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ABSTRAKT

Dizertatni prace se zabyva vlivem agonisti a antagonisti ghrelinového
receptoru (GHS-R1a) na regulaci pfijmu potravy. Ghrelin je doposud jediny znamy
periferni orexigenni hormon a jediny acylovany hormon. Agonist¢é GHS-R1a by mohli
byt vyuziti k 1é¢bé kachexie, antagonisté GHS-R1a by mohli slouzit k 1é¢b¢ obezity.

V prvni cCasti dizertatni prace byli charakterizovani nové navrzeni peptidovi
agonist¢ GHS-R1a. Agonisté byli stabilizovani nahradou Ser® s esterové vazanym
oktanoylem za kyselinu diaminopropionovou, k niz je mastna kyselina vazana stabilni
amidovou vazbou, a dale zaclenénim dalSich nekdédovych aminokyselin. Analogy
ghrelinu byly modifikovdny zdménou oktanoylu za jiné mastné kyseliny, zac¢lenénim
druhé mastné kyseliny ¢i zkracenim peptidového fetézce. VEtSina agonisti GHS-R1a
se s vysokou afinitou (K;=10°-10""nM) vézala k receptoru GHS-R1a, aktivovala
signaliza¢ni drdhy ghrelinu a po podkoznim (SC) poddni mySim signifikantné a
dlouhodobé¢ zvySovala ptijem potravy.

Ve druhé casti dizertacni prace byly testovany akutni a dlouhodobé ucinky
pseudopeptidového agonisty GHS-R1a JMV1843. Jednorazové SC podani JIMV 1843
sytym mySim C57BL/6 vedlo k davkové zavislému zvySeni pfijmu potravy (EDsy =
1.94 mg/kg). Pti inkubaci v krevnim séru in vitro byl JMV1843 stabilni po dobu 24 hod.
10-denni SC podavani JMV1843 §tihlym mySim vedlo ke zvySeni pfijmu potravy,
télesné hmotnosti a exprese orexigennich neuropeptidii v mediobazalnim hypothalamu a
snizeni exprese termogenniho uncoupling proteinu 1 v hnédé tukové tkani.

Ve tfeti ¢asti prace byly testovany akutni a dlouhodobé uc¢inky nepeptidovych
antagonistt GHS-R1a JMV3002 a JMV4208, sloucenin na bazi 1,2,4-triazolu. Jejich
jednorazové SC podani hladovym stihlym mys$im vedlo k ddvkové zavislému snizeni
piijmu potravy (EDsp = 2.05 a 5.25 mg/kg). Obé slouceniny byly stabilni v mysi krvi in
vivo. 14-denni podavani mysim s obezitou indukovanou vysokotukovou dietou (DIO)
vedlo ke snizeni pifijmu potravy, télesné hmotnosti (az o 15 %), hmotnosti tukové tkané

a exprese lipogenetickych enzymd.

Klicova slova:
Ghrelin, agonista GHS-R1a, antagonista GHS-R1a, pfijem potravy, mysi, kachexie,

obezita



ABSTRACT

The thesis is focused on the effect of ghrelin receptor (GHS-R1a) agonists and
antagonist on food intake regulation. Ghrelin is the only known periferally produced
orexigenic hormone and the only known acylated hormone. GHS-R1a agonists and
antagonists could be useful in the treatment of cachexia and obesity, respectively.

In the first part of the thesis, newly designed peptidic GHS-R1a agonists were
characterized. The agonists were stabilized by replacing octanoylated Ser® with a fatty
acid coupled to diaminopropionic acid by a stable amide bond. Other noncoded amino
acids were also incorporated. Ghrelin analogs were modified by replacing the octanoyl
group with another fatty acid, incorporation of the second fatty acid or shortening the
peptide chain. Most of the tested GHS-R1a agonists were found to possess high
affinities for GHS-R1a (Ki = 10°-10™ nM) and to activate signaling pathways of
ghrelin. After subcutaneous (SC) administration to mice, agonists showed significant
and prolonged orexigenic effect.

In the second part of the thesis, acute and long-term effects of pseudopeptide
GHS-R1a agonist JMV1843 were tested in lean C57BL/6 mice. Acute SC
administration of JMV1843 to fed mice increased food intake in a dose-dependent
manner (EDsy = 1.94 mg/kg). IMV1843 was stable in blood serum in vitro for 24 h.
10-day treatment with JMV1843 (SC administration) significantly increased food
intake, body weight and mMRNA expression of the orexigenic neuropeptides in the
medial basal hypothalamus and decreased the expression of thermogenic uncoupling
protein 1 in brown adipose tissue.

In the third part of the thesis, acute and long-term effects of nonpeptide
GHS-R1a antagonists JMV3002 and JMV4208, compounds based on 1,2,4-triazole
structure, were tested. Their acute SC administration decreased food intake in fasted
lean mice in a dose-dependent manner (EDso = 5.25 and 2.05 mg/kg). Both compounds
were stable in mouse blood in vivo. 14-day treatment with the ghrelin antagonists
decreased food intake, body weight, adipose tissue mass and expression of the

lipogenesis-promoting enzymes in mice with diet-induced obesity (DIO).
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SEZNAM POUZITYCH ZKRATEK

ACACA acetyl-CoA karboxylaza 1 (acetyl-CoA carboxylase 1)

ACTH adrenokortikotropni hormon (adrenocorticotropic hormone)

ada adamantanacetyl

AgRP protein piibuzny signalnimu proteinu agouti (agouti-related protein)

Aib kyselina a-aminoisomaselna (a-aminoisobutyric acid)

AMP adenosinmonofosfat (adenosine monophosphate)

AMPK proteinkinaza aktivovana AMP (AMP activated proteinkinase)

a-MSH hormon stimulujici melanocyty (a-melanocyte-stimulating hormone)

ANOVA analyza rozptylu (analysis of variance)

AP area postrema

ARC nucleus arcuatus

AT tukova tkan (adipose tissue)

ATP adenosintrifosfat (adenosine triphosphate)

AUC plocha pod kiivkou (area under curve)

B2M B.-mikroglobulin (B,-microglobulin)

BAT hnéda tukova tkan (brown adipose tissue)

BMI index télesné hmotnosti (body mass index)

BPTI hovézi pankreaticky inhibitor trypsinu (bovine pancreatic trypsin
inhibitor)

bromooct bromooktanoyl

BSA hovézi sérovy albumin (bovine serum albumin)

CaMKK Ca”*/kalmodulin dependentni proteinkinéza II (Ca®*/calmodulin

dependent kinase kinase)
cAMP cyklicky adenosinmonofosfat (cyclic adenosine monophosphate)
CART transkript regulovany kokainem a amfetaminem (cocaine- and

amphetamine-regulated transcript)

Cha cyklohexylalanin

CHO-K bunécna linie z ovarii ¢inského kiecka (Chinese hamster ovary)

Crnax maximalni koncentrace (maximum concentration)

CNS centralni nervova soustava (central nervous system)

CPT-1 karnitinpalmitoyl transferaza 1 (carnitine palmitoyltransferase 1)

CRH hormon uvoliiujici kortikotropin (corticotropin-releasing hormone)

Ct minimalni pocet cykld, pii némz fluorescence vzorku piekroc¢i prahovou

hodnotu (treshold cycle)
DAG 1,2-diacylglycerol (diacylglycerol)
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dec dekanoyl

decen decenoyl

DIO obezita indukovana podavanim vysokotukové diety (diet-induced
obesity)

DMEM kultivacni médium (Dulbecco’s Modified Eagle Medium)

DMH dorzomedialni jadro hypothalamu (dorsomedial hypothalamic nucleus)

DMX dorzalni motorické jadro nervu vagu

Dpr diaminopropionova kyselina (diaminopropionic acid)

ELISA enzymoimunochemické stanoveni (enzyme-linked immunosorbent assay)

FABP-4 protein vazajici mastné kyseliny 4 (fatty acid binding protein 4)

FASN syntaza mastnych kyselin (fatty acid synthase)

FBS fetalni hovézi sérum (fetal bovine serum)

FFA volné mastné kyseliny (free fatty acids)

Fmoc fluorenylmethyloxykarbonyl (fluorenylmethyloxycarbonyl)

GABA kyselina y-aminomaselna (gamma-aminobutyric acid)

GAPDH glyceraldehyd-3-fosfat dehydrogenaza (glyceraldehyde-3-phosphate
dehydrogenase)

GH rastovy hormon (growth hormone)

GHRP peptid uvoliuyjici rastovy hormon (growth hormone-releasing peptide)

GHS syntetické peptidy stimulujici sekreci ristového hormonu

(growth hormone secretagogues)

GHRH somatoliberin (growth hormone-releasing hormone)

GHS-R1a receptor pro ghrelin (growth hormone secretagogue receptor 1a)

Glc glukéza (glucose)

Gly glycin

GLP peptid podobny glukagonu (glucagon-like peptide)

GOAT ghrelin-O-acyl transferaza (ghrelin O-acyl transferase)

HBSS Hankstiv vyvazeny solny roztok (Hanks” Balanced Salt Solution)

HEK-293T bunécna linie odvozena z lidskych ebryonalnich ledvinnych bunék
(human embryonal kidney)

HEPES kyselina 4-(2-hydroxyethyl)-1-piperazinethansulfonova
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)

HF vysokotukova dieta (high fat)

HPLC vysokoucinna kapalinova chromatografie (high-performance liquid
chromatoghraphy)

HTRF homogenni ¢asové rozliSena fluorescence (homogeneous time resolved

fluorescence)
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ICV

IGF-1
IML
IL

1P,
IP;

LC-MS

LH
LLC
LPL
LPS
IPAT
MBH
MHC-4
MRNA
MS
mTOR

myr
Nal
NPY
NTS
oct
palm
PCR
PEG
PEI
PEPCK
PF

Phe

intracerebroventrikularni, do mozkové komory (intra cerebri ventriculi)
intradermalni, do kuize (intra derma)

inzulinu podobny rustovy faktor 1 (insulin-like growth factor 1)
intermediolateralni sloupec

interleukin (interleukin)

intraperitonealni, do bfisni dutiny (intra peritoneum)

inositolfosfat (inositol monophosphate)

inositoltrifosfat (inositol trisphosphate)

nitroZilni (intra venam)

rovnovazna disocia¢ni konstanta radioligandu

rovnovazna disociacni konstanta neznaceného ligandu

vytazeny gen (knock-out)

kapalinova chromatografie spojena s hmotnostni spektrometrii (liquid
chromatography — mass spetrometry)

lateralni hypothalamus (lateral hypothalamus)

karcinom plic Lewisové (Lewis lung carcinoma)

lipoproteinova lipaza (lipoprotein lipase)

lipopolysacharid (lipopolysaccharide)

intraperitonealni tukova tkan (intraperitoneal adipose tissue)
mediobazalni hypothalamus (mediobasal hypothalamus)

tézky fetézec myosinu 4 (myosin heavy chain 4)

mediatorova RNA (messenger ribonucleic acid)

hmotnostni spektrometrie (mass spectrometry)

cilova molekula pro G¢inek rapamycinu u saveti (mammalian target of
rapamycin)

myristoyl

naftylalanin

neuropeptid Y (neuropeptide Y)

nucleus tractus solitarius

oktanoyl

palmitoyl

polymerazova fetézova reakce (polymerase chain reaction)
polyethylenglykol 300 (polyethylene glycol 300)

polyethylenimin (polyethylenimine)

fosfoenolpyruvat karboxykinaza (phosphoenolpyruvate carboxykinase)
paroveé krmené mysi (pair-fed)

fenylalanin
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PheCl,
PheNO,
PKC
PLC
PO
POMC
PRL
PVN
PYY
RIA
RNA
rRNA
RP-HPLC
Sar

SC
SCAT
SCD-1
SEM
Ser
SIRT1
SREBP

T1/2

tBu

TG

Tmax
TNF-o
TRH
Tris
ucp
undecyn
VMH

dichlorfenylalanin

nitrofenylalanin

proteinkinaza C (proteinkinase C)

fosfolipaza C (phospholipase C)

peroralni (per 0s)

proopiomelanokortin (proopiomelanocortin)
prolaktin (prolactin)

paraventrikularni jadro hypothalamu (paraventricular nucleus)
peptid tyrosin-tyrosin (peptide tyrosine tyrosine)
radioimunochemické stanoveni (radioimmunoassay)
ribonukleova kyselina (ribonucleic acid)
ribozomalni RNA

HPLC s obracenymi fazemi (reverse-phase HPLC)
sarkosin

podkozni (sub cutem)

podkozni tukova tkan (subcutaneous adipose tissue)
stearoyl-CoA desaturaza (stearoyl-CoA desaturase)
stfedni chyba primeéru (standard error of mean)
serin

sirtuinl

protein vazajici sterolovy regula¢ni element (sterol regulatory element-
binding protein)

biologicky polocas

tercbutylalanin

triglyceridy

¢as, v némz je dosazena maximalni koncentrace
faktor nadorové nekrozy o (tumor necrosis factor o)
hormon uvoliujici thyrotropin (thyrotropin-releasing hormone)
tris(hydroxymethyl)aminomethan

rozpojovaci protein (uncoupling protein)
undecynoyl

ventromedialni hypothalamus (ventromedial hypothalamus)
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1 UVOD
1.1 Ghrelin

1.1.1 Objev ghrelinu

Ghrelin je doposud jediny popsany periferni orexigenni hormon. Byl objeven
v roce 1999 Kojimou a spolupracovniky. Ghrelin byl izolovan z potkaniho zaludku a
identifikovan jako pftirozeny ligand tzv. sirot¢iho receptoru GHS-R1a (z angl. growth
hormone secretagogue receptor 1a) specifického pro skupinu syntetickych latek
podporujicich vylu¢ovani ristového hormonu (GH, zangl. growth hormone)
z hypofyzy (GHS, z angl. growth hormone secretagogues) (Kojima et al. 1999; Kojima
et al. 2001).

1.1.2 Vyskyt ghrelinu

Ghrelin je sekretovan zejména bunkami sliznice zaludku, pfi¢emz jeho hladina
roste bezprostiedné pied jidlem a klesd na minimum béhem hodiny po jidle. V mensi
mife je ghrelin produkovan také dal§imi tkdnémi, mimo jiné hypothalamickymi
neurony. Mala mnozstvi ghrelinu byla detekovana také v hypofyze, stievech, pankreatu,
ledvinach, placenté, varlatech a plicich (van der Lely et al. 2004; Depoortere 2009;
Wisser et al. 2010; Nass et al. 2011; Scerif et al. 2011).

1.1.3 Struktura ghrelinu

Preproghrelin je tvofen 117 aminokyselinami. Po odstépeni signalniho peptidu
tvofen¢ho 23 aminokyselinami vznikd segment tvofeny 94 aminokyselinami, ktery je
oznacovan jako proghrelin. Jeho dal$im $tépenim pak vznika ghrelin a C-terminalni
peptid C-ghrelin, z n€hoz se odstépuje 23-aminokyselinovy obestatin (Delporte 2013).

Ghrelin je peptid tvofeny 28 aminokyselinami. Hydroxylova skupina
serinového zbytku v pozici 3 je posttranslacné esterifikovana n-oktanovou kyselinou.
Tato modifikace, zprostiedkovana enzymem ghrelin-O-acyl transferazou (GOAT), je
mezi hormony unikatni a je zasadni pro biologickou aktivitu ghrelinu (Kojima et al.
1999; Yang et al. 2008). Na zaklad¢ strukturné-aktivitnich studii na bunkach
se zvySenou expresi receptoru pro ghrelin bylo prokdzano, ze minimalni aktivni
sekvenci zachovavajici vétSinu biologické aktivity kompletniho fetézce ghrelinu je
N-terminalni tetrapeptid s n-oktanoylovou skupinou na serinu v pozici 3 (Bednarek et
al. 2000; Matsumoto et al. 2001).
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Struktura lidského, potkaniho a mysiho ghrelinu je zndzornéna na obr. 1. Potkani
ghrelin se od lidského odliSuje pouze ve dvou aminokyselindch (namisto argininu
Vv pozici 11 obsahuje lysin a misto valinu v pozici 12 alanin). Aminokyselinova

sekvence potkaniho a mysiho ghrelinu je shodna (Kojima & Kangawa 2005).

K APOTKANi, MYSi
NH- G 'S § F L S P E H QR .y

Q
<« SEKRQ
KPP A KL QP R-cooH

n-oktanoyl (C8:0)

Obr. 1 Struktura lidského, potkaniho a mys$iho ghrelinu. Upraveno podle zdroje
(Kojima & Kangawa 2005).

Vzhledem k labilité esterové vazby je oktanoylovano jen 10-20 % celkového
ghrelinu v krvi. Role neoktanoylované formy ghrelinu (tzv. des-acyl ghrelinu) je
doposud nejasna (Depoortere 2009). Des-acyl ghrelin byl dlouhou dobu povazovan
za pouhy produkt degradace acylovaného ghrelinu bez vlastni biologické aktivity,
protoze ve fyziologickych koncentracich neni schopen vazat a aktivovat ghrelinovy
receptor. V posledni dob¢ vsak pfibyva publikaci, podle nichz hraje des-acyl ghrelin roli
v fadé fyziologickych a patofyziologickych situaci a v zavislosti na podminkach mize
byt agonistou ¢i antagonistou ghrelinu nebo UCinkovat nezévisle na ghrelinu.
Z publikovanych uc¢inkti des-acyl ghrelinu lze jmenovat napf. inhibici u¢inku ghrelinu
U hlodaveti a lidi, snizovani mnozstvi tukové tkané u hlodavcih, zlepSeni svalové
regenerace u hlodavcti nebo zlepSeni citlivosti k inzulinu a snizeni postprandialni
glykémie u hlodavct a lidi (Delhanty et al. 2012, 2014).

Mimo n-oktanoylovaného ghrelinu a des-acyl ghrelinu byly popsany jesté dalsi
formy ghrelinu, vznikajici ze stejného prekurzoru (preproghrelinu): dekanoylovany

(C10:0) a decenoylovany (C10:1) ghrelin (Hosoda et al. 2003).
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1.1.4 Receptory pro ghrelin

Receptor pro ghrelin (GHS-R1a) byl puvodné popsan jako sirotéi receptor
specificky pro GHS (Howard et al. 1996). Pozdé&ji byl identifikovan ghrelin jako
piirozeny ligand receptoru GHS-Rla a také jako endogenni medidtor uvoliiovani
ristového hormonu (Kojima et al. 1999). GHS-R1a je jedinou formou ghrelinového
receptoru schopnou vazat ghrelin, ptipadné¢ v suprafyziologické koncentraci des-acyl
ghrelin. V nejvétsi mife se nachazi v nucleu arcuatu (ARC) v hypothalamu, kde jeho
interakce s ghrelinem vyvolava zvySeni chuti k jidlu, dale pak v somatotropnich
bunkach hypofyzy, kde interakce ghrelinu s receptorem stimuluje uvoliiovani ristového
hormonu, a kone¢né¢ v buiikdch imunitniho systému, kde receptor zprostredkovava
regulaci imunitni odpovédi (Howard et al. 1996; Smith et al. 1997; Dixit et al. 2004;
Hosomi et al. 2008). Receptor GHS-R1a vykazuje vysokou konstitutivni aktivitu, coz
muze byt zasadni pro udrzovani stimulace pfijmu potravy i tehdy, pokud je ghrelin na
bazalni hladiné (Chollet et al. 2009).

Receptor GHS-R1b, ktery byl v minulosti pokladan za biologicky neaktivni, je
dnes povazovan za modulator signalizace receptoru GHS-R1a. Bylo zjiSténo, Ze miize
s receptorem GHS-Rla tvofit heterodimer a snizovat tim jeho konstitutivni aktivitu
(Leung et al. 2007; Chow et al. 2012; Delporte 2013).

Ptedpoklada se, ze des-acyl ghrelin ucinkuje pifes vlastni receptor, ten vSak

dosud nebyl identifikovan (Delporte 2013).

1.1.5 Signalizace ghrelinu do buiiky

GHS-R1a je receptor se sedmi transmembranovymi doménami sptfazeny
s G-proteiny. Do vazby ke G-proteinu je zapojena tfeti intracelularni smycka receptoru
GHS-R1a; tuto smycku receptor GHS-R1b postrada a nemuize tedy s G-proteiny
interagovat. Bylo popsano nékolik mechanismt, které receptor GHS-Rla vyuziva
k pfenosu signalu do bunky. Nejlépe charakterizovana je draha vedouci k naristu
hladiny intracelularniho kalcia, ktera vyuziva systém fosfolipazy C (PLC). Aktivace
receptoru vazbou ghrelinu ¢i jiného ligandu vede k aktivaci podjednotek G-proteinu a
nasledné stimulaci produkce PLC. PLC §tépi membranovy lipid fosfatidylinositol-4,5-
bisfosfat za vzniku druhych poslt inositoltrifosfatu (IP3) a diacylglycerolu (DAG). IP3
zprostiedkovava uvolnéni Ca®" iontd z endoplazmatického retikula a zvySeni hladiny
intracelularnich Ca** iontd. DAG aktivuje proteinkinazu C (PKC), coz vede k inhibici

draslikovych kanali, depolarizaci bunééné membrany, otevieni napétové fizenych
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kalciovych kanali a pronikani extracelularniho kalcia do bunky (Kojima & Kangawa

2005; Delporte 2013; Yin et al. 2014). Popsany mechanismus je znazornén na obr. 2.

Agonista GHSR1a Cytoplazmaticka membrana

g
Ins(1,3,4,5)Ps /
Ins(1,4,5)P;
CaZ+
(+]
g % o @
(%]

Obr. 2 Signalizace ghrelinu do buriky prostiednictvim drahy fosfolipdazy C vedouci
K ndarastu koncentrace intraceluldrniho kalcia. DAG: diacylglycerol; Ins(1,4,5)Ps:
inositoltrifosfat; PLC: fosfolipaiza C; PKC: proteinkinaza C; PtdIns(4,5)Pa:
fosfatidylinositol-4,5-bisfosfat; ROCC: receptorem rizeny kalciovy kandl, SOCC:
ligandem 7izeny kalciovy kanal, VOCC: napétove rizeny kalciovy kanal. Upraveno
podle zdroje (Cullen & Lockyer 2002).

Byla také popsana alternativni draha vedouci ke zvySeni hladiny intracelularniho
kalcia. Tato draha vyuziva aktivace kalciovych kanali proteinkinazou A, coz je enzym
aktivovany druhym poslem cAMP (Kohno et al. 2003). Nékteré studie ovSem tento
mechanismus zpochybiiuji a uvadéji, Ze ghrelin, endogenni ligand GHS-R1a, nema vliv

na zvySeni hladiny cAMP (Yin et al. 2014).
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Dilezitou roli v signalizaci ghrelinu hraje také proteinkinaza aktivovana AMP
(AMPK). Jak je zfejmé znazvu, stimulatorem aktivity AMPK je vysoky pomér
AMP/ATP. AMPK je povazovana za hlavni metabolicky senzor zajist'ujici udrzeni
energetické homeostaze, podili se na centralni regulaci piijmu potravy a vydeje energie
a je zapojena do signaliza¢nich drah spojujicich periferie s hypothalamem, hlavnim
centrem regulace piijmu potravy v mozku. VySe popsané zvySeni hladiny
intracelularnich Ca®* iontdl vede k aktivaci Ca**/kalmodulin dependentni proteinkinazy
Il (CaMKK), ktera pak fosforyluje AMPK na Thr'”? a tim ji aktivuje. Aktivovana
AMPK fosforyluje acetyl-CoA karboxylazu (ACACA), ¢imz inhibuje jeji funkei,
snizuje hladinu malonyl-CoA a prostfednictvim karnitinpalmitoyl transferazy 1 (CPT-1)
konecné vede ke zvySeni B-oxidace mastnych kyselin. Vedlejsim produktem zvysSené
mitochondridlni respirace je tvorba reaktivnich forem kysliku, nasledné se stimuluje
aktivita uncoupling proteinu 2 (UCP-2) odstranujiciho tyto reaktivni formy kysliku a
tim dochazi v hypothalamu ke stimulaci transkripce orexigennich peptida
neuropeptidu Y (NPY) a agouti-related proteinu (AgRP), o nichz jsou uvedeny dalsi
informace v oddile 1.1.6.2.1 (Andersson et al. 2004; Woods et al. 2005; Hardie 2008;
Delporte 2013).

Ghrelin také v hypothalamu aktivuje sirtuin 1 (SIRT1), coz je deacetylaza, ktera
se aktivuje v odpovédi na kalorickou restrikci a ucinkuje prostfednictvim tumor
supresoru p53. Tato drdha je dal$im moznym mechanismem aktivace AMPK
(Velasquez et al. 2011).

Aktivace AMPK miize krom¢ vyse zminéné stimulace mitochondridlni respirace
vést také k aktivaci nebo inhibici mTOR (cilova molekula pro u¢inek rapamycinu
u savel, z angl. mammalian target of rapamycin), coZ je Ser/Thr kinaza slouZici jako
bunécny senzor zmén energetické rovnovahy a také jako senzor ristovych faktord, Zivin
a kysliku. Je regulovana pomérem AMP/ATP. V nucleu arcuatu v hypothalamu je
mTOR ptsobenim AMPK aktivovan, coz pak prostiednictvim fady transkripénich
faktor vede k aktivaci orexigennich peptidi NPY a AgRP (Martins et al. 2012;
Delporte 2013; Stevanovic et al. 2013).

Mechanismy zapojené v signalizaci ghrelinu do bunky, které vedou ke zvySeni

pfijmu potravy, jsou znadzornény na obr. 3.
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Obr. 3 Molekuldrni mechanismy zapojené do zvySeni piijmu potravy vlivem ghrelinu.
ACC: acetyl-CoA karboxylaza; AGRP: agouti-related protein; AMPK: proteinkindza
aktivovand AMP; CaMKK2: Ca®*/kalmodulin dependentni proteinkindza 2; CB1:
kanabinoidni receptor; CPT1: karnitinpalmitoyl transferdza 1; FAS: syntdza mastnych
kyselin; GHS-R1a: ghrelinovy receptor; LCFA: mastna kyselina s dlouhym retézcem;
MTOR: cilova molekula pro ucinek rapamycinu u savcii; NPY: neuropeptid Y; ROS:
reaktivni formy kysliku; SIRTI: sirtuin 1; UCP2: uncoupling protein-2; BSX, CREB,
FoxOl: transkripcni faktory. Upraveno podle zdroje (Delporte 2013).

1.1.6 Funkce ghrelinu v organismu

Ghrelin ovliviiuje fadu vyznamnych fyziologickych funkci. K nejdiive znamym
uéinkim ghrelinu patii jiz zminéna stimulace sekrece rtstového hormonu, sekrece
prolaktinu a adrenokortikotropniho hormonu, dale pak ucast na regulaci ptijmu potravy,
vliv na motilitu zaludku, zaludec¢ni sekreci, funkci slinivky bfi$ni a na metabolismus
glukozy a lipidi. Byly také popsany kardioprotektivni a protizanétlivé ti¢inky ghrelinu a
také jeho ucinky na pamét’, reprodukci, spanek a chovani (Kojima & Kangawa 2005;

Delporte 2013). Nejdilezitéjsi fyziologické funkce ghrelinu jsou shrnuty na obr. 4.
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Obr. 4 Hlavni fyziologické funkce ghrelinu. GH: rustovy hormon;, ACTH:
adrenokortikotropni hormon; PRL: prolaktin. Upraveno podle zdroje (Delporte 2013).

1161 Sekrece ristového hormonu a dalSich hormoni

Bylo zjisténo, ze ghrelin je G¢innym stimulatorem sekrece rtstového hormonu
v somatotropnich bunkach hypofyzy (Date et al. 2000; Takaya et al. 2000). Také byl
prokazan synergisticky vztah mezi ghrelinem a somatoliberinem (GHRH, z angl.
growth hormone-releasing hormone); spoleéna aplikace obou peptida v nizkych
davkach vyznamné zvysSuje sekreci rustového hormonu (Arvat et al. 2001; Hataya et al.
2001). Mutace ghrelinového receptoru vedouci ke ztraté jeho konstitutivni aktivity
zpusobuji snizenou sekreci rastového hormonu a nasledné poruchy ristu (Pantel et al.
2006). Potencialni terapeutické ucinky analogi ghrelinu v 1é¢bé deficience ristového
hormonu jsou pfedmétem intenzivniho zajmu (Delporte 2013).

Zda se, ze také des-acyl ghrelin mize ovliviiovat sekreci rastového hormonu,
pravdépodobné prostiednictvim osy GH-IGF-1 (Ariyasu et al. 2005).

Ghrelin, stejné jako néekteré syntetické GHS, také kromé sekrece rtustového
hormonu stimuluje v hypothalamu sekreci adrenokortikotropniho hormonu, kortizolu a
prolaktinu (van der Lely et al. 2004).
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1.1.6.2 Zapojeni ghrelinu v regulaci pfijmu potravy

1.1.6.2.1 Centralni regulace pfijmu potravy

Za hlavni oblasti centralni nervové soustavy (CNS) zodpovédné za regulaci
pfijmu potravy a energetické homeostaze jsou povazovany hypothalamus a mozkovy
kmen. Tyto oblasti mozku piijimaji a integruji periferni nervové a hormonalni signaly

nesouci informaci o aktualnim nutri¢nim stavu a adipozité (obr. 5) (Sam et al. 2012).
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Obr. 5 Integrace perifernich metabolickych signalit v hypothalamu a mozkovém
kmeni. Nucleus arcuatus (ARC) v hypothalamu a nucleus tractus solitarius (NTS)
vV mozkovém kmeni prijimaji informace o dostupnosti Zivin a stavu energetickych zdasob
od perifernich hormonii, budto primo z Krevniho obéhu, nebo prostrednictvim nervu
vagu. Primdrni NPY/AgRP a POMC/CART neurony vV ARC obsahuji receptory pro tyto
periferni hormony. Neékteré z hormonu pusobi i v NTS, DMX (dorzadlni motorické jadro
nervu vagu) a IML (intermediolateralni sloupec). OEA: oleylethanolamid (anorexigenni
lipidovy mediator); PYY: peptid tyrosin tyrosin. Upraveno podle zdroje (Broberger
2005).
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potravy je nucleus arcuatus (ARC), nachazejici se na spodiné¢ hypothalamu po obou
stranach tieti mozkové komory. V ARC se nachazeji dvé populace neuront s opacnym
ucinkem na piijem potravy. Medidln¢ lokalizované orexigenni neurony (stimulujici
pfijem potravy) exprimuji NPY a AgRP, zatimco anorexigenni neurony (inhibujici
pfijem potravy) lokalizované v laterdlni ¢éasti ARC produkuji $tépny produkt
proopiomelanokortinu (POMC) - hormon stimulujici melanocyty (a-MSH) - a transkript
regulovany kokainem a amfetaminem (CART). Na téchto primarnich NPY/AgRP a
POMC/CART neuronech se nachéazeji receptory pro periferni hormony regulujici ptijem
potravy; orexigenni hormony stimuluji expresi NPY a AgRP, anorexigenni hormony
naopak stimuluji expresi POMC a CART. NPY/AgRP neurony mohou potlacovat
aktivitu POMC/CART neuroni prostfednictvim inhibi¢niho neurotransmiteru kyseliny
y-aminomaselné (GABA). ARC sousedi s oblasti hypothalamu oznacovanou eminentia
medialis, kde je nekompletni a tedy caste¢né prostupna hematoencefalicka bariéra,
proto tudy cirkulujici periferni hormony mohou prochazet a piimo ovliviiovat neurony
v ARC. Hormony produkované gastrointestindlnim traktem poskytuji ARC kratkodoby
signal o dostupnosti zivin, zatimco hormony jako inzulin, leptin a ghrelin poskytu;ji
dlouhodobé¢jsi informaci o stavu energetickych zasob. NPY/AgRP a POMC/CART
neurony smétuji do paraventrikularniho jadra hypothalamu (PVN) (obr. 6) (Cowley et
al. 2003; Harrold et al. 2012; Sam et al. 2012; Keen-Rhinehart et al. 2013).

K dalSim oblastem podilejicim se na regulaci pfijmu potravy se krom& ARC fadi
paraventrikularni jadro hypothalamu (PVN), dorzomedialni jadro hypothalamu (DMH),
ventromedialni hypothalamus (VMH) a lateralni hypothalamus (LH). V téchto
oblastech se rovnéz nachdzeji populace neurond exprimujicich NPY, AgRP nebo
a-MSH (Keen-Rhinehart et al. 2013).

Krom¢é zminénych neuropeptidii jsou v hypothalamu produkovany také dalsi
peptidy regulujici pfijem potravy. K orexigennim patii napf. hypokretiny, orexiny,
galanin nebo cerebellin, k anorexigennim se fadi napf. melanokortiny, neurotensin nebo
nesfatin (Sobrino Crespo et al. 2014).

Signaly z gastrointestindlniho traktu mohou byt také prostiednictvim nervu vagu
pfenaSeny do mozkového kmene, kde se nachéazi dalsi jadro podilejici se na piijmu
potravy — nucleus tractus solitarius (NTS), z n€hoz jsou signaly pfenaSeny dale do
hypothalamu (Sam et al. 2012).
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Obr. 6 Zapojeni primdrnich neuronii v nucleu arcuatu do regulace piijmu potravy.
Neurony exprimujici NPY, AgRP a GABA sméruji do PVN, kde jejich produkty,
orexigenni neuropeptidy, prostrednictvim svych receptorii stimuluji prijem potravy.
a-MSH produkovany POMC/CART neurony pusobi v PVN na receptor MC4R a prijem
potravy naopak potlacuje. NPY se vaze na receptory Y1 a Y5 a primo stimuluje prijem
potravy, AgRP antagonizuje receptor MC4R a brani tak anorexigennimu ucinku
o-MSH. Inhibicni signal GABA 7 NPY/AgRP neuronui muze prostiednictvim receptorii
GABAR blokovat aktivitu POMC/CART neuronu. Na primarnich neuronech se
nachdzeji receptory pro radu hormonii, napr. receptor pro ghrelin (GHSR), leptin
(ObR) a inzulin (INSR). Podle zdroje (Briggs & Andrews 2011).

1.1.6.2.2 Periferni hormony podilejici se na regulaci pfijmu potravy

1.1.6.2.2.1 Anorexigenni hormony

Leptin je produkt genu ob, ktery potlacuje pfijem potravy a reguluje vydej
energie. Je sekretovan zejména bunikami tukové tkané. Produkce leptinu je stimulovana
inzulinem a krevni glukézou a inhibovana aktivitou sympatiku, lipolytickymi

katecholaminy a volnymi mastnymi kyselinami (FFA). Hladiny cirkulujiciho leptinu
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pozitivné koreluji s mnozstvim tukové tkan¢ v organismu (leptin signalizuje z tukové
tkan¢ do mozku nadmérné hromadéni energetickych zasob), ale odrdzi také aktudlni
energetickou rovnovahu. Anorexigenni uc¢inek leptinu je zprostfedkovan leptinovymi
receptory (Ob-R) na primarnich neuronech v ARC; leptin inhibuje NPY/AgRP neurony
a aktivuje POMC/CART neurony. Leptin také ovliviiuje sekreci neuropeptidi
podilejicich se na udrzeni energetické homeostaze (napt. CHR, TRH) a stimuluje
adrenergni systém, ¢imz zvySuje vydej energie. Absence leptinu vede k hyperfagii,
obezit¢ a neuroendokrinnim poruchdm. Jen mald ¢ast obéznich vSak trpi deficienci
leptinu; vétSina obéznich zvitfat i lidi ma zvySené hladiny cirkulujiciho leptinu, coz
svedci o existenci rezistence K leptinu (Stanley et al. 2005; Sobrino Crespo et al. 2014).

Inzulin, glukagon a pankreaticky polypeptid jsou anorexigenni hormony
glukézové homeostaze, zavisi na periferni inzulinové senzitivité, ktera koreluje
s mnozstvim a distribuci tuku v organismu (zejména se jedna o mnozstvi visceralniho
tuku). Na rozdil od leptinu vSak sekrece inzulinu prudce roste po jidle, v souvislosti
snartistem hladiny krevni glukézy. Receptory pro inzulin jsou ve velké mife
exprimovany na primarnich neuronech v ARC; inzulin podobn¢ jako leptin stimuluje
POMC/CART neurony (Wynne et al. 2005b; Wisser et al. 2010).

Anorexigenni hormony produkované v gastrointestindlnim traktu slouzi vétSinou
jako kratkodobé signaly regulujici piijem potravy. Radi se mezi né napt. PYY, GLP-1,
cholecystokinin, oxyntomodulin, bombesin nebo obestatin (Sobrino Crespo et al. 2014).

1.1.6.2.2.2 Ghrelin — jediny periferni orexigenni hormon

Ghrelin je, jak jiz bylo zminéno, dosud jedinym znamym perifernim
orexigennim hormonem. Centralni i periferni podani ghrelinu hlodavcim stimuluje
pfijem potravy a redukuje energeticky vydej; vysledna pozitivni energetickd bilance
vede k akumulaci tukové tkan¢ a K nartstu t€lesné hmotnosti. Stejné tak u lidi vede
intravendzni (V) podani ghrelinu ke stimulaci pfijmu potravy (Tschép et al. 2000;
Kamegai et al. 2001; Nakazato et al. 2001; Shintani et al. 2001; Wren et al. 2001a;
Wren et al. 2001b). Sekrece ghrelinu je pulzatilni; plazmaticka hladina ghrelinu roste
behem hladovéni a pted jidlem, zatimco po jidle prudce klesa. Lze tedy piedpokladat,
ze ghrelin slouzi jako signal pro zahajeni piijmu potravy (Cummings et al. 2001;
Tschop et al. 2001a). Hladiny ghrelinu jsou nepfimo umérné indexu té€lesné hmotnosti

(BMI); jsou chronicky zvySeny V souvislosti se snizenim hmotnosti (napf. pfi anorexii
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nebo dietnim omezeni) a chronicky snizeny u obéznich osob, pfipadné po bariatrickych
zakrocich, coz naznacuje, ze ghrelin plisobi také jako signal informujici o dlouhodobé
energetické bilanci (Cummings et al. 2002b; Shiiya et al. 2002). U obéznich osob neni
pozorovan postprandidlni pokles hladiny ghrelinu, coz pravdépodobné vede k dalSimu
zvysovani energetického piijmu (English et al. 2002). U¢inkem chronického centralniho
podavani ghrelinu dochdzi u mysi ke zvyseni utilizace glukozy v bilé i hnédé tukové
tkdni a ke zvySeni hladiny metabolickych parametrii podnécujicich ukladani tuku
v bilych adipocytech; naopak se snizuje exprese mitochondrialnich uncoupling proteint
spjatych s termogenezi v hnédych adipocytech (Tsubone et al. 2005).

Ghrelin aktivuje NPY/AgRP neurony a inhibuje POMC/CART neurony v ARC,
je tedy funk¢énim antagonistou leptinu (obr. 7). Ghrelin je v malé mife produkovan
centraln¢€, a to skupinou neuronti sousedici s tfeti mozkovou komorou, mezi DMH,
VMH, PVN a ARC (Cowley et al. 2003). Periferné produkovany ghrelin mize do
mozku prochdzet budto pres hematoencefalickou bariéru, nebo prostfednictvim

aferentnich drah nervu vagu (Banks et al. 2002; Date et al. 2002).

Pfijem potravy

K

= Hladovéni Hypothalamus —_——
(PvN)
(LHA) (LHA)
@HRAD | Somatostatind
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’ \I‘/ \v/\}/' e '
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Obr. 7 Ghrelin a leptin piisobi v regulaci piijmu potravy jako funkéni antagonisté.
Mnozstvi leptinu produkované tukovou tkani koreluje s mnozZstvim tuku, aktivace
anorexigenni drahy leptinem piisobi jako zpétnovazebna smycka k udrzeni konstantnich

tukovych zasob. Ghrelin naopak aktivuje orexigenni drahu a sméruje metabolismus

k anabolickému stavu a ristu. Upraveno podle zdroje (Inui 2001).
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1.1.7 Analogy ghrelinu a jejich potencialni vyuZziti

Ligandy receptorti 1ze podle jejich ucinku na receptor rozdélit na agonisty,
neutralni antagonisty a inverzni agonisty. Agonista je ligand, ktery po vazb¢ na receptor
zvysi jeho aktivitu. Plny agonista aktivuje vSechny receptory a vyvoléd tedy maximalni
biologickou odpovéd, ¢astecny agonista vyvola pouze ¢astecnou odpoved.

Inverzni agonista zcela potlacuje konstitutivni aktivitu receptoru (tedy schopnost
receptoru signalizovat do buiiky bez ohledu na pfitomnost ligandu), redukuje aktivni
formy receptoru a potlacuje biologickou odpovéd’, at’ uz jde o odpovéd vyvolanou
plisobenim agonisty, nebo signalizaci receptoru nezavislou na ligandu.

Antagonista potlacuje ucinek agonisty. Kompetitivni antagonista se vdze na
stejné vazebné misto jako agonista, pfipadné na vazebné misto piekryvajici se
S vazebnym mistem agonisty, ¢imz brani jeho vazbé na receptor. Nekompetitivni
antagonista se vaze na jiné¢ vazebné misto nez agonista a potlacuje odpovéd’ soucasné
navazaného agonisty. Neutralni antagonista neovlivituje konstitutivni aktivitu receptoru
(Chollet et al. 2009).

Klasifikace ligandi je zndzornéna na obr. 8.

- Agonista

S

8- Wonista

Q

e - .
Konstitutivni = = = - Neutralni antagonista
aktivita ]

> - - ® o . -

< Castecny inverzni agonista

<

Inverzni agonista

log vzristajici koncentrace ligandu

Obr. 8 Klasifikace ligandii v konstitutivné aktivnim systému podle vlivu na aktivitu

receptoru. Upraveno podle zdroje (Chollet et al. 2009).

Terapeutické aplikace ghrelinu a jeho analogii jakoZto regulatorii energetické
homeostaze jsou v soucasnosti pfedmétem intenzivniho vyzkumu. Tyto aplikace
zahrnuji jak vyuziti agonistli ghrelinu k 1é¢bé kachexie, anorexie a poruch sekrece
ristového hormonu, tak i potencialni vyuziti antagonistii ghrelinu k 1é¢bé obezity a s ni

souvisejicich zdravotnich komplikaci.
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1.2 Ghrelin a dalSi agonisté GHS-R1a pro 1é¢bu kachexie

1.2.1 Kachexie

Kachexie je stav charakterizovany fyzickym chfadnutim, ztratou hmotnosti a
svalové, pripadné i tukové hmoty, ktery je nasledkem nerovnovahy mezi katabolickymi
a anabolickymi procesy a vyskytuje se u pacientd s pokro¢ilym nadorovym, ptipadné
chronickym progresivnim onemocnénim. Pfi téchto onemocnénich je Casta koexistence
kachexie a anorexie, coz vede k malnutrici u 20 % pacienti s méstnavym srde¢nim
selhanim, 20 % pacientl s chronickou obstrukéni plicni nemoci, 40 % pacientl
S chronickym selhdnim ledvin a 30 % onkologickych pacientl; Vv ptipadé¢ nadort
gastrointestinalniho traktu se jedna az o 85 % pacientt (Tisdale 2002; Evans et al. 2008;
Ashitani et al. 2009).

Z evolu¢niho hlediska je divod vzniku kachexie ziejmy. Kratkodobé nemoci
choroby objevujici se zejména v pozdé&jsim véku. Béhem kratkodobého onemocnéni
(infekce, zranéni) bylo vyhodngjsi, aby byla chut k jidlu utlumena a riskantni hledani
potravy odlozeno na dobu po uzdraveni. Kachexie je tedy reliktem evolu¢niho
mechanismu, ktery v soucasné dobé¢ jiz nema vyznam (Grossberg et al. 2010).

Mezi diagnosticka kritéria kachexie patii nepfiméfena imunitni aktivace vedouci
k chronickému zanétu. Nartst hladin cirkulujicich prozanétlivych cytokini TNF-a,
IL-1, IL-2, IL-6 a IL-8 stimuluje centralni melanokortinovy systém v hypothalamu, coz
vede K anorexii, zvySeni vydeje energie a svalové atrofii (obr. 9); zanét je
pravdépodobné nejbéznéjsi pri¢inou kachexie (Morley et al. 2006; Ashitani et al. 2009).
IL-6 a TNF-o maji také lipolyticky efekt, inhibuji diferenciaci adipocytl a zvySuji jejich
apoptozu (Langhans 2002).

U kachektickych pacientli je ¢asto pozorovan narust aktivity sympatického
nervového systému, coZ spolu s nariistem hladiny plazmatickych katecholamint
pfispiva k systétmovému hypermetabolismu nésledovanému malnutrici a zvySenim
energetického vydeje (Nagaya et al. 2001a; Nagaya et al. 2004; Nagaya et al. 2005).
Katecholaminy snizuji hladiny enzymu podporujicich ukladani tukd v adipocytech a
zvysuji expresi mitochondrialnich proteinit UCP-1 a UCP-3 spojenych s termogenezi,
coz vede ke zvyseni lipolyzy (Theander-Carrillo et al. 2006). Narast aktivity sympatiku
dale podporuje zanétlivé procesy (Ashitani et al. 2009).
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Obr. 9 Model vzniku kachexie. Produkce zanétlivych cytokinii stimuluje centrdlni
melanokortinovy systéem V hypothalamu, napv. prostrednictvim receptoru pro IL-1
na POMC neuronech. To vede k anorexii a zvyseni vydeje energie. Upraveno podle
zdroje (DeBoer & Marks 2006).

Kachexie je obvykle spojena se zhorSenim prognozy ptiivodni choroby a pfispiva
vyznamnym zpusobem ke zna¢nému podilu imrti na zminénd onemocnéni. Odstranéni
kachexie by snizilo naklady na lébu a zlepSilo kvalitu Zivota onkologickych a
chronicky nemocnych pacientd (Ashitani et al. 2009; DeBoer 2011). Moznosti efektivni
lécby kachexie jsou vSak zatim omezené; zahrnuji napiiklad pouziti anabolickych
steroidu, latek stimulujicich chut’ k jidlu nebo modulatora cytokint (Glass & Roubenoff
2010; Akamizu & Kangawa 2011; Guillory et al. 2013).

1.2.1.1 Zvireci modely kachexie a anorexie
Mezi bézn¢ pouzivané zvifeci modely kachexie patii kachexie vyvolana
zénétem, nadorovym onemocnénim, chronickym onemocnénim ledvin nebo

chronickym srde¢nim selhanim (Deboer 2009).
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Vyvolani akutniho zanétu slouzi jako kratkodoby model anorexie ¢i kachexie.
Jednorazova injekce bakterialniho endotoxinu lipopolysacharidu (LPS) nebo
specifickych zanétlivych cytokinii (napt. TNF-a nebo IL-1B) zpiisobi vyznamné snizeni
piijmu potravy a zvySeni klidového vydeje energie. Opakované podavani nicméné vede
ke vzniku tolerance vici zanétlivému stimulu, coZ snizuje relevanci modelu (O'Reilly et
al. 1988; Plata-Salaman et al. 1988; Huang et al. 1999).

K vytvoieni modelu nadorové kachexie se vyuzivaji stabilni nadorové bunécné
linie, nejcastéji karcinom plic Lewisové (LLC), kolorektalni karcinom, tumory prostaty
¢i syngenni sarkomy. Nadorové buiiky jsou podkozné implantovany experimentalnim
zvitatlim a rostouci nador Casto exprimuje prozanétlivé cytokiny ¢i prostaglandiny nebo
indukuje jejich sekreci, coz vede ke vzniku symptomu kachexie (Fearon & Moses 2002;
Deboer 2009; Bennani-Baiti & Walsh 2011).

Jako model kachexie doprovazejici kardiovaskuldrni onemocnéni se uziva
vyvolani infarktu myokardu u hlodavcii chirurgickou ligaci levé piedni sestupné tepny
(Nagaya et al. 2001b; Gould et al. 2002), pfipadné vyvolani méstnavého srde¢niho
selhani pomoci bandaze aorty (Héli¢s-Toussaint et al. 2005).

Nejpouzivanéj§im modelem kachexie spojené s chronickym selhanim ledvin je
5/6 nefrektomie, kdy je experimentalnim zvifatim odstranéna jedna ledvina a z druhé je
ponechana pouze stfedni tfetina, coz vede k rychlému vzniku uremie (Cheung et al.
2005; Deboer et al. 2008).

Mén¢ bézny je kratkodoby model kachexie vyvolané radiacnim poskozenim
(Joppa et al. 2007) nebo model kachexie indukované chemoterapii, k jehoz vytvofeni se

pokusnym zvifatim injekéné podava cis-platina (Garcia et al. 2008).

1.2.2 Mozné vyuziti ghrelinu k 1é¢bé kachexie

Ghrelin podporuje pozitivni energetickou bilanci organismu, zvySuje piijem
potravy a télesnou hmotnost a podporuje akumulaci tukové tkané (Tschop et al. 2000;
Nakazato et al. 2001). Plazmatické hladiny endogenniho ghrelinu jsou vyssi u osob
s nizkym BMI (Tschop et al. 2001b; Shiiya et al. 2002; Soriano-Guillén et al. 2004);
ptirtstek hmotnosti u anorektickych pacientil je provazen snizenim hladiny ghrelinu
(Otto et al. 2001). Kachektiéti pacienti maji hladiny ghrelinu zvy$eny primérné o 25 %
oproti normalu. Podavani ghrelinu ¢i jinych agonisti GHS-R1a se nicméné jevi jako
potencialni terapeuticky postup pro lécbu kachexie, nebot kratkodobé podéavani

suprafyziologickych davek ghrelinu stale zvySuje ptijem potravy (DeBoer 2011).
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Kromé centralniho pasobeni ghrelinu na zvySeni piijmu potravy mohou byt
pro zlepSeni kachektického stavu ptinosné také jeho dalsi ucinky. Bylo zjisténo, ze
cytokini v monocytech a T-bunkach (Dixit et al. 2004) a také systémovy zanét
v potkanich modelech kachexie (Chang et al. 2003; Granado et al. 2005). Ghrelin ma
také kardiovaskularni ucinek, napi. zvySeni srdecniho vydeje a snizeni krevniho tlaku
(Nagaya et al. 2001b). Vliv ghrelinu na akumulaci tukové tkdné muze byt zasadni
pro zachovani energetickych rezerv v pokracujicim procesu kachexie (DeBoer 2011).

Klinické zkousky podéavani syntetického lidského ghrelinu kachektickym
pacientim trpicim nékterym z vySe zminénych chronickych onemocnéni potvrdily
bezpe¢nost IV aplikace (Strasser et al. 2008) a ukazaly, ze ghrelin u kachektickych
pacienti G¢inné zvysuje chut’ k jidlu (Neary et al. 2004; Wynne et al. 2005a). Bylo
pozorovano zvySeni hladiny sérovych proteinti a posileni svalové hmoty, coz naznacuje
anabolicky efekt ghrelinu. IV podavani ghrelinu také vedlo ke snizeni hladiny
katecholaminti a potlaceni aktivity sympatického nervového systému (Nagaya et al.
2005) a snizeni hladin prozanétlivych cytokini (Kodama et al. 2008). Podavani ghrelinu
také indukuje sekreci protizanétlivého cytokinu IL-10 (Waseem et al. 2008).

Ghrelin tedy hraje dilezitou antikachektickou tlohu v kontrole chuti k jidlu,
adipozity a zanétu. Pravdépodobné muze slouzit jako obranny mechanismus proti
hladovéni, napomahat kompenzovat energetické ztraty a byt tak efektivnim nastrojem
pro zmirnéni kachexie s minimem vedlejSich G¢inkti. Podavani ghrelinu ma vsak také
fadu nevyhod, z nichz Ize jmenovat vysoké naklady, nutnost invazivniho intravendzniho
podavani ¢i moznost vzniku ghrelinové rezistence (Ashitani et al. 2009). V neposledni
fad¢ je také potfeba vylou€it moZnost zapojeni ghrelinu a ghrelinem indukovanych

rastovych faktord v procesu karcinogeneze (Miiller et al. 2010).
1.2.3 Agonisté GHS-R1a
1.2.3.1 Peptidy a pseudopeptidy

1.2.3.1.1 GHRP-6 a od néj odvozeni agonisté GHS-R1a
V 70. letech 20. stol. byly popsany ucinky riznych peptidovych molekul
na sekreci rastového hormonu in vitro v primarnich kulturach potkanich hypofyzarnich

bunék (Bowers et al. 1977). O sedm let pozdé&ji byl syntetizovan hexapeptid GHRP-6,
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vyvolavajici davkové zavislou sekreci ristového hormonu in vitro i in vivo a nartst
télesné hmotnosti (Bowers et al. 1984).

Pozdgji byly syntetizovany dva analogy GHRP-6, GHRP-1 a GHRP-2, v jejichz
struktufe byly zachovany ctyfi C-termindlni aminokyseliny ze struktury GHRP-6 a
zbylé aminokyseliny byly nahrazeny fragmentem obsahujicim D-B-naftylalanin. Oproti
GHRP-6 vykazuji mirné vyssi aktivitu in vitro a dvakrat az trikrat vyssi Gcinek na
sekreci rustového hormonu po subkutannim (SC) podani potkanim a po 1V, SC nebo
peroralnim (PO) podani zdravym dobrovolnikim (Akman et al. 1993; Bowers 1993).

Ze struktury GHRP-6 (zaménou D-tryptofanu za 2-methyl-D-tryptofan) vychazi
také dalS$i agonista GHS-Rla, oznaCovany examorelin ¢i hexarelin (Mediolanum
Farmaceutici). Tato latka se oproti GHRP-6 vyznacuje vyssi stabilitou, nizsi toxicitou a
zvysenym efektem na uvoliiovani GH (Deghenghi et al. 1994; Imbimbo et al. 1994).

Zkracenim struktury hexarelinu byl vytvofen tripeptid EP51389 (firma
Europeptides) (Deghenghi 1997), ktery byl dale modifikovan na C-konci inkorporaci
formylovaného gem-diaminotryptofanového zbytku. Vysledna slou€enina, nesouci
nazev JMV1843 ¢i EP01572, vykazuje vysokou vazebnou afinitu jak k lidskym
hypofyzarnim buikédm, tak k LLC PK-1 buiikkdm transientné transfekovanym lidskym
receptorem GHS-R1a. Stimuluje sekreci rustového hormonu po SC podani potkantim
(4¢inngji nez hexarelin) a PO podani psim (Guerlavais et al. 2003). Po PO ¢&i
intradermalnim (ID) podani zdravym dobrovolnikiim rychle vstupuje do krevniho ob&hu
a nasledné zvysuje sekreci rastového hormonu (Broglio et al. 2002; Piccoli et al. 2007).
V soucasné dob¢ je IMV1843 pod oznacenim macimorelin ve druhé fazi klinickych
studii jako latka pro l1ébu kachexie provazejici nadorovd onemocnéni; mimoto byla
dokoncena treti faze klinické studie macimorelinu jako oralné¢ dostupného produktu
pro diagnostiku deficience riistového hormonu u dospélych a pod nazvem Macrilen™
byla podana zadost o schvaleni nového 1é¢iva (firma Aeterna Zentaris).

Podobnou strategii jako Europeptides zvolila firma Novo Nordisk; cilem
zkraceni molekuly GHRP-1 bylo ziskat slouceninu s niz§i molekulovou hmotnosti a
dobrou oralni biodostupnosti pii zachovani aktivity a specifity pivodniho peptidu.
Z molekuly GHRP-1 byla odstranéna centralni sekvence Ala-Trp a nahrazenim
N-terminalniho alaninu a-aminoisomaselnou kyselinou vznikla slou¢enina oznaovana
jako ipamorelin; tato latka po IV podani prasatim zvysSovala sekreci riustového
hormonu, na rozdil od GHRP-2 nebo GHRP-6 vSak nikoliv sekreci dalSich
hypofyzarnich hormonti (Raun et al. 1998). Od ipamorelinu pak byla zaménou
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fragmentu Aib-His za mén¢ hydrofilni 3-aminomethyl benzoyl odvozena sloucenina
NNC260235, ktera pii podani potkanim i prasatim vykazovala in vivo ucinek
na sekreci rastového hormonu srovnatelny S GHRP-6 ¢i ipamorelinem. Oralni
biodostupnost se v8ak proti ocekavani zlepSila jen minimalné (Ankersen et al. 1998).
V dalsi sérii agonistt GHS-Rla odvozenych od ipamorelinu byla nicméné
identifikovana sloucenina NN703 (tabimorelin) s30% oralni biodostupnosti u psu,
ucinny sekretagog rustového hormonu (Ankersen et al. 1998; Hansen et al. 1999).

Struktury agonistt GHS-R1a zminénych v tomto oddile jsou uvedeny v tab.1.

Tab. 1 Sekvence vybranych peptidovych a pseudopeptidovych agonistit GHS-R1a

Agonista GHS-R1a Sekvence
GHRP-6 His-D-Trp-Ala-Trp-D-Phe-Lys-NH;

GHRP-1 Ala-His-D-B-Nal-Ala-Trp-D-Phe-Lys-NH;

GHRP-2 D-Ala-D-p-Nal-Ala-Trp-D-Phe-Lys-NH;

hexarelin His-D-2-methyl-Trp-Ala-Trp-D-Phe-Lys-NH2

EP51389 Aib-D-2-methyl-Trp-D-2-methyl-Trp-NH,

JMV1843 (EP01572) H-Aib-D-Trp-D-gTrp-formyl
ipamorelin Aib-His-D-B-Nal-D-Phe-Lys-NH,

NNC260235 3-(aminomethyl)-benzoyl-D-B-Nal-N-Me-D-Phe-Lys-NH,

NN703 (tabimorelin) '
o8

HC, cH, § ¢ 9

M)L . N N/CHS
i Y ;
c

H, O

1.2.3.1.2 Agonisté GHS-R1a vytvoreni zkracenim ¢i modifikaci molekuly ghrelinu

Poté, co byla vroce 1999 objevena struktura ghrelinu, zahgjila firma Merck
syntézu jeho analogl s cilem identifikovat strukturni prvky nezbytné pro zachovani
biologické aktivity ghrelinu. Ze strukturné-aktivitnich studii vyplynulo nékolik
klicovych poznatkll. Prvnim z nich byl fakt, Ze pro zachovani dobré afinity ke GHS-R1a
(a pravdépodobné také pro prechod pies hematoencefalickou bariéru) je nezbytna
acylace ghrelinu na Ser®, piicemZ n-oktanoyl miize byt nahrazen jinou flexibilni
lipofilni skupinou, napf. dekanoylem nebo palmitoylem, nebo rigidnéjsi skupinou jako
je napt. benzoyl ¢i adamantyl. Déle bylo zji§téno, Ze nestabilni esterova vazba na Ser®

muZe byt nahrazena amidovou bez ztraty biologické aktivity. Jako minimalni aktivni
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sekvence pro vazbu a aktivaci GHS-R1la, tzv. farmakofor, byl identifikovan
N-terminalni tetrapeptid (Bednarek et al. 2000). Uvedené poznatky se shoduji
svysledky podobné strukturné¢ aktivitni studie realizované Matsumotem a
spolupracovniky (Matsumoto et al. 2001). Kromé oktanoylace v pozici 3 je pro
zachovani biologické aktivity ghrelinu zasadni také pozitivni N-terminalni ndboj a
fenylalanin v pozici 4 (Van Craenenbroeck et al. 2004). In vivo testy mimoto prokazaly,
7e C-terminalni ¢ast ghrelinu je dalezita pro jeho stabilitu (Morozumi et al. 2011).

Na zaklad¢ uvedenych poznatkl byly za ucelem zvyseni stability navrzeny dalsi
analogy ghrelinu. Molekula ghrelinu byla modifikovana zaménou serinu v pozici 3
za diaminopropionovou kyselinu (Dpr), ktera muze tvofit stabilni amidovou vazbu
s kyselinou oktanovou a tim chrani molekulu pied hydrolyzou esterazami (Bednarek et
al. 2000). Mimoto byl N-terminalni glycin nahrazen sarkosinem (Sar) a fenylalanin
v pozici 4 nahrazen nekédovymi aminokyselinami p-cyklohexylalaninem (Cha) ¢i
L-1-naftylalaninem (Nal) kvali ochrané¢ pied pusobenim aminopeptiddz nebo
chymotrypsinovych proteaz. Vysledné analogy vykazovaly afinitu k GHS-Rla a
orexigenni efekt srovnatelné s ghrelinem, nicméné s vyznamné¢ del§im trvanim ucinku
(Maletinska et al. 2012).

Ze struktury téchto analogi vychazi nyni nové navrZzend série agonistil
GHS-R1a, jimiz se dale zabyvam v této praci. U téchto analogl byla oktanové kyselina
na Dpr vpozici 3 nahrazena mastnou kyselinou s delsim fetézcem (dekanova,
myristova, palmitova), nenasycenou mastnou kyselinou (undecynova, decenova) nebo
dalSimi kyselinami (bromoktanovd, adamantanoctovd), ptipadné byla do struktury
zaClenéna druhd mastnd kyselina (palmitoyl pfipojen na sekundarni aminoskupinu
lysinu v C-koncové ¢asti molekuly), bylo obménéno aminokyselinové slozeni nebo byl
zkracen peptidovy fetézec. Cilem téchto modifikaci bylo zvysit stabilitu molekul,
zlepsit prichod hematoencefalickou bariérou a vazbu na receptor GHS-R1a. Zjistili
jsme, Ze po perifernim podani mySim vétSina téchto agonistl statisticky vyznamné
zvySuje piijem potravy, a to vice nez ghrelin &i [Dpré]ghrelin (vice oddil 5.1).

Firma Ipsen vyvinula agonisty GHS-R1a odvozené od plného fetézce ghrelinu.
BIM-28125, BIM-28143 a BIM-28152 se vazaly na bunééné membrany z bunék
CHO-K1 exprimujicich lidsky rekombinantni receptor GHS-R1a s afinitou srovnatelnou
s ghrelinem a stimulovaly sekreci rGstového hormonu v kultufe lidskych fetalnich
hypofyzarnich bun¢k a v kultufe bun€k z adenomu sekretujiciho rstovy hormon

(Rubinfeld et al. 2004). Dlouhodobé SC podavéani BIM-28125 a BIM-28131 §tihlym
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potkantim vedlo K signifikantnimu zvySeni pfijmu potravy a naristu télesné hmotnosti
danému zejména zvySenim obsahu tukové tkané (Strassburg et al. 2008). Jednorazové
IP podani BIM-131 Stihlym mySim zvySilo pfijem potravy, stimulovalo sekreci
rastového hormonu a vedlo k aktivaci cFos v hypothalamickych jadrech souvisejicich

s regulaci piijmu potravy (ARC, NTS, AP) (Hassouna et al. 2013).

1.2.3.2 Peptidomimetika

Vzhledem ke skuteCnosti, ze peptidy maji velmi nizkou oralni biodostupnost a
nizkou stabilitu, bylo navrzeno velké mnozstvi nepeptidovych analog ghrelinu. Mezi
prvnimi z nich byly derivaty benzolaktamu vyvinuté firmou Merck. Nejstudovanéjsi
agonista z této skupiny latek, L692585, byl prvnim analogem ghrelinu, ktery stimuloval
sekreci ristového hormonu Iépe neZ GHRP-6; jeho oralni biodostupnost byla nicméné
nizka (Jacks et al. 1994). Pti dal$im screeningu knihovny sloucenin firmy Merck byly
jako agonisté GHS-R1a identifikovany derivaty quinazolinonu (Ye et al. 2000) a také
slouceniny ze skupiny spiropiperidint. Ibutamoren (MK0677) je velmi G¢inny in vitro a
odolny vici ptsobeni peptidaz, jeho biologicky polocas je 5 hodin. Dobra rozpustnost
ve vodé, lipofilicita a mirnd zasaditost pfispivd k jeho vynikajici oralni biologické
dostupnosti (u psi vice nez 60 %). Jedna se o prvni popsanou nizkomolekularni
nepeptidovou latku, ktera stimuluje sekreci ristového hormonu (Patchett et al. 1995;
Jacks et al. 1996). Ze struktury MKO0677 (obr. 10) vychazi také série GHS vyvinutych
firmou Pfizer. Ztéto skupiny sloucenin, jejichz spoleénym strukturnim rysem je
pfitomnost pyrazolinon-piperidinové funk¢ni skupiny, lze jmenovat capromorelin,
kratkodob& piisobici GHS vyznacujici se vysokou ordlni biodostupnosti (65 %
upotkant) (Pan et al. 2001; Carpino et al. 2003). Dalsim testovanym

peptidomimetikem ghrelinu je napf. anamorelin (obr. 10) (Garcia & Polvino 2009).
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Obr. 10 Struktury peptidomimetik ghrelinu MKO0677(Merck) a anamorelinu (Ono

Pharmaceutical). (researchsarms.co.uk, www.chemicalbook.com)
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1.2.3.3 Agonisté GHS-R1a testovani jako potencialni 1é¢iva pro terapii kachexie

U nékterych vySe zminénych agonistt GHSR-1a byla podobn¢ jako u ghrelinu
testovana moznost jejich vyuziti v terapii kachexie. BIM-28131 byl testovan
na potkanim modelu nadorové kachexie, kde zptsobil zvySeni pfijmu potravy a télesné
hmotnosti a zabranil Gbytku svalové i tukové hmoty (DeBoer et al. 2007). Agonisté
BIM-28125 a BIM-28131 byli testovani na potkanim modelu kachexie vyvolané
chronickym selhanim ledvin. Jejich podavani zvysilo piijem potravy, snizilo hladiny
cirkulujicich prozanétlivych cytokinii, snizilo degradaci svalovych proteini a ubytek
svalové hmoty (Deboer et al. 2008). Jejich podavani téz zvySilo mnozstvi svalové i
tukové tkané u potkant s kachexii vyvolanou infarktem myokardu (Palus et al. 2011).

Peptidy GHRP-1, GHRP-2, GHRP-6 a hexarelin byly testovany na potkanech
s kachexii vyvolanou srde¢nim selhanim. Jejich dlouhodobé SC podavani vedlo
ke zlepSeni funkce srdce, zvySeni télesné hmotnosti a také snizeni hladin cirkulujicich
stresovych hormontl, napt. norepinefrinu, reninu, angiotensinu, aldosteronu ¢i atrialniho
natriuretického peptidu (Xu et al. 2005).

Anamorelin testovany v pilotni studii na kachektickych onkologickych
pacientech zpusobil nesignifikantni zvySeni pfijmu potravy a signifikantni pfirastek
hmotnosti ve srovnani s placebem, mimoto zvysil hladiny ristového hormonu a IGF-1
(rGstovy faktor podobny inzulinu) (Garcia et al. 2013).

MKO0677 byl testovan na zdravych dobrovolnicich ve véku 61-80 let; jeho
podavani zvysilo hladiny ristového hormonu a IGF-1 a beztukovou télesnou hmotnost,
v mnozstvi celkové a visceralni tukové tkan€ nebyly pozorovany signifikantni zmény.
Dale doslo ke zvyseni hladin glukdzy a snizeni citlivosti k inzulinu (Nass et al. 2008).

JMV1843 je vsoucasné dobé pod oznaCenim macimorelin ve druhé fazi
klinickych studii jako latka pro lé€bu kachexie provéazejici nadorovd onemocnéni

(Aeterna Zentaris, viz www.aezsinc.com).

1.2.3.4 Dalsi mozné vyuziti agonisti GHS-R1a

Agonist¢é GHS-R1la mohou byt oralné¢ dostupnou alternativou K podavani
rekombinantniho lidského rlistového hormonu pii stimulaci ristu u GH-deficientnich
déti ¢i v terapii metabolickych dysfunkei u GH-deficientnich dospélych. GH jako velka
proteinova molekula musi byt podavan injek¢éné nebo inhala¢né, zatimco malé molekuly
analogii ghrelinu mohou umoznit pohodingjsi PO podavani a stimulovat sekreci
endogenniho GH (Muccioli et al. 2002; Allas & Abribat 2013).
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1.3 Potencialni klinické aplikace ovlivnéni funkce ghrelinu v 1é¢bé

obezity

1.3.1 Obezita

Obezita je definovana jako pfebyte¢né hromadéni tukové tkané v organismu,
k némuz dochazi v dusledku dlouhodobé nerovnovahy mezi pfijmem a vydejem
energie. K orientaénimu posouzeni obsahu tukové tkan¢ v organismu byl zaveden
tzv. index télesné hmotnosti (BMI, z angl. body mass index), ktery je definovan jako
podil t&lesné hmotnosti v kg a druhé mocniny vysky v m. Hodnota BMI 18 — 25 kg/m?
znaC¢i normalni hmotnost, hodnota nad 25 kg/m2 nadvéhu, hodnota nad 30 kg/m2
obezitu. K odhadu rizik spojenych s obezitou se stale ¢astéji pouziva také prosté méfeni
obvodu pasu, které dobie odrazi distribuci télesného tuku. Zvysena zdravotni rizika jsou
pfitom spojena s obvodem pasu vét§im nez 88 ¢cm u zen a vétSim nez 102 cm u muzu
(Scerif et al. 2011; Davenport & Wright 2013; De Schutter et al. 2013).
onemocnénim obyvatel zapadniho svéta. Alarmujici je fakt, Ze obezita vykazuje trvale
vzestupny trend vyskytu, a to v ¢&im dal vétsi mife 1 v rozvojovych zemich. Tato
skutenost je zejména dusledkem soucasného sedavého zpisobu Zivota a snadné
dostupnosti energeticky bohaté a chutné potravy. Obezita jiz dlouho neni povazovana
pouze za esteticky problém. Piedevsim je spojena s fadou zdravotnich rizik, z nichz Ize
jmenovat zejména vznik diabetu II. typu (spojeného se sniZenou citlivosti k inzulinu),
zvySeny vyskyt kardiovaskuldrnich onemocnéni (hypertenze, ateroskler6zy, mozkovych
cévnich ptihod) a nékterych typi nadort (zejména tlustého stfeva, prsu, prostaty a
ledvin) (Scerif et al. 2011; Heal et al. 2012).

V soucasné 1é¢beé obezity se setkdvame v zasad¢ se tfemi piistupy. Prvnim z nich
je komplexni zména Zivotniho stylu, zejména zmeéna stravovacich navyki a zvySeni
fyzické aktivity, které mohou byt podpofeny psychoterapii. Tento pfistup casto
ztroskotava na Spatné spolupraci pacientii. Dal§i moznosti je bariatricka chirurgie, tedy
napt. chirurgické zmenSeni objemu Zaludku, které umozni dosdhnout sniZeni pocitu
hladu. K nejcastéji provadénym bariatrickym zakroktim se fadi laparoskopicka bandaz
zaludku ¢i Zalude¢ni bypass. Vzhledem ke zfejmym rizikim a k Castému relapsu
obezity v kratkém Case po operaci jsou nicmén¢ bariatrické zakroky indikovany pouze
Vv ptipadé morbidni obezity (BMI > 40). Poslednim pfistupem v terapii obezity zistava

farmakoterapie. VétSina 1éCiv urcenych ke snizovéani télesné hmotnosti se nicméné
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vyznacuje nizkou ucinnosti (redukce hmotnosti piiblizn¢ o 5 %) a fadou vedlejsich
efektd (Kushner 2014). V soucasnosti jsou na ¢eském trhu pouze dvé antiobezitika:
inhibitor stfevni lipazy orlistat (Xenical, Alli) a fentermin (Adipex Retard), ktery
stimuluje sekreci noradrenalinu a potlacuje chut' k jidlu, vzhledem K riziku vzniku
zavislosti je vSak urCen pouze pro kratkodobé pouziti (www.sukl.cz). V USA byl
s pozadavkem monitorovani dlouhodobych kardiovaskularnich efekt schvalen
kombinovany piipravek Qnexa®™ (Qsymia®), kombinace fenterminu s antikonvulzantem
topiramatem. Dal§im takto schvalenyn pfipravkem je Contrave®, kombinace
bupropionu a naltrexonu; bupropion pusobi jako inhibitor zpétného vychytavani
dopaminu a noradrenalinu, zatimco naltrexon je antagonista opioidniho receptoru.
Tietim antiobezitikem schvalenym v USA je lorcaserin (Belvig®), selektivni agonista
serotoninergniho receptoru 5-HT2C (Heal et al. 2012; Davenport & Wright 2013;
Kushner 2014). Vzhledem k celosvétové nartistajicimu vyskytu obezity se nicméné

stava potfeba novych u¢innych antiobezitik stale akutnéjsi.

1.3.1.1 Zvireci modely obezity

V soucasnosti je popsana fada obéznich zvifecich modell S riznym rozsahem a
typem obezity. Obezita mulze byt zapfi¢inéna spontdnnimi mutacemi, umélymi
genetickymi modifikacemi (tzv. KO zvifata s vyfazenymi geny, z angl. knock-out),
faktory prostiedi (napf. obezita indukovana dietou) nebo mechanickym ¢i chemickym
zasahem (napt. vznik chemickych 1ézi v hypothalamu) (Tschép & Heiman 2002).

Mysi s defektem v signaliza¢ni draze leptinu, at’ uz se jedna o poruchu produkce
leptinu nebo necitlivost k leptinu v disledku mutace leptinového receptoru ¢i extrémni
leptinové rezistence, vyvijeji hyperfagii a morbidné obézni fenotyp. Ob/ob mysi jsou
nositeli spontanni mutace ob genu koédujiciho leptin; tato mutace zapticinuje pred¢asné
ukonceni transkripce genu a tedy tplnou deficienci proteinu. Db/db mysi jsou ob/ob
mysim fenotypové velmi podobné; odlisuji se od nich leptinovou rezistenci, nebot” jsou
nositeli spontdnni mutace leptinového receptoru, ktera vede ke ztraté jeho funkce.
Obdobou toho modelu jsou leptin-rezistentni fa/fa (Zucker, Koletsky) potkani. Dalsi
modely obezity byly vytvofeny zasahy do signaliza¢ni drahy leptinu (napt. POMC KO,
zvifata s vyfazenym genem pro anorexigenni neuropeptid proopiomelanokortin) (Lutz
& Woods 2012).

Podavani diety s vysokym podilem tuku vede k rozvoji obezity, ktera je velmi

podobna lidské obezité. Nekteré kmeny hlodavet jsou k rozvoji obezity indukované
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dietou (DIO) obzvlasté¢ nachylné. Jedna se napt. o potkani kmeny Wistar a Sprague-
Dawley nebo mysi kmene C57BL/6. Obdobou vysokotukové (HF, z angl. high fat) diety
je tzv. cafeteria dicta, ktera svym sloZzenim napodobuje slozeni potravy obyvatel
zépadniho svéta a mimo zvySeného obsahu tuku obsahuje také zvySené mnozstvi
sacharidti (Rogers & Blundell 1984; Hariri & Thibault 2010).

Ke vzniku obezity vede také vytvoreni 1ézi v jadrech hypothalamu podilejicich
se na regulaci pfijmu potravy (napf. ve ventromedialnim ¢i paraventrikularnim jadru
nebo nucleu arcuatu), at’ uz chirurgicky nebo chemicky, napi. opakovanym injek¢nim
podavanim monoglutamatu sodného novorozenym hlodavcim. K dal§im metodam
vedoucim K vytvoreni obézniho fenotypu patii napt. ovariektomie, ktera vede ke snizeni
produkce anorexigenniho estradiolu, nebo ablace hnédé tukové tkané, ktera zpisobuje

snizeni termogeneze a tedy energetického vydeje (Lutz & Woods 2012).
1.3.2 Mozné vyuziti ovlivnéni funkce ghrelinu v 1é¢bé obezity

1.3.2.1 Neutralizace ghrelinu

Alternativnim imunologickym piistupem pro blokovani signalizace ghrelinu je
vakcinace protilatkou proti endogennimu ghrelinu, kterd umoziiuje specificky
modulovat jeho biologickou dostupnost. Bylo popsano, ze aktivni vakcinace dospélych
potkanti imunokonjugatem ghrelinu vede ke snizeni vyuziti energetické hodnoty
potravy (angl. feed efficiency), adipozity a hmotnostniho pfirdstku; tento ucinek je
vysledkem imunitni odpovédi proti acylované form¢ ghrelinu (Zorrilla et al. 2006).
Obdobnych vysledkt bylo dosazeno vakcinaci prasat (Vizcarra et al. 2007) a stihlych a
obéznich mysi (Zakhari et al. 2012; Andrade et al. 2013). Vyvoj vakciny pro klinické
pouziti, jimz se zabyvala Svycarskd firma Cytos, byl nicméné zastaven z diivodu
negativnich vysledkll v druhé fazi klinickych studii; vakcina sice vyvolavala imunitni
odpovéd’ a snizovala pocit hladu, nebyl vSak pozorovan signifikantni hmotnostni ubytek
(Depoortere 2009).

Relativné novym typem sloucenin, jichz 1ze vyuzit k blokovani funkce ghrelinu,
jsou tzv. RNA-Spiegelmery. Jedna se o syntetické oligonukleotidy obsahujici
nepfirozeny L-enantiomer ribozy, coz vede k tomu, Ze jsou tyto slouceniny stabilni
invivo. Tyto RNA-Spiegelmery jsou navrhovany tak, aby se specificky vazaly
naacylovany ghrelin a znemoznovaly mu aktivaci receptoru. RNA-Spiegelmer

NOX-BI11 vaze ghrelin s nanomolarni afinitou, inhibuje aktivaci GHS-R1a in vitro a
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po IV podani potkanim efektivné potlacuje sekreci ristového hormonu (Helmling et al.
2004) a blokuje zvySeni piijmu potravy a stimulaci c-Fos v ARC vyvolané podanim
ghrelinu (Kobelt et al. 2006). Dlouhodobé podavani NOX-B11-2 obéznim DIO mysim

vede k redukci jejich hmotnosti (Shearman et al. 2006).

1.3.2.2 Inhibice ghrelin-O-acyl transferazy

Inhibice ghrelin-O-acyl transferazy, enzymu zprostiedkovavajiciho oktanoylaci
ghrelinu, je strategie, ktera brani produkci aktivni formy ghrelinu a zaroven
pravdépodobné vede ke zvyseni hladin des-acyl ghrelinu. Vzhledem k tomu, ze GOAT
je doposud jedina zndméa membranoveé vazana O-acyl transferaza, jsou vedlejsi ucinky
dané interferenci s dal$imi acylujicimi enzymy nepravdépodobné (Depoortere 2009).
GO-CoA-Tat, synteticky konjugat peptidové struktury a koenzymu A, po IP podani
mySim zlepSuje glukdézovou toleranci a snizuje hmotnostni pfirustek pifi expozici

vysokotukové diet¢ (Barnett et al. 2010; Taylor et al. 2012).

1.3.2.3 Antagonisté GHS-R1a jako potencialni antiobezitika

[DLys*]-GHRP-6 (His-D-Trp-D-Lys-Trp-D-Phe-Lys-NH,) vytésiioval ghrelin
pfi vazebnych experimentech nabunéénych membrandch bunck CHO-K1
s transfekovanym receptorem GHS-R1a (Traebert et al. 2002) a na potkani hypofyzarni
tumorové bunééné linii RC-4B/C, kde také potlacoval uvolnovani intraceluldrniho
kalcia vyvolané ghrelinem (Falls et al. 2006). In vivo [DLys*]-GHRP-6 sniZoval piijem
potravy po ICV a IP podéani Stihlym hladovym mySim a rovnéZ potlacoval zvySeni
pfijmu potravy vyvolané IP podanim ghrelinu Stihlym sytym mySim. Mimoto rovnéz
sniZzoval pfijem potravy, télesnou hmotnost a hladinu krevni glukézy po opakovaném IP
podavani obéznim ob/ob mySim a mySim s obezitou indukovanou podavanim
vysokotukové diety (Asakawa et al. 2003). IP podani [DLys*]-GHRP-6 vedlo také ke
sniZeni piijmu potravy u obéznich fa/fa potkani a odpovidajicich stihlych kontrol (Beck
et al. 2004). Chronické podkozni podavéani [DLys’]-GHRP-6 zpisobilo redukci pifjmu
potravy a télesné hmotnosti a zlepSeni metabolickych abnormalit spojenych s obezitou
u ovariektomovanych mySich samic krmenych vysokotukovou dietou, které jsou
modelem lidské postmenopauzalni obezity (Maletinska et al. 2011).

Derivaty isoxazol karboxamidu a tetralin karboxamidu (firma Abbott) efektivné
vytésniovaly ghrelin ve vazebnych studiich na membranich CHO-K buné¢k

s transfekovanym lidskym receptorem GHS-R1a. Ve funkénich studiich bylo ukézano,
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Ze antagonizuji uvoliovani intracelularniho kalcia vyvolané ghrelinem. Pfi testovani
na zvifecich modelech vSak bylo zjisténo, ze tyto slouceniny maji velmi Spatnou
biologickou dostupnost a z tohoto diivodu nemaji signifikantni u¢inek na piijem potravy
(Liu et al. 2004; Zhao et al. 2004; Xin et al. 2005; Zhao et al. 2005).

Pfi screeningu knihovny sloucenin firmy Abbott byly nasledné jako antagonisté
GHS-R1a identifikovany derivaty 2,4-diaminopyridinu. Tyto latky snizovaly pfijem
potravy po IP podani jak u sytych, tak hladovych potkant, a fada z nich vykazovala
dobry farmakokineticky profil a pomérné¢ vysokou biologickou dostupnost po IP a PO
podani (Liu et al. 2006; Serby et al. 2006). Na zakladé molekulového modelovani byla
navrzena nova série derivatd 2,4-diaminopyridinu, z nichz nékteré zptsobovaly
signifikantni snizeni pfijmu potravy a télesné hmotnosti po 14-dennim PO podévani
mysim s obezitou indukovanou vysokotukovou dietou (Xin et al. 2006).

Derivaty quinazolinonu substituované piperidinem (firma Bayer) zlepSovaly
sekreci inzulinu stimulovanou glukézou in vitro a dale zlepSovaly glukdzovou toleranci,
potlacovaly piijem potravy a zpisobovaly snizeni hmotnosti po PO podani potkanim a
mysim s DIO (Esler et al. 2007; Rudolph et al. 2007).

Antagonist¢é GHS-R1a zalozeni na struktufe trisubstituovaného 1,2,4-triazolu
(Demange et al. 2007; Moulin et al. 2007a; Moulin et al. 2013) JMV2959 a JMV3002
(viz obr. 12 v oddile 4.1.3) potlacovali po jednorazovém centralnim podani potkantim
pfijem potravy indukovany hladovénim ¢i podanim ghrelinu (Salomé et al. 2009a).
Mimoto chronické centralni podavavani JMV2959 potkanim blokovalo ucinky
dlouhodobé podavaného ghrelinu na akumulaci tuku a nésledny narist hmotnosti
(Salomé et al. 2009b). V jiné studii, pti niz méli potkani volny vybér mezi standardni
peletovanou dietou a cokolddovym ndpojem indukujicim vznik obezity, vedlo IP
podavani JMV2959 ke snizeni konzumace ¢okoladového napoje o 50 % oproti kontrolni
skupiné pti zachovani konzumace standardni diety a k signifikantnimu sniZeni pfirastku
hmotnosti (Egecioglu et al. 2010).

K dal§im slou¢eninam, které byly na zékladé¢ vazebnych a funkénich studii
oznaceny jako antagonist¢é GHS-Rla, se fadi derivaty benzensulfonamidu vyvinuté
firmou Merck (Pasternak et al. 2009), derivaty piperazin-bisamidu vyvinuté firmou
Amgen (Yu et al. 2010) nebo derivaty karbohydrazidu vyvinuté firmou
GlaxoSmithKline (Sabbatini et al. 2010; Sabbatini et al. 2011). GSK1614343,
antagonista z posledni jmenované skupiny, se jevil jako ucinny antagonista GHS-R1a

exprimovaného potkani hypofyzarni bunéénou linii RC-4B/C (Perdona et al. 2011).
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Po podani potkaniim a psiim nicméné piekvapiveé stimuloval piijem potravy a narlst
télesné hmotnosti (Costantini et al. 2011).

Podobny uc¢inek byl pozorovan také pti testovani slouceniny BIM-28163 (firma
Ipsen), jejiz struktura nebyla publikovana. Ta sice blokovala sekreci ristového hormonu
indukovanou ghrelinem, ale po dlouhodobém podavani indukovala narast télesné
hmotnosti (Halem et al. 2004; Halem et al. 2005; Hassouna et al. 2013).

IP podani derivata indolinonu (firma Sanofi) vedlo k signifikantnimu zlepS$eni
gluk6zové tolerance u mysi a k redukci pfijmu potravy stimulovaného hladovénim ¢i
centraln¢ podavanym ghrelinem u potkant (Puleo et al. 2012).

Derivaty benzodiazepinu blokovaly uvoliiovani intracelularniho kalcia vyvolané
ghrelinem, jejich u¢inky in vivo vSak dosud nebyly stanoveny (Mihalic et al. 2012).

Dalsi antagonisté GHS-R1a, jako napt. TZP-301 (firma Tranzyme Pharma) nebo
EX-1350 (firma Elixir Pharmaceuticals), byly testovany v preklinickych studiich;
EX-1350 zpisoboval po dlouhodobém podavani mysim s obezitou indukovanou
vysokotukovou dietou az 10% ubytek hmotnosti bez signifikantniho snizeni pfijmu
potravy (Depoortere 2009; Delporte 2012).

1.3.2.4 Inverzni agonisté GHS-R1a jako potencialni antiobezitika

Vzhledem Kk vysoké konstitutivni aktivit¢ ghrelinového receptoru pozorované
invitro (Holst et al. 2003; Holst et al. 2004) byla vyslovena hypotéza, Zze inverzni
agonisté ghrelinového receptoru blokujici jeho konstitutivni aktivitu mohou branit
nadbyte¢nému pifijmu potravy mezi hlavnimi jidly, aniz by byl znemoZnén dostacujici
energeticky pfijem v ramci hlavnich jidel (Depoortere 2009).

Nejdéle znamym a také nejlépe popsanym inverznim agonistou ghrelinu je
[D-Arg!, D-Phe®, D-Trp” °, Leu*']-substance P. Jedna se o analog substance P, peptidu
vyvolavajictho bolest, stres a uzkost. Analog [D-Arg’, D-Phe®, D-Trp"°, Leu']-
substance P byl ptivodné popsan jako pomérné malo ucinny antagonista fady receptort,
vcetné napf. receptoru pro neurokinin, bombesin ¢i ghrelin. Pozdéji vSak bylo zjisténo,
ze tato sloucenina je 100-krat uc¢innéjsi jako inverzni agonista GHS-R1a nez jako jeho
antagonista (Holst et al. 2006). Jednorazové podani [D-Arg*, D-Phe®, D-Trp" ®, Leu]-
substance P $tihlym myS$im zpusobilo snizeni piijmu potravy (Asakawa et al. 2003),

dlouhodobé ICV podavani stihlym potkantim vedlo ke sniZeni piijmu potravy, télesné

hmotnosti a exprese orexigenniho peptidu NPY v hypothalamu (Petersen et al. 2009).
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CJ 012,255, dalsi analog substance P, po perifernim podavani mySim branil
akumulaci tuku a nartstu télesné hmotnosti pii souasném krmeni vysokotukovou
dietou, zatimco po podavani obéznim DIO mySim zpisobil ubytek hmotnosti a
adipozity a zlepsil citlivost k inzulinu (Karagiannides et al. 2008).

Hexapeptid KwFwWLL-NH; (w znaci variabilni aminokyselinu), odvozeny od
minimalni aktivni sekvence substance P, dava po zaclenéni B-(3-benzothienyl)-D-
alaninu, 3,3-difenyl-D-alaninu nebo 1-naftyl-D-alaninu na pozici 2 vznik u¢innym
inverznim agonistim GHS-R1a. Tyto slou¢eniny maji vysokou afinitu ke ghrelinovému
receptoru a po akutnim jednorazovém podani $tihlym potkantim snizuji piijem potravy
(Els et al. 2012).

K dalsim popsanym inverznim agonistim GHS-Rla patii napf. derivaty
spirocyklického piperidin-azetidinu (Pfizer), které po podani potkanum vykazovaly
dobrou oralni biologickou dostupnost (Kung et al. 2012), nebyly vsak zcela selektivni a
vazaly se také na muskarinovy acetylcholinovy receptor M2. Tato neselektivita byla
v dal$i sérii derivati odstranéna zaclenénim heterocykli do struktury inverznich
agonistll, derivaty vSak nebyly dostateén¢ ucinné a jejich dalsi vyzkum byl ukoncéen

(McClure et al. 2013).
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2 CILE DIZERTACNI PRACE

e Charakterizace novych stabilnich dlouhodobé piisobicich peptidovych
agonisti receptoru GHS-R1a

Ghrelin je vzhledem ke své oktanoylaci na Ser® pomérn¢ nestabilni hormon, jako peptid
je navic snadno $tépen proteazami. Za ucelem zvySeni stability molekuly ghrelinu byly
Vv nasi laboratofi navrzeny jeho analogy s obménénou aminokyselinovou sekvenci, do
niz byly za¢lenény nekédové aminokyseliny (Sar' jako ochrana proti $t&peni
aminopeptiddzami, Dpr® vytvéiejici stabilni amidovou vazbu s mastnou Kkyselinou,
zamény Phe* na ochranu proti §tépeni chymotrypsinovymi protedzami). Tyto analogy
byly dale modifikovany zkracenim peptidového fetézce, zaclenénim druhé mastné
kyseliny, ¢i zaménou oktanové kyseliny za del§i ¢i nenasycenou mastnou kyselinu.
Prvnim z cilt této prace bylo charakterizovat nové analogy ghrelinu po strance jejich

vazby k receptoru GHS-R1a, signalizace, stability a G¢inku na piijem potravy u mysi.

e Studium ucinku pseudopeptidového agonisty receptoru GHS-R1la JMV1843

na prijem potravy a télesnou hmotnost u Stihlych mysich samci

JMV1843 je pseudopeptidovy analog ghrelinu, o némz se uvazuje jako o potencialnim
lé¢ivu pro terapii kachexie. Druhym cilem této prace bylo otestovat akutni ucinek
JMV1843 na pfijem potravy po perifernim podani mySim, analyzovat jeho stabilitu
v mysi krvi jak in vitro, tak in vivo, a testovat G¢inky JMV 1843 na pfijem potravy,
télesnou hmotnost, metabolické parametry a expresi orexigennich neuropeptidii

po dlouhodobém perifernim podavani mysim.

¢ Studium ucinku nepeptidovych antagonisti receptoru GHS-R1a JMV3002 a
JMV4208 na piijem potravy a télesnou hmotnost u obéznich mysich samcii
Blokovani u¢inku ghrelinu pomoci antagonisti GHS-R1a se jevi jako vhodny pfistup
V terapii obezity. Tretim cilem této prace bylo studovat uc¢inky JMV3002 a JMV4208,
nepeptidovych antagonistt GHS-Rla zalozenych na struktufe trisubstituovaného
1,2,4-triazolu. Pfedmétem zajmu byl akutni i¢inek obou antagonistii na piijem potravy
po jednorazovém perifernim podani S§tihlym mysSim, farmakokinetika in vivo a
dlouhodoby vliv na pfijem potravy, télesnou hmotnost, metabolické parametry a expresi
neuropeptidii ovliviiujicich piijem potravy po chronickém podavani mysim s obezitou

indukovanou vysokotukovou dietou.
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3 MATERIAL

Testované latky
Ghrelin

[Dpr]ghrelin

JMV1843, IMV3002, IMV4208

Peptidovi agonisté GHSR-1a

Buné¢né linie a membrany

Linie HEK293T

Membrany z bunééné linie HEK293T
s transfekovanym receptorem GHS-R1a
Membrany z bunééné linie LLC PK-1

s transfekovanym receptorem GHS-R1a

Laboratorni zvirata
Inbredni mysi kmen C57BL/6

Potkani kmene Wistar

Dieta pro laboratorni zvirata

Standardni dieta St-1

Kity

ELISA kit pro stanoveni ghrelinu

ELISA kit pro stanoveni IGF-1

ELISA kit pro stanoveni leptinu

High-Capacity cDNA Reverse
Transcription Kit

IP-One HTRF kit

Syntetizovan v Ustavu organické chemie a
biochemie AV CR, v.v.i., Praha, CR
Syntetizovan v Ustavu organické chemie a
biochemie AV CR, v.v.i., Praha, CR

Dar od prof. Martineze, Institut des
Biomolécules Max Mousseron, Montpellier,
Francie

Syntetizovani v Ustavu organické chemie a

biochemie AV CR, v.v.i., Praha, CR

ATCC, Manassas, VA, USA
Multispan, Hayward, CA, USA

Dar od prof. Martineze, Institut des

Biomolécules Max Mousseron, Montpellier,

Francie

Charles River, Némecko

Harlan, Italie

Mlyn Kocanda, Jesenice, CR

Linco Research, St. Charles, MI, USA
Linco Research, St. Charles, MI, USA
BioVendor, Brno, CR

Applied Biosystems, Foster City, CA, USA

Cisbio Bioassays, Codolet, Francie
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Kit pro stanoveni triglyceridii

MagNA Pure Compact RNA Isolation

(Tissue) Kit
RIA kit pro stanoveni adiponektinu
RIA kit pro stanoveni inzulinu
RNAgqueous Micro Kit

Chemikalie

Acetonitril

BSA

BPTI

DMEM Glutamax
EDTA

FBS

Fluo-4AM

Fyziologicky roztok
HBSS

HEPES

Chlorid hote¢naty
Chlorid véapenaty
lodo-Gen™

Kyselina mravenci
Kyselina pluronova
Lipofectamine 2000
Néhodné primery pd(N)s
Neesencialni aminokyseliny
NO AmpErase® UNG
OptiMEM

PEG300
Penicilin/Streptomycin
Plazmid pCDNA3-GHSR1a

Poly-L-ornithin

Siran hotecnaty

Sigma-Aldrich, St. Louis, MO, USA

Roche Diagnostics, Mannheim, Némecko

Linco Research, St. Charles, MI, USA
Linco Research, St. Charles, MI, USA
Ambion, Austin, TX, USA

Sigma-Aldrich, St. Louis, MO, USA
Serva GmbH, Heidleberg, Némecko
Sigma-Aldrich, St. Louis, MO, USA
Invitrogen, Grand Island, NY, USA
Lachema, brno, CR

Biochrom AG, Berlin, Némecko
Invitrogen, Grand Island, NY, USA
Infusia, Hotatev, CR

Invitrogen, Grand Island, NY, USA
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Pierce Chemicals, Rockford, IL, USA
Sigma-Aldrich, St. Louis, MO, USA
Invitrogen, Grand Island, NY, USA
Invitrogen, Grand Island, NY, USA
Amersham Biosciences, Piscataway, NJ, USA
Invitrogen, Grand Island, NY, USA
Applied Biosystems, Foster City, CA, USA
Invitrogen

Sigma-Aldrich, St. Louis, MO, USA
Invitrogen, Grand Island, NY, USA
Missouri S&T cDNA Resource Center, St.
Rolla, MO, USA

Sigma-Aldrich, St. Louis, MO, USA
Penta, Chrudim, CR

45



TagMan® Gene Expression Assay
TagMan® Universal PCR Master Mix
Tris

Triton X-100

Voda prosta nukleas

Material

GF/C filtry

Kolona Discovery HS C18
Kolona Eclipse Plus C18
MagNA Lyser Green Beads

Piistroje a programy
Analyzator ABI PRISM 7000/7500
Automaticky izoldtor MagNA Pure

Brandeltv pfistroj

CO, inkubator MCO 18AIC
FlexStation Il
y-¢ita¢ Wizard 1470

Glukometr Glucocard

GraphPad Prism 5

Hmotnostni spektrometr API 3200
Hmotnostni spektrometr Q-TOF-Micro
Homogenizator MagNA Lyser
Kapalinovy chromatograf Alliance
Kapalinovy chromatograf Agilent 1200
Kryostat Microm HM 520

Syntetizator ABI 433A

UV/Vis fotometr BioPhotometer

Applied Biosystems, Foster City, CA, USA
Applied Biosystems, Foster City, CA, USA
Sigma-Aldrich, St. Louis, MO, USA
Koch-Light Laboratories, Colnbrook, Bucks,
Velka Britanie

Fermentas Life Science, Vilnius, Litva

Whatman, Clifton, NJ, USA
Supelco, Bellefonte, PA, USA
Agilent, Santa Clara, CA, USA

Roche Diagnostics, Mannheim, Némecko

Applied Biosystems, Foster City, CA, USA
Roche Diagnostics, Mannheim, Némecko
Biochemical and Development Laboratories,
Gaithersburg, MD, USA

Sanyo, Osaka, Japonsko

Molecular Devices, Sunnyvale, CA, USA
PerkinElmer Life and Analytical Sciences,
Waltham, MA, USA

Arkray, Kyoto, Japonsko

San Diego, CA, USA

Sciex, Concord, ON, Kanada

Waters, Milford, MA, USA

Roche Diagnostics, Mannheim, Némecko
Waters, Milford, MA, USA

Agilent, Santa Clara, CA, USA

Microm International, Walldorf, Némecko
Applied Biosystems, Foster City, CA, USA
Eppendorf AG, Hamburg, Némecko
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4 METODY

4.1 Syntéza analogii ghrelinu

4.1.1 Syntéza peptidovych agonisti receptoru GHS-R1a

Peptidové analogy ghrelinu byly syntetizovany na Ustavu organické chemie a
biochemie AV CR, v.v.i. (Praha, CR) metodou syntézy na pevné fazi dle postupu
Maixnerové a spolupracovniki (Maixnerova et al. 2007) s vyuzitim Fmoc strategie
na syntetizatoru ABI 433A. Lipidizace ptisluSnou mastnou kyselinou byla provedena
pred odstépenim peptidu z pryskyfice diive popsanym postupem (Maletinska et al.
2012). Syntézu peptidi provadéla Ing. Miroslava Blechova. Struktury jednotlivych
peptidovych agonisti GHS-R1a jsou uvedeny v tab. 3 v oddile 5.1.2.

4.1.2 Syntéza pseudopeptidového agonisty receptoru GHS-R1a JMV1843
JMV1843 byl syntetizovan na Institut des Biomolécules Max Mousseron
(Montpellier, Francie) dle diive popsaného postupu (Guerlavais et al. 2003). Jeho

struktura je znazornéna na obr. 11.

H
/ Y

N/\N
H H H
JMV 1843

Obr. 11 Struktura agonisty receptoru GHS-R1a JMV1843. Podle zdroje (Guerlavais
et al. 2003).

4.1.3 Syntéza triazolovych antagonistu receptoru GHS-R1a JMV3002 a
JMV4208
JMV3002 a JMV4208 byly syntetizovany na Institut des Biomolécules Max
Mousseron (Montpellier, Francie) dle diive popsaného postupu (Moulin et al. 2008).

Struktura obou slouc¢enin je znazornéna na obr. 12.
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Obr. 12 Struktury antagonistii receptoru GHS-R1a JMV3002 a JMV4208. Struktury
byly poskytnuty prof. Fehrentzem (IBMM, Montpellier, Francie).

4.2 Testovani analogi ghrelinu in vitro

4.2.1 Vazebné experimenty

4.2.1.1 Jodace ghrelinu

Ghrelin byl jodovan Vv laboratofi Radioizotopy, UOCHB AV CR, v.v.i. (doc.
RNDr. Toma§ Elbert, CSc.), a to na His® pomoci Na'?I s pouzitim IodoGenu™ dle
pokyni vyrobce diive popsanym postupem (Elbert & Vesela 2010). Jodace probihala
v 0.1 M sodnofosfatovém pufru o pH 7.2 pii pokojové teplot¢ po dobu 15 min,
mono-jodovany ghrelin byl separovan pomoci RP-HPLC (jako mobilni faze byl pouzit
20-40% gradient acetonitrilu ve vodé s 1% kyselinou trifluoroctovou). Specificka
aktivita [*®l]ghrelinu byla piiblizn¢ 2000 Ci/mmol. Alikvoty purifikovaného
jodovaného peptidu byly uchovavany pii -20 °C a spotiebovany pro vazebné

experimenty v pribéhu jednoho mésice.

4.2.1.2 Kompetitivni a saturaéni vazebné experimenty

Vazebné experimenty byly provadény podle principi Motulského a Neubiga
(Motulsky & Neubig 2002) svyuzitim membran piipravenych zbunééné linie
HEK293T s transfekovanym receptorem GHS-R1a (Multispan), pfipadné membran
pfipravenych z bunécné linie LLC-PK1 s transfekovanym receptorem GHS-R1a (dar
od prof. Martineze, IBMM, Montpellier).

Pro kompetitivni vazebné experimenty byl pouzit vazebny pufr (50 mM Tris
opH 7.4, 5 mM MgCl,, 25 mM EDTA, 1 mg/ml BSA, 0.1 mg/ml BPTI), neznacené
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analogy ghrelinu s finalni koncentraci v rozmezi koncentraci 10™ az 10° M a
125|_ghrelin s finalni koncentraci 0.05 nM. Inkubace byla provadéna v celkovém objemu
500 pl po dobu 45 minut za stalého michani pti laboratorni teploté. Vazebna reakce byla
ukon¢ena pfidanim vychlazeného vymyvaciho pufru (20 mMTris o pH 7.4, 10 mM
MgCl,, 2.5 mM EDTA, 0.015 % Triton X-100) nasledovanym rychlou filtraci
na Brandelové pristroji pies GF/C filtry pfedem namocené ve vazebném pufru s 0.5 %
PEI Radioaktivita navazana na bunéénych membranach zachycenych na filtrech byla
zméfena na y-Citaci (Wizard 1470 Automatic Gamma Counter). Experimenty byly vzdy
provadény v duplikatech a opakovany nejméné ttikrat.

Saturacni vazebné experimenty byly provadény v prostiedi stejného vazebného
pufru jako kompetitivni experimenty, s pouzitim 125I-ghrelinu v rozmezi koncentraci
0.05 — 1 nM a neznaCeného ghrelinu pro ureni nespecifické vazby v koncentraci
10° M. Inkubace byla provadéna v celkovém objemu 500 pl po dobu 45 minut
za stalého michani pfi laboratorni teploté. Vazebnd reakce byla ukoncena pfidanim
vychlazeného vymyvaciho pufru nasledovanym rychlou filtraci na Brandelové pfistroji
ptes GF/C filtry pfedem namocéené ve vazebném pufru s 0.5% PEI. Radioaktivita
navéazana na bunéénych membranach zachycenych na filtrech byla zméfena na y-¢itaci.
Experimenty byly vzdy provadény v duplikatech.

Pro vyhodnoceni kompetitivnich vazebnych experimentii byl pouzit program
GraphPad Prism 5. Byla vyuzita metoda nelinearni regrese za ptedpokladu jednoho
vazebného mista. Hodnota rovnovazné disociacni konstanty neznaceného ligandu (Kj)
byla vypocitana pomoci rovnice Chenga a Prussofa (obr. 13) (Cheng & Prusoff 1973)
S pouzitim rovnovazné disociacni konstanty radioligandu (Kg) 0.1938 nM ziskané

Vv saturacnich vazebnych experimentech.

ICsg

radioligand]
Kq

Ki= [
1+

Obr. 13 Rovnice Chenga a Prussofa pro vypocet rovnovainé disociacni konstanty
neznaceného ligandu (K;). Hodnoty ICsy se stanovi kompetitivnimi vazebnymi

experimenty, hodnoty Ky saturacnimi vazebnymi experimenty.
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4.2.2 Bunééna signalizace — funkéni studie
Funkéni studie byly provedeny béhem stdze v laboratofi prof. Martineze
na Institut des Biomolécules Max Mousseron v Motpellier ve Francii ve spolupraci

S Celine M 'Kadmi.

4.2.2.1 Péstovani bunécné linie a transientni transfekce

Bunécné linie HEK-293T byla péstovana v ristovém médiu DMEM Glutamax,
do n¢&jz byla pfidana antibiotika (penicilin 50 U/ml, streptomycin 50 pg/ml),
2 mM HEPES, 1 % neesencidlnich aminokyselin a 10 % FBS. Buiiky byly inkubovéany
pti 37 °C v atmosféfe obohacené 5 % oxidu uhlicitého.

Pro pouziti k funkénim studiim byly bunky transfekovany na 96-jamkovych
destickach pfedem potazenych poly-L-ornithinem. Reakéni smés pro transfekci byla
v souladu s protokolem poskytnutym vyrobcem transfekéniho ¢inidla pfipravena
ze 100 ng plazmidu GHS-R1a, 0.25 pl Lipofectaminu 2000 a 50 ul kultivaéniho média
optiMEM a pfed pfidanim kbuiikdim byla po dobu 20 min preinkubovana

pii laboratorni teplot¢.

4.2.2.2 Akumulace inositolfosfatu

Akumulace inositolfosfatu (IP1) byla stanovena s pouzitim IP-One HTRF Kitu
podle protokolu doporuc¢eného vyrobcem. Buitky HEK-293T transientné transfekované
receptorem GHS-R1a (48 hod po transfekci, péstované na 96-jamkové desti¢ce, 50 000
bun¢k na jamku) byly v prostiedi stimula¢niho pufru dodaného jako soucést kitu
(10 MM HEPES, 1 mM CacCl,, 0.5 mM MgCl,, 4.2 mM KCI, 146 mM NaCl, 5.5 mM
glukosa, 50 mM LiCl, pH 7.4) stimulovany testovanym ligandem v koncentracich
od 10™* do 10 M v duplikatech po dobu 45 min pii 37 °C.

Hodnoty ECsp byly vypoditany s pouzitim programu GraphPad Prism 5.

4.2.2.3 Mobilizace intracelularniho kalcia

Sledovani mobilizace intracelularniho kalcia bylo provadéno dle dfive
popsaného postupu (Demange et al. 2007). Buniky HEK-293T transientné transfekované
receptorem GHS-Rla byla péstovany na 96-jamkovych destickach (80 000 bungk
na jamku). Po 24 hod a dosazeni 80-95 % konfluence byly promyty 150 pl reakéniho
pufru (HBSS, 0.5 % BSA, 20 mM HEPES, 1 mM MgSO,, 1.3 mM CaCl,, pH 7.4), poté
byl k buiikam ptidan 1 puM fluorescenéni indikator kalcia Fluo-4AM pfipraveny

Vv reakénim pufru s ptidavkem 0.06 % kyseliny pluronové. Po hodinové inkubaci pfi
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37 °C ve tmé& byl prebytek Fluo-4AM odstranén dvojim promytim 100 pl reakéniho
pufru a Kbuikam bylo pifidano 50 ul téhoz pufru. Test byl provadén pomoci
FlexStation II, studované analogy byly kbunkam automaticky pfidavany
v koncentracich od 10! do 10 M v triplikatech.

Hodnoty ECs byly vypocitany s pouzitim programu GraphPad Prism 5.
4.3 Testovani analogt ghrelinu in vivo

4.3.1 Experimentalni zvirata

Mysi samci inbredniho kmene C57BL/6 (Charles River, Némecko) byli chovani
v akreditovaném zvétinci UOCHB AV CR, v.v.i., Praha v aredlu ustaviic Akademie véd
v Kr¢i pii teploté 22 + 2 °C a rytmu svétlo/tma 12/12 hodin (zacatek svétla 6:00), méli
volny ptistup k potravé i pitné vodé€. Se zvifaty bylo zachdzeno podle zdkona o ochrané
zvitat proti tyrani (zakon ¢. 246/1992 Sb.). Mysi byly krmeny standardni dietou St-1
(Mlyn Kocanda, Jesenice, CR), ktera obsahovala 66 % sacharidi, 25 % proteind a 9 %
tukt a jejiz energeticka hodnota byla 3.4 kcal/g.

4.3.2 Testovani akutniho u¢inku analogii ghrelinu na prijem potravy

4.3.2.1 Testovani agonisti receptoru GHS-R1a

Pro testovani byli pouZziti mySi samci kmene C57BL/6 ve stafi 12-15 tydnt.
Pied testem piijmu potravy byly mysi syté a mély volny pfistup k potravé, minimalné
tyden pfed experimentem byly umistény v samostatnych klecich. Bezprostfedné pred
testem byla mySim odebrana potrava. Injikovani fyziologického roztoku, ghrelinu i
agonistt GHS-R1a rozpusténych ve fyziologickém roztoku bylo provadéno SC,
v davkach 0.1 — 10 mg/kg télesné hmotnosti mysi (objem 0.2 ml/myS$). 15 minut
po injikovani testované latky byla mySim podana pfedem zvazena potrava, ktera pak
byla vazena kazdych 30 minut po dobu 8-10 hodin. Béhem pokusu mély mysi volny
piistup k pitné vod¢. Podani kazdé davky testovaného peptidu ¢i pseudopeptidu bylo

provadéno alespon dvakrat, kazda experimentalni skupina ¢itala alespoil 5 mysi.

4.3.2.2 Testovani antagonisti receptoru GHS-R1a

Pro testovani byli pouziti hladovi my$i samci kmene C57BL/6 ve stafi 12-15
tydnii. Minimalné tyden pied experimentem byly mysi umistény v samostanych klecich,
17 hodin pted testem jim byla odebrana potrava a ponechén volny pfistup k pitné vod¢.

Testovani triazolovi antagonisté receptoru GHS-R1a jsou nerozpustni ve vod¢, byli
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proto rozpousténi v 50% roztoku polyethylenglykolu 300 ve fyziologickém roztoku
(dale jen 50% PEG). Jednotlivym skupindm mysi byl SC injikovan 50% PEG nebo
jeden z testovanych antagonistt v davce 1, 5, 10 ¢i 20 mg/kg télesné hmotnosti mysi
(objem 0.2 ml/mys). 15 minut po injikovani testované latky byla myS$im podana pfedem
zvazena potrava, kterd pak byla vazena kazdych 30 minut po dobu 5 hodin. Béhem
pokusu mély myS$i volny piistup k pitné vodé. Podani kazdé davky testovaného
antagonisty receptoru GHS-R1a bylo provadéno alespon dvakrat, kazda experimentalni

skupina citala alespon 6 mysi.

4.3.2.2.1 Koadministrace JMV3002 a ghrelinu

Sytym 15-tydennim samcim mysiho kmene C57BL/6 byl SC injikovan
fyziologicky roztok, ghrelin, JIMV3002 nebo JIMV3002 spolecné s ghrelinem (obé¢ latky
vzdy v déavce 5 mg/kg télesné hmotnosti mysi, objem 0.2 ml/mys, n = 5 myS$i na
skupinu). 15 minut po injikovani testovanych latek byla mySim podana pfedem zvazena
potrava, ktera pak byla vazena kazdych 30 minut po dobu 9 hodin. Béhem pokusu mély

mysi volny pfistup k pitné vodé.

4.3.2.3 Statistické zpracovani dat ziskanych v kratkodobych experimentech in
Vvivo

Ziskané hodnoty jsou uvedeny jako primérna hodnota + stfedni chyba praméru.
Pro jejich statistické vyhodnoceni byla pouzita metoda one-way ANOVA (jednocestna
analyza rozptylu) s naslednym Dunnettovym post-hoc testem nebo metoda two-way
ANOVA (dvojcestna analyza rozptylu) s naslednym Bonferroniho post-hoc testem
(program GraphPad Prism 5). Rozdily byly povazovany za statisticky vyznamné
Vv piipadg, Ze P < 0.05.

Hodnoty EDs byly stanoveny pomoci programu GraphPad Prism 5 jako davky
ptislusnych analogt potiebné k vyvolani poloviny maximalniho efektu v ¢ase 250 min
od injekce daného analogu V piipadé agonisti GHS-R1la, v case 45 min od injekce

Vv ptipadé antagonisti GHS-R1a.

52



4.3.3 Testovani u¢inki analogui ghrelinu po dlouhodobém podavani
4.3.3.1 Utinky 10-denniho podavaini JMV1843 $tihlym mys$im

4.3.3.1.1 VlivJMV1843 na prijem potravy a télesnou hmotnost

Mysi samci kmene C57BL/6 vé véku 16 tydnti byli ndhodné rozdéleni do skupin
Citajicich deset zvifat a tyden pied zacatkem experimentu byli umisténi v samostatnych
klecich s volnym pfistupem k vodé a potravé. V pribéhu pokusu byl jednotlivym
skupinam mysi dvakrat denné (v 8:00 a 18:00 hod) po dobu 10 dnt SC injikovan bud’to
fyziologicky roztok, nebo JIMV1843 rozpustény ve fyziologickém roztoku, a to v davce
5 nebo 10 mg/kg télesné hmotnosti mysi (objem 0.2 ml/mys). Celkova denni davka
testovaného agonisty tedy cCinila 10 nebo 20 mg/kg télesné hmotnosti mysi. Soubézné
S probihajicim experimentem byl jednou denné monitorovan piijem potravy a télesna

hmotnost mysi.

4.3.3.1.2 Odbér krve a tkani po 10-dennim podavani

Na konci experimentu byly syté mysi usmrceny cervikalni dislokaci a byla jim
odebrana krev. Zplné krve byla pfipravena plazma (EDTA 1.3 mg/ml krve,
centrifugace 3000 x g, 15 minut pti 10 °C), ktera byla v alikvotech uchovana piti -20 °C.
Mysim byla odebrana tukova tkan — podkozni (SCAT), intraperitonealni (IPAT;
nitrobfi$ni a gonadalni), perirenalni a hnédy (BAT) tuk. Dale byla odebrana jatra a
vzorek svalové tkan€ (musculus gastrocnemius). Tkané byly zvazeny, zmrazeny
Vv tekutém dusiku a do dalSiho pouZiti uchovany pii -70 °C. Mozky byly po vyjmuti
na 1 minutu vloZeny do isopentanu vychlazeného na -20 °C, zmrazeny na suchém ledu a

do dalsiho pouZiti uchovany piti -70 °C.

4.3.3.1.3 Stanoveni biochemickych parametri v plazmé

Plazmatické hladiny inzulinu a adiponektinu byly stanoveny pomoci RIA kitd,
plazmatické hladiny leptinu a IGF-1 pomoci ELISA kit. Hladiny glukozy byly méfeny
glukometrem. Vsechna stanoveni byla provadéna v souladu s protokoly doporuc¢enymi

vyrobci.

4.3.3.1.4 Stanoveni exprese mRNA v tukové a svalové tkani
Vzorky tukové tkané¢ (BAT a IPAT) a svalové tkané byly homogenizovany
v MagNA Lyser homogenizatoru s pouzitim MagNA Lyser Green Beads. Celkova RNA

byla extrahovana z homogenizovanych vzorki pomoci MagNA Pure Compact RNA
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Isolation (Tissue) Kitu na automatickém izolatoru MagNA Pure Compact Instrument
dle pokynt vyrobce. Koncentrace extrahované RNA byla stanovena z absorbance
pii 260 nm a jeji integrita byla ovéfena elektroforézou v 1% agarézovém gelu. 0.25 pg
celkové RNA bylo spouzitim nahodnych primert piepsano do c¢DNA pomoci
High-Capacity cDNA Reverse Transription Kitu dle navodu vyrobce. Exprese mRNA
byla stanovena pomoci PCR systému ABI PRISM 7500 Real-Time PCR Instrument.
Soucasti reakéni smési byl 1 pg cDNA, TagMan® Universal PCR Master Mix, 12.5 ul
NO AmpErase® UNG a 1.25 pl specifické hydrolyza¢ni sondy TagMan® Gene
Expression Assays. PCR amplifikace probihala v celkovém objemu reakéni smeési 25 ul
denaturace 95 °C 10 min, nasledovana 40 cykly, v nichZ annealing probihal pii 60 °C
1 min a hydrolyza pti 95 °C 15 s). Jako vnitini standard pro kompenzaci mnozstvi RNA
pouzitého vreakci a pro korekci ucinnosti reverzni transkripce a PCR byl pouzit
B2-mikroglobulin (B2M), ptipadné 18S rRNA. Mira exprese byla vyjadiena jako
relativni genové exprese a byla vypo&itana pomoci vzorce 2%, kde Ct (treshold cycle)
je minimalni pocet cykll, pii némz fluorescence vzorku piekroéi prahovou hodnotu.

V BAT byla sledovana exprese UCP-1 (uncoupling protein 1), v IPAT byla
sledovana exprese ACACA (acetyl-CoA karboxylaza 1), FASN (syntdza mastnych
kyselin), LPL (lipoproteinova lipaza), SCD (stearoyl-CoA desaturaza 1) a UCP-2.
Ve svalové tkani byla sledovana exprese myostatinu, myogeninu, MHC4 (té€Zky fetézec
myosinu 4) a IGF-1 (rastovy faktor podobny inzulinu).

Exprese mRNA byly stanovovany V Laboratofi molekularni diabetologie a
obezitologie na 3. interni klinice 1. Lékatské fakulty Univerzity Karlovy a Vseobecné

fakultni nemocnice ve spolupraci s RNDr. Zdenou Lacinovou a Miloslavou Cechovou.

4.3.3.1.5 Stanoveni exprese mRNA v mozku

200 pm silné korondlni fezy byly krajeny pomoci kryotomu (pocatek krajeni
1.25 mm od bregmy), natazeny na podlozni skla a na 50 s ponofeny do absolutniho
ethanolu. Bezprostiedné poté byl pod mikroskopem Zziletkou vyfiznut mediobazalni
hypothalamus, jehoz tkan byla homogenizovana v RNA extrakénim lyzaénim pufru a
do extrakce RNA uchovana pfi -70 °C. Izolaci medibazalniho hypothalamu provadéli
PharmDr. Zdeno Pirnik, PhD. a RNDr. Alexander Kiss, DrSc. z Ustavu experimentalne;
endokrinologie SAV v Bratislave.
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Celkova RNA byla z homogenizované tkané izolovana s pouzitim RNAqueous
Micro Kitu. Koncentrace extrahované RNA byla stanovena z absorbance pii 260 nm a
jeji integrita byla ovéfena elektroforézou v 1% agar6zovém gelu. Ziskana RNA byla
prepsana do cDNA pomoci High-Capacity cDNA Reverse Transription Kitu s pouzitim
nahodnych primerd. Exprese mRNA byla stanovena pomoci PCR systému ABI PRISM
7000 Sequence Detector s pouzitim TagMan produktti pro stanovovani genové exprese
od firmy Applied Biosystems (viz oddil 4.3.3.1.4), za standardnich podminek (95 °C
10 min, 40 cykla 95 °C 15s a 60 °C 1 min). Jako vnitini standard pro kompenzaci
mnozstvi RNA pouzitého v reakci a pro korekci G€innosti reverzni transkripce a PCR
byla pouzita glyceraldehyd-3-fosfat dehydrogenaza (GAPDH). Mira exprese byla
vyjadiena jako relativni genova exprese.

V mediobazalnim hypothalamu byla sledovana exprese neuropeptidu Y (NPY) a
agouti-related proteinu (AgRP).

Exprese mRNA byly stanovovany na Ustavu normalni, patologické a klinické
fyziologie 3. lékaiské fakulty Univerzity Karlovy (doc. Ing. Jana Jurcovicova, CSc.,
PharmDr. Andrea Stofkova, PhD.).

4.3.3.2 U¢inKy 14-denniho podavani JMV3002 a JMV4208 obéznim mys$im

4.3.3.2.1 Mysi model obezity indukované podavanim vysokotukové diety

Model obezity indukované dietou (DIO) byl zaveden u mySich samcti kmene
C57BL/6. Do 8. tydne veéku konzumovaly mysi standardni dietu (St-1), od 8. tydne véku
pak dietu vysokotukovou (HF, z angl. high fat). HF dieta byla slozena ze 40 %
standardni diety St-1, 34 % Sunaru, 25 % veptového sadla a 1 % kukufi¢ného Skrobu
(Kopecky et al. 1996). Dieta obsahovala 13 % proteint, 27 % sacharid a 60 % tukt a
jeji energeticka hodnota ¢inila 5.3 kcal/g (energeticka hodnota St-1 diety je 3.4 kcal/g).

Do 20. tydne v€ku mysi byl pravidelné jednou tydné sledovan piijem potravy a
ptirastek hmotnosti mysi. Mysi rezistentni vic¢i vzniku obezity indukované dietou
(piiblizn€ 15 % mysi krmenych HF dietou) byly z experimentu vyfazeny. Primérna
télesna hmotnost DIO mysi pouzitych pro nasledujici experimenty byla 47 g, pficemz
primé&rna télesna hmotnost Stihlych mysich samct kmene C57BL/6 stejného vEku se

pohybuje mezi 25-30 g.
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4.3.3.2.2 VI1ivJMV3002 a JMV4208 na prijem potravy a télesnou hmotnost

Tyden pted zacatkem dlouhodobého experimentu byly mysi ndhodné rozdé€leny
do skupin ¢itajicich deset zvifat a byly umistény do samostatnych kleci s volnym
pristupem k HF dieté a pitné vod¢. V pribehu pokusu byl jednotlivym skupinam mysi
dvakrat denn¢ (v 8:00 a 18:00 hod) po dobu 14 dnti SC injikovan bud’'to 50% PEG, nebo
jeden z antagonisti GHS-R1a JMV3002 ¢i JIMV4208 rozpustény v 50% PEG, a to
v davce 10 nebo 20 mg/kg télesné hmotnosti mysi (objem 0.2 ml/myS$). Soub&zné
s probihajicim experimentem byl jednou denné monitorovan pfijem potravy a télesna
hmotnost mysi. Mimoto byly zavedeny dvé skupiny tzv. parové krmenych mysi (angl.
pair-fed) ke skupinam, jimz byla injikovana vyssi davka JIMV3002 ¢i IMV4208. Parové
krmené mysi dostavaly piesné stejné mnozstvi potravy, jaké konzumovala skupina mysi
po injekci JIMV3002 ¢i JMV4208 v piislusny den dlouhodobého pokusu na piijem

potravy. VSechny mysi mély béhem celého pokusu volny pfistup k vode.

4.3.3.2.3 Odbér krve a tkani po 14-dennim podavani

Na konci experimentu byly hladové mysi (hladovéni po dobu 17 hod pfes noc)
usmrceny cervikdlni dislokaci a byla jim odebrdna krev, zniz byla standardnim
postupem piipravena plazma. Mys$im byla odebrana tukova tkan, svalova tkan a jatra;

vzorky tkani byly zpracovany, jak je popsano v oddile 4.3.3.1.2.

4.3.3.2.4 Stanoveni biochemickych parametri v plazmé

Plazmatické hladiny inzulinu a adiponektinu byly stanoveny pomoci RIA kitd,
plazmatické hladiny leptinu pomoci ELISA kitu. Hladiny glukozy byly méfeny
glukometrem. Plazmatické hladiny triglyceridd byly stanoveny kvantitativni
enzymatickou reakci. VSechna stanoveni byla provadéna v souladu s protokoly

doporucenymi vyrobci.

4.3.3.2.5 Stanoveni exprese mRNA v tukové tkani a jatrech

Metodika stanoveni expresi mRNA v tukové tkani (BAT, SCAT, IPAT) a
jatrech byla shodna s metodikou popsanou v oddile 4.3.3.1.4.

V BAT byla sledovana exprese UCP-1, ve SCAT a IPAT byla sledovana exprese
ACACA, FASN, LPL, adiponektinu, leptinu a FABP-4 (protein vazajici mastné
kyseliny). V jatrech byla stanovena exprese ACACA, FASN, PEPCK (fosfoenolpyruvat
karboxykinaza), SREBP (protein vazajici sterolovy regulac¢ni element) a CPT-1

(karnitinpalmitoyl transferaza 1).
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4.3.3.2.6 Stanoveni exprese mRNA v mozku

Metodika stanoveni expresi mRNA v tukové tkani (BAT, SCAT, IPAT) a
jatrech byla shodna s metodikou popsanou v oddile 4.3.3.1.5.

V mediobazalnim hypothalamu byla sledovana exprese NPY, AgRP a POMC.

4.3.3.3 Statistické vyhodnoceni dat ziskanych v dlouhodobych experimentech
Ziskané hodnoty jsou uvedeny jako primérna hodnota + stfedni chyba praméru.
Pro jejich statistické vyhodnoceni byl pouzit program GraphPad Prism 5. Pouzita
statistickd metoda — one-way ANOVA (jednocestna analyza rozptylu) nasledovana
Dunnettovym post-hoc testem, two-way ANOVA (dvojcestna analyza rozptylu)
nasledovana Bonferroniho post-hoc testem, nebo t-test — je vzdy uvedena u piislusnych

vysledkl. Rozdily byly povazovany za statisticky vyznamné, pokud P < 0.05.
4.4 Farmakokinetika

4.4.1 Farmakokinetika vybranych peptidovych analogi ghrelinu

Farmakokinetika byla testovana po perifernim podani potkanlim. Potkani samci
kmene Wistar (Harlan, Italie) byli chovani Vv akreditovaném zvé&finci Fyziologického
tistava AV CR, v.v.i., Praha pii teploté 22 + 2 °C a rytmu svétlo/tma 12/12 hodin
(zacatek svétla 6:00), mé&li volny piistup k potravé i pitné vodé. Potkani byli krmeni
standardni dietou St-1.

Pro ur¢eni mnozstvi vybranych analogii ghrelinu v krvi byl potkanim SC
injikovan peptid v davce 5 mg/kg (n = 3 potkani na skupinu). Pfed injekci a poté v Case
30 min, 1, 2, 4 a 8 hodin po injekci byla potkanim odebrana krev z ocasni zily, ktera
byla dale zpracovana na plazmu. Hladiny analogti ghrelinu v krvi byly zméteny pomoci

ELISA kitu podle protokolu poskytnutého vyrobcem.

4.4.2 Stabilita a farmakokinetika JIMV1843

Pro zjisténi stability JIMV1843 v mySim séru in vitro byla do krevniho séra
dospélych mysich samcii kmene C57BL/6 ptiddna sloucenina JMV1843 do findlni
koncentrace 10" ® M, sérum bylo inkubovéno pii 37 °C. Vzorky séra byly odebirany
v Casech 30 min, 1, 2, 4, 8, 24, 48, 72, 96 a 144 hodin od pocatku inkubace,
bezprostfedné po odebrani byly zmrazeny a uchovany pii -20 °C.

Pro meéfeni farmakokonetiky in vivo bylo mysim samcim C57BL/6 SC

injikovano 0.2 ml JIMV1843 ve fyziologickém roztoku, a to v davce 5 nebo 10 mg/kg
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télesné hmotnosti mysi (3 mysi na skupinu). Mysi byly usmrceny cervikalni dislokaci
Vv ¢asech 10 min, 30 min, 1, 2, 4 a 8 hodin po injekci a byla jim odebrana krev. Z plné
krve bylo po oddéleni krevniho kolace piipraveno krevni sérum (centrifugace 3000 x g,
15 min pii 10 °C), které bylo uchovano pii -20 °C.

IMV1843 byl ze vzorkli séra z obou popsanych experimentii extrahovan
s pouzitim dfive popsané metody precipitace proteinti acetonitrilem (Hatziieremia et al.
2007). Koncentrace JMV1843 ve vzorcich byla stanovena pomoci kapalinové
chromatografie spojené s hmotnostni spektrometrii (LC-MS). LC-MS systém byl tvofen
kapalinovym chromatografem Alliance HPLC a hybridnim hmotnostnim spektrometrem
Q-TOF-Micro. Ke chromatografické separaci byla pouzita kolona Discovery HS CI18
(velikost ¢astic sorbentu 5 um, vnitini rozméry kolony 50 x 2.1 mm). Mobilni faze A
byla tvofena 0.1 % kyselinou mravenci ve vodé€, mobilni fdze B byla tvofena 0.1 %
kyselinou mravenci v acetonitrilu. Pro separaci analytu byl pouzit gradient 5 - 100 %
mobilni faze B.

LC-MS analyza byla provadéna ve spolupraci s doc. RNDr. Dr. Davidem
Sykorou z Ustavu analytické chemie VSCHT Praha.

4.4.3 Farmakokinetika JMV3002 a IMV4208

Pro méfeni farmakokonetiky in vivo bylo mys$im samcum C57BL/6 SC
injikovano 0.2 ml JMV3002 nebo JMV4208 v 50% PEG, a to v davce 5 mg/kg télesné
hmotnosti mysi (3 mysi na skupinu). Mysi byly usmrceny cervikalni dislokaci v ¢asech
30 min, 1, 2, 4 a 8 hodin po injekci a byla jim odebrana krev. Z plné krve byla
piipravena krevni plazma, ktera byla uchovana pti -20 °C.

Analyzované slouceniny byly ze vzorki plazmy extrahovany pomoci precipitace
proteinli acetonitrilem a podrobeny LC-MS analyze. LC-MS systém byl tvofeny
kapalinovym chromatografem Agilent 1200 LC a hmotnostnim spektrometrem
API 3200. Ke chromatografické separaci byla pouzita kolona Eclipse Plus C18 (velikost
Castic sorbentu 5 pm, vnitini rozméry kolony 50 x 2.1 mm) s piedkolonou o rozmérech
12.5 x 2.1 mm naplnénou stejnym sorbentem.

LC-MS analyza byla provadéna ve spolupraci s doc. RNDr. Dr. Davidem
Sykorou z Ustavu analytické chemie VSCHT Praha.
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5 VYSLEDKY

5.1 Dlouhodobé pusobici peptidovi agonisté receptoru GHS-R1a

5.1.1 Prvni série stabilnich peptidovych agonisti GHS-R1a s prodlouzenym
orexigennim u¢inkem

Nové analogy ghrelinu, o nichzZ je pojednavano v dalSich oddilech této kapitoly,
vychazeji ze struktury nami diive publikovanych agonistt GHS-R1a (Maletinska et al.
2012). Vtéto prvni sérii analogi byl ghrelin modifikovan zaménou Ser®
za diaminopropionovou kyselinu, coz umoznilo navazani oktanoylu stabilni amidovou
vazbou a tedy ochranu molekuly ptfed hydrolyzou esterazami. Dal§imi modifikacemi,
jejichz cilem bylo zvy3eni stability vysledné molekuly, byla nahrada Gly* sarkosinem
a/nebo nahrada Phe® nekodovymi  aminokyselinami  naftylalaninem nebo
cyklohexylalaninem.

Analogy byly testovany ve vazebnych studiich na bunéénych membranach
z bun¢k LLC PK-1 s transfekovanym receptorem GHS-R1a; vSechny analogy se vazaly
na membrany s hodnotou K; fadové 10° — 10, piicemz nejlepsi vazbu vykazovaly
analogy s naftylalaninem v pozici 4 (tab. 2).

Pii testech pfijmu potravy po SC podani mySim bylo zjisténo, ze analogy maji
signifikantni u¢inek na zvySeni piijmu potravy ve srovnani s kontrolni skupinou; navic
ucinek analogl s nekddovymi aminokyselinami trval podstatné déle neZ ucinek ghrelinu
a byl také vyraznéj$i (tab. 2, obr. 13). Analogy také oproti ghrelinu vykazovaly

vyznamné vyssi stabilitu pfi inkubaci v my$i krevni plazmé (obr. 14).

Tab. 2 Struktura a biologické vlastnosti analogii ghrelinu

Analog Ki [nM] — vytésnéni "1 ghr  EDs, (mg/kg) — orexigenni efekt
1 Ghrelin 3.67+1.05 2.39+1.07
2 [Dpri]ghrelin 3.28+1.03 0.82 +0.37
3 [Sar’, Dpri]ghrelin 2.56 + 1.64 0.65+0.29
4 [Dpr®, Nal*]ghrelin 0.49 + 0.09 1.13+0.51
5 [Sar’, Dpr®, Nal*]ghrelin 0.32+0.12 127 £0.57
6 [Dpr®, Chal*]ghrelin 1.67 +0.31 0.35+0.16
7 [Sar', Dpr®, Cha*]ghrelin 2.70 + 1.42 0.46 +2.07

Hodnoty jsou uvedeny jako priumér + SEM z alespon tii nezavislych experimentit. K;
byly vypocitany podle rovnice Chenga a Prusoffa s pouzitim hodnoty Ky 0.44 nM. EDsp
byly stanoveny 250 min po SC podani analogii v davkach 0.1 - 10 mg/kg mysim (n=5-6).
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Obr. 13 Utinek analogii ghrelinu na piijem potravy po poddni §tihlym sytym mysSim.
Peptidy byly podavany SC v ddavce 5 mg/kg, prijem potravy byl monitorovdan po dobu
6 hodin po podani peptidii a je vyjadren v g zkonzumované potravy (primeér £ SEM, n =
5-6 mysi). P < 0.05 (ghrelin vs. fyziologicky roztok), P < 0.001 (analogy s nekodovymi

aminokyselinami vs. fyziologicky roztok).
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Obr. 14 Degradacni profil analogi ghrelinu v mysi krevni plazmé. Analogy byly
inkubovany v plazmé v koncentraci 1 uM, vzorky odebrané ve vyznacenych casovych
intervalech byly podrobeny LC-MS analyze. Data jsou vyjadiena jako zména pocdtecni

plochy piku, kterad je umeérna koncentraci latek v Krvi.
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5.1.2 Syntéza peptidovych agonisti GHS-R1a

Byla syntetizovana série dlouhodobé pusobicich stabilnich agonisti GHS-R1a,
unichz byl N-terminalni Gly nahrazen sarkosinem a Ser® diaminopropionovou
kyselinou. Dale byla provedena jedna nebo vice z nasledujicich modifikaci, jejichz
cilem bylo zejména zvysit stabilitu molekul a zlepsit jejich prichod hematoencefalickou
bariérou:

e oktanové kyselina na Dpr® byla nahrazena mastnou kyselinou s delsim fetézcem
(dekanova, myristova, palmitovd), nenasycenou mastnou kyselinou (undecynova,
decenova) nebo dalsimi kyselinami (adamantanoctova, bromoktanova)

e do struktury byla zaclenéna druha mastnd kyselina — palmitoyl pfipojeny
na sekundarni aminoskupinu lysinu v C-koncové ¢asti molekuly (u analogi s plnou
délkou fetdzce na Lys*, u zkracenych analogi na Lys™®)

e bylo obmé&néno aminokyselinové slozeni (zaména Phe® za naftylalanin,

cyklohexylalanin, tercbutylalanin, nitrofenylalanin ¢i dichlorofenylalanin)

e Dbyl zkracen peptidovy fetézec (18 aminokyselin od N-konce sekvence ghrelinu)

Cistota a identita peptidi byla ovéfena pomoci HPLC a MS, &istota byla vyssi

nez 95 %. Aminokyselinové sekvence vSech peptidu jsou uvedeny v tab. 3.

Vyznam zkratek v této tabulce:
l-ada: l-adamantanacetyl; 8-bromooct: 8-bromooktanoyl; Cha: cyklohexylalanin;
dec: dekanoyl; 9-decen: 9-decenoyl; Dpr: diaminopropionovd kyselina; myr: myristoyl;
Nal: naftylalanin; oct: oktanoyl; palm: palmitoyl; PheCl,: dichlorfenylalanin; PheNO;:

nitrofenylalanin; Sar: sarkosin; tBu: tercbutylalanin; 10-undecyn:10-undecynoyl.

5.1.3 Testovani peptidovych agonisti GHS-R1a in vitro

Kompetitivni vazebné studie s analogy ghrelinu byly provadény na bunéénych
membranach pfipravenych z bungk s transfekovanym receptrorem GHS-R1a s pouzitim
diive optimalizovanych experimentalnich podminek (Maletinska et al. 2012).

125I-ghrelin byl vytésiiovan vzrlstajici koncentraci neznacenych analogl
ghrelinu. Reprezentativni vazebné kiivky jsou zndzornény na obr. 15-17. Z téchto
kiivek byly ziskany hodnoty ICsp, které byly pouzity k vypoctu K; dle rovnice Chenga a
Prusoffa svyuzitim hodnoty Ky 0.1938 nM ziskané v saturacnich vazebnych
experimentech na membranach s transfekovanym receptorem GHS-Rla. Vysledné

hodnoty K; jsou shrnuty v tab. 4 spolu s pfepo¢tem na % vazby ghrelinu.
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Tab. 3 Struktura peptidovych agonistit receptoru GHS-R1a

Ghrelin

GS(S-0ct)FLSPEHQKAQQRKESKKPPAKLQPR

[Dpr]ghrelin

GS(Dpr-oct)FLSPEHQKAQQRKESKKPPAKLQPR

1 [Sar’, Dpr-dec®]ghrelin (Sar)S(Dpr-N-dec)FLSPEHQKAQQRKESKKPPAKLQPR

2 [Sar', Dpr-myr®]ghrelin (Sar)S(Dpr-N-myr)FLSPEHQKAQQRKESKKPPAKLQPR

3 [Sar’, Dpr-dec®, Nal*]ghrelin (Sar)S(Dpr-N-dec)(1-Nal)LSPEHQKAQQRKESKKPPAKLQPR

4 [Sar’, Dpr-myr®, Nal*]ghrelin (Sar)S(Dpr-N-myr)(1-Nal)LSPEHQKAQQRKESKKPPAKLQPR

5 [Sar’, Dpr-palm®, Nal*]ghrelin (Sar)S(Dpr-N-palm)(1-Nal)LSPEHQKAQQRKESKKPPAKLQPR

6 [Sar', Dpr-dec®, Cha*]ghrelin (Sar)S(Dpr-N-dec)(Cha)LSPEHQKAQQRKESKKPPAKLQPR

7 [Sar!, Dpr-myr®, Cha*]ghrelin (Sar)S(Dpr-N-myr)(Cha)LSPEHQKAQQRKESKKPPAKLQPR

8 [Sar’, Dpr-palm®, Cha*]ghrelin (Sar)S(Dpr-N-palm)(Cha)LSPEHQKAQQRKESKKPPAKLQPR

9 [Sar’, Dpr-oct®, tBu*]ghrelin (Sar)S(Dpr-N-oct)(tBu)LSPEHQKAQQRKESKKPPAKLQPR

10 [Sar’, Dpr-oct®’, PheNO,*]ghrelin (Sar)S(Dpr-N-oct)(PheNO,)LSPEHQKAQQRKESKKPPAKLQPR
11 [Sar’, Dpr-myr®, PheNO,*]ghrelin (Sar)S(Dpr-N-myr)(PheNO,)LSPEHQKAQQRKESKKPPAKLQPR
12 [Sar!, Dpr-oct®, PheCl,*]ghrelin (Sar)S(Dpr-N-oct)(PheCl,)LSPEHQKAQQRKESKKPPAKLQPR
13 [Sar', Dpr-myr®, PheCl,"]ghrelin (Sar)S(Dpr-N-myr)(PheCl,)LSPEHQKAQQRKESKKPPAKLQPR
14 [Sar!, Dpr-undecyn®]ghrelin (Sar)S(Dpr-N-10-undecyn)FLSPEHQKAQQRKESKKPPAKLQPR
15 [Sar', Dpr-ada®]ghrelin (Sar)S(Dpr-N-1-ada)FLSPEHQKAQQRKESKKPPAKLQPR

16 [Sar’, Dpr-bromooct®]ghrelin (Sar)S(Dpr-N-8-bromooct)FLSPEHQKAQQRKESKKPPAKLQPR
17 [Sar’, Dpr-decen®]ghrelin (Sar)S(Dpr-N-9-decen)FLSPEHQKAQQRKESKKPPAKLQPR

18 [Sar!, Dpr-oct®, Lys-palm®*]ghrelin (Sar)S(Dpr-N-oct)FLSPEHQKAQQRKESKKPPAK (N-palm)LQPR
19 [Sar’, Dpr-oct®, Cha®, Lys-palm*]ghrelin (Sar)S(Dpr-N-oct)(Cha) LSPEHQKAQQRKESKKPPAK(N-palm) LQPR
20 [Sar’, Dpr-oct®, Nal*, Lys-palm**]ghrelin (Sar)S(Dpr-N-oct)(Nal)LSPEHQKAQQRKESKKPPAK (N-palm) LQPR
21 [Sar', Dpr-dec®, Lys-palm*]ghrelin (Sar)S(Dpr-N-dec)FLSPEHQK AQQRKESKKPPAK (N-palm)LQPR
22 [Sar’, Dpr-myr®, Lys-palm**]ghrelin (Sar)S(Dpr-N-myr)FLSPEHQKAQQRKESKKPPAK(N-palm)LQPR
23 [Sar’, Dpr-dec®, Lys-palm™]ghrelin 1-18 (Sar)S(Dpr-N-dec)FLSPEHQKAQQRK(N-palm)ES

24 [Sar', Dpr-myr®, Lys-palm™]ghrelin 1-18 (Sar)S(Dpr-N-myr)FLSPEHQKAQQRK(N-palm)ES

25 [Sar’, Dpr-dec®]ghrelin 1-18 (Sar)S(Dpr-N-dec)FLSPEHQKAQQRKES

26 [Sar’, Dpr-myr®]ghrelin 1-18 (Sar)S(Dpr-N-myr)FLSPEHQKAQQRKES
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Obr. 15 Kompetitivni vazebné kiivky 125|-ghl‘elinu a peptidovych analogii ghrelinu
na membrandch bunék s transfekovanym receptorem GHS-Rla - analogy
s modifikaci v pozici 4 (Cha, Nal) a rizné dlouhymi mastnymi kyselinami. ***1-ghrelin
byl vytésnovan vzristajici koncentraci neznacenych peptidii. Typické vazebné krivky
Jjsou vyneseny jako % specifické vazby (po odecteni nespecifické vazby v pritomnosti

10 M ghrelinu) v zdvislosti na logaritmu koncentrace peptidii.
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Obr. 16 Kompetitivni vazebné kiivky 125I-ghrelinu a peptidovych analogii ghrelinu
na membrdandch bunék s transfekovanym receptorem GHS-Rla — analogy
s modifikaci v pozici 4 (tBu, PheNO;, PheCl,) a/nebo riiznymi mastnymi kyselinami .
125I-ghrelin byl vytésnovan vzrustajici koncentraci neznacenych peptidu. Typické
vazebné krivky jsou vyneseny jako % specifické vazby (po odecteni nespecifické vazby

v pritomnosti 10° M ghrelinu) v zavislosti na logaritmu koncentrace peptidi.
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Obr. 17 Kompetitivni vazebné kfivky ‘*\-ghrelinu a peptidovych analogii ghrelinu
na membrandch bunék s transfekovanym receptorem GHS-R1a — analogy se dvéma
mastnymi kyselinami a zkrdacené analogy s jednou nebo dvéma mastnymi kyselinami.
125I-ghrelin byl vytésniovan vzrustajici koncentraci neznacenych peptidi. Typické
vazebné krivky jsou vyneseny jako % specifické vazby (po odecteni nespecifické vazby

v pritomnosti 10° M ghrelinu) v zavislosti na logaritmu koncentrace peptidi.
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Vsechny testované analogy ghrelinu se vazaly s vysokou afinitou na bunééné

membrany z bun¢k s transfekovanych receptorem GHS-R1a. S afinitou srovnatelnou
s ghrelinem se vazaly analogy ¢. 2, 4, 5, 7, 8, 9, 12, 17, 18, 21, 23, 25, 26, s vyssi

afinitou pak analogy 1, 3, 6, 14, 15, 16; vSechny tyto analogy m¢ly hodnoty K; fadovée
10 - 10™° nM. Hodnoty K; zbyvajicich analogt byly fadové 107~ 10 nM.

Tab. 4 Afinita analogit ghrelinu k receptoru GHS-R1a.

Analog Ki [nM] % vazby ghrelinu

Ghrelin 1.15+0.20 100

[Dpri]ghrelin 0.68 = 0.02 169
1 [Sar', Dpr-dec®]ghrelin 0.63 +0.03 183
2 [Sar', Dpr-myri]ghrelin 2.10+0.16 54
3 [Sar', Dpr-dec®, Nal*]ghrelin 0.65 +0.07 176
4 [Sar’, Dpr-myr®, Nal*]ghrelin 2.01+0.11 57
5  [Sar', Dpr-palm®, Nal*]ghrelin 425+0.64 27
6  [Sar', Dpr-dec®, Cha*]ghrelin 1.04 +0.06 110
7 [Sar', Dpr-myr’, Cha*]ghrelin 6.41 +0.51 18
8  [Sar', Dpr-palm®, Cha*]ghrelin 5.89 +0.38 20
9  [Sar', Dpr-oct®, tBu*]ghrelin 4.71 +0.45 24
10  [Sar', Dpr-oct®, PheNO,*]ghrelin 230 +25.6 0.5
11 [Sar!, Dpr-myr®, PheNO,"]ghrelin 126 +7.18 0.9
12 [Sar', Dpr-oct®, PheCl,"]ghrelin 2.45+0.37 47
13 [Sar’, Dpr-myr®, PheCl,*]ghrelin 16.8 +1.81 7
14 [Sar’, Dpr-undecyn®]ghrelin 0.83 £0.02 139
15  [Sar', Dpr-ada‘]ghrelin 0.27 +0.01 425
16  [Sar', Dpr-bromooct’]ghrelin 0.79 £ 0.08 145
17 [Sar', Dpr-decen’]ghrelin 1.51 +0.43 76
18  [Sar', Dpr-oct®, Lys-palm**]ghrelin 6.09 + 0.74 19
19  [Sar', Dpr-oct®, Cha®, Lys-palm**]ghrelin 20.8
20  [Sar!, Dpr-oct®, Nal*, Lys-palm**]ghrelin 233 +5.34
21  [Sar', Dpr-dec®, Lys-palm*‘]ghrelin 4.27 +0.45 27
22 [Sar', Dpr-myr’, Lys-palm*]ghrelin 14.9 £ 2.94 7
23 [Sar!, Dpr-dec®, Lys-palm*®]ghrelin 1-18 5.99 +0.79 19
24 [Sar', Dpr-myr®, Lys-palm*®]ghrelin 1-18 51 + 8.65 2
25  [Sar’, Dpr-dec’]ghrelin 1-18 3.71+0.78 30
26 [Sar’, Dpr-myr’]ghrelin 1-18 3.38+0.90 34

125|

-ghrelin byl vytésniovan vzristajici koncentraci neznacenych peptidii. Hodnoty K;

Jjsou uvedeny jako priumer = SEM alespoii ze tii experimentii, mimo analogu ¢. 19, ktery

byl z diivodu nedostatku peptidu testovan pouze jednou.
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Dale byly vybrané analogy ghrelinu testovany ve funk¢nich studiich sledujicich
aktivaci signalizacnich drah ghrelinu. Testované analogy ptisobily srovnatelné
s ghrelinem (p¥ipadn& [Dpr’]ghrelinem) na mobilizaci intracelularniho kalcia a aktivaci

inositolfosfatové kaskady (tab. 5).

Tab. 5 Akumulace inositolfosfatu (IP1) a uvoliiovini Ca*

Analog IP1 - ECs [nM] Ca’* - ECs [NM]

Ghrelin NT 3.32

[Dpri]ghrelin 16.3 NT
1 [Sar’, Dpr-dec®]ghrelin 12.6 9.66
2 [Sar’, Dpr-myr°]ghrelin 7.10 36.6
3 [Sar', Dpr-dec®, Nal*]ghrelin 2.08 18.6
4 [Sar’, Dpr-myr®, Nal*]ghrelin 9.75 10.9
5 [Sar’, Dpr-palm®, Nal*]ghrelin 4.01 6.64
6 [Sar’, Dpr-dec®, Cha*]ghrelin 3.28 10.6
7 [Sar’, Dpr-myr®, Cha*]ghrelin 3.08 11.4
8 [Sar’, Dpr-palm®, Cha*]ghrelin 4.25 NT

NT: netestovano.

5.1.4 Testovani peptidovych agonista GHS-R1a in vivo

Akutni orexigenni Uc¢inek testovanych peptidll byl sledovan po perifernim (SC)
podani $tihlym sytym mySim samcim S pouzitim davek 0.1 — 10 mg/kg télesné
hmotnosti mysi; kumulativni pfijem potravy byl monitorovan po dobu 8 — 10 hodin.
VSechny testované peptidy zvySovaly pfijem potravy v zavislosti na déavce, a to
ve v&t3ing pFipadi srovnatelnd nebo uinngji nez ghrelin, pripadn& [Dpr¥]ghrelin.

Tab. 6 uvadi hodnoty EDsy (davky pfislusnych analogii potfebné k vyvolani
poloviny maximalniho efektu), které byly stanoveny v ¢ase 250 min od injekce daného
analogu, tedy v case nejvétsiho ucinku. Dale je vtab. 6 uveden maximalni efekt
jednotlivych analogii v case 480 min od podani vztazeny na maximalni ucinek
[Dpri]ghrelinu ve stejném Case od podani.

Naobr.18 — 19 je pak porovnan orexigenni uCinek jednotlivych analogt
injikovanych v davce 5 mg/kg télesné hmotnosti mysi. Obr. 20 uvadi piiklady zavislosti
pfijmu potravy na davce pro vybrané analogy.

Orexigenni pusobeni vSech testovanych analogli bylo dlouhodobé, téinek trval

po celou dobu experimentu, tedy minimalné 8 hodin.
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Tab. 6 Biologicka aktivita analogii ghrelinu in vivo — ucinek na piijem potravy

po perifernim podani Stihlym sytym myS$im

Analog EDso [mg/kg]  max. efekt [% Dprighr]

Ghrelin 2.39 106.5

[Dpr]ghrelin 0.82 100
1 [Sar', Dpr-dec’]ghrelin 3.90 218.8
2 [Sar', Dpr-myr®]ghrelin 3.80 202.7
3 [Sar!, Dpr-dec?®, Nal*]ghrelin 0.64 220.3
4  [Sar’, Dpr-myr®, Nal*]ghrelin 6.02 212.8
5 [Sar', Dpr-palm®, Nal*]ghrelin 5.16 183.3
6 [Sar', Dpr-dec®, Cha*]ghrelin 1.02 204.5
7  [Sar', Dpr-myr®, Cha*]ghrelin 3.05 276.2
8 [Sar', Dpr-palm® Cha*]ghrelin 3.09 131.8
9 [Sar!, Dpr-oct®, tBu*]ghrelin 0.85 122.7
10 [Sar’, Dpr-oct’, PheNO,"]ghrelin NT 71.9
11 [Sar’, Dpr-myr®, PheNO,*]ghrelin NT 60.3
12 [Sar', Dpr-oct®, PheCl,"]ghrelin NT 92.9
13 [Sar’, Dpr-myr®, PheCl,"]ghrelin 0.65 235.5
14 [Sar', Dpr-undecyn’]ghrelin 6.62 124.8
15 [Sar’, Dpr-ada®]ghrelin 0.20 169.9
16 [Sar’, Dpr-bromooct®]ghrelin 4.24 129.2
17 [Sar’, Dpr-decen®]ghrelin NT 1415
18 [Sar', Dpr-oct®, Lys-palm**]ghrelin 9.98 193.9
19 [Sar', Dpr-oct®, Cha®, Lys-palm*]ghrelin NT 200.2
20 [Sar', Dpr-oct®, Nal*, Lys-palm*]ghrelin NT 171.1
21 [Sar', Dpr-dec®, Lys-palm**]ghrelin NT 59.7
22 [Sar', Dpr-myr®, Lys-palm**]ghrelin NT 62.9
23 [Sar', Dpr-dec®, Lys-palm®]ghrelin 1-18 NT 158.8
24  [Sar', Dpr-myr®, Lys-palm™]ghrelin 1-18 NT 177.6
25 [Sar', Dpr-dec’]ghrelin 1-18 NT 147.85
26 [Sar', Dpr-myri]ghrelin 1-18 NT 128.54

Prijem potravy byl sledovan 480-600 min po injekci latky. EDsy jsou hodnoceny
250 min po podani latek v riuznych davkdach. Maximalni efekt na prijem potravy je

hodnocen 480 min po podani latek v davce 5 mg/kg. NT: netestovano.
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Obr. 18 Akutni ucinek analogii ghrelinu na prijem potravy po perifernim poddani
Stihlym sytym mysim kmene CS57BL/6. Analogy byly rozpustény ve fyziologickém
roztoku a podavany v davce 5 mg/kg. Kumulativni prijem potravy byl monitorovan po
dobu 8-10 hodin a je vyjadien v g zkonzumované potravy jako priumer = SEM (n = 5-6
mysi na skupinu). Data byla analyzovina metodou one-way ANOVA s ndslednym
Dunnettovym post-hoc testem. * P<0.05, ** P<0.01, *** P<0.001 oproti kontrolni

skupiné (fyziologicky roztok).
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Obr. 19 Akutni ucinek analogii ghrelinu na prijem potravy po perifernim poddni
Stihlym sytym mysSim kmene C57BL/6. Analogy byly rozpustény ve fyziologickéem
roztoku a podavany v davce 5 mg/kg. Kumulativni prijem potravy byl monitorovan po
dobu 8-10 hodin a je vyjadren v g zkonzumované potravy jako priumér + SEM (n = 5-6
mys$i na skupinu). Data byla analyzovina metodou one-way ANOVA s naslednym
Dunnettovym post-hoc testem. * P<0.05, ** P<0.01, *** P<0.001 oproti kontrolni

skupiné (fyziologicky roztok).
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Obr. 20 Zavislost orexigenniho ucinku vybranych analogii ghrelinu na ddvce.
[Sar', Dpr-myr®, Nal*]ghrelin (A) a [Sar', Dpr-myr®, PheCl,*]ghrelin (B) byly SC
podavany Stihlym sytym mysim C57BL/6 v davkach 0.1-10 mg/kg télesné hmotnosti
mysi. Prijem potravy je vyjadien v g zkonzumované potravy jako prumeér = SEM (n =
5-6 mysi na skupinu). Data byla analyzovana metodou one-way ANOVA s naslednym
Dunnettovym post-hoc testem. * P<0.05, *** P<0.001 oproti kontrolni skupiné
(fyziologicky roztok).
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5.1.5 Farmakokinetika vybranych peptidovych analogii GHS-R1a
Farmakokinetika [Dpr’]ghrelinu a [Sar', Dpr-myr’]ghrelinu byla sledovéna

po SC podani téchto latek potkaniim v davce 5 mg/kg t€lesné hmotnosti zviiete. Obr. 21

ukazuje, ze [Sar*, Dpr-myr®]ghrelin mél vyznamné zvysenou stabilitu v krvi ve srovnani

s [Dpr’]ghrelinem; jeho biologicky polo&as v krvi ¢inil vice nez 8 hodin.
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Obr. 21 Degradacni profil vybranych analogit ghrelinu in vivo po poddni potkaniim.
Obé testované latky byly poddany SC v davce 5mg/kg, ve vyznacenych casovych

intervalech byly odebirany vzorky krve. n = 3 potkani na skupinu.

Vybrani stabilni peptidovi agonist¢ GHS-Rla popsani vtomto oddile jsou

soucasti patentu €. PV 2014-429 (Dlouhodobé pusobici stabilni analogy ghrelinu k 1é¢bé

kachexie); patentova piihlaska byla podana v ¢ervnu 2014.
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5.2 Pseudopeptidovy agonista GHS-R1a JMV1843
Vysledky uvedené v tomto oddile byly publikovany v ¢lanku ,,Ghrelin agonist
JMV1843 increases food intake, body weight and expression of orexigenic

neuropeptides in mice* (Holubova et al. 2013).

5.2.1 Akutni Gcinek JMV1843 na prijem potravy

Akutni orexigenni G¢inek JMV1843 po perifernim (SC) podani $tihlym sytym
mysim byl sledovan s pouzitim davek 0.01 — 10 mg/kg télesné hmotnosti mysi. Bylo
zjisténo, ze JMV1843 zvysSuje piijem potravy V zavislosti na davce, hodnota EDsy
Vv Case 250 min po podani JMV 1843 byla stanovena na 1.94 mg/kg. Davky 5 a 10 mg/kg
zpusobily vice nez pétinasobny nartist piijmu potravy oproti kontrolni skuping, jiz byl
podavan fyziologicky roztok. Vysledky akutniho testu na piijem potravy znazoriuje

obr. 22.
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Obr. 22 Akutni ucinek JMV1843 na piijem potravy po jednordzovém perifernim
podani stihlym sytym mysim kmene C57BL/6. IMV1843 byl rozpustén ve fyziologickém
roztoku a podavan SC v davkach 0.01, 0.1, 1, 5 a 10 mg/kg (n = 6). Prijem potravy byl
monitorovan po dobu 5 hodin po injekci a je vyjadren v gramech zkonzumované potravy
jako priimer = SEM. Data byla analyzovana metodou two-way ANOVA ndasledovanou
Bonferroniho post-hoc testem. * P<0.05, ** P<0.01, *** P<0.001 oproti kontrolni

skupiné (fyziologicky roztok).
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5.2.2 Stabilita a farmakokinetika JIMV1843

JMV1843 vykazoval dobrou stabilitu in vitro; pfi inkubaci v mySim krevnim
séru pii teploté¢ 37 °C zlstavala jeho koncentrace po dobu 24 hodin prakticky
nezménéna a na polovinu pluvodni hodnoty poklesla piiblizné po 60 hodinach
(obr. 23A). Po SC podani mysim rychle vstoupil do krevniho ob&hu, byl nicméné téméf
zcela eliminovan z krve po 2 hodinéch od aplikace, s polo¢asem 21 min pro davku
5 mg/kg a 23 min pro davku 10 mg/kg (obr. 23B).
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Obr. 23 Degradacni profil JMV1843 v mySim krevnim séru in vitro (A) a in vivo po
poddni my§im (B). A) Mysi sérum, do nejz byl pridan JMV1843 do findlni koncentrace
10°°M, bylo inkubovano pri 37 °C po dobu vyznacenou na grafu. Ziskané koncentrace
JMV1843 jsou vyjadreny v procentech pocatecni koncentrace. B) JMV1843 byl SC
podan mysim (n = 3) v koncentracich 5 a 10 mg/kg. Mysi byly usmrceny v casovych
intervalech vyznacenych na grafu a byla jim odebrana krev. VZOrky z obou pokusii byly

pFipraveny precipitaci proteinii acetonitrilem a podrobeny LC-MS analyze.
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5.2.3 Utinky JMV1843 po dlouhodobém podavani §tihlym my$im

Na zaklad¢ vysledki kratkodobého experimentu sledujiciho piijem potravy
po jednorazovém podani JMV1843 byla pro dlouhodobé podavani Stihlym mysSim
zvolena davka 10 mg/kg/den. Vzhledem K relativné rychlé eliminaci JIMV1843 z mysi
krve pozorované ve farmakokinetickych experimentech byla navic do pokusu zarazena
davka 20 mg/kg/den.

Desetidenni podavani JMV1843 zpusobilo v obou testovanych davkach

signifikantni zvySeni piijmu potravy (obr. 24) a t€lesné hmotnosti (obr. 25).
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Obr. 24 Utinek JMV1843 na piijem potravy po 10-dennim perifernim poddvini
Stihlym mysim CS57BL/6. Testovana latka byla poddavana SC v davkach 10 a 20
mg/kg/den, 2x denné, rozpusténd ve fyziologickém roztoku (n = 10 mysi na skupinu).
Prijem potravy byl monitorovan denné a je vyjadien v % prijmu potravy kontrolni
skupiny, které byl SC podavan fyziologicky roztok. Data jsou uvedena ve tvaru priimeér +
SEM a byla analyzovana metodou two-way ANOVA nasledovanou Bonferroniho post-
hoc testem. * P<0.05, ** P<0.01, *** P<0.001 oproti kontrolni skupiné.
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Obr. 25 Ucinek JMV1843 na télesnou hmotnost po 10-dennim perifernim poddvini
Stihlym mysim CS57BL/6. Testovana latka byla poddvana SC v davkach 10 a 20
mg/kg/den, 2x denné, rozpusténa ve fyziologickém roztoku (n = 10 mysi na skupinu).
Télesna hmotnost byla monitorovdana denné a jeji pririistek je vyjadren v % pocatecni
telesné hmotnosti. Data jsou uvedena ve tvaru prumer £ SEM a byla analyzovina
metodou two-way ANOVA ndsledovanou Bonferroniho post-hoc testem. * P<0.05,
** P<0.01, *** P<0.001 oproti kontrolni skupiné (fyziologicky roztok).

Desetidenni podavani JMV 1843 v davce 20 mg/kg/den vedlo K signifikantnimu
zvySeni hladiny krevni glukézy; v ptipadé nizs$i davky JIMV1843 tento ucinek nebyl
pozorovan. Hladiny cirkulujiciho leptinu byly po podavani davky 20 mg/kg/den
zvySeny umérné zvysenému obsahu tukové tkan€, zadnad ze zmén téchto parametrt
nicméné nedosahla statistické vyznamnosti. Pfes G¢inek na pfijem potravy, télesnou
hmotnost a mirny narGst adipozity nebyly pozorovany signifikantni zmény
Vv metabolickych  parametrech, jako mnapf. plazmatickych hladindch inzulinu,

adiponektinu nebo IGF-1 (tab. 7 a 8).
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Tab. 7 Zmény obsahu tukové tkané a hmotnosti jater u Stihlych mysSich samci

C57BL/6 po 10-dennim SC poddvani JMV1843

Skupina IPAT SCAT Periren. AT Celk. AT Jatra

[a] [a] [a] [a] [a]

Fyziologicky roztok 0.83 £0.05 0.61 £0.05 0.18£0.02 1.63+£0.21 1.68+0.08

JMV1843 10 mg/kg 0.88 £ 0.08 0.54 £ 0.04 0.20+0.02 1.62+0.13 1.67+0.04

JMV1843 20 mg/kg 0.99 £ 0.07 0.64 +£0.04 0.26 +0.02 1.88+0.10 1.80+0.07

Hodnoty jsou vyjadreny jako prumér = SEM, n = 10 mysi na skupinu. Data byla
analyzovana metodou one-way ANOVA ndsledovanou Dunnettovym post-hoc testem.
Nebyly pozorovany zadné statisticky vyznamné rozdily oproti kontrolni skupiné
(fyziologicky roztok). IPAT: intraperitonealni tukova tkan; SCAT: podkozni tukova

tkan; Periren. AT: perirendlni tukova tkan; Celk. AT: celkové mnozstvi tukové tkane.

Tab. 8 Zmény metabolickych parametrii sytych $tihlych mysich samcii C57BL/6 po
10-dennim SC poddavani JMV1843

Skupina Leptin Glukéza Inzulin Adiponektin IGF-1

[ng/mi] [mmol/l] [ng/ml] [pg/ml] [ng/mi]

Fyziologicky roztok ~ 5.39 £ 0.55 6.83 £0.66 1.12+0.32 11.24+1.19 276 +77

JMV1843 10 mg/kg  6.22 £0.55 8.21+£0.46 0.85+£0.17 10.69 = 1.04 215+71

JMV1843 20 mg/kg  7.29 +0.87 8.86+041 * 1.17+£0.28 10.34 + 0.74 233+ 79

Hodnoty jsou vyjadreny jako prumér £ SEM, n = 10 mysi na skupinu. Data byla
analyzovana metodou one-way ANOVA ndsledovanou Dunnettovym post-hoc testem.

* P<0.05 oproti kontrolni skupinée (fyziologicky roztok). \GF-1: ristovy faktor podobny

inzulinu.
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Piisobenim opakovaného podavani JMV1843 v davce 20 mg/kg/den doslo
k signifikantnimu zvySeni exprese mRNA pro orexigenni peptidy NPY (obr. 26A) a
AgRP (obr. 26B) v mediobazalnim hypothalamu.

Po desetidennim podavani IMV 1843 v davce 20 mg/kg/den byla signifikantné
snizena exprese MRNA pro UCP-1 v hnédé tukové tkani (obr. 26C); na expresi UCP-2

V intraperitonealni tukové tkani nemélo podavani JIMV 1843 vliv (obr. 26D).

A B

3 * 4 * ¥
< <L :
z z
e -3
E E 34
B2 :
& <
3 8.
% <
L 1- Z
Z
g ® 4 -
£ £
= Q.
& %
Z 0 T ; < 0 T

fyz. roztok JMV1843 fyz. roztok JMV1843

c D g5 -
< <
z 8 ¥ z
z % 015 -

6
2 z |
==} o 0'1 4
34 3
z z
E 5 T 0,05 -
- N
5 5
: 0 I 1 : 0 T

fyz. roztok JMV1843 fyz. roztok JMV1843

Obr. 26 Exprese mRNA Vv mySich tkdnich po 10-dennim perifernim poddvini
JMV1843. JMV1843 byl podavan SC v davce 20 mg/kg/den, 2x denné, rozpustény
Ve fyziologickém roztoku (n = 10). A) Exprese neuropeptidu Y Vv mediobazdlnim
hypothalamu. B) Exprese agouti-related proteinu v mediobazdlnim hypothalamu. Data
byla normalizovana vzhledem k expresi GAPDH a analyzovana pomoci nepdrového
t-testu. C) Exprese UCP-1 v hnédé tukové tkani. D) Exprese UCP-2 v intraperitonedlni
bilé tukové tkani. Data byla normalizovana vzhledem k expresi [>-mikroglobulinu a
analyzovana pomoci nepdrového t-testu. Hodnoty jsou uvedeny jako priumér + SEM,
* P<0.05, ** P<0.01 oproti kontrolni skupiné (fyziologicky roztok).
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Stejn¢ tak nebyly pozorovany zadné zmeény v expresi gend pro enzymy
podilejici se na metabolismu tukti (ACACA, FASN, LPL, SCD). Z tohoto divodu byla
stanovovana exprese markeri myogeneze. V expresi mMRNA pro myostatin, IGF-1 a
MHC-4 nebyly nalezeny signifikantni zmény, hladiny mRNA pro myogenin byly
snizeny (tab. 9 a 10).

Tab. 9 Exprese mRNA pro enzymy podilejici se na metabolismu tukii po 10-dennim
SC podavini IMV1843 §tihlym mySim C57BL/6

Skupina ACACA/18S FASN/18S LPL/18S SCD/18S

Fyziologicky roztok ~ 7.25+1.23.10° 4.94+1.08.10" 0.0014 +0.00023  0.0015 + 0.00017

JMV184320 mg/kg  5.83+0.96.10° 4.64+0.76.10" 0.0016 +0.00036  0.0011 + 0.00021

Data byla normalizovina vzhledem kexpresi 185 rRNA a analyzovina pomoci
neparového t-testu. Hodnoty jsou vyjadreny jako prumeér + SEM, n = 10 mysi na
skupinu. Nebyly pozorovainy zadné statisticky vyznamné rozdily oproti kontrolni skupiné
(fvziologicky roztok).

Tab. 10 Exprese mRNA pro markery myogeneze po 10-dennim SC poddvini
JMV1843 Stihlym mysim C57BL/6

Skupina Myostatin/B2M Myogenin/B2M  IGF-1/B2M MHC-4/B2M
Fyziologicky roztok 0.37 £ 0.029 0.048 £ 0.0046  0.082 + 0.0081 94.94 + 12.87
JMV1843 20 mg/kg 0.40 £ 0.047 0.033 £0.0040 * 0.083 £0.0056 91.16 + 16.45

Data byla normalizovina vzhledem k expresi f,-mikroglobulinu a analyzovana pomoci
nepdrového t-testu. Hodnoty jsou vyjadreny jako primeér + SEM, n = 10 mysi

na skupinu. * P<0.05 oproti kontrolni skupiné (fyziologicky roztok).
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5.3 Nepeptidovi antagonisté GHS-R1a JMV3002 a IMV4208

Vysledky uvedené Vvtomto oddile byly publikovany v ¢lanku ,,Triazole
GHS-R1a antagonists IMV4208 and JMV3002 attenuate food intake, body weight, and
adipose tissue mass in mice*, ktery byl piijat k tisku v ¢asopise Molecular and Cellular
Endocrinology (Holubova et al. 2014).

5.3.1 Akutni u¢inek JMV3002 a JMV4208 na prijem potravy

Akutni orexigenni ucinek JMV3002 a JMV4208 po perifernim (SC) podani
Stthlym hladovym mySim byl sledovan s pouzitim dédvek 1 — 20 mg/kg tclesné
hmotnosti mysi. Bylo zjisténo, ze ob¢ slouceniny davkove zavisle snizuji ptijem potravy
oproti kontrolni skupiné, jiz byl podavan 50% PEG; statisticky vyznamny Géinek byl
pozorovan od davky 5 mg/kg. Hodnota EDsy byla stanovena na 2.05 mg/kg
pro JIMV3002 a 5.25 mg/kg pro IMV4208. Vysledky akutniho testu na ptijem potravy
znéazornuje obr. 27.

JIMV3002 podany podkozné v davce 5 mg/kg sytym Stihlym mySim potlacil
nariist pfijmu potravy vyvolany podanim ghrelinu v téZze déavce. Piijem potravy
po koadministraci obou latek byl srovnatelny s piijmem potravy kontrolni skupiny,
zatimco samostatné podany JMV3002 statisticky vyznamné snizil pfijem potravy

ve srovnani s kontrolni skupinou (obr. 28).

5.3.2 Farmakokinetika JIMV3002 a JMV4208 in vivo

Obe testované slouceniny dosahly maximalni koncentrace v krvi 30 minut po SC
podani mysim a byly zcela eliminovany z krevniho ob¢hu Vv priibé¢hu 8 hodin po podani.
Biologicky polo¢as JMV3002 byl 60 min a polocas IMV4208 byl 90 min, pfiemz
v intervalu od 2 do 8 hodin po podani koncentrace obou slou¢enin v krvi pomalu klesala
(obr. 29, tab. 11).

Tab. 11 Farmakokinetika antagonistit GHS-R1a in vivo po SC podani mySim

Sloucenina Ty [min] Tmax [Min] Chax [Ng/ml] AUC [pg/mi/480 min]
JMV3002 60 30 960.1 74.75
JMV4208 90 30 979.7 122.9

Obé slouceniny byly poddny SC v ddvce 5 mg/kg a jejich koncentrace v Krevni plazmé
byla sledovina po dobu 8 hodin. Tij: biologicky polocas sloucenin v Krvi; Tpax: Cas
dosazeni Crax (maximalni koncentrace sloucenin v Krvi); AUC: plocha pod krivkou

(p7i vyneseni koncentrace slouceniny v krvi jako funkce casu).
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Obr. 27 Akutni ucinek JMV3002 (A) a JMV4208 (B) na p¥ijem potravy po
Jednordazovém perifernim poddni $tihlym hladovym mysim kmene C57BL/6. Testované
latky byly rozpusteny v 50% PEG a podavany SC v davkach 1, 5, 10 a 20 mg/kg (n = 6).
Prijem potravy byl monitotovian po dobu 5 hodin po injekci a je vyjadren v gramech
zkonzumované potravy. Data jsou uvedena jakou prumér + SEM a byla analyzovana
metodou two-way ANOVA ndsledovanou Bonferroniho post-hoc testem. * P<0.05,
** P<0.01, *** P<0.001 oproti kontrolni skupiné (50% PEG).
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Obr. 28 Potlac¢eni ndariistu pi¥ijmu potravy vyvolaného perifernim poddinim ghrelinu
prostiednictvim podani JMV3002. Obé latky byly podany SC v davce 5 mg/kg (n = 5).
Prijem potravy byl monitorovan po dobu 9 hodin. Hodnoty jsou uvedeny ve tvaru
prumér = SEM a byly analyzovany metodou two-way ANOVA ndsledovanou
Bonferroniho post-hoc testem. * P<0.05, ** P<0.01, *** P<(.001 oproti kontrolni

skupine.
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Obr. 29 Degradacni profil JMV3002 a JMV4208 v mysi krevni plazmé

po jednordazovém SC poddni §tihlym mysSim kmene C57BL/6. Hodnoty jsou uvedeny

jako prumeér = SEM, n = 3 mysi na skupinu.
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5.3.3 U&inky JMV3002 a JMV4208 po dlouhodobém podavini obéznim my$im

Vzhledem k vysledkim kratkodobého experimentu na piijem potravy
po jednorazovém podani antagonisti GHS-R1a byly pro dlouhodobé podavani zvoleny
davky 10 a 20 mg/kg télesné hmotnosti mysi. Ctrnactidenni SC podavani IMV3002 a
IMV4208 obéznim (DIO) mys$im v téchto davkach vedlo k signifikantnimu snizeni
pfijmu potravy ve srovnani s kontrolni skupinou, které byl SC podavan 50% PEG,
v némz byly testované slouc¢eniny rozpoustény (obr. 30A, B).

Primérnd télesnd hmotnost obéznich mysi byla na konci experimentu snizena
0 15 % puvodni hmotnosti v pfipadé podavani 20 mg/kg JIMV3002 a 0 10 % puvodni
hmotnosti po podavani 20 mg/kg JMV4208. T¢lesna hmotnost kontrolni skupiny byla
snizena o 4 %. Aby bylo mozno posoudit podil redukce piijmu potravy na pozorovaném
hmotnostnim ubytku, byly do pokusu zafazeny skupiny mysi krmenych parové
ke skupinam, jimz byly aplikovany davky 20 mg/kg testovanych antagonistt GHS-R1a.
Hmotnostni ubytek parové krmenych mysi byl mirnéj§i nez ubytek po podavani
testovanych latek, v ptipad€¢ skupiny krmené péarové k IMV3002 vSak ve srovnani
s kontrolni skupinou dosahl statistické vyznamnosti (obr. 31A, B).

Podavani JIMV3002 a JIMV4208 vedlo k redukci celkového obsahu tukové tkane,
zpusobené zejména Ubytkem podkozniho a perirenalniho tuku; ubytek intraperitonealni
a hnédé tukové tkdné€ nebyl statisticky vyznamny. Obé€ slouceniny také snizily hmotnost
jater (tab. 12). Hladiny plazmatického inzulinu, glukézy, adiponektinu a triglyceridt
byly nevyznamné sniZeny. Hladiny cirkulujiciho leptinu byly signifikantné sniZzeny

umérné snizenému objemu tukové tkané (tab. 13).

Tab. 12 Hmotnosti tukové tkiné a jater po 14-dennim SC poddvani JMV3002 a
JMV4208 v ddavce 20 mg/kg DIO mySim

Skupina SCAT [qg] IPAT [g] Periren. AT [g] Celk. AT [g] Jatra [g]

50% PEG 2.96 £0.18 2.22+0.09 1.3+0.06 6.65+ 0.26 2.05+0.16

JMV3002  1.87+0.09 ***  2.03+0.15 0.85+0.09 ** 5.13+0.37 ** 1.40 £ 0.04 **

JMV4208 23+£0.12* 217+0.15 0.96 + 0.07 ** 558 +£0.22 ** 1.68+0.17

Hodnoty jsou vyjadreny jako primér + SEM, n = 7 mysi na skupinu. Data byla
analyzovana pomoci neparového t-testu. * P<0.05, ** P<0.01, *** P<0.001 oproti
kontrolni skupiné (50% PEG). Periren. AT: perirendlni tukova tkan; Celk. AT: celkové

mnozstvi tukove tkané.
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Obr. 30 Ucinek JMV3002 (A) a JMV4208 (B) na piijem potravy po 14-dennim
perifernim podavani obéznim (DIO) mySim C57BL/6. Testovand ldtka byla poddvana
SC vdavkach 10 a 20 mg/kg, 2x denné, rozpustena v 50% PEG (n = 10). Prijem
potravy byl monitorovan denné a je vyjadren v % prijmu potravy kontrolni skupiny,
které byl SC podavan 50% PEG. Data jsou uvedena ve tvaru primeér + SEM a byla
analyzovana metodou one-way ANOVA ndsledovanou Dunnettovym post-hoc testem.
* P<0.05, *** P<0.001 oproti kontrolni skupine.

84



-1,00

-3,00

-5,00

-7,00

-9,00

Zména télesné hmotnosti
[% po&ateénit&lesné hmotnosti]

-13,00
-15,00

-17,00

-1,00

-3,00

-5,00

-7,00

-9,00

-11,00

Zména télesné hmotnosti
[% poé&ateénitélesné hmotnosti]

-13,00

-15,00

Obr. 31 Uéinek JMV3002 (4) a JMV4208 (B) na télesnou hmotnost po l4-dennim
perifernim podavani obéznim (DIO) mysim C57BL/6. Testovana latka byla podavana
SC vdavkach 10 a 20 mg/kg, 2x denné, rozpustena v50% PEG (n = 10). Télesna
hmotnost byla monitorovana denné a jeji ubytek je vyjadren v % pocatecni télesné
hmotnosti. Data jsou uvedena ve tvaru priumér £ SEM a byla analyzovina metodou

one-way ANOVA ndsledovanou Dunnettovym post-hoc testem. * P<0.05, ** P<0.01,
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Tab. 13 Metabolické parametry hladovych DIO mysi po 14-dennim SC podavini
JMV3002 a IMV4208 v davce 20 mg/kg.

Adiponektin Inzulin Leptin Glukéza Triglyceridy

Skupina [ng/ml] [ng/ml] [ng/mi] [mmol/I] [mg/dl]

50% PEG 13.99+1.33 2.59+0.47 53.21+6.59 8.11+045 23.90+4.32

JMV3002 11.72 +1.49 1.92+0.21 31.72+29* 797+0.34 24.40+3.18

JMV4208 13.82+1.49 1.96+0.18 3149+1.76* 759+050 19.56+3.29

Hodnoty jsou vyjadreny jako prumeér = SEM, n = 7 mysi na skupinu. Data byla

analyzovana pomoci neparového t-testu. * P<0.05 oproti kontrolni skupiné (50% PEG).

Ob¢ testované slouceniny v davce 20 mg/kg zpusobily po dlouhodobém podavani
signifikantni sniZzeni exprese POMC Vv mediobazalnim hypothalamu (obr. 32A). Redukce
exprese MRNA pro NPY (obr. 32B) a AgRP (obr. 32C) v MBH nebyla statisticky

vyznamna.
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Obr. 32 Exprese mRNA pro neuropeptidy Vv mediobazdlnim hypothalamu po
14-dennim SC podavini JMV3002 a JMV4208 v ddvce 20 mg/kg DIO mysim.
A) Exprese POMC. B) Exprese NPY. C) Exprese AgRP. Data byla normalizovana
vzhledem k expresi GAPDH a analyzovana pomoci nepdarového t-testu. Hodnoty jsou
uvedeny jako priumér + SEM, ** P<0.01 oproti kontrolni skupiné (50% PEG), n =7

mys$i na skupinu.

Dlouhodobé podavani JMV4208 vdavce 20 mg/kg vedlo ke statisticky
vyznamnému snizeni exprese ACACA (obr. 33A) a FASN (obr. 33B) v podkozni
tukové tkani a ke snizeni exprese FASN v intraperitonealni tukové tkani (obr. 33D).

Dlouhodobé podavani JIMV3002 v davce 20 mg/kg zpiisobilo redukci exprese FASN
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v podkozni tukové tkani (obr. 33B). Snizeni exprese ACACA v intraperitonealni tukové

tkani nedosahlo po podavani testovanych sloucenin statistické vyznamnosti (obr. 33C).
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Obr. 33 Exprese mRNA pro markery metabolismu tukii po 14-dennim SC poddvani
JMV3002 a IMV4208 v ddavce 20 mg/kg DIO mysim. A) Exprese ACACA Vv podkozni
tukové tkani. B) Exprese FASN v podkozni tukové tkani. C) Exprese ACACA
V intraperitonealni tukové tkani. D) Exprese FASN v intraperitonealni tukové tkani.
Data byla normalizovana vzhledem k expresi fo-mikroglobulinu a analyzovdana pomoci
nepdrového t-testu. Hodnoty jsou uvedeny jako primér + SEM, * P<0.05 oproti

kontrolni skupiné (50% PEG), n = 7 mysi na skupinu.

Zadny z antagonistt GHS-R1a nemél vliv na hladiny mRNA pro leptin, LPL,
adiponektin a FABP-4 v podkozni ¢i intraperitonealni tukové tkani (tab. 14) ani
na expresi MRNA pro ACACA, FASN, PEPCK, SREBP ¢i CPT-1v jatrech (tab. 15).
Exprese mRNA pro UCP-1 v hnédé tukové tkani byla nesignifikantn¢ zvysSena
(obr. 34).
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Tab. 14 Exprese mRNA pro adipokiny a enzymy podilejici se na metabolismu tukii
V podkoZni a intraperitonedlni tukové tkani po 14-dennim SC podavani JMV3002 a
JMV4208 v davce 20 mg/kg DIO mysim

Tkan Skupina Leptin/B2M  Adiponektin/B2M LPL/B2M FABP-4/B2M
50% PEG 0.191 £ 0.034 0.466 + 0.028 1.486 +0.218 4.324 +£0.522
SCAT JMV3002 0.146 + 0.028 0.436 + 0.068 1.410 = 0.069 4.358 £0.538
JMV4208 0.199+£0.011 0.487 +£0.018 1.146 £ 0.095 3.518 £ 0.674
50% PEG 0.148 +£0.026 0.197+0.013 1.055+0.119 1.796 £ 0.170
IPAT JMV3002 0.105 +0.020 0.236 +0.039 1.162+0.134  2.065+0.237
JMV4208 0.098 +£0.015 0.171 £ 0.028 0.803 +£0.106 1.418 +£0.158

Data byla normalizovdana vzhledem k expresi fo-mikroglobulinu a analyzovina pomoci
neparového t-testu. Hodnoty jsou vyjadreny jako primer = SEM, n = 10 mysi
na skupinu. Nebyly pozorovdny zdadné statisticky vyznamné rozdily oproti kontrolni

skupine (50% PEG).

Tab. 15 Exprese mRNA pro enzymy podilejici se na metabolismu tuku v jdatrech
po 14-dennim SC podavani JIMV3002 a IMV4208 v davce 20 mg/kg DIO mysim

Skupina ACACA/B2M FASN/B2M PEPCK/B2M SREBP/B2M CPT-1/B2M
50% PEG  0.006 + 0.0009 0.015+0.007 0.319 +£0.031 0.002 +£0.0003  0.062 £ 0.008
JMV3002  0.005+0.0013 0.014 = 0.005 0.498 +£0.122 0.002 £ 0.0005  0.043 £ 0.009
JMV4208  0.005 + 0.0008 0.014 +0.004 0.412 +0.069 0.003 £0.0004  0.051 £ 0.006

Data byla normalizovina vzhledem k expresi f-mikroglobulinu a analyzovana pomoci
neparového t-testu. Hodnoty jsou vyjadieny jako primeér + SEM, n = 10 mysi
na skupinu. Nebyly pozorovany zadné statisticky vyznamné rozdily oproti kontrolni

skupiné (50% PEG).
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Obr. 34 Exprese MRNA pro UCP-1 v hnédé tukové tkani po 14-dennim SC poddvani
JMV3002 a JMV4208 vddavce 20 mg/kg DIO mysSim. Data byla normalizovina
vzhledem Kk expresi fo-mikroglobulinu a analyzovina pomoci nepdrového t-testu.
Hodnoty jsou uvedeny jako prumér + SEM, n = 7 mysi na skupinu. Nebyly pozorovany
statisticky vyznamné rozdily oproti kontrolni skupiné (50% PEG).
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6 DISKUZE

6.1 Dlouhodobé pusobici peptidovi agonisté receptoru GHS-R1a

Ghrelin a dal$i agonisté GHS-R1a jsou Vv sou¢asnosti povazovani za potencialni
1€¢iva k terapii kachexie a anorexie. V prvni ¢asti této prace je popsano in vitro a in vivo
testovani noveé navrzenych stabilnich a dlouhodobé ptisobicich peptidovych agonistii
receptoru GHS-R1a, ktefi byli syntetizovani na nasem ustavu. Byly provedeny vazebné
studie sledujici afinitu agonisti k receptoru GHS-R1a, funk¢ni studie zjistujici vliv
agonisti na signalizaci ghrelinového receptoru a testy in vivo (na mySich) ke zjisténi
ucinku analogii na piijem potravy a ovéteni stability v krvi.

Struktura analogi ghrelinu byla navrzena na zakladé¢ wvysledkid strukturné
aktivitnich studii, které jiz byly zminény v uvodu (Bednarek et al. 2000; Matsumoto et
al. 2001; Van Craenenbroeck et al. 2004), a vychazi ze struktury analogti ghrelinu, které
byly syntetizovany a charakterizovany v nasi laboratofi (Maletinska et al. 2012).

Analogy byly stabilizovany zaclenénim nekdédovych aminokyselin do struktury
(nahrada N-terminalniho glycinu sarkosinem a ptipadné nahrada fenylalaninu v pozici 4
nekodovymi aminokyselinami naftylalaninem, cyklohexylalaninem, tercbutylalaninem,
nitrofenylalaninem ¢i dichloroalaninem), aby se zvysila jejich odolnost vaci
proteolytické degradaci a tedy prodlouzilo trvani jejich t¢inku.

Dalsi zasadni modifikaci byla nahrada serinu Vv pozici 3 kyselinou
diaminopropionovou. Tato zaména nevede ke ztraté biologické aktivity ghrelinu a
umoznuje nahradit nestabilni esterovou vazbu, kterou je v pfirozené se vyskytujicim
ghrelinu véazéna oktanova kyselina nezbytna pro biologicky uc¢inek ghrelinu, vyrazné
stabilngjsi amidovou vazbou (Bednarek et al. 2000).

Takto stabilizované analogy byly dale modifikovany zaménou pfirozené se
vyskytujiciho oktanoylu za jiné mastné kyseliny, at’ uz se jednalo o kyseliny s delSim
fetézcem, nenasycené mastné kyseliny nebo naptf. kyselinu adamantanoctovou.
Do struktury dalSich analogii byla na druhy konec aminokyselinového fetézce zaclenéna
dals$i mastna kyselina, jiné analogy byly zkraceny. Lipidizace peptidl, napf. pfipojeni
mastné kyseliny esterovou ¢i amidovou vazbou, je v soucasnosti jednou ze strategii
pouzivanych pii navrhu peptidovych 1é¢iv; umoznuje zvysit jejich stabilitu a biologicky
polocas (pravdépodobné diky vazbé na sérovy albumin) a také zlepsit jejich prichod

ptres hematoencefalickou bariéru (Bellmann-Sickert & Beck-Sickinger 2010; Malavolta
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& Cabral 2011). Acylaci myristovou ¢i palmitovou kyselinou vyuziva napf. analog
inzulinu detemir (Havelund et al. 2004) ¢i analog GLP-1 liraglutid (Gault et al. 2011).

Vin vitro studiich jsme ukéazali, Ze testované analogy se vazi na bunétné
membrany z bun¢k s transfekovanym receptorem GHS-R1a s afinitou ve vétSing
piipadt srovnatelnou s ghrelinem &i [Dpri]ghrelinem nebo vétsi. Hodnoty K zjisténé
v kompetitivnich vazebnych studiich se pro vetSinu analogii pohybovaly v nanomolarni
oblasti, coz odpovida hodnotam K; pro ghrelin bézn¢ uvadénym v literatuie (Leyris et
al. 2011; Maletinska et al. 2012). Také bylo zjisténo, ze vybrané analogy pusobi
srovnatelné s ghrelinem ¢ [Dpr]ghrelinem na aktivaci signalizaénich drah ghrelinu,
tedy ze vyvolavaji srovnatelnou aktivaci inositolfosfatové kaskady a mobilizaci
intracelularnich Ca?* iont.

In vivo testy sledujici pfijem potravy po perifernim podani testovanych analogi
mys$im ukazaly, ze vétSina analogli vyznamné zvySuje piijem potravy, pfi¢emz jejich
Géinek je vyrazngjsi a déletrvajici ve srovnani s ghrelinem & [Dpré]ghrelinem. Tato
skute¢nost pravdépodobné souvisi zejména s jejich zvySenou stabilitou a koresponduje
s vysledkem pilotniho farmakokinetického experimentu na potkanech, v némz bylo
ukazano, ze SC podany [Sar*, Dpr-myr®]ghrelin méa vyznamné zvy3enou stabilitu v krvi
ve srovnani s [Dpri]ghrelinem a jeho biologicky pologas v krvi &ini vice nez 8 hodin.
Oproti tomu endogenni ghrelin je v krvi degradovan béhem nékolika desitek minut (De
Vriese et al. 2004; Akamizu & Kangawa 2006).

Nejvyraznéjsi orexigenni ulinek byl pozorovan po podéani analogi
s fenylalaninem, cyklohexylalaninem, naftylalaninem ¢i dichlorofenylalaninem v pozici
4 a prodlouzenou mastnou kyselinou (zejména dekanovou ¢i myristovou). Dalsi
prodluZzovani fetézce jiz pravdépodobné k nartstu G€inku nepfispiva. Mirn&jsi nartst
ucinku zpisobila také nahrada oktanoylu nenasycenymi mastnymi kyselinami ¢i
kyselinou bromoktanovou nebo adamantanoctovou. Vyrazny orexigenni ucinek byl
pozorovan i po podani analogii se dvéma mastnymi kyselinami, at uz se jednalo
0 analogy vychazejici z plného ¢i zkraceného fetézce ghrelinu.

ZvySeni pfijmu potravy bylo zavislé na davce, maximalni Uc¢inek vétsiny
analogtli byl pozorovan 250 — 350 min po podani, orexigenni ucinek ptetrvaval po dobu
8 — 10 hodin po podani.

Popsané vysledky vedou k zavéru, ze testované syntetické peptidové analogy
ghrelinu jsou U¢innymi a stabilnimi agonisty GHS-R1a s prodlouzenym trvanim t¢inku.

Nejucinnéjsi z analogih budou v budoucnu pouzity pro dlouhodobé testovani in vivo
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na zvifecich modelech kachexie (napf. na modelu kachexie vyvolané opakovanym
podavanim bakterialniho toxinu lipopolysacharidu mysim, nebo na potkanich modelech

kachexie vyvolané 5/6 nefrektomiti).

6.2 Pseudopeptidovy agonista GHS-R1a JMV1843

Jak bylo feceno vyse, ghrelin a dal$i agonisté GHS-R1a jsou Vv soucasné dobé
sttedem zajmu jako potencidlni 1éCiva k terapii kachexie. V této praci je popsano
testovani akutnich a dlouhodobych uc¢inkti pseudopeptidového agonisty GHS-Rla
JMV1843 po perifernim podévani Stihlym mySim kmene C57BL/6. VySe uvedené
vysledky ukazuji, ze IMV1843 pozitivné ovliviluje pifijem potravy a narlst télesné
hmotnosti, coz naznafuje moznost jeho vyuziti v 1éEbé onemocnéni spojenych
S chronicky snizenym piijmem potravy.

Obdobn¢ jako v dfive popsaném experimentu sledujicim pfijem potravy
Vv intervalu 90 minut po jednorazovém podani JMV1843 (Pirnik et al. 2011) bylo
ukazano, ze IMV1843 stimuluje pfijem potravy u ad libitum krmenych mysi po dobu
5 hodin od jednorazového periferniho podani. ZvySeni pfijmu potravy bylo davkové
zavislé, pricemz statistické vyznamnosti bylo dosazeno pii pouziti davky 1 mg/kg
télesné hmotnosti mysi. Davky 5 a 10 mg/kg zptisobily vice nez pétindsobny nariist
pfijmu potravy oproti kontrolni skupin€, coz ptedstavuje vyssi Gcinek, nez jaky byl
v naSich pfedeslych experimentech pozorovan po podani ghrelinu ve stejné davce
(Maletinska et al. 2012). Lze ptedpokladat, ze tato skuteCnost mize byt dana
prodlouZenou stabilitou JMV1843 a tedy delSim trvanim jeho ucinku ve srovnani
s ghrelinem. Uvadi se, Ze biologicky polocas ghrelinu je pfiblizn¢ 9-13 minut; tato
relativné nizka hodnota souvisi pfedev§im s rychlou desacylaci peptidu (Akamizu &
Kangawa 2006). Oproti tomu JMV 1843 vykazuje zvySenou stabilitu a jeho biologicky
poloCas po intradermalnim podéani zdravym dobrovolnikiim se pohybuje v rozmezi
80-93 minut (Piccoli et al. 2007). V naSem experimentu sledujicim degradaci IMV 1843
v my$im krevnim séru in vitro jsme ukazali, ze JMV1843 zustal stabilni po dobu
24 hodin a teprve po 2.5 dnech poklesla jeho koncentrace piiblizné na polovinu. Jak
bylo popsano v nasi predchozi studii (Maletinska et al. 2012), ghrelin je pii pouziti
stejnych podminek experimentu degradovan s poloCasem 12 minut. Pfi stanoveni
degradacniho profilu JMV1843 in vivo po perifernim podani mysim bylo zjisténo, ze
testovand sloucenina rychle vstupuje do krevniho obéhu a dosahuje maximalni

koncentrace v krvi 10 minut po podani. Pfestoze pii testech in vitro se JIMV1843 jevil
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jako velmi stabilni, byl béhem 2 hodin po podani mySim z jejich krve témét zcela
eliminovan. Biologicky polocas byl 21-23 minut a nulové koncentrace v krvi bylo
dosazeno po 4 hodinach od podani. Tato pozorovani naznacuji, ze IMV1843 je bud’to
rychle metabolizovan, nebo dochazi k jeho akumulaci ve tkanich.

Po deseti dnech opakovaného SC podavani IMV1843 §tihlym mySim samcim
bylo pfi pouziti obou davek pozorovéano signifikantni zvySeni piijmu potravy a télesné
hmotnosti. Uginek byl prekvapivé mirné vyssi pfi pouziti davky 10 mg/kg, coz mohlo
byt zpusobeno niz$i rozpustnosti JMV1843 ve vyssi dadvce nebo dosazenim
maximalniho mozného efektu pii davce 10 mg/kg. Uginek na nartist hmotnosti trval
po celou dobu experimentu, piestoze piijem potravy byl vyznamné zvySen pouze
podobu 7 dni a poté jeho narust mirné poklesl. Toto zjisténi je v souladu
s ptedpokladem, Ze na vzristu télesné hmotnosti vyvolaném ucinky ghrelinu se
pravdépodobné kromé hyperfagie podileji také dalsi mechanismy (Kim et al. 2004).
Bylo popséano, ze chronické podavani ghrelinu $tihlym mysim vede ke snizeni exprese
UCP-1 v hnédé tukové tkani (Tsubone et al. 2005). UCP-1 je exprimovan pievazné
vV mitochondriich hnédé tukové tkan€, zodpovida za jeji vysokou termogenni kapacitu a
podili se na regulaci energetického vydeje (Clapham 2011). Jak je zminéno v oddile
5.2.3, bylo zjisténo, Ze desetidenni podavani IMV 1843 zpiisobuje statisticky vyznamné
sniZzeni exprese UCP-1 v hnédé tukové tkani obdobné jako ghrelin. To napovida, Ze
K pozorovanému narustu télesné hmotnosti mysi mohla pfispét také redukce
energetického vydeje.

K analyze mechanismu orexigenniho U¢inku dlouhodobé podavaného JIMV1843
jsme studovali zmény exprese mRNA neuropeptidu Y a agouti-related proteinu
vV mediobazalnim hypothalamu. NPY a AgRP jsou ucinné orexigenni peptidy
koexprimované neurony v nucleu arcuatu. Bylo popsano, ze jak centralni, tak periferni
chronické podavani ghrelinu vede ke zvySeni exprese NPY a AgRp v hypotalamu, coz
naznacuje, Ze neurony exprimujici NPY a AgRP jsou primarnim cilem ghrelinu
Vv hypothalamu a zprostfedkovavaji jeho orexigenni u¢inek (Kamegai et al. 2001; Chen
et al. 2004). Zjistili jsme, ze chronické podavani JIMV1843 rovnéz zvySuje hladiny
MRNA pro NPY a AgRP v hypotalamu, z ¢ehoz Ize usoudit, ze mechanismus u¢inku
JMV1843 na pfijem potravy je podobny popsanému mechanismu uUc¢inku ghrelinu.
Kromé zminéného orexigenniho efektu snizuji NPY a AgRP termogenezi
prostiednictvim redukce produkce UCP-1 v hnédé tukové tkani (Billington et al. 1994,
Small et al. 2001). Je tedy pravdépodobné, ze Géinek JMV1843 na expresi UCP-1
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v hnédé¢ tukové tkani mulze byt zprostfedkovan stimulaci NPY/AgRP neuronil
v hypothalamu.

Desetidenni podavani JMV 1843 vedlo k mirnému, nesignifikantnimu zvyseni
obsahu tukové tkén¢ v organismu a hladin cirkulujiciho leptinu. Tato tendence je
v souladu s dfive popsanym pozorovanim, ze piirustek hmotnosti vyvolany podavanim
ghrelinu je dan zejména naristem adipozity, pfiCemz hmotnost svalové tkané a
vnitinich organu zistava nedotcena (Tsubone et al. 2005). Nase zjisténi, ze dlouhodobé
podavani IMV 1843 nemélo vliv na expresi markerti myogeneze, tento zaver podporuje
a naznacuje, ze JMV1843 podobn¢ jako ghrelin neovliviiuje objem svalové hmoty.
Tento zavér se nicméné tyka zdravych mysi; v kachektickém modelu mize byt
plusobeni JIMV1843 jiné. Vysledky analyzy exprese mRNA nicméné nepotvrdily ani
signifikantni zvySeni adipogeneze. Pro potencidlni vyuZziti JMV1843 se vSak jevi jako
nejzasadnéjsi aktivace orexigennich mechanismu.

Vyse popsané ucinky byly u mysi, jimz byla podavana vyssi davka JMV 1843,
doprovazeny statisticky vyznamnym nartstem hladiny krevni glukézy, ktery pti pouziti
niz§i davky nebyl pozorovan. Zadnd zpouzitych davek nicméné neovlivnila
plazmatické koncentrace inzulinu a adiponektinu, coz naznacuje absenci Skodlivych
studiemi zabyvajicimi se G¢inky chronicky podavaného ghrelinu (Kamegai et al. 2001;
Nakazato et al. 2001; Kim et al. 2004),

6.3 Nepeptidovi antagonisté GHS-R1a JMV3002 a IMV4208

Vzhledem ktomu, ze obezita a sni spojena zdravotni rizika zaznamenavaji
celosvétovy dramaticky nartst (Caballero 2007), stile roste i potfeba novych
antiobezitnich  farmakologickych  prostfedkii. = Blokovani  ucinku  ghrelinu
prostfednictvim antagonisti GHS-R1a se jevi jako slibny pfistup v terapii obezity.
Z tohoto divodu byla vyvinuta a testovana cela fada syntetickych antagonisti GHS-R1a
(review napf. Zhao & Liu 2006; Moulin et al. 2007b; Chollet et al. 2009). Antagonisté
ghrelinu mohou mit dal$i potencidlni vyuziti pfi nékterych onemocnénich
doprovazenych hyperfagii, jako je napf. Prader-Williho syndrom, genetickd porucha
spojena se zvySenymi plazmatickymi hladinami ghrelinu (Cummings et al. 2002a).

V této praci jsou popsany vysledky testovani dvou antagonistt GHS-Rla,
IMV3002 a JMV4208, trisubstituovanych derivata 1,2,4-triazolu. Byl studovan jak

jejich akutni Gc¢inek na piijem potravy u Stihlych mysi, tak uc¢inky na ptijem potravy,
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télesnou hmotnost, biochemické parametry a metabolismus tukti po dlouhodobém
podavani mySim s obezitou indukovanou vysokotukovou dietou.

potravy po ICV podani potkaniim (Salomé et al. 2009a) a po ICV ¢i IP podani mySim
(Asakawa et al. 2003). V souladu s vysledky téchto experimenti jsme ukazali, ze
JMV3002 a JMV4208 snizuji ptijem potravy u hladovych stihlych mysi také po SC
podani, a ze JMV3002 potlacuje nariist pfijmu potravy vyvolany sou¢asnym perifernim
(SC) podanim ghrelinu hladovym $tihlym mySim, podobné jako bylo ukazano v diive
publikovanych studiich s jinymi antagonisty GHS-R1a (Esler et al. 2007; Rudolph et al.
2007).

Vysledky farmakokinetického experimentu in vivo ukazaly, ze JMV3002 a
IMV4208 po podkoznim poddni mySim rychle vstupuji do krevniho ob&hu a v pritbé¢hu
prvnich 30 minut po poddni dosahuji maximalni koncentrace v krvi. Ob¢ testované
slouceniny byly zcela eliminovany z krevniho ob&¢hu 8 hodin po podani, coz naznacuje
jejich pomérné dobrou stabilitu napt. ve srovnani s peptidovym antagonistou GHS-R1a
[Dlys®]-GHRP-6, ktery dosahuje nulové koncentrace v krvi jiz 2 hodiny po podkoZnim
podani mysim (Maletinska et al. 2011).

Po dvoutydennim SC podévani JMV3002 a JMV4208 DIO mySim bylo
pozorovano statisticky vyznamné sniZeni pfijmu potravy a télesné hmotnosti mysi, a to
0 15% pavodni hmotnosti po podavani JMV3002 a o 10 % plvodni hmotnosti
po podavani JMV4208. T¢lesna hmotnost kontrolni skupiny, které bylo SC podavano
rozpoustédlo (50% PEG), byla také mirn¢ snizena (cca 0 4 %), podobné jako v nasi
predchazejici studii (Maletinska et al. 2011), v niz jsme po 7 dnech SC podavani
fyziologického roztoku pozorovali primémy hmotnostni ubytek pfiblizné 3 g. Tato
skutecnost mlize pravdépodobné souviset s citlivosti DIO mysi kmene C57BL/6 na stres
zpusobeny opakovanou manipulaci a injekéni aplikaci testovanych latek ¢i
rozpoustédla. Velky hmotnostni ibytek mysi, jimzZ byly podavéany testované slouceniny,
byl nicméné statisticky vyznamny ve srovnani s kontrolni skupinou.

Hmotnostni ubytek skupin, jimz byla poddavana davka 20 mg/kg antagonisti
GHS-R1a, byl vyrazné&jsi, nez hmotnostni ubytek ptislusnych parové krmenych skupin.
Mezi parové krmenymi skupinami a skupinami injikovanymi antagonisty vSak nebyl
signifikantni rozdil. Pfedpokladame, Ze mirn¢ vyS$si Ubytek hmotnosti po podavani

antagonistt GHS-R1a mohl byt kromé redukce piijmu potravy zcasti zplsoben také
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dal§imi mechanismy, napt. zvySenim energetického vydeje. Tomu nasvédcuje tendence
ke zvyseni exprese mRNA pro UCP-1 v hnéd¢ tukové tkéni.

Redukce hmotnosti po dlouhodobém podavani IMV3002 a JIMV4208 byla dana
zejména ubytkem tukové tkané, ktery byl provazen poklesem hladin cirkulujiciho
leptinu. V podkozni ani visceralni tukové tkani nebyla snizena exprese mRNA pro
leptin, coz nasvédCuje tomu, ze snizend sekrece leptinu je vysledkem snizeného
mnozstvi tukové tkan€. Hladiny cirkulujiciho adiponektinu ani jeho exprese v tukové
tkani nebyly podavanim antagonistit GHS-R1a ovlivnény.

Zminény Uubytek tukové tkdn¢ byl nejvyraznéjSim perifernim G¢inkem
testovanych sloucenin; zejména bylo redukovano mnozstvi podkozniho a perirendlniho
tuku. Bylo popsdno, Ze GHS-Rla-deficientni mySi maji niz§i télesnou hmotnost
z divodu nizsi adipozity (Zigman et al. 2005) a podavani ghrelinu naopak u hlodavct
vede k narustu adipozity (Tschop et al. 2000). Pozorované snizeni mnozstvi tuku bylo
pravdépodobné zprosttedkovano snizenou expresi lipogenetickych enzymi ACACA a
FASN, coz je v souladu s pozorovanim, Ze narist adipozity zplsobeny centralnim
podavanim ghrelinu je zprostfedkovan zvySenim exprese ACACA a FASN
v adipocytech bilé tukové tkané (Theander-Carrillo et al. 2006).

Po podavani obou antagonistii byla pozorovana tendence ke snizeni hladiny
krevni gluk6zy a inzulinu, tyto zmény vSak nebyly signifikantni, na rozdil od studii
s dal§imi antagonisty GHS-R1a. Po peroralnim podéavani derivati quinazolinonu DIO
mysim bylo popsano zlepSeni inzulinové sekrece po podani glukézy (Esler et al. 2007;
Rudolph et al. 2007). Podavani [Dlys’]-GHRP-6 vedlo ke sniZeni hladin glukézy a
inzulinu u ovariektomovanych mysi s DIO (Maletinska et al. 2011).

Snizeni hmotnosti jater zpusobené 14-dennim podavanim JMV3002 bylo
S nejveétsi pravdépodobnosti zplsobeno ztratou nahromadéného tuku. Exprese ACACA
a FASN, enzyml katalyzujicich lipogenetické procesy, ani CPT, podilejici se
na lipolyze, V jatrech vSak nebyla podavanim zadného z antagonistii ovlivnéna.

Pomérné piekvapivé byly vysledky analyzy exprese mRNA pro neuropeptidy
Vv mediobazalnim hypothalamu. SniZeni exprese orexigennich neuropeptidi NPY a
AgRP nedosahlo statistické vyznamnosti, vyznamné vSak byla snizena exprese
anorexigenniho neuropeptidu POMC. Byla publikovana hypotéza, ze obezita
indukovand vysokotukovou dietou narusuje funkci NPY/AgRP neuronti v nucleu
arcuatu, vede K potlaceni neuroendokrinni osy ghrelinu a zapficiiuje centralni

hypothalamickou rezistenci ke ghrelinu (Briggs et al. 2010). Podle této publikace je
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také pfi DIO sniZena exprese mRNA pro NPY a AgRP a centralni podavani ghrelinu
nevede u mysi S DIO ke zvyseni jejich exprese. Obdobné je mozno usoudit, ze DIO
mysSi mohou byt rezistentni vac¢i pusobeni antagonisti GHS-R1a na trovni exprese
MRNA pro NPY/AgRP. V dalsi publikaci Briggs a Andrews uvadéji, Ze u DIO mysi
ghrelin pravdépodobné neinhibuje POMC neurony prostiednictvim inhibi¢niho
neurotransmiteru kyseliny y-aminomaselné (GABA) z NPY/AgRP neurontl, ¢imz miize
byt zachovan inhibicni u¢inek o-MSH, peptidu vznikajiciho z POMC, na pfijem
potravy. Mechanismus zpusobujici rezistenci vi¢i ghrelinu mlUZze souviset
s hyperglykemii a hyperinzulinemii asociovanou s DIO. Pfi DIO jsou POMC neurony
regulovany zejména leptinem; redukce hmotnosti dana tbytkem tukové tkané vede
k poklesu krevnich hladin leptinu, coz zpusobi redukci exprese POMC (Briggs &
Andrews 2011). Dlouhodobé podavani antagonistt GHS-R1a JMV3002 a JMV4208
vedlo ke snizeni mnozstvi tukové tkané néasledovanému ubytkem cirkulujiciho leptinu,
coz pravdépodobné vysvétluje pozorované snizeni exprese POMC v mediobazalnim
hypothalamu. Tento vysledek dopliiuje pozorovani, ze GHS-R1a-deficientni mysi maji
zachovanu citlivost k exogennimu leptinu, pokud jde o jeho anorexigenni ucinky a vliv

na redukci hmotnosti (Perello et al. 2012).
6.4 Perspektiva analogii ghrelinu pro terapeutické vyuziti

6.4.1 Agonisté GHS-R1a pro 1é¢bu kachexie a anorexie

Ghrelin byl testovan v fadé studii na kachektickych chronicky nemocnych
pacientech; bylo zjisténo, Ze zvysSuje chut’ k jidlu, pfijem potravy, télesnou hmotnost a
snizuje degradaci svalovych proteinli, ¢imZz poméaha udrzet konstantni beztukovou
hmotnost. Mimoto potlacuje zanét a snizuje aktivitu sympatiku (Neary et al. 2004;
Nagaya et al. 2005; Kodama et al. 2008; Strasser et al. 2008; Lundholm et al. 2010;
Hiura et al. 2012). Je vsak jesté nezbytné, aby probéhlo dlouhodobé klinické testovani,
které by potvrdilo jednak bezpe¢nost dlouhodobého podéavani ghrelinu, jednak jeho
efektivitu ve smyslu 1écby kachexie. Ze syntetickych agonistt GHS-R1a byl doposud
na kachektickych pacientech testovan pouze anamorelin a macimorelin (Allas &
Abribat 2013; Guillory et al. 2013).

Pokud by se vklinickych studiich na kachektickych pacientech
ukdzalo podavani ghrelinu efektivni, mohly by v budoucnu nalézt uplatnéni i stabilni

analogy ghrelinu s prodlouzenym trvanim G¢inku.
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6.4.2 Antagonisté GHS-R1a pro 1é¢bu obezity

Blokovani uc¢inku ghrelinu prostfednictvim antagonistll ¢i inverznich agonistt
GHS-R1a je povazovano za slibny potencialni terapeuticky prostiedek pro boj
S obezitou. Nicmén¢, prestoze do dneSniho dne bylo pfipraveno a charakterizovano
velké mnozstvi syntetickych nepeptidovych antagonistt GHS-Rla, zadny z nich
doposud nepostoupil ke klinickému testovani a vétsSina z nich ani k dlouhodobéjsimu
testovani na zvifecich modelech, které by umoznilo zhodnotit jejich skutecny potencial
pro 1écbu obezity. Prozatim jedinym kandidatem pro klinické studie, ktery blokuje
ucinek ghrelinu, je Spiegelmer NOX-B11l (Patterson et al. 2011; Delporte 2012;
Davenport & Wright 2013; De Vriese 2014). Jak jiz bylo zminéno v tvodu, fada latek,
které byly ve vazebnych a funk¢nich studiich identifikovany jako antagonisté GHS-R1a,
nebyla dosud testovana in vivo ani po akutnim podani nebo nevykazovala
v kratkodobych testech in vivo Gc¢inek na piijem potravy, coz mohlo byt ve vétSing
ptipadt dano jejich Spatnou biologickou dostupnosti.

Je ovSem také mozné, Ze hlodavci nejsou vhodnym modelem pro testovani
in vivo aktivity nékterych antagonistli ghrelinu. Podle ustniho sdéleni prof. Fehrenze
Z laboratofe prof. Martineze (IBMM, Montpellier, Francie) se antagonist¢é GHS-R1a na
bazi trisubstituovaného 1,2,4-triazolu, z nichz néktefi byli testovani v nasi laboratofi,
vazi na buiky s transfekovanym potkanim nebo mysim receptorem GHS-R1a s az 0 dva
fady niz8i afinitou neZz na bunky s transfekovanym lidskym receptorem GHS-R1a.
Nizky ucinek antagonistt GHS-Rla na ovlivnéni piijmu potravy u hlodavci tedy
nemusi nezbytné znamenat, Ze by latky byly net€¢inné po podani lidem. Antagonisté
JMV3002 a JMV4208, o jejichz ucincich na my$i model obezity indukované
vysokotukovou dietou pojednéva tato prace, musi byt pro dosazeni u¢inku podavani
Vv relativné vysokych davkach (10 - 20 mg/kg). Lze predpokladat, Ze u lidi by mohly byt
ucinné i davky nizsi.

Nevyhodou syntetickych nepeptidovych antagonistt GHS-Rla, na rozdil
od pfirozené¢ se vyskytujiciho ghrelinu nebo jeho dosud jediného peptidového
antagonisty [DLys’]-GHRP-6, mize byt jednak jejich Spatnid rozpustnost, jednak
potencialni vedlejsi ucinky. JMV3002 a JMV4208 jsou nerozpustné ve vodeé ¢i
fyziologickém roztoku, musi tedy byt rozpoustény bud’to v toxickém DMSO (Salomé et
al. 2009b), nebo v roztoku polyethylenglykolu. Pti experimentech jsme pozorovali, ze
pii pfidani fyziologického roztoku do roztoku antagonisti v PEG nad 50 % objemu

dochazi k vysrazeni sloucenin z roztoku. Je tedy mozné, Ze po SC injekéni aplikaci se
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mohou tyto latky srazet v podkozi, jejich vstup do krevniho obé¢hu muize byt nizky a
nerozpustnost tak mize zpisobovat nutnost podavani vysokych davek.

Pti testovani JIMV3002 a JMV4208 jsme pozorovali, ze tyto latky po SC podani
myS$im ve vysoké davce zptisobuji mirnou sedaci; k normalizaci stavu dochazi ptiblizné
po hoding. Zaroven se jmenovanymi slou¢eninami jsme také testovali dalsiho, v mnoha
studiich pouzivaného triazolového antagonistu GHS-Rla JMV2959 (Salomé et al.
2009a; Salomé et al. 2009b; Egecioglu et al. 2010; Verhagen et al. 2011; Skibicka et al.
2012; Suchankova et al. 2013). Ten vsak musel byt z dlouhodobého experimentu
vyfazen; prestoze je na rozdil od IMV3002 a JMV4208 velmi dobfe rozpustny, jeho
chronické podavani vedlo ke vzniku rozsahlych lokalnich zanéti v mist¢ aplikace a
vyznamna ztrita hmotnosti experimentdlnich zvifat tak nemohla byt pficitdna jeho
anorexigennimu piisobeni.

Pokud by se podafilo vyfeSit problém s rozpustnosti antagonisti GHS-Rla
nabazi 1,2,4-triazolu nebo nalézt vhodngjsi rozpoustédlo, mohly by tyto latky

V budoucnu nalézt uplatnéni v 16¢bé obezity.
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7 ZAVERY

e Nové peptidové analogy ghrelinu stabilizované nekddovymi aminokyselinami a
navazanim mastné kyseliny stabilni amidovou vazbou se s vysokou afinitou vazaly
k receptoru GHS-R1a a srovnateln¢ s ghrelinem pisobily na aktivaci signaliza¢nich
drah ghrelinu. Po jednordzovém SC podani mySim signifikantné zvySovaly piijem
potravy, a to srovnatelné ¢i vice nez ghrelin nebo [Dprg]ghrelin. Jejich ucinek byl
dlouhotrvajici, coz lze pric¢ist zvySené stabilit¢. Testované peptidové analogy
ghrelinu jsou tedy u€¢innymi a stabilnimi agonisty GHS-R1a s prodlouzenym trvanim
ucinku. Nejucinngj$i z analogli by po otestovani v dlouhodobych experimentech
na kachektickych zvifecich modelech mohly v budoucnu potencidlné najit vyuziti
V terapii kachexie ¢i anorexie.

e Pseudopeptidovy agonista GHS-Rla JMV1843 zvySoval piijem potravy
po jednorazovém SC podani $tihlym mySim; jeho orexigenni ucinek byl vétsi nez
efekt ghrelinu podaného ve stejné davce, coz je pravdépodobné dano jeho vyssi
stabilitou, prokazanou ve farmakokinetickych experimentech in vitro. Dlouhodobé
podavani JIMV 1843 stihlym mysim vedlo ke zvySeni pfijmu potravy a nartistu télesné
hmotnosti. Exprese orexigennich neuropeptidd NPY a AgRP v hypothalamu byla
po dlouhodobém podéavani signifikantné zvysSena, coz naznacuje, Ze mechanismus
orexigenniho uc¢inku JIMV1843 je shodny s mechanismem uc¢inku ghrelinu. Mimoto
byla sniZzena exprese UCP-1 v hnédé tukové tkani, k pozorovanému naristu télesné
hmotnosti tedy pravdépodobné piispéla i redukce energetického vydeje. Tyto
vysledky podporuji predpoklad, ze by JIMV1843 mohl byt u¢innym prostiedkem
pro 1écbu kachexie.

e Antagonist¢é GHS-Rla na bazi trisubstituovaného 1,2,4-triazolu JMV3002 a
JMV4208 snizovali po jednordzovém perifernim podani Stihlym mySim piijem
potravy Vv zavislosti na davce. Ob¢ latky vykazovaly pomérné dobrou stabilitu v Krvi
in vivo. Pti dlouhodobém podavani obéznim mySim s DIO bylo pozorovano snizeni
pfijmu potravy a ubytek télesné hmotnosti o 15 % po podavani IMV3002, o 10 %
po podavani JMV4208. Redukce hmotnosti byla ddna zejména ubytkem tukové
tkan¢, ktery byl zprostiedkovan sniZzenou expresi lipogenetickych enzymit ACACA a
FASN. Podavani JMV3002 také zpusobilo snizeni hmotnosti jater. Pokud by se
podatilo vyfteSit problém s nerozpustnosti téchto latek, mohly by potencialné byt

V budoucnu vyuzity v terapii obezity nebo jinych poruch asociovanych s hyperfagii.
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ABSTRACT

Ghrelin, the only known peripherally produced and centrally
acting peptide that stimulates food intake, is synthesized pri-
marily in the stomach and acts through the growth hormone
secretagogue receptor (GHS-R1a). In addition to its orexigenic
effect, ghrelin stimulates the release of growth hormone (GH). In
this study, we investigated the biological properties of full-
length and shortened ghrelin analogs in which octanoylated
Ser® is replaced with an octanoic acid moiety coupled to di-
aminopropionic acid (Dpr). Ghrelin analogs stabilized with
Dpr(N-octanoyl) in position 3 and noncoded amino acids in
position 1 (sarcosine) and/or position 4 (naphthylalanine or
cyclohexylalanine) were found to possess affinities similar to

those of ghrelin for cell membranes with transfected GHS-R1a.
In vivo, the prolonged orexigenic effects of analogs containing
Dpr(N-octanoyl)® compared with that of ghrelin in adult mice
and a similar impact on GH secretion in young mice were
found. Full-length [Dpr(N-octanoyl)®Jghrelin and its analogs with
a noncoded amino acid in position 1 and/or 4 showed signifi-
cantly prolonged stability in blood plasma compared with that
of ghrelin. Ghrelin analogs with a prolonged orexigenic effect
are potential treatments for GH deficiency or cachexia that
accompanies chronic diseases. Desoctanoylated ghrelin ana-
logs and N-terminal penta- and octapeptides of ghrelin did not
show any biological activity.

Introduction

Ghrelin is the only known hormone synthesized in the gut
and acting centrally that possesses an orexigenic effect (for
reviews, see Depoortere, 2009; Castaneda et al., 2010; Wisser
et al., 2010; Briggs and Andrews, 2011; Nass et al., 2011;
Scerif et al., 2011). In the adenohypophysis, ghrelin releases
Ca?" from intracellular stores that stimulates and amplifies
pulsatile secretion of growth hormone (GH) (Smith et al.,
1997). Therefore, the term growth hormone secretagogue
receptor (GHS-R1a) is used for the ghrelin receptor. In the
arcuate nucleus of the hypothalamus, ghrelin implements its
orexigenic effect in neurons that express the most powerful
neuropeptide, orexigenic neuropeptide Y (Kohno et al., 2003).

Ghrelin is the only hormone containing a serine acylated
with n-octanoic acid, which is necessary for its biological
activity (Kojima et al., 1999). The ester bond of Ser® is hy-
drolyzed easily by esterases in the blood; therefore, only 10 to
20% of circulating ghrelin is octanoylated (Depoortere, 2009).

This work was supported by the Grant Agency of the Czech Republic [Grant
303/09/0744]; and the Academy of Sciences of the Czech Republic [Grant
Z40550506].

Article, publication date, and citation information can be found at
http://jpet.aspetjournals.org.

http://dx.doi.org/10.1124/jpet.111.185371.

Although octanoylation is necessary for ghrelin’s biological
activity, the link between octanoic acid and ghrelin can be
modified. When octanoic acid was connected to the peptide
backbone of ghrelin by an amide (Bednarek et al., 2000),
thioether, or ether bond (Matsumoto et al., 2001a), neither
the binding potency nor the calcium release in the cells with
transfected GHS-R1a was affected.

In vitro structure-activity studies in cells that overexpress
the ghrelin receptor reveal that an N-terminal tetrapeptide
with an octanoyl group in position 3 is the minimal core of
ghrelin that is necessary for biological activity (Bednarek et
al., 2000; Matsumoto et al., 2001a,b; Torsello et al., 2002). An
alanine scan of 14 amino acids at the N terminus of ghrelin
showed that, in addition to octanoylation at position 3, an
N-terminal positive charge and Phe* are essential for the
biological activity of ghrelin (Van Craenenbroeck et al.,
2004). However, the C-terminal part of ghrelin was shown to
be important for the stability of ghrelin in in vivo testing
(Morozumi et al., 2011).

On the basis of the structure-activity studies mentioned
above, ghrelin analogs with potentially enhanced stability
were designed in this study. Initially, ghrelin was modified
by replacing the serine in position 3 with diaminopropionic
acid (Dpr), which can form a stable amide bond with octanoyl

ABBREVIATIONS: GH, growth hormone; Cha, cyclohexylalanine; Dpr, diaminopropionic acid; ghr, ghrelin; GHS-R1a, growth hormone secreta-
gogue receptor; LC-MS, liquid chromatography-mass spectrometry; Nal, naphthylalanine, Sar sarcosine.
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acid [Dpr(V-octanoyl)] (according to Bednarek et al., 2000)
and protect the molecule from hydrolysis by esterases. Sub-
sequently, N-terminal glycine and Phe* were replaced with
noncoded amino acids to protect the analogs against the
activity of aminopeptidases or chymotrypsin-like protein-
ases, respectively. The designed analogs of ghrelin were ex-
amined for their affinities to cell membranes with trans-
fected GHS-R1a (Guerlavais et al., 2003), orexigenic effects
in adult mice, GH secretagogue activities in young mice, and
stabilities in blood plasma. In addition, desoctanoylated and
shorter N-terminal analogs of ghrelin were tested similarly
in the hope of obtaining a shorter active ghrelin analog.

We aimed to design peptidic ghrelin agonists with a bio-
logical activity similar to and a higher stability than ghrelin.
Such substances could have a prolonged effect in the treat-
ment of cachexia and sarcopenia.

Materials and Methods

Synthesis of Peptides. Mouse ghrelin (ghr) [Gly-Ser-Ser(O-
octanoyl)-Phe-Leu-Ser-Pro-Glu-His-Gln-His-GIn-Lys-Ala-GIn-GIn-Arg-
Lys-Glu-Ser-Lys-Lys-Pro-Pro-Ala-Lys-Leu-Gln-Pro-Arg], [Dpr(N-
octanoyl)®lghrelin ([Dpr®ghr), their full-length analogs with a
C-terminal COOH, and N-terminal penta- and octapeptides amidated
at the C terminus (Table 1) were assembled in a solid-phase ABI433A
synthesizer (Applied Biosystems, Foster City, CA) by stepwise cou-
pling of the corresponding fluorenylmethyloxycarbonyl amino acids
to the growing chain on Rink amide resin (1% divinylbenzene, 200—
400 mesh, 0.65 mmol/g) or Wang resin (1% divinylbenzene, 100—200
mesh, 0.57 mmol/g) (both from IRIS Biotech GmbH, Marktredwitz,
Germany). The fully protected peptides were synthesized, and the
peptides were purified and analyzed according to a standard proce-
dure (Maixnerova et al., 2007). Octanoylation of Ser® and Dpr® was
performed using a trityl group to protect the side chain of Ser® and a
methyltrityl group to protect the side chain of Dpr?, as described in
the literature (Bednarek et al., 2000).

Ghrelin and [Dpr®]ghr were iodinated at His® with either Na['?°]]
or nonradioactive Nal using IODO-GEN (Thermo Fisher Scientific,
Waltham, MA)-coated Eppendorf tubes according to a published
procedure (Elbert and Veseld, 2010). The purification was accom-
plished on an Agilent Prep-C18 5 column (250 X 4.6 mm) (Agilent
Technologies, Santa Clara, CA), a gradient elution from 10% B to

TABLE 1
Structures and biological properties of ghrelin analogs

20% B over 5 min and next to 30% B in 60 min (A = water with 0.1%
trifluoroacetic acid, B = acetonitrile with 0.1% of trifluoroacetic
acid). The nonradioactive iodinated peptides were used as the control
for molecular weights using MALDI-TOF Reflex IV mass spectrom-
etry (Bruker Daltonics, Billerica, MA). The specific activity of the
[*2®T]ghr or ['?°I][Dpr®]ghr was approximately 2000 Ci/mmol. Ali-
quots of the purified radiolabeled peptides were evaporated to dry-
ness and kept at —20°C. Radiolabeled peptides were used for binding
studies within 1 month.

Receptor Binding Studies. Binding studies were performed as
described in the literature (Guerlavais et al., 2003). In brief, isolated
plasma membranes from LLC PK-1 cells with transfected human
GHS-R1la (10 pg of protein per tube) were used. Cell membranes
were incubated with 0.5 to 6 nM ['?*I]ghr or [*?*I][Dpr®|ghr in sat-
uration experiments and with 0.05 nM [*?°T|ghr and 1 pM to 0.1 mM
nonradioactive ligand in competitive binding experiments. Incuba-
tions were performed in a total volume of 0.5 ml of binding buffer (50
mM Tris/HCl, 5 mM EDTA, 2.5 mM MgCl,, and 0.1% bovine serum
albumin) for 45 min at 25°C. Nonspecific binding was determined in
the presence of 10 uM ghrelin. The binding reaction was stopped by
the addition of ice-cold washing buffer [20 mM Tris (pH 7.4), 5 mM
EDTA, 2.5 mM MgCl,, and 0.015% Triton 20] followed by rapid
filtration over GF/C filters (Whatman, Clifton, NJ) presoaked with
0.5% polyethyleneimine using a Brandel cell harvester (Brandel Inc.,
Gaithersburg, MD). Filters were rinsed subsequently three times
with ice-cold washing buffer. Bound radioactivity was determined by
gamma counting (Wizard 1470 Automatic Gamma Counter;
PerkinElmer Life and Analytical Sciences, Waltham, MA). Nonspe-
cific binding amounted to <15% of the total binding. Experiments
were carried out in duplicate at least three times.

Experimental Animals. All of the experiments followed the eth-
ical guidelines for animal experiments and Czech Republic law 246/
1992 and were approved by the committee for experiments with
laboratory animals of the Academy of Sciences of the Czech Republic.

Inbred C57BL/6 male mice (AnLab, Prague, Czech Republic) were
housed at a temperature of 23°C under a daily cycle of 12 h of light
and dark (light from 6:00 AM) with free access to water and a standard
chow diet that contained 25%, 9%, and 66% of calories from protein, fat,
and carbohydrate, respectively. The energy content of the diet was 3.4
keal/g (St-1; Mlyn Kocanda, Jesenice, Czech Republic).

Effect of Ghrelin Analogs on Food Intake. Twelve-week-old
mice were placed into separate cages for 1 week with free access to
water and food pellets. For the evaluation of the orexigenic activity of

Xxx-Ser-Yyy-Zzz-Leu-Ser-Pro-Glu-His-Gln-His-Gln-Lys-Ala-GIn-Gln-Arg-Lys-Glu-Ser-Lys-Lys-Pro-Pro-Ala-Lys-Leu-Gln-Pro-Arg. Mean = S.E.M. of at least three separate
experiments. K; was calculated using the Cheng-Prusoff equation (Cheng and Prusoff, 1973) (K3 = 0.44 = 0.12 nM from the saturation binding experiment). For the
calculation of EDj, + S.E.M., food intake 250 min after the subcutaneous administration of analogs in doses of 0.1 to 10 mg/kg (maximal effect) was examined. n = 5—6 mice

per group.
No. Compound No. aa Xxx Yyy Zzz Binding Assay ([°T]ghr displacement) K; Orexigenic Effect EDj5,
M mg/kg
1 Ghrelin 28 Gly Ser(O-oct) Phe (3.67 = 1.05) x 10°? 2.39 = 1.07
2 [Dpr®]ghr 28 Gly Dpr(N-oct) Phe (3.28 = 1.03) x 10°° 0.82 = 0.37
3 [Sar!,Dpr®lghr 28 Sar Dpr(N-oct) Phe (2.56 = 1.64) X 107° 0.65 = 0.29
4 [Dpr? Nal*]ghr 28 Gly Dpr(N-oct) Nal (4.89 = 0.94) x 10°1° 1.13 + 0.51
5 [Sar!,Dpr® Nal*]ghr 28 Sar Dpr(N-oct) Nal (3.22 = 1.15) X 1071 1.27 = 0.57
6 [Dpr?,Cha*]ghr 28 Gly Dpr(N-oct) Cha (1.67 = 0.31) x 10°° 0.35 = 0.16
7 [Sar!,Dpr®,Cha*]ghr 28 Sar Dpr(N-oct) Cha (2.70 = 1.42) X 107° 4.63 = 2.07
8 Ghr(1-5) 5 Gly Ser(0-oct) Phe (1.83 = 1.16) x 107 ¢ No effect
9 [Dpr®lghr(1-5) 5 Gly Dpr(N-oct) Phe (1.93 = 0.65) x 10 No effect
10 [Sar!,Dpr®lghr(1-5) 5 Sar Dpr(N-oct) Phe NT No effect
11 [Dpr®]ghr(1-8) 8 Gly Dpr(N-oct) Phe NT No effect
12 [Sar!,Dpr®lghr(1-8) 8 Sar Dpr(N-oct) Phe (3.24 + 1.68) x 10°¢ No effect
13 [Trp®]ghr(1-5) 5 Gly Trp Phe >10"° No effect
14 [Nal®]ghr(1-5) 5 Gly Nal Phe >10"° No effect
15 desoct ghr 28 Gly Ser Phe >10"° No effect
16 desoct [Dpr®]ghr 28 Gly Dpr Phe >10"° No effect

NT, not tested.



peptides, mice were fed freely before the experiment. Anorexigenic
activity was tested in mice that fasted for 17 h. The experiment
started at 8:00 AM, and mice were injected subcutaneously with 0.2
ml of saline or the tested compounds (dissolved in saline) at a dose of
0.1 to 10 mg/kg (n = 5—6 mice per group). Fifteen minutes after the
injection, mice were given preweighed food pellets. Food intake was
followed for 6 h. The pellets were weighed at 30-min intervals and
then returned to the cage, and cumulative food intake was regis-
tered. Animals had free access to water during the experiments.

GH Assay. The effects of selected ghrelin analogs on GH release
was determined in 6-week-old male C57BL/6 mice. At 8:00 AM, fed
mice were injected subcutaneously with 0.2 ml of the tested com-
pounds (dissolved in saline) at a dose of 5 mg/kg (n = 4-5 mice per
group). Ten or 30 min after the injection, blood was collected, and the
plasma was separated and stored at —20°C until being used. GH in
the plasma samples was determined with a radioimmunoassay kit
(IZOTOP, Budapest, Hungary) according to the protocol recom-
mended by the manufacturer.

Degradation of Ghrelin Analogs by Mouse Plasma. Ghrelin
and selected ghrelin analogs at a concentration of 1 pM in plasma
from 12-week-old mice were incubated at 37°C for various time
periods. Incubation was stopped by quick freezing to —20°C. After
being thawed, samples were kept at 4°C throughout the following
procedures. They were filtered through YM-10 ultrafiltration mem-
branes (Millipore Corporation, Billerica, MA) by centrifugation at
4°C for 20 min at 16,000 x g. The filters were washed three times
with 0.1% formic acid, and the filtrates were lyophilized subse-
quently. The samples were reconstituted with 0.1% formic acid up to
the original volume of plasma for subsequent liquid chromatogra-
phy-mass spectrometry (LC-MS) analysis. Chromatographic separa-
tion was achieved on an ACQUITY UPLC BEH C18 column (2.1 X
150 mm), packed with 1.7-pm particles (Waters, Milford, MA). The
sample injection volume was 10 pl. The separation was performed
using a linear gradient of 95% solvent A in solvent B to 100% solvent
B over 20 min [solvent A consisted of H,O/acetonitrile, 98:2 (v/v),
with 0.1% formic acid; solvent B was acetonitrile]. The flow rate was
100 pl/min and was generated with a Rheos 2200 pump system (Flux
Instruments, Reinach, Switzerland) equipped with an HTS-PAL au-
tosampler (CTC Analytics AG, Zwingen, Switzerland). Mass detec-
tion was performed using an LTQ Orbitrap mass spectrometer
(Thermo Fisher Scientific) using electrospray ionization in positive
mode. Electrospray ionization parameters were as follows: sheath
gas flow rate, 25 arb; auxiliary gas flow rate, 5 arb; capillary tem-
perature, 275°C; capillary voltage, 40 V; tube lens, 155 V; and ion
spray voltage, 4.3 kV. All of the samples were run in duplicate.

Statistical Analysis. The data are presented as the mean *
S.E.M. Saturation and competitive binding curves were plotted using
GraphPad software (GraphPad Software Inc., San Diego, CA) while
comparing the best fit for single binding site models (Ky, B, ., and
1C;, values were obtained from nonlinear regression analysis). Inhi-
bition constants (K;) were calculated from ICy, values using the
Cheng-Prusoff equation (Chang and Cheng, 1978).

Food intake was measured in grams of chow consumed, and the
ED;, values were calculated using GraphPad Software as the dose of
the peptide required to elicit half-maximal consumption at 250 min
after the injection of the compound (time of maximal effect).

Data from GH release and from food intake experiments were
analyzed by one-way analysis of variance followed by Dunnett’s post
hoc test using GraphPad Software; p < 0.05 was considered statis-
tically significant.

Results

Design and Synthesis of Ghrelin Analogs. The peptide
sequences were assembled on a solid support as described
under Materials and Methods. The purity of all of the pep-
tides was >95%.
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Structures of the ghrelin analogs used in this study are
shown in Table 1. The ester group of the amino acid in
position 3 was replaced with an amide group to increase the
stability (Bednarek et al., 2000) in the series of [Dpr®lghr
derivatives (compounds 2-7 and 9-12). To further increase
the stability of the ghrelin peptide analogs, sarcosine was
used to replace glycine at the N-terminal position (analogs 3,
5,7, 10, and 12), and/or the noncoded amino acids naphthy-
lalanine (Nal) (analogs 4 and 5) and cyclohexylalanine (Cha)
(analogs 6 and 7) replaced phenylalanine at position 4. To
find the minimal structure that retained biological activity,
N-terminal penta- and octapeptide analogs of ghrelin (8-12)
were synthesized. Pentapeptides 18 and 14 are shorter ver-
sions of full-length ghrelin in which Trp® or Nal® replace
Ser(0O-octanoyl)®. These analogs were found by others (Ma-
tsumoto et al., 2001a) to activate calcium release in cells with
transfected ghrelin receptors. A similar pentapeptide
[Trp®,Arg®lghr(1-5) was reported previously to stimulate GH
secretion in rats and food intake in mice (Ohinata et al.,
2006). Peptides 15 and 16 are the desoctanoyl forms of ghre-
lin and [Dpr®]ghr, respectively.

Binding of Ghrelin Analogs to GHS-R1a. The satura-
ble, specific binding of both [*2*I]ghr and [*2°I][Dpr®lghr to
cell membranes of LLC PK-1 cells with transfected human
GHS-R1a exhibited a K, value < 1nM and a B, value close
to 10® fmol/mg protein (Table 2). Nonspecific binding was
approximately 20%. Nonlinear regression analysis showed
one binding site for both ghrelin and [Dpr®|ghr (Fig. 1).

The results of competitive displacement of [*?*I]ghr bind-
ing by ghrelin analogs are summarized in Table 1. Ghrelin
and its full-length analogs 2 to 8 had K; values in the nano-
molar range. The K; values for analogs 4 and 5, which con-
tained Nal in position 4, were even lower, in the 0.1 nM
range. The N-terminal pentapeptides 8 and 9 and octapep-
tide 12 showed K, values in the micromolar range (Table 1).
Pentapeptides 13 and 14 did not displace [*?°Ilghr binding
even at a concentration of 10 puM (Table 1), and full-length
peptides lacking the octanoyl group showed the same result
(15 and 16). Competitive binding experiments performed
with [2°I][Dpr®lghr gave results similar to those obtained
with [*?°I]ghr (M. Pychov4, unpublished observations).

In Vivo Studies. The effects of subcutaneously adminis-
tered ghrelin analogs on food intake were tested in fed mice
(orexigenic activity) or fasted mice (anorexigenic activity).
None of the tested ghrelin analogs caused a decrease in food
intake in fasted mice at a dose of 10 mg/kg compared with
that of the saline-treated group (M. Holubov4, unpublished
observations).

On the contrary, full-length analogs of ghrelin showed a
very significant orexigenic effect in freely fed mice at doses of
1 to 10 mg/kg s.c. compared with that of the control (Fig. 2).
In addition, the orexigenic effect of [Dpr®]ghr analogs lasted
longer than that of ghrelin and was even more pronounced in

TABLE 2

[*?T]ghr and [*?°T][Dpr®]ghr saturation binding to LCC PK-1 cell
membranes with transfected GHS-Rla
Mean + S.E.M. of four separate experiments.

Radioligand Ky Binax

nM fmol/mg protein
[***T]ghr 0.44 = 0.12 860 = 160
[*#*1][Dpr®lghr 0.79 = 0.28 800 = 73
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Fig. 1. ['**I]ghr (A) and [*?°I][Dpr®]ghr (B) saturation binding to LCC
PK-1 cell membranes transfected with GHS-R1a. The cells were incu-
bated at 25°C for 45 min with increasing amounts of [*?Ilghr or
[*2°T][Dpr®lghr in the absence (total binding) or presence (nonspecific
binding) of 10 uM ghr or [Dpr®|ghr. Specific binding was calculated by
subtracting the nonspecific binding from the total binding. Binding
curves were plotted using nonlinear regression. The figure is a represen-
tative example of four experiments performed in duplicate.

2.0
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3 - ghr
2 1.54
s = [Dprighr
c
i - [sar',Dpri|ghr
81.0 3 4
% -0~ [Dpr°,Cha“|ghr
.% -0 [Sar',Dpr’,Cha*ghr
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3 -A- desoctanoyl ghr
0.0
0
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Fig. 2. Effects of ghrelin analogs on food intake of fed mice. Compounds
were administered subcutaneously at a dose of 5 mg/kg. Food intake was
monitored for 6 h after the injection and is expressed in grams of food
consumed. p < 0.05 (ghrelin versus saline-treated group); p < 0.01
([Sar',Dpr®,Nal*|ghr versus saline-treated group); p < 0.001 ([Dpr®]ghr,
[Dpr? Nal*Jghr, [Dpr®,Cha*]ghr, [Sar’,Dpr?,Cha*|ghr, and [Sar!,Dpr®|ghr
versus saline-treated group) (n = 5—6 mice per group).

analogs containing noncoded amino acids (peptides 3, 4, and
6 with Sar in position 1 and Nal or Cha in position 4; Fig. 2).
The ED;, values when the maximal orexigenic effects were
achieved at 250 min (Table 1) were in the range of mg/kg for
all of the full-length analogs. The ED, value for subcutane-

ously administered ghrelin in this study was approximately 2
mg/kg, which is similar to that reported previously (Per-
reault et al., 2004).

On the contrary, penta- and octapeptide ghrelin analogs,
desoctanoyl ghr, and desoctanoyl [Dpr®lghr did not show any
significant orexigenic effect even at the maximum dose of 10
mg/kg (Table 1).

A significant and comparable increase in the release of GH
at a dose of 5 mg/kg was observed in 6-week-old male mice
after the administration of ghrelin and the selected analogs
[Dprilghr, [Dpr?,Nal*lghr, and [Dpr?,Cha*|ghr (compounds
2, 4, and 6) both 10 and 30 min after treatment (Fig. 3).

Degradation of Ghrelin Analogs by Mouse Plasma.
Ghrelin was degraded rapidly in mouse plasma (Fig. 4). How-
ever, [Dpr®lghr and its two analogs showed prolonged stabil-
ity in mouse plasma of >4 h (Fig. 4).

Discussion

Octanoylation of Ser® in ghrelin is unique in biological
systems, and its necessity for the binding of ghrelin to its
receptor and for biological activity was recognized soon after
the discovery of ghrelin (Kojima et al., 1999; Bednarek et al.,
2000). Protection of the octanoyl group against the activity of
esterases has been accomplished by replacing Ser® with Dpr.
This change was found earlier to affect neither the binding
activity nor calcium release from cells with transfected with
GHS-R1la (Bednarek et al., 2000). However, the in vivo prop-
erties of [Dpr®|ghr have not been followed previous to our
study. All of the full-length ghrelin analogs in this study were
based on [Dpr®]ghr.

In the in vitro study, we confirmed similar affinities of
ghrelin and [Dpr®]ghr for GHS-R1a by obtaining similar K,
values in saturation binding and equal K; values in compet-
itive binding to cell membranes with transfected GHS-R1a.

In the in vivo experiments in adult mice, subcutaneously
administered [Dpr®]ghr exhibited an augmented and longer-
lasting orexigenic effect than that observed for ghrelin. The
result corresponded with >4 h of stability of [Dpr®lghr in
blood plasma. Ghrelin was degraded totally in blood plasma
in only 40 min, as reported also by De Vriese et al. (2004).

To protect [Dpr®|ghr against degradation by aminopepti-
dases, glycine in position 1 was replaced with Sar according
to our previous experience (Maletinska et al., 1997), where

GH [ng/ml]

Fig. 3. Effects of ghrelin analogs on GH release. At 10 and 30 min after
the subcutaneous injection of ghrelin analogs (at a dose of 5 mg/kg) to
mice (n = 4-5), blood was collected, and GH was measured in blood
plasma using a radioimmunoassay. #*, p < 0.01; ##*, p < 0.001 versus the
respective control groups.
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Fig. 4. Degradation profiles of the ghrelin analogs in mouse plasma. The
ghrelin analog duplicates were incubated for different times (0, 15, 45,
120, and 240 min) in mouse plasma, then submitted for LC-MS analysis
(for more details, see Materials and Methods). The results are expressed
as the percentage differences from the peak areas of ghrelin analogs at
time 0 with a 1 wM initial concentration.

Sar in position 1 was not found to affect the biological activity
of angiotensin II. However, replacement of Gly! with acetyl
or N-acetyl-Gly (Bednarek et al., 2000; Van Craenenbroeck et
al., 2004) has been shown to result in the loss of in vitro
activity.

The Phe*-Leu® bond of ghrelin or [Dpr®lghr could be a
cleavage site for chymotrypsin-like proteinases. As reported
previously, replacement of Phe* with alanine or tyrosine has
resulted in complete loss of in vitro activity (Van Craenen-
broeck et al., 2004). Therefore, Phe* was replaced with the
noncoded bulky hydrophobic phenylalanine derivatives Nal
or Cha in this study.

Modification of [Dpr®]ghr with Nal or Cha in position 4
(compounds 4 and 6) preserved both the affinity to the recep-
tor and the orexigenic effect; [Dpr®Cha*]ghr (compound 6)
had both K; and EDj;, values of only one order of magnitude
less than those of [Dpr®lghr. Both [Dpr®Nal*lghr and
[Dpr®Cha*|ghr showed stabilities of >4 h in blood plasma,
which was similar to that of [Dpr®]ghr. The three analogs
[Dpr®Nal*]ghr, [Dpr3Cha*]ghr, and [Dpr®]ghr all showed an
effect on GH secretion comparable with that of ghrelin.

Replacement of glycine in position 1 with Sar (compound 3)
in [Dpr®]ghr resulted in an analog that preserved both its
affinity to the receptor and the orexigenic effect, as observed
in the analogs with modifications in position 4 (compounds 4
and 6). Interestingly, placing both Sar in position 1 and Nal
or Cha in position 4 did not produce a positive additive effect
on the affinity to the receptor or the orexigenic effect (com-
pounds 5 and 7).

The ghrelin N-terminal penta- and octapeptides were re-
ported not only to bind to cell membranes with transfected
GHS-R1la and mobilize their calcium release (Bednarek et
al., 2000; Matsumoto et al., 2001b) but also to potentiate GH
secretion in vivo (Matsumoto et al., 2001a) and inhibit the
secretion of pancreatic juice (Kapica et al., 2006). However,
we found that the N-terminal ghrelin pentapeptide (com-
pound 8), [Dpr3]ghr pentapeptide (compound 9), [Dpr®lghr
octapeptide (compound 11), and their Sar' analogs (com-
pounds 10 and 12) possessed K; values only in the micromo-
lar range and had no effect on food intake. Similar results
were obtained with the N-terminal pentapeptides containing

Ghrelin Agonists with Prolonged Potency 785

Nal® and Trp®, which were reported previously to accomplish
calcium release from GHS-Rla-transfected cell membranes
and to have an orexigenic effect (Matsumoto et al., 2001a;
Ohinata et al., 2006). In agreement with our findings, the
biological activity of the ghrelin N-terminal pentapeptide
was questioned previously because it neither bound to hypo-
thalamus or pituitary membranes nor stimulated GH secre-
tion in vivo (Torsello et al., 2002).

It has been shown in several studies that the desoctanoy-
lation of ghrelin dramatically decreases binding to GHS-R1a
(Kojima et al., 1999; Bednarek et al., 2000; Matsumoto et al.,
2001a). In our study, we did not find binding to the receptor,
an orexigenic effect, or an anorexigenic effect for both des-
octanoyl ghrelin and desoctanoyl [Dpr®]ghr at doses up to 10
mg/kg s.c. in mice. We confirmed that desoctanoylation com-
pletely destroys the orexigenic effect of ghrelin and that the
desoctanoylated peptide does not possess an anorexigenic
effect.

With its unique lipopeptide chemical structure, ghrelin is
the only known orexigenic hormone that is released periph-
erally. The diverse effects of ghrelin suggest possible clinical
applications for GH deficiency, eating disorders, or gastroin-
testinal diseases.

In this study, stabilization of the octanoyl group by the
introduction of Dpr(N-octanoyl)® into ghrelin when combined
with noncoded phenylalanine derivatives, such as Nal or Cha
in position 4, produced stable ghrelin analogs with a high
affinity to GHS-R1la and an orexigenic effect as potent as
ghrelin, but with a substantially longer duration.

Ghrelin agonists have been tested recently as promising
therapeutics in cachexia that accompanies cancer, chronic
kidney disease, or heart failure (reviewed in DeBoer, 2008;
Krasnow and Marks, 2010). The ghrelin analogs that were
investigated in this study could be useful in further studies
on the physiological role of ghrelin, and these peptides may
be useful for the treatment of cachexia.
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Summary

Ghrelin and agonists of its receptor GHS-Rla are potential
substances for the treatment of cachexia. In the present study,
we investigated the acute and long-term effects of the GHS-R1a
agonist JMV 1843 (H-Aib-DTrp-D-gTrp-CHO) on food intake, body
weight and metabolic parameters in lean C57BL/6 male mice.
Additionally, we examined stability of JMV 1843 in mouse blood
JMV 1843
(0.01-10 mg/kg) increased food intake in fed mice in a dose-

serum. A single subcutaneous injection of
dependent manner, up to 5-times relative to the saline-treated
group (EDsp=1.94 mg/kg at 250 min). JMV 1843 was stable in
mouse serum Jn vitro for 24 h, but was mostly eliminated from
mouse blood after 2h /n vivo. Ten days of treatment with
JMV 1843 (subcutaneous administration, 10 or 20 mg/kg/day)
significantly increased food intake, body weight and mRNA
expression of the orexigenic neuropeptide Y and agouti-related
peptide in the medial basal hypothalamus and decreased the
expression of uncoupling protein 1 in brown adipose tissue. Our
data suggest that JMV 1843 could have possible future uses in

the treatment of cachexia.
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Introduction

Ghrelin is an endogenous ligand of the growth
hormone secretagogue receptor (GHS-R). Structurally,
ghrelin is a linear 28-amino-acid peptide with an octanoyl
acid bound to Ser’ that is necessary for its biological
activity but is highly prone to fast hydrolysis (Kojima et
al. 1999). Due to the limited half-life of the octanoylated
ghrelin, more stable analogs are being developed for
potential clinical use.

Ghrelin is the only known orexigenic gut
hormone that acts directly in the brain by enhancing both
the expression and secretion of the orexigenic
neuropeptide Y (NPY) and agouti-related peptide (AgRP)
(Cowley et al. 2003, Chen et al. 2004). Although ghrelin
was originally discovered as an endogenous growth
hormone (GH) secretagogue with the potential to be used
in the treatment of GH deficiency (Kojima et al. 1999),
attention is currently focused more on ghrelin analogs
with orexigenic effects that have potential applications in
the treatment of cachexia.

In long-term studies, ghrelin and its peptide
agonists such as BIM-28125 and BIM-28131, designed
by IPSEN, increased body fat but not lean body mass in
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lean rats, and this effect was independent of GH-releasing
action (Tschop et al. 2000, Strassburg et al. 2008). Under
conditions of chronic wasting states, such as cachexia in
chronic kidney disease, adjuvant arthritis or heart failure,
ghrelin and BIM-28125 and BIM-28131 preferably
prevented muscle wasting by attenuating muscle
proteolysis (Deboer ef al. 2008) or by the expression of
ubiquitin ligases preventing muscle atrophy (Palus et al.
2011) but not by anabolic action.

Two orally active ghrelin agonists, TZP-102 of
Tranzyme Pharma for the treatment of gastroparesis and
of Helsinn for the
cachexia/anorexia in patients with non-small cell lung

anamorelin treatment  of
cancer are in clinical testing phase 2 and 3, respectively.

The ghrelin peptide agonist [Aib-DTrp-DgTrp-
CHO] named JMV 1843, formerly known as EP-1572
(Broglio et al. 2002, Guerlavais et al. 2003) was
originally designed as a GH secretagogue. JIMV 1843 was
demonstrated to have high binding affinity for both
human pituitary cell membranes and LLC PK-1 cells
transfected transiently with human GHS-R1 (Guerlavais
et al. 2003) where this compound also activated
MAPK/ERK1/2 (Mousseaux et al. 2006). In young dogs,
JMV 1843 was shown to stimulate growth hormone
secretion (Guerlavais et al. 2003). In healthy men, orally
or subcutaneously (SC) administered JMV 1843 rapidly
and dose-dependently enhanced its concentration in the
blood plasma and subsequently stimulated growth
hormone secretion (Piccoli et al. 2007). IMV 1843 was
tested as AEZS-130 in Phase 3 clinical trial to assess the
use of this compound as a diagnostic tool in adults with
GH deficiency and has also been tested in Phase 2 study
for the treatment of cachexia by Aeterna Zentaris.

The goal of this study was to investigate the
acute and long-term effects of the SC-administered
GHS-R1a agonist IMV 1843 on food intake, body weight
lean C57BL/6 mice.
Additionally, we examined stability of the compound in

and metabolic parameters in

mouse blood serum both in vitro and in vivo. Our results
suggest that because of its prolonged stability compared
with ghrelin and its ability to positively affect food
intake, likely through the activation of hypothalamic
NPY/AgRP neurons, IMV 1843 could have a potential to
treat cachexia and malnutrition.

Methods

Synthesis of the GHS-R1a agonist JMV 1843
JMV 1843  [H-Aib-DTrp-D-gTrp-CHO] was

synthesized at IBMM UMRS5247, Faculté de Pharmacie,
Montpellier, as described by Guerlavais ef al. (2003).

Experimental animals

All experiments followed the ethical guidelines
for animal experiments and the Czech Republic law
No. 246/1992 and were approved by the Committee for
Experiments with Laboratory Animals of the Academy of
Sciences of the Czech Republic.

Inbred C57BL/6 male mice (AnLab, Prague,
Czech Republic) were housed at a temperature of 23 °C
under a daily cycle of 12-hour periods of light and dark
(light period starting at 6:00 a.m.). Mice had free access
to water and a standard chow diet that contained 25 %,
9% and 66 % of calories from protein, fat and
carbohydrate, (St-1,

respectively Mlyn Kocanda,

Jesenice, Czech Republic).

Acute effect of the GHS-R agonist JMV 1843 on food
intake

Fifteen-week-old mice were randomly divided
into groups of 6 animals and were kept in separate cages
for one week. Before the experiment, mice had free
access to food and water. Thereafter, the food pellets
were removed at 8:00 a.m. and the mice were injected SC
with 0.2 ml of saline or JMV1843 (dissolved in saline) at
to 10 mg/kg of body
weight (b.w.) (n=6 mice per group, b.w. 23-26 g).

a dose ranging from 0.01

Fifteen minutes after the injection, mice were given pre-
weighed food pellets. Food intake was monitored for 5 h;
the pellets were weighed at 30 min intervals and then
returned to the cages and cumulative food intake was
registered. Animals had free access to water during the
experiment.

Measurement of pharmacokinetics in the blood serum in
vitro and in vivo

For in vitro pharmacokinetics, the sera of adult
male C57BL/6 mice were spiked with JMV 1843 to a
final concentration of 10-6 M and incubated at 37 °C.
Samples were collected at 30 min, 1, 2, 4, 8, 24, 48, 72,
96 and 144 h after the start of the incubation and were
immediately frozen and stored at —20 °C.

Simultaneously, fed 15-week-old male C57BL/6
mice were SC injected with 0.2ml of JMV 1843
(dissolved in saline) at a dose of 5 or 10 mg/kg of b.w.
and sacrificed by decapitation at 10 min, 30 min, 1, 2, 4
or 8 h after injection (n=3). Blood was collected and
serum was isolated and stored at —20°C.
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In both experiments, JMV 1843 was extracted
from serum using an acetonitrile precipitation of proteins
as described previously (Hatziieremia et al. 2007).
Samples were then subjected to an LC-MS system
consisting of an Alliance HPLC (Waters, USA) and
a Q-TOF-Micro hybrid mass spectrometer (Waters,
USA). Chromatographic separation was carried out with
a Discovery HS C18 column (Supelco, USA), with a
particle size of 5 um and a column size of 50 x 2.1 mm
ID. Mobile phase A consisted of 0.1 % HCOOH in water,
and mobile phase B contained 0.1 % HCOOH in
acetonitrile. For the separation of analytes, a gradient
from 5 % to 100 % B over 5.5 min was used at a flow
rate of 200 pl/min.

Effect of 10-day administration of the GHS-R agonist
JMV 1843 on food intake and metabolic parameters in
mice

At the age of 16 weeks, mice were randomly
divided into three groups of 10 animals and placed into
separate cages with free access to food and water. The
following week, mice were subjected to a 10-day food
intake experiment. The mice were injected SC with saline
or JMV 1843 at a dose of 10 or 20 mg/kg of b.w./day
(twice a day at 8:00 a.m. and 6:00 p.m., single doses of
5 or 10 mg/kg of b.w., respectively) for 10 days.
Consumption of the St-1 diet and the weight of the mice
were monitored simultaneously.

At the end of the experiment, fed mice were
sacrificed by decapitation at 8:00 a.m. Trunk blood was
collected and plasma was prepared and stored at —20 °C.
The white adipose tissue (WAT, abdominal plus gonadal
adipose tissue), the subcutaneous adipose tissue (SCAT),
(BAT), the
gastrocnemius and the liver of all mice were dissected,

the brown adipose tissue musculus
weighed, flash-frozen in liquid nitrogen and stored at
—70 °C. The rate of adiposity was expressed as fat-to-
body weight ratio (ratio of the total adipose tissue weight
to the total body weight). Brains were dissected, placed
into isopentane at —15 to —20 °C for one minute, frozen
on dry ice and kept at —70 °C until sectioning. Coronal
sections (200 pm) were cut (starting —1.25 mm from the
bregma) using a cryostat, mounted on glass slides, and
immersed in absolute ethanol for 50 s. Immediately
thereafter the medial basal hypothalamus (including the
median eminence, arcuate nuclei, ventromedial nuclei,
and dorsomedial nuclei) was dissected with a razor blade
from a series of sections under a microscope. The tissue
was homogenized in RNA extraction lysis buffer, and

kept at —70 °C until RNA extraction.

Determination of hormonal and biochemical parameters

The plasma insulin and  adiponectin
concentrations were measured by RIA assays (Linco
Research, St. Charles, MI, USA), and leptin and IGF-1
concentrations were determined by ELISA assays (Linco
Research, St. Charles, MI, USA and BioVendor,
Heidelberg, Germany, respectively). The blood glucose
levels were measured using a Glucocard glucometer
(Arkray, Kyoto, Japan). All measurements were carried
out according to the protocols recommended by the

manufacturers.

Determination of mRNA expression

Samples of adipose tissue (BAT, WAT) and
muscle were homogenized, total RNA was extracted and
RNA concentration was determined as previously
described (Maletinska et al. 2011). Determination of the
mRNA expression of genes of interest (uncoupling
protein 1 (UCP1) in brown adipose tissue; uncoupling
protein 2 (UCP2), acetyl-CoA carboxylase 1 (ACACA),
fatty acid synthase (FASN), lipoprotein lipase (LPL) and
stearoyl-CoA desaturase 1 (SCD-1) in abdominal plus
gonadal adipose tissue; myostatin, myogenin, myosin
heavy chain 4 (MHC4) and insulin-like growth factor
I(IGF-1) in muscle) was performed using an ABI PRISM
7500 instrument (Applied Biosystems, Foster City, CA,
USA). The expression of 2 microglobulin (B2M) was
used to compensate for variations in input RNA amounts
and the efficiency of reverse transcription, and the
modified formula 2-ACt was used to calculate the relative
gene expression.

Total RNA from the medial basal hypothalamus
was isolated using the RNAqueous Micro Kit (Ambion,
Austin, TX). The concentration of RNA for the target
genes NPY and AgRP was determined as detailed
previously (Stofkova et al. 2010). Input RNA amounts
were calculated with a multiple comparative method for
the mRNAs of interest and GAPDH. Statistical analysis
was performed using GenEx Ver. 5 software (MultiD
Analyses AB, Goteborg, Sweden).

Statistical analysis

The data are presented as the means £ SEM for
the number of animals indicated in the figures and tables.
The data were analyzed by a two-way analysis of
variance (ANOVA) followed by a Bonferroni post-hoc
test (food intake and body weight evaluation), one-way
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Fig. 1. Acute effect of JMV 1843 on food intake
in C57BL/6 mice (SC administration, doses of
0.01, 0.1, 1, 5 and 10 mg/kg). Food intake was
- T monitored for 5 h after injection and is
T i expressed in grams of food consumed. The data
were analyzed by two-way ANOVA followed by a
e Bonferroni post-hoc test. The significance levels
were *P<0.05, **P<0.01, and *** P<0.001 vs.

the saline-treated group (n=6).
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ANOVA followed by a Dunnett post-hoc test (metabolic
parameters) or t-test (mMRNA expressions), as indicated in
the figures and table legends, using GraphPad Software
CA, USA). P<0.05 was
statistically significant. In the acute food intake test, the

(San Diego, considered
EDS50 value was calculated using GraphPad software as
the dose of the compound required to elicit half-maximal
consumption at 250 min after the injection of the
compound (time of maximal effect).

Results

Acute effects of MV 1843 in lean mice

effect of the SC
administered ghrelin agonist JMV 1843 was determined
in fed 15-week-old C57BL/6 mice using doses from
0.01 to 10 mg/kg of b.w. JMV 1843 increased food
intake in fed mice in a dose-dependent manner, with an
EDs, value of 1.94 mg/kg at 250 min. Doses of 5 and
10 mg/kg caused greater than 5-fold increases in food

The acute orexigenic

intake compared with the administration of saline alone
(Fig. 1).

Pharmacokinetics of JMV 1843 in vitro and in vivo

JMV 1843 showed good stability in vitro in
mouse serum for 24 h when incubated at 37 °C,
maintaining 50 % of its initial concentration after 60 h
(Fig. 2A). However, it was almost completely eliminated
from mouse blood after 2 h following SC administration
in mice, with elimination half-lives of 21 and 23 min
atthe doses of 5mgkg and 10 mg/kg, respectively
(Fig. 2B).

300

Effects of 10-day administration of JMV 1843 in lean
mice

Our short-term food intake experiment showed
that the use of 10 mg/kg of JMV 1843 resulted in the
most significant increase in food intake. However, due to
the relatively fast elimination of the compound from
mouse blood, daily doses of 10 and 20 mg/kg of b.w.,
injected SC at doses of 5 and 10 mg/kg, two times daily,
respectively, were chosen for the 10-day administration
experiment.

Ten days of treatment with JMV 1843 at both
doses significantly increased average daily food intake
(Fig. 3A) and body weight (Fig. 3B) compared with the
saline control treatment. Treatment with JMV 1843 at a
dose of 20 mg/kg of b.w./day significantly increased
glucose level. However, at the 10 mg/kg of b.w./day
dose, no effect on blood glucose was found. Circulating
leptin levels were increased proportionally with the
increased adiposity by both doses of JMV 1843 but
changes in both parameters did not reach significancy.
Despite these effects on food intake, body weight and
adiposity, no significant changes in metabolic parameters,
such as insulin, adiponectin and IGF-1 plasma levels,
were detected (Table 1).

Expression of NPY and AgGRP mRNAs in the medial basal
hypothalamus

Treatment with JMV 1843 at a dose of 20 mg/kg
of b.w./day significantly increased the expression of
mRNAs for the orexigenic peptides NPY and AgRP in
medial basal hypothalamus comprising the median
eminence, arcuate,
nuclei (Fig. 4A,B).

paraventricular and dorsomedial
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Fig. 2. Degradation profile of JMV 1843 (A) in mouse blood
serum Jn vitro and (B) after administration to C57BL/6 mice in
vivo. (A) Mouse serum spiked with JMV 1843 (10° M) was
incubated at 37 °C for the indicated time periods. Samples
prepared by acetonitrile precipitation were subjected to LC-MS
analysis. The data are expressed as a percentage of the
concentration at time zero. (B) Mice (n=3 per group) were SC
injected with JMV 1843 at the doses of 5 and 10 mg/kg and were
sacrificed after the time periods indicated in the figure. Samples
prepared by acetonitrile precipitation were subjected to LC-MS
analysis. The data are expressed as the concentration of
IMV1843.

Discussion

Ghrelin and other agonists of the growth
hormone secretagogue receptor (GHSR-1a) are currently
being investigated as potent therapeutic agents for the
treatment of cachexia, a complex wasting syndrome
accompanying a wide array of chronic diseases. Effects
of ghrelin, such as increase in appetite, food intake and
body adiposity, suggest its potential to counteract the
symptoms of cachexia. Therefore ghrelin can help
to preserve energy reserves and improve clinical
outcomes in cachectic patients. Due to the limited
stability of ghrelin and its short half-life in circulation,
ghrelin analogs with greater stability are being developed
for the treatment of cachexia.

In this study, we investigated the acute and long-

term effects of the pseudopeptide GHS-Rla agonist

130

120

food intake [% of control]

90

1 2 3 4 5 6 7 8 9 10
days of treatment

~—saline ok
=0~ Mv1843 10 mg/kg
4 ~8-)MV1843 20 mg/kg.

body weight change [% of initial body weight] TJ

days of treatment

Fig. 3. Long-term effect of JMV 1843 on food intake and body
weight in C57BL/6 mice (SC administration, 10 and 20 mg/kg of
b.w./day, administered as 5 and 10 mg/kg twice per day for
10 days, respectively). Food intake and body weight were
monitored daily. (A) Cumulative food intake expressed as a
percentage of the food intake of the control group, (B) body
weight change expressed as a percentage of the initial body
weight. The data were analyzed by two-way ANOVA followed by
a Bonferroni post-hoc test. The significance levels were *P<0.05,
**P<0.01, and *** P<0.001 vs. the saline-treated group (n=10).

JMV 1843 subcutaneously administered to lean C57BL/7
male mice. The data presented here clearly indicate that
IJMV 1843 positively affects food intake and body weight
gain, suggesting its potential to beneficially affect
disorders accompanied by chronically decreased food
intake.

Similarly to the previously described 90 min
food intake experiment (Pirnik et al. 2011), our dose
response acute experiment showed that a single SC
injection of JMV 1843 constantly stimulated 5-h food
intake in ad libitum-fed lean mice during the light phase.
IMV 1843
dependent manner, reaching statistical significance at
a dose of 1 mg/kg of b.w. Doses of 5 and 10 mg/kg of b.w.
caused greater than 5-fold increases in food intake during

increased food consumption in a dose

the 5-h period, compared to the saline-treated group.



Vol. 62

440 Holubova et al.

*anss|] asodipe snosueInIgns — 1yJS

‘anssn asodipe aym — 1M "dnolb pajean-auljes ‘sa §0°0>dx S! (3591 20y-150d duung e Aq pamo||0) YAONY Aem-auo) aouediiubis *(dnolb Jad gT=u) WIS F uesaw se passaldxa ale sanjea ||y

3y/3u 07

6LFEET  VLOTVEOL STOFLI'T % I¥0F98°8 900 T 081 LSOF6CL LTOF 89S YOOFH90 LOOF66'0 S90FTTEE P81 ANL
3y/su 1

ILFSIT VvO1F6901 LI'0OFSS0 90 F 17’8 POOFLYT  SSOFTTY ZE0F00°S YO0 FHS0  800F 880 89°0FS8I'TE SHST ANL
LLFOLT G6UTFPCII  TEOTFTIL 990 F €8'9 800F89T SSOF6ES IT0F9IS SO0FI90 SO0FEY0 LLOFOIVIE aulIvg
[Tuy/3u] [ou/3n] [To/3u] [1/10wu] (3] [Tu/Su] (%] (3] [3] [3] UL
[-A91  undduodipy urnsuy Isodn[H JOATT undoy Jy3m Apoqpeq LVOS LVA Y3em Apog /dnoxn

*201W B[eW Pay Ul 8T AL JO uonensiuiwpe 'S Aep-QT Jaye siejaweled J1jogeis|y T a|qel



2013 Effect of GHS-R1a Agonist MV 1843 in Lean Mice 441
A 5 B . - Fig. 4. Expression of mRNA in mouse
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s LY JMV1843 at a dose of 20 mg/kg of
5 7 S s b.w./day: (A) NPY mRNA levels, (B)
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vs. the saline-treated group (n=10). (C)
UCP1 mRNA levels in brown adipose
tissue, (D) UCP2 mRNA levels in white
adipose tissue. The data were normalized
to B, microglobulin and analyzed by the
unpaired t-test. The significance levels
were *P<0.05, **p<0.01, and
*** P<0.001 vs. the saline-treated group
(n=10).
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This increase was even greater than the one observed in
our previous experiments with ghrelin at the same dose
(Maletinskd et al. 2012). The stronger potency of
JMV 1843 could be due to its prolonged stability and
more long-lasting effect relative to ghrelin. Ghrelin has
been reported to have a short biological half-life of
to the rapid
desacylation of the peptide (Akamizu and Kangawa
2006). In contrast, the synthetic pseudopeptide IMV 1843
showed increased stability, with a half-life of 80-93 min

approximately 9-13 min, mostly due

after different doses of intradermal application in men
(Piccoli et al. 2007). In our in vitro experiment examining
the degradation of JMV 1843 in mouse serum, we
showed that JMV 1843 remained almost completely
stable for approximately 24 h and was present at 50 % of
its initial concentration after 2.5 days. However, ghrelin
was degraded rapidly under the same conditions with a
half-life of 12 min, as shown inour previous study
(Maletinska et al. 2012). The pharmacokinetics of JMV
1843 determined in vivo in mice after SC administration
showed that the drug promptly entered blood stream, with
a peak concentration 10 min after administration.
Although JMV 1843 was found to be stable in vitro, it
was almost completely eliminated from mouse blood
after 2h following the SC administration, having a
biological half-life of 21-23 min and reaching a zero
concentration after 4 h. These observations suggest that
JMV 1843 is either rapidly metabolized or accumulated
in tissues.

JMV 1843 administered subcutaneously for ten
days significantly increased the food intake and body
weight of lean mice at both doses. Surprisingly, the effect
of the lower dose was slightly more pronounced than the
effect of the higher dose. This finding is most likely due

JMV 184320 mglkg

to the lower solubility at the higher dose, reaching the
maximal possible effect of the compound at the lower
dose or saturation of influx mechanisms at the lower
dose. Importantly, the weight gain at both doses was
maintained until the last measurement, although the effect
on food intake stayed significant for seven days and then
dropped slightly. This finding seems to be consistent with
the suggestion that mechanisms other than hyperphagia
may mediate ghrelin-induced increase in body weight
(Kim et al. 2004). It was previously demonstrated that
chronic ghrelin treatment in lean mice decreased the
expression of UCP1 in brown adipose tissue (Tsubone et
al. 2005). UCP1, which is expressed predominantly in
BAT mitochondria, is high
thermogenic capacity of BAT and regulates energy

responsible for the

expenditure; it allows proton re-entry into the

mitochondrial ~ matrix ~ without passing  through
ATP-synthase, which enables energy dissipation via the
production of heat (Clapham 2011). In this study, we
showed that a ten-day treatment with JMYV 1843
significantly decreased the expression of UCP1 mRNA in
BAT similarly to the above mentioned down-regulation
of UCP1 mRNA after the treatment with ghrelin. This
suggests a possible reduction of energy expenditure,
which may also contribute to the described increase in
body weight. Furthermore, treatment with JMV 1843
tended to increase the UCP2 mRNA level in WAT. This
observation corresponds to the effect of ghrelin described
by (Tsubone et al 2005); however, the functional
significance of this effect remains unknown.

To further dissect the mechanisms underlying the
orexigenic effect of the chronic administration of
IJMV 1843, we examined the changes in the mRNA levels

of NPY and AgRP in the medial basal hypothalamus. NPY
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and AgRP are potent orexigenic peptides co-expressed in
subsets of neurons in the arcuate nucleus. It was shown
that both central and peripheral chronic administration of
ghrelin increase hypothalamic NPY and AgRP mRNA
levels, indicating that NPY/AgRP containing neurons are
the primary hypothalamic targets of ghrelin and obligatory
mediators of its orexigenic effect (Kamegai et al. 2001,
Chen et al. 2004). We found that the treatment with
IMV 1843 significantly elevated NPY and AgRP mRNA
expression, suggesting that the mechanism of action of
JMV 1843 regarding food intake is similar to that
described for ghrelin. In addition to orexigenic effects,
both NPY and AgRP also decrease thermogenesis via the
reduction of UCP1 production in BAT (Billington et al
1994, Small et al. 2001). Therefore, it is plausible to
hypothesize that the effects IMV 1843 on UCP1 mRNA
expression in BAT could be mediated by the stimulation of
hypothalamic NPY/AgRP neurons.

Ten days treatment with JMV 1843 moderately
but non-significantly increased the white adipose tissue
content and circulating leptin level. These results are in
agreement with previous observations suggesting that
ghrelin-induced weight gain of the whole body might be
primarily induced by an increase in adiposity, while the
weight of muscle mass and other organs remains
unaffected (Tsubone et al. 2005). This conclusion is
further supported by our finding that JMV 1843 had no
effect on myogenesis markers and significantly decreased
myogenin mRNA levels, indicating that the treatment did
not affect muscle mass. However, results of mRNA
expression analysis of fat metabolism genes did not
confirm  significant increase in  adipogenesis.
Nevertheless, neither adipose tissue nor muscle mass was
decreased and orexigenic mechanisms were activated,
which seems to be most important for potential use of the
compound for the treatment of cachexia.

The above mentioned effects were in animals
treated with 20 mg/kg of b.w./day dose of JIMV 1843
accompanied by significantly increased blood glucose
levels, which were not observed at the dose of 10 mg/kg
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The only peripherally released orexigenic hormone, ghrelin, plays a key role in food intake and body
weight regulation. Antagonizing the ghrelin receptor, GHS-R1a, represents a promising approach for
anti-obesity therapy. In our study, two novel GHS-R1a antagonists J]MV4208 and JMV3002, which are tri-
substituted 1,2,4-triazoles, decreased food intake in fasted lean mice in a dose-dependent manner, with
EDsq values of 5.25 and 2.05 mg/kg, respectively. Both compounds were stable in mouse blood, with half-
lives of 90 min (JMV4208) and 60 min (JMV3002), and disappeared from the blood 8 h after administra-
tion. Fourteen days of treatment with the ghrelin antagonists (20 mg/kg twice a day) decreased food
intake, body weight and adipose tissue mass in mice with diet-induced obesity (DIO). These results are
likely attributable to an impact on food intake reduction and an attenuated expression of the lipogene-
sis-promoting enzymes (acetyl-CoA carboxylase 1 in subcutaneous fat and fatty acid synthase in subcu-
taneous and intraperitoneal fat). The decrease in fat mass negatively impacted circulating leptin levels.
These data suggest that JMV4208 and JMV3002 could be useful therapeutic agents for the treatment of

obesity.

© 2014 Published by Elsevier Ireland Ltd.

1. Introduction

Ghrelin, an endogenous ligand of the growth hormone secreta-
gogue receptor (GHS-R1a), is a linear 28-amino-acid peptide with
an n-octanoyl group on the Ser” residue and is predominantly pro-
duced by the stomach (Kojima et al., 1999). Ghrelin is the only
known orexigenic hormone produced in the periphery (Nass
et al., 2011) and directly enhances both expression and secretion
of the orexigenic neuropeptides neuropeptide Y (NPY) and
agouti-related peptide (AgRP) in the arcuate nucleus of the hypo-
thalamus (Cowley et al., 2003; Kojima and Kangawa, 2005). Ghre-
lin promotes positive energy balance, serving as a short-term
hunger signal and a long-term adiposity signal (Nakazato et al.,
2001; Tschop et al., 2000). It displays a strong growth hormone-
releasing effect (Kojima et al.,, 1999; Smith et al., 1997) and has

* Corresponding author. Address: Institute of Organic Chemistry and Biochem-
istry, Flemingovo n. 2, 166 10 Prague 6, Czech Republic. Tel.: +420 220183567; fax:
+420 220183571.

E-mail address: maletin@uochb.cas.cz (L. Maletinska).

http://dx.doi.org/10.1016/j.mce.2014.06.003
0303-7207/© 2014 Published by Elsevier Ireland Ltd.

many other physiological functions, including control of gastric
motility, energy expenditure, pancreatic endocrine functions, and
glucose metabolism (Muccioli et al., 2002).

Because of the wide spectrum of biological activities of ghrelin in
neuroendocrine and metabolic pathways, numerous synthetic
peptide and nonpeptide GHS-R1a ligands, acting as agonists, antag-
onists or inverse agonists, have been developed and tested (Moulin
et al.,, 2007b). Whereas ghrelin receptor agonists represent sub-
stances that could be beneficial for the treatment of cachexia and
food intake disorders (Akamizu and Kangawa, 2011; Maletinska
et al.,, 2012; Pirnik et al., 2011), antagonizing GHS-R1a could facili-
tate weight loss in patients with obesity (Nass et al., 2011).

Antagonizing GHS-R1a with the peptidic antagonist [D-Lys3]-
GHRP-6 caused a reduction of food intake and body weight gain
in lean, ob/ob (leptin-deficient) and DIO (diet-induced obesity)
mice. It also reduced food intake and body weight and improved
obesity-related metabolic abnormalities in ovariectomized mice
fed a high-fat diet, a model of postmenopausal obesity (Asakawa
et al, 2003; Maletinska et al., 2011). [D-Arg-1, D-Phe-5,
D-Trp-7,9,Leu-11]-Substance P is a potent and highly efficacious

Please cite this article in press as: Holubova, M., et al. Triazole GHS-R1a antagonists JMV4208 and JMV3002 attenuate food intake, body weight, and adi-
pose tissue mass in mice. Molecular and Cellular Endocrinology (2014), http://dx.doi.org/10.1016/j.mce.2014.06.003
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Nomenclature
ACACA  acetyl-CoA carboxylase 1 ID internal diameter
AgRP agouti-related peptide IGF-1 insulin-like growth factor 1
AUC area under curve IPAT intraperitoneal adipose tissue
Bom B, microglobulin LC-MS  liquid chromatography-mass spectrometry
BAT brown adipose tissue LPL lipoprotein lipase
b.w. body weight MRM multiple reaction monitoring
Cinax maximal concentration of compound in blood NPY neuropeptide Y
CPT-1a/1b carnitine palmitoyltransferase 1a/1b PEG polyethylene glycol
DIO diet-induced obesity PEPCK  phosphoenolpyruvate carboxykinase
EDsg median effective dose POMC  proopiomelanocortin
FABP-4 fatty acid binding protein 4 s.C. subcutaneous
FASN fatty acid synthase SCAT subcutaneous adipose tissue
GABA  gamma-aminobutyric acid SREBP  sterol regulatory element-binding protein
GAPDH glyceraldehyde 3-phosphate dehydrogenase St-1 standard diet for mice
GH growth hormone Tip half-life of the compound in blood
GHS-R1a growth hormone secretagogue receptor 1a (ghrelin Tinax time at Cpax
receptor) UCP1 uncoupling protein 1
HF high-fat (diet)

inverse agonist of GHS-R with potential anorexigenic activity
(Petersen et al., 2009).

Several classes of small-molecule nonpeptide GHS-R1a antago-
nists have been described. 2,4-diaminopyrimidine derivatives
decreased food intake and body weight in rats after acute oral
administration (Serby et al., 2006). Piperidine-substituted quinaz-
olinone derivatives were shown to improve glucose-stimulated
insulin secretion, suppress appetite, and promote weight loss in
rats and DIO mice after oral administration (Esler et al., 2007;
Rudolph et al., 2007). Intraperitoneal administration of indolinone
derivatives significantly improved glucose tolerance in mice and
reduced food intake stimulated both by fasting conditions and by
centrally administered ghrelin in rats (Puleo et al., 2012).

Some more recently developed nonpeptide GHS-R1a antago-
nists based on a trisubstituted 1,2,4-triazole structure (Demange
et al., 2007; Moulin et al., 2007a; Moulin et al., 2008) suppressed
ghrelin-induced and fasting-induced food intake after acute central
administration in rats. These drugs also blocked the chronic effects
of ghrelin on fat accumulation and consecutive weight gain after
chronic central administration to rats (Salomé et al., 2009a,b). How-
ever, it was not clear whether the triazole-based GHS-R1a antago-
nists can lead to weight reduction after peripheral administration.

Therefore, in this study, we examined the acute effects of the
trisubstituted triazole derivatives, J]MV4208 and JMV3002, on food
intake in lean mice. Furthermore, we studied the pharmacokinetics
of these compounds in mouse blood, as well as their effects on food
intake, body weight, metabolic parameters, and the expression of
enzymes involved in fat metabolism after 14 days of chronic
administration to mice with diet-induced obesity.

2. Materials and methods
2.1. Synthesis of GHS-R1a antagonists

JMV4208 and JMV3002 were synthesized at IBMM UMR5247,
Faculté de Pharmacie, Montpellier. The synthesis and in vitro phar-
macological characterization of the compounds was described pre-
viously by Moulin and colleagues (Moulin et al., 2008). The
structures of both drugs are shown in Fig. 1.

2.2. Experimental animals

All experiments followed ethical guidelines for animal experi-
ments and the Czech Republic law No. 246/1992 and were

approved by the Committee for Experiments with Laboratory Ani-
mals of the Academy of Sciences of the Czech Republic.

Inbred C57BL/6 male mice (Charles River, Germany) were
housed at 23 °C with a 12-h light/dark cycle (light period starting
at 6:00 a.m.). The animals had free access to water and a standard
rodent chow diet that contained 25%, 9% and 66% of calories from
protein, fat and carbohydrate, respectively (3.4 kcal/g; St-1, Mlyn
Kocanda, Jesenice, Czech Republic).

2.3. Acute effects of GHS-R1a antagonists on food intake

At the age of 12-14 weeks, the mice were randomly divided
into experimental groups and were kept individually in separate
cages for one week. The night before the experiment, the mice
were fasted for 17 h with free access to water. At 8:00 a.m., the
mice were injected subcutaneously (s.c.) with 1, 5, 10 or 20 mg/
kg of body weight (b.w.) of JMV4208 or JMV3002 (dissolved in
50% polyethylene glycol 300 (PEG) in saline because of the limited
solubility of the drugs in water, at volume of 0.2 ml/mouse), or
with 0.2 ml of 50% PEG in saline (n = 6 mice per group). Food intake
was monitored for 5 h at 30-min intervals. The animals had free
access to water during the experiment.

2.4. Acute effects of JMV3002 co-administered with ghrelin on food
intake

Fifteen-week-old mice were randomly divided into experimen-
tal groups of 5 animals and were kept individually in separate cages
for one week. At 8:00 a.m., the fed mice were s.c. injected with
0.2 ml of saline, ghrelin, JMV3002, or JMV3002 co-administered
with ghrelin at a dose of 5mg/kg of b.w. for all compounds

o’ o’
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O oA
=/ 0 Ny ={ 0 N7
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JMV 3002 JMV 4208
Fig. 1.
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(37.7 nmol ghrelin/mouse, 213 nmol JMV3002/mouse). Food intake
was monitored for 9 h at 30-min intervals. The animals had free
access to water during the experiment.

2.5. Measurement of in vivo pharmacokinetics in the blood serum

The measurement of in vivo pharmacokinetics was performed
as previously described (Holubova et al., 2013). Fifteen-week-old
mice were s.c. injected with 0.2 ml of JMV4208 or JMV3002 dis-
solved in 50% PEG in saline at a dose of 5 mg/kg of b.w. (n = 3 mice
per group). Blood was collected at 30, 60, 120, 240, and 480 min
post-injection, and the blood plasma was isolated and stored at
—20 °C. The analyzed compounds were extracted from the blood
plasma using an acetonitrile precipitation of proteins and then
analyzed using a liquid chromatography-mass spectrometry (LC-
MS) system. Chromatographic separation was performed in an
Eclipse Plus C18 column, with a column size of 2.1 mm x 50 mm
ID, packed with 5 pm of sorbent. The system was equipped with
a guard column that was 2.1 x 12.5 mm ID and packed with the
same sorbent (Agilent, Santa Clara, CA, USA). The LC system con-
sisted of a binary pump, a vacuum degasser, an autosampler and
a temperature-controlled column compartment, all from the Agi-
lent 1200 LC series (Agilent, Santa Clara, CA, USA). The mass spec-
trometer API 3200 (Sciex, Concord, ON, Canada) was used as a
detector. Compound-specific MRM were measured. The internal
standard calibration method was used for quantification.

2.6. Effect of 14-day administration of GHS-R1a antagonists on food
intake and metabolic parameters in mice with high-fat diet-induced
obesity

From 8 weeks of age, C57BL/6 mice were supplied with a high-
fat (HF) diet for 12 weeks to induce obesity. The energy content of
the HF diet was 5.3 kcal/g, with 13%, 60%, and 27% of the calories
derived from protein, fat, and carbohydrate, respectively. The HF
diet consisted of 40% standard St-1 diet, 34% powdered cow-
milk-based human baby formula, 25% lard, and 1% corn starch w/
w (Kopecky et al., 1996). Mice were categorised to DIO-prone
and DIO-resistant groups with ad libitum access to HF diet
(Archer et al.,, 2003; Levin and Keesey, 1998; Levin and Dunn-
Meynell, 2002). Mice resistant to the HF diet (approximately 15%
of animals on the HF diet) were withdrawn from the experiment.
The average body weight of the mice used for the following exper-
iments was 47 g (the usual body weight of lean C57BL/6 male mice
of the same age is 25-30 g).

The mice were divided into seven groups of 10 animals and
placed into separate cages with free access to the HF diet and
water. At the age of 20 weeks, they were subjected to a 14-day food
intake experiment. Five groups were injected s.c. either with the
vehicle solution (50% PEG in saline; control group) or with
JMV4208 and JMV3002 dissolved in the vehicle, at a dose of 10
or 20 mg/kg of b.w. twice a day (at 8:00 a.m. and 6:00 p.m.). The
amount of the HF diet consumed and the weight of the mice were
monitored simultaneously. The remaining two groups served as
pair-fed controls to the animals treated with JMV4208 and
JMV3002 at a dose of 20 mg/kg of b.w.; every pair-fed group con-
sumed the same amount of the high-fat diet as did the group trea-
ted with the corresponding drug during the corresponding day of
the experiment.

At the end of the experiment, overnight-fasted mice were sacri-
ficed by decapitation at 8:00 a.m. The trunk blood was collected,
and the plasma was then separated and stored at —20 °C. The intra-
peritoneal (omental) adipose tissue (IPAT), subcutaneous adipose
tissue (SCAT), brown adipose tissue (BAT), perirenal adipose tissue
and livers of all the mice were dissected. SCAT and BAT were dis-
sected completely, in case of IPAT only the omental fat pads and

not the adipose tissue around the intestines were collected. Tissue
samples were weighed, flash-frozen in liquid nitrogen, and stored
at —70 °C for later extraction of RNA. The degree of adiposity was
expressed as the fat-to-body weight ratio (ratio of the total adipose
tissue weight to the total body weight). The brains were dissected,
placed into isopentane at —15 to —20 °C for one minute, frozen on
dry ice, and kept at —70 °C until sectioning. Two hundred-microm-
eter-thick coronal sections were cut (starting —1.25 mm from the
bregma) using a cryostat, mounted on glass slides, and immersed
in absolute ethanol for 50s. The medial basal hypothalamus
(including the median eminence, arcuate nuclei, ventromedial
nuclei, and dorsomedial nuclei) was immediately dissected with
a razor blade from a series of sections under a microscope. The tis-
sue was homogenized in RNA extraction lysis buffer, and kept at
—70 °C until RNA extraction.

2.7. Determination of hormonal and biochemical parameters

The plasma insulin and adiponectin concentrations were mea-
sured by RIA assays (Millipore, St. Charles, MI, USA and Linco
Research, St. Charles, MI, USA, respectively), and the leptin concen-
trations were determined by ELISA assay (Millipore, St. Charles, MI,
USA). The serum glucose levels were measured using a Glucocard
glucometer (Arkray, Kyoto, Japan). The serum triglyceride levels
were measured by quantitative enzymatic reaction (Sigma, St.
Louis, USA). All measurements were carried out according to the
protocols recommended by the manufacturers.

2.8. Determination of mRNA expression

Samples of adipose tissue (brown, subcutaneous, and abdomi-
nal plus gonadal) and liver were homogenized with a MagNA Lyser
Instrument using MagNA Lyser Green Beads (Roche Diagnostics
GmbH, Mannheim, Germany). The total RNA was extracted from
the homogenized samples with a MagNA Pure instrument using
a MagNA Pure Compact RNA Isolation (Tissue) kit (Roche Diagnos-
tics GmbH, Mannheim, Germany). The RNA concentration was
determined from the absorbance at 260 nm (BioPhotometer,
Eppendorf AG, Hamburg, Germany). For reverse transcription to
synthesize the first-strand cDNA, 0.25 g of the total RNA was used
with random primers, following the manufacturefs instructions in
the High-Capacity cDNA Reverse Transcription Kit (Applied Biosys-
tems, Foster City, CA, USA). The following genes of interest were
selected for PCR identification: uncoupling protein 1 (UCP1) in
BAT; acetyl-CoA carboxylase 1 (ACACA), fatty acid synthase (FASN),
lipoprotein lipase (LPL), adiponectin, leptin, and fatty acid binding
protein 4 (FABP-4) in SCAT and IPAT; and ACACA, FASN, LPL, phos-
phoenolpyruvate carboxykinase (PEPCK), sterol regulatory ele-
ment-binding protein (SREBP), and carnitine palmitoyltransferase
1a/1b (CPT-1a/1b) in liver. Amplification of the mRNA was per-
formed using an ABI PRISM 7500 instrument (Applied Biosystems,
Foster City, CA, USA) with the TagMan® Universal PCR Master Mix,
NO AmpErase® UNG, specific TagMan® Gene Expression Assays
(Applied Biosystems, Foster City, CA, USA) and nuclease-free water
(Fermentas Life Science, Vilnius, Lithuania). The PCR amplifications
were performed at least in duplicate, in a total reaction volume of
25 pl, using standard conditions (50 °C for 2 min, 95 °C for 10 min,
followed by 40 cycles of 95 °C for 15s and 60 °C for 1 min). The
expression of beta-2-microglobulin (B2 M) was used to compen-
sate for variations in input RNA amounts and in the efficiency of
the reverse transcription, and the modified formula 22 was used
to calculate the relative gene expression.

The total RNA from the medial basal hypothalamus was isolated
using the RNAqueous Micro Kit (Ambion, Austin, TX, USA). The
concentration of RNA was determined by measuring the absor-
bance at 260nm with a NanoDrop 2000 Spectrophotometer
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(Thermo Fisher Scientific, Waltham, MA, USA). The RNA samples
were reverse-transcribed to yield ¢cDNA using a High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Foster City,
CA, USA). The quantitative PCR reactions were performed using
TaqMan Assays (Applied Biosystems, Foster City, CA, USA). A fluo-
rogenic probe for the control GAPDH gene was labeled with the VIC
reporter dye. Probes for the target genes, NPY, AgRP, and POMC
were labeled with the FAM reporter dye. The reactions were per-
formed using the TagMan Universal Master Mix (Applied Biosys-
tems, Foster City, CA, USA). The samples were run in triplicate.
The thermal cycling was performed in accordance with the manu-
facturer’s protocol as follows: one initial setup step for 10 min at
95 °C, followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min.
Data were collected using the CFX96 Real-Time System (Bio-Rad,
Hercules, CA, USA). Input RNA amounts were calculated with a
multiple comparative method for the mRNAs of interest and GAP-
DH. The statistical analyses were performed using GenEx Ver. 5
software (MultiD Analyses AB, Goteborg, Sweden).

MIQE compliance of the RT-PCR method described in the man-
uscript is guaranteed by the material manufacturer (Applied Bio-
systems, Foster City, USA). Both of the housekeeping genes used
in the assays demonstrated invariant gene expression.

2.9. Statistical analysis

The data are presented as the means + SEM for the number of
animals indicated in the figures and tables. They were analyzed
by either a two-way analysis of variance (ANOVA) followed by
the Bonferroni post hoc test, or a one-way ANOVA followed by
the Dunnetts post hoc test or a t-test, as stated in the figure and
table legends, using the Graph-Pad Software (San Diego, CA,
USA). P < 0.05 was considered statistically significant. In the acute
food intake test, the EDsq value, the dose of the compound required
to obtain half of the response of the vehicle-treated group at the
time of the maximum response (45 min post-injection), was calcu-
lated using GraphPad software.

3. Results
3.1. Acute effects of GHS-R1a antagonists on food intake

Both compounds decreased the fasting-induced food intake rel-
ative to controls; a significant effect was observed from a dose of
5 mg/kg of b.w. Food intake was reduced in a dose-dependent
manner. The EDsy was 2.05 mg/kg of b.w. for J]MV3002 (Fig. 2A)
and 5.25 mg/kg of b.w. for JMV4208 (Fig. 2B).

3.2. Antagonizing of the ghrelin-mediated increase in food intake with
JMV3002

Subcutaneously administered JMV3002 at a dose of 5 mg/kg of
b.w. suppressed the ghrelin-induced increase in food intake in
fed lean mice. Food intake after the co-administration of both com-
pounds at the same dose was comparable to the food intake of the
control group, whereas JMV3002 administered alone at 5 mg/kg of
b.w. significantly decreased food intake compared with the control

group (Fig. 3).

3.3. Pharmacokinetics of GHS-R1a antagonists in vivo

JMV4208 and JMV3002 reached their maximum blood concen-
tration 30 min after s.c. injection and disappeared from the blood
completely within 8 h, with a slow decline in the blood concentra-
tion from 2 to 8 h after administration. The half-life of J]MV4208
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was 90 min, and the half-life of JMV3002 was 60 min (Fig. 4 and Q3 328

Table 1).

3.4. Effects of 14 days of GHS-R1a antagonists administration on food
intake, body weight, adiposity, and metabolic parameters in obese
(DIO) mice

Based on the results from the acute food intake experiment, a
dose of 10 mg/kg of b.w. which caused the most significant effect
was chosen for chronic administration of the GHS-R1a antagonists.
Additionally, to ensure a clear effect, the higher dose of 20 mg/kg of
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b.w. was also included in the experiment. Fourteen days of treat-
ment with JMV4208 and JMV3002 at both doses significantly
decreased food intake in DIO mice compared with the controls
(Fig. 5A, B). Their mean body weights were reduced by 10% and
15% after their treatment with JMV4208 and JMV3002, respec-
tively, whereas that of the control group was reduced by approxi-
mately 4%. To examine the relative contribution of reduced food
intake to the observed weight loss, a group was included that
was pair-fed to the higher dose group (20 mg/kg of b.w.). The
weight loss of the pair-fed groups was less pronounced, but it
reached statistical significance by day 14 in the case of J]MV3002
PF group when compared with the controls (Fig. 6A and B).

115 4 A

—O— Control
—-1MVv4208 10 mg/kg

Both antagonists lowered the total adipose tissue mass by
decreasing subcutaneous and perirenal fat, while intraperitoneal
fat and brown fat were not affected. Additionally, both of the drugs
caused decreased liver mass (Table 2). The compounds also tended
to normalize the animal$ insulin levels, although these results
were not statistically significant. Moreover, the circulating leptin
levels were reduced in proportion to the decrease in adipose tissue
mass, while the adiponectin levels were not affected. No significant
changes in the basal glucose levels were observed after the mice
were treated with the antagonists (Table 3).

3.5. Changes in gene expression of markers of lipid metabolism and
UCP1 after 14 days of GHS-R1a antagonists administration in obese
(DIO) mice

Chronic administration of JMV4208 at a dose of 20 mg/kg of
b.w. significantly decreased the mRNA expression of acetyl-CoA
carboxylase 1 (Fig. 7A) and fatty acid synthase (Fig. 7B) in subcuta-
neous adipose tissue and mRNA expression of fatty acid synthase
in intraperitoneal adipose tissue (Fig. 7D). Chronic treatment with
JMV3002 caused a significant reduction in the gene expression of
fatty acid synthase in subcutaneous adipose tissue (Fig. 7B). The
decrease in mRNA expression of acetyl-CoA in intraperitoneal adi-
pose tissue was not statistically significant (Fig. 7C). Neither of the
antagonists affected leptin mRNA levels in intraperitoneal or sub-
cutaneous adipose tissue (data not shown). The expression of
acetyl-CoA carboxylase 1, carnitine palmitoyltransferase 1a/1b,
and phosphoenolpyruvate carboxykinase in the liver was not
affected by the ghrelin antagonists (data not shown). UCP1 gene
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expression in brown adipose tissue was not significantly affected
by either JMV4208 or JMV3002 (data not shown).

3.6. Changes in the expression of food intake-regulating neuropeptides
in the medial basal hypothalamus after the 14-day GHS-R1a
antagonists administration in obese (DIO) mice

Chronic administration of JMV4208 and JMV3002 at a dose of
20 mg/kg of b.w. significantly decreased the expression of proopi-
omelanocortin (POMC) mRNA in the medial basal hypothalamus
(Fig. 8A). The reduced expression of neuropeptide Y (NPY) mRNA
(Fig. 8B) and agouti-related peptide (AgRP) mRNA (Fig. 8C) was
not statistically significant.

4. Discussion

Obesity and its associated health risks are drastically increasing
worldwide (Caballero, 2007), driving the demand for novel phar-
macological treatment methods. Blocking the actions of ghrelin
through GHS-R1a receptor antagonism is a promising approach

antagonists or inverse agonists have been developed and tested
(Chollet et al., 2009; Moulin et al., 2007b; Zhao and Liu, 2006).
Ghrelin antagonism or blocking also seems to be potentially bene-
ficial in some conditions associated with hyperphagia, e.g. Prader-
Willi syndrome, which is linked with elevated plasma ghrelin
levels (Cummings et al., 2002; Kobelt et al., 2006).

In this study, we tested two novel ghrelin antagonists that were
based on a trisubstituted triazole structure. We investigated their
acute impact on food intake in lean mice and their long-term
effects on food intake, body weight, and lipid metabolism in mice
with diet-induced obesity.

Previously described acute food intake experiments examined
intracerebroventricular administration of triazole-based GHS-R1a
antagonists in rats (Salomé et al., 2009a) and both intracerebroven-
tricular and intraperitoneal injection of [DLys*]-GHRP-6 in mice
(Asakawa et al., 2003). Similarly to the results of those experi-
ments, we showed that subcutaneously administered ghrelin
antagonists, JMV4208 and JMV3002, decreased fasting-induced
food intake in lean mice. JMV3002 suppressed food intake induced
by s.c. co-administered ghrelin in lean mice. This result is in accor-

for anti-obesity therapy; thus, several synthetic GHS-Rla dance with previous studies with other GHS-Rla antagonists,
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which have shown that acute administration of the compounds
suppressed food intake in fasted lean mice and eliminated the
stimulatory effect on feeding induced by peripheral injection of
ghrelin in lean mice (Esler et al., 2007; Rudolph et al., 2007).

The pharmacokinetics of JMV4208 and JMV3002 in mice
showed that after subcutaneous administration, both drugs
promptly entered the blood stream and reached a peak concentra-
tion within 30 min. Both GHS-R1a antagonists were completely
eliminated from the blood 8 h after administration, indicating their
relatively good stability in vivo, compared with the peptidic ghrelin
antagonist, [DLys>]-GHRP-6, which reached a zero concentration
130 min after administration in mice (Maletinska et al., 2011).

After two weeks of s.c. administration of JMV4208 and JMV3002
in mice with high-fat diet-induced obesity, cumulative food intake
and body weight decreased. However, the body weight of the con-
trol group receiving the vehicle injections was also slightly low-
ered, similar to our previous study (Maletinska et al., 2011), in
which a weight loss of approximately 3 g was observed after 7 days
of s.c. administration of saline. This result may have occurred
because the C57BL/6 DIO model is rather sensitive to the manipu-
lation and s.c. injection. Nevertheless, the decrease in body weight
induced by the GHS-R1a antagonists was significantly more pro-
nounced than the change observed in the control vehicle-injected
group.

The weight loss in the groups treated with the 20 mg/kg doses
of both antagonists was greater than that of the pair-fed groups.
Nevertheless, there was no significant difference between the
pair-fed groups and the groups treated with the corresponding
drug (except of days 12-14, JMV4208 PF group). We hypothesize
that this non-significant difference could be partially caused by
mechanisms others than food intake reduction and consecutive
adipose tissue reduction, e.g. enhanced energy expenditure. This
possibility is suggested by the mildly increased mRNA expression
of UCP-1 in brown adipose tissue (data not shown). UCP-1 regu-
lates energy expenditure via the production of heat (Clapham,
2011) and its expression is downregulated by ghrelin (Tsubone
et al., 2005).

The decrease in body weight after chronic treatment with the
GHS-R1a antagonists was due to a reduction in stored fat that
was followed by a decrease in circulating leptin levels. However,
neither the circulating adiponectin levels nor the adiponectin
mRNA expression in adipose tissue were affected. As the relative
leptin mRNA expression was not lowered in subcutaneous or vis-
ceral adipose tissue, we suggest that the attenuated leptin secre-
tion resulted from the decreased mass of adipose tissue.

Both GHS-R1a antagonists tended to lower insulin and glucose
levels in DIO mice, but the decrease was not statistically signifi-
cant. In contrast, orally administered quinazolinone-based GHS-
R1a antagonists were reported to improve glucose-induced insulin
secretion in DIO male mice (Esler et al., 2007; Rudolph et al., 2007).
[DLys®]-GHRP-6 attenuated both glucose and insulin levels in
ovariectomized DIO mice but not in those with intact ovaries
(Maletinska et al., 2011).

The JMV3002-induced decrease in liver weight of DIO mice was
likely due to a loss of accumulated fat. However, neither acetyl-CoA
carboxylase nor fatty acid synthase, enzymes that catalyze lipo-
genesis, nor carnitine palmitoytransferase, which catalyzes lipoly-
sis, were affected by the GHS-R1a antagonists at the mRNA level
(data not shown).

The GHS-R1a antagonists showed the most pronounced periph-
eral effects in adipose tissue, where they attenuated subcutaneous
and peritoneal fat mass, as well as the total fat mass. Analogously,
GHS-R1a-deficient mice have a lower body weight mainly due to
decreased adiposity (Zigman et al., 2005), and ghrelin administra-
tion conversely induces adiposity in rodents (Tschop et al., 2000).
The decreased adipose tissue mass observed in this study was most

likely mediated by the lower gene expression of the lipogenic
enzymes acetyl-CoA carboxylase and fatty acid synthase. Con-
versely, an increase in adiposity induced by centrally administered
ghrelin was found to be mediated by an enhanced expression of
acetyl-CoA carboxylase and fatty acid synthase in white adipocytes
in a previous study. (Theander-Carrillo et al., 2006).

Briggs et al. (Briggs et al., 2010) suggested that obesity impairs
NPY/AgRP neuronal function in the arcuate nucleus (ARC), sup-
presses the neuroendocrine ghrelin axis, and causes central hypo-
thalamic ghrelin resistance in DIO mice. They also suggested that
DIO decreases the expression of AgRP and NPY mRNA and that cen-
trally administered ghrelin is unable to promote the expression of
these genes in mice with DIO. Analogously we can conclude from
this study that DIO mice may be resistant to the effects of
GHS-R1a antagonists at the level of NPY/AgRP mRNA expression.

In another article, Briggs and Andrews (Briggs and Andrews,
2011) suggested that in DIO mice, ghrelin does not presumably
inhibit POMC neurons via GABA inhibitory inputs from NPY/AgRP
neurons. This maintains the suppressive effect of the POMC pep-
tide, o-MSH, on food intake. The mechanisms causing NPY/AgRP
resistance to ghrelin may be related to hyperglycemia and hyper-
insulinemia associated with DIO. At DIO, POMC neurons are regu-
lated mainly by leptin. Body weight reduction causes drop in leptin
blood levels, which leads to the reduction of POMC expression.

The ghrelin receptor antagonists, JMV4802 and JMV3002,
induced a decrease in adipose tissue mass followed by a decline
in plasma leptin levels that could be linked to attenuated hypotha-
lamic expression of POMC mRNA. These results complement those
described by Perello et al. (2012), who found that GHS-R1a-defi-
cient mice retained sensitivity to the anorexigenic and body-
weight-lowering effects of exogenously administered leptin.

5. Conclusion

In conclusion, we have demonstrated that the novel triazole
GHS-R1a antagonists JMV4208 and JMV3002 show relatively long
stability in mouse blood and attenuate food intake after a single
administration in lean mice. In mice with diet induced obesity,
both compounds decreased food intake and body weight. The
GHS-R1a antagonists decreased the amount of adipose tissue by
lowering the gene expression of lipogenic enzymes. This decrease
in adipose tissue yielded lower leptin levels. The anorexigenic
effect of the compounds could be potentially beneficial in anti-
obesity therapy or in therapy of other conditions associated with
hyperphagia.
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