti iz Zivih bitij (96). Skeletnomisicne celice v
kulturi so predstavljale jedro raziskav genetskih miSicnih bolezni (97), kot potencialen srénomisicni
glavne tarce delovanja inzulina pri sladkorni bolezni (100,101). Vse pomembnejSe postajajo tudi v
raziskavah misicne rasti, razvoja in regeneracije po poskodbi. Moderne tehnologije za karakterizacijo,
kot je konfokalna laserska mikroskopija, pretocna citometrija, analiza deoksiribonukleinske kisline

(DNK) itd. omogocajo podrobnejsi vpogled v celi¢no in tkivno dogajanje kot kadarkoli prej (slika 2).

Slika 4: Sodobna biotehnologija omogoca boljsi in bolj detajlen vpogled v celice, gojene v kulturah
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a.) skeletnomisi¢ne celice rastejo v kulturi Primarna kultura humanih c.) Kultura humanih skeletnomisi¢nih celic
znotraj steklenicke z gojilnim medijem. skeletnomisi¢nih  celic pod svetlobnim pod konfokalnim laserskim mikroskopom. z
mikroskopom. barvanimi jedri (modra), a-tubulinom

(rdeca) in dezminom (zelena). Mioblasti so

se zdruzili v velik, centralno leze¢ miotubul.

Identifikacija razlicnih genov in transkricpijskih faktorjev vkljucenih v proliferacijo in diferenciacijo celic
je vodila v boljSe razumevanje procesov regeneracije, pri kateri prihaja do fuzije enojedrnih celic v

vecéjedrne miotubule. Skeletnomisi¢ne kulture tako predstavljajo uporaben in relevanten model za
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proucevanje teh procesov in razvoj novih terapevtskih strategij. To je razvidno tudi iz tabele 5, ki

povzema vec raziskav in korelacijo eksperimentalnih rezultatov, pridobljenih iz in vivo modelov s

skeletnomisi¢nimi celi¢nimi kulturami.

Tabela 5: Pregled raziskav, v katerih so bili so¢asno opravljeni In vitro in In vivo poskusi

e brez nezelenih
ucinkov prekritja s Dawl
na celi¢no prague-Lawley o brez tkivnih
morfologijo podgane, kirurska sprememb v barvi

Ucinek vsadkov, Osteosarkomska brez razlik v intramuskularna v okolici vsadka

prekritih z diamantu- (Sa0S-2 in MG- citotoksignosti vsaditev vzorcev z « brez razlik

Allen et al, podobnim karbonom 63), gojena na . DLC prekritjem; ez az ', v -
brez razlik v debelini fibroti¢ne
2001 (102) (DLC) na polistirenskih A ) ovce mesane . .
ey v aktivnosti alkalne L plasti v okolici
skeletnomisicni ploscicah, fosfat pasme, kirurska dk

sistem prekritih z DCL osta azc-? . vsaditev v vsadka "
brez razlik v tvorbi stegnenice e DLC prekritja so
kolagena tipa | biokompatibilna
DLC prekritja so
biokompatibilna
pomembno
zvisanje celi¢ne . tanie &tevil

Proliferacija in proliferacije Balb/C midi Egl\;eceanrg;; evila

diferenciacija Humani tenociti, brez razlike v vsaditev difluzi'skih vIakSn 2 D-trakovi

Wang et al, humanih tenocitov pridobljeni z viabilnosti celic komor s tenocjiti eb lik
2011 (103) kot odziv na biopsijo, gojeni s povecana tvorba redhodno ’ . rezv ra? v
trobmocitno plazmo PRP kolagena P L |zraza.nju.

(PRP) ovetano izrajanie gojenimi z 10% PRP tenocitnih
zmrkerjev L markerjev
tenocitov
povisano izrazanje
o-SMA v
fibroblastih in ® 38,8% vedji
mRNA za premer misi¢nih
prokolagen po progenitornih

PP1 fibroblasti iz aplikaciji MSTN; celic pri MSTN/-

Vloga TGF-B, misjih skeletnih MSTN stimulira misih

7hu et al miostatina (MSTN) in misic, gojeni z diferenciacijo Wild-type misiin ® manj
2007 (24')' dekorina (DCN) pri MSTN;; C2C12 celic MSTN-/- misi; brazgotinskega
uravnavanju rasti C2C12 mioblasti, miofibroblaste laceracija misice vezivnega tkiva v
skeletne misice gojeniz DCN in TGF-B stimulira misSicah MSTN-/-
MSTN izrazanje MSTN in misi
obratno v C2C12 ® povisano izrazanje
celicah dekorina pri
DCN nevtralizira MSTN-/-misih
ucinek MSTN v PP1
in C2C12 celicah
. . povisano izrazanje . S
C2C12 mioblasti . . iy o diferenciacija
! -SMA, entin Si, . . .
Indukcija gojeni s TGF-B; io:] fibron\:alrkrjcinnal @ i'\rl?i\;?r(:rr]\?en;lGSIF-B' enojedrnih celic
diferenciacije C2C12 mioblasti, . . ) ) L celic v fibroticne
. . . . o znizano izrazanje transplantacija L
Lietal, 2004 | miogenih celicv transfecirani s . . . . celice in
. .V . . dezmina, MyoD in C2C12 celic, ki .
(21) fibroticne celice plazmidom, miozenina rekomerno brazgotino
poskodovane misice s | vklju¢ujo¢im gen Ng . Y. p .. e dekorin zmanjsa
S zniZanje fibroti¢nih | izraZajo TGF-B, v ) -
TGF-B za TGF-B, gojeni ) . fibroti¢no
: markerjev po misice . oo
z dekorinom L . diferenciacijo
aplikaciji dekorina
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Preprecevanje
nastanek brazgotine

Fibroblasti iz

TGF-B stimullira
proliferacijo
fibroblastov

Misi divjega tipa,
povzrocitev

® zmanjsanje
obsega
brazgotinskega

Chan et al., po poskodbi, s misjih skeletnih Y. e .
. . Lo povecanje Stevila natrganja misice in tkiva
2005 (104) suraminom z misic, gojeni s . . .
. . . . regenerajocih intramuskularna e povecanje fast-
zaviranjem aktivnosti suraminom 0 S . . Ly
TGF-B myofibril po aplikacija suramina twitch tetani¢ne
aplikaciji suramina misi¢ne moci
povecana L
e Meniskusne viabilnost celic Japonslf! beli zajci,
Regenerativni ucinki L. - .. povzrocitev
. . celice iz znizano izrazanje Y oy -
Ishida et al., trombocitne plazme iaponskih belih asrekana poskodbe e boljse celjenje
2006 (105) (PRP) na meniskusne ] p . & N . meniskusa, meniskusov
. zajcev, gojene v povisano izrazanje | . .
celice . ) . . intraartikularna
prisotnosti PRP biglikana in S
- aplikacija PRP
dekorina
e manj miostatina
pri misSih FOTM
. e povisano
TGF- r
G. B zavira izrazanje CD31*
miogeno .
. - kapilaram
diferenciacijo odobnih
C2C12 mioblasti, mioblastov v e . P .
S . L S Misi divjega tipa in struktur pri
Vloga folistatina pri gojeni s folistatin i . iy
iy . .. misi s prekomernim misih FOTM
misi¢ni regeneraciji, folistatinom, preprecuje e Y
Zhuetal, angiogeneziin miostatin om zaviranje zrazanjem ¢ povecan premer
2011 (106) . g. 8 . . . . folistatina (FOTM), regenerajoCih
fibrinogenezi po (MSTN), miogeneze zaradi .. ey
Y . - . povzroditev delne misicnih vlaken
poskodbi aktivinom Ain TGF-B misicne laceracije ri miSih FOTM
TGF-B folistatin stimulira I primis
. e zmanjsano
miogeno nalaganje
diferenciacijo kola enja in
mioblastov g.
razvoja
fibroticnega
podrocja
Primarne kulture Zajcje tetive e ensam
Antifibroticni ucinki iz ovojnice zaj¢je smani€anie s TGE fleksorjev; intraoperativni
Bates et al, manoze-6-fosfata tetive, epitenon B oszroEJene transekcija in odmerek M6P
2006 (17) (M6P) po poskodbi in endotenon, P takojsnje zasitje; izboljsa
vy . . . tvorbe kolagena L .
miSicne tetive gojene s TGF-B in injiciranje M6P na pooperativno
M6P mesto poSkodbe gibljivost

Foster et al,

Antifibroticni ucinki
interferona y (IFNy)

Primarni
fibroblasti iz
skeletnega

IFNy;

C2C12 mioblasti,

IFNy zavira
fibroblaste in rast
CT celic

IFNy zniZuje
izrazanje

Misi divjega tipa,
laceracija miSica in

e zmanjsanje
fibroticnega
podrocja v
misici, zdravljeni
s IFNy

o boljsa misi¢na

2003 (107) pri regeneraciji transfekcija s ) Y. intramuskularna regeneracija po
skeletnega misicja lazmidom, ki profibroticnih aplikacija IFNy IFN
& ) P . ’ beljakovin (a-SMA, ) T
vsebuje gen za vimentin) pri CT e izboljSane
humani TGF-$ . P fizioloske
. celicah R
(CT celice), lastnosti misice
gojeni z IFNy po IFNy
373 fibrolbasti, AT Il nima ucinka * E)ovt_ecanje
. g ) . . L Imunokompetentne Stevila
Antifibroti¢ni ucinki PP2 primarni na proliferacijo e yey A
L ) iy ; misi, misi¢na regenerativnih
. zaviranja receptorja misicni 373, PP2 ali C2C12 .
Bedair et al, . . ) . . laceracija, vlaken
angiotenzina Il (AT Il) | fibroblastiin celic . y ..
2008 (108) . . . Y intramuskularna e manjse podrodje
pri regeneraciji C2C12 mioblasti, AT Il zniZa tvorbo S . . .
. . aplikacija zaviralca fibroze znotraj
skeletne misice gojeni z TGF-Bv . ..
. . . . receptorja AT Il podrocja
angiotenzinom | fibroblastih M
poskodbe
Larson- 0Odnos med in vivo in Humane misice, odstotek tipa Ila 27 nediabeti¢nih o MRS markerji
Mever et al in vitro meritvami pridobljene z oksidativnih vlaken | premenopauzalnih korelirajo z
¥ " | eksudativne presnove | biopsijami; in aktivnost zensk, izvedba odstotkom
2001 (109) . iy " . . . R
skeletnih misic markeriji citratne sintetaze vzdrzljivostne oksidativnih
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oksidativne korelirata z MRS vadbe; magnetno vlaken tipa lla in
kapacitete markerji resonancna aktivnostjo
(mitohondrijska aktivnost COX spektroskopija citratne
funkcija) Sibko korelira z (MRS) sintetaze
markerji MRS MRS marker
Sibko korelirajo
z aktivnostjo
COX
ET-1 zniz
Humane 9 moskih z . zniza
. . A . . privzem glukoze
satelitske celice, ET-1 zniza privzem | neodzivnostjo na na podlakti za
. Zmanjsanje privzema izolirane | glukoze pri 24 urah | inzulin; infuzija P
Shemyakin . . . Y L . 39%
glukoze skeletnih skeletnih misic ET-1 zvisa z fizioloSke raztopine .
etal., 2011 . ) - . . . ET-1 zniZa tok
(110] miéic zaradi (biopsija), inzulinom in ET-1; krvi na podlakti
endotelina 1 (ET-1) diferencirane v stimulirano Akt ocena toka krvi in zav?l>6 lyp I
miotubule, fosforilacijo vazodilatacije na f’ .
. . ET-1 ucinkuje na
gojene z ET-1 podlakti . :
vazodilatacijo

1.8.2. Omejitve celicnih kultur

Kljub spodbudnim eksperimentalnim rezultatom pridobljenim na celi¢nih kulturah in njihovi korelaciji
z in vivo modeli (tabela 5) je ob odlocanju o uporabi eksperimentalnega modela potrebno upostevati
tudi omejitve dela na celi¢nih kulturah. Pri teh so namre¢ sistemski homeostatski mehanizmi, ki so
znacilni za modele in vivo, odsotni, zaradi Cesar je celi¢ni metabolizem sicer bolj konstanten, a morebiti
tudi manj reprezentativen.

Zaradi mnogih ogrozajocih kontaminantov, kot so bakterije ali glive, ki rastejo hitreje od Zivalskih in
Cloveskih celic, gojenje le-teh zahteva stroge asepti¢ne pogoje. Ker celice iz vecéceli¢nih organizmov
okolje za simulacijo normalnih naravnih pogojev.

Naslednja omejitev se pojavi pri koli¢ini materiala, ki je potreben za tvorbo relativno majhne koli¢ine
tkiva. Stroski povezani z gojenjem celic v kulturi so priblizno 10-krat visji v primerjavi z uporabo modela
in vivo. Tako morajo biti v primeru velikih zahtev po tkivih razlogi za uporabo celi¢nih kultur Se posebej
utemeljeni (95).

Neredko se zgodi, da se fenotipske lastnosti celic v kultur izgubijo. Pri tem dogodku imenovanem
dediferenciacija, ki ga je moc¢ delno prepreciti z gojenjem celic v mediju brez seruma, je sorodne
lastnosti gojenih celic s tistimi iz izvornega tkiva tezko opredeliti. Posledicno obcéasno prihaja do
napacnih identifikacij celi¢nih linij. Heterogenost hitrosti rasti in diferenciacijska kapaciteta lahko v
razlicnih celi¢nih pasazah povzrocata variabilnost celic, celo v primeru kratkoro¢nih netransformiranih
celic (95).

Ob upostevanju vseh omejitev in eti¢nih, ekonomskih, logisti¢nih ter proceduralnih prednosti uporabe
celiénih kultur kot eksperimentalnih modelov, le-te predstavljajo temelj biokemijskih raziskav tudi v

prihodnosti. Podrocje uporabe je kot v ostalih klini¢nih podrocjih Siroko tudi v ortopedskih raziskavah,
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od bioproizvodnje, razvoja zdravil, toksikoloskih testiranj in tkivnega inZenirstva. Za pricakovati je tudi
porast uporabe celi¢nih kultur humanega izvora, ki bodo s Se bolj reprezentativnimi eksperimentalnimi
rezultati pripomogle k boljSemu razumevanju regenerativnih procesov, kompatibilnosti biomaterialov

in razvoju zdravil.
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2. NAMEN DELA IN HIPOTEZE

Misi¢noskeletne poskodbe predstavljajo v Sportni medicini velik problem. Zaradi pogostosti teh
poskodb v populaciji samo v Zdruienih drzavah Amerike posredne in neposredne stroske
misiénoskeletnih posSkodb v literaturi ocenjujejo na vec kot 800 milijard USD letno, kar je priblizno 8 %
bruto domacega proizvoda (BDP). Do podobnih izsledkov so leta 2009 prisli v evropski raziskavi 23
drzav ¢lanic, kjer naj bi vec¢ kot 44 milijonov prebivalcev trpelo za dalj ¢asa trajajocimi tezavami zaradi
misicnoskeletnih vzrokov, ki so botrovali tudi njihovi odsotnosti z dela (6). Te poskodbe zavzemajo vedji
delez fizicne neopravilnosti kot katerokoli drugo bolezensko stanje. Stroski povezani z obravnavo
misicnoskeletnih poskodb pa so bili samo v letu 2009 v drzavah Evropske unije (EU) ocenjeni na 240
milijard evrov (111).

V poskodovani misici sicer prihaja do spontane regeneracije, vendar pa je ta proces nepopoln zaradi
brazgotinjenja, ki pomeni razrascanje zunajcelicnega matriksa in nalaganje kolagena. Misicne
poskodbe so tako pogosto vzrok pomembnih obolevnosti, vklju¢no z zgodnjimi funkcionalnimi in
strukturnimi deficiti, kontrakcijskimi poskodbami, misi¢nimi atrofijami in bole¢ino. Novo znanje, ki bo
omogocilo boljSo obravnavo skeletnomisi¢éne poskodbe, lahko znacilno dvigne raven kvalitete Zivljenja

in zniza druzbeno-finan¢no breme zdravljenja teh poskodb {Citation}.

Cilj doktorske naloge je bil dokazati statisticho pomembno razliko v proliferaciji in miogeni
diferenciaciji razlicnih skupin v kulturi rastoc¢ih mioblastov. Tem smo v gojilni medij dodajali razlicne v
prvi tocki navedene ucinkovine s predhodno dokazanimi bioloskimi aktivnostmi in to v razli¢nih
koncentracijah. Pridobljene strukturne in funkcionalne parametre smo primerjali tako med testnimi
skupinami kot tudi s kontrolno skupino. Na podlagi rezultatov laboratorijskih Studij smo izoblikovali

teoretske podlage za morebitne nadaljnje klini¢ne raziskave.

Testirali smo naslednje hipoteze:
e rastni faktorji iz trombocitne avtologne plazme (PRP) privedejo po aplikaciji v kulturi gojenih
mioblastov do spremembe izrazanja markerjev celi¢ne regeneracije, in sicer:
o povecanja pozitivnih markerjev (MyoD, miogenin) in
o poveCanja izrazanja negativnih markerjev o0z. negativnih dejavnikov celi¢ne
regeneracije (miostatin, TGF-B);
e antagonist TGF-B zavira delovanje TGF-B, ki je ena izmed komponent avtologne trombocitne
plazme (PRP), zato predpostavljamo, da pride po hkratni aplikaciji rastnih faktorjev iz

trombocitne avtologne plazme in antagonista TGF-B do povecanega izraZzanja prej omenjenih
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pozitivnih markerjev celicne regeneracije in zniZanega izrazanja prej omenjenih negativnih
dejavnikov celi¢ne regeneracije;

po hkratni aplikaciji rastnih faktorjev iz trombocitne avtologne plazme in antagonista TGF-f v
celicno kulturo pride v primerjavi s kontrolo do obseZnejSe proliferacije in miogene

diferenciacije mioblastov.
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3. MATERIALI IN METODE

3.1. Celic¢ne kulture mioblastov

Celice mioblastov smo izolirali iz miSicnega tkiva bolnikov med standardnim operativhim posegom
rekonstrukcije sprednje krizne vezi po kolenski poskodbi. Uporabili smo vzorce treh posameznikov, pri

katerih smo zanamnezo in kliniénim pregledom izkljucili genetsko okvaro ali predispozicijo za obolenje

.....

Med posegom po protokolu Zzrtvujemo tetivo miSice semitendinosus, iz katere je po odvzemu potrebno
odstraniti misicno tkivo, ki se Ze med posegom zavrze. Ta del tkiva speremo z 2 ml tripsina in gojilnim
medijem Dulbecco's modified Eagle's medium (DMEM; Sigma-Aldrich, Grand Island, ZDA), z dodanim
5% fetalnim tele¢jim serumom (Lonza, Basel, Svica), L-glutaminom (Sigma), penicilinom in
streptomicinom. Stekleni¢ko postavimo v inkubator, dokler se celice ne pritrdijo na podlago, kar
opazujemo pod svetlobnim mikroskopom. Celi¢ne linije rutinsko gojimo v 25 cm? stekleni¢kah za
celi¢ne kulture (Corning, New York, ZDA) pri 37 °C vlazne atmosfere s 5 % CO, do tvorbe konfluentnega

monosloja celic. Pred poskusom celice nanesemo na testne plos¢ice opisane pri biokemijskih poskusih.

3.2. Trombocitna plazma - PRP

Trombocitno plazmo (angl. Platelet-rich plasma; PRP), s koncentriranimi trombociti dobimo po tem,
ko bolniku odvzamemo 50 ml krvi in jo po dodatku kisle citronske dekstroze (ACD-A, antikoagulant) v
razmerju 10:1 vstavimo v plazma separator Megellan (Medtronic Biologic Therapeutics and
Diagnostics, Minneapolis, MN, ZDA) — napravo, ki s centrifugiranjem loci eritrocite od s trombociti
bogate in s trombociti revne plazme. Na ta nacin pridobimo 5 ml plazme, s koncentracijo trombocitov,
ki je 3-krat visja od njihove koncentracije v periferni krviPreparat petkrat zamrznemo in odmrznemo, s
¢imer povzrocimo razpad trombocitov in sprosc¢anje rastnih faktorjev (112). Raztopino centrifugiramo
10 minut na 1500 obratih/minuto, nakar odlijemo supernatant rastnih faktorjev in jih prefiltriramo
skozifilter velikosti 0,45 um in nato $e 0,22 um. Na ta nacin pridobimo 1,5 ml raztopine, ki jih v razli¢nih

koncentracijah (20 %, 10 % in 5 %) uporabimo za nanos na celi¢ne kulture.
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3.3. Dekorin - zaviralec TGF-

Dekorin (R&D Systems, Minneapolis, MN, ZDA) smo uporabili v treh razli¢nih koncentracijah, in sicer
10 ng/ml, 25 ng/ml in 50 ng/ml. Kot suplement celichemu mediju smo ga dodajali bodisi samostojno,

bodisi v kombinaciji s PRP s ciljem nevtralizacije u¢inka TGF-.

3.4. Test MTT

S testom mitohondrijske aktivnosti (angl. MTT assay) merimo aktivnost reducirajocih encimov, ki po
reakciji rumeno tetrazolno barvilo reducirajo v vijolicno formazansko. V glavnem ga uporabljamo za
oceno metabolne aktivnosti celic kot tudi za dolo¢anje citotoksi¢nosti razli¢nih snovi in materialov, ki
stimulirajo ali zavirajo celi¢no rast in viabilnost (113,114). Za izvedbo testa na testno plosco s 96
vodnjaki nagojimo mioblaste, ki jim v gojilni medij dodajamo razlicne koncentracije preizkusanih
ucinkovin, nakar plo$¢e postavimo v inkubator. Cez 48 ur monosloj nagojenih celic speremo in v vsako
izmed testnih plos¢ic dodamo 200 pL gojilnega medija DMEM (Dullbecco's Modified Eagle Medium)
brez fenol rdefega, z antibiotikom in L-glutaminom ter 20 pl rumene raztopine MTT (3-(4,5-
Dimethylthiazol-2-YI)-2,5-Diphenyltetrazolium Bromide). Plos¢ico za 5 minut postavimo na vibracijsko
plos€o, da se barvilo MTT dobro vmesa v medij. Celice na ploscéici nato 3 ure inkubiramo pri 37 °Cin 5
% CO>. Za tem medij odlijemo in v plos¢ice dodamo 100 uL 0,04 % HCl in izopranola, s ¢imer raztopimo
formazin, metabolni produkt MTT-ja. PloS¢ico ponovno za 5 minut poloZimo na vibracijsko plosco,

inkubiramo 15 — 20 min in s spektrofotometrom izmerimo absorbanco pri 570 nm.

S testom smo ugotavljali potencialno citotoksi¢nost oz. metabolno aktivnost v kulturi gojenih celic po
tem, ko so bile v gojilni medij dodane razlicne koncentracije rastnih faktorjev iz avtologne trombocitne
plazme (5 %, 10 %, 20 % eksudat PRP) in dekorina (10 ng/ml, 25 ng/mlin 50 ng/ml). Za vsako ucinkovino

smo v vseh koncentracijah opravili po tri testiranja.

Ucinkovina Preizkusane koncentracije

Dekorin 50 ng/ml 25 ng/ml 10 ng/ml
PRP 20% 10 % 5%

Tabela 6: U¢inkovine in koncentracije, uporabljene pri testiranju MTT in celic¢ni viabilnosti s kristal vijoli¢nim.

3.5. Viabilnost celic

Kristal vijolicno je triarilmetansko barvilo s Sirokim spektrom uporabe, v biomedicinskih znanostih

predvsem v namen histoloSkega barvanja in razvr$¢anja bakterij po Gramovi metodi. V biokemijskih
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poskusih kristal vijolicno uporabljamo tudi za oceno viabilnosti celic, saj na ta nacin med seboj lo¢imo

neZive celice, ki se z barvilom ne obarvajo, od obarvanih Zivih celic.

Za izvedbo testa na tesno plos¢o s 96 vodnjaki nagojimo mioblaste, ki jim v gojilni medij dodajamo
navedene koncentracije preizku$enih ucinkovin, nakar plos¢e postavimo v inkubator. Cez 48 ur
monosloj celic speremo in v vsako izmed testnih plos¢ic dodamo 100 ul 0,1 % kristal vijolicnega. Po
dveh minutah inkubacije na sobni temperaturi ploscice speremo pod tekoco destilirano vodo in preko
noci pustimo, da se posusijo. Nato v vsako testno plos¢ico dodamo 100 ul 10 % ocetne kisline in celotno
plosc¢o za 5 minut poloZimo na vibracijsko plosco. S spektrofotometrom izmerimo absorbanco pri 595

nm. Za vsako ucinkovino v vseh koncentracijah smo opravili po tri testiranja.

3.6. Encimski imunski testi

Encimski imunski test (angl. Enzyme-Linked ImmunoSorbent Assay; ELISA) je biokemijska metoda za
detekcijo protiteles oz. antigenov v vzorcu. Encim vezan na protitelesa povzroc¢i spremembo barve
substrata in detekcijo prisotnosti preiskovanega protitelesa oz. antigena. Za detekcijo citokinov po
dodajanju ucinkovin na celicne kulture smo uporabili od proizvajalca pripravljene sete za izvedbo
direktnega imunskega testa, in sicer za TGF-B1 (Invitrogen Co., Camarillo, ZDA) in MSTN (USC Life
Science Inc., Wuhan, Kitajska). Mioblaste z dodatkom ucinkovin v dolocenih koncentracijah smo pred
izvedbo testa 48 ur gojili v inkubatorju. Za vsako ucinkovino v vseh koncentracijah smo opravili po tri

testiranja.

3.7. Miogena diferenciacija

Med regeneracijo skeletnomiSicnega tkiva po poskodbi aktivirane satelitske celice dozorijo v
mioblaste, ki se nato bodisi diferencirajo v miocite, bodisi transformirajo v miofibroblaste. Slednji so iz
vidika funkcionalnosti miSi¢énega tkiva in varnosti v smislu moznosti za ponovitev poskodbe v procesu
celjenja nezazeleni. Po aplikaciji preiskovanih ucinkovin na celi¢ne kulture smo opazovali obseg

miogene diferenciacije mioblastov in s tem ugotavljali njihov dejanski regenerativni potencial.

Mioblaste smo nagojili na prekatna objektna stekelca z gostoto 10.000 celic/prekat in ploscice s 48-
prekati z gostoto 5.000 celic/prekat. Po 24 urah smo v posamezne prekate aplicirali tiste preizkusane
ucinkovine, ki so v prejsnjih testiranjih pokazali dejansko vrednost in potencialno pomembno vlogo v

procesu misi¢ne regeneracije (tabela 7). Po imunskem barvanju smo celice pripravili za preto¢no
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citometricno analizo in mikroskopiranje, kjer smo opazovali specificne povrsinske celiche markerje in

oznacevalce miogeneze.

Ucinkovina Koncentracija
Dekorin 25 ng/ml
PRP 20%, 10%
PRP + dekorin 10%, 25 ng/ml

Tabela 7: Ucinkovine in njihove koncentracije, uporabljene za teste miogene diferenciacije mioblastov.

3.7.1. Konfokalna laserska mikroskopija

Celice smo nagojili na prekatnih objektnih stekelcih in jih tako kultivirali pri 37 °C v vlaznem okolju v
celiénem inkubatorju do tvorbe konfluentnega celichega monosloja. Celicam smo nato dodali 10 %
eksudat PRP, dekorin v koncentraciji 25 ng/ml ali kombinacijo obeh in jih tako inkubirali $e 5 dni. Za
tem smo celice fiksirali s CellFix-om (BD Pharmingen, Heidelberg, Nemcija) in permeabilizirali z 0,1 %
Triton X ter PBS (Sigma-Aldrich Chemie GmbH, Schnelldorf, Nemcija). Za barvanje smo uporabili
primarna misja protitelesa proti dezminu, zaj¢ja anti-mouse FITC ter kozja anti-rabbit Cy3 (vsa Abcam,
Cambridge, Velika Britanija) po protokolih podanih s strani proizvajalca. V zadnjem koraku smo z
barvanjem z DRAQ5 (Abcam) prikazali jedra. Opticno smo slike posneli z laserskim konfokalnim
mikroskopom Leica TCS SP5 Il (Leica Microsystems Gmbh., Manheim, Nemcija). Zajemali smo v fokalni
ravnini celi¢nih jeder in absolutnem centru objektnih stekelc, saj je bila gostota celic tam najvedja.
Fluorescenco smo vzbujali z laserji valovnih dolzin 488 nm za FITC (dezmin), 561 nm za Cy3 (alfa-
tubulin) in 633 nm za DRAQS5 (jedra). Emisije so bile zaznane z detektorji v obmocjih 495 — 515 nm za
FITC, 570 — 625 za Cy3 in 705 — 730 nm za DRAQS5. Za analizo zajetih slik smo z uporabo programskega
orodja Adobe Photoshop in funkcijo »color selection« napravili histrogramsko analizo ter med

skupinami primerijali stevilo slikovnih elementov, pozitivnih za dezmin.

3.7.2. Pretocna citometrija z lasersko mikroskopijo — Image Stream X

Kontrolne in z u€inkovinami kultivirane celi¢ne kulture smo tripsinizirali z 0,25 % raztopino tripsin-EDTA
(Sigma-Aldrich Chemie GmbH, Schnelldorf, Nemcija), jih prenesli v polipropilenske epruvete, sprali s
PBS (Sigma-Aldrich Chemie GmbH, Schnelldorf, Nemcija) in fiksirali s CellFix (BD Pharmingen,
Heidelberg, Nemcija) ter permeabilizirali z 0,1 % Triton X ter PBS (Sigma-Aldrich Chemie GmbH,
Schnelldorf, Nemdija). Po protokolih proizvajalcev smo barvali povrsinske celicne markerje CD56, ter

markerja miogene diferenciacije miobastov MyoD in miogenin (tabela 8). V analizi smo z uporabo
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preto¢nega citometra Image Stream X (Amnis Corporation, Seattle, USA) zajeli 5000 dogodkov v

vsakem vzorcu pri 40-kratni povecavi.

CD56-APC konjugat BD Pharmlngenv,“Heldererg, D56
Nemcdija
Goat MyoD in goveji anti-goat IgG Santa Cruz GmbH,
. . v MyoD
PE konjugat Heidelberg, Nemdija
AlexaFluor 488 R&D Systems, Abingdon, UK Myogenin

Tabela 8: Barvila, uporabljena za pretoc¢no citrometrijo.

Barvili AlexaFluor 488 in konjugat PE smo vzbujali z laserjem valovne dolzine 488 nm, konjugat APC pa
z laserjem valovne dolZine 658 nm. Fluorescencna detekcija je potekala z detektorji v obmocjih 480-
560 nm, 560-595 nm in 660-745 nm. Trojno barvane celice (CD56, MyoD in miogenin) so imele za
kontrolo tri enojno barvane celice zaradi kompenzacije fluorescence med posameznimi kanali slike.
Analizo fotografij smo napravili s programsko opremo IDEAS (Amnis Corporation, Seattle, USA). Izmed
dogodkov zaznanih v analizi smo hierarhi¢no izlocili dovolj velike, da smo odstranili debris, ter med
njimi tiste, ki so bile v opticnem fokusu. Pri tako izbranih celicah smo analizirali izrazanje markerjev

MyoD in miogenin oz. njuno odsotnost ob pozitivnem povrsinskem markerju CD56.

3.8. Statisticno ovrednotenje podatkov

V vseh skupinah smo sprva izvedli Shapiro-Wilk test zavoljo ugotovitve porazdelitve podatkov, ki je bila
v vseh primerih normalna. Nato smo primerjave med skupinami izvedli s parametri¢nimi testi v dveh
korakih. V prvem smo ugotavljali razlike med vsemi skupinami s testom ANOVA. V primeru ugotovljenih
razlik smo pri post hoc primerjavah uporablili Bonferronijev popravek za Stevilo parnih primerjav. Pri
analizi podatkov, pridobljenih s preto¢no citometrijo z lasersko mikroskopijo smo uporabili test hi-
kvadrat, saj smo za vsako celico iz obsezne skupine posamezne kombinacije, ugotavljali prisotnost oz.
odsotnost dolocenega markerja. Za mejo statisticne znacilnosti smo izbrali vrednost p<0,05, razen, kjer

je oznaceno drugace.
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4. REZULTATI

4.1. Test MTT

S testom MTT smo ugotavljali metabolno aktivnost celic v kulturah, ki smo jim v gojilni medij dodajali
preizkusane ucinkovine v razliénih koncentracijah. Do najvisjega poviSanja mitohondrijske aktivnosti je
prislo v primeru 10 % in 20 % koncentracije PRP, saj je bila ta v primerjavi s kontrolno skupino visja za
vec kot 80 % (p<0,001, slika 5). Omenjeni koncetraciji sta imeli vedji ucinek na omenjeno celi¢no
aktivnost tudi v primerjavi s skupinami, ki so prejele dekorin (p<0,001). Sicer se je kot najaktivnejsa
koncentracija dekorina izmed vseh izkazala srednja (25 ng/ml), pri kateri je v primerjavi s kontrolno
skupino prislo do povisanja metabolne aktivnosti celic za 17,1 % (p<0,001), med tem, ko je pri visji
koncentraciji (50 ng/ml) prislo do 11,1 % povisanja (p<0,05). Omeniti velja, da med samima visjima
koncetracijama PRP ni bilo statistichno pomembne razlike. Na podlagi pridobljenih rezultatov smo

nadaljnja testiranja izvajali brez 5 % koncentracije PRP in najvisje koncentracije dekorina (50 ng/ml).

(p<0,001).
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Slika 5: Rezultati testa MTT po treh opravljenih meritvah, izraZzeni z absolutnimi vrednostmi absorbance (v sivi
barvi; £SD) in razmerji povprecnih vrednosti absorbance v primerjavi s kontrolo (v modri barvi; tip primerjave
(vzorec-kontrola)/kontrola)x100 v skupinah s suplementom eksudatov PRP in dekorina. ANOVA, *p<0,05,
% %k %k

p<0,001.
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4.2. Viabilnost celic

Test s kristal vijolicnim smo opravili zaradi ocene viabilnosti mioblastov, po tem ko smo jih pod vplivom
rastnih faktorjev in dekorina inkubirali 10 dni (slika 6). Dekorin v koncentracijah 10 ng/ml in 25 ng/ml
ni imel statisticno pomembnega vpliva v primerjavi s kontrolo, med tem ko sta obe koncentraciji PRP
privedli do vec¢ kot 70 % povecanja v Stevilu viabilnih celic (p<0,001), tako v primerjavi s kontrolno, kot
obema skupinama z dekorinom, brez statisticho pomembne razlike med skupinama z razliénima

koncentracijama PRP.

Kontrola Dekorin 25 ng/ml Dekorin 10 ng/ml PRP 20% PRP 10%

Slika 6: Viabilnost mioblastov po sedmih dneh inkubacije z gojilnim medijem DMEM, suplementiranim z
dekorinom 25 ng/ml, dekorinom 10 ng/ml, 20 % eksudatom PRP in 10 % eksudatom PRP. Napravljeni so bili po
trije neodvisni testi, rezultati so prikazani z absolutnimi vrednostmi absorbance (v sivi barvi; £SD) in razmeriji
povprecnih vrednosti absorbance v primerjavi s kontrolo (v modri barvi; tip primerjave (vzorec-
kontrola)/kontrola)x100 v skupinah s suplementom PRP eksudatov in dekorina. ANOVA; *** p<0,001 v primerjavi
s kontrolo.

4.3. Encimski imunski testi

Z encimskimi imunskimi testi smo ugotavljali izraZzanje dveh klju¢nih citokinov pri regulaciji tvorbe
brazgotinskega tkiva. Ob 10 % in 20 % koncentraciji PRP smo na podlagi rezultatov testa MTT in celi¢ne
viabilnosti uporabili srednjo koncentracijo dekorina (25 ng/ml) . V primeru slednjega se je izrazenost
TGF-B v primerjavi s kontrolnimi skupinami znizala za vec kot 15 % (p<0,001) (slika 7a), vendar pa je ta
upad kljub temu bil signifikantno nizji kot v obeh skupinah, ki smo jima v gojilni medij dodali razli¢ni
koncentraciji PRP (p<0,01, v primerjavi z dekorinom). Oba eksudata PRP sta namrec privedla do vec kot
30 % zniZanja v primerjavi s kontrolo (p<0,001). Koncentracija TGF-p v vzorcu PRP, ki ga nismo nanesli
na v kulturi rastoce celice je bila vec kot 30 % visja (p<0,001) kot v kontrolni skupini celi¢nih kultur, kar
potrjuje, da PRP predstavlja nezanemarljiv eksogeni vir tega v procesu miSicne regeneracije

nezazelenega citokina.
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Podobno je prav tako prisSlo do zniZzanja ekspresije MSTN v vseh skupinah, ki smo jim dodali PRP in
dekorin (slika 7b). V primeru slednjega je v primerjavi s kontrolno skupino prislo do 28,4 % znizanja
(p<0,001), med tem, ko je bila koncentracija MSTN v skupini, ki smo ji dodali PRP, v primerjavi s
kontrolno nizja za 23,2 % (p<0,001). Med obema koncentracijama PRP-ja nismo zaznali statisti¢no
pomembne razlike v vplivu na izrazanje MSTN. Koncentracije MSTN v samem eksudatu PRP nismo

.....

obtoku ni prisoten.

I
Dekorin 25 ng/ml
PRP 20%
PRE 10%

Dekorin 25 ng/ml

I F-f
sama PRP
N L}

(a) Nivo izraZanje TGF-B (b) Nivo izraZanja MSTN

Slika 7: Ekspresija TGF-B in MSTN. Mioblasti v kulturi po inkubaciji z DMEM gojilnim medijem, suplementiranim
z dekorinom 25 ng/ml, 20 % eksudatom PRP in 10 % eksudatom PRP. Ekspresija citokinov je bila izmerjena po 48
urah inkubacije. (a) Ekspresija TGF-B. (b) Ekspresija MSTN. Napravljeni so bili po trije neodvisni testi, rezultati so
prikazani in izraZzeni z absolutnimi vrednostmi absorbance (v sivi barvi; £SD) in razmerji povprecnih vrednosti
absorbance v primerjavi s kontrolo (v modri barvi; tip primerjave (vzorec-kontrola)/kontrola)x100 v skupinah s
suplementom PRP eksudatov in dekorina. ANOVA; ** p<0,01 v primerjavi s kontrolo, ** p<0,001 v primerjavi z
dekorinom. V skupini PRP ni bilo nasajenih celic, namenjena je bila kot kontrola za dokaz prisotnosti in
koncentracije TGF-B v samem preparatu PRP.

Ker med obema koncentracijama eksudatov PRP ni bilo statisticno pomembnih razlik v ekspresiji
profibroti¢nih citokinov, smo ob podatkih, pidobljenih tudi s testom MTT in viabilnosti celic testiranja
nadaljevali z niZzjo koncentracijo (10 %). Po tem, ko smo celicam v gojilni medij dodali kombinacijo 10
% eksudata PRP in dekorina v koncentraciji 25 ng/ml, je prislo do 59,9 % (p<0,001) zniZanja ekspresije
TGF-B v primerjavi s kontrolno skupino, med tem, ko je bilo izraZzanje v primerjavi s skupino, ki je prejela
samo PRP, niZja za 26 % (p<0,001) (slika 8). Ob tem je dekorin v primerjavi s kontrolo znizal
koncentracijo tega fibroticnega citokina za 18 % (p<0,001). Nivo MSTN se je v najvecji meri znizal v
skupinah, ki so prejele dekorin oz. kombinacijo ucinkovin, in sicer za 24 % o0z. 20 % v primerjavi s
kontrolo (p<0,001), brez statisticCno pomembne razlike med omenjenima skupinama. V skupini, ki je

prejela samo PRP je prislo v primerjavi s kontrolo priSlo do vec kto 15 % zniZanja v izrazanju MSTN.
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(a) Nivo izraZanja TGF-beta (b) Nivo izrazanja MSTN

Slika 8: Ekspresija TGF- in MSTN. Napravljeni so bili po trije neodvisni testi za vsak citokin. Rezultati so prikazani
z absolutnimi vrednostmi absorbance (v sivi barvi; +SD) in razmerji povprecnih vrednosti absorbance v primerjavi
s kontrolo (v modri barvi; tip primerjave: (vzorec-kontrola)/kontrola)x100 v skupinah s suplementom PRP,
dekorina in njune kombinacije. ANOVA; *p<0,05, ***p<0,001.

4.4. Pretocna citometrija z lasersko mikroskopijo — Image Stream X

Z analizo s pomocjo pretocne citometrije smo ugotavljali razlike v miogeni diferenciaciji med kontrolno
skupino in skupinami, ki smo jim v gojilni medij dodali samo PRP, samo dekorin ali kombinacijo obeh.
V vsaki izmed skupin smo zajeli in analizirali 5.000 celic, ki so bile pozitivne za povrsinski celi¢ni marker
CD56. Celice smo nato hierarhi¢no razporedili glede na socasno izrazanje MyoD in/ali miogenina, ki sta

markerja zgodnje oz. pozne faze miogene diferenciacije (slika 9).

V skupni, ki je prejela PRP, je prislo do 39,1 % povisanja Stevila celic, pozitivnih za miogenin, v primerjavi
s kontrolno skupino (p<0,001). Izmed vseh celic v skupini je bilo 3,1 % taksnih, ki so izraZale samo
miogenin (brez MyoD), med tem, ko taksnih celic v kontrolni skupini ni bilo. Gre za celice, ki so v
terminalni fazi miogene diferenciacije in kot taksne pri regeneracije misice izijemnega pomena. Ob tem
je v skupini PRP prislo do zniZanja Stevila neaktivni satelitskih celic (pozitivhih samo za CD56), in sicer
za petino (p<0,001). Celice, ki so pozitivne tako za MyoD kot miogenin predstavljajo populacijo, pri
kateri je prislo do pomembnega premika v smeri zdravih miocitov v procesu miogeneze, vendar ti Se

niso popolnoma dozoreli.
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Slika 9: Miogena diferenciacija mioblastov. Analiza dejavnikov miogene regeneracije s slikovno pretocno
citometrijo. V vsakem vzorcu je bilo 5000 celic, ki so bile hierarhi¢no razdeljene v skupine glede na prisotnost
specificnih markerjev (zgoraj desno). Zgoraj levo: izbira celic glede na velikost in obliko —izlo¢anje debrija; sredina
levo: podskupina prej dolocenih celic, ki so v fokalni ravnini in pozitivni za povrSinski celi¢ni marker CD56; spodaj
levo: prisotnost MyoD in/ali miogenina v CD56-pozitivnih celicah z meritvijo intenzivnosti vsake posamezne
celice. Spodaj desno: Rezultati izraZzeni kot razmerja odstotkov med celicami, ki so pozitivne samo za marker
CD56, tistimi, ki dodatno vsebujejo Se MyoD in tistimi, ki izraZzajo Se miogenin, in to v suplementiranih in
kontrolnih skupinah populacij celic. Merilo = 50 um. Pearson Hi-kvadrat *p<0,05 in ***p<0,001.

Med tem, ko je dekorin povzrodil le majhen dodaten pozitiven pomik v smeri miogene diferenciacije
(a statisticno pomemben), pa je do vecjega ucinka prislo v primeru kombinacije dekorina in PRP.
IzraZanje MyoD in miogenina se je povecalo za dodatnih 16,7 % v primerjavi s skupinama, ki sta prejeli
samo PRP ali samo dekorin (p<0,001) ob hkratnem znizanju Stevila celic, ki izrazajo zgolj MyoD. V
primerjavi s kontrolno skupino je kombinacija dekorina in PRP tako privedla do poviSanega izrazanja
MyoD in miogenina za 60,4 % (p<0,001) in zniZzanja Stevila neaktiviranih satelitskih celic (pozitivnih

samo za CD56) za 46,2 % (p<0,001).
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4.5. Konfokalna laserska mikroskopija

S ciljem vizualizacije v kulturah gojenih celic smo z uporabo konfokalnega laserskega mikroskopa zajeli
mikrografije posameznih vzorcev. Celice smo pred tem obarvali z barvili za jedra, a-tubulin za
vizualizacijo celi¢ne citoplazme in dezmina, intermediarnega filamenta, ki je eden izmed klju¢nih
markerjev diferenciacije mioblastov (115,116). V primerjavi s kontrolno skupino smo opazili statisticno
pomembno razliko v pozitivni regulaciji izrazanja dezmina v vseh skupinah (p<0,05 za skupino, ki je
prejela PRP, p<0,001 za skupino, ki je prejela dekorin in p<0,001 za skupino, ki je prejela PRP in dekorin)
(slika 10). Med tem ko med skupinama, ki sta prejeli samo PRP in samo dekorin ni bilo statisti¢no
pomembne razlike, smo v skupni, ki je prejela obe ucinkovini, opazili ve¢ kot 3-kratno povisanje
izrazanja dezmina v primerjavi s skupinama, katerim sta bila dodana bodisi samo PRP bodisi samo

dekorin (p<0,001).

o

PRP 10%
Kontrola Dekorin 25 ng/ml PRP 10%

"
Dekorin 25 ng/ml

Slika 10: Miotubuli z izrazenim dezminom. Imunofluorescen¢no barvanje jedra (modro), a-tubulina (rdece) in
dezmina (zeleno), prikazano v zgornjem delu v zdruzenih slikah. Napravljeni so bili po trije neodvisni testi za vsako
terapevtsko skupino, rezultati so izrazeni s srednjimi vrednostmi Stevila za dezmin pozitivnih pikslov (£SD) v
skupinah s suplementom PRP, dekorina in njune kombinacije. ANOVA; * p<0,05, *** p<0,001 Merilo = 200 um.
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5. RAZPRAVA

Rastni faktorji iz PRP izboljSajo viabilnost in povecajo proliferacijo mioblastov in vitro

Kljub temu, da do danes ni bila napravljena Se nobena randomizirana prospektivna raziskava, ki bi
potrjevala vlogo PRP-ja pri terapiji skeletnomisi¢nih poskodb, se le-ta kljub temu Siroko uporablja v
primeru poskodb misi¢nih tetiv in sklepnih vezi. V zadnjem casu prihaja do vse vecjih tezenj po uporabi
o varnosti takSne terapije, saj PRP vsebuje rastni faktor TGF-B, ki pa je kljuéni dejavnik tkivnega
brazgotinjenja. Kljub temu nasi rezultati kaZejo nasprotno. S pozitivnim ucinkom na metabolno
aktivnost mioblastov v kulturi in stopnjo viabilnosti nismo samo izkljucili potencialno skodljivega ucinka
PRP zaradi prisotnosti TGF-B, temvec dokazali pozitiven ucinek tako na celi¢ni metabolizem kot na
proliferacijo. Ti rezultati dodobra korelirajo z rezultati iz prejsSnjih Ze objavljenih raziskav, ki so pokazale
pozitivne ucinke PRP in nekaterih posameznih rastnih faktorjev v procesu regeneracije skeletne misice
(88-91,118,119). Ti ucinki so bili statisticno pomembno vedji v primerjavi z dekorinom, ki pa zaenkrat
velja za najmocnejSega regulatorja brazgotinjenja in miogene diferenciacije v procesu misic¢ne

regeneracije (11,24,64,65).

Rastni faktorji iz PRP zniZajo ekspresijo TGF-8 in MSTN v kulturah mioblastov in vitro

Kljub temu, da PRP predstavlja pomemben vir TGF-B, se koncentracija tega rastnega faktorja v kulturi
mioblastov po gojenju s suplementom PRP zniZa, presenetljivo tudi v primerjavi z dekorinom, enim
izmed najmocnejsih zaviralcev TGF-B (62). Mehanizem takSnega rezultata zaenkrat ostaja nepojasnjen,
najverjetneje pa gre za sinergisticen ucinek ostalih rastnih faktorjev, ki privedejo do koncnega

celokupnega zniZanja koncentracije TGF-B.

MSTN proizvajajo skeletno misi¢ne celice in navadno ni prisoten v preparatih koncentriranih avtolognih
trombocitov. Kljub temu pa je prisoten v krvnem obtoku in se v omenjenih preparatih na ta nacin
teoreti¢no lahko pojavi. Vendar pa je koncentracija MSTN po gojenju mioblastov s suplementom PRP
upadla oz. skoraj dosegla raven zniZanja, ki jo povzroci dekorin. Sicer v literaturi ni moc najti pomisleka
zaradi z MSTN povzrocene fibroze po intramuskularnem injiciranju PRP, pa vendar daje ta ugotovitev

pomemben podatek o misi¢ni regeneraciji pod vplivom avtolognih rastnih faktorjev.

Sicer Ze sam PRP znizuje koncentracijo TGF-B v kulturi mioblastov, pa vendar je z dodatkom dekorina

moc¢ doseci Se dodatno zaviranje aktivnosti tega rastnega faktorja. Po ko-kultivaciji s PRP in dekorinom
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pride namrec do statisticno pomembnega dodatnega znizZanja izrazanja TGF-B, kar kaze na pomemben

sinergisti¢en uc¢inek obeh ucinkovin.

PRP in dekorin promovirata miogeno diferenciacijo mioblastov In vitro

V procesu misi¢ne regeneracije pride do aktivacije satelitskih celic, ki se iz stanja mirovanja ob povecani
ekspresiji DMR diferencirajo v miofibroblaste. Del populacije satelitskih celic ostane v stanju mirovanja
in neaktivnosti, s tem pa predstavljajo vir regeneracijskih celic za morebitne procese celjenja v
prihodnosti. Ves ta proces je moc¢no reguliran s strani TGF-f in MSTN (25,31,120-122). V raziskavi smo
poleg zniZanja Stevila neaktiviranih prekurzorskih celic v skupinah zdravljenih s PRP oz. dekorinom ter
njuno kombinacijo v primerjavi s kontrolno skupino opatzili tudi zniZzanje Stevila nezrelih aktiviranih
celic, ki od DMR izrazajo samo MyoD. Na ta ra¢un smo obenem opazili statisticho pomembno
povecanje Stevila celic, ki so ob MyoD hkrati izrazale tudi miogenin, kar je znacilnost kasnejse faze
miogene diferenciacije. V tem primeru je sinergisti¢en ucinek PRP in dekorina ociten, saj je kombinacija
privedla ne le do povecanega Stevila aktiviranih satelitskih celic, temvec glede na izrazanje dejavnikov
miogene regeneracije, MyoD in miogenina, tudi do pomembnega pomika v smeri miogene

diferenciacije.

Pokazali smo tudi, da pride po gojenju celic ob dodajanju PRP in dekorina do izrazitega povisanja
izrazanja dezmina, ki je misi¢no-specificen intermediarni filament, znacilen za zgodnjo oz. pozno fazo
miogeneze (123). Ekspresija dezmina je uravnavana s strani MyoD in miogenina in je kot prvi protein
citoskeleta, ki se izraZza v procesu miogeneze, eden izmed klju¢nih pokazateljev miogene diferenciacije
(124,125). Tirezultati dobro korelirajo s povisanim izrazanjem dejavnikov miogene regeneracije, ki smo
jo dokazali s pomocjo pretocne citometrije in sluZijo kod dodaten dokaz miogenega premika v smeri

terminalne diferenciacije mioblastov.
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6. OMEJITVE RAZISKAVE IN MOZNOSTI NADALIJNJIH RAZISKAV

Ob vzpodbudnih rezultatih, ki smo jih pridobili v opravljeni raziskavi, pa je potrebno omeniti tudi
omejitve le-te in jih upostevati pri sami interpretaciji. Nezanemarljivo je kot prvo dejstvo, da nismo
posebej opravili analize sestave PRP, ki smo ga uporabili ob kultivaciji gojenih celic. V poglavju o
metodah smo sicer opisali postopek priprave, pri katerem je v literaturi zapisano, kakSno koncentracijo
trombocitov in s tem rastnih faktorjev pridobimo pri prav takSnem postopku s prav takSnim aparatom.
Sicer je to pomembno vprasanje in glede na zanimive rezultate, ki smo jih pridobili, gre za zanimivo
podrocje za prihodnje raziskave s ciljem ugotoviti, katera sestavina PRP nosi dominanten ucinek pri

vzpodbujanju miogeneze.

Ob tem ostajajo odprta tudi nekatera druga vprasanja, med njimi morda celo najpomembenjse o
ucinkovitosti in racionalnosti uporabe enkratnega bolusa koncentriranih trombocitov v Zivem
organizmu, pri katerem pride takoj po aplikaciji tako do sprosc¢anja rastnih faktorjev kot tudi do
njihovega izplavljanja iz »tar¢nega« tkiva. Omenjena problematika zagotovo predstavlja izziv za razvoj
raznih bioloskih nosilcev, ki bi hkrati skrbeli za postopno sproséanje rastnih faktorjev v regenerirajoce
se tkivo in jih dolo¢en cas tudi zadrzevali v njem. Neodgovorjeni ostajata tudi vprasanji o tocni
koncentraciji preparata PRP in optimalnem reZimu aplikacije v klini¢ni uporabi, na kateri bodo morale
v prihodnje odgovoriti raziskave sprva z uporabo Zivalskih modelih. Zavedati se je tudi potrebno, da
izsledki studij na celi¢nih modelih ne ponujajo popolnega vpogleda v ucinek rastnih faktorjev in ostalih
ucinkovin, predvsem na racun odsotnosti homeostatskih in ostalih parakrinih mehanizmov, znacilnih

za vecceli€ne eksperimentalne modele in vivo.

Podobno velja za dekorin, pri katerem pa gre za rekombinantni glikoprotein, katerega uporaba je
zaenkrat striktno omejena na neklincna raziskovanja. V prihodnjih raziskavah bo potrebno temeljito
preuciti tako optimalne koncentracije kot ¢asovni rezim aplikacije te ucinkovine. Ob tem je treba
upostevati tudi dejstvo, da je dekorin kot zaviralec miostatina na seznamu prepovedanih substanc
mednarodne protidopinske agencije in bo tako ostalo vsaj tako dolgo, dokler ne bo ustreznih dokazov

o tem, da njegova lokalna aplikacija v miSi¢no tkivo nima potencialnih sistemskih ucinkov.

Dodaten problem pri klinicni uporabi dekorina predstavlja njegova potencialna imunogenost. Kljub
temu, da so z rekombinantno tehnologijo pridobljene uc¢inkovine v svojih sekvencah izredno podobni
izvornim C¢loveskim proteinom, pa je pri njihovi uporabi zmeraj moZen pojav razvoja protiteles (126).
Primerjava med prasi¢jim in rekombinantnim humanim inzulinom je na primer pokazala, da kljub temu,

da je slednji manj imunogen, povzroca tvorbo protiteles pri 44% bolnikov s sladkorno boleznijo (127).

41



Imunski pojavi se lahko kaZejo bodisi kot alergijske reakcije bodisi vodijo degradacijo apliciranega

rekombinantnega zdravila in s tem zniZzanjem ucinka oz. potrebo po ve¢anju odmerka.
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7. ZAKLUCEK

Z raziskavo smo testirali tri zastavljene hipoteze, pri cemer smo eno potrdili delno, druge v celoti:

e Potrdili smo hipotezo, da rastni faktorji iz trombocitne avtologne plazme po aplikaciji v kulturo
gojenih mioblastov privedejo do povecanega izrazanja pozitivnih markerjev celi¢ne
regeneracije (MyoD, miogenin)

e Zavrgli smo hipotezo, da pride zaradi TGF-B, enega izmed vsebujocih rastnih faktorjev v
avtologni trombocitni plazmi, hkrati tudi do povecanega izraZzanja negativnih dejavnikov
celicne regeneracije (miostatin, TGF-B);

e Potrdili smo hipotezo, da antagonist TGF-B zavira delovanje TGF-B, ki je ena izmed komponent
avtologne trombocitne plazme, zaradi ¢esar pride po hkratni aplikaciji rastnih faktorjev iz
trombocitne avtologne plazme in antagonista TGF-B do sinergisticnega ucinka - povecanega
izrazanja pozitivnih markerjev celicne regeneracije in znizanja negativnih dejavnikov celi¢cne
regeneracije;

e Potrdili smo hipotezo, da pride po hkratni aplikaciji rastnih faktorjev iz trombocitne avtologne
plazme in antagonista TGF-B v celicno kulturo do sinergisticnega ucinka - obseZnejse

proliferacije in miogene diferenciacije mioblastov.

Aktivacija satelitskih celic in miogena diferenciacija proliferirajocih mioblastov sta dva klju¢na koraka v
avtologne trombocitne plazme igrati pomembno vlogo kot potencialna terapevtska moZnost pri
zdravljenju misi¢nih poskodb, kljub dejstvu, da predstavljajo signifikanten dodaten vir TGF-B. V
kombinaciji z dekorinom, antagonistom tega citokina lahko njegov ucinek Se dodatno zaviramo. Nasa
raziskava predstavlja ne samo vpogled v molekularne mehanizme in u¢inke PRP na skeletno misi¢nih
celicah, temvec ponuja novo moZnost v snovanju bioloske terapije misi¢nih poskodb. Kljub temu, da
so za potrditev dejanske vloge PRP pri zdravljenju misi¢nih poskodb potrebne Se nadaljnje raziskave in
vivo, pa na podlagi nase raziskave kaze, da utegne kombinacija PRP in dekorina imeti svoje mesto pri

doseganju ucinkovitejSe misi¢ne regeneracije.
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Abstract

Regeneration of skeletal muscle after injury is limited by scar formation, slow healing time
and a high recurrence rate. A therapy based on platelet-rich plasma (PRP) has become a
promising lead for tendon and ligament injuries in recent years, however concerns have
been raised that PRP-derived TGF-f could contribute to fibrotic remodelling in skeletal mus-
cle after injury. Due to the lack of scientific grounds for a PRP -based muscle regeneration
therapy, we have designed a study using human myogenic progenitors and evaluated the
potential of PRP alone and in combination with decorin (a TGF-B inhibitor), to alter myoblast
proliferation, metabolic activity, cytokine profile and expression of myogenic regulatory fac-
tors (MRFs). Advanced imaging multicolor single-cell analysis enabled us to create a valu-
able picture on the ratio of quiescent, activated and terminally committed myoblasts in
treated versus control cell populations. Finally high-resolution confocal microscopy validat-
ed the potential of PRP and decorin to stimulate the formation of polynucleated myotubules.
PRP was shown to down-regulate fibrotic cytokines, increase cell viability and proliferation,
enhance the expression of MRFs, and contribute to a significant myogenic shift during dif-
ferentiation. When combined with decorin further synergistc effects were identified. These
results suggest that PRP could not only prevent fibrosis but could also stimulate muscle
commitment, especially when combined with a TGF-B inhibitor.

Introduction

Musculoskeletal injuries that result in the necrosis of muscle fibres are frequently encountered
in clinical and sports medicine [1,2]. Despite their clinical significance, current therapeutic
options remain rather conservative and include the RI.C.E. (rest, ice, compression, elevation)
principle or the controversial therapy using corticosteroids as well as non-steroidal anti-
inflammatory drugs [3].
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Figure 1. Sch tii ion of I ation on the r latory level. During skeletal muscle regeneration various MRFs are being
expressed (in blue). Satelllte cells differentiate into myoblas's which proliferate and either further differentiate into polynucleated myotubules or transform into
myofibroblasts. TGF-B and MSTN play an important role in inhibiting/stimulating these steps (marked with +/- symbols).

doi:10.1371/journal.pone.0117302.g001

Injured skeletal muscle has regenerative capacities and can repair spontaneously; however,
this process is often incomplete because of overgrowth of the extracellular matrix and the depo-
sition of collagen, which leads to significant fibrous scarring [4,5,6]. Fibrotic remodelling fur-
ther limits the functionality of the muscle and represents a significant risk factor for the injury
to recur.

Platelet-rich plasma (PRP), an autologous platelet concentrate, has gained popularity for
the therapy of tendon and ligament injuries [7] despite few and limited relevant scientific re-
ports about its equivalent therapeutic efficiency. PRP is isolated by the centrifugation of whole
blood, obtained from an individual, allowing extraction of thrombocytes rich in granules con-
taining various growth factors [8]. As such, the patient-derived endogenous preparation is the-
oretically perfect to be administered locally at the site of the tissue injury. Several individual
PRP-derived growth factors have positive regenerative effects in muscle healing [9,10,11,12];
nonetheless, PRP-derived TGF-f could potentially stimulate fibrosis as shown previously
[1,13]. Because of its presence in PRP, its application into skeletal muscle raises concerns due
to the risk of even greater fibrotic remodelling of the tissue [14].

Fibrotic effects of TGF-P are balanced by decorin, a component of the extracellular matrix
of all collagen-containing tissues [15]. It has been shown that decorin inhibits both TGF-p as
well as myostatin (MSTN), which is another, skeletal muscle-specific, member of the TGF-p
superfamily [16,17,18,19,20]. Both cytokines up-regulate the expression of each other [19] and
inhibit the activation of satellite cells [14,21,22], myoblast proliferation [19,23] as well as their
myogenic differentiation [13,24,25]. Alternatively they promote fibroblast commitment
[1,5,19] (Fig. 1). We hypothesise that by the simultaneous use of the anitfibrotic agent decorin
with PRP we might reduce TGF-B-dependent fibrotic scaring while at the same time stimulat-
ing muscle regeneration via the introduction of homologous growth factors.
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A typical feature during muscle differentiation are transient changes in the expression levels
of various muscle specific transcription factors [26] (Fig. 1). Myogenic regulatory factors
(MRFs) such as Pax3/7, Myf5, MyoD, myogenin and Mrf4 are expressed exclusively in skeletal
muscle [27] and govern the expression of multiple genes during myogenesis [28,29]. MyoD is
required for the determination of skeletal myoblasts whereas myogenin acts later in the pro-
gram, likely as a terminal differentiation factor [27]. Although it has been shown that decorin
alters the expression of MRFs in skeletal muscle after injury, such a mode of action has not yet
been studied with PRP. Furthermore, despite the results from two recent studies showing posi-
tive effects of PRP on skeletal muscle proliferation, no data about TGF-B and MSTN expression
has been provided [30,31].

In our study we used a human CD56 positive myoblast cell line and evaluated the potential
of PRP alone and in combination with decorin, a TGF-p inhibitor to alter myoblast prolifera-
tion, metabolic activity, TGF-p and myostatin activation and expression of myogenic regulato-
ry factors (MRFs). Imaging flow cytometry enabled us to create a valuable and unique insight
into the ratio of quiescent, activated and terminally committed single myoblasts in treated ver-
sus control cell populations. Finally high-resolution confocal microscopy validated the poten-
tial of PRP and decorin to stimulate the formation of desmin-expressing
polynucleated myotubes.

Materials and Methods
Cell culture isolation and cultivation

We used the human CD56" positive myoblast cell line (hnMC) [32,33] previously characterized
and stored at the Institute of Physiology, University of Maribor. The hMC cell line was main-
tained in DMEM (Life Technologies Ltd, Paisley, UK) including 100 Units/ml of penicillin,

1 mg/ml of streptomycin and 2 mmol of L-glutamine, as well as 20% bovine serum (Life Tech-
nologies Ltd, Paisley, UK) at 37°C in an atmosphere of 5% CO,. The medium was routinely
changed every three days to the point of experimentation. Furthermore, during experiments
DMEM was used without serum to exclude the influence of contained growth factors and to
simulate conditions after injury as previously described by Li et al [30], while PRP and decorin
(R&D Systems, Minneapolis, MN, USA) were added to non-control wells.

Preparation of PRP-derived growth factors

PRP derived from various donors was prepared as previously described by Doucet et al. and
Schallmoser et al. [34,35,36]. All participants provided their written consent to participate in
the study. The consent procedure and the study were approved by the Slovenian national ethics
committee and the institutional review board at the University Medical Centre Maribor. One
hundred ml of blood was collected from five single blood donations. Blood was drawn into a
tube containing 10 mL Acid Citrate Dextrose (ACD-A) anticoagulant. Five mL of PRP was
then prepared using a Magellan Plasma Separator (Medtronic, Minneapolis, USA) according
to the manufacturer's protocol. Furthermore, we froze the PRP units to-80°C without further
manipulation. This was followed by thawing of the units in a water bath at 37°C until ice clots
disappeared. We repeated this process 5 times in order to lyse the platelets and release the
growth factors. Mechanical lysis was the method of choice in order to preserve chemically un-
hampered samples. The solution was centrifuged for 10 minutes at 1,500 rpm, and the superna-
tant was used for ultrafiltration (0.22 pum filter size) in order to remove any residual particles as
these tend to aggregate and may induce alloimmunization. One point five mL of suspension
containing growth factors was diluted with DMEM (Sigma-Aldrich, Grand Island, USA) in
order to make 5%, 10% and 20% solutions of PRP-derived growth factors.
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Viability of treated cell cultures

To determine the effect of PRP-derived growth factors and decorin on the viability of hMC we
performed a Tetrazolium [3-(4,5-Dimethylthiazol-2-Y1)-2,5-Diphenyltetrazolium Bromide]
(MTT) assay. The cells were seeded at 10,000 cells/well in 96-well plates at 37°C in a humidified
CO, incubator until they were confluent. DMEM prepared with different concentrations of
PRP exudates (5%, 10%, and 20%) and decorin (10 ng/mL, 25 ng/mL, and 50 ng/mL) were
added to the cells, which were further cultured for 4 hours. MTT 5 mg/mL (Sigma) was used
for the quantitative determination of cell viability as previously described [37,38].

Proliferative ability of exposed cell cultures

To perform the cell proliferation assay, hMCs were separately seeded at 10,000 cells/well in 96-
well plates at a concentration of 30 viable cells per well. DMEM prepared with different con-
centrations of PRP exudates (5%, 10%, and 20%) and decorin (10 ng/mL, 25 ng/mL, and

50 ng/mL) were added and incubated for 7 days at 37°C in an atmosphere of 5% CO,. After
incubation we stained the cells with crystal-violet and measured the absorbance at 595 nm.

Enzyme-Linked Immunosorbent Assay

Cells were seeded at 10,000 cells/well on 96-well plates. After 48 hours of incubation with 10%
and 20% PRP-exudate and decorin (25 ug/mL) the TGF-B and MSTN levels in supernatants
were assayed using commercially available enzyme-linked immunosorbent kits (Invitrogen
Co., Camarillo, USA and USC Life Science Inc., Wuhan, China) following the manufacturer's
protocol. Additionally, we measured the TGF-B concentration in a PRP exudate sample only to
show its presence before applying it to the culture. Triplicates were performed for all assays.

Myogenic differentiation

For myogenic differentiation, myoblasts were seeded in 4-well chamber slides at 10,000 cells/
well and 48-well plates at 5,000 cells/well. After 24 hours PRP-exudate, decorin and their com-
bination was added to DMEM without bovine serum, while no drug was added to the control
group. After immunostaining, the cells were prepared for microscopical examination and
Image Stream single-cell analysis to evaluate the expression of cell surface markers such as
CD56 and the myogenic markers MyoD, Myogenin and desmin as further described below.

Confocal imaging. Inmunocytochemical staining was performed as previously described
[39]. Briefly, the cells were seeded in 4-well chamber slides and cultured with a 10% PRP exu-
date, decorin 25 ng/mL and their combination. After 4 days the cells were fixed, permeabilized
and stained with primary and secondary antibodies against desmin (FITC), o-tubulin (goat-
anti rabbit IgG Cy3), and nuclei (DRAQ5), all obtained from Abcam (Cambridge, UK). Tripli-
cates were performed for the analysis. Optical images were acquired at the center of chamber
slides where the cell density is at its highest using a Leica TCS SP5 II confocal microscope
(Leica Microsystems Ltd., Mannheim, Germany) and analyzed using Photoshop CS6 (Adobe,
San Jose, USA), where a “Color Range” tool was used in combination with a histogram palette
to count the pixels that correspond to desmin-positive areas in an image.

Imaging multicolor flow cytometry. In order to quantitatively determine myogenic
differentiation of cultured myoblasts, we analyzed the cells using the imaging flow cytometer
ImageStreamX (Amnis Corporation, Seattle, USA). After harvesting, followed by permeabiliza-
tion, we stained the cells simultaneously with antibodies against CD56 (CD56-APC conjugate;
BD Pharmingen, Heidelberg, Germany), MyoD (goat MyoD and bovine anti-goat IgG PE
conjugate; Santa Cruz GmbH, Heidelberg, Germany) and myogenin (AlexaFluor 488; R&D
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Systems, Abingdon, UK) according to the manufacturer’s protocols. We acquired cell images
of 5,000 events per sample at 40 x magnification using 488 nm and 658 nm lasers and fluores-
cence was collected using three spectral detection channels. For triple-stained cells (CD56,
MyoD and Myogenin), three single-stained controls were used to compensate fluorescence be-
tween channel images. Cell images were analyzed with the IDEAS image-analysis software
(Amnis). First, we gated the aspect ratio versus cell area to isolate a population of single cells
on a bivariate plot. Cells within the focal plane were further selected using a two-dimensional
plot of image contrast versus root-mean-squared (rms) gradient. We scouted for the presence
of MyoD and myogenin exclusively in CD56 positive cells by measuring the intensity of each
probe. Results are expressed as percentage ratios between the cells positive for CD56 only,
those additionally positive for MyoD and those expressing also myogenin or myogenin alone
in each treated and untreated population of cells, respectively.

Statistical analysis

Data collected was analyzed using the Statistical Package for Social Sciences (SPSS) version 16.
All of the results from this study are expressed as the mean +/- S.D. The differences between
means were considered statistically significant if p < 0.05. Comparison between groups was
made by a Student’s t test, two-way ANOVA for multiple comparisons and Bonferroni post-
hoc analysis. A Chi? test was used to analyze the results from image flow cytometry. SPSS soft-
ware was used for statistical analysis.

Results
PRP enhances viability of hMCs

The mitochondrial activity of cells, as determined by the MTT assay, was significantly in-
creased (p<0.001) after exposure to tested concentrations of PRP exudates. Similarly, viability
was elevated in all tested concentrations of decorin, except 50 ng/ml (Fig. 2). PRP 20% and
10% exudates enhanced the viability of cells to more than 400% when compared to the control
(p<0.001). The viability of cells treated with PRP exudates was also significantly higher when
compared to both decorin concentrations of 25 ng/ml and 50 ng/ml (p<0.001) whereas there
was no significant difference between 10% and 20% PRP exudate concentrations.
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Figure 2. MTT assay. Three independent tests were performed and the results were expressed by the mean
ratios (%, + SD) of absorbance in treated wells to those in control wells. ANOVA, *p<0.001, **p<0.05
compared to control.

doi:10.1371/journal.pone.0117302.9002
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Figure 3. Myoblast proliferation rate. The figure shows the proliferation of myoblasts after 7 days of incubation with DMEM supplemented with decorin 10
ng/ml, decorin 25 ng/ml, 10% PRP exudate and 20% PRP exudate. Three independent tests were performed and the results are expressed by the absolute
absorbance values (in blue) and mean ratios (%, + SD) of absorbance in treated wells to those in control wells (in grey). ANOVA, *p<0.001 compared

with control.

doi:10.1371/journal.pone.0117302.9003

PRP enhances the proliferative ability of h(MC

We performed a crystal violet assay to determine the proliferative rate of cells incubated for 7
days with two different decorin and PRP exudate concentrations (Fig. 3). Both decorin concen-
trations did not show a significant effect on cell proliferation compared to the control; however,
cultivation with both PRP exudates leads to a 5-fold increase in cell proliferation (p<0.001)
with no significant differences between them.

PRP and decorin—both and in combination down-regulate TGF-p and
MSTN expression by hMCs

Decorin was shown to down-regulate the expression of TGF-B when compared to the control
by more than 15% (0.552+0.014 vs. 0.676+0.008 p<0.001) but significantly less than both 10%
and 20% PRP exudate concentrations (0.466+0.0.017 and 0.467+0.00027 p<0.005). Tested
PRP exudates significantly down-regulated TGF-p expression by more than 30% (p<0.001)
(Fig. 4). The pure PRP exudate sample is more than 30% (0.913+0.011 vs. 0.676+0.008,
p<0.001) richer in TGF-B concentration than a control sample of cultivated muscle cells con-
firming that PRP represents an exogenous source of TGF-p.

Similarly, the MSTN expression levels were significantly down-regulated by both decorin and
PRP exudates (Fig. 4). MSTN levels of cells treated with decorin were decreased by 28.4%
(p<0.001) and 23.1% by PRP (p<0.001) when compared to the control group. There was no sig-
nificant difference between both PRP exudate concentrations withregard to MSTN expression.

Since no significant differences in cell viability and cytokine expression of 10% and 20%
PRP exudates were found, we performed further experiments with a lower exudate concentra-
tion (10%). When cultivating cells with a combination of decorin 25 ng/ml and 10% PRP exu-
date, the TGF-B cytokine expression was further down-regulated by 59.9% when compared to
the control and twice as much when treated with PRP exudate or decorin alone (Fig. 5). MSTN
levels were decreased by 24% compared to the control but were not significantly lower than in
cells treated with PRP exudate or decorin alone.

PRP and decorin act synergistically towards myogenic differentiation of
hMCs

ImageStream analysis revealed the differences in myogenic differentiation between the control,
PRP and decorin treated groups, as well as their combinations. We captured and analyzed
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Figure 4. TGF-B and myostatin expression. (a) Cultured myoblasts incubated with DMEM and supplemented with decorin 10 ng/ml, decorin 25 ng/ml, 10%
PRP exudate and 20% PRP exudate (ELISA). Cytokine expression was measured after 48 hours of incubation. (b): TGF-B expression. (c): MSTN
expression. Three independent tests were performed and the results were expressed by the absolute absorbance values (in grey) and mean ratios (%, + SD)
of absorbance in treated wells to those in control wells (in blue). ANOVA, p<0.001 compared with control, *p<0.005 compared with decorin. In PRP group,
no cells were growing in the well in order to determine the TGF-f content in PRP.

doi:10.1371/journal.pone.0117302.g004
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Figure 5. TGF-B and MSTN expression (ELISA). Three independent tests were performed for each
cytokine and the results are expressed by the mean ratios (%) of absorbance in treated wells to those in
control wells. ANOVA, p<0.001 compared to control.

doi:10.1371/journal.pone.0117302.g005
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doi:10.1371/journal.pone.0117302.g006

5,000 cells of each population positive for CD56. Further cells were hierarchically gated accord-
ing to co-expression of CD56 and MyoD and/or myogenin as markers of early and late stages
of differentiation (Fig. 6).

In the PRP-treated group 39.1% more myogenin positive cells were detected compared to
the control. Moreover, there was a 3.09% increase in cells positive only for myogenin, whereas
no such cells were found in the control cell population. The population of cells positive only
for myogenin is considered as fully differentiated and capable of fusion into myotubes as well
as future mucle fibers and is thus of great importance for muscle regeneration. At the same
time 20.6% fewer cells remained quiescent (positive only for CD56). Cells positive for both
MyoD and myogenin represent the population that shifted significantly towards mature myo-
cites during myogenesis but are not yet fully committed.

While decorin alone led only to a slightly increased differential shift when compared to
PRP, it was shown to exert a synergistic effect with PRP. The combination led to a 16.7%
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Figure 7. Desmin expressing myotubules. Immunofluorescence staining for merged stained nuclei (blue),
a-tubulin (red), and desmin (green). Three independent tests were performed and the results are expressed
by the mean values of “Selective color” pixel count (in grey) and mean ratios (%, + SD) of pixel count in the
treated group to those in control groups (in blue). ANOVA, * p<0.01, ** p<0.005 compared with the control.
(a) control, (b) decorin-treated group, (c) PRP-treated group, (d) PRP and decorin-treated group. Evident
differences can be seen in the polynucleated myotubules count and in desmin expression among the control
and PRP and/or decorin treated groups. Scale bar = 200 um.

doi:10.1371/journal.pone.0117302.g007

increase in cells positive for both myogenin and MyoD (compared to PRP alone). When com-
pared to the control, the combination led to a 60.4% increase in cells positive for myogenin and
MyoD and a 46.2% decrease among quiescent cells (only CD56").

In order to visualize the cultured cells and study the presence of desmin-containing myo-
cites we took photomicrographs using a confocal laser microscope. We stained the nuclei,
o-tubulin, to visualize the cell cytoplasm, and desmin, an intermediate filament as one of the
key markers of myogenic differentiation of myoblasts [39,40]. A color selection tool and histo-
gram analysis were performed using Adobe Photoshop to count the pixels as desmin positive
(Fig. 7). A statistically significant up-regulation of desmin expression (p<0.01 for the PRP
treated group, p<0.005 for the decorin and PRP + decorin treated groups) was present in all
therapeutic groups when compared to the control. While no significant difference was found
between the PRP and decorin-treated groups, their combination led to a more than 3-fold in-
crease (p<0.005) of desmin expression when compared to single bioactives.

Discussion

Despite the limited number of relevant reports confirming its value, platelet-rich plasma (PRP) as
a source of autologous growth factors is widely used in therapy of tendinopathies and ligament in-
juries. Recently, increasing tendencies [41,42] to use PRP to improve skeletal muscle regeneration
after injury, raise concerns especially because of one PRPs specific growth factor TGF-p, which is
known to impair the process of muscle regeneration. However, our study suggests the opposite.
By improving the metabolic activity of myoblasts, we not only excluded the potential cytostatic ef-
fect of PRP, but also showed its positive effect on the viability as well as the proliferation of hMC.
These findings correlate well with a few previous publications about the positive effects of PRP
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and various individual growth factors on skeletal muscle regeneration [9,10,11,12,30,43]. The in-
hibitory effects on TGE-B caused by PRP were also significantly higher when compared to dec-
orin, which was identified as a powerful regulatory agent of muscle regeneration [17,19,20,26].

Although PRP represents a significant source of TGF-B, its overall expression in hMC was
down-regulated and was surprisingly greater when compared to hMC treated with decorin,
which is one of the most potent TGF-p antagonists [44]. The mechanism behind such an effect re-
mains unknown. It seems as though there is a synergistic connection between multiple PRP-
derived growth factors responsible for the outcome and this will be the focus of our future studies.

MSTN is produced rather by skeletal muscle cells and is normally not present in autologous
platelet concentrates. Although MSTN does circulate in the blood and may therefore theoreti-
cally appear in the preparation no concerns about MSTN-induced fibrotic remodelling after in-
tramuscular PRP injection are found in the literature. However, our data shows that MSTN
expression by hMC was down-regulated when treated with PRP in comparison to non-treated
cells and almost reached the regulatory level of decorin which is believed to be one of the stron-
gest inhibitors of MSTN activity.

PRP itself down-regulates TGF-B expression in hMC and further reduction is possible with
additional inhibition of TGF-P by decorin. After co-cultivation of hMC with PRP and decorin,
a60% decrease in TGF-P expression was identified indicating their synergistic effect.

During muscle regeneration satellite cell progenitors are being activated from the quiescent
state followed by the expression of MRFs, while some of the satellite cells remain inactive to pro-
vide a further regenerative scaffold. The whole process is mediated by TGF-p and MSTN [45,46]
[47,48,49]. Advanced single-cell analysis showed a significant increase of cells expressing MyoD
and/or myogenin, which are both MRFs characteristic for myogenic differentiation. Again, syn-
ergism of PRP and decorin is evident as the combination of both leads not only to a duplicated
count of active satellite cells, but also to a significant shift in myogenic terminal differentiation.

We also showed an evident increase in desmin expression, as well as polynuclear cell count
after PRP and decorin treatment. Desmin is a muscle-specific intermediate filament protein ex-
pressed early and late in the myogenic program and accumulated during myogenesis In vitro
[50]. Tts expression is directly controlled by MyoD and myogenin and is, as the first expressed
cytoskeletal protein during myogenesis, one of the key markers of muscle commitment [51,52].
Our findings correlate with the up-regulation of MyoD and myogenin activation detected
using imaging flow cytometry, and serve as additional proof of myogenic shifts towards termi-
nal myoblast differentiation.

Conclusion

Activation of satellite cells and myogenic differentiation of proliferating myoblasts are two crucial
steps for effective skeletal muscle regeneration. Our findings suggest that preparations of autolo-
gous growth factors might act as a relevant therapeutic option for skeletal muscle injuries, despite
the fact that they represent an additional source of TGF-p. In combination with TGF-f antago-
nist decorin, the effect of this cytokine can be eliminated. This study presents not only new
mechanistic insights into the effects of PRP, but also a possible new therapeutic approach for in-
jured skeletal muscle. Although human studies are due to take place in order to confirm the In
vivo value of our findings, it seems that decorin-supplemented PRP therapy can be rationalized.
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ABSTRACT: Cell cultures have been used extensively by many
scientists in recent decades to study various cell and tissue
mechanisms. The use of cell cultures has many advantages over
use of in vivo experimental models, but there are also limitations.
As skeletal muscle—derived cell cultures become more com-
monly utilized in studies of muscle regeneration processes the
question of their relevance in experimentation is highlighted with
regard to in vivo experimental models. This article reviews stud-
ies that have been performed simultaneously in in vivo and in
vitro experiments on skeletal muscle and assesses the correla-
tion of results. Although they seem to correlate, no such studies
on humans have been performed so far.

Muscle Nerve 000: 000-000, 2013

For many years cell cultures have been used
extensively by biologists, physiologists, pharmacists,
geneticists, biochemists, nutritionists, and other sci-
entists. These cultures are used to study the mech-
anisms and control of growth, differentiation, pro-
liferation, and gene expression; to test toxicity and
screen drugs; for recombinant protein production;
and for purposes of reimplantation. Because in
vitro platforms do not simulate the complex cell-
cell and cell-matrix interactions that are crucial
for regulating cell behavior in vivo,' and because
of the strict regulatory restrictions limiting the use
of animal models,”> human-based tissue-like con-
structs for disease modeling and drug testing have
been developed extensively in recent decades.

Cell cultures were first devised at the end of
the 19th century, when Wilhelm Roux removed a
section of the medullary plate of an embryonic
chicken and maintained it in a warm saline solu-
tion for several days. In 1907, Harrison was the
first to study the behavior of animal cells free of
systemic variations that might arise in vivo, both
during normal homeostasis and under the stress of
experimentation, when he demonstrated the

Abbreviations: ARB, angiotensin receptor blocker; COX-2, cyclooxygen-
ase-2; DCN, decorin; FOTM, folistatin-overexpressing transgenic mice;
MRF, muscle regeneratory factor; MRF4, muscle regeneratory factor 4;
MSTN, myostatin; Myf5, protein, a member of MRF family; MyoD, protein,
a member of MRF famiy; NSAID, non-steroid anti-inflammatory drug;
RJIMC, skeletal muscle cell line; TGF-p, transforming growth factor-beta;
2-SMA, alpha-smooth muscle actin; IFN-y, interferon-gamma
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Skeletal Muscle-Derived Cell Cultures

growth of frog nerve cell processes in a medium of
clotted lymph.3 About 40 years later the first per-
manent cell line was developed by Earle from sub-
cutaneous mouse tissue.* One of the first signifi-
cant applications of cell cultures arose from the
observation that poliovirus could be cultured in
simian and human kidney cells as opposed to
nerve tissue. Soon after live attenuated vaccines for
polio were developed, they were also produced in
kidney cell lines.” In the 1960s, Chinese hamster
ovarian cells were introduced and grown in a cul-
tured monolayer, thereby offering a good basis for
biological and medical research. The development
of technologies to economically express proteins
from mammalian cells began in the 1970s and
1980s. In the last 3 decades we have witnessed a
>6-fold increase in publications describing cell cul-
ture experiments (Fig. 1).

Cell cultures have been of great importance in
understanding  intracellular activity and flux,
genomics, proteomics, and cell-cell interactions
over a wide field of applications (Table 1). Their
major advantages over in vivo systems include the
ability to control the physiochemical environment
and physiological conditions. Although tissue sam-
ples are invariably heterogeneous, cultured cell
lines assume a homogeneous constitution after 1
or 2 passages.ﬁ At each subculture, replicate sam-
ples are identical, and their shared characteristics
may be perpetuated over several generations.
Because of virtually identical replicates, simplifica-
tion of statistics is another advantage of cell lines
as experimental models.

Experiments using cell cultures also have an eco-
nomic benefit. Usually fewer reagents are needed,
as they can be applied directly into the culture and
at lower concentrations. There is no systemic excre-
tion or loss due to distribution to other tissues. Eco-
nomic benefit is also apparent through use of
screening tests, with many variables and replicates
with additional legal, moral, and ethical questions
of animal experimentation being avoided.”™

SKELETAL MUSCLE-DERIVED CELL CULTURES IN
BIOCHEMICAL RESEARCH

Cell cultures also have an important role in endo-
crine and orthopedic research. In recent decades,
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FIGURE 1. Number of results in PubMed for ‘cell culture’ from
1970 showing an increase in research on in vitro models.®
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

studies using cell cultures have led to important dis-
coveries of different cell and tissue processes, regen-
eration, and effects of exogenous materials on spe-
cific tissues. Skeletal muscle-derived cell cultures
have been the subject of increased interest in studies
of regeneration processes in injured and developing
muscles, especially when complementary to experi-
ments on in vivomodels. However, such studies using
both in vive and in vitro experiments have been per-
formed mainly using non-human cell cultures.
Skeletal muscle plays an important role not
only in body movements, postural support, and
heat production, but also in maintenance of home-
ostasis and metabolic regulation. Skeletal muscle is
one of the easiest tissues to culture in large
amounts, because it is plentiful and readily obtain-
able from a wide variety of species, including
humans (Fig. 2).9 As such, these tissues have been
used in studies of genetic muscule diseases'’ and

Table 1. Role of cell cultures in basic research®

Intracellular activity DNA transcription
Protein synthesis
Energy metabolism
Drug metabolism
Cell cycle
Differentiation
Apoptosis

RNA processing
Hormone receptors
Metabolite flux
Calcium mobilization
Signal transduction
Membrane trafficking
Genomics Genetic analysis
Transfection
Transformation
Immortalization
Senescence

Gene products

Cell phenotype
Metabolic pathways
Morphogenesis
Paracrine control
Cell proliferation
Kinetics

Metabolic cooperation
Cell adhesion and muotility
Matrix interaction
Invasion

Intracellular flux

Proteomics

Cell-cell interaction

cardiac grafting,” in microgravity experiments to
study the effects of low-gravity environments on
muscles,12 and, as major target cells of insulin
action, in studies on their role in diabetes
mellitus.'>'* In recent years, skeletal cell muscle
cultures have been used in studies of muscle
growth, regeneration, and repair during develop-
ment and after injury. Using modern technology
techniques, such as confocal microscopy, flow
cytometry, and DNA protein analysis, can offer

FIGURE 2. Isolated human skeletal myoblasts suitable for in vitro experimentation. (a) Primary culture of human skeletal muscle cell
under light microscope. (b) Human skeletal muscle cell culture under confocal microscope with stained nuclei (blue), =-tubulin (red),
and desmin (green). Myoblasts have fused into a large, centrally located multinucleated myotube. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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greater detailed insight into cellular physiology.
Identification of genes and transcription factors
involved in muscle proliferation and differentia-
tion has led to better understanding of skeletal
muscle regeneration, where the fusion of mono-
nucleated cells to form multinucleated myotubes
represents a central event.

A typical feature during muscle differentiation
is the variation in expression of various genes
along with myogenic factors."” Sequence-specific
myogenic regulatory factors (MRFs) are expressed
exclusively in skeletal muscle and regulate the pro-
cess of muscle deve]opment.]b

It is the role of MRFs to govern the expression of
multiple genes in myogenesis, from the engagement
of mesodermal cells in the muscle lineage to the dif-
ferentiation of somatic cells and the terminal differ-
entiation of myocytes into myoﬁbers.]7 MRF's consist
of a group of transcription factors that have been di-
vided into 2 functional groups. The primary MRFs,
MyoD and My£5, are required for determination of
skeletal myoblasts; the secondary MRFs, myogenin
and MRF4, act later, likely as differentiation fac-
tors.'® Discovery and identification of these MRFs
offer researchers new insights into the process of
muscle regeneration and tracking its individual
phases. Detailed understanding of molecular mech-
anisms has a key role in developing novel biological
targets and therapies. Recently, in vitro systems capa-
ble of inducing vigorous contraction of skeletal mus-
cle cells have been developed and have attracted
considerable attention. Until recently, analyses of
some specific mechanistic details could only have
been performed using whole animal experiments,
because conventional cell culture systems lack the
muscle contractile activity required for physiologi-
cally r]elevam energy expenditure and mechanical
stress.”® This has been shown to be of a great impor-
tance in studies of insulin- and exercise-induced glu-
cose uptake by skeletal muscle,m’m where contract-
ing human skeletal muscle cell cultures were
established by applying electrical pulse stimulation.
Such cell-based assays will be beneficial for decreas-
ing costs while leading to a more accurate predictive
capacity in drug discovery. 1®

For in wvitro models of skeletal muscle to be
adequate they need to mimic in vivo models and
cellular behavior. Muscle fibers undergo force in a
longitudinal direction under normal physiological
conditions in vivo during growth and exercise, and
it is also desirable for in vitro systems to simulate
such a panem.21 However, the various types of
stretching systems available differ with regard to
producing uniaxial or multiaxial**** stretch, which
is of great importance to consider when investigat-
ing pathophysiological responses in different
experiments.

Skeletal Muscle-Derived Cell Cultures

CORRELATION BETWEEN IN VITRO AND IN VIVO
RESULTS

Over the last 30 years, a number of in vitro experi-
mental models have been developed that show sim-
ilarities with muscle in vivo™ (see Table SI in sup-
plementary material). In 2003, Li et al.” studied
the induction of differentiation of myogenic cells
into fibrotic cells by transforming growth factor-
beta (TGF-f8) in injured skeletal muscles of normal
mice. Simultaneously, they cultured C2C12 murine
myoblast cells with TGF-f and used live mice for
intramuscular injection of TGF-f.

In vitro, they reported an increase of profibrotic
markers «-SMA, vimentin, and fibronectin, and a
decrease in myogenic markers of muscle regenera-
tion, MyoD and myogenin. After the injection of
TGF-f into muscles of mice, mononucleated cells
differentiated into fibrotic cells, which resulted in
scar tissue formation.

In both experiments they also added decorin
(DCN), a recombinant protein with a possible abil-
ity to antagonize the effects of TGF-fi, and showed
a decrease in fibrosisrelated proteins in vitro and
fibrotic differentiation in wvivo.

Also in 2003, Foster et al.%% tested the antifibrotic
effects of interferon-gamma (IFN-y) in regenerating
skeletal muscles. They used primary muscle-derived
murine fibroblasts and C2C12 myoblasts transfected
with a plasmid containing human TGF-f gene (CT
cells), both cultured with IFN-y. In mice, they per-
formed muscle laceration followed by intralesional
application of IFN-y. In the CT cells they noticed a
remarkable down regulation of fibrosis-related pro-
teins by IFN-y, as well as inhibition of fibroblasts and
overall growth of CT cells. In a group of mice
treated with IFN-y after muscle laceration, they
showed a decrease in fibrotic area, an increase in
regeneration, and improved physiological proper-
ties of injured muscles.

Zhu et al.?” studied the role of TGF-f, myostatin
(MSTN), and DCN in skeletal muscle growth regula-
tion in wild-type MSTN /" mice and on PPI fibro-
blasts from murine C2C12 skeletal muscle myo-
blasts. After culturing both cell lines with MSTN
they witnessed an increase in «-SMA and procolla-
gen mRNA expression in PP1, and MSTN stimula-
tion of differentiation of C2CI12 cells into myofibro-
blasts. Adding DCN, they neutralized the effects of
MSTN in both PP1 and C2C12 cells. After lacerating
muscles in wild-type MSTN ™/~ mice they showed
larger diameters of muscle progenitor cells in com-
parison to normal mice, with less fibrotic connective
tissue and elevated DCN expression.

To study antifibrotic effects of angiotensin II re-
ceptor blockade (ARB) in regenerating skeletal
muscle, Bedair et al.?® used a 3T8 murine fibro-
blast line, PP2 primary muscle fibroblast isolates,

MUSCLE & NERVE  Month 2013 3

70



and the C2CI12 myoblast line, all cultured with an-
giotensin II. They did not find any difference in
cell proliferation in any of the cell lines, but there
was a significant increase in the production of
TGF-f in fibroblasts. In an in vivo experiment, they
used immunocompetent mice for muscle lacera-
tion, followed by ARB injection at the site of the
injury. This, on the other hand, showed the
increase in regenerating myofibers and less fibrosis
within the zone of injury.

In 2005, Chan et al.*? tied to prevent scar tis-
sue formation in skeletal muscle after injury by
antagonizing TGF-f with suramin. They used fibro-
blasts from murine skeletal muscle and cultured
them with suramin. In 1 of the control groups
they showed that TGF-f stimulates fibroblast prolif
eration. In vitro, suramin increased the number of
regenerating myofibers.

In vivo, the research team induced strain inju-
ries to normal mice and injected suramin into the
muscle immediately after injury. Later, they
reported a decrease in fibrotic tissue and decreases
in fast-twitch and tetanic muscle strength.

Recently, Zhu et ul. % again used C2CI2 myo-
blasts, this time to test the role of follistatin in
muscle regeneration, angiogenesis, and fibrinogen-
esis after muscle injury. They cultured the C2C12
cell line with MSTN, follistatin, activin A, and TGF-
f, and found out that TGF-f inhibits myogenic dif-
ferentiation of myoblasts. Results show that follista-
tin prevented TGF-f from inhibiting myogenesis
and thereby stimulated myoblasts to undergo myo-
genic differentiation. To confirm these results in
an in vivo model, they used normal and follistatin-
overexpressing transgenic mice (FOTM) to per-
form a partial muscle laceration. Later in regenera-
tion, they found less MSTN in FOTM with greater
expression  of cD31+ capillary-like structures,
larger diameter regenerating muscle fibers, and
smaller collagen deposition and fibrotic area
development.

To study the controversial role of nonsteroidal
anti-inflammatory drugs (NSAIDs) after muscle
injury, some attempts have been made to assess
their effects on skeletal muscle regeneration. Bon-
desen et al. performed an in vitro experiment with a
COX-2 inhibitor and showed a slower proliferation
and maturation rate of differentiated myogenic pre-
cursor cells and thus delays in regenerative myogen-
esis.”™ In a muscle laceration mouse model
observed by another research group, the in wvivo
data were in agreement with in vitro results, with
expression of higher levels of TGF-f1, delayed mus-
cle regeneration, and higher fibrosis deposiu’on.%

To date, in all studies that have performed in
vitro and in vivo experiments on skeletal muscles,
animal models were used to see the correlation of

4  Skeletal Muscle-Derived Cell Cultures

both groups of experiments. However, as it is clear
that animal models are not relevant for human
studies, at the Department of Biochemistry and
Nutrition of the Faculty of Medicine and University
Medical Centre Maribor, we have established a
novel, stable human skeletal muscle cell culture
RJMC that can be readily differentiated.”*” The
RJMC cell line was established from skeletal
muscles derived from a healthy adult male by using
a limiting dilution technique. Cells are positive for
g-actin and myostatin. The cell line is functional,
because it responds with proliferation to treatment
with follistatin and other muscle-cell growth-stimu-
lating factors. Recently, Trapecar et al. (manuscript
in review) evaluated the potential of carbonated
mineral water to enhance muscle proliferation.
The study was simultaneously performed in a
three-dimensional model of the gut linked with
the RJMC muscle cell line and on human volun-
teers who had regularly consumed mineral water
daily. Comparison of the in vitro and in vivo data
showed a remarkable correlation between the
results, thus proving the potential of human-
derived muscle cell models.

LIMITATIONS

Despite good experimental results acquired from
cell cultures and their correlation with in vivo
models, there are still some limitations that have
to be considered when deciding on the experi-
mental model. Because there are some systemic
components involved in homeostatic regulation
in wvivo that are missing in cell cultures, the cellu-
lar metabolism may be more constant in vitro
than in wivo, but may therefore not be as
representative.

Because of the many common contaminants,
such as bacteria and yeasts, which grow more rap-
idly than animal and human cells, it is essential for
culture techniques to be carried out under strict
aseptic conditions. Cells from multicellular organ-
isms are not accustomed to live in isolation and
therefore need the provision of a complex environ-
ment that simulates normal conditions.

Another major disadvantage of cell cultures is
the amount of effort and material needed for pro-
duction of relatively little tissue. The expense of
producing cells in culture is estimated to be about
10 times that of using animal tissue. Consequently,
if large amounts of tissue are required, the reasons
for providing them by culture must be very
compelling.ﬁ

Sometimes the phenotypic characteristics of
the original tissue disappear in cell culture. This
effect, known as dedifferentiation, can be partially
prevented by serum-free selective media. In cases
where dedifferentiation occurs, however, the
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relation of the cultured cells to functional cells in
the original tissue is difficult to know. Due to this
unwanted event, misidentification of cell lines as a
consequence of cross-contamination or stock con-
trol errors is possible. Continuous cell lines have
an unstable aneuploidy chromosomal constitution
and therefore face the problem of instability. Het-
erogeneity in growth rate and the capacity to dif-
ferentiate can result in variability of cells from 1
passage to the next, even in the case of short-term
cultures of untransformed cells.®

FUTURE PROSPECTS

The previously mentioned muscle regulatory fac-
tors that control regeneration processes and mus-
cle growth represent not only relevant molecular
targets in therapies of different pathological condi-
tions but also a valuable source for characteriza-
tion of cell types and stages of regeneration. As
such, they will enable development of stable and
functional human skeletal muscle cell lines and,
together with appropriate methods, investigation
of the impact of new potential bioactive
compounds.

New approaches and technology using high-
end cell-based assay systems enables researchers to
explore different physiological processes and delve
further into the details. The commonly accepted
C2C12 myoblast cell line can be used to monitor
skeletal muscle cell contraction and activity as well
as many other parameters. Efforts have been
described to generate in vivo-like structures and
functions of skeletal muscle, such as myotube
alignment comrol,%_39 substrate stiffness modula-
Lion,%'m’“ and three-dimensional construct of
myotube creation.”** It has recently been shown
how a Ca®" transient induced by electrical pulse
stimulation accelerates assembly of functional sar-
comeres and stimulates contractile activity of the
cells. Kaji et al. upgraded previous systems by
designing electrical stimulation of C2C12 myotubes
cultured on a porous membrane substrate modi-
fied with an atelocollagen membrane that has a
muscle tissue-like stiffness and induces the assem-
bly of sarcomeres in the myotubes during the dif-
ferentiation from myoblasts.18 A porous alumina
membrane-based cell culture device masked by an
elastic film allows electric current generated
between electrodes to geometrically condense at
the hole of the film and to perpendicularly pass
through cells, resulting in their effective depolari-
zation to produce vigorous contraction of the myo-
tubes on the membrane.'® With a proven correla-
tion between contractility of the myotubes and
glucose uptake, such systems represent a promising
new tool in biochemical research.

Skeletal Muscle-Derived Cell Cultures

The engineering of functional skeletal muscle
tissue substitutes is a promising new potential treat-
ment of various muscule diseases and in‘juries42
although human functional myoblast cultures are
much needed. Microengineering technologies
used in the development of physiologically relevant
in vitro tissue models enable more complex tissue
cultures to be patterned on—chip.“ To perform
specific studies on skeletal muscle tissue models,
these require in vivo-like structure and coculture
with l.)rimary human skeletal cells with motor neu-
rons.”* Such models offer the ability to control
stiffness and muscle contraction, either by a lami-
nar stream of agrin,45 a chemical secreted by neu-
rons, atelocollagen and electrical stimulation of
myotubes,m or by an integrated microelectrode
array with aligned myotubes on a fibrin gel sheet.*
A combination of new culturing techniques,
OMICS tools, systemic biology, and integration of
new microscopic approaches will guide the future
of muscle research.

CONCLUSIONS

When considering the limitations as well as the
ethical, economical, logistical, and procedural
advantages of cell cultures as experimental models,
it is clear they have a bright future in biochemical
research. Application of experimental cell cultures
is wide ranging, from bioproduction, drug develop-
ment, and toxicology testing to tissue engineering.
Experimental use of human-derived cell cultures is
expected to emerge with even more representative
results while offering further insight into human
regeneration and repair processes, biomaterial
compatibility, and drug development. To provide
relevant results from in vitro experiments, studies
done simultaneously on humans in vivo would be
extremely valuable.
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Osnovna Sola (1990-1998)
Osnovna Sola Janka Padeznika Maribor

Zaposlitev

Specializant ortopedske kirurgije (2012 -)
Univerzitetni klini¢ni center Maribor

Asistent, Anatomija s histologijo in emrbriologijo (2010 - )
InStitut za anatomijo, Medicinska fakulteta Univerze v Mariboru

Mednarodno

Nagrada Evropskega zdruZenja za Sportne poskodbe, kirurgijo
kolena in artroskopijo, Amsterdam 2014
ESKKA Basic Science Award

Vodja zdravniske sluzbe na mednarodnih odpravah slovenskih
olimpijskih in univerzitetnih reprezentanc

Liechenstein 2015, Nanjing 2014, Brasov 2013, Shenzhen 2011,
Erzurum 2011, Beograd 2009
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