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1 UVOD

1.1 Metabolizmus bilkovin v kosternim svalstvu a

proteinova bilance organizmu

Vyznam bilkovin jako jedné ze tfi hlavnich sloZzek potravy a zakladniho stavebniho
kamene Zivé hmoty je nepopiratelny. Bilkoviny, regulaéni i strukturni, participuji
na vSech fyziologickych i patologickych reakcich. V organizmu probihd neustéla
syntéza a degradace proteinu jako odpovéd na vnéjSi a vnitfni podnéty. Organizmus
se tak zbavuje poSkozenych, nefunkénich nebo nepotfebnych bilkovin a tvofi misto

nich nové. Cilem tohoto dynamického procesu je udrzeni homeostazy.

Obrat protein v organizmu je determinovan rychlosti syntézy a rozpadu bilkovin a
zavisi na typu proteinu, tkané a stavu organizmu. Za fyziologickych podminek
predstavuje asi 280 g denné. To znamena, Ze kazdy den je nové vytvofeno 280 g
bilkovin a stejné mnoZstvi jich je odbourdno. Regulaéni proteiny jako hormony,
neuromodulatory, enzymy, plazmatické bilkoviny, cytokiny a dalSi maji polo¢as
rozpadu v fadu minut az dni. Naopak polo¢as strukturnich bilkovin se pohybuje
vintervalu tydnd az mésich. Jako pfiklad mohou poslouzit kontraktilni proteiny
kosterniho svalstva, aktin a myozin, s polo€asem dva az Sest tydnu (Lodish a kol.
2001). Obrat proteint se snizuje napfiklad pfi hladovéni, coZ brani jejich rychlym
ztratam a sniZzuje energetické naroky organizmu. ZvySeni proteinového obratu je
zase typické pro sepsi €i onkologickda onemocnéni, kde ma zajistit urychlené
odstranéni poSkozenych a nepotfebnych proteint a syntézu v dané situaci prioritnich
latek. Tyto procesy jsou béZzné a organizmu prospésné, avSak zejména
v dlouhodobéjsim ¢asovém horizontu se mohou podilet na sniZeni obranyschopnosti

organizmu nebo rozvoji negativni proteinové bilance.

U zdravého dospélého jedince je celkovd bilance proteind (pomér syntézy a
odbouravani vSech bilkovin obsaZenych v organizmu) vyvaZena. Proteosyntéza
prevazuje fyziologicky v obdobi rustu, v rekonvalescenci po prodélané nemoci a pfi
reparaci tkani. Charakteristicky je zvySena také ve tkani postizené nadorovym
onemocnénim. Pfevahu odbouravani bilkovin nad jejich syntézou pozorujeme pfi
hladovéni, v obdobi stafi a u fady patologickych stavi (napf. sepse, nadorova

onemocnéni, chronicka onemocnéni ledvin, acid6za, popaleniny, svalova denervace,
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inzulinopenie). V zavaznych pfipadech muaze rozdil mezi proteosyntézou a
proteolyzou dosahnout az - 260 g bilkovin denné. Toto mnoZzstvi odpovida pfiblizné
jednomu kilogramu svalové hmoty, kterd slouzi mimo jiné jako hlavni zasobarna
protein(i v organizmu &lovéka. Ubytek kosterni svaloviny pak vede k rozvoji kachexie,
celkovému vyC€erpani organizmu, zpomaleni rekonvalescence a vySSi umrtnosti
(Brink a kol. 2002). Negativni proteinova bilance miZe nastat jednou ze C&tyf
moznosti — néarlstem proteolyzy, poklesem proteosyntézy, vySSim narustem

degradace nez syntézy a mensim poklesem degradace nez syntézy.

Kosterni svalovina neni homogenni tkani. Jejimi zakladnimi strukturalnimi elementy
jsou kontraktilni bilkoviny aktin a myozin. Ty spolu s dalSimi bilkovinami (nebulin,
tropomyozin, troponin, titin, ...) tvofi myofibrily, které predstavuji hlavni stavebni
kameny mnohojadernych bunéénych atvard oznacovanych jako svalova vlakna.
RozliSujeme dva zakladni typy svalovych vlaken (I. a Il. typu), ktera se liSi jak ve
fyzikélnich, tak v biochemickych parametrech. Typ vldkna je urCen konkrétni
dominantné exprimovanou izoformou tézkého myozinového fetézce (Rivero a kol.
1996). V soucasné dobé je znamo minimalné deset gent koédujicich tézké retézce
myozinu a v souvislosti s tim sedm subtypl svalovych viaken (I, IC, IIC, IIA, IAD, 11D
a |IDB). AvSak vétSina svalovych vlaken exprimuje vice izoforem tézkych
myozinovych fetézcu v riznych pomérech a mnozZstvich (Sant'ana Pereira a kol.
1995). Navic exprese téZzkych myozinl neni stala a muze se ménit v zavislosti
na podminkach v organizmu (Pette a Staron 2000). Zminéné tfidéni je tak pouze

orientacni a v dalSim textu se proto pfidrzime pouze déleni vlaken na dva zakladni
typy.

Vlakna I. typu maji uzsi pramér, obsahuji vy$Si mnozstvi mitochondrii a myoglobinu,
jako zdroj energie utilizuji pfevazné glukézu a volné mastné kyseliny, kontrahuji a
regeneruji pomaleji a méné intenzivné, jsou vSak také pomaleji unavitelna (Schiaffino
a Reggiani 1996, Rivero a kol. 1998). Naopak vladkna Il. typu jsou uzsiho priméru,
obsahuji vysSi hladinu myozinové ATPazy, energeticky vyuzivaji hlavné svalovy
glykogen a vykazuji rychlejSi a intenzivnéjSi kontrakci i regeneraci, z ¢ehoz plyne
také jejich rychlejsi unavitelnost (Bottinelli a Reggiani 2000). Pro tyto jejich vlastnosti
se vlakna I. typu €asto oznacuji jako pomala, ¢ervena nebo oxidativni zatimco vlidkna

. typu jako rychla, bila nebo glykolyticka.
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Jednotlivé kosterni svaly jsou sloZzeny z obou zakladnich typl vlaken a liSi se mezi
sebou pomérem jejich zastoupeni, ktery je ovlivnén jak geneticky tak trénovanosti
svalu (Gollnick a kol. 1972, Simoneau a Bouchard 1995, Kernell a kol. 1998).
Napfiklad zadové svaly zajiStujici vzpfimené drzeni téla a dychani nebo svaly
dolnich koncetin vyuzivané pfi chizi (mezi néz patfi i musculus soleus sledovany
v této préci) sestavaji zejména z pomalych vidken, coZ jim umoznuje dlouhodobé
kontrakce bez vy&erpani energetickych zasob (Gupta a kol. 1989). Naopak svaly, u
nichz je pro jejich funkci zasadnéjSi rychlost a intenzita kontrakce neZzli vytrvalost,
jsou slozeny prfevazné z bilych vlaken (Soukup a kol. 2002). Mezi né patfi svaly
okohybné nebo svaly zapojené do pohybl prstl, které v predkladané préaci

reprezentuje musculus extensor digitorum longus.

Podle souCasnych poznatkl je uUbytek hmoty kosterni svaloviny u
proteokatabolickych stavl spojen predevsSim s aktivaci proteolyzy, za kterou jsou
v burnice zodpovédné Ctyfi proteolytické systémy: kalpainovy, kaspéazovy, lysozomalni
a ubiquitin-proteazomalni (UPS). Kalpainy a kaspézy nepfispivaji kvantitativné
vyznamné k celkové proteolyze v kosternim svalu a neuc€astni se ani rozvoje
proteokatabolizmu u zatézovych stavl (Attaix a Taillander 1998). Ohledné vyznamu
lysozomalniho systému nepanuje jednotny nézor. Vétsi ¢ast autord je vSak toho
minéni, Ze lysozomalni enzymy (katepsiny) primarné degraduji endocytované
proteiny a na odbouravani intracelularnich bilkovin (v€etné bilkovin kosterniho
svalstva), se podili menSinové (Bechet a kol. 2005). V pfipadé UPS naopak panuje
nazorovy konsenzus. UPS je povaZzovan za hlavniho zprostfedkovatele zvySené
degradace proteinl, rozvoje negativni proteinové bilance a nasledné svalové
kachexie u veétSiny patologickych stavl. Jeho aktivace byla zaznamenana
v proteokatabolickych stavech vyvolanych napfiklad u sepsi (Voisin a kol. 1996, Chai
a kol. 2003), popélenin (Fang a kol. 1998, a).

1.2 Ubiquitin-proteazomalni systém (UPS)

UPS je hlavni proteolyticky systém organizmu. Jeho zakladem je 26S proteazomalni
komplex, ktery vykazuje proteolytickou aktivitu. Mimo to UPS zahrnuje fadu jinych
slozek (pfevazné enzymu) bez proteolytické aktivity, které riznymi mechanizmy a
na rlznych darovnich reguluji ¢innost celého systému ve smyslu kvantitativnim i

kvalitativnim.
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1.2.1 Struktura 26S proteazomalniho komplexu

V savcich burikach je UPS primarné lokalizovan v cytosolu. Samotny proteazomalni
komplex byl vSak identifikovan také v endoplazmatickém retikulu, plazmatické
membrané ¢i jadfe a to v rliznych mnoZstvich v zavislosti na typu sledované buriky
(Wojcik a DeMartino 2003). Vykonnou proteolytickou jednotkou UPS je komplex 26S
proteazomu. Sestava z 20S jadra a jednoho az dvou 19S regulaénich jednotek
(obr. 1).

1.2.1.1 20S jadro proteazomalniho komplexu

20S jadro proteazomu je tvofeno &tyfmi na sebe naléhajicimi kruhy, jejichZ stfed
predstavuje dutinu, v niz dochazi k degradaci proteind. Kruhy sestavaji ze sedmi
riznych podjednotek. VnéjSi kruhy jsou tvofeny podjednotkami al — a7, vnitini
analogicky podjednotkami B1 — B7. Zatimco a podjednotky slouzi zejména jako
bariéry mezi proteolyticky aktivni dutinou proteazomu a okolim a také jako vazebn&
mista pro 19S regulacni komplexy, B podjednotky jsou nositeli aktivniho,
proteolytickeho mista, které obsahuje terminalni threonin (hydroxylova
aminokyselina) slouzici jako katalytické misto pro nukleofilni atak a néslednou
degradaci proteind. Dosud bylo popsano pét proteolytickych aktivit proteazomu.
Chymotrypsinova — CHTLA (Stépi proteiny v mistech za hydrofobnimi
aminokyselinami), trypsinova (Stépi za bazickymi aminokyselinami), kaspazova
(za acidickymi aminokyselinami) a dvé minoritni aktivity preferenéné Stépici proteiny
v mistech sousedicich s vétvenymi respektive malymi neutralnimi aminokyselinami
(Orlowski a kol. 1993). Krystalografickou analyzou se podafilo prvni tfi stézejni
degradacCni aktivity pfesné lokalizovat. Konkrétné chymotrypsinova aktivita je
charakteristickd pro B5 podjednotky, trypsinova pro B2 podjednotky a kaspazova
pro podjednotky B1 (Groll a kol. 1999).

1.2.1.2 19S regula €éni jednotky proteazomalniho komplexu

19S regulacni jednotka sestava z tzv. vicka a ze zakladni struktury slozené z osmi
podjednotek, z nichZ Sest vykazuje ATPazovou aktivitu. Hlavni funkci této struktury je
linearizovat sloZzené proteiny urCené k degradaci a propoustét je do proteolytickeého
prostoru 20S proteazomu, coz je ATP-dependentni proces (Pickart a Cohen 2004).
Proteiny urCené k degradaci (konjugované s polyubiquitinovym fetézcem-viz nize,

kapitola 1.2.2.1) jsou rozpoznavany a zachytavany jiz zmifiovanym vi¢kem tvofenym
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deviti podjednotkami s vysokou vazebnou afinitou k ubiquitinu (Braun a kol. 1999).
Bylo by vSak nespravné chapat 19S regulacni jednotku jen jako strukturu slouzici
k prezentaci ubiquitinovanych proteind 20S proteazomu. Vicko 19S regulaéniho
komplexu obsahuje i podjednotky vykazujici deubiquitinaéni aktivitu, ¢imz umozniuje
degradaci proteinu ve 20S jadre, ktera by neprobéhla, pokud by cilovy protein zUstal
ubiquitinovan (Voges a kol. 1999). Vyznam deubigitinace doklada fakt, Ze v lidském
genomu bylo identifikovano 95 gend kédujicich potencialni deubiquitinaéni enzymy
(Nijman a kol. 2005). V neposledni fadé pak in vitro experimenty prokazaly, ze
proteolyticka aktivita samotného 20S proteazomu je nesrovnatelné nizSi oproti
komplexu 26S, coz jasné ukazuje duleZitost interakce 20S a 19S podjednotky

pro efektivni proteolyzu (Hoffman a Rechsteiner 1994).

ATPases

265 proteasome

Nature Reviews | Molecular Cell Biology
Obrazek 1. Schematicky nakres 26S proteazomélniho k  omplexu. P fevzato z publikace Kloetzel
2001.
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1.2.2 Mechanizmus degradace protein G ubiquitin-proteazomalnim
systémem

1.2.2.1 Ubiquitin — determinant protein G pro degradaci v UPS

Na pocatku degradace proteinu proteazomem je jeho polyubiquitinace. Ubiquitin,
ktery v organizmu funguje jako degradacni marker, je maly protein obsahujici 76
aminokyselinovych zbytk(. Jeho struktura je vysoce konzervativni a témér se neliSi
u riznych Zzivocisnych druht (Vijay-Kumar a kol. 1987). Kovalentné se vaze svym
C-koncem (GLY76) na s-aminoskupinu lysinového zbytku cilového proteinu. Tento
proces dale standardné pokracuje analogickou vazbou dalSi molekuly ubiquitinu
na e-aminoskupinu lysinového zbytku LYS48 jiz vazaného ubiquitinu za vzniku
polyubiquitinového fetézce (Ciechanover a Iwai 2004). Jiz vtomto bodé Ize
demonstrovat komplikovanou regulaci celého UPS. Spoji-li se totiz molekuly
ubiquitinu na lysinovém zbytku LYS48 nebo LYS29, a vznikly fetézec obsahuje
alesponi Ctyfi molekuly ubiquitinu, slouzi tento polymer jako signal k degradaci
proteinu, na némzZ je navazan (Thrower a kol. 2000). AvSak polyubiquitinace
pfes LYS63 aktivuje transkripéni faktory (Weissman 2001), monoubiquitinace zase

predurcuje protein k endocytéze (Hicke 2001).
1.2.2.2 Mechanizmus polyubiquitinace

Polyubiquitinace substratu zacina aktivaci karboxylové skupiny GLY76 ubiquitinu
ubiquitin aktivujicim enzymem (E1). Aktivovany ubiquitin je schopen vazby
na cysteinové aktivni misto ubiquitin konjugac¢niho proteinu (E2), ktery pak vétSinou
v soucinnosti s ubiquitin-protein ligazou (E3) zprostfedkuje vazbu ubiquitinu na cilovy
protein vySe popsanym zpusobem. E2 a zejména E3 enzymy rozeznavaji specifické
proteiny jez maji byt ubiquitinovany. Genova analyza eukaryotnich bunék, ktera
odhalila jen nékolik E1 enzym, desitky E2 enzym0 a stovky E3 enzym( (Semple a
kol. 2003), tak dokumentuje dalSi zplsob, jimz je UPS regulovan v zajmu dosazeni

cilené, specifické proteolyzy.
1.2.2.3 Polyubiquitinace jako substratov & specificky proces

Zakladni rys odliSujici UPS od ostatnich proteolytickych systému je schopnost cilené
degradace konkrétnich proteind. Zatimco 26S proteazom jako vykonna slozka
systému je ve své podstaté nespecificky (viz vySe, kapitola 1.2.1.1), UPS jako celek

je schopen vysoce specifické proteolyzy. Je tomu tak zejména diky velkému
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mnozstvi E3 ligaz, znichz kazda ubiquitinuje jen uréity typ proteinl. Podle
soucasnych informaci existuji dokonce E3 ligazy, u nichZ je znam pouze jediny
substrat. Dosud identifikované E3 ligazy délime do dvou zakladnich skupin, HECT a

RING ligazy, podle charakteristickych proteinovych domén v jejich strukture.
1.2.2.3.1 HECT E3 ligazy

Do této skupiny spadaji E3 ligazy obsahujici na C-konci svého peptidového fetézce
typickou strukturu, kterd se oznacuje jako HECT doména. Ta ma na svém N-konci
vazebné misto pro E2 konjugacni enzymy, na C-konci pak cysteinové aktivni misto
pro thiolesterovou vazbu s ubiquitinem (Scheffner a kol. 1995). Jednotlivé enzymy
této skupiny se oznaduji podle zkratky pro rozpoznévaci misto pro cilovy protein.
Zname tak napfiklad E3 ligazy E6AP nebo Mule/ARF-B51, Smurfl nebo Smurf2, Itch
ubiquitinujici tumor supresor p53 (Gallagher a kol. 2006), receptor TGF-B (Izzi a
Attisano 2006) respektive protein JunB (Gao a kol. 2004) a mnohé dalsi.

1.2.2.3.2 RING E3 ligazy

Tyto enzymy se od HECT E3 ligaz lisi zejména tim, Zze ve svém aktivnim misté maji
hojné zastoupeny aminokyseliny cystein a histidin, jeZ nekovalentné vazi kovové
kationty a ubiquitin pfi pfenosu na cilovy protein pouze prostorové orientuji, aniz by
se na né&j pfimo vazaly (Joazeiro a Weissman 2000). Mezi jejich zastupce fadime
napfiklad VHL, POSH nebo TRAF6, jejichz cilové proteiny pro ubiquitinaci jsou
HIF-1a (lvan a kol. 2001), HIV Gag (Alroy a kol. 2005) respektive NF-kB — nuklearni
faktor kB (Deng a kol. 2000). Mezi RING E3 ligazy patfi rovnéZz MuRF1 (muscle
RING finger 1) a atroginl/MAFbx (muscle atrophy F-box). Ackoli jejich substratova
specifita neni dosud znama, zvySena exprese téchto E3 ligaz byla zaznamenana pfi
proteokatabolickych stavech v kosternich svalech (Bodine a kol. 2001, Gomes a kol.
2001).

1.3 Degradace protein U kosterniho svalstva
u proteokatabolickych stav 0 - vyznam UPS

Kosterni svalovina tvofi 30-50 % télesné hmotnosti ¢lovéka a predstavuje hlavni
zdroj aminokyselin pro potfeby obrannych reakci organizmu u vétSiny patologickych
stavu. Proteiny kosterni svaloviny jsou proto primarnim cilem patologickym stavem

aktivovanych proteolytickych systému, mezi nimiz hraje stézejni roli UPS.
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1.3.1 Humordalni reakce organizmu ve stavech spojeny  ch s Ubytkem
svalové hmoty

Aktivace UPS a proteolyzy v kosterni svaloviné byla pozorovana v mnohych stavech
spojenych s jejim progresivnim Ubytkem. Byla popsana napfiklad u sepse (Voisin a
kol. 1996), rozsahlych popalenin ¢i jinych zavaznych traumat (Chai a kol. 2002),
onkologickych onemocnéni (Bossola a kol. 2003) nebo renalnich selhani (Bailey a
kol. 1996). SkuteCnost, Ze takto rdznorodé stavy jednotné indukuji UPS
zprostfedkovanou svalovou proteolyzu, naznacuje, Ze se v jejich prubéhu aktivuji
stejné nebo podobné mechanizmy, v jejichz dasledku ke stimulaci UPS dochazi.
Spole¢nym rysem vySe jmenovanych stavl je napfiklad zvySena exprese nékterych
katabolickych hormonu a cytokinu. Jedna se zejména o tumor nekroticky faktor a
(TNF-a), interleukin 18 (IL-1B), proteolyzu indukujici faktor (PIF) nebo
glukokortikoidy.

1.3.2 Aktivace UPS v proteokatabolickém stavu na mo lekularni
urovni

Jednim z G€inkd vySe jmenovanych cytokind je stimulace produkce reaktivnich

kyslikovych ¢astic (reactive oxygen species — ROS) pravdépodobné cestou aktivace

NADPH oxidazy (Chenevier-Gobeaux a kol. 2006). ROS jsou ucinnymi aktivatory

NF-kB (Sulciner a kol. 1996). Aktivovany NF-kB poté iniciuje zvySenou expresi

MURFL1 (Cai a kol. 2004).

V pfipadé glukokortikoidd je aktivaéni draha UPS odliSna, nicméné vysledek — ztrata
svalovych bilkovin — stejny. Glukokortikoidy mimo jiné zpusobuji inhibici jedné
z hlavnich buné&nych signalnich cest oznaCované jako phosphatidylinositol
3-kinase/protein kinase B — PISK/PKB (Singleton a kol. 2000). Inhibice PI3K/PKB
vede ke snizené fosforylaci transkripénich faktorl FOXO — forkhead box transcription
factors O — (Link a kol. 2009), coz zvySuje jejich transkrip&ni aktivitu a vede k indukci
exprese atroginul/MAFbx (Kamei a kol. 2004), ktery spole¢né s MuRF1 pfedstavuje
E3 ligazy, jejichz exprese je charakteristiky zvySena v kosternim svalu pfi patologicky

ativované proteolyze (viz vySe, kapitola 1.2.2.3.2).

Molekularni mechanizmy aktivujici UPS zprostfedkovanou degradaci svalovych
proteinu jsou podrobné popsany a diskutovany v nékolika prehledovych pracich (Du
a kol. 2005, Kandarian a Jackman 2006, Nury a kol. 2007, Tisdale 2007). VySe
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zminéna fakta a jejich grafické znazornéni na obrazku 2 demonstruji zasadni roli
UPS v odbouravéani proteint kosterni svaloviny za patologickych podminek a tedy
vyznam inhibitor( proteazomu jako potenciélnich terapeutik kachexie rizné etiologie.

SEPSE, ONKOLOGICKA ONEMOCN ENI,
POPALENINY, RENALNI SELHANI, ...

CYTOKINY ] GLUKOKORTIKOIDY]

.
(0]
—
«— «— «— /
— 4

PI3K/PKB

NF-kB FOXO

«— P —
—

E3 LIGAZA E3 LIGAZA
MuRF1 I ATROGIN 1/MAFbx I

/
\

UPS zprostifedkovana degradace myofibrilarnich protein(

ZTRATA SVALOVE HMOTY
ROZVOJ KACHEXIE

Obrazek 2. Aktiva €ni cesty myofibrilarni degradace v proteokatabolick ém stavu. ROS - reactive
oxygen species, PI3K/PKB - phosphatidylinositol 3-k inase/protein kinase B, NF- kB — nuclear
factor- kB, FOXO - forkhead box transcription factors O, MuR F1 - muscle RING finger 1,
MAFbx-muscle atrophy F-box, UPS — ubiquitin-proteaz ~ omalni systém.

1.4 Inhibitory proteazomalni degradace

Za objev UPS a vyzkum objasnujici jeho vyznam jako hlavniho proteolytického
systému v organizmu ziskali v roce 2004 Aaron Ciechanover, Avram Hershko a lrwin
Rose Nobelovu cenu za chemii. Dosud byla prokdzana zasadni role UPS
pfi prezentaci povrchovych antigend (Rock a Goldberg 1999), regulaci bunééného
cyklu (Mayer 2000) nebo intracelularni signalizaci (Hosler a kol. 2006).
Farmakologické ovlivnéni aktivity UPS tak pFedstavuje potencialni moznosti |éCby
celé fady onemocnéni. Jiz bylo objeveno mnoho inhibitord aktivity UPS se zna¢nou
diverzitou v biologickych dc&incich. Zlom nastal v druhé poloviné devadesatych let
minulého stoleti, kdy byly zjistény protirakovinné Uc€inky bortezomibu (Adams a kol.

1999), ktery se nasledné stal prvnim klinicky testovanym inhibitorem proteazomu (IP)
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a dnes je standardné nasazovan v terapii recidivujiciho mnohocetného myelomu.
Tato skute€nost zpusobila, ze vétSina vyzkumu v oblasti IP je nyni soustfedéna na
problematiku n&dorovych onemocnéni. Méné pozornosti uz je vénovano jinym
moznostem vyuziti IP, mezi néz patfi i mirnéni nadmérnych ztrat svalové hmoty

v dusledku zavaznych onemocnéni.

Naprosta  vétSina  latek  sniZzujicich  proteolyzu  indukovanou  aktivaci
ubiquitin-proteazomalniho systému interaguje s 20S proteazomem. Inhibitory
proteazomu vSak maji jisté limity vychazejici zejména z jejich (ne)selektivity a
(ne)specifity. Proto se hledaji a vyviji inhibitory, které by redukovali proteolyzu na
vySSi arovni jesté pred jeji finalni fazi, ktera probiha v proteazomu. Z tohoto pohledu
patfi k nejperspektivnéjSim inhibitory E3 ligdz, jak je uvedeno v kapitole 1.3.2.

1.4.1 Inhibitory proteazomu

1.4.1.1 Prehled inhibitor 0 proteazomu

Inhibitory proteazomu jsou strukturné velmi rozmanitou skupinou latek. Obvykle se
déli na IP pfirodniho a syntetického plOvodu. Toto zakladni déleni je vyuZzito i
v nasledujicim textu, kde je v tabulce 1 a 2 uveden stru¢ny pifehled dnes znamych IP.
V rdmci kazdé tabulky jsou pak jednotlivé konkrétni latky rozdéleny do podskupin na

zakladé chemické struktury, ktera determinuje mechanizmus jejich ucinku.
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Tabulka 1. P fehled inhibitor 0 proteazomu p Firodniho p Gvodu.

Strukturni

Selektivita

charakteristika PFislusné IP (specifita) Zdroj Literatura
Kitasatospora
peptidickeé tyropeptin A; 205 MK993-dF2; Mom(?sg a kol.
. proteazom o 2005; Hines a
aldehydy fellutamid B Penicillium
(B5) kol. 2008
fellutatum
peptidickeé epoxomyc!n;. 20S Streptomyces Kisselev a
epoxoketony eponemycin proteazom sp Goldberg 2001
TMC-86, 89, 96 '
L 20S stfevni sténa Gao a k,O"
linearni v 2000;
: PR-39 proteazom vepfového
polypeptidy (a7) dobvtka Gaczynska a
y kol. 2003
laktacystin; Streptomyces Ostrowska.a
e . , 20S kol. 2000;
peptidickeé belaktosin A, C; sp.,
: , proteazom, , Omura a kol.
laktony salinosporamide . Salinospora ] .
A; omuralid katepsin A tropicana 1991; Asai a
! P kol. 2004
Apiospora .
cyklicke TMC-95A,; argyrin 20S montagnei; Kogu.ch_l a koI_.
eptid A roteazom Archangium 2000; Nickeleit
peptidy P g a kol. 2008
gephyra
Pseudomonas
komplikované syringolin A; 20S syringae; Groll a kol.
struktury glibobactin proteazom Burkholderia 2008
pseudomallei
20S Tripterygium Yang a kol
triterpeny celastrol proteazom wilfordii 2006
(B5)
20S . .
steroidy withaferin A proteazom W'thﬁma vang a kol.
(B5) somnifera 2007
antrachinony hypericin 205 Hypericum sp Pajonk a kol.
proteazom ' 2005
iperazin liotoxin 205 houb Kroll a kol.
PP y 9 proteazom y 1999
epigalaktokatechin 205 Landis-Piwowar
polyfenoly P9 alat proteazom zeleny Caj a kol. 2007;
g (B5) Dou a kol. 2008
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Tabulka 2. P fehled syntetickych a semisyntetickych inhibitor

U proteazomu.

Strukturni

Selektivita

Modelovy

charakteristika Prislusne P (specifita) (vychozi) IP Literatura
Kisselev a
MG-132; MG-115; Goldberg
] , 20S . 2001; Braun
s PSI; CEP-1612; , tyropeptin A ,
peptidickeé A : proteazom; a kol. 2005;
inhibitor kalpainu I, o (pouze u
aldehydy ) - katepsiny; Igbal a
[I; leupeptin . TP-110)
’ TP-110 ' kalpainy kol.1995;
lijima a kol.
2009
Palmer a kol.
1995;
: Kessler a kol.
. AdaAnX3L3VS; 20S 2001; Bogyo
peptidické ZL3VS; NLVS; proteazom: a kol 1997:
vinylsulfony Ac-PRLNVS o LT
katepsiny van Swieten
a kol. 2007;
Nazif a kol.
2001
Adams a kol.
s PS-341 20S :
Eg?;f;;e (bortezomib); proteazom MG-132 Kislsgegig\’/ a
MLN-273; MG-262 (B5) kol. 2006:
s PEG-Arg-Val-Arg- 20S o .
peptidické , ) oA inhibitor Loidl a kol.
polyoxyetyleny H; PEﬁleljau Leu pr((étzeaég)m kalpainu 1 1999
eptidické laktacystin; 20S COngag,kOI'
IF;kFt)on MLN-519; proteazom, laktacystin Ostrowsl’<a a
y belaktosin A, C katepsin A
kol. 2000
peptidickeé BIA-1a; BIA-2a; rotzeoaszom TMC-95A,; Groll a kol.
bifenylétery BIA-2b P 62) Ac-PRLNVS 2006
PR-171
eptidické (carfilzomib); 20S enoxomvein: Kuhn a kol.
2 gxoketon dihydroeponemycin; proteazom eponemycin, 2007; Demo
P y YU-101 (B5) ponemy a kol. 2007
L 20S
linearni _ PR-11 proteazom PR-39 Anbanandam
polypeptidy (a7) a kol. 2008
cyklicke makrocyklicky 20S i Berthelot a
peptidy TMC-95A proteazom TMC-95A kol. 2003
triternen derivaty k. 20S Huang a kol.
peny betulinové proteazom 2007
20S Lévborg a
iné strukiur disulfiram; proteazom; kol. 2006;
J y tetraakridin topoizomeraza Vispé a kol.
Il 2007
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1.4.1.2 Mechanizmus U €inku inhibitor @ proteazomu

Naprosta vétSina IP interaguje s aktivnim mistem B podjednotek proteazomu, které
obsahuje terminalni threonin. Mechanizmus inhibice je v téchto pfipadech zavisly
na chemické struktufe latky respektive na charakteru funkéni skupiny schopné
reagovat s threoninovym hydroxylem. Vysledkem interakce muaze byt bud vratni

(reverzibilni) nebo nevratna (ireverzibilni) inhibice proteazomu.
1.4.1.2.1 Aldehydické inhibitory proteazomu

IP s aldehydickou funk&éni skupinou tvofi s hydroxylovou skupinou terminalniho
threoninu hemiacetalovou vazbu, ktera je za fyziologickych podminek vratna.
Reverzibilnost reakce jako obecné pozitivni vliastnost jakéhokoliv inhibitoru je vSak
v pfipadé aldehydickych IP zastinéna jejich velmi nizkou selektivitou. | ta je
disledkem aldehydové skupiny jakozto struktury velmi reaktivni. IP vSak sestavaji
nejen z funkéni skupiny ale i z dalSich, nejcastéji peptidickych, struktur, které jiz sice
pfimo nesouvisi s mechanizmem inhibice, o to vice vSak ovliviuji selektivitu a
specifitu  konkrétnich IP. Pfikladem mlze byt leupeptin, jeden z prvnich
aldehydickych IP, ktery je téméf univerzalnim inhibitorem katepsinu, kalpaind,
proteazomu i dalSich proteaz. Modifikacemi jeho peptidickych fetézcl se podafrilo
vyvinout mimo jiné inhibitor PSI s vyraznou selektivitou vici proteazomu a dokonce
specifitou pro B5 proteazomalni podjednotku. Podobné pfiklady Ize nalézt také mezi
IP pfirodniho plavodu, coz dokazuji proteazom-selektivni, B5 specifické aldehydické

IP jako tyropeptin A nebo fellutamid B.
1.4.1.2.2 Vinylsulfonové inhibitory proteazomu

DalSi skupina [P, vinylsulfony, reaguje s hydroxylem terminalniho threoninu
B podjednotek za vzniku éterove, kovalentni a tedy nevratné vazby. To sice pfedem
diskvalifikuje IP této skupiny pro klinické pouziti, na druhou stranu z nich déla idealni
latky pro laboratorni vyzkum v oblasti ubiquitin-proteazomalniho systému. Stejné jako
aldehidické IP, i vinylsulfonové derivaty se vSak potykaji s nizkou mirou selektivity.
ReSenim je opét modifikace peptidovych fetézci. Naptiklad Kessler a kol. (2001)
zjistili vyznamné zvySeni selektivity pfi prodlouZeni peptidové €asti struktury inhibitoru
a jeji modifikaci také dosahli u latky AdaAhx3L3VS pfiblizné stejné miry Gc¢inku
na jednotlivé proteolytické aktivity proteazomu. Podobné byl syntetizovan B5

preferenéni NLVS nebo B1 specifické fenolické vinylsulfony. AC strukturné zcela

19/91



odlisné, sdili s vinylsulfony stejny zplsob interakce s proteazomem napriklad

syringolin A nebo glibobactin.
1.4.1.2.3 Boronatové inhibitory proteazomu

V souCasné dobé jsou z klinickeho hlediska nejdiskutovanéjSi a nejvyznamnéjsi
peptidické boronaty. Prazdny orbital atomu boéru totiz tvofi s threoninovym
hydroxylem B podjednotek proteazomu velmi stabilni avSak za fyziologickych
podminek reverzibilni tetrahedralni komplex a kombinuje tak v sobé vyhody obou
vySe zminénych mechanizmd. Pfida-li se vyrazna B5 specifita, ktera je pro tuto
skupinu IP charakteristicka, neni divu, Ze napfiklad bortezomib ma dnes jiz stabilni
pozici v klinické praxi. Ani zde vSak nelze opomenout podstatnou roli peptidickych
fetézcl, kterou dokumentuje zejména fakt, Zze derivaty kyseliny borité s kratkymi

(dipeptidickymi) nebo Zadnymi Fetézci zcela ztraci selektivitu acinku.
1.4.1.2.4 Laktonové inhibitory proteazomu

Skupina laktonovych derivatd tvofi s threoninovym hydroxylem proteazomu
ireverzibilni esterovou vazbu. To laktonové IP z hlediska potencialu vyuziti stavi
zhruba na droven vinylsulfonl, proti nimz maji vyhodu vyrazné vysSi inhibice
proteazomu pfi nizSich pouzitych koncentracich. Naopak nevyhodou jsou vySSi
pofizovaci néklady zpusobené komplikovanou syntézou ¢&i izolaci z bakterii.
Esterovou vazbu tvofi sthreoninem také bifenyléterové derivaty. Vlivem zcela
odliSného prostorového uspofadani oproti laktonim je vSak tato vazba pouze

pfechodna a zpUsobena inhibice tedy vratna.
1.4.1.2.5 Epoxyketonové inhibitory proteazomu

Posledni skupinou, jejiz mechanizmus Uc€inku je zalozen na interakci s terminalnim
threoninem B podjednotek proteazomu jsou epoxoketony, které ireverzibilné tvori
s hydroxylovou skupinou threoninu velmi stabilni morfolinovy cyklus. | kdyZz se
pfirodni epoxomycin vyznacCuje solidni proteazomalni  selektivitou, jeho
semisyntetické derivaty, zejména YU-101, jsou navic B5 specifické a potvrzuji tak

dalezitost vedlejSich struktur pro ucinky IP.
1.4.1.2.6 Ostatni inhibitory proteazomu

V tabulkach 1 a 2 jsou uvedeny i skupiny IP, jejichz inhibiéni efekt na aktivitu

proteazomu byl sice experimentalné prokazan, ale mechanizmus uc€inku je bud
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neznamy nebo v roviné spekulaci. Pfikladem mohou byt cyklické peptidy, jejichz
struktura znemoznuje vstup do proteazomu a pfimou interakci s proteolytickymi
B podjednotkami. Uvazuje se tedy o mnohacetnych hydrofobnich interakcich,
v jejichz dusledku dojde bud k zablokovani vstupu substratu do proteazomu nebo
k ovlivnéni interakce 20S proteazomu s 19S regula¢nim komplexem. Zajimavé vsak
je, ze tyto slouceniny vykazuji pomérné vysokou selektivitu a B5 specifitu, coz
predpoklada i specificky mechanizmus Uc€inku. Také linearni peptid PR 39, pfestoze
by teoreticky mohl ovliviiovat aktivni mista na  podjednotkach proteazomu, se vaze
na a7 podjednotku proteazomu a komplikuje zfejmé vstup substratu do proteazomu.
V pfipadé polyoxyetylent jsou zase pravdépodobnym nositelem ucinku koncove,
proteazomem nestépitelné, peptidické fetézce, zatimco samotna polyoxyetylenova
kostra pIni pasivni funkci na miru syntetizovaného muistku mezi inhibovanymi
podjednotkami. Podobna situace se predpoklada i u triterpenickych IP, kde byl
dokonce v pfipadé nemodifikované kyseliny betulinové prokazan opacny (stimulaéni)

efekt na proteazom.
1.4.2 Inhibitory proteazomalni degradace neovliv  Aujici proteazom

Jedna se o latky ovliviujici regulaéni mechanizmy UPS, zejména pak proces
ubiquitinace a deubiquitinace proteinu. Podle cilové struktury dnes rozeznavame E1
inhibitory (napf. derivaty benzothiazolu) nebo inhibitory deubiquitinaénich enzyma
(kurkumin, dibenzilidenaceton). Logicky nejvétsi pozornost vyzkumnik( vSak pfitahuji
inhibitory E3 enzymd. NaleZi do ni napfiklad derivaty benzoxadiazolu (inhibice
TRAF6=E3 specifickd pro NF-kB) nebo deazaflavinu (inhibice MDM2=E3 specifick&
pro p53 protein). E3 inhibitory by mohly v kombinaci s IP pfinést efektivnéjsi inhibici
proteolyzy eventuelné IP i nahradit. PodrobnéjSi informace o téchto latkach jsou

shrnuty v publikaci Guédat a Colland 2007.
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2 CILE PRACE

Hlavni cile pfedkladané disertani prace jsou:

zaveést vhodny model proteokatabolického stavu u laboratorniho potkana a
zhodnotit jeho dopad na metabolizmus proteind a aminokyselin v rdznych
typech kosternich svall

ziskat informace o G¢inku novych inhibitorl proteazomu na bazi
homobelaktosinu C na metabolizmus proteini a aminokyselin v kosternich
svalech intaktnich potkanu

posoudit ucinky bortezomibu, jako nejznaméjSiho I[P, na metabolizmus
proteind a aminokyselin v kosternich svalech u potkanu v proteokatabolickém

stavu
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3 MATERIAL A METODY

3.1 Experimentalni zvi fata

VesSkeré experimenty byly provedeny na samcich laboratornich potkand kmene
Wistar (BioTest, Konarovice, CR) chovanych v kontrolovanych podminkach (12-ti
hodinovy svételny cyklus, 22 <C, 55-65% vlhkosti), s volnym p fistupem k vodé a
potravé. Pouzita zvifata o prGmérném stafi tfi tydny vazZila 35-65 g a nebyla
separovana od matky. Nizk4 hmotnost zvifat umozZznila izolaci malych svalu, které
byly vyhovujici z hlediska vymény dychacich plynt, Zzivin, katabolitd a biologicky
aktivnich latek mezi burfikami a inkubaénim médiem. Plany experimentd byly vzdy
schvaleny Odbornou komisi pro ochranu zvifat proti tyrani Univerzity Karlovy

v Praze, Lékarské fakulty v Hradci Kralove.
3.2 Materidl

Belaktosin A a C syntetizovali Armin de Meijere a Oleg Larionov ha Georg-August
University v Goettingenu (Germany). Bortezomib (Velcade™) pro nase experimenty
vénovala Janssen-Cilag spol. s r. o. (Praha, Ceska republika). Cykloheximid,
jednotlivé  aminokyseliny, Folin-Ciocalteu cinidlo, albumin, dimethylsulfoxid,
terpentynovy olej, lipopolysacharidy E. coli 0127:B8 (endotoxin), N-succinyl-Leu-Leu-
Val-Tyr-7-amido-4-methylkumarin ~ (Suc-LLVY-MCA), N-Cbz-Phe-Arg-7-amido-4-
methylkumarin hydrochlorid (Z-FA-MCA), N-Cbz-Phe-Phe-fluoromethyl keton (Z-FF-
FMK) a 7-amino-4-methylkumarin (AMC) byly zakoupeny od Sigma-Aldrich (St.
Louis, MO, USA), HPLC eluent, 6-aminochinolyl-N-hydroxysukcinimidyl karbamét,
fluorescamin a dalSi chemikdlie pro potfeby HPLC od firmy Waters (Milford, MA,
USA) a L-[1-**C]leucin od Amersham International (Buckinghamshire, UK).
Aminoplasmal 15 dodala firma B. Braun Medicals (Melsungen, Germany), hyamin
Packard Instruments (Meriden, CT, USA), Carbobenzoxy-L-leucyl-L-leucyl-L-leucinal
(MG132) firma Biomol (Hamburg, Germany) a osmotické pumpy 2001D firma Alzet
Osmotic Pumps (Cupertino, CA, USA). Ostatni chemikalie byly zakoupeny od firem
Sigma-Aldrich (St. Louis, MO, USA) a Lachema (Brno, Ceska republika).

23/91



3.3 lzolace kosternich sval U potkana

Izolace musculus soleus (SOL) a musculus extensor digitorum longus (EDL) z obou
zadnich koncetin probihala v celkové anestézii pentobarbitalem podanym
intraperitonedlné v davce 4-7mg/100g télesné hmotnosti.

Potkana jsme fixovali na operacni stolek (obr. 1, pfiloha 1). Po dezinfekci opera¢niho
pole jsme nastfihli bfiSni sténu tak, abychom mohli snadno manipulovat s vnitfnimi
organy a bylo mozné odkryt bfiSni bifurkaci aorty. Z bifurkace jsme odebrali
maximalni mnozstvi krve pomoci sterilni stfikacky s jehlou (oboji pfedem
proplachnuté heparinem). Timto zpusobem jsme ziskali vzorky krve a soucasné

usmrtili zvire.

Odstranili jsme kOzi z obou koncetin tak, abychom odkryli svalovinu od kotnik
do poloviny stehen (obr. 2, pfiloha 1). Nasledovalo odstranéni povrchové fascie m.
tibialis anterior a nastfizeni retinaculum flexorum, ¢imz jsme uvolnili distalni Slachy m.

tibialis anterior a EDL.

Po této pfipravné preparaci jsme maximalné flektovali zadni konc&etiny v ky€elnich
kloubech a lepici paskou je fixovali k operaénimu stolku. Timto jsme si usnadnili
pfistup ke svalim zadni ¢asti lytka. Odstranili jsme povrchovou fascii, podvazali
Achillovu Slachu (obr. 3, pfiloha 1), co nejdistalnéji ji prestfihli a tahem za ni smérem
ke stolku jsme uvolnili SOL a m. gastrocnemius. Svaly jsme odtahovali pomoci peanu
tak dlouho, nez se odkryla proximalni Slacha SOL. Tuto jsme podvéazali a prestfihli.
Tahem jsme SOL oddélili od m. gastrocnemius a prestfizenim distalni Slachy jej zcela

izolovali (obr. 4, pfiloha 1).

Po vyjmuti obou lytkovych svall jsme koncetiny fixovali rovnobéZzné s ocasem,
podvazali distélni Slachu m. tibialis anterior, prestfihli a sval tahem od stolku odtrhli.
Timto jsme odkryli EDL v€etné jeho proximalni Slachy (obr. 5, pfiloha 1). Obé Slachy

EDL jsme podvazali, pfestfihli a sval izolovali.
3.4 Inkubace izolovanych sval 1

Izolované svaly jsme ihned po vyjmuti ponofili do chlazeného (4C) fyziologického
roztoku a pfimo v ném je pomoci podvazi navazali na inertni dratek pod napétim,

které pfiblizné odpovida klidovému tenzi svalid v organizmu (Maizels a kol. 1977)
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(obr. 6, pfiloha 1). Pfipravené svaly jsme umistili do inkuba&nich lahvi¢ek (obr. 7,
priloha 1), které obsahovaly 2,5 ml modifikovaného Krebsova — Heinseleitova pufru
(tab. 3) o pH 7,4, nasyceného plynnou smési 95 % O, a 5 % CO, (karbogen) a
vytemperovaného ve vodni lazni na 37 . Po uzavfeni lahviCek jsme meédium

karbogenem dosytili.

Tabulka 3. SloZzeni modifikovaného Krebsova — Heinse  leitova pufru.

Latka Koncentrace mmol/I
Na* 144

K* 4,2
Mg** 0,8
Ca®" 1,3

Cr 122,8
HCO3 26
SO, 0,8
H,PO, 2
Insulin 2 mU/ml
Glukéza 6
Aminokyseliny* 3,5
L-[1-**C]leucin* 0,6 pCi/ml
Cykloheximid® 0,5

* - v médiu pouze pfi méfeni proteosyntézy a oxidace leucinu. * - v médiu pouze pfi méFeni proteolyzy.

Preinkubace probihala ve vodni tfepaci lazni (80 cykld/min) tficet minut za Gcelem
adaptace svalll a stabilizace inkubacénich podminek. Poté jsme svaly premistili
do nové lahvi¢ky, kde probéhla inkubace za identickych podminek. Viabilita takto
izolovanych a inkubovanych svall byla potvrzena jak v naSi laboratofi (Safranek a
kol. 2003, a), tak jinymi autory (Fang a kol. 2005).

3.5 Proteosyntéza a oxidace leucinu v izolovanych s  valech

Proteosyntézu a oxidaci leucinu jsme méfili zaroven v jednom svalu. Médium
pro inkubaci jsme obohatili o smés aminokyselin (Aminoplasmal 15%, glutamin a
tyrosin) o celkové koncentraci 3,5 mmol/l tak, aby vysledné koncentrace pfiblizné
odpovidaly plazmatickym (tab. 4). Tim jsme dodali zakladni substrat
pro proteosyntézu a zajistili stabilni koncentrace aminokyselin v médiu i ve svalu.
Déle jsme pridali L-[1-**C]leucin v d&vce 0,6uCi/ml. Pod uzavéry sklenénych lahvigek
uréenych pro inkubaci byly umistény kelimky tak, aby se nedotykaly stény lahvi¢ky

ani uzavéru (obr. 8, pfiloha 1).
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Celkova délka inkubace svalu byla 60 minut. Zkraceny interval inkubace oproti
proteolyze byl zvolen za U€elem minimalizace zpétného rozkladu syntetizovanych
proteind. Pfesné po uplynuti této doby jsme kelimky naplnili 0,4 ml hyaminu.
Metabolizmus svalu jsme zastavili vstfiknutim 0,2 ml 35% HCIO,4 do inkubac¢niho
média. Okyseleni média zaroven zpusobilo vytésnéni rozpusténého CO,. Inkubaéni
lahvicky jsme 60 min tfepali pfi pokojové teploté, aby doslo kvyvazani CO,

do hyaminu. Po tomto intervalu jsme vyjmuli centralni kelimky s hyaminem a svaly.

Hyamin v centralnim kelimku béhem hodiny (tento interval potfebny k vyvazani
veSkerého uvolnéného CO; byl experimentalné stanoven pfi zavadéni této metody
v nasi laboratofi) vyvazal CO, pfitomny v inkubaéni lahviéce véetné *CO,, ktery je
produktem oxidace L-[1-**C]leucinu. MnoZstvi vyvazaného *CO, jsme kvantifikovali
na scintilatnim detektoru LS 6000 (Beckman Instruments, Fullerton, CA, USA) a
s pouzitim specifické aktivity leucinu vyjadfili jako mnoZstvi oxidovaného leucinu

v nmol leucinu/g svalu/hod.

Svaly jsme oplachli v6% HCIO, osuSili a stiskli Wollenbergovymi kleStémi
pfedmrazenymi v tekutém dusiku. Poté jsme svaly rozdrtili v tekutém dusiku,
homogenizovali v0,6 ml 6% HCIO, a centrifugovali (12 000*g, 10 minut).
V supernatantu byla stanovena radioaktivita L-[1-**C]leucinu. Sediment jsme tfikrat
promyli 1 ml 6% HCIO,4 a uchovali pfi -80 T az do zpracovani.

Takto ziskany sediment byl hydrolyzovan pfi 70 T v 4% NaOH a hydrolyzat rozd élen
na dvé ¢asti. Vprvni &asti vzorku byla stanovena aktivita L-[1-**C]leucinu
na scintilaénim detektoru. Ve druhé byla méfena koncentrace proteint dle Lowryho
(1951). Rychlost proteosyntézy byla prepocitana s pouzitim specifické aktivity leucinu
a vyjadiena v nmol leucinu inkorporovaného do proteind svalu/mg protein(

svalu/hod.
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Tabulka 4. Zastoupeni aminokyselin vinkuba ¢€énim médiu p Fi méreni
proteosyntézy.

Aminokyselina Koncentrace (umol/l)
Alanin 433
Arginin 159
Aspartat 103
Cystein 50
Fenylalanin 60
Glutamat 190
Glutamin 610
Glycin 441
Histidin 58
Isoleucin 77
Leucin 150
Lysin 403
Methionin 66
Prolin 110
Serin 219
Threonin 182
Tryptofan 18
Tyrosin 80
Valin 106
Celkova koncentrace 3515

3.6 Celkova a myofibrilarni proteolyza vizolovanyc h
svalech

Pro méfeni proteolyzy jsme do média pfidavali cykloheximid (synonyma — aktidion,
naramycin A) o celkové koncentraci 0,5 mmol/l, ktery blokuje translaci mMRNA na 80S
ribozomech (Obrig a kol. 1971; Suzuki a kol. 1992) a zastavuje tak proteosyntézu.
V naSich podminkach jsme blokovanim proteosyntézy zabranili reinkorporaci
aminokyselin uvolnénych pfi rozpadu bilkovin. Celkova délka inkubace svalu byla
120 minut. Nasledné jsme médium centrifugovali (12 000*g, 10 minut) a uchovali
pfi -20 T do dalSiho zpracovani.

Celkovou proteolyzu jsme méfili na zakladé rychlosti uvolfovani tyrosinu
do inkubaéniho média. Tyrosin je aminokyselina, kterd neni ve svalu ani
syntetizovana ani odbouravana a rychlost jejiho uvolfiovani do inkuba&niho média pfi
souCasném zablokovani proteosyntézy tedy odpovida rychlosti uvolfiovani tyrosinu
ze vSech proteind svalu — celkové proteolyze. Vysledky byly vyjadfeny v nmol

uvolnéného tyrosinu na gram svalu a hodinu.
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Pro kvantifikaci myofibrilarni  proteolyzy jsme méfili  rychlost uvolfovani
3-methylhistidinu (3MH) do inkubaéniho média. 3MH vznik& posttranslacni methylaci
histidinu a vyskytuje se specificky v myofibrilarnich proteinech — aktinu a myozinu.
Pfi degradaci téchto bilkovin se 3MH kvantitativhé vylu€uje z organizmu (Long a kol.
1975), coz z ngj Cini idealni marker myofibrilarni proteolyzy. Vysledky byly vyjadreny

v nmol uvolnéného 3MH na gram svalu a hodinu.
3.7 Hmotnost izolovaného svalu

Jelikoz rychlost proteolyzy a oxidace leucinu je vztahovana na jednotku hmotnosti
svalu, bylo nutné znat hmotnost inkubovanych svalll. Vazeni se vSak ukazalo byt
nepfesné (napf. dva identické svaly jednoho potkana se mohli liSit hmotnosti az o 20
% podle toho, jak dlouhé byly pfi isolaci ponechany Slachy). Pfistoupili jsme tedy
k vyuziti vzorce pro vypocCet hmotnosti svalu z hmotnosti jedince. Vzorce byly
odvozeny na naSem pracovisti jiz dfive a to na souborech pfesahujicich 100 vzorka
(Safranek a kol. 2003, b).

m EDL (mg) = (0,56x — 9,2453)
m SOL (mg) = (0,5161x — 8,107)

X je hmotnost jedince v gramech.

3.8 Koncentrace aminokyselin v médiich

Médium z inkubaci izolovanych svall jsme deproteinovali pfidanim 8% kyseliny
sulfosalicylové se 100 pmol/l norleucinu (vnitini standard) v mnozstvi 0,1 ml/1 ml
meédia. Deproteinované médium bylo nasledné centrifugovano (12000*g, 5 minut) a
supernatant neutralizovan pfidavkem stejného objemu 0,2 mol/l boratového pufru o
pH 8,8. Takto upravené vzorky média jsme skladovali az do analyzy pfi teploté
-80 C.

Analyza obsahu vSech aminokyselin (mimo 3MH) v médiu byla provedena po
predkolonove derivatizaci 6-aminochinolyl-N-hydroxysukcinimidylkarbamatem
pomoci vysokoucinné kapalinové chromatografie (separacni modul 2695,
fluorescenéni detektor 2475, software Empower 2; Waters, Milford, MA, USA).
Podminky analyzy vychazely z praci Cohen a Michaud 1992 a Reverter a kol. 1997.
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3MH v médiu jsme detekovali také chromatograficky avSak po derivatizaci

fluorescaminem (Wassner a kol. 1980, Lowell a kol. 1986).
3.9 Chymotrypsinova aktivita proteazomu

CHTLA proteazomu jsme stanovili vizolovanych svalech po inkubaci v médiu
uréeném k méfeni proteolyzy. Po ukonCeni inkubace a odebrani média k analyze
obsahu aminokyselin (viz vySe, kapitola 3.6) jsme sval zbavili podvazu, oplachli ve
fyziologickém roztoku a okamzité vioZili do mikrozkumavky s 0,4 ml chlazeného
homogenizaéniho pufru o sloZzeni 20 mM Tris baze, 2 mM ATP, 5 mM MgCl,, 1 mM
dithiothreitol, pH 7,5. Sval jsme ve zkumavce pfedstfihali a nasledné homogenizovali
pomoci mechanického dezintegratoru. Homogenat jsme centrifugovali 10 minut pfi 4
€ a 18 000*g. 0,1 ml supernatantu jsme vzdy pfidali jak ke stejnému objemu 100
mM Tris pufru, pH 8,0 s fluorogennim substratem Suc-LLVY-MCA (0,1 mM) tak k
témuz substratovému roztoku obohacenému o inhibitor proteazomu MG132 (0,02
mM). Vzniklé smési jsme ponechali 60 minut inkubovat na ledu. Nasledné jsme
zastavili Stépeni substratu pfidanim 0,4 ml 100 mM octanového pufru, pH 4,3.
Fluorescenci vzorkd jsme ihned odecetli pfi excitacni vinové délce 340 nm a emisni
vinové délce 440 nm. Kalibra¢ni pfimku jsme ziskali proméfenim slepych vzorku s
obsahem AMC (0,04-5 uM/l). Hodnotu fluorescence vzorkl inkbovanych se
substratovym roztokem a MG132 jsme vzdy odecetli od pfislusSnych hodnot vzorkud
inkubovanych pouze se substratovym roztokem. Proteolytickou aktivitu proteazomu
jsme vyjadrili jako nmol AMC/g protein ve vzorku/hodinu. Obsah proteint byl
stanoven podle Lowryho (1951). Pfi stanoveni CHTLA jsme metodicky vychazel
z publikace Gomes-Marcondes a Tisdale (2002).

3.10 Aktivita katepsin G BalL

Princip stanoveni proteolytické aktivity katepsinG B a L byl shodny s principem
uvedenym u CHTLA proteazomu s nasledujicimi metodickymi odliSnostmi. Sval
inkubovany 120 minut v médiu pro proteolyzu jsme vlozZili do 0,6 ml chlazeného
homogenizaéniho pufru o slozeni 300 mM octan sodny, 4 mM EDTA, 8 mM
dithiothreitol a 0,2 % Triton X-100 (v/v), pH 5,0. Po homogenizaci jsme ponechali
vzorek 30 minut stat na ledu a nasledné centrifugovali 30 minut pfi 4 € a 18 000*g.

0,01 ml supernatantu jsme vzdy pfidali jak k0,2 ml homogenizaéniho pufru
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s fluorogennim substratem Z-FA-MCA (0,1 mM) tak k témuz roztoku obohacenému
o inhibitor katepsind B a L Z-FF-FMK (0,04 mM). Vzniklé smési jsme inkubovali
30 minut pfi 37 . Nasledn & jsme zastavili St€peni substratu pfidanim 1 ml 100 mM
octanového pufru, pH 4,3. Dale jsme postupovali stejné jako v pfipadé CHTLA
proteazomu. PFi méfeni aktivity katepsintd B a L jsme metodicky vychazeli z publikaci
Koohmaraie a Kretchmar (1990) a Tardy a kol. (2004).

3.11 Modely proteokatabolického stavu (zan  étu)

3.11.1 Subkutanni aplikace terpentynového oleje

Laboratornim potkanum o hmotnosti 35-65 g jsme do podkoZi v dorsolumbdalni oblasti
injek&né aplikovali 0,2 ml terpentynového oleje/100 g télesné hmotnosti. Kontrolnim
skupinam jsme stejnym zplsobem podavali fyziologicky roztok. Uvedena davka
terpentynového oleje zpusobuje u laboratornich potkant nekrézu a lokalni zanét
v oblasti podani (Wisteman a kol. 1990). K izolaci kosternich svall (viz vySe,
kapitola 3.3) jsme pfistoupili po 24 hodinach od aplikace, kdy dosahuji proteiny
akutni faze terpentynem indukovaného z&nétu maximalnich plazmatickych hladin
(Zarrabian a kol. 1998, Birch a Schreiber 1986).

3.11.2 Intraperitonealni aplikace lipopolysacharid @ E. coli

Laboratornim potkanim o hmotnosti 35-65 g jsme intraperitonealni injekci podali
roztok endotoxint (E. coli 0127:B8) ve fyziologickém roztoku (2,5 mg/ml) v davce
0,5mg/100 g télesné hmotnosti. Kontrolnim skupindm jsme stejnym zpasobem
podavali fyziologicky roztok. K izolaci kosternich svall (viz vySe, kapitola 3.3) jsme
pristoupili po 24 hodinach od aplikace. Davka endotoxint i ¢asovy interval pasobeni
vychazely z publikace Macallana a kol. (1996) a rovnéz z naSich pFfedbéznych
experimentd, kdy jsme za téchto podminek pozorovali vyrazny proteokatabolicky
efekt (data neuvedena).

3.12 Ostatni metody

Odebrana krev byla centrifugovana 15 minut pfi 2200*g. Biochemicka vySetfeni
z plazmy potkanti (Na*, K*, gluk6za) byla provedena na Ustavu klinické biochemie a

diagnostiky Fakultni nemocnice Hradec Kralové standardnimi metodami.
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Koncentraci proteind ve vzorcich jsme stanovili podle Lowryho a kol. (1951). Tato
metoda je zaloZzena na redukci dvojmocnych iontd médi v komplexu s peptidovou
vazbou na ionty jednomocné, které reaguji s Folin-Ciocalteuovym ¢inidlem za vzniku
modrého zabarveni vzorku. Intenzitu zabarveni jsme detekovali spektrofotometricky

pfi vinové délce 730 nm.
3.13 Statistické zpracovani

Statistické zpracovani dat jsme provedli pomoci statistického programu NCSS 2001.
Podle designu experimentu jsme pouzili F-test, parovy t-test, neparovy t-test, ANOVA
a Tukey-Kramer test. Pouzity test je vzdy uveden u konkrétnich vysledku. Ve vSech
tabulkach a grafech jsou hodnoty uvedeny jako aritmeticky pramér a jeho stfedni

chyba (SEM). Statistickou vyznamnost jsme stanovili na p<0,05.
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4 VYSLEDKY

4.1 Porovnani modelu lokalniho zan étu (terpentynovy olej)
a sepse (endotoxin) z pohledu vlivu na metabolizmus
protein G a aminokyselin vr Gznych typech kosternich
sval i potkan (.

Cilem studie bylo porovnat dva laboratorni modely proteokatabolického stavu
z hlediska jejich vlivu na metabolizmus proteint a aminokyselin v riznych kosternich

svalech.

V prvni ¢asti studie byl indukovan lokalni zanét v dorsolumbalni oblasti subkutéanni
aplikaci terpentynového oleje (0,2 ml/100 g) (T). Kontrolni skupina zvifat stejnym
zpUsobem obdrzela injekci fyziologického roztoku (K). Po 24 hodinach jsme potkany

usmrtili, odebrali vzorky krve a izolovali kosterni svaly (SOL a EDL).

V druhé ¢&asti jsme u potkanu indukovali sepsi intraperitoneéini aplikaci endotoxinu
(0,5 mg/100 g tél. hmotnosti). Kontrolni skupina stejnym zpusobem obdrzela injekci

fyziologického roztoku. Déale jsme postupovali analogicky jako v prvni ¢asti.

Tabulka 5. Ve skupiné potkanu ovlivnéné terpentynovym olejem jsme zaznamenali
signifikantni sniZzeni hmotnostniho pfirastku potkand v prabéhu experimentu o 67 %.
Ke statisticky vyznamnému snizeni o 23 % doSlo také v pfipadé plazmatickych hladin

drasliku.

Tabulka 5. Vliv terpentynového oleje na zm ény télesné hmotnosti, glykémie,
natrémie a kalémie 24 hodin od za €atku experimentu.

K (n=8) T (n=7)
Narust télesné hmotnosti (%) 9,5#1,1 3,1+1,8*
Krevni plazma
Glukoza (mmol/l) 9,60,3 8,8+0,3
Na* (mmol/l) 143+1 14242
K* (mmol/l) 4,3+0,3 3,3+0,1*

Primérné hodnotytstandardni chyba (SEM). F-test a neparovy t-test. *p<0,05 vs. K. K — kontrolni
skupina, T — skupina ovlivnéna terpentynovym olejem.

32/91



Tabulka 6. U potkand, jimz jsme podali endotoxin, byl po 24 hodinach zaznamenan
pokles hmotnosti oproti poatecnimu stavu. Nesignifikantni trendy k poklesu vlivem
endotoxinu jsme zaznamenali i v pfipadé glykémie, hladiny sodiku a drasliku zlstaly

nezmenény.

Tabulka 6. Vliv endotoxinu na zm ény télesné hmotnosti, glykémie, natrémie a
kalémie 24 hodin od za €atku experimentu.

K (n=6) E (n=6)
Narust télesné hmotnosti (%) 11,1415 -1,9+1,0*
Krevni plazma

Glukéza (mmol/l) 8,310,2 7,740,2
Na* (mmol/l) 136+1 136+1
K* (mmol/l) 3,840,2 4,1+0,2

Primérné hodnotytstandardni chyba (SEM). F-test a neparovy t-test. *p<0,05 vs. K. K — kontrolni
skupina, E — skupina ovlivnéna endotoxinem.
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Tabulka 7. Terpentyn indukoval v EDL signifikantni narist CHTLA proteazomu a
celkové a myofibrilarni proteolyzy a zaroven pokles proteosyntézy, zatimco oxidaci
leucinu neovlivnil. V SOL vyznamné vzrostla jen celkova proteolyza, ostatni méfené
parametry zustaly stabilni. Je patrné, Ze vSechny sledované procesy (s vyjimkou
proteosyntézy ve svalech intaktnich potkand) probihaly rychleji v SOL nez v EDL a to

nezavisle na experimentalni skupiné.

Tabulka 7. Vliv terpentynového oleje na zakladni pa rametry metabolizmu
protein G a aminokyselin ve svalech.

Parametr EDLK SOLK EDLT SOLT

CHTLA proteazomu

(nmol AMC/g 1034+71 2125+125* 1640+106* 2436+174°*
proteintd/hod)

Celkova proteolyza

(nmol TYR/g 109+6 171+7* 145+5* 219+16*"
svalu/hod)

Myofibrilarni

proteolyza (nmol 0,542+0,033 1,167+0,086* 0,845+0,119* 1,447+0,157*

3MHY/g svalu/hod)
Oxidace leucinu

(nmol LEU/g 4543 86+7* 5919 116+12°*
svalu/hod)

Proteosyntéza

(nmol LEU/g 2870+136 32691166 1982+77* 2804+271°

proteint/hod)

Pramérné hodnotytstandardni chyba (SEM). n=7 v kazdé skupiné. F-test a péarovy t-test pro
porovnani dat ziskanych analyzou vramci jedné experimentalni skupiny. Neparovy t-test pro
porovnani dat ze stejnych typ( svalu ale rozdilnych experimentalnich skupin. *p<0,05 vs. EDLy,
*p<0,05 vs. EDLy, *p<0,05 vs. SOLk. K — kontrolni skupina, T — skupina ovlivnéna terpentynovym
olejem. SOL-m. soleus, EDL-m. extensor digitorum longus, AMC-7-amino-4-methylkumarin, TYR-
tyrosin, 3MH-3-MethylHistidin, LEU-leucin.
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Tabulka 8. Endotoxin v EDL zvysil celkovou a myofibrilarni proteolyzu za sou¢asného
poklesu hodnot proteosyntézy. V SOL za stejnych podminek doSlo ke stimulaci
CHTLA proteazomu a myofibrilarni proteolyzy. VSechny sledované procesy probihaly
u septickych zvifat rychleji v SOL nez v EDL. V kontrolni skupiné jsme v SOL
zaznamenali signifikantné vysSi hodnoty nez v EDL v pfipadé celkové a myofibrilarni

proteolyzy a oxidace leucinu.

Tabulka 8. Vliv endotoxinu na zakladni parametry me  tabolizmu protein G a
aminokyselin ve svalech.

Parametr EDLK SOLK EDLE SOLE

CHTLA proteazomu

(nmol AMC/g 16544291 1898+120 2253+174 3077+207**
proteintd/hod)

Celkova proteolyza

(nmol TYR/g 12718 238+15* 178+7* 279+23"*
svalu/hod)

Myofibrilarni

proteolyza (nmol 0,781+0,039 1,307+0,073* 1,585+0,158* 2,437+0,169*"

3MHY/g svalu/hod)
Oxidace leucinu

(nmol LEU/g 5844 98+5* 74+£13 122+14*
svalu/hod)

Proteosyntéza

(nmol LEU/g 15734232 1543+162 828+28* 1404+91°*

proteint/hod)

Pramérné hodnotytstandardni chyba (SEM). n=8 v kazdé skupiné. F-test a péarovy t-test pro
porovnani dat ziskanych analyzou vramci jedné experimentalni skupiny. Neparovy t-test pro
porovnani dat ze stejnych typ( svalu ale rozdilnych experimentalnich skupin. *p<0,05 vs. EDLy,
*p<0,05 vs. EDLg, #p<0,05 vs. SOLk. K — kontrolni skupina, E — skupina ovlivnéna endotoxinem. SOL-
m. soleus, EDL-m. extensor digitorum longus, AMC-7-amino-4-methylkumarin, TYR-tyrosin, 3MH-3-
MethylHistidin, LEU-leucin.
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Tabulka 9. V médiich z EDL terpentynem ovlivnénych potkanu jsme oproti kontrolnim
médiim zaznamenali statisticky vysSi koncentraci u GLN, v médiich ze SOL u LYS.
Pokles nastal u ALA a LEU v médiich ze SOL. Porovnanim hodnot z EDL a SOL
v ramci experementalnich skupin jsme v kontrolni skupiné SOL zaznamenali
signifikantné vyssi hladiny vétSiny méfenych aminokyselin kromé ALA, GLY a LYS
nez v EDL. Podobné tomu bylo i v terpentynem ovlivnéné skupiné, kde vyjimku tvofily
ALA, ASN a LEU.

Tabulka 9. Vliv terpentynového oleje na uvol novani aminokyselin ze sval 0 do
meédii (nmol/g svalu/hod).

Aminokyselina EDLk SOLk EDLt SOLt
ALA 739+117 856+108 595122 471+25%
ASN 105419 196+27* 150411 135413
GLN 1038+139 1541+218* 1517+£72* 2116+176*
GLU 130423 330+37* 143418 370+36"*
GLY 8071197 785+102 712457 1063+123*
HIS 143+13 202+21* 17047 282+29°*
ILE 132+20 208+17* 15616 266+21°
LEU 261+32 413+32* 311+11 232+18%"
LYS 360140 417+30 404+29 584+39**
MET 7318 125+10* 83+12 146+8"*
PHE 142419 222+17* 167+7 264+20°*
PRO 282+21 359+14* 319+14 457+42°
SER 376151 570+39* 352476 740+108°
VAL 217430 332423* 245+11 401+33*
Odvozené hodnoty

BCAA 610182 953+72* 712428 899+72°*
> aminokyselin 4805729 6556+695* 5324+353 7527+691°*

Primérné hodnotytstandardni chyba (SEM). n=7 v kazdé skupiné. F-test a péarovy t-test pro
porovnani dat ziskanych analyzou vramci jedné experimentalni skupiny. Neparovy t-test pro
porovnani dat ze stejnych typ0 svalt ale rozdilnych experimentalnich skupin. *p<0,05 vs. EDLy,
*p<0,05 vs. EDLy, “p<0,05 vs. SOLk. K — kontrolni skupina, T — skupina ovlivnéna terpentynovym
olejem. SOL-m. soleus, EDL-m. extensor digitorum longus. BCAA - Branched-Chain Amino Acids
(aminokyseliny s rozvétvenym fetézcem - ILE, LEU, VAL).
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Tabulka 10. V médiich z EDL endotoxinem ovlivnénych potkanu jsme oproti
kontrolnim médiim zaznamenali statisticky vySSi koncentraci u ASN, ILE, LEU, MET
A BCAA, vmédiich ze SOL u ALA, ASN, ILE, LEU, MET PHE, VAL A BCAA.
Porovnanim hodnot z EDL a SOL v ramci experementalnich skupin jsme v kontrolni
skupiné SOL zaznamenali signifikantné vysSi hladiny vSech méfenych aminokyselin
kromé ALA nez v EDL. Podobné tomu bylo i v endotoxinem ovlivnéné skupiné, kde
vyjimku tvofil GLY.

Tabulka 10. Vliv endotoxinu na uvol Rovani aminokyselin ze sval G do médii
(nmol/g svalu/hod).

Aminokyselina EDLk SOLk EDLg SOLg
ALA 707145 873£105 1093+107 1254+109*
ASN 111411 217+18* 209+18* 314+26**
GLN 1093+118 1763+173* 1087+108 2033+135°*
GLU 172412 348+50* 122412 372+29*
GLY 659+39 966+38* 928187 1284+121
HIS 126+14 229422+ 149+12 27719
ILE 122+7 24712+ 201+11~* 322+23**
LEU 244112 473124+ 379+21+ 616+44*"
LYS 33333 553+47* 46441 704154°*
MET 8644 15349~ 134+10~ 215+15*
PHE 15146 271+15* 211+16 366127
PRO 30216 492423+ 362128 592+39*
SER 37533 690+58* 48547 797+65°
VAL 224+11 419420+ 327120 548+36**
Odvozené hodnoty

BCAA 589+30 1139455+ 907452+ 1486+102*
> aminokyselin 48331293 79344571+ 63281502 9974+642°*

Primérné hodnotytstandardni chyba (SEM). n=8 v kazdé skupiné. F-test a péarovy t-test pro
porovnani dat ziskanych analyzou vramci jedné experimentalni skupiny. Neparovy t-test pro
porovnani dat ze stejnych typ0 svalt ale rozdilnych experimentalnich skupin. *p<0,05 vs. EDLy,
*p<0,05 vs. EDLE, "p<0,05 vs. SOLk. K — kontrolni skupina, E — skupina ovlivnéna endotoxinem. SOL-
m. soleus, EDL-m. extensor digitorum longus. BCAA - Branched-Chain Amino Acids (aminokyseliny s
rozvétvenym fetézcem - ILE, LEU, VAL).
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Graf 1. Relativni vyjadfeni zmén zakladnich parametri metabolizmu proteind a
aminokyselin jasné ukazalo, Ze na terpentynovy stimul intenzivnéji reagoval EDL

vyraznéjsi stimulaci CHTLA proteazomu a inhibici proteosyntézy.
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Graf 1. Relativni efekt terpentynem indukovaného za nétu na zakladni parametry metabolizmu
protein G a aminokyselin v EDL ( €erné sloupce) a SOL (bilé sloupce). Pro vypo ¢éet byla jako 100
% pouzita pr tmérna hodnota zjist énd u pfFislusné kontrolni skupiny. Pr damérné
hodnotytstandardni chyba (SEM). n=7 v kazdé skupin  &. F-test a nepérovy t-test. *p<0,05 vs.
EDL.
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Graf 2. Zrelativniho vyjadfeni zmén méfenych parametrd vyplynulo, Ze podani
endotoxinu v EDL aktivuje CHTLA proteazomu signifikantné méné a inhibuje

proteosyntézu vyznamneé vice nez v SOL.
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Graf 2. Relativni efekt endotoxinem indukovaného za  nétu na zékladni parametry metabolizmu
protein i a aminokyselin v EDL ( €erné sloupce) a SOL (bilé sloupce). Pro vypo ¢éet byla jako 100
% pouzita pr tmérna hodnota zjiSt énd u pfFislusné kontrolni skupiny. Pr damérné
hodnotytstandardni chyba (SEM). n=8 v kazdé skupin  é. F-test a neparovy t-test. *p<0,05 vs.
EDL.
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Graf 3. Pfi relativnim vyjadfeni zmén uvolhovani aminokyselin do média
zpusobenych terpentynovym olejem jsme zjistili signifikantni rozdily mezi SOL a EDL
v pfipadé ALA, ASN, GLY, HIS, LEU, LYS a BCAA.
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Graf 3. Relativni efekt terpentynem indukovaného za  nétu na uvol novani aminokyselin do média
z EDL (€erné sloupce) a SOL (bilé sloupce). Pro vypo ¢et byla jako 100 % pouzita pr Gmérna
hodnota zjist éna u pFislusné kontrolni skupiny. Pr Gmérné hodnotytstandardni chyba (SEM).
n=7 v kazdé skupin é. F-test a neparovy t-test. *p<0,05 vs. EDL. BCAA - Branched-Chain Amino
Acids (aminokyseliny s rozv  étvenym fetézcem - ILE, LEU, VAL).
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Graf 4. Relativni vyjadfeni zmén koncentraci aminokyselin v médiu ukazalo, Ze
vlivem endotoxinu se ASN, ILE, LEU a BCAA uvolfuji z EDL vyrazné vice, zatimco
GLU méné nez ze SOL.
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Graf 4. Relativni efekt endotoxinem indukovaného za4 nétu na uvol novani aminokyselin do
média z EDL (¢éerné sloupce) a SOL (bilé sloupce). Pro vypo ¢et byla jako 100 % pouzita
pramérna hodnota zjist éna u p Fislusné kontrolni skupiny. Pr  imérné hodnotytstandardni chyba

(SEM). n=8 v kazdé skupin é. F-test a neparovy t-test. *p<0,05 vs. EDL. BCAA - Branched-Chain
Amino Acids (aminokyseliny s rozv  étvenym fretézcem - ILE, LEU, VAL).

41/91



4.2 Vliv novych inhibitor 0 proteazomu, belaktosinu A a C,
na metabolizmus protein G a aminokyselin vr uznych

o

typech kosternich sval 1 intaktnich potkan (i

Cilem experimentu bylo zhodnotit efekt novych laktonovych inhibitor( proteazomu
na bazi homobelaktosinu C na metabolizmus proteini a aminokyselin v izolovanych
svalech potkanl a porovnat ucinky dvou jejich chemicky odliSnych forem, belaktosinu
AacC.

V této studii jsme pouzili pouze intaktni potkany. Po izolaci SOL a EDL z obou
zadnich koncetin jsme pfislusny sval z pravé koncetiny inkubovali vZzdy v kontrolnim
médiu, stejny sval z koncetiny levé pak v médiu obohaceném o testovany inhibitor
proteazomu v koncentraci 30 uM/l. To umoznilo srovnani vysledka z kontrolni a

belaktosinové inkubace vzdy z jednoho zvifete.

V tabulce 11 prezentujeme vysledky sledovani vlivu belaktosinu A na zakladni
parametry metabolizmu proteint a aminokyselin v izolovanych svalech. Tabulka 12
pak zobrazuje hodnoty ziskané pfi analogickém experimentu s belaktosinem C. Oba
pouzité inhibitory proteazomu signifikantné snizili CHTLA proteazomu, zatimco
aktivity katepsint B a L zUstaly oproti kontrole nezménény, a to v obou typech svald.
Rovnéz rychlost celkové proteolyzy byla statisticky vyznamné zredukovana jak
vlivem belaktosinu A tak belaktosinu C nezavisle na typu inkubovaného svalu.
Myofibrilarni proteolyza klesla pouze vlivem inkubace s belaktosinem A a to u obou
typu svalu. Belaktosin C hodnotu tohoto parametru neovlivnil. Oxidace leucinu se
vyrazné zvySila plsobenim belaktosinu A i C pouze v SOL. V EDL zlstala
nezménéna. Naopak tomu bylo v pfipadé méfeni rychlosti proteosyntézy, kdy jsme
nezavisle na typu pouzitého inhibitoru zaznamenali signifikantni pokles v EDL, avSak

proteosyntéza v SOL nebyla ovlivnéna.
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Tabulka 11. Vliv belaktosinu A na zakladni parametr y metabolizmu protein G a

aminokyselin ve svalech zdravych pokan (.

Parametr

SOLAa-

SOLAa+ EDLa. EDLAa+

CHTLA proteazomu
(nmol AMC/g
proteintd/hod)

n=8

Aktivita katepsinl B a L
(umol AMCl/g
proteinud/hod)

n=8

Celkové proteolyza
(nmol TYR/g svalu/hod)
n=10

Myofibrilarni proteolyza
(nmol 3MH/g svalu/hod)
n=10

Oxidace leucinu

(nmol LEU/g svalu/hod)
n=8

Proteosyntéza

(nmol LEU/g
proteint/hod)

n=8

1150161

328+35

27314

679+44* 1206+119 1022+64°*

341+16 278%26 240421

198+8* 14044 105+3*

1,260+0,043 1,098+0,049* 0,756+0,024 0,613+0,024°*

12+7

1905192

88+8* 80+13 8916

1757+86 1573186 1425+63°*

Pramérné hodnoty+standardni chyba (SEM). F-test a parovy t-test. *p<0,05 vs. SOL,., *p<0,05 vs.
EDL,. . Data z kontrolnich inkubaci oznacend ,A-* byla porovnadna pouze s daty z inkubaci
kontralateralnich svalG stejného typu v pfitomnosti belaktosinu A (,A+Y). SOL-m. soleus, EDL-m.
extensor digitorum longus, AMC-7-amino-4-methylkumarin, TYR-tyrosin, 3MH-3-MethylHistidin, LEU-

leucin.
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Tabulka 12. Vliv belaktosinu C na zakladni parametr y metabolizmu protein @G a
aminokyselin ve svalech zdravych potkan Q.

Parametr SOLc. SOLc+ EDLc. EDLc+

CHTLA proteazomu
(nmol AMC/g
proteintd/hod)

n=8

Aktivita katepsinl B a L
(umol AMCl/g
proteinud/hod)

n=8

Celkové proteolyza
(nmol TYR/g svalu/hod)
n=10

1236186 789+62* 1475194 1015+66°

298+26 259127 285131 197421

25817 230+8* 135+5 112+6°*

Myofibrilarni proteolyza
(nmol SMH/g svaluhod) 3 12940,101 1,157:0,096 0,588:0,037 0,528,035
Oxidace leucinu

(nmol LEU/g svalu/hod)

n=8 6415 79+7* 7512 9145
Proteosyntéza

(nmol LEU/g 1924+00  1769+83 1580487  1447+66°
proteint/hod)

n=8

Pramérné hodnoty+standardni chyba (SEM). F-test a parovy t-test. *p<0,05 vs. SOL¢., ‘p<0,05 vs.
EDLc. . Data z kontrolnich inkubaci oznacena ,C-* byla porovnana pouze s daty z inkubaci
kontralateralnich svalGl stejného typu v pfitomnosti belaktosinu C (,C+*). SOL-m. soleus, EDL-m.
extensor digitorum longus, AMC-7-amino-4-methylkumarin, TYR-tyrosin, 3MH-3-MethylHistidin, LEU-
leucin.
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Tabulka 13. Analyza média, ve kterém byl inkubovan EDL, prokazala, Zze vSechny
detekované aminokyseliny s vyjimkou GLU se vlivem belaktosinu A uvolfovaly do
média pomaleji nez pfi kontrolnich inkubacich. V pfipadé SOL jiz vysledky nebyly tak
jednoznacné, nebot signifikantné pomaleji se ze svalu uvolfiovaly jen ASN, ILE, LEU,
LYS, MET, PHE, PRO a VAL. V dusledku pak nebyl prokadzan signifikantni pokles
celkové rychlosti uvolfiovani aminokyselin do média jako v pfipadé EDL.

Tabulka 13. Vliv belaktosinu A na uvol Rnovani aminokyselin ze sval 0 zdravych
potkan G do médii (nmol/g svalu/hod).

Aminokyselina SOL a- SOL a+ EDL a- EDL A+
ALA 1121467 1034142 67937 594+40"*
ASN 295126 244+17* 139+6 11745°*
GLN 2037+124 1944197 130742 1166+19°*
GLU 424453 385445 174421 149413
GLY 1023+59 876453 582+30 498+29"*
HIS 333122 293+13 16516 141+6°*
ILE 324+14 241+8* 197410 158+8*
LEU 590+27 429+15* 289+11 219+10°*
LYS 690152 560+26* 430+23 375+18"*
MET 16849 125+6* 8413 65+4*
PHE 308+17 227+11* 14945 120+6*
PRO 597434 477+38* 346113 282+9°*
SER 992+102 868+80 530+29 430+24"*
VAL 473125 359+14* 22748 178+8"*
Odvozené hodnoty

> aminokyselin 9588669 81441422 5438+187 4597+148°*

Pramérné hodnoty+standardni chyba (SEM). n=10. F-test a parovy t-test. *p<0,05 vs. SOL,., *p<0,05
vs. EDL,. . Data ziskan& analyzou médii z kontrolnich inkubaci oznacen& ,,A-“ byla porovnana pouze s
daty z inkubaci kontralateralnich svald stejného typu v pfitomnosti belaktosinu A (,A+“). SOL-m.
soleus, EDL-m. extensor digitorum longus.
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Tabulka 14. Analyza médii z experimentu s belaktosinem C pfinesla podobné
vysledky jako v pfipadé belaktosinu A. V obou typech svali byla vyznamné
zredukovana rychlost uvolfiovani ILE, LEU, MET, PHE a VAL. V EDL toto platilo
navic pro ALA, ASN, LYS a PRO. SniZené uvolfiovani vSech méfenych aminokyselin

ze svalu béhem inkubace s belaktosinem C jsme tak zaznamenali opét pouze v EDL.

Tabulka 14. Vliv belaktosinu C na uvol novani aminokyselin ze sval 0 zdravych
potkan G do médii (nmol/g svalu/hod).

Aminokyselina SOLc. SOLc+ EDLc. EDLc+
ALA 1157453 1098456 61619 451+20°*
ASN 307+11 302+15 118+2 10245*
GLN 201358 1997456 1220+41 1106150
GLU 488+38 568+27 154417 153418
GLY 897+29 875432 489426 45530
HIS 31312 308+11 166+13 140413
ILE 30748 261+9* 15546 117+7°*
LEU 58617 494+16* 299+12 225+11°
LYS 817+27 76343 498+14 457+21°
MET 16945 147+6* 7943 61+3°*
PHE 3039 267+9* 14945 123+6°*
PRO 649+19 593422 35612 297+11°
SER 892+63 892+76 404430 379434
VAL 46313 404+14* 234+13 181+10°*
Odvozené hodnoty

S aminokyselin 9619+320 9200378 5071+158 4358+222*

Pramérné hodnoty+standardni chyba (SEM). n=10. F-test a parovy t-test. *p<0,05 vs. SOL ., *p<0,05
vs. EDL .. Data ziskan& analyzou médii z kontrolnich inkubaci ozna¢ena ,C-* byla porovnana pouze
s daty z inkubaci kontralateralnich svall stejného typu v pfitomnosti belaktosinu C (,C+). SOL-m.
soleus, EDL-m. extensor digitorum longus.
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4.3 Vliv  bortezomibu na metabolizmus protein G a
aminokyselin vr Gznych typech kosternich sval U
intaktnich a septickych potkan

Cilem experimentu bylo zhodnotit vliv dosud jediného IP pouzivaného v klinické
praxi, bortezomibu, na metabolizmus proteinG a aminokyselin v izolovaném
kosternim svalu zdravych a septickych potkant. Sledovali jsme rovnéZz uc€inky této

latky v zavislosti na zpusobu expozice.

Ve studii in vivo jsme potkany ndhodné rozdélili do Ctyf experimentélnich skupin.
Dvéma skupinam jsme indukovali sepsi intraperitonealni aplikaci endotoxinu (0,5
mg/100 g tél. hmotnosti). Zbylé dvé (kontrolni) skupiny stejnym zplasobem obdrzely
injekci fyziologického roztoku. Bezprostfedné poté jsme vSem potkanim do podkozi
v dorsolumbalni oblasti implantovali osmotickou pumpu. Jedné skupiné septické
(E+B) a jedné kontrolni (K+B) jsme voperovali pumpy s obsahem inhibitoru
proteazomu, bortezomibu. Koncentraci inhibitoru a pumpu jsme zvolili tak, aby
celkova davka bortezomibu odpovidala 0,2 mg/kg/24 hodin. Zbylym dvéma skupinam
(E, K) jsme stejnym zplsobem voperovali pumpy naplnéné fyziologickym roztokem.
Po 24 hodinach jsme potkany usmrtili, odebrali vzorky krve a izolovali kosterni svaly
(SOL a EDL).

Ve studii in vitro jsme analogicky pracovali pouze se dvémi skupinami zvifat —
septickymi a kontrolnimi. 24 hodin po zacatku experimentu jsme izolovali SOL a EDL
z obou zadnich koncetin a pfislusny sval zpravé koncetiny inkubovali vzdy
v kontrolnim médiu, stejny sval z koncetiny levé pak v médiu obohaceném o
bortezomib v koncentraci 250 nM/l. Obsah bortezomibu v médiu tak odpovidal

mnozstvi této latky uvolnéné kazdou hodinu z osmotické pumpy ve studii in vivo.
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Tabulka 15. Aplikace endotoxinu stimulovala CHTLA proteazomu v obou typech
svall i studii svyjimkou EDL izolovaného vramci studie in vivo. Bortezomib
redukoval toto zvySeni na kontrolni hodnoty nezavisle na zplsobu podani (in vitro, in
vivo). Avsak byl-li bortezomib aplikovan zdravym jedinctim, s vyjimkou sniZeni u EDL
pfi studii in vitro, nevykazal inhibi¢ni efekt na CHTLA proteazomu.

Tabulka 15. Vliv bortezomibu na chymotrypsin-like a  ktivitu proteazomu ve
svalech zdravych a septickych potkan G (nmol AMC/g protein G/hod).

Studie in vivo Studie in vitro
SOL EDL SOL EDL
K 1898+120°* 16544291 16914151 1768174
K+B 1793+117* 1416+91* 1660+139 1391+79*
E 3077+207* 2253174 3044+137* 2560+152*
E+B 1761+62* 1733+139 1467+114°* 1532+100°*

Prdmérné hodnotytstandardni chyba (SEM). n=8 vkazdé skupiné. Studie in vivo: ANOVA
nasledovana testem Tukey-Kramer. Studie in vitro: F-test nasledovany parovym (K+B vs. K, E+B vs.
E) a neparovym (E vs. K) t-testem. *p<0,05 vs. K, *p<0,05 vs. E. Statisticky porovnavana byla pouze
data ziskana analyzou supernatantu ze stejného typu svalu. AMC-7-Amino-4-Methylkumarin, SOL —
m. SOLeus, EDL — m. Extensor Digitorum Longus, K — kontrolni skupina, K+B — kontrolni skupina
ovlivnéna bortezomibem, E — skupina ovlivnéna endotoxinem, E+B — skupina ovlivnéna endotoxinem
a bortezomibem.
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Tabulka 16. V EDL septickych zvifat vyznamné vzrostla celkova proteolyza oproti
kontrole, zatimco v SOL se nezménila. Bortezomib, at’ uz podan septickym potkanim
in vitro nebo in vivo, tento parametr prekvapivé dale stimuloval a to i v SOL
pfi podani in vitro. V korelaci s CHTLA vS8ak bortezomib neovlivnil celkovou

proteolyzu u intaktnich jedincd.

Tabulka 16. Vliv bortezomibu na celkovou proteolyzu ve svalech zdravych a
septickych potkan 0 (nmol TYR/g svalu/hod).
Studie in vivo Studie in vitro
SOL EDL SOL EDL

K 238+15 127+8°* 2568 10643
K+B 25048 14619 2356 100+3*

E 279423 178+7* 276x13 165+6*
E+B 317+9* 235+16°* 320+16* 172+6*

Prdmérné hodnotytstandardni chyba (SEM). n=8 vkazdé skupiné. Studie in vivo: ANOVA
nasledovana testem Tukey-Kramer. Studie in vitro: F-test nasledovany parovym (K+B vs. K, E+B vs.
E) a neparovym (E vs. K) t-testem. *p<0,05 vs. K, *p<0,05 vs. E. Statisticky porovnavéana byla pouze
data ziskana analyzou inkuba¢niho média ze stejného typu svalu. TYR - TYRosin, SOL — m. SOLeus,
EDL — m. Extensor Digitorum Longus, K — kontrolni skupina, K+B — kontrolni skupina ovlivnéna
bortezomibem, E — skupina ovlivnéna endotoxinem, E+B — skupina ovlivnéna endotoxinem a
bortezomibem.
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Tabulka 17. Je patrné, Ze myofibrilarni proteolyza byla zvySena po aplikaci
endotoxinu u obou typd svall i studii. | zde jsme pozorovali neCekany efekt
bortezomibu, kdy jeho podani septickym zvifatim déle myofibrilarni proteolyzu

stimulovalo, u zdravych potkanu ji vSak nezmeénilo.

Tabulka 17. Vliv bortezomibu na myofibrilarni prote  olyzu ve svalech zdravych a
septickych potkan @ (nmol 3MH/g svalu/hod).

Studie in vivo Studie in vitro
SOL EDL SOL EDL
K 1,307+0,073* 0,781+0,039°* 1,903+0,054 1,034+0,055
K+B 1,700+0,123* 1,063+0,088* 1,833+0,051 0,998+0,040
E 2,437+0,169* 1,585+0,158* 2,644+0,175* 2,183+0,156*
E+B 3,388+0,295* 2,581+0,185% 3,065+0,276°* 2,317+0,185°*

Primérné hodnotytstandardni chyba (SEM). n=8 v kazdé skupiné. Studie in vivo: ANOVA
nasledovana testem Tukey-Kramer. Studie in vitro: F-test nasledovany parovym (K+B vs. K, E+B vs.
E) a neparovym (E vs. K) t-testem. *p<0,05 vs. K, *p<0,05 vs. E. Statisticky porovnavana byla pouze
data ziskana analyzou inkuba¢niho média ze stejného typu svalu. 3MH-3-MethylHistidin, SOL — m.
SOLeus, EDL — m. Extensor Digitorum Longus, K — kontrolni skupina, K+B - kontrolni skupina
ovlivnéna bortezomibem, E — skupina ovlivnéna endotoxinem, E+B — skupina ovlivnéna endotoxinem
a bortezomibem.
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Tabulka 18. Zanét indukoval ve svalech oxidaci leucinu. Ale pouze v pfipadé SOL
studie in vitro doSlo k statisticky vyznamné aktivaci tohoto parametru. Ani expozice

bortezomibu nepfinesla napfi¢ experimentalnimi skupinami Zadny efekt.

Tabulka 18. Vliv bortezomibu na oxidaci leucinu ve svalech zdravych a
septickych potkan 0 (nmol LEU/g svalu/hod).
Studie in vivo Studie in vitro

SOL EDL SOL EDL
K 9815 58+4 67+4 5243
K+B 9618 8518 703 48+3
E 122+14 74+13 91+10* 65+8
E+B 137+11* 107+11* 102+12 53+4

Primérné hodnotytstandardni chyba (SEM). n=8 v kazdé skupiné. Studie in vivo: ANOVA
nasledovana testem Tukey-Kramer. Studie in vitro: F-test nasledovany parovym (K+B vs. K, E+B vs.
E) a neparovym (E vs. K) t-testem. *p<0,05 vs. K. Statisticky porovnavana byla pouze data ziskana
analyzou hyaminu ze stejného typu svalu. LEU — LEUcin, SOL — m. SOLeus, EDL — m. Extensor
Digitorum Longus, K — kontrolni skupina, K+B — kontrolni skupina ovlivnéna bortezomibem, E —
skupina ovlivnéna endotoxinem, E+B — skupina ovlivnéna endotoxinem a bortezomibem.
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Tabulka 19. V EDL septickych potkand (narozdil od SOL) doSlo kinhibici
proteosyntézy v obou studiich. Tento pokles byl C¢astecné kompenzovan aktivaci
proteosyntézy vlivem bortezomibu avSak pouze po podani in vitro. Navic v SOL
septickych zvifat (in vitro) a EDL potkanu intaktnich bortezomib pUsobil jako inhibitor
proteosyntézy.

Tabulka 19. Vliv bortezomibu na proteosyntézu ve sv  alech zdravych a
septickych potkan G (nmol LEU/g protein G/hod).

Studie in vivo Studie in vitro
SOL EDL SOL EDL
K 15434162 1573+232°* 1806153 1160452
K+B 1444+79 1083+£87* 1767119 1065154
E 1404491 828+28* 17994204 616+40*
E+B 995+109* 793+107* 1467+77°* 762+32°

Prdmérné hodnotytstandardni chyba (SEM). n=8 vkazdé skupiné. Studie in vivo: ANOVA
nasledovana testem Tukey-Kramer. Studie in vitro: F-test nasledovany parovym (K+B vs. K, E+B vs.
E) a neparovym (E vs. K) t-testem. *p<0,05 vs. K, *p<0,05 vs. E. Statisticky porovnavéana byla pouze
data ziskana analyzou proteind ze stejného typu svalu. LEU — LEUcin, SOL — m. SOLeus, EDL — m.
Extensor Digitorum Longus, K — kontrolni skupina, K+B — kontrolni skupina ovlivnhéna bortezomibem,
E — skupina ovlivnéna endotoxinem, E+B — skupina ovlivnéna endotoxinem a bortezomibem.
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Tabulka 20. Ackoliv se ze svall septickych zvifat aminokyseliny uvolfiovaly obecné
rychleji, signifikantni narust jsme v SOL i EDL zachytili pouze v pfipadé BCAA, MET
a ASN. Suma uvolnénych aminokyselin do média tak vykazovala sice silny le¢
nesignifikantni trend k narGstu. Podani bortezomibu dale stimulovalo uvolhovani
aminokyselin ze svalu. V pfipadé SOL zustalo u trendu, avSak v EDL se s vyjimkou
GLU, GLN a SER uvolfovani aminokyselin ze svalu signifikantné zrychlilo.
U zdravych potkant ale bortezomib uvolfovani aminokyselin ze svalu nestimuloval.
Vyjimkou byl nariist u GLN a HIS v médiu ze SOL.

Tabulka 21. Ve studii in vitro byla reakce na endotoxinovy stimul obdobna jako
pfi studii in vivo stim rozdilem, Ze suma uvolnénych aminokyselin z EDL byla
tentokrat signifikantné vyssi oproti pfislusné kontrole. Kultivace SOL septickych zvirat
s bortezomibem pfinesla dalSi signifikantni zrychleni uvolfiovani téeméf vSech
aminokyselin do média. Suma aminokyselin uvolnénych z EDL zlstala prakticky
stejnd v dusledku ambivalentniho vlivu bortezomibu na uvolfiovani jednotlivych
aminokyselin. Uvolfiovani vétSiny aminokyselin ze svalu zdravych zvifat bortezomib
prekvapivé inhiboval, coz se projevilo jako signifikantni pokles koncentraci BCAA
v médiu z obou typu svalu a statisticky vyznamny pokles sumy aminokyselin v médiu
z EDL.
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Tabulka 20. Vliv bortezomibu na uvol nRovani aminokyselin ze sval U zdravych a septickych potkan @ do médii (nmol/g
svalu/hod)-studie in vivo.

K K+B E E+B

SOL EDL SOL EDL SOL EDL SOL EDL
ALA 873+105* 707445 1006+34 879476 1254+109°  1093+107 1252490  1534+113*
ASN 217+18* 111+11° 257+10 134412 314+26° 209+18" 361+14" 307+22"
GLN 1763+173  1093+118 2211455 1211+40 2033+135 10874108  2275+103 1326467
GLU 348450 172412 459+24 169+17 372429 122+12 43644 4 171410
GLY 966438 659439 1135473 738471 1284+121 928487 16 29454  1313+67*
HIS 229422 126+14 307+11° 159+11 277+19 149+12 310+14" 212+14%
ILE 247+12° 122+7* 277+9 144+9* 322+23" 201+11" 364+10° 289+25*
LEU 473+24* 244+12° 527+16 288+16* 616+44" 379+21" 681+16" 523+44%
LYS 553+47 333433 642+24 359+14 704454 464441 733433 684+47*
MET 153+9* 86+4* 181+5 107+7 215+15" 134+10° 241+7" 195+15*
PHE 271+15° 15146 31849 186+10 366+27" 211+16 403+11" 298+21*
PRO 492+23 302+16 538+18 309+14 592+39 362+28 630+1 8 452+27%
SER 690458 375433 799439 400431 797465 485+47 862+4 1 621+38"
VAL 419+20* 224+11 486+14 263+15 548+36" 327420 610+15 457+37"
Odvozené
hodnoty
BCAA 1139455* 589+30° 1291439 694+40 1486+102" 907452 1655+39°  1269+106*
2 79344571 48334293  9391+289  5491+297  9974+642 63284502 11104+405  8617+458*

aminokyselin

Pramérné hodnoty+standardni chyba (SEM). n=8 v kazdé skupiné. ANOVA néasledovana testem Tukey-Kramer. *p<0,05 vs. K, *p<0,05 vs. E. Statisticky
porovhavana byla pouze data ziskana analyzou inkubacniho média ze stejného typu svalu. BCAA - Branched-Chain Amino Acids (aminokyseliny s
rozvétvenym fetézcem - ILE, LEU, VAL).
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Tabulka 21. Vliv bortezomibu na uvol

novani aminokyselin ze sval

U zdravych a septickych potkan

U do médii (nmol/g

svalu/hod)-studie in vitro.
K K+B E+B
SoL EDL SoL EDL SoL EDL SoL EDL

ALA 1724495 798469 1563+102" 752458 1548+45 1389+28° 1867+83* 1411+41
ASN 296+14 95+7 270+15° 88+7 293+16 178+7" 358+19* 183+8
GLN 2682+191 1219489 2519+199 1142+76" 2083+96" 1238454 2547+129*  1117+41°
GLU 528435 10546 449+30" 98+5 330+32° 98+7 435+18* 68+6*
GLY 1680473 1001442 1687487 935+30" 1542454 1169+46°  1801+114°*  1071+28°
HIS 338+12 12545 310+11° 122+5 281+14" 14945 336+18* 151+5
ILE 31048 129+4 287+6" 12343 345+15" 214+9° 375+18* 231+8°*
LEU 598+15 253+7 549+11° 238+4" 645+27 398+16° 698+31°* 426+12*
LYS 811426 389+16 731424 376+12" 766439 512+18" 906+59°* 520417
MET 17845 69+2 163+4" 66+2" 199+10° 12845 226+12* 133+5*
PHE 31649 126+3 288+7" 120+2" 335+16 20448 381+19° 21448°*
PRO 602+18 29048 560+13 278+7" 557+21 36448 630+33* 380+7*
SER 955+48 360420 873+31" 357439 819+33" 478+16" 1018+64* 507+19
VAL 489+13 219+5 452+9" 208+4" 536422 325+12" 594+28* 351+9*
Odvozené

hodnoty

BCAA 1397436 601+17 1289+26" 569+11" 1528463 941436 1668+77* 1012+28*
2 117624350  5284+155  10938+319 5002+128° 105544356  7032+203° 12508+563*' 6952+155

aminokyselin

Pramérné hodnotytstandardni chyba (SEM). n=8 v kazdé skupiné. F-test nasledovany parovym (K+B vs. K, E+B vs. E) a neparovym (E vs. K) t-testem.
*p<0,05 vs. K, *p<0,05 vs. E. Statisticky porovnavana byla pouze data ziskana analyzou inkubaéniho média ze stejného typu svalu. BCAA - Branched-Chain
Amino Acids (aminokyseliny s rozvétvenym fetézcem - ILE, LEU, VAL).

55/91



5 DISKUZE

5.1 Porovnani modelu lokalniho zan étu (terpentynovy olej)
a sepse (endotoxin) z pohledu vlivu na metabolizmus
protein G a aminokyselin vr Gznych typech kosternich
sval il potkan U

Celkova proteolyza vzrostla vlivem terpentynem indukovaného zanétu v obou
sledovanych izolovanych svalech asi o tfetinu. Myofibrilarni proteolyza za téchto
podminek rovnéz rostla, avSak v SOL vyrazné meéné nez v EDL. Podobny rozdil jsme
pozorovali i v pfipadé stimulace CHTLA proteazomu. Aplikace endotoxinu méla
vzhledem Kk terpentynu srovnatelny dopad na celkovou proteolyzu. AvSak aktivace
CHTLA proteazomu byla tentokrat vyraznéjSi a to zejména v SOL. Zmény v
myofibrilarni proteolyze se neliSily v zavislosti na typu svalu a byly mnohem vysSi nez
v pfipadé terpentynového modelu. Tato fakta naznaduji spojitost mezi CHTLA
proteazomu a myofibrilarni proteolyzou, zatimco mira celkové proteolyzy muze byt
ovlivnéna aktivitou jinych degradacnich systému (napf. lysozomalnich). Na druhou
stranu je tfeba uvést, Ze myofibrilarni vlakna jsou pro degradaci v proteazomu
prostorové nepfistupna (Solomon a Goldberg 1996). Aktin a myozin musi byt
z filament nejprve uvolnény, aby se staly substratem pro UPS. Dé&je se tak napfiklad
¢innosti kaspazy 3 (Du a kol. 2005). Podobné rozdily ve zménach myofibrilarni a
celkové proteolyzy v SOL a EDL byly zaznamenany u septickych (Hasselgren a kol.
1989, Tiao a kol. 1997) nebo popalenych (Fang a kol. 1998, b) potkanl. Preferenéni
aktivace proteolytickych dé&ji v rychlych svalech (EDL) oproti pomalym (SOL) byla pfi
sepsi dokazana také na molekularni drovni vysSi expresi mRNA atroginul/MAFbx,
MuRF1 a ubiquitinu (Frost a kol. 2007).

OdlisSné reakce SOL a EDL na katabolicky podnét mohou byt zpusobené
napfiklad jejich rozdilnou senzitivitou va¢i katabolickym pusobkim jako jsou
glukokortikoidy nebo cytokiny (Savary a kol. 1998, Fang a kol. 1995), o nichz je
zaroven znamo, Ze patfi mezi latky silné stimulujici aktivitu UPS (Wang a kol. 1998,
Lorite a kol. 2001, Li a kol. 1998, Chai a kol. 2003). Konkrétnim pfikladem je snizena
vaznost glukokortikoidnich receptord viéi ligandim pfi popaleninach, ktera je
charakteristicka pro pomala svalova vlakna (SOL) (Jacobson a Turinsky 1982). Také

rozdily v aktivaci CHTLA mezi terpentynovym a endotoxinovym proteokatabolickym
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modelem zapadaji do tohoto konceptu. Oba modely sice zplsobuji narust
plazmatickych hladin nékterych proteint akutni faze jako TNF-a, IL-18 , IL-6 nebo
a2-makroglobulin, ale liSi se vyrazné v dynamice tohoto procesu. Zatimco u
endotoxinového modelu dosahuiji hladiny prozanétlivych cytokind maxima obvykle po
nékolika malo az 24 hodinach, u terpentynového modelu je to obvykle pozdéji (az 48
hodin) (Frost a kol. 2007, Rowsey a kol. 2006, Lyoumi a kol. 1998, Wusteman a kol.
1990). Za jednu z pfi¢in je mozno povazovat rozdilnost souvisejici s technickym
provedenim indukce zanétu, kdy endotoxin byl aplikovan do vyrazné prokrvenégjsiho
peritonea ve srovnani s podkozim dorsolumbalni oblasti (terpentynovy olej). Navic,
soubor cytokinl a jejich mnozstvi uvolfiované pfi sepsi €i zanétu je zavisly na
vyvolavacim ciniteli. Na sterilni zanét indukovany terpentynovym olejem reaguje
organizmus prednostné kaskadou reakci zacinajicich nadprodukci IL-1B. Podani
endotoxinu jako modelu bakterialni sepse stimuluje produkci vice cytokinu, mezi
nimiz stézejni roli hraje TNF- a jako pfredni proteokatabolicky cytokin (Fantuzzi a
Dinarello 1996, Tisdale 2008).

Na aktivaci proteolytickych déji u obou testovanych katabolickych modell ukazuje
také zvySené uvolfiovani aminokyselin ze svali do inkubacnich médii, které v3ak
bylo statisticky potvrzeno pouze u endotoxinového modelu. Zde je nutné si uvédomit,
Ze koncentrace aminokyselin v médiich mohou byt ovlivnény nékolika faktory. Patfi
mezi né zejména razné transportni mechanizmy, katabolizmus a syntéza nékterych
aminokyselin a rovnéZz moznost vazby aminokyselin na bunécné struktury.
Interpretace dat ziskanych analyzou obsahu aminokyselin v kultivaénim médiu tedy
musi zohlednovat tyto ovliviiujici faktory. NejvyraznéjSi zmény jsme detekovali
v pfipadé leucinu, jehoZz koncentrace v médiich ze SOL terpentynem ovlivnénych
zvifat poklesla, zatimco v EDL médiich méla rostouci tendenci. JelikoZz jsme
nezaznamenali vyznamné zmény v oxidaci leucinu, je mozné, Ze se leucin v SOL
narozdil od EDL akumuluje. To naznacuje i studie Hammarqvist a kol. (2001), ktera
doklada zvySené intramuskularni koncentrace leucinu jako duasledek podani
katabolickych hormont. Vysledky z endotoxinového modelu vSak tato pozorovani
nepotvrdily. Pfesto vySe uvedené rozdily mezi endotoxinovym a terpentynovym
modelem zanétu jasné ukazuji na dulezZitost vhodné volby proteokatabolického

modelu.
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Ve svalech ovlivnénych zvifat jsme u obou modelt kromé aktivace proteolytickych
déju zjistili také inhibici proteosyntézy. Podobné zmény ve svalech septickych
potkanu zaznamenali také Kadlcikova a kol. (2004), na druhou stranu Hasselgren a
kol. (1986) nebo Wusteman a kol. (1990) nepozorovali za téméf shodnych
experimentalnich podminek zmény v proteosyntéze. V nasi studii vSak v EDL klesla
proteosyntéza statisticky vyznamné, v SOL pouze nesignifikantné. Stejn& pozorovani
ucinili Vary a Kimball (1992), kdyZz u septickych zvifat zdokumentovali pokles
proteosyntézy jen v kosternich svalech s pfevahou tzv. rychlych vidken (v naSem
pfipadé EDL), nikoli vSak v tzv. pomalych svalech (SOL). Zmény v proteosyntéze do
znacné miry koresponduji (nepfimo umeérné) se zménami v CHTLA proteazomu, coz
naznaCuje souvislost téchto déji. Jednou z moZznosti je napfiklad UPS
zprostfedkovana degradace translacnich iniciacnich faktor( elF4G nebo elF3a, jak
publikovali Baugh a Pilipenko (2004). Rovnéz kumulace leucinu v SOL diskutovana
vySe muze proteosyntézu ovlivnit. Nedostatek leucinu ma totiz za nasledek redukci
proteosyntetickych déju skrze interakci s transla¢nimi inicia¢nimi faktory (Vary a kol.
1999) a naopak jeho prebytek proteosyntézu ve svalu stimuluje (Anthony a kol.
2000).

5.2 Vliv novych inhibitor G proteazomu, belaktosinu A a C,
na metabolizmus protein G a aminokyselin vr Gznych

o

typech kosternich sval U intaktnich potkan

Pritomnost belaktosinu A i belaktosinu C vinkubaénim médiu zpusobila inhibici
CHTLA proteazomu vSOL i EDL a to ve srovnatelném rozsahu jako vétSina
znamych inhibitord CHTLA proteazomu. Zaroven jsme vSak nezaznamenali zadny
vliv belaktosinl na aktivitu katepsinl B a L, coz je €asta vlastnost mnohych IP (viz
vySe, kapitola 1.4.1). Slibnou proteazomalni specifitou disponuje také analog
belaktosinu A (KF33955), u néhoz byla zdokumentovana minimalni inhibiéni aktivita
vuci katepsinu B (Asai a kol. 2004). Také celkova proteolyza byla vyrazné
redukovana nezavisle na typu svalu a konkrétnim belaktosinu. To znovu potvrzuje
zasadni roli UPS v degradaci proteint v kosternim svalu, na kterou poukazali jiz
mnohé prace zabyvajici se UPS a inhibitory proteazomu jako AdaAhxsL3VS
(Kadicikova a kol. 2005), lactacystin (Fang a kol. 1998, a) nebo MG132 (Bailey a kol.
1996, Tawa a kol. 1997). Inhibici celkové proteolyzy ¢aste¢né potvrdila i kvantitativni

analyza aminokyselin uvolnénych do inkuba¢niho média. Zatimco v médiich z EDL
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ovlivnénych belaktosiny byly koncentrace aminokyselin signifikantné nizsi, v médiich
ze SOL byl pozorovan pouze neprikazny trend k poklesu. Faktory, které mohou
ovlivnit kone€né mnoZstvi aminokyselin v médiu jiz byly diskutovany vyse (strana 57),

a také v tomto pripadé je nutné uvazovat jejich plsobeni.

V pfipadé myofibrilarni proteolyzy jsme oclekavany pokles v obou izolovanych
svalech zachytili pouze po inkubaci s belaktosinem A. Belaktosin C tento parametr
neovlivnil. Nabizi se tedy hypotéza, Ze schopnost IP ovlivnit myofibrilarni proteolyzu
je funkci jeho struktury a je nezavisla na inhibi¢nich vlastnostech vic¢i UPS. Napfiklad
IP MG132 prokazatelné snizuje myofibrilarni proteolyzu (Thompson a kol. 1999),
zatimco laktacystin nikoliv (Fang a kol. 1998, a). Zaroven je vSak obecné znamo, Ze
inhibice UPS aktivuje kaspazu 3, coZz je mimo jiné proteaza kooperujici
na myofibrilarni degradaci (Du a kol. 2005). Tato data jasné ukazuji, Ze pfes zasadni
roli UPS je myofibrilarni degradace komplikovany multifaktorialni proces, a jeho

redukce pomoci IP zdaleka neni samoziejmosti.

Zé&sadni role leucinu jako aktivatoru proteosyntézy (Vary a kol. 1999, Anthony a kol.
2000) v kosternim svalu jiz byla zminéna. ZvySené hodnoty oxidace leucinu jsme
zaznamenali jak poinkubaci s belaktosinem A tak i s belaktosinem C, avSak
v naSi laboratofi vSak pfi inkubaci s IP AdaAhxzL3VS ukazaly zvySenou oxidaci
leucinu v obou typech svalll (Kadlcikova a kol. 2005) a pfi pouziti MG132 byl
zaznamenan dokonce pokles hodnot tohoto parametru v EDL (Kadicikova a kol.
2004). Tato fakta tedy spiSe nez na ucinek zavisly na typu svalu ukazuji na dalSi
specifickou vlastnost testovanych belaktosini. Jelikoz kli€ovym enzymem
v katabolizmu leucinu je dehydrogenaza rozvétvenych a-ketokyselin (Lombardo a
kol. 1999), jednim z moznych vysvétleni je interakce belaktosinl s timto enzymem.
Zde je nutné zminit, Ze leucin ovliviiuje nejen proteosyntetické ale také proteolytické
déje. Za urcCitych podminek leucin sice pUsobi jako inhibitor CHTLA proteazomu
(Hamel a kol. 2003), ale jeho a-ketokyselina efektivné snizuje celotélovou proteolyzu
(Tischler a kol. 1982). To znamena, Ze belaktosiny stimulaci oxidace leucinu zvySuji

svuj antiproteolyticky efekt.

Obé testované latky inhibovaly proteosyntézu v EDL nikoliv vSak v SOL. Uvazime-li,
ze belaktosiny signifikantné stimulovaly oxidaci leucinu jen v SOL, lze pokles

proteosyntézy v tomto pfipadé téZko spojovat s depleci leucinu. Ani snizen&a nabidka
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substratu (aminokyselin) pro proteosyntézu se vzhledem k metodice zaloZzené na
méfeni specifické aktivity nejevi jako pravdépodobné vysvétleni. Pokles
intramuskularnich koncentraci aminokyselin by totiz vedl kfaleSné zvySenym
hodnotam proteosyntézy. Naopak se zde nabizi spojitost mezi u€inkem a typem
svalu podobné jako v pfipadé IP LLnL, ktery inhibuje protesyntézu v EDL (Hobler a
kol. 1998), zatimco v diafragmé (sval biochemicky podobny SOL) ji neméni (Tawa a
kol. 1997).

5.3 Vliv bortezomibu na metabolizmus protein G a
aminokyselin vr Gznych typech kosternich sval U
intaktnich a septickych potkan 1

U septickych zvifat jsme zaznamenali obvyklé zmény provazejici rozvoj
proteokatabolického stavu. CHTLA proteazomu v izolovanych kosternich svalech
byla indukovana v souladu s vysledky praci zabyvajicimi se UPS a sepsi (Chai a kol.
2003, Quereshi a kol. 2003). Celkova proteolyza vzrostla a proteosyntéza klesla,
signifikantné vSak pouze v EDL. Podobné oxidace leucinu byla vyznamné aktivovana
pouze v SOL. Naopak myofibrilarni proteolyza byla aktivovana v obou typech svall

(detailné viz kapitola 5.1).

Expozice bortezomibu pfinesla oCekdvané snizeni CHTLA proteazomu. To se
nicméné neprojevilo poklesem celkové ani myofibrilarni proteolyzy. Hodnoty téchto
parametrd naopak prekvapivé vzrostly. Vysvétleni tohoto paradoxu ve své praci
nabizi Lightcap a kol. (2000), kdyZ dokumentuje aktivaéni efekt bortezomibu
na trypsinu podobnou aktivitu proteazomu (podjednotka $2) za soucasné inhibice
CHTLA (B5). Vyloucit pak nelze ani interakci s dasSimi protedzami jako napfiklad
katepsiny, které jsou bortezomibem rovnéz indukovany (Yeung a kol. 2006).
Stimulovana proteolyza se odrazila také v narastu koncentraci aminokyselin
uvolnénych do média, le¢ statisticky rozdil jsme prokazali pouze v pfipadé EDL. To

mohlo byt opét zpusobeno faktory diskutovanymi vyse.

Vzhledem k zasadni roli UPS jako hlavniho proteolytického systému, lze uvazovat i
o dalSich sekundarnich efektech bortezomibu, které mohou pomoci vysvétlit ziskana
data. Inhibice UPS napfiklad zvySuje produkci IL-6 v endotelidlnich bunkach (Shibata
a kol. 2002) nebo aktivuje tzv. heat shock proteiny (Kawazoe a kol 1998). V obou
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pfipadech se pfitom jedna o latky s indukénim vlivem na UPS (Melstrom a kol. 2007,
Medicherla a Goldberg 2008).

Proteosyntéza byla bortezomibem ovlivhéna nekonzistentné. Ve studii in vivo jsme
zaznamenali minimalni efekt, zatimco expozice bortezomibu in vitro inhibovala
proteosyntézu v SOL a v EDL ji naopak aktivovala. Vliv bortezomibu na oxidaci
leucinu (aminokyselina s pfimym vlivem na protesyntézu) nebyl zaznamenan.
Ambivalentni efekt IP na proteosyntézu neni neobvykly (Kadlcikova a kol. 2004,
Hobler a kol. 1998) a nejCastéji je vysvétlovan jako sekundarni efekt ovlivnéni UPS,
ve kterém probiha degradace transla¢nich inicia¢nich faktord (Baugh a Pilipenko
2004).

Jelikoz je bortezomib vysoce biologicky dostupny (Adams a kol. 1999) a aktivni na
bunécnych kulturach stejné jako zvifecich modelech (Elliott a Ross, 2001), ocekavali
jsme inhibici CHTLA i u intaktnich jedinc. Tento pfedpoklad se vSak nenaplnil,
podobné jako pfi srovnavani ucinku bortezomibu na zdravé a leukemické lymfocyty
(Masdehors a kol. 2000). V tomto smyslu se zda, Ze ucinek bortezomibu na CHTLA
se projevuje v zavislosti na faktorech, které jsou spole¢né pro nékteré patologické
stavy. Navic vétSina ostatnich méfenych parametrd zlstala také beze zmeény, coz
muze slouZit jako dalSi dukaz zasadni role UPS v metabolizmu proteind v kosternim

svalstvu.
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6 ZAVERY

Porovnani modelu lokalniho zanétu (terpentynovy olej) a sepse (endotoxin)

z pohledu vlivu na metabolizmus proteind a aminokyselin v riznych typech

kosternich svaltl potkanu.

Zanét vyvolany jak podkozni aplikaci terpentynového oleje tak
intraperitonealnim podanim endotoxinu Ize povaZovat za funkéni model
proteokatabolického stavu. Ve svalech aktivoval proteolytické déje a zaroven
inhiboval proteosyntézu, coz je situace vedouci k rozvoji negativni proteinové

bilance.

VeSkeré nami meérené katabolické i anabolické procesy probihaly v SOL
rychleji nez v EDL a to jak za fyziologickych podminek, tak po vyvolani zanétu.
Svaly s pfevahou Cervenych, pomalych vidken (SOL) jsou tedy metabolicky

aktivnéjSi nez svaly sloZzené z vétsi ¢asti z vlaken bilych, rychlych (EDL).

Na proteokatabolicky stimul reaguji vyraznéji rychlé svaly (EDL) nez pomalé
(SOL). Metabolické zmény ve svalech vyvolané zanétem indukovanym
aplikaci terpentynového oleje byly intenzivngjsi v EDL neZz v SOL, coz
dokumentuji zejména vyraznéjsSi aktivace CHTLA a inhibice proteosyntézy.
Obdobné tomu bylo u endotoxinového modelu s vyjimkou CHTLA

proteazomu, ktera byla v tomto pfipadé vice stimulovana v SOL.

Vliv novych inhibitorll proteazomu, belaktosinu A a C, na metabolizmus proteint a

aminokyselin v riznych typech kosternich svalu intaktnich potkanu.

Chemicky modifikované belaktosiny A a C inhibovaly CHTLA proteazomu a
celkovou proteolyzu v izolovanych svalech. Aktivitu katepsinG B a L nezménily.
Tyto vysledky dokazuji, Ze belaktosiny jsou uc€inné in vitro inhibitory
proteazomu a demonstruji zasadni Ulohu UPS pfi degradaci proteind

v kosternim svalu.

Myofibrilarni proteolyza byla signifikantné inhibovana pouze belaktosinem A.
Tento proces tedy evidenté neni zavisly vyhradné na UPS (inhibovany také
belaktosinem C), ale podléha i jingym mechanizmim. Rozdil v G€inku je v tomto

pfipadé evidentni funkci chemické struktury testovanych belaktosind.
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Obé testované latky aktivovaly oxidaci leucinu jen v SOL a inhibovaly
proteosyntézu pouze v EDL. Tyto U¢inky belaktosind jsou tedy tkanové

specifické.

Vliv bortezomibu na metabolizmus proteind a aminokyselin v riznych typech

kosternich svalt intaktnich a septickych potkanu.

Bortezomib inhiboval zvySenou CHTLA proteazomu ve svalech septickych
potkanu jak pfi podani in vivo tak in vitro, coz dokazuje jeho pfimou interakci
s UPS.

Celkova a myofibrilarni proteolyza se ve svalech septickych zvifat po podani
bortezomibu zvySila, coz ukazuje na stimulaéni Ucinek bortezomibu na jiné

proteolytické mechanizmy.

Uginek bortezomibu na proteosyntézu ve svalech septickych potkand byl
ambivalentni a liSil se v zavislosti na typu svalu a zplsobu podani.
Vezmeme-li v Gvahu jeho aktiva¢ni efekt na proteolyzu, je zifejmé, Ze v naSich
podminkach bortezomib nemohl redukovat ztraty svalovych bilkovin

zpusobené septickym stavem.

Ve svalech zdravych zvifat bortezomib vykazal minimalni a¢inky. Jeho efekt
na metabolizmus bilkovin v kosternim svalu tedy pfimo souvisel s

mechanizmy aktivovanymi pfi sepsi.
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8 SOUHRN

Kosterni sval predstavuje hlavni zdroj aminokyselin v riznych zatéZovych situacich.
Zavazné a dlouhodobé patologické stavy jako sepse, popaleniny nebo onkologicka
onemocnéni vedou K inhibici svalové proteosyntézy a zejména k aktivaci proteolyzy.
Tyto procesy sice zajiStuji organizmu pfisun aminokyselin nutnych k uzdraveni,
avsak trvaji-li pfilis dlouho ¢&i probihaji-li v nadmeérném rozsahu, vedou k progresivnim
ztrdtdm svalové hmoty, rozvoji kachexie a v kone¢ném dusledku ke zpomaleni

rekonvalescence a zvySeni mortality.

Hlavni intracelularni proteolyticky mechanizmus je ubiquitin-proteazomovy systém
(UPS). Tento systém je zapojen v regulaci celé fady bunécnych pochodi a je
zodpovédny za zvySenou degradaci svalovych bilkovin u riznych zatéZzovych stavu.
Vyznam UPS doklada také fakt, Ze za jeho objev byla v roce 2004 udélena Nobelova

cena.

Snaze farmakologicky ovlivnit UPS se vénuje zna¢na pozornost. Jednu z moznosti
predstavuji inhibitory proteazomu (IP). NejvyraznéjSich uspéchd bylo zatim dosazeno
u bortezomibu, ktery je dnes jedinym IP béZné& pouzivanym v klinické praxi. Fakt, Ze
je indikovan pfi recidivujicim mnohacetném myelomu, koncentruje vyzkum v oblasti
inhibitord proteazomu do oblasti onkologie. Méné pozornosti uz je vénovano jinym
potencialnim efektim IP, mezi néz patfi i mirnéni nadmérnych ztrat svalové hmoty

v dusledku zavaznych, dlouhodobych onemocnéni.

Cilem naSi prace bylo porovnat syntézu a degradaci proteinG v rGznych typech
kosternich svalll ve dvou odliSnych proteokatabolickych stavech a posoudit viiv IP

belaktosinu A, C a bortezomibu na tyto procesy.

V predkladané préci byla vyuZita metoda inkubace izolovanych svalu laboratorniho
potkana, ktera umozriuje posouzeni pfimého vlivu testovanych latek na kosterni sval.
Vzhledem k strukturnim a biochemickym rozdilim mezi riznymi svaly jsme pouZili m.
soleus (SOL), ktery je slozen pfevazné z oxidativnich vlaken a m. extensor digitorum
longus (EDL) tvofeny zejména viakny glykolytickymi. Sledovali jsme aktivitu UPS a
katepsinu, celkovou a myofibrilarni proteolyzu, proteosyntézu a oxidaci leucinu. Vliv
belaktosind A a C byl sledovan pouze in vitro, vliv bortezomibu také in vivo. PFi studiu
metabolickych rozdili mezi SOL a EDL jsme indukovali potkanim zanét bud

subkutdnnim podanim terpentynového oleje nebo intraperitonealni aplikaci
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v

endotoxinu, pfi sledovani G¢€inkd bortezomibu jsme wvyuzili jiz jen komplexnéjsi
endotoxinovy model sepse.

v i s

Z pohledu premény proteint a aminokyselin byl SOL metabolicky aktivnéjSim svalem
nez EDL. Terpentynem indukovany zanét provazela inhibice proteosyntézy a
aktivace proteolyzy ve sledovanych kosternich svalech. V EDL doSlo oproti SOL
k vyraznéjSi aktivaci CHTLA a inhibici proteosyntézy. Obdobné ale intenzivné;jsi
zmény jsme pozorovali také po aplikaci endotoxinu s vyjimkou CHTLA proteazomu
stimulované vice v SOL. Tyto rozdily zfejmé& souvisi se strukturalnimi a

biochemickymi odliSnostmi mezi EDL a SOL.

Belaktosiny A a C zredukovaly CHTLA proteazomu a celkovou proteolyzu
v izolovanych svalech, coz poukazuje na zasadni Ulohu UPS pfi degradaci bilkovin.
Strukturni odliSnost testovanych belaktosini se projevila rozdilnym ucéinkem na
myofibrilarni proteolyzu. Belaktosin A ji snizil, zatimco belaktosin C tento parametr
neovlivnil. Lze tedy tvrdit, Ze rychlost myofibrilarni proteolyzy nesouvisi vyhradné
s ¢innosti UPS. Zaznamenali jsme také rozdily v Gu¢inku v zavislosti na typu svalu.
Belaktosiny stimulovaly oxidaci leucinu jen v SOL a inhibovaly proteosyntézu pouze
v EDL.

Bortezomib mél minimalni GCinky na veSkeré sledované parametry ve svalech
intaktnich potkand. Na druhou stranu inhiboval zvySenou CHTLA proteazomu ve
svalech septickych potkant jak pfi podani in vivo tak in vitro, coZz dokazuje jeho
pfimou interakci s UPS. AvSak celkova a myofibrilarni proteolyza se ve svalech
septickych zvifat po podani bortezomibu zvysSila, coz ukazuje na stimulac¢ni tcinek na
jiné proteolytické mechanizmy. Uvazime-li navic ambivalentni efekt bortezomibu na
proteosyntézu, je ziejmé, Ze bortezomib v naSich podminkadch nemohl zabranit

rozvoji negativni proteinové bilance zptusobené septickym stavem.
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9 SUMMARY

Skeletal muscles are known to serve as the main source of amino acids in various
pathological conditions. Severe illnesses as sepsis, burn injury or cancer lead to the
inhibition of muscle protein synthesis and particularly to the activation of proteolysis.
These mechanisms provide to the organism amino acids that are indispensible for
recovery. On the other hand if they persist or occur in exceed, they result in
progressive lost of muscle mass, cachexia development and in final to moderate

convalescence and increase in mortality.

Ubiquitin-proteasome system (UPS) represents the main intracellular mechanism for
protein degradation and thus is essential for many cellular processes including
increased degradation of muscle proteins in various pathological conditions. In 2004,
the discovery of UPS was awarded with Nobel Price.

Importance of UPS started intensive studies of large spectrum of proteasome
inhibitors (IP). To date, the first and only IP in clinical practise is bortezomid, which is
used as chemotherapy agent in the treatment of multiple myeloma. This fact
concentrates the majority of studies in the field of oncology and less attention is
payed to other possibilities of IP exploitation, among them to moderate muscle

wasting as a result of severe, long-term ilness.

The aim of my doctoral thesis was to compare synthesis and degradation of proteins
in different types of skeletal muscles in two distinct catabolic states and consider the

influence of IP belactosin A, C and bortezomib on mentionned processes.

We used isolated muscles of laboratory rat to mesure the direct influence of
compounds tested on skeletal muscle. Regarding different structural and biochemical
properties of muscles, we used m. soleus (SOL) predominantly composed of
oxidative fibres and m. extensor digitorum longus (EDL) composed of glycolytic
fibores. We studied the activity of UPS and cathepsins, total and myofibrillar
proteolysis, protein synthesis and leucine oxidation. The influence of belactosins A
and C was studied only under in vitro conditions, whereas the influence of bortezomib
also in vivo. To evaluate metabolic differences between SOL and EDL we induced
the inflammation either by subcutaneous turpentine administration or by endotoxin
aplication. To evaluate effect of bortezomib we employed just the more complex

endotoxin-based model of sepsis.
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Regarding protein metabolism, SOL is considered to be more active than EDL.
Turpentine induced inflammation was accompanied by protein synthesis inhibition
and proteolysis activation in observed skeletal muscles. CTLA of proteasome and
protein synthesis were less affected in SOL compared to EDL. Changes following
endotoxin administration were similar but more pronounced. The only exception was
CTLA of proteasome which was more activated in SOL compared to EDL. This can
be due to differences in both structural and biochemical properties of EDL and SOL.

In agreement with the concept of the substantial role of UPS in skeletal muscles
degradation, total proteolysis was decreased, as was CTLA of proteasome after the
incubation with both belactosin A and C. We found a decrease in myofibrillar
proteolysis in both SOL and EDL incubation with belactosin A, while exposure to
belactosin C failed to affect this parametr. Therefore rate of myofibrillar proteolysis is
not only a function of UPS. Belactosin A and C affected basic parameters of protein
metabolism and the response is both belactosin- and muscle-type-dependent as
increase in leucin oxidation occured only in SOL, whereas protein synthesis inhibition
in EDL.

Bortezomib had no significant effect in healthy rats. On the other hand, it increases
CTLA in muscles of septic rats after in vivo as well as in vitro administration, thus
bortezomib affects proteolysis and protein synthesis mainly via direct interaction with
UPS. However total and myofibrillar proteolysis in muscles of septic rats increased,
which shows its stimulating effect on other proteolytical mechanisms. Moreover,
bortezomib exhibited ambivalent effect on protein synthesis in skeletal muscle of
septic rats, thus its protective effect on muscle mass during catabolic conditions

could not be confirmed.
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10 PRILOHY

10.1 Priloha 1: Obrazova dokumentace k metodické  ¢éasti
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Obr. 2. Odkryti svaloviny zadni konc&etiny.

Obr. 3. Flexe zadnich koncetin a podvaz Achilovy Slachy.



Obr. 4. Izolace m. soleus.

Obr. 5. Izolace m. extensor digitorum longus.

Obr. 6. Zajisténi tenze izolovaného svalu.



Obr. 7. Inkubac¢ni lahvicka.

Obr. 8. Inkubaéni lahvicka s kelimkem.



10.2 Priloha 2: Publikované prace
10.2.1 In extenso

10.2.1.1 Muthny T, Kovarik M, Sispera L, de Meijere A, Larionov OV,
Tilser |, Holecek M: The effect of new proteasome i nhibitors,
belaktosin A and C, on protein metabolism in isolat ed rat skeletal
muscle. J Physiol Biochem 2009;65(2),137-146
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I. TILSER and M. HOLECEK. The effect of new proteasome inhibitors, belactosin A
and C, on protein metabolism in isolated rat skeletal muscle. ] Physiol Biochem, 65
(2), 137-146, 2009.

The proteasome inhibitors are used as research tools to study of the ATP-depen-
dent ubiquitin-proteasome system. Some of them are at present undergoing clinical
trials to be used as therapeutic agents for cancer or inflammation. These diseases are
often accompanied by muscle wasting. We herein demonstrate findings about new
proteasome inhibitors, belactosin A and C, and their direct effect on protein metab-
olism in rat skeletal muscle. M. soleus (SOL) and m. extensor digitorum longus
(EDL) were dissected from both legs of male rats (40-60g) and incubated in a buffer
containing belactosin A or C (30 pM) or no inhibitor. The release of amino acids into
the medium was estimated using high performance liquid chromatography to calcu-
late total and myofibrillar proteolysis. Chymotrypsin-like activity (CTLA) of pro-
teasome and cathepsin B, L activity were determined by fluorometric assay. Protein
synthesis and leucine oxidation were detected using specific activity of L-[1-14C]
leucine added to medium. Inhibited and control muscles from the same rat were com-
pared using paired t-test. The results indicate that after incubation with both belac-
tosin A and C total proteolysis and CTLA of proteasome decreased while cathepsin
B, L activity did not change in both SOL and EDL. Leucine oxidation was signifi-
cantly enhanced in SOL, protein synthesis decreased in EDL. Myofibrillar proteol-
ysis was reduced in both muscles in the presence of belactosin A only. In summary,
belactosin A and C affected basic parameters of protein metabolism in rat skeletal
muscle. The response was both muscle- and belactosin-type-dependent.

Key words: Belactosin, Proteases, Proteasome, Skeletal muscle.
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The ATP-dependent ubiquitin-protea-
some system (UPS) is the intracellular
proteolytic machinery localized in the
cytosol and nucleus. Proteins to be
degraded are mostly tagged by the polyu-
biquitin chain in a process regulated by
ubiquitinating and  deubiquitinating
enzymes (1). Subsequent proteolysis is
performed in a 26S proteasome consisting
of a 20S central cylindrical component
and one or two 19S regulatory units with
ATPase activity and ub1qu1t1n -recogniz-
ing sites. The 20S core is organized as a
stack of four rings formed by seven sub-
units (28). The two inner rings are com-
posed of B-subunits, which form a
hydrolytic chamber, whereas the outer
subunit rings are essential for the assem-
bly and substrate gating (15). On B-sub-
units, there are at least three well-charac-
terized active sites with cleavage activities
referred to as chymotrypsin-like (CTLA),
trypsin-like, and post-glutamyl peptide
hydrolyzing activity (12).

The UPS is an important proteolytic
pathway involved in many intracellular
processes. Levels of cyclins during the cell
cycle are regulated due to the degradation
mediated by the UPS (13, 26). Similarly,
the generation of antigenic peptides, and
consequently their presentation, is affect-
ed by the UPS activity (11, 29). Although
there is evidence for the involvement of
several regulatory mechanisms in the
breakdown of myofibrillar proteins, it is
thought that protein degradation in skele-
tal muscle occurs primarily through the
UPS (21). Atrophy of skeletal muscle via
UPS activation is common complication
to a number of serious disorders. Thus,
the UPS represents an appropriate thera-
peutic target to prevent muscle wasting
(35). Considering these facts, the research
has recently been focused on the develop-
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ment of new proteasome inhibitors (PIs)
as therapeutic agents.

In the course of a microbial screening
programme, the new structurally unique
Streptomyces metabolites, belactosins,
were identified. These substances were
referred to as potential new anti-tumour
agents with inhibitory effect on protea-
some (3). Consequently, methods for the
total syntheses of belactosin A, C and a
homoanalogue of belactosin C have been
developed (5, 20). As belactosin A and C
as well as their benzyl-diprotected forms
are promising agents for the treatment of
cancer, which is often attended by muscle
wasting, the aim of our study was to pro-
vide basic information about their effect
on protein and amino acid metabolism in
isolated skeletal muscle of intact rat.

Material and Methods

Animals.— Male Wistar rats (body
weight 40-60 g) obtained from BioTest,
Konarovice, CZ, were used in this study.
The rats were housed under controlled
conditions (12-h light-dark cycle, 22 °C,
55-65% relative humidity) with free
access to standard laboratory chow and
water. All procedures involving animal
manipulation were performed in accor-
dance with guidelines set by the Institu-
tional Animal Use and Care Committee
of Charles University, Prague, CZ.

Materials.— Armin de Meijere and Oleg
Larionov synthesized belactosin A and C
in their benzyl-diprotected forms (Fig. 1).
L-[1-"*C]Jleucine was purchased from
GE Healthcare Life Sciences (Bucking-
hamshire, GB); amino acids, cyclohex-
imide, Folin-Ciocalteu’s phenol reagent,
N-succinyl-Leu-Leu-Val-Tyr-7-amido-
4-methylcoumarin  (Suc-LLVY-MCA),
N-Cbz-Phe-Arg-7-amido-4-methyl-
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Fig. 1 Chemical structure of belactosins.
Diprotected belactosin A (R=C3H4); Diprotected belactosin C (R=C2H4); Cbz, benzyloxycarbony];
Bn, benzyl.

coumarin hydrochloride (Z-FA-MCA),
N-Cbz-Phe-Phe-fluoromethyl ketone
(Z-FF-FMK) and albumin were pur-
chased from Sigma Chemical (St Louis,
MO, US); hydroxide of hyamine from
Packard Instruments (Meriden, CT, US);
Aminoplasmal 15 from B. Braun Medicals
(Melsungen, DE); MG132 from Biomol
(Hamburg, DE). The remaining chemicals
were obtained from Sigma Chemicals (St
Louis, MO, US), Waters (Milford, MA,
US), and Lachema (Brno, CZ).

Muscle incubation.— Rats were anaes-
thetized with pentobarbital (6 mg/100 g
body weight, i.p.) and blood was with-
drawn from the bifurcation of aorta.
Soleus (SOL) and extensor digitorum
longus (EDL) muscles of both legs were
dissected as described (25). Isolated mus-
cles were fixed to stainless steel clips to
provide slight tension and immediately
transferred to 2.5 ml of modified Krebs-
Henseleit bicarbonate buffer (in mM: 144
Na*; 4.2 K*; 0.8 Mg?*; 1.3 Ca?*; 122.8 CI
; 26 HCOs57; 0.8 5042_; 2 H2P04_) with 6
mM glucose and 2 mU/ml insulin (pH 7.4,
37 °C). Other components present in the
medium were dependent on the measured
parameter. The medium was saturated
with O2/CO; (95% / 5%). The muscles
were preincubated for 30 min in a ther-
mostatically controlled bath (37 °C) with
a shaking device (70 cycles/min) to ensure
stable intramuscular concentrations of
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components present in the medium. After
the preincubation, the muscles were
quickly rinsed in 0.9% NaCl, blotted and
transferred to a second set of vials con-
taining fresh incubation media identical in
composition and volume with the prein-
cubation one. Up to date there are no data
about bioavailability of belactosin A and
C. Nevertheless, proteasome inhibition
activity of belactosin A and C is similar to
lactacystin (3), which is usually used in
10-100 pM concentrations. Thus bilateral
muscles were individually preincubated
and incubated with the addition of 30 pM
belactosin A or C, or in a medium with a
solvent (dimethylsulfoxide-final concen-
tration 0.1%) respectively. Control and
experimental incubations of the same rat
were compared. The viability of incubated
muscles was previously confirmed in our
laboratory (30) as well as by other authors

(8).
CTLA of proteasome.— The CTLA of

proteasome was determined using the flu-
orogenic substrate Suc-LLVY-MCA (14)
as follows. Following two-hour incuba-
tion in the medium for proteolysis (modi-
fied Krebs-Henseleit buffer with 0.5
mmol/] cycloheximide), the muscles were
homogenized in 0.4 ml of ice-cold 20 mM
Tris buffer, pH 7.5, containing 2 mM
ATP, 5 mM MgCl, and 1 mM dithiothre-
itol. The homogenates were centrifuged
for 10 min at 18 000 g at 4 °C. The cellu-
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lar supernatant (0.1 ml) was incubated
with 0.1 ml of substrate Suc-LLVY-MCA
(0.1 mM), with and without inhibitor
MG132 (0.02 mM), for 1 h on ice. Adding
0.4 ml of 100 mM sodium acetate buffer,
pH 4.3, stopped the reaction. The fluores-
cence of the samples was immediately
determined at the excitation wavelength
of 340 nm and the emission wavelength of
440 nm (Perkin Elmer luminescence spec-
trometer LS 50 B). The standard curve
was established for 7-amino-4-methyl-
coumarin, which permitted the expression
of CTLA as nmol of 7-amino-4-methyl-
coumarin/g protein/hour. The activity
was adjusted for the protein concentration
of the supernatant estimating according to
LoOWRY (24). The differences after the sub-
traction of inhibited from non-inhibited
activities were used for the calculations.

Cathepsin B, L activity.— The activity
of cathepsin B, L was determined using
the fluorogenic substrate Z-FA-MCA [19,
32] as follows. The muscles were incubat-
ed for two hours in the medium for prote-
olysis and homogenized in 0.6 ml ice-cold
300 mM sodium acetate buffer, pH 5.0,
containing 4 mM EDTA, 8 mM dithio-
threitol and 0.2 % Triton X-100 (v/v).
The homogenates were allowed to stand
for 30 min on ice and then centrifuged for
30 min at 18 000 g at 4 °C. The cellular
supernatant (0.01 ml) was incubated with
0.2 ml of substrate Z-FA-MCA (0.1 mM),
with and without inhibitor Z-FF-FMK
(0.04mM). After a 30min incubation at
37°C, the reaction was stopped by adding
1ml of 100mM sodium acetate buffer, pH
4.3, and the activity of cathepsin B, L was
determined as described above for CTLA.

Total and myofibrillar proteolysis.— The
total and myofibrillar protein breakdown
was estimated after a two-hour incubation
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of the muscle in medium for proteolysis,
which prevented the reincorporation of
the released amino acids into the proteins.
Since tyrosine is neither synthesized nor
degraded in the skeletal muscle and since
the intracellular pool of tyrosine remains
constant during incubation (10),
amount released into the medium reflects
total proteolysis in the muscle. The
amount of 3-methylhistidine, a character-
istic product of the myofibrillar break-
down, released into the medium, served
for the myofibrillar proteolysis ‘calcula-
tion. The rates of amino acid release were
estimated based on their respective con-
centrations in the medium and the weight
of the muscle. 3-methylhistidine was
quantified using a high performance liq-
uid chromatography method (Waters,
MA, USA) based on the reaction with flu-
orescamine (23, 37) amino acid concentra-
tions in the medium were determined by a
high performance liquid chromatography
method after a precolumn derivatization
with 6-aminoquinolyl-N-hydroxysuccin-
imidyl carbamate (6, 27).

Leucine oxidation and protein synthe-
sis.— Leucine oxidation and protein syn-
thesis were measured after an one-hour
incubation of the muscle in 2.5 ml of mod-
ified Krebs-Henseleit bicarbonate medi-
um enriched with amino acids in approxi-
mately physiological concentrations
(Aminoplasmal 15 with added glutamine,
tyrosine, threonine, serine, lysine, cys-
teine and asparagine in total concentration
2.8 mM) and [1-1*C]leucine (0.6 uCi/ml).
The final concentration of labelled and
unlabelled leucine was 150 uM. The one-
hour (shortened) incubation was per-
formed to minimize the bias of results via
degradation of proteins. At the end of the
incubation period, 0.4 ml of hydroxide of
hyamine was added to the container hang-
ing above the incubation medium. The
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reaction was stopped by the addition of a
35% (v/v) perchloric acid solution (0.2
ml) into the incubation medium, and the
flasks were shaken for one hour to ensure
complete absorption of *CO; into the
hyamine hydroxide. The muscles were
removed from the incubation flasks,
quickly rinsed in cold 6% (v/v) HClO4,
blotted, and homogenized in 0.6 ml of 6%
(v/v) perchloric acid. The homogenate
was centrifuged for 5 min at 12 000 g, and
the pellet was used for other measure-
ments. The L-[1-"*C]leucine incorpora-
tion into the precipitated proteins was
estimated after their hydrolysis in 1 M
NaOH. Leucine oxidation and protein
synthesis were calculated using leucine
specific activity in the incubation medium
and expressed as nmol of oxidized Leu/g
wet weight/hour and nmol of incorporat-
ed leucine/g protein/hour, respectively.
The radioactivity of the samples was mea-
sured with the liquid scintillation radioac-
tivity counter LS 6000 (Beckman Instru-
ments, CA, USA). The protein content of
the samples was estimated according to
LOWRY (24).
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Statistical analysis.— The results are
expressed as the mean = SEM. Paired t-
test (statistical software NCSS 2001) has
been used for the analysis of the data. Dif-
ferences were considered significant at
P<0.05.

Results

CTLA of proteasome and cathepsin B,
L activity.— As described in Table I and II,
both inhibitors caused a significant reduc-
tion of CTLA of proteasome while
cathepsin B, L activity was not affected

both in SOL and EDL.

Total and myofibrillar proteolysis.— The
addition of both belactosin A and C into
the incubation medium significantly
decreased the total proteolysis in both
SOL and EDL (Table I and II). Myofib-
rillar proteolysis was significantly low-
ered in both types of muscle only after
incubation with belactosin A (Table I).

Leucine oxidation and protein synthe-
sis.— Both belactosin A and C induced a

Table I. Effect of belactosin A on basic parameters of protein and amino acid metabolism.

SOLa- SOLa. EDLa EDLa.
8;'—3 X‘;\Apé?;egfggfeﬁzjs) 1150261 679:44*  1206+119  1022:64*
(C:J?:]ZT'ZS'\‘/I“C‘?éLO?‘g;‘éTé’ir(]r/‘;)B) 328+35 341116 278126 24021
(Tnor;‘f(‘)' |‘¥$§3€5 (V';f/:]())) 273+14 198+8* 1404 105+3*
?g%og:b;:}lﬂ/gr\?\f:fxﬁ:) (n=10)  160+0.043 1.098+0.049" 0.756+0.024 0.613+0.024*
b}erﬁgil“fE%ﬁg%\t/g”v\(/?;?) 727 88:8* 80+13 896
Protein synthesis (n=8) 190592 175786 157386 1425163

(nmol LEU/g of protein/h)

Mean + SEM; Paired t-test;

*P<0.05 vs. control. Control groups (A-) are compared to the groups consisting of

contralateral muscles incubated with belactosin A (A+). SOL-m. soleus, EDL-m. extensor digitorum longus.
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Table Il. Effect of belactosin C on basic parameters of protein and amino acid metabolism.

SOLc. SOLc, EDLc- EDLc,
CTLA of proteasome (n=8) " "
(nmol AMC/g of protein/h) 1236+86 789+62 147594 1015+66
Cathepsin B,L activity (n=8)
(umol AMC/g of protein/h) 298+26 259+27 285+31 197+21
Total proteolysis (n=10) 25847 230+8" 13545 11246*

(nmol TYR/g wet wt/h)

Myofibrillar proteolysis (n=10)
(nmol 3MH/g wet wt/h) 1.122+0.101  1.157+0.096 0.588+0.037 0.528+0.035

Leucine oxidation (n=8) X
(nmol LEU/g wet wt/h) 64+5 797 75£12 9145

Protein synthesis (n=8) "
(nmol LEU/g of protein/h) 1924+90 1769+83 1580+87 1447+66

Mean + SEM; Paired t-test; “P<0.05 vs. control. Control groups (C-) are compared to the groups consisting of
contralateral muscles incubated with belactosin C (C+). SOL-m. soleus, EDL-m. extensor digitorum longus.

Table lll. Effect of belactosin A on the release of amino acids into the medium (nmol/g w. w./hour).

SOLA- SOLa+ EDLA- EDLAa+
Ala 1121 £ 67 1034 + 42 679 + 37 594 + 40*
Asn 295 + 26 244 +17* 139+ 6 117 = 5*
GiIn 2037 £ 124 1944 + 97 1307 = 42 1166 + 19*
Glu 424 + 53 385 + 45 174 = 21 149 + 13
Gly 1023 + 59 876 + 53 582 + 30 498 + 29*
His 333 £ 22 293 =13 165 £ 6 141 £ 6*
lle 324 =14 241 = 8* 197 £ 10 158 + 8*
Leu 590 =+ 27 429 = 15* 289 = 11 219 = 10*
Lys 690 + 52 560 = 26* 430 = 23 375 =+ 18*
Met 168 £ 9 125 + 6* 84 +3 65 + 4*
Phe 308 = 17 227 = 11* 149 £ 5 120 + 6*
Pro 597 + 34 477 + 38* 346 + 13 282 + 9*
Ser 992 + 102 868 + 80 530 + 29 430 + 24*
Tau 570 + 148 613 + 139 286 + 66 255 + 41
Val 473 £ 25 359 + 14* 227 £ 8 178 = 8*
Total AA 10158 + 669 8757+ 422 5724 £187 4852 + 148*

Mean + SEM, n=10 in each group. Paired t-test; *P < 0.05 vs. control. Media of control muscles (A-) are com-
pared to media of contralateral muscles incubated with belactosin A (A+). SOL-m. soleus, EDL-m. extensor dig-
itorum longus, Total AA, sum of all measured amino acids.

significant increase in leucine oxidation in  inhibitors decreased protein synthesis in
SOL, whereas in EDL this parameter =~ EDL without a significant effect on the
remained unchanged. In contrast, both  SOL muscle (Tables I and II).

J Physiol Biochem, 65 (2), 2009
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Amino acid release into the incubation
medium.— Table I1I represents the rates of
amino acid release from SOL and EDL
into the medium after the incubation with
belactosin A. The release of most of the
amino acids (except glutamic acid and tau-
rine) decreased in EDL, resulting in total
amino acid release reduction. In SOL, a
decrease in Asn, Pro, Val, Met, Ileu, Leu,
Lys and Phe release was detected. After
the belactosin C treatment (Table IV), the
release of Val, Met, Ileu, Leu and Phe was
reduced in both muscles. Additionally, a
decrease in Asn, Ala, Pro, Lys and total
amino acids was observed in EDL only.

Discussion

The addition of both belactosin A and
C inhibited CTLA of proteasome in both
SOL and EDL. We did not observe a sig-
nificant change in cathepsin B, L activity
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following the belactosin treatment. This
indicates that belactosin A and C affect
CTLA of proteasome similar to most of
the known PIs. Additionally, we provide
evidence that belactosin A and C does not
inhibit cathepsin B, L activity in skeletal
muscle, partially indicating their protea-
some specificity. This corresponds with
the findings demonstrating that the ana-
logue of belactosin A, KF33955, has a
weak effect on other proteases such as
elastase, IL-1B converting enzyme and
cathepsin B (3).

In agreement with the concept of the
substantial role of UPS in skeletal muscle
protein degradation, total proteolysis was
decreased, as was CTLA of proteasome.
The incubation with both belactosin A
and C significantly reduced the total pro-
teolysis both in SOL and EDL. Similar
results were published after the incuba-
tion with AdaAhx3;L3;VS (18) and lacta-

Table IV. Effect of belactosin C on the release of amino acids into the medium (nmol/g w. w./hour).

SOLc- SOLc. EDLg. EDLc,
Ala 1157 + 53 1098 + 56 616 =19 451 = 20*
Asn 307 = 11 302 = 15 118 £ 2 102 + 5*
GIn 2013 £ 58 1997 + 56 1220 = 41 1106 + 50
Glu 488 + 38 568 + 27 154 + 17 153 + 18
Gly 897 + 29 875 + 32 489 + 26 455 + 30
His 313 £ 12 308 + 11 166 = 13 140 £ 13
lle 307 £ 8 261 + 9* 155+ 6 117 £ 7%
Leu 586 + 17 494 + 16* 299 + 12 225 £ 11~
Lys 817 £ 27 763 x 43 498 = 14 457 = 21*
Met 169 £ 5 147 + 6* 793 61 £ 3*
Phe 3039 267 = 9* 149+ 5 123 + 6*
Pro 649 = 19 593 = 22 356 = 12 297 = 11*
Ser 892 + 63 892 + 76 404 = 30 379 + 34
Tau 599 + 89 699 + 72 146 + 25 213 + 59
Val 463 + 13 404 + 14 234 +13 181 + 10*

Total AA 10218 + 320 9899 + 378 5217 + 158 4571 + 222

Mean + SEM, n=10 in each group. Paired t-test; *P < 0.05 vs. control. Media of control muscles (C-) are com-
pared to media of contralateral muscles incubated with belactosin C (C+). SOL-m. soleus, EDL-m. extensor dig-
itorum longus, Total AA, sum of all measured amino acids.

J Physiol Biochem, 65 (2), 2009
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cystin (9). In other studies evaluating the
effect of MG132 on skeletal muscle of
intact rats, as high as a 50% reduction of
the total proteolysis was registered (4, 33).

Regarding the myofibrillar proteolysis,
we found a decrease in both SOL and
EDL incubated with belactosin A, while
exposure to belactosin C failed to affect
this parameter. These findings are in
agreement with decreased 3-methylhisti-
dine release following the treatment of
C,Cy2 myotubes with MG132 (34). How-
ever, no impact of lactacystine on this
parameter was observed (9). It has been
demonstrated that myofibrils cannot be
cleaved by proteasome itself (31). Howev-
er, other proteases (e.g. caspase-3) disinte-
grate myofibrils and make actin and
myosin accessible for proteasomal cleav-
ing (7). We therefore hypothesize that the
different effects of belactosin A and C on
the myofibrillar proteolysis may be
caused by different protease specificity.

As the removal of leucine reduces pro-
tein synthesis through changes in transla-
tion initiation factors elF2B and eIF4E
(36), and leucine stimulates protein syn-
thesis in skeletal muscle (2), we estimated
the effect of belactosins on leucine oxida-
tion. This parameter was enhanced in the
presence of both belactosin A and C in
SOL. In EDL, leucine oxidation tended to
increase, however no significant changes
were verified. This is partly in conflict
with the findings of increase in leucine
oxidation after the AdaAhx;L;VS treat-
ment in both muscle types (18) and
decrease in this parameter in EDL follow-
ing an MG132 exposure (17). As the
branched-chain alpha-keto acid dehydro-
genase is the rate-limiting enzyme of
leucine catabolism (22), one of possible
explanations of increased leucine oxida-
tion is, that the enzyme might be induced
by belactosins.

J Physiol Biochem, 65 (2), 2009

In EDL, protein synthesis decreased
significantly both in the presence of belac-
tosin A and C without a significant effect
in SOL. These data correspond with those
reporting a lowering of protein synthesis
in EDL following an LLnL treatment
(16). Similar changes both in EDL and
SOL were observed using MG132 and
AdaAhx3;L3VS, respectively (17, 18). In
contrast, LLnL has no effect on protein
synthesis in incubated diaphragm (33).
The reduction of protein synthesis in
EDL can be related to neither enhance
leucine oxidation nor to decreased supply
of amino acids due to the lowered prote-
olysis (see above). Therefore, we hypoth-
esise that belactosin A and C reduced the
skeletal muscle protein synthesis via an
unknown mechanism.

The total amino acid release was
decreased in the presence of both belac-
tosins in EDL and did not change in SOL.
A similar effect of AdaAhx313VS was
demonstrated in both muscle types (17).
We assume that this effect reflects a mus-
cle-type-dependent response to belac-
tosins rather than a decrease in total pro-
teolysis. However, the changes in amino
acid concentrations in the incubation
medium should be interpreted carefully
with respect to the fact that the amino acid
release from the muscle to the medium
can be contributed by degradation of both
structural proteins and enzymes, changes
in transport mechanisms, re-synthesis and
catabolism of some amino acids, and bind-
ing to cell structures.

We conclude that the effect of belac-
tosins on protein and amino acid metabo-
lism in isolated skeletal muscles of intact
rats exhibits some differences compared
to the other known PIs. Belactosin A and
C differ in action on myofibrillar proteol-
ysis and their impact on protein synthesis
and leucine oxidation is muscle-type
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dependent. These promising findings
were obtained on isolated muscles of
healthy rats and provide no data about
effect of belactosins iz vivo. As belac-
tosins are prospective agents for treatment
of cancer, their putative effect on cancer-
related skeletal muscle wasting should be
investigated on appropriate animal mod-
els.
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Summary

The aim of our study was to evaluate the differences in protein and amino acid
metabolism after subcutaneous turpentine administration in the soleus muscle (SOL),
predominantly composed of red fibres, and the extensor digitorum longus muscle
(EDL) composed of white fibres. Young rats (40-60 g) were injected subcutaneously
with 0.2 ml of turpentine 0il/100 g body weight (inflammation) or with the same
volume of saline solution (control). Twenty-four hours later SOL and EDL were dis-
sected and incubated in modified Krebs—Heinseleit buffer to estimate total and myo-
fibrillar proteolysis, chymotrypsin-like activity of proteasome (CHTLA), leucine
oxidation, protein synthesis and amino acid release into the medium. The data
obtained demonstrate that in intact rats, all parameters measured except protein syn-
thesis are significantly higher in SOL than in EDL. In turpentine treated animals,
CHTLA increased and protein synthesis decreased significantly more in EDL. Release
of leucine was inhibited significantly more in SOL. We conclude that turpentine-
induced inflammation affects more CHTLA, protein synthesis and leucine release in
EDL compared to SOL.

Keywords
amino acids, fast-twitch, inflammation, leucine, proteasome, protein synthesis,
proteolysis, slow-twitch

There are two basic types of skeletal muscle fibres (I and
II) which differ in both physical and biochemical proper-
ties due to alternate expression of myosin heavy chain
(MHC) isoforms (Rivero et al. 1996). According to the
dominantly expressed MHC isoform, they may be further
divided into subtypes I, IC, IIC, IIA, IIAD, IID, IIDB and
IIB. However, many fibres co-express different MHC iso-
forms in variable relative amounts, forming a continuum
(Sant’ana Pereira et al. 1995). In general, type I fibres
have small diameters (Rivero et al. 1998), they contain
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higher levels of mitochondria and myoglobin, their con-
traction is more prolonged, their twitch rate is slower
(Schiaffino & Reggiani 1996), they have more capillaries
than type II fibres do and the main source of energy is
blood glucose and free fatty acids. Type II fibres are
thicker, they contain higher levels of myosin ATPase, their
contraction is stronger and faster, muscle glycogen serves
as the basic source of energy and the resistance to fatigue
is not so high as in the case of type I fibres. With respect
to these properties, type I fibres are also called red,

© 2007 The Authors
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oxidative or slow-twitch fibres and type II fibres white,
glycolytic or fast-twitch fibres.

Skeletal muscles have variable numbers of fast-twitch and
slow-twitch fibres, the relative amounts are appropriately
related to function, training and genetic set (Gollnick et al.
1972; Simoneau & Bouchard 1995; Kernell et al. 1998).
The large back muscles, which are necessary for maintaining
erect posture or breathing, or leg muscles, used for walking,
such as the soleus muscle (SOL), are predominantly com-
posed of slow-twitch fibres (Gupta et al. 1989), which allow
them prolonged, steady contractions. In contrast, muscles
which ensure delicate and rapid movements, e.g. muscles of
the eye or muscles of the fingers, such as the extensor
digitorum longus (EDL) muscles, are predominantly com-
posed of fast-twitch fibres (Soukup et al. 2002).

Skeletal muscles are known to serve as the main source of
amino acids in various pathological conditions, such as star-
vation, cancer, sepsis, or trauma providing amino acids,
especially for acute-phase protein synthesis and gluconeo-
genesis. In severe illnesses, the enhanced amino acid release
into the circulation is caused by increased proteolysis and
decreased protein synthesis, resulting in muscle cachexia. A
number of animal models provide evidence of the different
responses of SOL and EDL to inflammation, but many of
these have important limitations, particularly associated with
the trigger for inflammation. Endotoxin administration is
usually performed by constant infusion to prevent its rapid
elimination from the body (Fish & Spitzer 1984). A high
variability of response (Mela-Riker et al. 1988) is a dis-
advantage of bacteria application. Additionally, if bacteria
are injected in bolus form, shock is often developed (Hau &
Simmons 1977). Cecal ligation and puncture (CLP) is a com-
plicated and invasive method requiring anaesthesia (Safranek
et al. 2006).

It has been demonstrated that a simple and reproducible
model, which causes localized inflammation (Laflamme &
Rivest 1999), is subcutaneous (s.c.) turpentine administra-
tion. This agent has been used to study hormonal changes,
hepatic regeneration and production of acute-phase media-
tors following acute inflammation (Kulkarni et al. 1985;
Birch & Schreiber 1986; Woloski & Jamieson 1987; Okaj-
ima et al. 1997). To date however, little is known about
effect of turpentine-induced inflammation on protein and
amino acid metabolism in various types of skeletal muscle.

Considering the different fibre compositions and corre-
spondingly different functions and metabolic features of
SOL and EDL, different responses of SOL and EDL during
turpentine-induced inflammation should be expected. The
aim of our study was to evaluate the differences in protein
and amino acid metabolism after s.c. turpentine admini-

© 2007 The Authors
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stration in SOL (slow-twitch, red muscle) and EDL (fast-
twitch, white muscle).

Methods

Animals

Male Wistar rats (body weight 40-60 g) obtained from Bio-
Test (Konarovice, Czech Republic) were used in this study.
The rats were housed under controlled conditions (12-h
light-dark cycle, 22 °C, 55-65% relative humidity) with free
access to standard laboratory chow and water. All proce-
dures involving animals were performed according to guide-
lines set by the Institutional Animal Use and Care

Committee of Charles University, Prague, Czech Republic.

Materials

L-[1-'*C]Leucine was purchased from MP Biomedicals
(Irvine, CA, USA); amino acids, cycloheximide, Folin-Ciocal-
teu’s phenol reagent, turpentine oil, LLVY-MCA and albumin
from Sigma Chemical (St Louis, MO, USA); hydroxide of
hyamine from Packard Instruments (Meriden, CT, USA);
Aminoplasmal 15 from B. Braun Medicals (Melsungen, Ger-
many); MG-132 from Biomol (Hamburg, Germany). Other
chemicals were purchased from Sigma Chemicals, Waters
(Milford, MA, USA) and Lachema (Brno, Czech Republic).

Experimental design

The rats were injected by 0.2 ml of turpentine/100 g body
weight in the dorsolumbar area. Control animals were
injected with the same volume of 0.9% saline solution. After
24 h, the rats
(6 mg/100 g body weight, intraperitoneally) and blood was
withdrawn from the bifurcation of aorta. Administration of

were anaesthetized with pentobarbital

turpentine oil s.c. causes localized inflammation via necrosis
(Wusteman et al. 1990). The dose of turpentine was deter-
mined on the basis of the study of Wusteman ez al. (1990).
The time interval was selected according to the experiments
of Zarrabian et al. (1998) and Birch and Schreiber (1986)
who reported the maximal levels of several acute phase pro-
teins after 24 h following turpentine insult. SOL and EDL
muscles of both legs were dissected according to Maizels
et al. (1977). Isolated muscles were fixed to stainless steel
clips to provide slight tension and immediately transferred
to 2.5 ml of modified Krebs-Heinseleit bicarbonate buffer
with 6 mM glucose and 2 mU/ml insulin (pH 7.4, 37 °C).
Other components present in the medium were dependent
on the measured parameter [protein synthesis and leucine

Journal compilation © 2008 Blackwell Publishing Ltd, International Journal of Experimental Pathology, 89, 64-71
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oxidation or proteolysis and chymotrypsin-like activity
(CHTLA) of proteasome]. The medium was saturated with
0,/CO; (19:1). Muscles were preincubated for 30 min in a
thermostatically controlled bath (37 °C) with a shaking
device (70 cycles/min). After preincubation, muscles were
quickly rinsed in 0.9% NaCl, blotted and transferred to a
second set of vials containing fresh incubation media identi-
cal in composition and volume with the preincubation one.
The viability of incubated muscles was previously confirmed
in our laboratory (Safranek et al. 2003) as well as by other
authors (Fang et al. 2005). Muscles from the right leg were
always used for proteolysis and CHTLA determination,
muscles from the left leg for protein synthesis and leucine
oxidation assay.

Protein synthesis and leucine oxidation

Protein synthesis and leucine oxidation was measured after
1-h incubation of the muscle in 2.5 ml of medium enriched
with amino acids in approximately physiological concentra-
tions (Aminoplasmal 15 with added glutamine and tyrosine,
total  concentration 2.8 mM) and  L-[1-'*C]leucine
(0.6 uCi/ml). At the end of the incubation period, 0.4 ml of
hydroxide of hyamine was added to the well hanging above
the incubation medium, the reaction was stopped by the
addition of 35% (v/v) perchloric acid solution (0.2 ml) into
the incubation medium and the flasks were shaken for 1 h
to ensure complete absorption of *CO, into the hyamine
hydroxide. Muscles were removed from the incubation
flasks, quickly rinsed in cold 6% (v/v) HClIO,, blotted, and
homogenized in 0.6 ml of 6% (v/v) HClIO4. The homoge-
nate was centrifuged for 5 min at 12,000 g and the pellet
was used for other measurements. L-[1-'*C]Leucine incorpo-
ration into precipitated proteins was estimated after their
hydrolysis in 1 M NaOH. Protein synthesis and leucine oxi-
dation was calculated using leucine specific activity in the
incubation medium and expressed as nmol of incorporated
leucine/g protein/h and nmol of oxidized leucine/g wet
weight/h respectively. The radioactivity of the samples was
measured with the liquid scintillation radioactivity counter
LS 6000 (Beckman Instruments, CA, USA). The protein con-
tent of the samples was estimated according to Lowry et al.
(1951).

Total and myofibrillar proteolysis

Total and myofibrillar protein breakdown was estimated
after 2-h incubation of muscle in medium enriched with
cycloheximide (0.5 mm), which prevented the reincorpora-
tion of released amino acids into proteins. As tyrosine is not

metabolized in the muscle, the amount released into the
medium reflects total proteolysis in the muscle. The amount
of 3-methylhistidine (3MH), a characteristic product of
myofibrillar breakdown, released into the medium served for
myofibrillar proteolysis calculation. The rates of amino acid
release were estimated on the basis of their appropriate con-
centrations in the medium and weight of muscle. 3MH was
quantified using a high performance liquid chromatography
(HPLC) method (Waters) based on reaction with
fluorescamine (Wassner et al. 1980; Lowell et al. 1986);
other amino acid concentrations in the medium were deter-
mined by the HPLC method after precolumn derivatization
with  6-aminoquinolyl-N-hydroxysuccinimidyl =~ carbamate
(Cohen & Michaud 1993; Reverter et al. 1997).

Chymotrypsin-like activity of proteasome

The CHTLA of proteasome was determined using fluorogen-
ic substrate SucLLVY-MCA (0.1 mM) according to the
method of Gomes-Marcondes and Tisdale (2002) with the
following modifications. Muscles were homogenized after
incubation and the homogenate was centrifuged for 10 min
at 18,000 g at 4 °C. Cellular supernatant (0.1 ml) was incu-
bated with substrate (0.05 mm) in a total volume of 0.2 ml,
with and without inhibitor, MG-132 (0.02 mmM), for 1 h on
ice. Fluorescence was determined with an excitation wave-
length of 340 nm and an emission wavelength of 440 nm
(Perkin Elmer luminescence spectrometer LS 50B). The
standard curve was established for 7-amino-4-methyl-
coumarin (AMC) which permitted the expression of CHTLA
activity as nmol AMC/g protein/h. The activity was
adjusted for the protein concentration of the supernatant
estimated according to Lowry et al. (1951). The differences
after subtraction of inhibited from non-inhibited activities
were used for the calculations.

Statistical analysis

Results are expressed as the mean = SEM. F-test and two-
sample -test or ANova followed by Tukey—Kramer test
(statistical software Ncss 2001; NCSS Raysville, UT, USA)
were used for analysis of the data. Differences were consid-
ered significant at P < 0.05.

Results

Protein synthesis and leucine oxidation

Leucine oxidation was significantly higher in SOL of both
intact and turpentine treated rats compared to EDL. The

© 2007 The Authors
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Table 1 Basic parameters of protein and amino acid metabolism in EDL and SOL

Control Turpentine

EDL, (n=7) SOL. (n=7) EDL, (n=7) SOL, (n=7)
Total proteolysis (nmol TYR/g wet wt/h) 109 = 6 171 = 7% 145+ 5 219 = 16"
Myofibrillar proteolysis (nmol 3MH/g wet wt/h) 0.542 + 0.033 1.167 = 0.086* 0.845 = 0.119 1.447 + 0.1577
CHTLA of proteasome (nmol AMC/g of protein/h) 1034 = 71 2125 = 125% 1640 = 106 2436 = 1747
Leucine oxidation (nmol LEU/g wet wt/h) 45 + 3 86 = 7% 59=+9 116 = 127
Protein synthesis (nmol LEU/g of protein/h) 2870 = 136 3269 = 166 1982 = 77 2804 = 2717

SOL, the soleus muscle; EDL, the extensor digitorum longus muscle; TYR, tyrosine; 3MH, 3-methylhistidine; CHTLA, chymotrypsin-like

activity; AMC, 7-amino-4-methylcoumarin; LEU, leucine.
Values are expressed as mean =+ SEM.

ANova followed by Tukey—Kramer test.

*P < 0.05 SOL, vs. EDL,.

P < 0.05 SOL, vs. EDL,.

P < 0.05 SOL, vs. SOL..

difference in protein synthesis between SOL and EDL of
intact animals was not significant while in SOL of turpentine
treated animals, this parameter was significantly higher.
There were no statistical differences between control and
turpentine treated rats neither in SOL nor in EDL (Table 1).
The relative decrease in protein synthesis in turpentine group
against the control group was significantly higher in EDL
than in SOL while leucine oxidation changes were not statis-
tically significant (Figure 1).

Total and myofibrillar proteolysis

Total and myofibrillar proteolysis was significantly higher in
SOL of both intact and turpentine treated rats compared to

EDL. Application of turpentine oil caused significant

200+

§ o | * T

: N BN il §

o 1004 *
S L
0\0 I

0+ 1 - | -
Total Myofibrillar  CHTLA of Leucine Protein
proteolysis  proteolysis proteasome  oxidation synthesis

Figure 1 Relative effect of inflammation on basic parameters of
protein and amino acid metabolism in EDL (filled bars) and
SOL (open bars). Means of appropriate control values were
used as 100%. Values are means = SEM, n = 7 in each group.
F-test followed by two-sample #-test; P < 0.05 vs. EDL. SOL,
the soleus muscle; EDL, the extensor digitorum longus muscle;
CHTLA, chymotrypsin-like activity.
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increase in total proteolysis in SOL only. Myofibrillar prote-
olysis in the septic group remained unchanged against con-
trol in both types of muscle (Table 1). Relative changes in
total and myofibrillar proteolysis in the turpentine group
against the control were not statistically significant in both
SOL and EDL (Figure 1).

Chymotrypsin-like activity of proteasome

The CHTLA of proteasome was statistically higher in SOL
of both intact and turpentine treated rats compared to EDL.
We detected no significant changes between the control and
septic groups (Table 1). However, the relative increase in
CHTLA in EDL of septic rats against control was statisti-
cally higher than in SOL (Figurel).

Amino acid release into the incubation medium

Table 2 represents rates of amino acid release from SOL and
EDL of turpentine treated and control animals. Most amino
acids shared a significantly greater release into the medium
from SOL than from EDL in both experimental groups. In
SOL of turpentine treated animals, we observed a significant
decrease in leucine release compared to the control while
EDL was not affected. Figure 2 demonstrates relative
changes in amino acid release from EDL and SOL of turpen-
tine treated rats against the control. In EDL, release of
asparagine, leucine and BCAA (branched chain amino acid -
valine, leucine, isoleucine) increased while decreasing in
SOL, resulting in a significant difference. In contrast, release
of glycine decreased in EDL and increased in SOL. In SOL,
release of alanine decreased while release of histidine and
lysine increased significantly more than in EDL.
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Table2 Release of amino acids into the medium (nmol/g wet
wt/h)

Control Turpentine

EDL. (n=7) SOL.(2=7) EDL,(n=7) SOL, (n=7)
ALA 739 = 117 856 = 108 595+ 22 471 + 25
ASN 105 = 19 196 = 27" 150 = 11 135 + 13
GLU 130 = 23 330 « 37 143 + 18 370 = 36"
GLN 1038 = 139 1541 =218 151772 2116 + 176"
GLY 807 = 197 785 = 102 712 = 57 1063 = 123"
HIS 143 = 13 202 = 21 170 = 7 282 + 29°
ILE 132 + 20 208 + 17" 156 = 6 266 = 217
LEU 261 = 32 413 + 327 311 = 11 232 « 18"
LYS 360 = 40 417 + 30 404 = 29 584 =+ 397
MET 73+ 8 125 = 10" 83 =12 146 =« 8F
PHE 142 = 19 222+ 17" 167 =7 264 « 20"
PRO 282 + 21 359 « 14" 319 = 14 457 « 427
SER 376 = 51 570 = 39" 352+ 76 740 = 108"
VAL 217 = 30 332 + 23" 245 = 11 401 = 337
BCAA 610 + 82 953 + 72" 712 + 28 899 4+ 727
TOTAL 4805 + 729 6556 = 695" 5324 + 353 7527 =+ 6917

SOL, the soleus muscle; EDL, the extensor digitorum longus muscle;
BCAA, branched chain amino acids (valine, leucine, isoleucine);
TOTAL, sum of all measured amino acids; ALA, ASN, GLU, GLN,
GLY, HIS, ILE, LEU, LYS, MET, PHE, PRO, SER, VAL — standard
amino acid abbreviations.

Values are expressed as mean = SEM.

ANOVA followed by Tukey—Kramer test.

P < 0.05 SOL, vs. EDL..

P < 0.05 SOL, vs. EDL,.

P < 0.05 SOL, vs. SOL.
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Figure 2 Relative effect of inflammation on amino acid release
from EDL (filled bars) and SOL (open bars). Means of
appropriate control values were used as 100%. Values are
means = SEM, # = 7 in each group. F-test followed by two-
sample #-test; *P < 0.05 vs. EDL. SOL, the soleus muscle; EDL, the
extensor digitorum longus muscle; BCAA, branched chain
amino acids (valine, leucine, isoleucine); TOTAL, sum of all
measured amino acids; ALA, ASN, GLU, GLN, GLY, HIS, ILE,
LEU, LYS, MET, PHE, PRO, SER, VAL - standard amino acid
abbreviations.

Discussion

We found that total proteolysis during inflammation increased
comparably in SOL (28%) and EDL (34%), increase in myo-
fibrillar proteolysis in SOL (24%) was lower than in EDL
(56%). The differences in myofibrillar proteolysis could reflect
the changes in CHTLA of proteasome which increased by
14% in SOL and 58% in EDL, while the total proteolysis
could be influenced by other (e.g. lysosomal) mechanisms.
Myofibrils cannot be cleaved by the proteasome itself (Salo-
mon & Goldberg 1996). However, various catabolic condi-
which

disintegrate myofibrils and make the actin and myosin accessi-

tions activate other proteases (e.g. caspase-3),
ble for proteasomal cleaving (Du ef al. 2005). Our findings are
in agreement with those of Hasselgren et al. (1989) who dem-
onstrated that an increase in total and myofibrillar proteolysis
during sepsis is significantly more pronounced in EDL than in
SOL. Similar results were published by Tiao et al. (1997) and
also after burn injury (Fang ez al. 1998). We suggest that differ-
ent response of EDL and SOL to inflammation could be caused
by different sensitivities of white and red fibres to various
humoral factors, e.g. hormones (Larbaud et al. 2001) and cyto-
kines (Fang et al. 1995). In addition, glucocorticoids (Wang
et al. 1998), proteolysis inducing factor-PIF (Lorite et al. 2001)
and cytokines (Li ez al. 1998) comprise some of the most
potent substances which are able to affect the expression of
genes of the ATP-dependent ubiquitin-proteasome system.

In agreement with the enhanced catabolic activity, the
release of amino acids from muscle to incubation medium
during inflammation tended to increase in both SOL and
EDL. Considering the important role of leucine in muscle
energy and protein metabolism, the relative changes in its
release are very interesting. In SOL, the release of leucine
decreased while in EDL, it increased in response to turpen-
tine treatment, resulting in a significant difference. The
decrease in leucine release in SOL was observed without a
corresponding increase in leucine oxidation. We hypothesize
that leucine accumulates in the muscle, and/or that its inter-
mediate — a-ketoisocaproate — is more released into the med-
ium or transformed to B-hydroxy-B-methylbutyrate. This
suggestion is partly based on an observation of increased
leucine intramuscular concentration after stress hormone
administration (Hammarqvist ef al. 2001).

In our study, we observed a significant difference between
the decrease in protein synthesis in EDL (31%) and SOL
(14%) following turpentine treatment. Our findings are in
agreement with those of Vary & Kimball (1992), who obser-
ved that the protein synthetic rate in fast-twitch muscle was
reduced by sepsis, whereas slow-twitch muscles were not
affected. With regard to changes in CHTLA of proteasome

© 2007 The Authors
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in SOL and EDL during inflammation, it may be suggested
that the decrease in protein synthesis is related to the
changes in activity of the proteasomal system. This sugges-
tion is based on findings that some translation initiation fac-
tors, such as elF4G or elF3a are cleaved in the proteasome
(Baugh & Pilipenko 2004). Moreover, as the removal of leu-
cine reduces protein synthesis through changes in both eIF2B
and elF4E (Vary et al. 1999) and leucine is unique among
the BCAA in its ability to stimulate protein synthesis in mus-
cle (Anthony et al. 2000), we suggest that possible cumula-
tion of leucine in SOL could affect protein synthesis.

Total proteolysis increased and leucine release decreased
significantly while other parameters did not change in SOL of
septic rats against control. EDL remained unaffected. As
reported by Chai et al. (2002) significant increase in muscle
proteolysis following burning was connected with rise of
mRNA of several proteasomal subunits. Additionally, the
protesomal complex is highly stimulated by some cytokines.
Chai et al. (2003) detected increases in protesomal subunit
expression and enhanced TNF-o and IL-6 levels after Escheri-
chia coli endotoxin administration. Finally, Bazel ez al. (1999)
found, that CLP increases IL-6 levels in liver while s.c. turpen-
tine application does not. With regard to protein synthesis,
there is no agreement considering the effect of inflammation
on skeletal muscle. Kadlcikova et al. (2004) observed decrease
in protein synthesis in skeletal muscle after CLP while Hassel-
gren et al. (1986) and Wusteman et al. (1990) reported no sig-
nificant changes in protein synthesis in skeletal muscle during
sepsis after CLP or turpentine administration respectively.

We conclude that there are differences in protein and
amino acid metabolism between SOL (slow, red muscle) and
EDL (fast, white muscle) both in physiological conditions
and after turpentine administration. The rate of catabolic
and synthetic reactions is higher in SOL than in EDL.
During inflammation, CHTLA of proteasome and protein
synthesis are less affected in SOL compared to EDL, as well
as the rate of release of leucine and some other amino acids.
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Abstract

Proteasome inhibitors are novel therapeutic agents which may be used in treatment of cancer and other severe disorders. We studied
the effect of proteasome inhibitor MG-132 on protein and amino acid metabolism. In MG-132-treated rats we observed a significant
decrease in proteasome-dependent proteolysis in skeletal muscle and an increase in whole-body protein turnover (i.e., increase in
whole-body proteolysis and protein synthesis). Proteasome-dependent proteolysis was activated in the liver and kidney, protein synthesis
increased in skeletal muscle, liver, and kidney. Insignificant changes were found in jejunum and colon. MG-132 administration induced a
significant increase in concentration of several amino acids in blood plasma and their decrease in jejunum and colon. We conclude that
administration of MG-132 affects both protein anabolic and protein catabolic pathways via the direct effect on proteasome-dependent
proteolysis and indirect effect on proteolysis and protein synthesis via unidentified mediators.

© 2006 Elsevier Inc. All rights reserved.
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Ubiquitin-proteasome pathway is a well-recognized sys-
tem localized in cytosol and nucleus responsible for degrada-
tion of short-lived and abnormal proteins, e.g., proteins
related to signal transduction, regulation of the mitotic cycle,
antigen presentation, and apoptosis [1]. The involvement of
ubiquitin-proteasome system in these events was a powerful
stimulus for development of a large spectrum of proteasome
inhibitors with different structure and proteasome specificity
and theirintroduction asnovel therapeuticagents, particular-
ly for treatment of certain types of cancer, and inflammatory
disorders [2]. The first drug of this class is bortezomib, which
has been approved for treatment of multiple myeloma [3].

It was demonstrated that ubiquitin-proteasome system
also plays an important role in mediating the degradation
of long-lived myofibrillar proteins in skeletal muscle and
that activation of the proteasome system is the main cause

* Corresponding author. Fax: +420 495816335.
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of the accelerated breakdown of skeletal protein in sepsis
[4-7]. Consequently, it was hypothesized that targeting spe-
cific molecular mechanisms of muscle proteolysis by pro-
teasome inhibitors may inhibit development of muscle
wasting in proteocatabolic illness. The hypothesis was con-
firmed by observation of inhibitory effect of proteasome
inhibitors on proteolysis in experiments using skeletal mus-
cles isolated from rats in catabolic states including sepsis,
burn injury, cancer, uremia, denervation, and hyperthy-
roidism [8-12]. In all these in vitro studies, the incubated
muscles were treated by proteasome inhibitor. We found
only one study in which the inhibitory effect of proteasome
inhibitor on muscle proteolysis was demonstrated after
in vivo administration [13].

Studies evaluating the effect of in vivo administration of
proteasome inhibitors are necessary because of their poten-
tial use in clinical practice, where their effect on protein
metabolism should be considered as an important side
effect which may be utilized in treatment of muscle wasting
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disorders. However, there is no information about the
effect of proteasome inhibitors on whole-body protein
turnover, particularly on changes in protein breakdown
and protein synthesis in specific tissues which could signif-
icantly affect protein balance and the outcome of the
illness.

The aim of the present study was to evaluate the effect of
proteasome inhibitor MG-132 on parameters of protein
metabolism of healthy laboratory rat under in vivo condi-
tions. MG-132 belongs to the group of peptide aldehydes,
it is a strong inhibitor of proteasome and also partly inhib-
its calpains, caspases and cathepsins [2]. Calpains and casp-
ases are believed to play a role in disassembly of sarcomeric
proteins, an initial step in degradation of myofibrillar
proteins of skeletal muscle [14,15]. Cathepsins do not
contribute significantly to overall protein breakdown in
skeletal muscle [4].

Materials and methods

Animals and materials. Male Wistar rats (BioTest, Konarovice, CR)
weighing about 200 g were housed in standardized cages in quarters with
controlled temperature and a 12-h light-dark cycle and received Velaz-
Altromin 1320 laboratory chow and drinking water ad libitum. All pro-
cedures involving animals were performed according to guidelines set by
the Institutional Animal Use and Care Committee of Charles University.

L-[1-"*CJleucine was purchased from Amersham (Buckinghamshire,
UK), ["*C]bicarbonate was from Du Pont-NEN (Bad Homburg, Germa-
ny), carbobenzoxy-L-leucyl-L-leucyl-L-leucinal (MG132) from Biomol
(Plymouth Meeting, PA) and 6-aminoquinolyl-N-hydroxysuccinimidyl
carbamate from Waters (Milford, MA). Leucine, Folin-Ciocalteu phenol
reagent, dimethyl sulfoxide, and albumin were purchased from Sigma
Chemical (St. Louis, MO). The remaining chemicals were obtained from
Lachema (Brno, CZ).

Experimental design. Two separate studies were performed. In the first
study, rats starved 24 h and then were injected intraperitoneally with MG-
132 dissolved in dimethylsulfoxide at a dose of 10 mg/kg b.w. The dose of
MG-132 was determined on the basis of our in vitro studies [11] and
experiments evaluating the effect of different doses of various proteasome
inhibitors on aminoacidemia (unpublished). Control animals received a
corresponding volume of the solvent. Five hours later, the animals were
sacrificed in ether narcosis by exsanguination via the abdominal aorta.
Afterwards the gastrocnemius muscle, liver, kidney, and samples of jeju-
num and colon were quickly removed and frozen in liquid nitrogen for
measurement of chymotrypsin-like activity. Concentrations of glucose,
lipids, ALT, AST, urea, and zinc were estimated in blood plasma.

The experiments of the second study were performed separately. A
polyethylene cannula was inserted into the jugular vein and the rat fasted
for 24 h. The next day, the animal was injected intraperitoneally with MG-
132 or solvent and placed in a glass metabolic cage. Two hours later,
unrestrained and conscious rat was infused with L-[1-'*Clleucine (1.9 pCi/
ml). A priming dose of 0.7 ml infused within 4 min 35 s was followed by a
constant infusion at a rate of 0.40 ml/h for 210 min. The dose of labelled
leucine and the rate of infusion were estimated on the basis of our previous
studies [16]. The rat was killed by exsanguination via the abdominal aorta
during 215th min from the beginning of the infusion. Afterwards the liver,
gastrocnemius muscle, kidney, and samples of jejunum and colon were
quickly removed and immediately frozen in liquid nitrogen for measure-
ment of protein synthesis.

The parameters of whole body leucine metabolism were evaluated at
steady-state conditions by the procedure described in detail previously
[16]. The expired CO, was trapped at 10-min intervals between the 125th
and 185th min of infusion by monoethanolamine. The average value of six
measurements of '*CO, radioactivity in expired air at steady-state

condition was used for calculations of the leucine oxidation rate. The
14C0, recovery factor (FR) estimated by infusion of ['*C]bicarbonate was
about 90% both for MG-132 and solvent treated animals. Leucine specific
activity (SApey), turnover (Qpey), clearance (Cpey), and decarboxylation
(D1ey) rates were calculated using the following formulae:

Leu radioactivity (dpm/ml)
A 1) =
SAteu (dpm/umol) Leu concentration (pumol/ml)

_ infusion rate (dpm/h)
Orey (Hmol/h) = SAp., in plasma (dpm/pmol)

Orey (Hmol/h)

Creu (ml/h) = plasma Leu (pmol/ml)

14CO; production rate (dpm/h)
1/h) = =
Drev (wmol/h) SALe in plasma (dpm/pmol) - FR

Whole body leucine metabolism was considered to take place within a
common metabolic pool represented by free plasma leucine. Due to the
fact that exogenous leucine intake (E) was zero in our protocol, Oy, esti-
mates the leucine released from protein, i.e., the protein breakdown (B) as
described by the equation: Q =1In+ D = B+ E. By using this formula,
rates of protein incorporation into protein (In), the oxidized fraction of
leucine (OF = D x 100/Q) and protein balance (PB=In— B=E — D)
were calculated. Therefore, the absolute values of leucine oxidation and
protein balance are of the same value in our experimental conditions.
Measurement of protein synthesis. For the assessment of leucine
incorporation into protein, small pieces of tissue (about 0.5 g) were rinsed
and homogenized in 2% (v/v) perchloric acid. The precipitated proteins
were collected by centrifugation. The supernatant was used for measure-
ment of L-[1-"*C]leucine radioactivity and leucine concentration. To avoid
contamination by ketoisocaproate, samples were treated with 30%
hydrogen peroxide, which causes the carboxyl carbon of ketoisocaproate
to be released as CO,. The pellet was washed three times and then
hydrolyzed in 2 N NaOH. Aliquots were taken for protein content [17]
and radioactivity measurement. The fractional protein synthesis rates were
calculated using the equation derived by Garlick et al. [18]:
Sb A

Si T (4 —Ky)

(1 —e™*s) K
T—e (4-K)

where Sb and Si are the specific activities of the protein-bound and free
acid-soluble tissue leucine pools, respectively, in disintegrations per minute
per micromole; /; is the rate constant for the rate of rise of specific activity
of leucine in the acid-soluble amino acid pool per day; 7 is the duration of
L-[1-"*CJleucine infusion in days, and Kj is the fraction of protein mass re-
newed each day, in percent per day.

Measurement of chymotrypsin-like activity. The chymotrypsin-like
activity of the proteasome was determined using the fluorogenic substrate
Suc LLVY-MCA (0.1 mM) according to the method of Gomes-Marcon-
des et al. [19]. Muscles were homogenized in medium containing 20 mM
Tris—HCI (pH 7.5), 2mM ATP, 5 mM MgCl,, and 1 mM dithiothreitol.
The homogenate was then centrifuged for 10 min at 18,000g at 4 °C.
Cellular supernatant (0.1 ml) was incubated with substrate (0.05 mM) in a
total volume of 0.2 ml of 100 mM Tris—HCI (pH 8.0), with or without
inhibitor, MG-132 (0.02 mM), for 1 h on ice. The reaction was terminated
by addition of 80 mM sodium acetate, pH 4.3 (1 ml). The fluorescence was
determined using an excitation wavelength of 340 nm and an emission
wavelength of 440 nm (Perkin Elmer luminescence spectrometer LS 50 B).
Standard curve was established for 7-amino-4-methylcoumarin (AMC),
which permitted the expression of CHTLA activity as nmol AMC/g
protein/h. The activity was adjusted for protein concentration of the
sample. Only the MG-132-inhibited activity was used for the calculations.

Other technigques. Amino acid concentrations in deproteinized samples
of blood plasma or tissues were determined with high-performance liquid
chromatography (Waters, Milford, MA) after precolumn derivatization
with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate. Plasma levels of
ALT, AST, glucose, triglycerides, and cholesterol were measured using
commercial tests (Boehringer, Mannheim, Germany; Elitech, Sées,
France, and Lachema, Brno, CZ). Zn>" was determined using ion-selective
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electrode on AVL 983-S (Block Scientific, Englewood, NJ). The
radioactivity of the samples was measured with the liquid scintillation
radioactivity counter LS 6000 (Beckman Instruments, Fullerton, CA).

Statistical analysis. Results are expressed as means + SE. Statistical
analysis was performed using F test and unpaired Student’s 7 test. A dif-
ference was considered significant at P < 0.05. Statistical software NCSS
2001 (NCSS, Kaysville, Utah) was used for the analysis.

Results

MG-132 treatment induced a significant increase in gly-
cemia and a marked decrease in zinc concentration in
blood plasma. There were no differences in plasma concen-
tration of lipids, ALT, AST, and urea (Table 1). A signifi-
cant decrease in chymotrypsin-like activity (indicating the
rate of proteasome-dependent proteolysis in our study)
was found in skeletal muscle while an increase was
observed in the liver and kidney. The changes in jejunum
and colon were insignificant (Fig. 1).

There was a significant increase in whole-body protein
synthesis and proteolysis in MG-132-treated animals.
However, the effect on protein balance, leucine oxidation,
and leucine oxidized fraction was insignificant (Table 2).
A significant increase in protein synthesis was observed in
skeletal muscle, liver, and kidney (Fig. 2).

Table 3 demonstrates that MG-132 treatment induced a
marked increase in amino acid concentrations in blood
plasma while changes in skeletal muscle were insignificant.
Moderate effect of MG-132 was found in liver (an increase
in citrulline) and kidney (a decrease in proline). Significant
changes resulting in decrease in total amino acid concen-
tration after MG-132 treatment were found in jejunum
and colon. In both tissues decreased asparagine, glycine,
citrulline, alanine, tyrosine, valine, methionine, and
isoleucine.

Discussion

MG-132 is a strong inhibitor of proteasome and its
effect should be expected particularly in tissues where there

Table 1
Parameters of control and experimental animals (Study 1)
Control (n=19) MG-132 (n=9)
Body weight (g) 21242 21242
Blood plasma
Glucose (mmol/l) 4.28 £0.22 6.40 + 0.45"
Triglycerides (mmol/l) 0.45 £+ 0.06 0.31 £0.07
Cholesterol (mmol/l) 1.79 £ 0.07 1.68 £+ 0.09
HDL cholesterol (mmol/1) 1.28 £ 0.05 1.21 £+ 0.06
LDL cholesterol (mmol/1) 0.30 £ 0.03 0.33 £1.52
Urea (mmol/1) 4.07 £0.27 4.12+£0.21
ALT (pmol/l) 0.87 £0.08 0.83 £0.06
AST (umol/1) 2.30+0.14 2.114+0.14
Zinc (pmol/l) 31.99 + 1.97 20.86 & 0.72"

Values are means + SE. F test and unpaired Student’s ¢ test.
ALT, alanine aminotransferase; AST, aspartate aminotransferase.
* P <0.05.

8.0 r

7.0 - *

ng AMC/h/mg protein
now A o o
o o o o o

—_
o
T

Jejunum Colon

o
o

Muscle Liver Kidney

Fig. 1. Chymotrypsin-like activity in proteasome in specific tissues in
control (open bars) and MG-132-treated rats (filled bars). Values are
means + SE with n =9 in each group. F test and unpaired Student’s 7 test,
*P <0.05 (Study 1).

Table 2
Effect of MG-132 on whole-body protein and leucine metabolism (Study 2)

Control (n=8) MG-132 (n=8)

Body weight (g) 204 +3 212+3

Proteolysis (umol Leu kg~' h™1) 171 + 12 232 + 24"
Protein synthesis (umol Leu kg™ h’l) 147 £ 11 199 + 20"
Protein balance (umol Leukg™'h™")  —24.1+238 —-32.14+39
Leucine oxidation (umol Leukg™'h™!) 24.1+28 32.143.9
Leucine oxidized fraction (%) 14.1+1.3 13.9+0.8
Leucine clearance (ml kg~' h™!) 1198 + 65 1338 + 89

Values are means + SE. F test and unpaired Student’s ¢ test.
* P<0.05.
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Fig. 2. Fractional rate of protein synthesis in specific tissues in control
(open bars) and MG-132-treated rats (filled bars). Values are means + SE
with n = 8 in each group. F test and unpaired Student’s ¢ test, *P < 0.05
(Study 2).

are few lysosomes and proteasome-dependent proteolysis is
the major proteolytic pathway. Such a tissue is skeletal
muscle [20] which is the most abundant tissue in the body,
accounting approximately 50% of the total body mass. For
those reasons, and because the decrease in protein break-
down in skeletal muscle after treatment by proteasome
inhibitors has been demonstrated in a number of studies
(see introduction), a significant decrease in whole-body
proteolysis has been expected after MG-132 treatment.



M. Holecek et al. | Biochemical and Biophysical Research Communications 345 (2006) 38—42 41

Table 3
Effect of MG-132 on amino acid concentrations in blood plasma and muscle (Study 2)

Blood plasma (pmol/l) Skeletal muscle (nmol/g wet tissue)

Control (n = 38) MG-132 (n=28) Control (n = 18) MG-132 (n=28)
Aspartate 5+1 g+1" 1132 + 144 1297 + 194
Glutamate 217 +£20 255+ 17 4485 + 611 3755 + 568
Serine 166 + 11 218 + 18" 1124 + 109 1106 + 145
Asparagine 41+4 5543" 366 + 40 326 £ 39
Glycine 237 +£27 290 +21 1,595+ 178 1,342 + 179
Glutamine 336 +33 449 + 28" 4,577 4451 4,389 + 586
Histidine 45+5 61 +4 307 + 54 300 + 49
Arginine 5146 75+5" —a 8
Citrulline 2443 364 3" 184 423 200 + 28
Threonine 79+9 105+ 6" 306 + 35 287 + 39
Alanine 203 + 18 300 4 24" 958 + 83 1134 + 157
Proline 86+7 114 +10° 697 £+ 82 679 £+ 85
Tyrosine 41+5 45+4 771+7 64 +7
Valine 168 £ 12 202 £18 181 £ 16 176 £+ 20
Methionine 33+3 45+£3° 27+2 22+4
Isoleucine 84+ 6 106 +9 93 +8 84 +8
Leucine 144 £+ 10 175+ 16 149 + 14 143+ 17
Lysine 285+ 23 368 4+ 26 527+ 59 476 + 45
Phenylalanine 45+4 65+5" 72+8 75+ 10
Total AA 2291 + 184 2972 + 163" 16,856 + 1,570 15,855 + 1,966

Means £ SE. F test and unpaired Student’s ¢ test.

% Arginine was not estimated because of interference with high levels of carnosine.

" P <0.05.

However, despite proteasome-dependent proteolysis in
skeletal muscle decreased, an increase in whole-body pro-
tein turnover was observed in MG-132-injected animals.
Proteolysis increased in liver and kidney, protein synthesis
increased in liver, kidney, and muscle.

The discrepancy between our expectations and findings
could be explained by effect of proteasome inhibitors on
expression, activation or inhibition of various humoral fac-
tors, mediators, transcription factors, etc. which could
affect protein synthesis and proteolysis. Here are examples:

e proteasome inhibition by MG-132 effectively blocks glu-

cocorticoid receptor down-regulation [217;

cultured endothelial cells treated with MG-132 increased

expression of interleukine II-6, a cytokine that plays an

important role in inflammatory injury [22];

e proteasome inhibition in hepatocytes induces produc-
tion of massive quantities of the proinflammatory inter-
leukine I1-8, possibly resulting in neutrophil infiltration
and liver injury [23];

e proteasome inhibition leads to activation of heat shock
factors [24];

e in certain cells, proteasome inhibitors may induce acti-
vation of NF-kB through increase in inhibitory kB
kinase activation [25].

Some of these changes (i.e., production of proinflamma-
tory cytokines, activation of NF-kB, etc.) are considered as
the typical features of systemic inflammatory response in
proteocatabolic illness, e.g., sepsis and burn injury. The
argument supporting the speculation may be an observa-

tion of decreased concentration of zinc, which is a typical
finding associated with increased production of proinflam-
matory cytokines [26].

It should be noted that the response of the body to
administration of proteasome inhibitor may differ in
healthy state and in stress illness. In a recent study, Cuschi-
eri et al. [27] demonstrated that proteasome inhibition by
MG-132 affects lipopolysaccharide-induced signaling in
macrophages and results in a conversion to an anti-inflam-
matory phenotype. The authors observed decreased degra-
dation of IkB resulting in abolished NF-kB activation, and
increased I1-10 and decreased I1-8 and TNF-a production.

Although moderate or insignificant changes in amino
acid concentrations were observed in skeletal muscle, liver,
and kidney, a marked effect of MG-132 was found in blood
plasma, jejunum, and colon. The increase in plasma amino
acid concentrations may be related to higher increase in
whole-body proteolysis in comparison with increase in
whole-body protein synthesis or impaired transport of ami-
no acids across the cell membrane. These suggestions are in
agreement with higher negativity of protein balance
(P =0.1185) in MG-132-treated animals and with decreased
concentration of several amino acids in jejunum and colon.

It seems practically important that after MG 132
administration, proteolysis is inhibited and protein synthe-
sis is activated in skeletal muscle, which may result in a
marked increase in muscle protein content. As in incubated
skeletal muscle an inhibition of protein synthesis was
observed when MG-132 was added into incubation medi-
um [11], we assume that the activation of protein synthesis
is caused rather by action of some humoral factors than by
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the direct influence of MG-132 on protein synthesis. The
observation of inhibitory effect of MG-132 on protein syn-
thesis under in vitro conditions in our recent study and
increased protein synthesis in skeletal muscle under in vivo
conditions in the present one indicate that the observations
in vitro may not necessarily reflect the in vivo situation and
caution must be exercised in interpreting data obtained
from in vitro experiments.

In conclusion, the main effect of MG-132 administration
on protein metabolism seems to be the inhibition of protea-
some-dependent proteolysis in skeletal muscle and the
increase in protein turnover associated with a significant
increase in proteasome-dependent proteolysis in the liver
and kidney, and protein synthesis in the liver, kidney, and
skeletal muscle. These changes are caused by the direct
influence of proteasome inhibitor on proteasome-depen-
dent proteolysis and by influence of various factors, activity
of which was modified by MG-132 treatment.
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Beta-hydroxy-beta-methylbutyrate (HMB) is a leucine metabolite with protein anabolic effect. The aim of
the study was to examine the role of exogenous HMB on leucine and protein metabolism in whole body
and selected tissues.

Rats were administered by HMB (0.1 g/kg b.w.) or by saline. The parameters of whole-body protein
metabolism were evaluated 24 h later using t-[1-'4C]leucine and 1-[3,4,5->H]phenylalanine. Changes in
proteasome dependent proteolysis and protein synthesis were determined according the “chymotryp-
sin-like” enzyme activity and labeled leucine and phenylalanine incorporation into the protein.

A decrease in leucine clearance and whole-body protein turnover (i.e., a decrease in whole-body pro-
teolysis and protein synthesis) was observed in HMB treated rats. Proteasome-dependent proteolysis
decreased significantly in skeletal muscle, changes in heart, liver, jejunum, colon, kidney, and spleen were
insignificant. Decrease in protein synthesis was observed in the heart, colon, kidney, and spleen, while an

increase was observed in the liver. There were no significant changes in leucine oxidation.

We conclude that protein anabolic effect of HMB in skeletal muscle is related to inhibition of proteol-
ysis in proteasome. Alterations in protein synthesis in visceral tissues may affect several important func-
tions and the metabolic status of the whole body.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Beta-hydroxy-beta-methylbutyrate (HMB) is a leucine metabo-
lite (Fig. 1) with protein anabolic effect which may be employed in
treatment of proteocatabolic illness or to increase muscle mass
and/or muscle strength during exercise. A favorable effect of exog-
enous HMB on protein balance has been reported in cancer (May
et al., 2002; Smith et al., 2005) and in resistance exercise (Jéwko
et al.,, 2001; Nissen and Sharp, 2003). Unfortunately, the results
of controlled trials evaluating the effect of HMB alone or in mixture
with other dietary supplements in reversing cachexia in proteocat-
abolic illness are not conclusive (May et al., 2002; Marcora et al.,
2005; Clark et al., 2000) and further studies are necessary to con-
firm beneficial effect of HMB.

The most of the available data concerning the effect of HMB is
related to skeletal muscle and there is the absence of relevant
information about changes in whole-body protein metabolism
and in specific tissues which could significantly affect protein bal-
ance and outcome of the illness.

Abbreviations: HMB, beta-hydroxy-beta-methylbutyrate; BCAA, branched-chain
amino acids.
* Corresponding author. Tel./fax: +420 495816335.
E-mail address: holecek@Ifhk.cuni.cz (M. Holecek).

0278-6915/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/].fct.2008.11.021

It seems, that HMB is responsible partly for well-known protein
anabolic effect of leucine. Neither other two branched-chain amino
acids (BCAAs), valine or isoleucine, nor other amino acid and/or
their metabolites show this unique feature (De Bandt and Cynober,
2006). However, there is no study evaluating the effect of exoge-
nous HMB on BCAA metabolism, although phenomena of meta-
bolic antagonism exists among BCAAs.

The aim of this study was to examine the effect of HMB admin-
istration on leucine and protein metabolism in whole body and to
estimate changes in protein synthesis and proteolysis in selected
tissues. Two tracers (1-[1-*C]leucine and 1-[3,4,5->H]phenylala-
nine) were used to test the possible effect of interference of HMB
and leucine metabolism and to avoid its effect on interpretation
of the obtained results.

2. Materials and methods
2.1. Animals and material

Male Wistar rats (BioTest, Konarovice, CR) weighing about 260 g, were housed
in standardized cages in quarters with controlled temperature and a 12-h light-
dark cycle and received Velaz-Altromin 1320 laboratory chow and drinking water
ad libitum. All procedures involving animals were performed according to guide-
lines set by the Institutional Animal Use and Care Committee of Charles Univer-
sity. 1-[1-1*C]leucine was purchased from Amersham (Buckinghamshire, UK),
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Fig. 1. Pathways of leucine metabolism. Leucine conversion to KIC is regulated by BCAA- transferase. Approximately 90% of produced KIC is oxidized by mitochondrial BCKA-
dehydrogenase. The remaining KIC is oxidized to HMB by KIC-dioxygenase in cytosol. The major pathway of HMB metabolism is conversion via HMG-CoA to cholesterol.

['4C]bicarbonate was from Du Pont-NEN (Bad Homburg, Germany) and 6-amino-
quinolyl-N-hydroxysuccinimidyl carbamate from Waters (Milford, MA). L-
[3.4,5-3H]phenylalanine was purchased from American Radiolabeled Chemical,
Inc. (St. Louis, MO, USA). HMB (calcium salt) was kindly donated by Metabolic Tech-
nologies, Inc. (Ames, IA, USA). Leucine, Folin-Ciocalteu phenol reagent, dimetylsulf-
oxide and albumin were purchased from Sigma Chemical (St. Louis, MO). The
remaining chemicals were obtained from Lachema (Brno, CR).

2.2. Experimental design

A polyethylene cannula was inserted into the jugular vein and HMB at a dose of
0.1 g/kg b.w. was administered into the cannula (1/2 of the dose) and subcutaneously
(1/2 of the dose). Control animals received a corresponding volume of the saline solu-
tioninstead of HMB. Thereafter the rats fasted for 18 h. The next day, unrestrained and
conscious rats were infused with a solution containing 1-[1-'C]leucine (2.0 puCi/ml)
and 1-[3,4,5->H]phenylalanine (10.0 pCi/ml). Solution infused to experimental ani-
mals was enriched by HMB (0.1 g/kg). A priming dose of 0.7 ml infused within
4 min 35 s was followed by a constant infusion at a rate of 0.40 ml/h for 210 min.
The rate of infusion, the dose of HMB and of labeled leucine and phenylalanine were
estimated on the basis of our previous studies (Kovarik et al., 2007; Holecek et al.,
1997, 2006). The rats were killed by exsanguination via the abdominal aorta during
210th min from the beginning of the infusion. Afterwards the liver, gastrocnemius
muscle, heart, kidney, spleen, and samples of jejunum and colon were quickly re-
moved and immediately frozen in liquid nitrogen for measurement of protein synthe-
sis and chymotrypsin-like activity.

2.3. Parameters of whole-body amino acid and protein metabolism

The parameters of whole body leucine metabolism were evaluated at steady-
state conditions by the procedure described in detail previously (Holecek et al.,
1997). The expired CO, was trapped at 10-min intervals between the 125th and
185th min of infusion by monoethanolamine. The average value of six measure-
ments of '4CO, radioactivity in expired air at steady-state condition was used for
calculations of the leucine oxidation rate. The #CO, recovery factor (FR) estimated
by infusion of ['“C]bicarbonate was about 90% both for HMB and solvent treated
animals. Leucine specific activity (SAje,), turnover (Qey), clearance (Cpe,) and decar-
boxylation (Dye,) rates were calculated using the following formulae:

Leu radioactivity (dpm/ml
SAieu (dpm/pumol) = Leu concentration((umol//ml))
infusion rate (dpm/h)
~ SALe, in plasma(dpm;/tmol)
QLeu (umol/h)

plasma Leu (pmol/ml)

14CO, production rate(dpm/h
Dieu (Hmol/h) = SAleu inpplasma (dpm/p(lrrpl)ol)/~ F)R

Qreu (Hmol/h)

Creu (ml/h> =

Whole body leucine metabolism was considered to take place within a common
metabolic pool represented by free plasma leucine. Due to the fact that exogenous
leucine intake (E) was zero in our protocol, Qr., estimates the leucine released from
protein, i.e. the protein breakdown (B) as described by the equation:

Q=In+D=B+E.

By using this formula, rates of protein incorporation into protein (In), the oxi-
dized fraction of leucine (OF = D - 100/Q) and protein balance (PB=1In — B=E — D)
were calculated. Therefore the absolute values of leucine oxidation and protein bal-
ance are of the same value in our experimental conditions.

Using 1-[3,4,5->H]phenylalanine only Qpy. estimating phenylalanine release
from protein (i.e. the protein breakdown) and phenylalanine clearance can be mea-
sured under these conditions.

It has been suggested that specific activity of ketoisocaproic acid (KIC) is more
relevant for calculating parameters of whole-body leucine metabolism (Mathews
et al., 1982). However, the ratio of KIC to leucine specific activity is constant after
number of experimental maneuvers, and no qualitative differences were observed
whether the KIC or leucine specific activities were used to calculate protein turn-
over (Fong et al., 1994; Petrides et al., 1994). As in our conditions the measurements
of leucine enrichments were more reproducible than those of KIC, probably because
KIC is very unstable, we used leucine specific activities for measurement of param-
eters of protein turnover.

2.4. Protein synthesis

For the assessment of leucine and phenylalanine incorporations into protein,
small pieces of tissue (about 0.5 g) were rinsed and homogenized in 2% (v/v) per-
chloric acid. The precipitated proteins were collected by centrifugation. The super-
natant was used for measurement of 1-[1-“C]leucine and 1-[3,4,5->*H]phenylalanine
specific activities. To avoid contamination by ketoisocaproate, samples were treated
with 30% hydrogen peroxide, which causes the carboxyl carbon of ketoisocaproate
to be released as CO,. The pellet was washed three times and then hydrolyzed in
2 N NaOH. Aliquots were taken for protein content (Lowry et al., 1951) and radio-
activity measurement. The fractional protein synthesis rates were calculated using
the equation derived by Garlick et al. (1973):

Sb 4 1—e ™ K

ﬁiﬂi—Ksi 1— et 7j~i_KS

where Sb and Si are the specific activities of the protein-bound and free acid-soluble
tissue leucine/phenylalanine pools, respectively, in disintegrations per minute per
micromole; /; is the rate constant for the rate of rise of amino acid specific activity
in the acid-soluble amino acid pool per day; t is the duration of the label infusion
in days, and K; is the fraction of protein mass renewed each day, in percent per
day. The values of 663 pmol and 274 pmol of leucine/g protein and phenylalanine,
respectively, were used for calculation of their of protein-bound specific activities
(Welle, 1999).

2.5. Chymotrypsin-like activity

The chymotrypsin-like activity of the proteasome was determined using the
fluorogenic substrate Suc LLVY-MCA (0.1 mM) according to the method of
Gomes-Marcondes et al. (2002). Muscles were homogenized in medium containing
20 mM Tris-HCl (pH 7.5), 2 mM ATP, 5 mM MgCl, and 1 mM dithiothreitol. The
homogenate was then centrifuged for 10 min at 18 000g at 4 °C. Cellular superna-
tant (0.1 ml) was incubated with substrate (0.05 mM) in a total volume of 0.2 ml
of 100 mM Tris-HCI (pH 8.0), with or without inhibitor, MG-132 (0.02 mM), for
1 h on ice. The reaction was terminated by addition of 80 mM sodium acetate, pH
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4.3 (1 ml). The fluorescence was determined using an excitation wavelength of
340 nm and an emission wavelength of 440 nm (Perkin-Elmer luminescence spec-
trometer LS 50 B). Standard curve was established for 7-amino-4-methylcoumarin
(AMC), which permitted the expression of chymotrypsin-like activity as nmol AMC/
g protein/hour. The activity was adjusted for protein concentration of the sample.
Only the MG-132-inhibited activity was used for the calculations.

2.6. Other techniques

Amino acid concentrations in deproteinized samples of blood plasma or tissues
were determined with high-performance liquid chromatography (Waters, Milford,
MA) after precolumn derivatization with 6-aminoquinolyl-N-hydroxysuccinimidyl
carbamate. Plasma levels of urea glucose, triglycerides, and cholesterol were mea-
sured using commercial tests (Boehringer, Mannheim, Germany; Elitech, Sées,
France and Lachema, Brno, CZ). The radioactivity of the samples was measured
with the liquid scintillation radioactivity counter LS 6000 (Beckman Instruments,
Fullerton, CA).

2.7. Statistical analysis

Results are expressed as means + SE. Statistical analysis was performed using
Mann-Whitney test. A difference was considered significant at P < 0.05. Statistical
software NCSS 2001 (NCSS, Kaysville, Utah) was used for the analysis.

3. Results
3.1. Blood plasma

HMB treatment induced a significant increase in total choles-
terol in blood plasma. There were no differences in HDL and LDL
cholesterol, atherogenity index, triglycerides, glucose, and urea
levels (Table 1).

3.2. Parameters of whole-body amino acid and protein metabolism

Using infusion of 1-[1-!*C]leucine was shown that HMB treat-
ment induced a significant decrease in whole-body protein turn-
over, i.e. a decrease both in whole-body proteolysis and protein
synthesis (Table 2). In addition, a decrease in leucine clearance
was observed. The effect on protein balance, leucine oxidation
and leucine oxidized fraction was not observed. The effect of

Table 1
Parameters of control and experimental animals.

Control (n=9) HMB (n = 8)
Body weight (g) 261+6 268 £5
Blood plasma
Glucose (mmol/l) 9.13+0.30 8.69+0.40
Triglycerides (mmol/l) 1.21+0.11 1.35+0.29
Cholesterol (mmol/l) 2.04 +0.08 2.33 +0.08"
HDL cholesterol (mmol/I) 1.43 £0.08 1.53 £0.08
LDL cholesterol (mmol/1) 0.22 £ 0.02 0.29 £ 0.04
Atherogenity index 0.46 £ 0.06 0.56 £0.12
Urea (mmol/l) 5.27 £ 0.37 5.01 £0.27

Atherogenity index was calculated as: (cholesterol — HDL cholesterol)/HDL cho-
lesterol. Values are means + SE. Mann-Whitney test.

" P<0.05.
Table 2
Effect of HMB on whole-body protein and leucine metabolism.

Control (n=9) HMB (n =8)
Proteolysis (umol Leu kg~' h™1) 1729 144+ 8°
Protein synthesis (umol Leu kg~ h™1) 107 8 84+5"
Protein balance (pmol Leu kg~' h™') —65+4 —60+4
Leucine oxidation (umol Leu kg~' h™') 65+4 60+4
Leucine oxidized fraction (%) 382 421
Leucine clearance (ml kg~' h™!) 1053 + 36 870+52°
Proteolysis (umol Phe kg=! h™! 51+3 441
Phenylalanine clearance (ml kg—' h~") 749 + 20 668 + 24

Values are means + SE. Mann-Whitney test.
" P<0.05.

HMB on whole-body proteolysis and phenylalanine clearance esti-
mated by 1-[3,4,5->H|phenylalanine was in agreement with the re-
sults obtained by labeled leucine infusion.

3.3. Chymotrypsin-like activity

A significant decrease in chymotrypsin-like activity (indicating
the rate of proteasome dependent proteolysis) was observed in
skeletal muscle of HMB treated animals. The changes in other tis-
sues were not observed (Table 3).

3.4. Protein synthesis is selected tissues

There was no significant effect of HMB on protein synthesis in
skeletal muscle and jejunum. A significant increase in protein syn-
thesis was observed in the liver, while a decrease was observed in
the colon. The significant decrease in protein synthesis in the heart,
kidney and spleen was detected only using labeled leucine tech-
nique (Table 4).

3.5. Amino acid concentrations in blood plasma

Table 5 demonstrates that HMB treatment significantly affected
amino acid concentrations in blood plasma. Concentrations of leu-
cine, citrulline and ornithine increased, while a decrease was found
in glutamate, serine, glutamine and alanine.

4. Discussion
Several studies demonstrated that supplemental HMB is well

tolerated and has no adverse effects (Baxter et al., 2005). Signifi-
cant increase in blood cholesterol is a clear evidence of metabolic

Table 3
Effect of HMB on chymotrypsin-like activity in proteaseome.
Control (n=9) HMB (n =8)
Skeletal muscle 6.9+0.9 3.8+0.3"
Heart 1.5%0.1 1.810.1
Liver 3.6+03 3.5+03
Jejunum 0.8+0.2 1.1£0.3
Colon 09+0.8 1.0£0.2
Kidney 6.9+0.7 54+05
Spleen 1.2+0.1 1.5+0.1
Values are means + SE in ng AMC/h/mg protein. Mann-Whitney test.
" P<0.05.
Table 4
Effect of HMB on fractional rate of protein synthesis in specific tissues.
Tracer Control (n=9) HMB (n=8)
Muscle Leu 0.35+0.03 0.29 £ 0.02
Phe 0.52 +0.04 0.45+0.03
Heart Leu 1.19+0.12 0.79 +0.08"
Phe 1.59+0.16 1.34+0.08
Liver Leu 2.97£0.26 3.81+0.28"
Phe 5.34+0.32 7.09 +0.56"
Jejunum Leu 6.28 £ 0.83 4.58 +0.70
Phe 10.30£1.12 8.63 £1.20
Colon Leu 6.32+0.97 3.91+0.75"
Phe 10.54 £ 1.67 6.63+0.79"
Kidney Leu 5.63 £0.22 4.59 +0.28"
Phe 3.31+£0.29 2.97 £0.19
Spleen Leu 432 +0.52 2.76 £0.24"
Phe 7.53£0.72 5.93 £0.42

Values are means * SE in %/day.
Mann-Whitney test.
* P<0.05.
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Table 5
Effect of HMB on amino acid concentrations in blood plasma.

Control (n=9) HMB (n=38)
Aspartate 6.0+ 0.4 54+0.2
Glutamate 71.3+2.7 541%3.6"
Serine 224+10 190+ 12°
Asparagine 50.8 +2.3 48.1 £2.1
Glycine 273+18 27323
Glutamine 677 £ 37 574 + 25"
Histidine 66.5 +3.1 66.4+3.4
Taurine 123 +8 1389
Threonine 201 +£10 180+ 12
Citrulline 56.8+2.2 68.0+4.1"
Alanine 366 =23 301+14°
Arginine 1407 1318
Proline 1205 105+ 6
Tyrosine 61.8+4.8 52.5+2.8
Cystine 81.8+2.8 83.7+10.5
Valine 168 £ 12 202 +18
Methionine 47614 443+1.2
Ornithine 441+1.8 53324
Isoleucine 944+54 1139
Leucine 164+9 219+12°
Lysine 366 =+ 14 38327
Phenylalanine 68.4+2.7 659+1.9
BCAA 424 +18 522 +18"
Total AA 3,469 + 117 3,339+84

Values are means * SE in pumol/l.

BCAA, branched-chain amino acids; AA, amino acids. Means + SE. Mann-Whitney
test.

© P<0.05.

changes induced by HMB administration in our study. The observa-
tion is in agreement with presumption that HMB is metabolized to
HMG-CoA and is used for de novo synthesis of cholesterol in cer-
tain tissues. It should be noted, that this observation is in discrep-
ancy with findings of Nissen and Abumrad (1997) who observed
the decrease in LDL cholesterol. Although there were no changes
in plasma glucose, triglycerides, HDL and LDL cholesterol, and ath-
erogenity index in our study, we suppose that the possible athero-
genic effect of high intake of HMB should by investigated in the
long term studies also in other laboratories.

The principal result of this study is undoubtedly the finding of
the decreased protein turnover, i.e. the decrease in whole-body
proteolysis and protein synthesis in HMB treated animals. The
main cause of decreased whole-body proteolysis is undoubtedly
the decrease in proteolysis in skeletal muscle which contribute to
a large part of whole-body protein metabolism. Therefore the de-
crease in proteolysis and not increase in protein synthesis seems
the mechanism by which HMB can increase the gain of lean body
mass. Insignificant changes in leucine oxidation indicate, that
HMB has no or very limited effect on activity of the key enzyme
in BCAA metabolism, the branched-chain keto acid dehydrogenase.

Our findings are in a good agreement with results of
Ostaszewski et al. (2000) who in isolated rat and chick extensor
digitorum longus and soleus muscles observed insignificant effect
of HMB on protein synthesis but consistently decreased protein
degradation estimated by net release of tyrosine from incubated
muscles. The inhibitory effect of HMB on breakdown of structural
proteins in skeletal muscle indicates also significantly decreased
rise in excretion of 3-methylhistidine induced by resistence-exer-
cise training in HMB treated weight-lifters (Nissen et al., 1996).

Changes in chymotrypsin-like activity of proteasome indicate
that HMB treatment affects activity of the ubiquitin-proteasome
system, the main system responsible for breakdown of intracellu-
lar proteins. Its decrease in skeletal muscle of HMB treated animals
should be associated with decreased breakdown of myofibrillar
protein and net increase in muscle mass. The reason, why the de-
crease in chymotrypsin-like activity was limited on skeletal mus-

cle, indicating exceptional role of HMB in regulating protein
breakdown in muscle, is not clear. The effect may be related to tis-
sue specific differences in leucine and HMB metabolism; i.e. low
activity of BCKA dehydrogenase in muscle may drive KIC generated
by BCAA aminotransferase reaction via KIC-dioxygenase and sup-
port HMB synthesis. Unfortunately, the data describing the differ-
ences in distribution and activities of KIC-dioxygenase among
tissues are not available.

Changes in protein synthesis in specific tissues were mostly in
agreement with decreased whole-body protein turnover, i.e. the
significant decrease in protein synthesis was found in the heart, co-
lon, kidney, and the spleen. The exception was the liver, in which
the increase in protein synthesis was observed. We suppose that
decreased amino acid availability due to decreased protein break-
down in skeletal muscle may be partly involved in suppression of
protein synthesis in some tissues. The mechanism of the appar-
ently important increase in protein synthesis in hepatic tissue is
not clear.

The changes in plasma free amino acid levels after HMB are re-
lated to changes in protein synthesis, proteolysis and amino acid
catabolism. Moderate changes in the concentration of the most
plasma amino acids are in a good agreement with parallel decrease
in whole-body protein synthesis and proteolysis. Considering the
BCAAs as an important donor of nitrogen in synthesis of glutamate,
glutamine and alanine in skeletal muscle (Harper, 1984), it can be
supposed, that the increase in leucine concentration associated
with decreased concentrations of glutamate, glutamine and ala-
nine are caused by decreased conversion of leucine to ketoisocap-
roic acid after HMB treatment. This finding is a further evidence of
practical importance of metabolic relations in metabolism of BCAA
and glutamine in skeletal muscle (Holecek, 2002).

In conclusion, the main effect of HMB administration on protein
metabolism seems the inhibition of proteasome dependent prote-
olysis in skeletal muscle associated with decreased levels of gluta-
mate, glutamine and alanine in the blood. The data also indicate
that HMB is partly responsible for inhibitory effect of exogenous
leucine on proteolysis and not for its stimulatory effect on protein
synthesis. Of the practical importance should be also significant
influence of HMB treatment on protein synthesis in specific tissues,
particularly in the liver. Further studies determining the types of
hepatic proteins of which synthesis is activated by HMB treatment
are needed.
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SOUHRN

Beta-hydroxy-beta-metylbutyrat (HMB) je metabolitem leucinu, jenz vykazuje antikatabolické uc¢inky a pfiznivé ovliviuje
imunitni systém. Mechanismus U¢inku nebyl dosud zcela objasnén. HMB mize slouzit jako zdroj pro syntézu
cholesterolu, zfejmé zasahuje také do ubikvitin-proteazomového proteolytického systému. HMB je uzivan jako
potravinovy doplnék pfi silovém tréninku, zejména pro narGst sily a mnozstvi netukové tkané. V poslednich letech se
také testuje jako soucast terapie kachexie riizné etiologie (napf. nadory, AIDS).

Klicova slova: leucin, metabolismus, vyziva, proteazom, kosterni sval.

SUMMARY

Kovarik M., Muthny T., Holeéek M.: Beta-hydroxy-beta-methylbutyrate — from a nutritional supplement to the
therapy of cachexia?

Beta-hydroxy-beta-methylbutyrate (HMB) is the leucine metabolite, which shows anti-catabolic effect and beneficially
affects the immune system. The mechanism of action is still not fully understood. HMB may serve as the source for
cholesterol synthesis and it probably affects the ubiquitin-proteasome proteolytic system. HMB is used as a dietary
supplement during resistance-training, especially for increase of power and non-fat body mass. It has been also tested

in recent years as a part of cachexia treatment (cancer, AIDS, etc.).
Key words: leucine, metabolism, nutrition, proteasome, skeletal muscle.

Uvod

Beta-hydroxy-beta-metylbutyrat (HMB) je pfiroze-
nym metabolitem leucinu, k jehoz popsanym Uc¢inkim
pati zejména ovlivnéni metabolismu protein(i a imunit-
niho systému. Pouziva se jako potravinovy doplnék,
v poslednich letech se objevuji doklady, ze podani HMB
mUiZze zabranit rozvoji kachexie u nadorovych onemoc-
néni nebo AIDS. Cilem této prace je poskytnout pre-
hled soucasnych poznatkll o vlastnostech, ucincich
a vyuziti HVIB.

Zdroje HVIB

HMB v lidském téle muze byt jak exogenniho, tak
endogenniho pavodu. Potraviny vSak obsahuji pouze
malé mnozstvi HMB. Schematicky popis syntézy HMB
viz obrazek 1.V organismu vznika HMB z aminoky-
seliny leucinu, pfeméné na HMB podléha asi 5-10 %
leucinu. Metabolismus leucinu je zahajen transaminaci
na alfa-ketoizokaproat (alfa-KIC) pomoci specificke
BCAA (BCAA — branched-chain amino acids) amino-
transferazy. VétSina alfa-KIC podléha oxidacni dekar-
boxylaci multienzymovym komplexem BCKA (BCKA
— branched-chain keto acids) dehydrogenazy. Vznikly
izovaleryl koenzym A je dale metabolizovan az na beta-
hydroxy-beta-metylglutaryl-koenzym A (HMG-CoA) [15].

Alternativni cestu oxidace alfa-KIC popsali na po-
Catku 80. let 20. stoleti Sabourin a Bieber [22]. Podle ni
je alfa-KIC oxidovan KIC-dehydrogenazou za vzniku
HMB. Minoritnim zdrojem HMB m0ze byt i beta-metyl-

krotonyl koenzym A, ale pouze pfi nadmérné zvyse-
nych koncentracich (deficit biotinu). Van Koevering
a Nissen (1992) popsali, Zze alespon u prasete je jedi-
nym zdrojem pro syntézu HMB leucin.

Farmakokinetika

Cilem studie Vukoviche et al. [23] bylo stanovit far-
makokinetické parametry HMB po jeho jednorazovém
peroralnim podani lidem. Vysledky ukazuiji, ze po podani
1 g HMB dosahla maximalni plazmaticka koncentrace hod-
noty 115 nm/l, bylo ji dosaZeno za 2,0 + 0,4 h. Po podani
3 g HMB bylo maximalni koncentrace (~ 480 nmol/l) dosa-
zeno jiz za 1,0 £ 0,1 h. Hodnota plazmatického polo¢a-
su 2,4 +0,1 h byla shodna u obou davek HMB. Po 6 ho-
dinach bylo zaznamenano vyznamné navySeni
koncentrace HMB v mo¢i, jez pfetrvavalo az do 36 ho-
din po aplikaci. Mnozstvi vylou¢eného HMB zaviselo na
podané davce (~14 % u 1 g HMB, ~29 % u 3 g HMB).
PFi kombinaci HMB s glukézou dosahla plazmaticka
koncentrace maxima pozdéji (1,9 + 0,2 h) a prodlouzil
se plazmaticky polocas (2,7 + 0,2 h), mnozstvi vylouce-
ného HMB do moci se vS§ak nezménilo. Nebyl zjistén
zadny vliv aplikace HMB na plazmatické koncentrace
glukdzy a inzulinu. Tyto vysledky odpovidaji udajim zjis-
ténym u zvifat. U prasete nebo ovce je vylou¢eno moci
asi 30 % HMB, plazmaticky polo¢as se pohybuje
v rozmezi 1-3 hodiny [15].

Nejpravdépodobnéjsi cestou metabolismu HMB je
pfeména na beta-hydroxy-beta-metylglutaryl koenzym
A (HMG-CoA) bud pfimou karboxylaci, nebo pres
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beta-metylkrotonyl koenzym A (viz obr.1). Metabolis-
mus HMB je kromé kondenzace acetylkoenzymu A
s acetoacetylkoenzymem A jedinym zdrojem HMG-
-CoA, substratu pro kliCovy enzym syntézy choleste-
rolu, HMG-CoA reduktazu. In vivo studie ukazuji, ze
leucin maze byt vyznamnym zdrojem pro syntézu cho-
lesterolu ve svalu [15]. Pfeména HMB na cholesterol
je v literatufe popsana, kvantitativni podil HMB na syn-
téze cholesterolu vSak dosud stanoven nebyl.

Toxicita

Moznou toxicitu HMB pfi dennim podavanim po dobu
90 dnu u potkana studoval Baxter et al. [1]. Dieta
u zkoumanych skupin obsahovala 1-5 % HMB. HMB
bylo dobfe tolerovano, nebyl zjistén zadny nezadouci
ucinek souvisejici s HMB. Tato data potvrdilo i shrnuti
Udaju o bezpecénosti z 9 studii, pfi kterych byl lidem
peroralné podavan HMB v denni davce 3 g [16].

Uginky HMB

HMB vykazuje antikatabolické, popf. anabolické
(zdsah do metabolismu proteind, lipidd i sacharidu)
a protizanétlivé ucinky, ovliviiuje imunitni systém,
v kombinaci s nékterymi aminokyselinami brani rozvo-
ji kachexie, pfipadné zlepSuje hojeni ran. Mechanismus
pusobeni HMB nebyl dosud zcela objasnén. Dlouhou
dobu byl vysvétlovan teorii spojujici jeho uCinky se
syntézou cholesterolu. HMB muze slouzit jako zdroj
HMG-CoA, prekurzoru pro syntézu cholesterolu, zejmé-
na v situacich, kdy bunka potfebuje jeho zvySené mnoz-
stvi pro syntézu novych nebo poskozenych bunéénych
membran. HMB by tak mohl byt potfebny pro maxima-
lizaci funkce imunitniho systému, produkce mlééného
tuku pfi laktaci nebo pro maximalni riist svalu a zabra-
néni Ubytku kosternich svalll pfi stresovych situacich
[15]. V recentnich pracich je u¢inek HMB vysvétlovan
zasahem do ubikvitin-proteazomového systému. Pre-
vazné u stavl, kdy je tento vyznamny proteolyticky
systém patologicky hyperaktivovan, snizuje HMB jeho
aktivitu i expresi podjednotek proteazomu [25].

Vliv HMB na imunitni systém

HMB ovliviiuje aktivitu a proliferaci bunék imunitniho
systému i humoralni slozku imunity. Byl zjiStén pfiznivy
vliv HMB na aktivitu fagocytll izolovanych z kapra
a pstruha. Po pfidani HMB do média v koncentraci
10-100 pg/ml bylo pozorovano siln&jsi respiracni vzpla-
nuti fagocytu. Pfi koncentracich 5-100 pg/ml média zvy-
Soval HMB také schopnost fagocytu zabijet zivé bakte-
rie [23]. Po pfidani HMB do média bylo prokézano zlepSeni
rGstu a funkce i u kufecich makrofagl. Pfi koncentra-
cich 10-100 pg/5 . 10* bunék HMB vyznamné zvySoval
proliferaci makrofagl. Fagocyticka aktivita rostla az do
koncentrace 60 ug HMB/5 .10* bunék. HMB dale zvySo-
val expresi Fc receptor( a produkci nitrit(i [20]. Kdyz byl
HMB pfidavan brojlerdm do potravy (0,01-1%), bylo
pozorovano zvysené mnozstvi makrofagti v abdominal-

nim exsudatu. Ackoli suplementace HMB vyvolala zvy-
Seni koncentraci dusitand v supernatantu kultury mak-
rofagl, nedoslo k vyznamnému ovlivnéni fagocytického
potencialu. Nebyla zménéna ani schopnost eliminovat
z krevniho obéhu bakterie [20].

Proliferace T- a B-lymfocyt( kapra a pstruha, stimu-
lovanych mitogeny byla pfidanim HMB do média akti-
vovana, s maximem pfi koncentracich 25 a 50 pg/ml
[23]. U brojlert nebyl zjistén vliv suplementace HVIB
na T-burikami zprostfedkovanou odpovéd na podani
fytohemaglutininu P, ale kozni hypersenzitivita bazofi-
10 po injekci pokeweed mitogenu byla vliivem HMB zvy-
Sena. Po intravendzni aplikaci suspenze ov¢ich erytro-
cytl doslo u HMB skupiny ke zvy$eni mnoZstvi
protilatek proti ov€im erytrocytdm béhem primarni
i sekundarni odpovédi [21]. Byl také potvrzen pozitivni
efekt HMB na imunizaci pstruha vakcinou proti Yersinii
ruckeriv pokusu jak in vitro, tak in vivo (zmnozeni bu-
nék sekretujicich protilatky, zvySeni celkového mnoz-
stvi protilatek) [24].

U pacientll jednotky intenzivni péce s chronickou
obstrukéni plicni nemoci, pfipojenych na mechanicky
ventilator, zlepSovala jiz kratkodoba suplementace HMIB
projevy zanétu, plicni funkce a vykazovala antikatabo-
licky ucinek. U pacientu, kterym byl po dobu 7 dni po-
davan HMB v davce 3 g/den, doslo ke snizeni poctu
leukocytd a mnozstvi C-reaktivniho proteinu [5].

Vliv HMB na metabolismus

HMB vykazuje antikatabolické, respektive anabolic-
ké ucinky na vSechny zakladni typy Zivin. Svymi ucinky
ovliviiuje i rust a vyvoj plodu. Podani roztoku sacharidd,
HMB nebo smési HMB se sacharidy do amniové tekuti-
ny kufeciho embrya vedlo ke zlepSeni vyvoje tenkého
stfeva. Vylihnuta kufata méla vySSi télesnou hmotnost
oproti kontrolni skupiné (nejvy$Si hmotnost pozorovana
u smési HMB se sacharidy) [27]. Podani smési HMIB
a sacharidd dvou- az pétinasobné zvysilo zasoby jater-
niho glykogenu, zvétSena byla také hmotnost prsniho
svalu [29]. Podavani HMB v krmivu (0,05 g/kg) bfezim
svinim v poslednich dvou tydnech bfezosti a béhem lak-
tace pozitivné ovlivnilo vyvoj kosti narozenych selat.
U selat byly rovnéz pozorovany zvySené sérové kon-
centrace rlistového hormonu a inzulinu podobného rls-
tového faktoru 1 a zvySena aktivita kostni alkalické fos-
fatazy. Po Sesti mésicich dosSlo ke zvySeni hmotnosti
femuru pokusnych zvifat a zlepSeni mineralizace i me-
chanickych vlastnosti kostni tkané [28].

Podani diety obsahujici 2 g HMB/den svinim béhem
laktace vyvolalo zvySeni mnozstvi mlééného tuku
v mléce svini a zvySeni hmotnosti prasat [13]. Po po-
dani HMIB bfezim svinim byla pfekvapivé pozorovana
u narozenych selat snizena plazmaticka koncentrace
HDL cholesterolu [28]. Dieta obsahujici 3 % HMB u volu
smeérovala ke zvySeni obsahu tukd v m. longissimus
a snizeni poméru intramuskularni/subkutanni tuk a plaz-
matické koncentrace cholesterolu [31]. Shrnuti bezpec¢-
nostnich udajd z klinickych studii prokazalo, ze
v porovnani s placebem podavani HMB vyvolalo sni-
zeni mnozstvi celkového a LDL cholesterolu, doprova-
zené poklesem systolického tlaku, coz by mohlo vést
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ke snizeni rizika kardiovaskularnich onemocnéni [16].
Naopak u pacientl s chronickou obstrukéni plicni ne-
moci doSlo po aplikaci HMB k vzriistu mnozstvi celko-
vého cholesterolu ve srovnani s kontrolni skupinou [5].

Ucinky HMIB na metabolismus proteinti v izolovanych
svalech potkana a kufete popsal Ostazsewski et al. [18].
Vlivem HMB doslo k inhibici degradace protein(, ktera
vykazovala zavislost na davce HMB a typu svalu. Maxi-
malni snizeni proteolyzy nastalo po pfidani HMB o kon-
centraci 1 mmol/l do inkuba¢niho média. HMB potlacilo
proteolyzu vice ve svalech slozenych z bilych nez Cer-
venych svalovych viaken. Na rozdil od HMB, pfidavek
leucinu do inkubaéniho média aktivoval proteosyntézu,
nicmeéngé proteolyzu vyznamné nesnizil. V nasi laborato-
fi nebylo prokazano ovlivnéni metabolismu proteinl

v izolovanych svalech potkana po pfidani HMB do inku-
ba¢niho média. Uginky se vsak projevily pfi podani in
vivo. Ve svalech tvofenych bilymi svalovymi vlakny apli-
kace HMB zvysila obrat protein( a snizila myofibrilarni
proteolyzu, ve svalech z ¢ervenych vildken tlumila oxi-
daci leucinu a proteolytickou aktivitu proteazomu [8].
Na modelu mysich myotubl (mnohojaderné valco-
vité trubice, vznikajici splyvanim rostoucich myoblas-
tl, v jejichz sarkoplazmé se postupné tvofi myofibrily)
byl nalezen pfiznivy vliv HMB na degradaci proteinl
navozenou aplikaci proteolyzu indukujiciho faktoru (PIF).
Efekt HMB na PIF indukovanou aktivaci proteazomu
a degradaci proteinud byl porovnavan s uc¢inkem ikosa-
pentaenoveé kyseliny (EPA), znamého inhibitoru PIF. Pfi
pokusu byly pouzity koncentrace 25 a 50 pmol/l u obou
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zkouSenych latek. Pfi koncentraci 50 umol/l branily HVIB
i EPA aktivaci celkoveé proteolyzy, u€inek 25 pmol/l HMB
byl maly a projevil se jen u nizSich hladin PIF. Hodnoty
50 pmol/l EPA a 25 i 50 umol/l HMB kompletné zabra-
nily PIF indukovanému narlstu proteolytické aktivity
proteazomu. Podobné 50 pmol/l koncentrace HMB i EPA
tlumily zvySenou expresi alfa- a beta-podjednotek pro-
teazomu, u koncentrace 25 umol/l nebyla zjisténa zmé-
na exprese. Co se tykd mechanismu ucinku, EPA na
rozdil od HMB mirnila upregulaci cytosolicke fosfolipa-
zy A,, atim také uvolnéni arachidonoveé kyseliny a tvor-
bu 15-hydroxyikosatetraenové kyseliny. Na druhou stra-
nu HMB i EPA inhibovaly PIF navozenou aktivaci
proteinkinazy C, naslednou degradaci I-kappa-B-alfa
a nuklearni akumulaci NF-kappa-B. Potlaovaly take
fosforylaci p42/44 mitogenem aktivované proteinkina-
zy [25]. Pfedpokladany mechanismus u¢inku HMB na
modelu kachexie navozené aplikaci PIF viz obr. 2.

HMB jako potravinovy dopinék u sportovct

HMB je vyuzivan v soucasnosti pfedevsim jako
potravinovy doplnék pro sportovce. Rada praci je vé-
novana zejména vlivu HMB na metabolismus svalu pfi
silovém tréninku. Suplementace HMB v davce 3 g/den
osobam podstupujicim intenzivni silovy trénink po dobu
3 tydna vedla ke zvy$ené depozici netukové hmoty
a zvyseni sily. Proteolyza ve svalech byla u HMB sku-
piny snizena, poklesly také plazmatické koncentrace
enzym( indikujicich poskozeni svalu (kreatin fosfoki-
naza a laktat dehydrogenaza) nebo plazmatické kon-
centrace esencialnich aminokyselin, ve srovnani
s kontrolni skupinou [14]. Také vysledky dalSich studii
naznacuji, ze HMB snizuje poSkozeni svalu navozené
cvicenim. U skupiny suplementované HMB byla po 20
km béhu zjisténa vyznamné nizsSi sérova aktivita lak-
tat dehydrogendzy a kreatin fosfokinazy [7]. Panton et
al. prokazali, ze suplementace HMB v kombinaci
se Ctyftydennim tréninkovym programem zvySovala
silu horni ¢asti téla a minimalizovala svalové poskoze-
ni nezavisle na pohlavi ¢i tréninkovém statutu [19]. Lze
ovSem nalézt také studie, které neprokazaly pfiznivy
vliv podani HMB na narust sily, netukové tkané nebo
snizeni hodnot markerd bunééného poskozeni u vrcho-
lovych sportovcl [4, 9].

Vliv dietnich suplementud pfi silovém tréninku shr-
nuje metaanalyza, jez prokazala statisticky vyznamny
nardst netukové télesné hmoty a sily pouze u 2 z 250
zkoumanych substanci, a to u HMB a kreatinu. Cel-
kem 9 studii zahrnujicich suplementaci HMB splnilo
kritéria, ve vSech byl podavan HMB v davce 3 g/den.
HMB i kreatin vykazovaly pfiblizné dvojnasobny na-
riist netukové télesné hmoty oproti placebu, obé latky
vSak plisobi jinym mechanismem Uginku. Zatimco kre-
atin zfejmé stimuluje proteosyntézu zvétSenim bunéc-
ného objemu, HMB spiSe snizuje odbouravani bunéc-
nych proteinli a slouzi jako prekurzor pro syntézu
cholesterolu buné¢nych membran, a tim ovliviiuje bu-
nécnou integritu [17]. Hypotézu o rozdilném mechanis-
mu puUsobeni podporuje také zjisténi o aditivnim ucinku
HMB a kreatinu pfi silovém tréninku. Po 3 tydnech byl
zZjistén vzrust netukové t€lesné hmoty oproti placebu —

efekt kreatinu byl signifikantni, uc¢inek kreatinu a HMB
byl aditivni. BEhem cviceni doslo také k narustu sily
(nejvyssi narast u kombinace kreatin + HMB). HMB
snizil cvicenim navozeny vzrist sérové kreatin fosfo-
kinazy, tento ucinek byl vSak vlivem kreatinu antagoni-
zovan. Na rozdil od kreatinu byl HMB schopen snizit
plazmatickou koncentraci mo€oviny a mnozstvi dusi-
ku vylou¢eného moci ve formé mocoviny [6].

HMB v terapii proteokatabolickych onemocnéni

V poslednich letech se zkouma moznost terapeu-
tického vyuziti HMB pfi léCbé a prevenci rozvoje ka-
chexie. Nejcastéji se testuje kombinace HMB
s argininem (Arg) a glutaminem (Gin), popf. HMB s Arg
a lysinem (Lys).

Uginky HMB byly popsany na modelu kachexie na-
vozené tumorem MAC16 u mysi. Davka HMB vétSi nez
0,125 g/kg vyznamné snizila ztraty hmotnosti, mirné
snizila i rychlost rdstu tumoru. Zména v pfijmu potravy
nebo tekutin nebyla pozorovana. Podani HMB nebo
kombinace se suboptimalni davkou EPA (0,6 g/kg) mélo
mirné nizsi ucinnost nez samotné podani EPA. U vSech
pokusnych skupin byl zjistén vzrist vlhké hmotnosti
m. soleus oproti kontrole. Degradace protein{i v tomto
svalu byla snizena pfiblizné stejné jak u HMB, tak
u EPA; kombinace nevykazovala synergisticky efekt.
Analyza télesné skladby prokazala, ze HMB zvysil
mnozstvi netukoveé tkané. U zvifat s tumorem snizova-
ly HMB i EPA zvySenou aktivitu a expresi alfa, beta
a ATPazovych podjednotek proteazomu. Kombinace
HMB a EPA snizovala expresi téchto podjednotek vy-
raznéji nez v pfipadé jednotlivych latek. HMB na rozdil
od EPA byl schopny kromé snizeni degradace protein(
také stimulovat proteosyntézu [26].

Obdobné vysledky byly nalezeny u pacientd s roz-
vinutym solidnim tumorem (nej¢astéji gastrointestinal-
ni lokalizace), kde podani kombinace HMB-Arg-Gin
potlacilo rozvoj kachexie. Jiz po 4 tydnech podavani
smeési obsahujici 3 g HMB, 14 g Gin a 14 g Arg byl
zjistén pfirastek télesné hmotnosti, jenz byl zplsoben
predevsim zvySenim mnozstvi netukové tkané. Za stej-
nou dobu doslo u placebo skupiny ke ztraté télesné
hmotnosti a netukové tkané. Uginek smési HMB-Arg-
GIn na narast netukové tkané se udrzel po dobu
24 tydn(. Nebyl zjistén negativni vliv IéCby na inciden-
ci nezadoucich Uc¢inkl nebo kvalitu Zivota [12].

Cilem studie Clarka et al. bylo zjistit, zda kombina-
ce HMB-Arg-Gln muaze ovlivnit rozvoj atrofie kosterniho
svalstva u pacientt s AIDS [2]. Po 8 tydnech doSlo
u pokusné skupiny k nardstu télesné hmotnosti, pfirds-
tek byl dan zejména netukovou hmotou. U placebo sku-
piny nastala ztrata netukové tkané, presto diky zvySeni
mnozstvi tuku télesna hmotnost mirné vzrostla.

Prace Flakolla et al. si kladla za cil zjistit, zda smés
nutrientt dokaze zpomalit degradaci protein(i a postup-
nou ztratu svalu u starSich Zzen (nad 60 let) [3]. Po
12 tydnech podavani smési obsahujici 2 g HMB, 5 g
Arg a 1,5 g Lys bylo zjiSténo u pokusné skupiny zlep-
Seni v ,get-up-and-go“ funkénim testu, zatimco ve sku-
piné dostavajici placebo nedoslo v tomto testu ke zmé-
né. Toto zlepSeni funk&nosti bylo doprovazeno zvétSenim
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obvodu paze, sily nohy a sily stisku ruky a pozitivnim
trendem v pfirlstku mnozstvi netukové hmoty. Celoté-
lova proteosyntéza, na rozdil od placebo skupiny,
v pokusné skupiné vzrostla asi 0 20 %.

Kuhls et al. zjistovali vliv HMB u polytraumat [10].
Kromé standardni vyzivy kanylou dostavali pacienti
jednu ze tfi izonitrogennich suplementaci: HMB, HMB-
-Arg-GIn nebo placebo. Ackoliv nebyl mezi skupinami
zjistén rozdil v poméru 3-metylhistidinu (marker proteo-
lyzy kontraktilnich protein ve svalu) a kreatininu v mo¢i
(indikator mnozstvi kosterniho svalu), byl objeven roz-
dil v dusikové bilanci. V placebo skupiné dosahovala
dusikova bilance mezi prvnimi a poslednim tydnem
hospitalizace nejvice zapornych hodnot. Suplementa-
ce smési HMB-Arg-Gin vedla ke zlepSeni dusikové bi-
lance, podani samotného HMB vyvolalo dalsi zmenSe-
ni Ubytku dusiku.

Oproti jinym typim kachexie, u pacientl s revma-
toidni artritidou nebyla prokazana vyssi ucinnost smé-
si HMB-Arg-Gin ve srovnani s placebem [11].

Studium podavani smési HMB-Arg-GiIn se neomezu-
je pouze na terapii kachexie. Testovan byl také mozny
zasah do akumulace kolagenu v rané. Dobrovolnikiim
starSim 70 let byly subkutanné implantovany 2 sterilni
katétry. Sedm a ¢étrnact dni po implantaci byly katétrd
odstranény a byl stanoven hydroxyprolin (index akumu-
lace kolagenu) a aminodusik (index depozice proteina).
Smés HMB-Arg-Gin byla dobfe tolerovana, jeji podani
vedlo ke zvySeni plazmatickych koncentraci argininu
a ornitinu a narGstu depozice kolagenu, zvySena aku-
mulace proteind ovSem pozorovana nebyla [33].

Suplementace smési HMB-Arg-Gin vedla také
k pfiznivému ovlivnéni imunitniho systému. U pacientt
s AIDS doslo u pokusné skupiny kromé zamezeni roz-
voje kachexie take ke zvySeni po¢tu CD3 CD8 pozitiv-
nich bunék a poklesu poctu virovych partikuli [2].
U zranénych pacientll z HMB skupiny kromé zmény
dusikoveé bilance postupné klesalo SIRS (systemic in-
flammatory response syndrome) skore, coz naznacuje
zmen$eni projevl zanétu [10].

Zaveér

HMB je pro lidsky organismus pfirozena latka vy-
kazuijici pfiznivé u€inky na metabolismus, imunitni sys-
tém nebo hojeni ran. Dosud nebyly zjiStény nezadouci
ucinky, jez by pfimo souvisely s jeho podavanim.
S tim, jak v poslednich letech rostou dikazy o uéin-
nosti HMB a znalosti jeho mechanismu u¢inku, rozsi-
fuje se také spektrum mozného pouziti. V pfistich le-
tech se proto mdze stat z potravinového doplriku latkou
pouzivanou v terapii kachexie, sepse nebo hojeni ran.
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Simultaneous Infusion of Glutamine and Branched-Chain Amino
Acids (BCAA) to Septic Rats Does Not Have More Favorable Effect on
Protein Synthesis in Muscle, Liver, and Small Intestine Than
Separate Infusions

Milan Holecek, MD; Tomas Muthny, MS; Miroslav Kovarik, MS; and Ludek Sispera, PhD

From the Department of Physiology and Department of Biochemistry, Charles University, Medical Faculty, Hradec Kralove, Czech Republic

ABSTRACT. Background: Glutamine and branched-chain
amino acids (BCAA; valine, leucine, and isoleucine) are used
as nutrition supplements in the treatment of proteocatabolic
illness. We hypothesized that simultaneous administration
of BCAA and glutamine affects protein metabolism more
significantly than separate administration. In the present
study, we evaluated their effect on protein synthesis in skel-
etal muscle, liver, and jejunum of septic rats. Methods: Twen-
ty-four hours after induction of sepsis by subcutaneous injec-
tion of turpentine, the rats were infused for 6 hours with 5
mL of 1.75% glutamine, 1.75% BCAA, 1.75% glutamine +
BCAA, or saline solution. The control group consisted of
intact rats infused with saline. Protein synthesis was mea-
sured at the end of infusion by a “flooding method” with
[3,4,5-H]phenylalanine. Results: In turpentine-treated ani-
mals, we observed a decrease in glutamine concentration in

blood plasma and skeletal muscle, a decrease in BCAA con-
centration in liver and jejunum, and a decrease in protein
synthesis in all tissues. Glutamine or glutamine + BCAA
infusion increased glutamine concentration in plasma and
muscle and stimulated protein synthesis in the liver. The
BCAA infusion enhanced concentrations of BCAA in plasma
and tissues, but the effect of BCAA on protein synthesis was
insignificant. Synergistic effect of simultaneous infusion of
glutamine and BCAA on protein synthesis was not observed.
Conclusions: We conclude that glutamine infusion to rats with
septic injury may significantly improve impaired protein syn-
thesis in the liver and that there is no synergistic effect of
glutamine and BCAA infusion on protein synthesis in skele-
tal muscle, liver, and jejunum. (Journal of Parenteral and
Enteral Nutrition 30:467-473, 2006)

Severe illness such as sepsis, trauma, and burn
injury is frequently associated with protein wasting
caused by complex action of cytokines, glucocorticoids,
acidosis, and anorexia. Treatment of this metabolic
derangement is difficult, and various nutrients, hor-
mones, and drugs have been studied. Branched-chain
amino acids (BCAA; valine, leucine, and isoleucine)
and glutamine belong among substances used fre-
quently as nutrition supplements in the treatment of
severe illness.

The BCAA are essential amino acids that serve as an
essential substrate and important regulator in synthe-
sis of body proteins and represent the major nitrogen
source for glutamine and alanine synthesis in muscle.’
Observation of activated oxidation of BCAA in proteo-
catabolic states and their unique metabolic properties
were rational arguments that led to the use of BCAA-
enriched solutions in patients with hepatic encepha-
lopathy, sepsis, renal failure, and trauma.?? In addi-
tion, recent studies showed the unique specificity of
leucine in signaling to stimulate protein synthesis in
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skeletal muscle.* Unfortunately, the clinical data eval-
uating the effect of BCAA-enriched solutions are con-
troversial, and the utility of BCAA in treatment of
proteocatabolic illness remains an open problem.®¢

Glutamine, besides its role in acid-base homeostasis
and in gluconeogenesis, acts as a “nitrogen shuttle”
among organs, as an important fuel for rapidly divid-
ing cells such as enterocytes and cells of the immune
system, and as a precursor for the synthesis of nucle-
otides. A number of researchers have found that glu-
tamine can be a potent enhancer of the heat stress
response and that glutamine could be used to enhance
heat shock protein expression and attenuate injury in
the critically ill.”® Several studies have reported
improvements in clinical outcome and in nitrogen bal-
ance when glutamine itself, glutamine-containing
dipeptides, or a-ketoglutarate has been given to criti-
cally ill patients.>?~'! However, the mechanism by
which glutamine administration affects protein bal-
ance is not yet completely clear.'?

Considering that BCAA are an important precursor
of glutamine synthesis in skeletal muscle'® and that
glutamine administration inhibits leucine oxidation,'
it may be suggested that simultaneous administration
of BCAA and glutamine may affect protein metabolism
more significantly than separate administration. How-
ever, we did not find any study assessing this practi-
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cally important question of therapeutic approach.
Therefore, the aim of the present study was to compare
the effect of the separate and simultaneous adminis-
tration of glutamine and BCAA on protein synthesis in
septic injury. We studied the response of skeletal mus-
cle, liver, and jejunum (ie, tissues that have the most
important role in whole-body protein and amino acid
metabolism).

MATERIALS AND METHODS
Animals

Male Wistar rats (BioTest, Konarovice, CR) weigh-
ing approximately 250 g (2 months old) were housed in
standardized cages in quarters with controlled temper-
ature and a 12-hour light-dark cycle, and received Velaz-
Altromin 1320 laboratory chow (Velaz, Prague, CR) and
drinking water ad libitum. All procedures involving ani-
mals were performed according to guidelines set by the
Institutional Animal Use and Care Committee of Charles
University.

Materials

L-[3,4,5-°H]Phenylalanine was purchased from
American Radiolabeled Chemical, Inc (St. Louis, MO).
Turpentine oil, amino acids, Folin-Ciocalteu phenol
reagent, and albumin were purchased from Sigma
Chemical (St. Louis, MO). The remaining chemicals
were obtained from Lachema (Brno, Czech Republic).

Experimental Design

A polyethylene cannula was inserted into the jugular
vein under light diethyl ether narcosis 24 h before the
beginning of the experiment to exclude the effect of
stress from surgery. At the same session, animals were
injected subcutaneously with saline (control animals,
n = 6) or turpentine oil at a dose of 0.5 mL/100 g BW
(septic rats, n = 28). Thereafter, the rats fasted for 24
hours. The next day, conscious unrestrained rats were
infused intravenously for 6 hours with 5 mL of saline
(n = 6 in control group, n = 7 in septic group), 1.75%
glutamine solution (n = 7), 1.75% BCAA solution
(33.3% valine, 42.6% of leucine, and 24.1% of iso-
leucine; n = 7), or 1.75% glutamine + BCAA solution
(glutamine and BCAA solutions mixed in ratio 1:1).
The rate of infusion was based on our previous ex-
periments.'® Ten minutes before the killing, the rats
were injected with a flooding dose of L-[3,4,5-H]
phenylalanine (50 n.Ci/100 g BW) combined with unla-
beled p-phenylalanine (150 umol/100 g BW).'5 The rats
were killed by exsanguination via the abdominal aorta.
Afterwards, the gastrocnemius muscle, liver, and jeju-
num were quickly removed and immediately frozen in
liquid nitrogen.

Tissue Protein Synthesis and Protein Content

The samples for measurement of protein synthesis
were processed as described elsewhere.!® The fraction
of protein mass renewed each day (k,, % per day) was
calcull7ated according the formula derived by McNurlan
et al™”:
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k, = (S, X 100)/(t X S,)

where S, and S, are the specific radioactivities
(dpm/nanomole) of protein-bound phenylalanine and
tissue-free phenylalanine in the acid-soluble fraction of
tissue homogenates, respectively, and ¢ is the time
(days) between injection of isotope and immersion of
tissue into the liquid nitrogen. The value of 274 wmol
phenylalanine/g protein was used for calculation of
protein-bound phenylalanine specific activity.!® Pro-
tein content was measured according to Lowry et al.'®

Other Techniques

Amino acid concentrations in deproteinized sam-
ples of blood plasma or tissues were determined with
high-performance liquid chromatography (Aliance,
2695, Waters, Milford, MA, 2475) after derivatization
with 6-aminoquinolyl-N-hydroxysuccinimidyl carbam-
ate (Waters, Milford, MA). The radioactivity of the
samples was measured with a liquid scintillation
radioactivity counter LS 6000 (Beckman Instruments,
Fullerton, CA).

Statistical Analysis

Results are expressed as the mean * SE. The effect
of sepsis was evaluated using F test and ¢-test for
independent samples (comparison of saline-infused
control and saline-infused septic rats). The effects of
glutamine and BCAA solution on protein synthesis in
septic rats were evaluated using ANOVA and Bonfer-
roni tests (comparison among saline and amino acid
infused septic rats). Statistical software NCSS 2001
(NCSS, Kaysville, UT) was used for the analysis. Dif-
ferences were considered significant at p < .05.

RESULTS

There were no significant changes in body weight
and glycemia either between control and septic ani-
mals or among septic animals infused by tested solu-
tions (data not shown). It was demonstrated in several
studies that turpentine treatment has no significant
effect on biochemical markers of tissue injury in blood
plasma.?® The effect of separate or simultaneous infu-
sions of glutamine and BCAA on amino acid concen-
trations in blood plasma and tissues is demonstrated in
Tables I-IV. Because phenylalanine administration
affected concentration of tyrosine in plasma and liver
(probably due to phenylalanine metabolism in liver),
we subtracted tyrosine and phenylalanine from the
sum of amino acid concentrations (in addition to sub-
traction of infused glutamine and BCAA) in calculation
of the effect of glutamine or BCAA infusion on amino-
acidemia.

In turpentine oil-treated animals, a significant
decrease in a number of amino acid concentrations was
observed in plasma, skeletal muscle, and jejunum. In
blood plasma (Table I), a significant decrease in ami-
noacidemia was caused by decreased concentrations of
serine, glycine, glutamine, histidine, threonine, cys-
tine, ornithine, and lysine, whereas glutamate concen-
tration increased. Both in skeletal muscle and jeju-
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TABLE I
Amino acid concentrations in blood plasma
Sepsis
Control saline infusion s . Amino acid infusion
(n = 6) Saline infusion
=1 Gln BCAA Gln + BCAA
n="17 n=17 n=17
Aspartate 13+ 2 16 = 2 18 +2 18+ 3 21 +2
Glutamate 154 + 12 209 + 20* 262 + 25 246 = 17 331 * 21t}
Serine 275 * 4 202 * 11* 208 £ 5 165 = 101§ 185+ 8
Asparagine 56 + 3 43 =*5 61 =8 38*4 54+ 8
Glycine 309 +6 238 + 21* 225 + 18 206 = 19 226 *+ 16
Glutamine 787 + 28 676 + 32* 1187 = 52% 741 * 49§ 1089 + 3371%
Histidine 88 + 2 79 + 4* 88 + 2 79+6 89 +3
Taurine 218 + 25 207 + 14 192 + 18 246 + 20 244 + 23
Citrulline 66 = 8 55+ 3 62 +4 64+6 66 = 7
Threonine 227 £ 11 171 + 10* 178 =5 123 * 8t§ 113 * 81§
Alanine 442 *+ 34 444 * 51 441 * 40 413 + 37 424 * 52
Proline 124 + 14 106 *+ 12 101 +6 8817 93 +6
Tyrosine 324 + 13 357 *+ 26 305 +9 293 + 18t 277 + 12t
Cystine 90 = 4 64 + T* 61 +4 57+2 58 =5
Valine 174 = 8 160 = 11 160 =9 735 * 411§ 677 * 391§
Methionine 50 + 4 44 *3 421 35*2 41+ 3
Ornithine 51+5 35 + 3* 38+1 37*4 39+4
Isoleucine 85 %5 87+ 17 92 + 6 298 + 211§ 266 + 181§
Leucine 139 = 10 133 = 10 143+ 8 536 + 351§ 481 * 311§
Lysine 342 + 14 276 * 18* 252 *+ 13 241 + 18 226 * 12
Phenylalanine 944 * 61 789 *+ 56 859 + 49 903 *+ 43 851 + 42
Derived values
BCAA 399 * 22 381 + 28 395 * 22 1570 * 987§ 1424 + 88+1§
Total 4957 = 106 4391 * 186* 49756 * 119 5561 *+ 1857 5852 + 17618
Total-GVLIPT 2503 + 88 2188 * 123* 2229 * 88 2055 + 92 2210 * 148

Mean + SE in umol/L. BCAA, branched-chain amino acids; Gln, glutamine; Total-GVLIPT, the sum of amino acid concentrations without
glutamine, BCAA (valine, leucine, isoleucine), phenylalanine, and tyrosine.

*The difference between saline-infused control and septic rats (¢-test, p < .05). The effect of Gln, BCAA, or Gln + BCAA infusion in septic
rats (Bonferroni test): tp < .05, Gln or BCAA or Gln + BCAA vs saline; §p < .05, BCAA or GIn + BCAA vs Gln; {p < .05, Gln + BCAA vs
BCAA.

TABLE II
Amino acid concentrations in gastrocnemius muscle
Sepsis
Control saline infusion L Amino acid infusion
(n = 6) Saline infusion
n="7 Gln BCAA Gln + BCAA
n=17 n=17 n=17
Aspartate 262 = 26 313 + 46 362 + 44 310 = 45 368 + 36
Glutamate 927 = 80 1022 * 123 1271 = 49 1473 * 288 1502 * 211
Serine 772 = 39 536 = 27* 573 = 37 366 * 19t% 396 = 2611
Asparagine 219 + 13 185 + 9* 230 = 20 132 + 5%% 158 + 14%
Glycine 4529 * 199 2816 + 282* 3099 + 326 2613 + 294 2599 * 254
Glutamine 2678 + 104 2191 + 168* 3127 * 20471 1915 * 160% 2524 * 951§
Histidine 215 = 11 185 = 10 205 = 19 146 = 8% 152 + 12%
Threonine 475 = 15 312 + 14* 376 + 26 226 + 1211 217 * 19t%
Alanine 2758 + 179 2417 *+ 104 2635 + 111 2509 + 134 2539 + 127
Proline 715 = 32 686 + 12 698 * 17 668 = 38 739 = 26
Tyrosine 260 = 11 311 = 22 257 + 16 231 * 14t 242 *+ 10t
Valine 206 = 11 212 + 12 228 + 17 878 * 194+t 719 * 421%
Methionine 72 + 2 mM=x56 80*5 61 *+ 4% 66 =5
Ornithine 499 29 * 2% 27+ 2 26 + 4 23 +2
Isoleucine 107 = 8 125 + 8 141 + 12 418 = 20t} 309 = 20
Leucine 172 + 12 182 + 12 204 *+ 18 717 + 21411 524 + 31
Lysine 524 *+ 32 326 + 39* 353 + 55 257 = 16 212 = 21%
Phenylalanine 1261 * 96 1146 = 79 1164 *= 55 1190 + 30 1121 = 22
Derived values
BCAA 484 + 31 520 = 32 572 + 47 2012 * 52911 1553 * 9311
Total 16,200 = 490 13,071 = 330* 15,030 = 746 14,137 * 839 14,410 + 404
Total-GVLIPT 11,617 = 456 8904 + 265* 9911 *+ 624 8788 * 417 8971 + 353

Mean = SE in nmol/g of muscle. BCAA, branched-chain amino acids; Gln, glutamine; Total-GVLIPT, the sum of amino acid concentrations
without glutamine, BCAA (valine, leucine, isoleucine), phenylalanine, and tyrosine.
*The difference between saline-infused control and septic rats (¢-test, p < .05). The effect of Gln, BCAA, or Gln + BCAA infusion in septic rats
(Bonferroni test): tp < .05, Gln or BCAA or Gln + BCAA vs saline; {p < .05, BCAA or Gln + BCAA vs Gln; §p < .05, Gln + BCAA vs BCAA.
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TABLE III
Amino acid concentrations in liver
Sepsis
Control saline infusion i Amino acid infusion
(n = 6) Saline infusion
n="17 Gln BCAA Gln + BCAA
n=17 n=17 (n=17)
Aspartate 701 = 27 999 + 117* 1173 = 102 950 + 86 912 + 66
Glutamate 3176 * 339 3670 *+ 441 4716 * 262 3692 *+ 351 5168 + 43671
Serine 731 = 58 717 = 50 754 = 74 642 + 52 689 + 37
Asparagine 102 = 7 95 7 102 + 5 85+ 4 96 = 7
Glycine 2862 + 163 2824 + 291 2509 + 162 2384 + 195 2262 + 97
Glutamine 4606 = 207 5036 * 421 6306 * 345 4830 = 340§ 5359 * 432
Histidine 569 + 21 601 = 35 589 + 19 535 + 25 560 + 87
Threonine 316 + 12 315 + 19 304 + 24 168 = 11+§ 196 + 161§
Alanine 3073 = 216 4499 *+ 659 3995 + 296 3460 * 376 2931 + 281+
Proline 3362 = 210 3533 + 341 3348 *+ 160 3093 * 261 2898 + 320
Tyrosine 563 + 31 547 + 56 457 * 26 444 + 27 430 + 12
Valine 214 = 7 168 + 10* 166 * 13 630 * 347§ 664 + 351§
Methionine 37+3 38+5 35+2 37+2 42 + 2
Ornithine 363 + 35 300 = 15 369 = 25 321 + 23 390 + 37
Isoleucine 130 + 4 105 + 8* 107+ 9 256 + 151§ 278 + 141§
Leucine 2317 174 + 12* 178 + 14 473 * 261§ 512 + 251§
Lysine 549 + 26 564 + 54 495 + 44 405 + 60 379 + 24%
Phenylalanine 556 + 63 410 + 43 423 + 41 471 * 44 531 + 29
Derived values
BCAA 575 + 17 448 + 29* 451 + 36 1360 = 751§ 1456 + 721§
Total 22,140 + 617 24,596 * 666* 26,026 + 807 22,876 * 629 24,300 + 920
Total-GVLIPT 15,840 * 743 18,156 + 848 18,389 + 773 15,772 + 747 16,525 + 993

Mean *+ SE in nmol/g of liver. BCAA, branched-chain amino acids; Gln, glutamine; Total-GVLIPT, the sum of amino acid concentrations
without glutamine, BCAA (valine, leucine, isoleucine), phenylalanine, and tyrosine.

*The difference between saline-infused control and septic rats (¢-test, p < .05). The effect of Gln, BCAA, or Gln + BCAA infusion in septic rats
(Bonferroni test): tp < .05, Gln or BCAA or Gln + BCAA vs saline; §p < .05, BCAA or Gln + BCAA vs Gln; fp < .05, Gln + BCAA vs BCAA.

num, there was a decrease in serine, asparagine, thine was found in skeletal muscle, and a decrease in
threonine, and lysine (Tables II and IV). In addition, a methionine and all 3 BCAA in the jejunum. The main
significant decrease in glutamine, glycine, and orni- response to turpentine oil treatment in the liver was

TABLE IV
Amino acid concentrations in jejunum
Sepsis
Control saline infusion L . Amino acid infusion
(n =6) Saline infusion
n=17 Gln BCAA Gln + BCAA
(n=17) (nm=17 (n=17)

Aspartate 1043 * 46 979 * 59 1033 *+ 42 989 = 35 951 * 44
Glutamate 3235 + 186 2914 + 185 2967 *+ 80 3128 + 86 3298 + 89
Serine 967 * 92 584 *+ 56* 570 = 27 552 * 63 472 *+ 32
Asparagine 367 = 48 207 *+ 42%* 203 * 19 215 + 38 192 = 19
Glycine 1792 = 114 1427 + 187 1247 = 75 1275 + 133 1114 = 59
Glutamine 962 * 103 812 + 116 1087 + 64 808 *+ 47 1000 * 66
Histidine 202 * 27 133 + 23 117+ 9 135 + 25 115 + 13
Threonine 639 * 65 242 *+ 48* 273 + 42 260 * 45 138 = 15
Alanine 2747 + 239 2495 + 279 2618 = 134 2295 = 173 2209 * 160
Proline 2080 = 79 1862 + 127 1928 *+ 47 1784 + 60 1575 * 467
Tyrosine 505 * 39 405 + 44 328 * 18 381 = 31 321 £ 18
Valine 478 * 62 262 + 36* 243 * 18 887 + 841%T 705 *+ 28%F
Methionine 178 = 25 83 + 10* 74*+6 92 + 14 75 + 10
Ornithine 64 =8 49+ 7 44 + 3 45+ 8 4317
Isoleucine 326 + 47 171 * 24* 156 + 14 434 * 4617 329 * 154+
Leucine 491 * 54 278 + 42% 260 * 25 787 + 86%F 596 + 281t
Lysine 520 * 66 323 = 37* 268 * 40 339 * 48 264 *+ 30
Phenylalanine 1277 = 84 918 * 74* 939 * 60 1015 * 42 871 + 57
Derived values

BCAA 1296 + 134 712 + 103* 659 * 57 2107 * 213%F 1630 * 63%t

Total 9304 *+ 633 7089 + 681* 7132 = 207 8317 + 282 7125 *+ 341

Total-GVLIPT 5265 * 335 4241 = 383 4119 + 174 4007 + 238 3303 = 206

Mean * SE in nmol/g of jejunum. BCAA, branched-chain amino acids; Gln, glutamine; Total-GVLIPT, the sum of amino acid concentrations
without glutamine, BCAA (valine, leucine, isoleucine), phenylalanine, and tyrosine.

*The difference between saline-infused control and septic rats (¢-test, p < .05). The effect of Gln, BCAA, or Gln+BCAA infusion in septic rats
(Bonferroni test): £p < .05, Gln or BCAA or Gln + BCAA vs saline; tp < .05, BCAA or Gln + BCAA vs Gln.
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: TABLE V
Fractional rate of protein synthesis (%/d) in gastrocnemius muscle, liver, and jejunum
Sepsis
Control saline infusion . Amino acid infusion
(n = 6) Saline infusion
=7 Gln BCAA Gln + BCAA
n=17 n=17 n=17)

Muscle 14411 11.3 *+ 0.8* 13.7+ 1.8 109 = 0.7 12.7 + 0.8
Liver 845+ 64 58.5 + 5.3* 85.2 *+ 8.7t 752 * 8.1 874 + 2.7t
Jejunum 1145 £ 5.7 90.3 = 7.2* 100.2 + 11.8 97.7+ 7.1 86.1 + 15.9
Mean + SE.

*The difference between saline-infused control and septic rats (¢-test, p < .05). The effect of Gln, BCAA, or Gln + BCAA infusion in septic
rats (Bonferroni test): fp < .05, Gln or BCAA or Gln + BCAA vs saline.

the decrease in aspartate and BCAA (Table III). The
main findings derived from infusions of tested solu-
tions to turpentine-treated animals included an
increase in glutamine concentration in blood plasma
and skeletal muscle after glutamine infusion and an
increase in BCAA in blood plasma and tissues after
BCAA infusion.

The data demonstrating the changes in protein syn-
thesis are given in Table V. Turpentine oil treatment
induced significant decrease in protein synthesis in all
studied tissues. Glutamine or glutamine + BCAA infu-
sion enhanced protein synthesis rate to control values
in hepatic tissue. We did not find a significant effect of
glutamine, BCAA, or simultaneous infusion of these
substances on protein synthesis in skeletal muscle and
in jejunum.

DISCUSSION

Subcutaneous injection of turpentine induces necro-
sis surrounded by an infiltrate of inflammatory cells
without detectable injury to other tissues. There is
general agreement that this model produces many of
the features of the acute-phase response to injury.?°
The marked decrease in protein synthesis in muscle,
liver, and jejunum indicates that turpentine injection
induces severe metabolic disturbances in the whole
body, particularly the development of muscle wasting
and decreased production of a wide spectrum of acute-
phase proteins involved in response of the body against
the injury.

As stimulation of protein synthesis in hepatic tissue
was observed in rats that were Eair-fed or fed ad libi-
tum after turpentine treatment,“° we suppose that the
lack of food may explain the impairment of protein
synthesis in hepatic tissue observed in our study. It
may be suggested that starvation causes the delay in
onset of increased hepatic synthesis of acute-phase
proteins (eg, C-reactive protein, ay,-macroglobulin, and
fibrinogen), which is stimulated by humoral factors
produced by immune cells (eg, by cytokines). This sug-
gestion indicates the importance of early nutrition
management in treatment of sepsis.

The most important alteration in amino acid concen-
trations induced by turpentine is probably decreased
concentration of glutamine in blood and skeletal mus-
cle. The decrease is related to increased use of glu-
tamine in several tissues, particularly in immune cells,
kidneys, and liver, that exceeds activated synthesis of
glutamine in skeletal muscle. Lack of glutamine is

considered an important factor in the development
of cachexia, impaired wound healing, and immuno-
deficiency in inflammatory injury.?! Also important
practically is the finding of increased concentration of
glutamate in blood probably caused by incomplete oxi-
dation of glutamine. Enhanced glutamate levels in the
portal vein after turpentine treatment indicate that
the main source of glutamic acid is the gut.2? This
observation may be an argument against suggestions
to increase the intake of glutamic acid in stress ill-
ness,?3:24

In inflammatory illness, BCAA are used as the prin-
cipal energy substrate and precursor for synthesis of
alanine and glutamine in skeletal muscle. Enhanced
proteolysis and BCAA oxidation in skeletal muscle
have been demonstrated in different types of stress
illness both in animals and humans.?*=?® The finding
in the present study of unchanged levels of BCAA in
skeletal muscle and blood indicates that the demands
of the body for BCAA are saturated by activated break-
down of muscle protein.

The cause of decreased concentrations of BCAA in
liver and jejunum is not clear. It may be related to
enhanced catabolism, decreased uptake, or increased
release of BCAA to the bloodstream. The suggestion of
increased release is supported by observation of
increased BCAA concentration in effluent of the per-
fused hepatic tissue of endotoxemic or TNF-a-treated
rats.?® Decreased uptake or enhanced release of BCAA
by visceral tissues may prevent the decrease of BCAA
in blood plasma and the preferential use of BCAA by
skeletal muscle for energy and glutamine and alanine
synthesis. However, the lack of BCAA may participate
in impaired protein synthesis in these tissues. We sup-
pose that these findings and speculations may be a
further rational argument for recommendation to
enhance exogenous delivery of BCAA in inflammatory
illness.

Because energy content of infused amino acid solu-
tions was about 1.5 kJ and energy output of the labo-
ratory rat is approximately 800 kd/kg, <0.8% of daily
energy requirements was provided via infusion. There-
fore, the responses induced by infusion of glutamine or
BCAA in our study should be related to the role of
these amino acids in intermediary metabolism.

Although in some studies glutamine supplementa-
tion failed to affect muscle protein kinetics in critically
ill patents,3® in most studies the favorable effect of
amino acid solutions enriched by glutamine on protein
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balance has been demonstrated.>®~! In our experi-
ment, glutamine infusion to turpentine-treated ani-
mals induced significant increase in protein synthesis
in liver. This finding indicates that increased delivery
of glutamine may favorably affect the response of
hepatic tissue to inflammatory stimuli. In our recent
study, increased oxidation of branched-chain keto
acids was observed in isolated rat liver perfused by
glutamine-deficient medium.3! Therefore, it also might
be suggested that the glutamine supply might decrease
BCAA oxidation and enhance availability of these
essential amino acids for needs of extrahepatic tis-
sues.'? Also clinically important is the enhanced glu-
tamine concentration in skeletal muscle, which may
favorably affect BCAA oxidation and proteolysis in this
tissue.1*

BCAA infusion did not significantly improve protein
synthesis in turpentine-treated animals, although the
deficiency of BCAA has been observed in liver and
jejunum and increased concentrations of BCAA were
found after BCAA or BCAA + glutamine infusion in all
examined tissues. Increased concentrations of BCAA in
tissues after their infusion indicate that there is no
impairment in transport of BCAA across the cell mem-
brane. A possible explanation of the failure of BCAA to
improve protein synthesis in inflammatory illness
would be that BCAA metabolism is directed towards
catabolic reactions. These may saturate energy
requirements and inhibition of anabolic reactions.

The main focus of the present study was to estimate
the possibility of a synergistic effect of simultaneous
infusion of glutamine and BCAA on protein metabo-
lism in septic injury. The hypothesis was based on (1)
the well-known relationships between BCAA catabo-
lism and Gln synthesis; (2) characteristic changes in
BCAA and glutamine metabolism in severe illness (ie,
increased glutamine use and increased BCAA catabo-
lism associated with enhanced glutamine production);
and (3) our recent finding that glutamine administra-
tion significantly decreases leucine oxidation.!* An
additional argument supporting our hypothesis may be
the deficiency of glutamine in skeletal muscle and of
BCAA in visceral tissues observed in this study. Unfor-
tunately, the data evaluating the effect of tested solu-
tions on protein synthesis did not demonstrate a sig-
nificant difference between separate and simultaneous
infusions of BCAA and glutamine.

In conclusion, the results indicate that the response
of the tissues to parenteral administration of dietary
supplements, particularly glutamine, is not markedly
inhibited and that increased delivery of glutamine may
favorably affect the response of hepatic tissue to
inflammatory stimuli. The study did not provide evi-
dence supporting the hypothesis of a synergistic effect
of simultaneous infusion of glutamine and BCAA on
protein synthesis in inflammatory injury. However, we
suppose that some additional studies using other mod-
els of inflammatory illness and evaluating some addi-
tional parameters, particularly the effect on proteoly-
sis, should be performed before our hypothesis can be
rejected.
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Abstract

Background/Aims: Growth hormone (GH) could have the
potential to improve protein metabolism in sepsis but gluta-
mine deficiency has been reported after GH treatment. The
aim was to investigate the effects of glutamine deficiency in
sepsis with and without GH treatment on protein and amino
acid metabolism. Methods: Cecal ligation and puncture
(CLP) was used as a model of sepsis. Serious glutamine defi-
ciency was induced by administration of glutamine synthe-
tase inhibitor, methionine sulfoximine (MSO). Young Wistar
rats were divided into 5 groups: control; CLP; CLP+MSO;
CLP+GH, and CLP+MSO+GH. Parameters of protein metabo-
lism were measured on incubated soleus and extensor digi-
torum longus muscles: [1-"*Clleucine was used to estimate
protein synthesis and leucine oxidation, tyrosine release was
used to evaluate protein breakdown. Amino acid concentra-
tions in plasma, skeletal muscle and incubation media were
measured by HPLC. Results/Conclusions: A reduced muscle
glutamine concentration after MSO treatment is not associ-
ated with changes in the rates of protein synthesis or break-
down. MSO treatment decreased glutamine release from

skeletal muscle and plasma glutamine concentration. Severe
glutamine deficiency in GH-treated septic rats resulted in in-
creased release of branched-chain amino acids from skeletal
muscle. Copyright © 2006 S. Karger AG, Basel

Introduction

Glutamine is a conditionally essential amino acid that
has many metabolic functions. It plays an important role
in the transfer of nitrogen between tissues and serves as
an energy source for rapidly dividing cells, such as en-
terocytes and cells of the immune system [1]. In sepsis
large amounts of glutamine released from skeletal muscle
are used by other tissues and there is a fall in skeletal
muscle and plasma glutamine levels [2-4]. Glutamine
supplementation in sepsis has been shown to increase [5]
or have no effect [3] on protein synthesis in skeletal mus-
cle in rats. Adverse affects of glutamine supplementation
on protein metabolism have never been observed even
with very high doses of glutamine.

Growth hormone (GH) has potent anabolic actions in
normal and also in septic subjects due to stimulation of
protein synthesis. However, a number of studies failed to
prove any positive effects of GH treatment. This discrep-
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ancy might be explained by resistance to GH that is in-
duced in sepsis by several mechanisms that have recently
been identified [6-8]. Changes in glutamine metabolism
induced by GH might also play a role. GH administration
in septic states was shown to deepen glutamine deficien-
cy by decreasing glutamine production [9]. Glutamine
deficiency was also reported in a recent study in which
critically ill patients were treated with GH [10]. In that
study GH treatment had adverse effects on mortality and
morbidity and prolonged the length of hospital stay.

The aim of the present study was to evaluate the effects
of severe glutamine deficiency on amino acid and protein
metabolism in sepsis with and without GH administra-
tion. For this reason we used L-methionine sulfoximine
(MSO), a glutamine synthetase inhibitor, to develop se-
vere glutamine deficiency [11]. Cecum ligation and punc-
ture (CLP), a frequent and clinically relevant model of the
proteocatabolic state, was used as a model of sepsis.

Materials and Methods

L-[1-**C]Leucine was purchased from ICN Biomedicals (Cos-
ta Mesa, Calif.,, USA). L-Methionine sulfoximine, amino acids,
cycloheximide, Folin-Ciocalteu’s phenol reagent and albumin
were purchased from Sigma Chemicals (St Louis, Mo., USA), hy-
droxide of hyamine from Packard Instruments (Meriden, Conn.,
USA), Aminoplasmal 15 from B. Braun Medicals (Melsungen,
Germany), osmotic pumps from Alzet Osmotic Pumps (Cuper-
tino, Calif., USA). Other chemicals were purchased from Sigma
Chemicals, Waters (Milford, Mass., USA), and Lachema (Brno,
Czech Republic).

Animals

Female Wistar rats (body weight 40-60 g), obtained from
BioTest (Konarovice, Czech Republic), were used in this study.
The rats were given free access to standard laboratory chow and
water. All procedures involving animals were approved by Ethical
Committee of the Charles University.

Induction of Sepsis, Muscle Incubation

Sepsis was induced by CLP under ether anesthesia. In brief,
80% of the cecum was ligated through a 1.5-cm abdominal mid-
line incision. One through-and-through puncture was made us-
ing an 18-gauge needle, and a small amount of stool was expelled
from the puncture to ensure leakage of the intestinal content. Af-
ter repositioning of the bowel, the abdomen was closed in two
layers, and 10 ml of sterile physiologic saline solution per 100 g of
body weight was administered subcutaneously on the back for
hydration.

Eighteen hours after CLP, blood was withdrawn from the
aorta, soleus and extensor digitorum longus (EDL) muscles of
both legs were dissected under anesthesia with pentobarbital
(6 mg/100 g body weight, intraperitoneally) as described in detail
by Maizels et al. [12]. Isolated muscles were fixed to stainless steel
clips to provide slight tension and immediately transferred to
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2.5 ml of modified Krebs-Henseleit bicarbonate buffer with 6 mm
glucose and 2 mU/ml insulin. Medium was gassed with
0,/CO; (19:1). Muscles were preincubated for 30 min in a ther-
mostatically controlled bath (37°C) with a shaking device (70 cy-
cles/min). After preincubation, muscles were quickly rinsed in
0.9% NaCl, blotted and transferred to a second set of vials con-
taining fresh media identical in composition and volume.

Protein and Amino Acid Metabolism Measurement

Protein synthesis and leucine oxidation were measured after
1-hour incubation in media with amino acids in a total concentra-
tion of 2.8 mM (Aminoplasmal 15 with added glutamine and ty-
rosine). [1-"YC]Leucine (0.6 wCi/ml) was present in incubation
medium only. At the end of the incubation, 0.4 ml of hydroxide of
hyamine was added into the hanging well to absorb carbon diox-
ide and the reaction was stopped by the addition of 35% (v/v) per-
chloric acid solution (0.2 ml) into the incubation medium. Mus-
cles were removed from the incubation flasks, quickly rinsed in
cold 0.9% NaCl and blotted, and then dropped into liquid nitro-
gen and pulverized. Muscles were further homogenized and pro-
teins precipitated in 6% (v/v) HCIO,. L-[1-"*C]Leucine incorpora-
tion into proteins was estimated after hydrolysis of proteins in 2 M
NaOH. Protein synthesis was calculated using leucine specific ac-
tivity in incubation medium and expressed as nanomoles of in-
corporated leucine per milligram protein per hour. The amount
of C released from L-[1-'*C]leucine in the form of *CO, was
used to calculate the oxidation of leucine.

Total protein breakdown was estimated during a 2-hour incu-
bation and expressed as the rate of tyrosine released into the me-
dium. To prevent reincorporation of amino acids released during
proteolysis, 0.5 mM cycloheximide was present in the medium.

Amino acid concentrations in deproteinized samples of blood
plasma, tibialis muscle and incubation medium were determined
by high-performance liquid chromatography (Waters) after pre-
column derivatization with 6-aminoquinolyl-N-hydroxysuccin-
imidyl carbamate [13, 14]. Protein content was measured accord-
ing to Lowry et al. [15]. The radioactivity of the samples was mea-
sured with the liquid scintillation radioactivity counter LS 6000
(Beckman Instruments, Fullerton, Calif., USA).

Experimental Design

Animals were divided into 5 groups: (1) control, sham-oper-
ated animals (n = 11 at the start of the experiment); (2) CLP
(n = 15); (3) CLP+GH, (n = 14); (4) CLP+MSO (n = 14), and
(5) CLP+GH+MSO (n = 18). Sham-operated animals underwent
the same procedures as CLP animals except for ligation and punc-
ture of the cecum and no MSO was administered. GH and L-me-
thionine sulfoximine were administered at the end of surgery.
The total dose of GH was 1.5 IU/50 g of body weight/24 h; 1 ITU
was administered subcutaneously, 0.5 IU was administered using
an osmotic pump. MSO was dissolved in physiologic saline and
administered by an intraperitoneal injection at a dose 5 mg/100 g
of body weight.

Statistical Analysis

Results are expressed as the mean + SE. ANOVA followed by
Tukey-Kramer test was used for analysis of the data. Differences
were considered significant at p < 0.05.
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Table 1. Parameters of experimental animals

Control CLP CLP+GH CLP+MSO CLP+GH+MSO
Hematocrit, % 0.37£0.005 0.29 £0.03* 0.33£0.02 0.23£0.013%# 0.28 £0.02*
Hemoglobin, g/l 111+1.0 90+7 102+5 73 £4%% 89+ 7*
Platelets, x 10%/1 1,040 £40 360 £ 40* 160 £ 30* 330 £50* 340 + 70*
Leukocytes, X 10°/1 2.1%0.3 1.7£0.4 1.2£0.11 1.0£0.10 1.5%0.3
Spleen, dry/wet wt-100 22.6%0.6 21.0£0.2* 21.0£0.2* 21.1%£0.15% 21.4+0.2%
Kidney, dry/wet wt-100 22.7%0.3 21.1£0.2% 21.5%0.2 21.0%£0.3* 21.1+0.4*
Mortality, % 0 20 29 14 33
Number of animals® 11/11 15/12 14/10 14/12 18/12

ANOVA followed by Tukey-Kramer multiple-comparison test: * different from control; * different from CLP+GH group. p < 0.05
was considered significant. CLP = Cecal ligation and puncture; CLP+GH = cecal ligation and puncture with growth hormone;
CLP+MSO = cecal ligation and puncture with methionine sulfoximine; CLP+GH+MSO = cecal ligation and puncture with growth

hormone and methionine sulfoximine.

? Number of animals at the start of the experiment/number of animals after 18 h.

Table 2. Amino acid concentrations (pmol/g muscle tissue; mean * SE) in the tibialis muscle

Control CLP CLP + GH CLP + MSO CLP + GH + MSO
Number of animals 11 12 10 12 12
Alanine 1.6 £0.09 22%0.17 2.3%0.16 2.5%£0.2% 2.4%0.19*%
Asparagine 0.17£0.013 0.18£0.015 0.17£0.008 0.15%£0.012 0.17£0.013
Aspartate 0.32+0.04 0.30%0.06 0.26 £0.04 0.29+0.03 0.33£0.05
Glutamate 22%0.2 1.8+0.3 1.7+0.2 2.0x0.2 1.8+0.16
Glutamine 2.6%+0.2 2.0£0.2% 2.0£0.06* 0.91 £0.04%* 0.94%+0.06%*
Glycine 44103 3.3+0.2% 3.2£0.2% 3.6%0.2 3.8+0.2
Histidine 0.24£0.03 0.25%0.02 0.25%0.007 0.33%£0.03 0.29%0.016
Isoleucine 0.12+0.009 0.18%£0.018 0.17£0.010 0.21 £0.015* 0.22+0.018*
Leucine 0.14£0.01 0.26 +0.03* 0.25%0.02 0.31 +£0.03* 0.31 +0.03*
Lysine 1.57£0.17 2.4%0.3*% 1.8+0.17 2.7+0.18%# 2.6+0.14%%
Methionine 0.063 +£0.005 0.079+0.010 0.080£0.004 0.072£0.005 0.078 £0.004
Phenylalanine 0.094 £0.008 0.16 £0.017* 0.16 +0.009* 0.15+0.011* 0.15+0.009*
Proline 0.66 +0.04 0.63+0.05 0.67£0.03 0.61+0.02 0.63%£0.03
Serine 0.82£0.09 0.59 £ 0.05* 0.56 £0.03* 0.52£0.03* 0.55+0.03*
Tyrosine 0.10*0.007 0.15%0.02 0.15%£0.02 0.13+0.02 0.14£0.013
Valine 0.21£0.014 0.31%£0.03 0.30%£0.02 0.39 £0.04* 0.37 £0.04*
Amino acids total 152*+1.0 14.8+1.1 14.0%0.5 149+0.7 14.8%+0.7

ANOVA followed by Tukey-Kramer multiple-comparison test: * different from control; * different from CLP; * different from
CLP+GH group. p < 0.05 was considered significant. For abbreviations, see table 1.

Results

The parameters of experimental animals are summa-
rized in table 1. We observed a decrease in platelets, he-
matocrit, and dry-to-wet weight ratio of the spleen and
kidney in septic animals. These results indicate that our
sepsis model is most likely accompanied by disseminated
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intravascular coagulation, hemodilution and a general-
ized edematous state. Decreased hematocrit and hemo-
globin concentrations in MSO-treated animals imply
that MSO worsens the septic state, but taken together
with mortality, which was lowest in this group, prolonged
survival in the MSO-treated group is a probable explana-
tion.
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Table 3. Amino acid concentrations (wmol/l; mean * SE) in plasma

Control CLP CLP+GH CLP+MSO CLP+GH+MSO
Number of animals 11 12 10 12 12
a-Aminobutyric acid 148 =22 75+ 12% 60 *09* 83 £08* 91 £13*
Alanine 272%£19 213+30 271160 239+ 37 285+ 45
Arginine 148+ 10 80 £ 6* 91 7% 73 £10* 80+ 7*
Citruline 126+9 109+ 11 92+10 105+ 18 9111
Glutamate 215* 16 178+ 14 186+ 19 85+ 6% " 99+ 8* *
Glutamine 483+ 19 465124 461 £ 22 201 £14%%% 203 +20% "%
Glycine 415+28 256 +22* 268 £ 27* 283 +24* 32022
Histidine 50x3 93 + 8% 88 + 8* 109 £ 7* 113 £9*
Isoleucine 102£8 96+ 10 9%6*13 124+ 12 127+ 16
Leucine 159+ 17 170+ 20 16324 21226 216 31
Lysine 34017 232 +31 276 £ 51 223+28 255+27
Methionine 55+ 36 30x2% 34+ 2% 27 +1.6* 33+2%
Ornithine 70+ 13 708 61+10 69+9 56+8
Phenylalanine 79%5 87x6 91x7 90*3 89*6
Proline 136 =12 68 + 6* 77 £ 7% 55+ 3% 65+ 6*
Serine 249* 16 157 £11*% 159 £ 7* 145 £ 14* 148 £ 13*
Taurine 198 +23 266+ 34 30672 281*+39 303+48
Threonine 251*19 171%£17* 172+£11* 159 £ 12* 186 £ 15*
Tyrosine 64t6 67+10 72+13 61+8 71+10
Valine 204+17 203+24 20028 263 +28 254+ 36
Amino acids total 3,631 +107 3,020£208 3,152+ 327 2,810£212 3,000 269

ANOVA followed by Tukey-Kramer multiple-comparison test: * different from control; * different from
CLP; * different from CLP+GH group. p < 0.05 was considered significant. For abbreviations, see table 1.

Table 4. Amino acids (nmol/g wet weight/h; mean * SE) released from incubated extensor digitorum longus

muscles into the incubation medium

Control CIL® CLP+GH CLP+MSO CLP+GH+MSO
Number of samples 11 12 10 12 12
Alanine 1,337+£178 1,207 £ 105 1,056 £47 1,725 111"% 1,791 £65% #
Glutamate 15922 15513 192£34 179£32 15111
Glutamine 1,410 70 1,420x70 1,642 £ 74%* 4211907 487 +19% 7
Glycine 92343 1,011 £47 1,036 £71 1,031 £73 1,073 +52
Isoleucine 196 £12 279 £27% 250%11 297 £18* 348 £ 14%#
Leucine 353122 472+ 42* 407 %13 495+ 28* 585+ 22%*#
Lysine 52427 678 = 36* 679 £ 23* 678 = 47* 733 £25%
Methionine 147+ 12 207 £ 9* 206 = 5% 208 = 10* 241 = 8*
Phenylalanine 215%16 297 £12% 290 £ 7% 297 £12% 333+ 9%
Proline 319%21 398 +23* 406 £ 12* 387%20 419 12*
Serine 481 £27 572+ 34 555+ 28 55128 583+ 19
Tyrosine 180+ 13 254+ 11% 245+ 5% 252+ 10% 280 £ 7%
Valine 28116 370 £ 28* 3299 402 +21* 462+ 157
Amino acids total 6,525+ 371 7,321 £363 7,291 £227 6,922+ 356 7,486 £ 190

ANOVA followed by Tukey-Kramer multiple-comparison test: * different from control; * different from
CLP; * different from CLP+GH group. p < 0.05 was considered significant. For abbreviations, see table 1.
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Table 2 shows that the skeletal muscle glutamine con-
centration decreased by 23% after CLP and by 65% after
CLP with MSO administration. MSO selectively de-
creased the concentration of glutamine but had no influ-
ence on the concentrations of other amino acids. Except
for glutamine, CLP decreased the concentrations of gly-
cine and serine and increased the levels of leucine, lysine,
and phenylalanine. Compared to the control, in both
groups that received MSO the levels of alanine, isoleucine
and valine increased.

In plasma, the glutamine and glutamate concentra-
tions decreased significantly in the MSO-treated groups
(table 3). CLP induced changes in plasma amino acid
concentrations that are observed in sepsis: the levels of
arginine, glycine, methionine, proline, serine, threonine,
and a-aminobutyric acid decreased, and the level of his-
tidine increased.

The amino acids released from the incubated EDL
muscle are shown in table 4. Sepsis increased the release
of branched-chain amino acids (valine, leucine and iso-
leucine), amino acids that are used as markers of muscle
proteolysis (tyrosine, phenylalanine and lysine), and pro-
line and methionine. GH treatment to septic animals sig-
nificantly increased the release of glutamine. We did not
observe changes in other amino acids. After MSO ad-
ministration we observed a decrease in the release of glu-
tamine, which was accompanied by an increase in ala-
nine release. An interesting finding is that a severe gluta-
mine deficiency, which develops after MSO administra-
tion, increased the release of all branched-chain amino
acids (i.e. valine, leucine and isoleucine) in GH-treated
septic rats.

Figure 1 summarizes the effects of CLP, GH and MSO
administration on basic parameters of protein metabo-
lism. We observed no change in protein synthesis; pro-
tein breakdown was increased in the EDL muscle in all
groups that underwent CLP.

Differences in the rates of protein synthesis and break-
down and different reactions to CLP between the soleus
(slow-twitch) muscle and EDL (fast-twitch) muscle re-
tlect the biochemical nature of the muscles. Differences
in intracellular regulation of protein metabolism in these
types of muscles were also shown by Tiao et al. [16] in the
same model.

The oxidation of leucine was increased after CLP in
both the EDL and soleus muscles, and after MSO admin-
istration leucine oxidation decreased nearly to control
levels.

Glutamine Deficiency and Growth
Hormone

Protein synthesis

nmol Leu/mg protein/h

Protein breakdown

nmol Tyr/g wet wt./h

200 Leucine oxidation

nmol Leu/g wet wt./h

Fig. 1. Effect of CLP, MSO and their combinations on protein syn-
thesis, protein breakdown and leucine oxidation in incubated
muscles (mean * SE). M = Soleus muscle; [J= extensor digitorum
longus muscle. ANOVA followed by Tukey-Kramer multiple-
comparison test: * different from control; * different from CLP
and CLP+GH; * different from CLP+GH group. p <0.05 was con-
sidered significant. For abbreviations, see table 1.

Discussion

We successfully used a glutamine synthetase inhibitor
MSO together with CLP to develop a model of severe glu-
tamine deficiency in sepsis. Eighteen hours after CLP and
MSO treatment, muscle and plasma glutamine levels fell
to 35 and 40%, respectively. In patients with critical ill-
ness muscle glutamine levels fall to a similar extent. For
example in a study by Gamrin et al. [4], muscle glutamine
tell to 30% of control values.
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Fig. 2. BCA A = Branched-chain amino ac-
ids; BCKA = branched-chain keto acids;
MSO = methionine sulfoximine; a-KG =
a-ketoglutarate; Glu = glutamate; Gln =
glutamine; Ala = alanine; Pyr = pyruvate.

In our experiment, the 65% decrease in muscle gluta-
mine seen in a group that underwent CLP and received
MSO was accompanied by a 70-77% decrease in gluta-
mine release from the soleus and EDL muscles and a de-
crease in plasma glutamine levels. Under these condi-
tions, severe glutamine deficiency may develop in tissues
that utilize glutamine in high amounts during sepsis, e.g.
in the cells of the immune system, and impair its func-
tion. Future experiments will show if this is the patho-
physiological mechanism that participates in increasing
the number of infectious complications that were ob-
served after the treatment of critically ill patients with
high doses of GH [17].

CLP together with inhibition of glutamine synthetase
by MSO resulted in muscle glutamine deficiency that had
no effect on the rate of protein synthesis and breakdown
in the soleus and EDL muscles of septic rats. In the recent
reports of Gore and Wolfe [18, 19], glutamine supplemen-
tation of critically ill patients failed to affects muscle pro-
tein kinetics. These findings oppose the hypothesis that
the glutamine concentration regulates the rate of protein
synthesis and breakdown. This hypothesis was based on
observations of beneficial effects of glutamine on protein
metabolism in healthy [20-22] and septic [23, 24] sub-
jects. However, the studies cited used physiologically ir-
relevant concentrations (5-15 mM) to prove the effects of
glutamine on protein metabolism. In the case of septic
subjects, the glutamine concentration may correlate with
the rate of protein synthesis and breakdown, but gluta-
mine is not a regulatory factor of these parameters.

In MSO-treated animals we observed decreased gluta-
mine and increased alanine concentrations in the skeletal
muscle, decreased glutamine and increased alanine re-
lease from muscles, along with decreased oxidation of

366 Ann Nutr Metab 2006;50:361-367

leucine. The relation between these findings is explained
in figure 2. The release of carbon dioxide from a-ketoiso-
caproate is decreased, and we hypothesize that formation
of a-ketoisocaproate from leucine also decreases. Gluta-
mate is not used for the production of glutamine but for
the synthesis of alanine, which is then released from the
muscle. This is in agreement with a previous experiment
from our laboratory in which increased glutamine for-
mation and decreased alanine synthesis were observed in
ammonia-infused rats [25].

GH had no effect on protein synthesis and muscle glu-
tamine concentration in our experiment. Similar results
(only an insignificant increase in protein synthesis and
no change in muscle glutamine concentration after GH
treatment) were observed with the CLP model in adult
rats receiving parenteral nutrition [2]. Despite the ab-
sence of a GH effect on protein synthesis, we did observe
anincreased release of valine, leucine and isoleucine from
the EDL muscle suggesting an unfavorable effect of GH
treatment in severe glutamine deficiency on the metabo-
lism of branched-chain amino acids.

In conclusion, the present study shows that a reduced
muscle glutamine concentration after MSO treatment is
not associated with changes in the rates of protein syn-
thesis or breakdown, but results in decreased glutamine
release from skeletal muscle and a decreased plasma glu-
tamine concentration. Severe glutamine deficiency in
GH-treated septic rats resulted in an increased release of
branched-chain amino acids from the skeletal muscle.
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