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ABSTRAKT

ABSTRAKT

Diserta&ni prace je zagtena na studium anorexigennich neuropépteptidu
kokainem a amfetaminem regulovaného transkriptu RCAa peptidu uvdiujiciho
prolaktin (PrRP), které snizujiipem potravy adlesnou hmotnost.

Peptid CART je anorexigenni neuropeptid, u kterpies vSechny snahy nebyl
nalezen jeho receptor. Peptid CART se specifickes® na busgnou linii PC12. Biiky
PC12 diferencované v neuronovy fenotyp vykazujiSiysxet vazebnych mist oproti
nediferencovanym hikam. Buiky PC12 diferencované dexametasonem na chromafinni
bunky vykazuji vysokou nespecifickou vazbu a tim vehiaky p@&et vazebnych mist.
Pro objastni dilezitosti disulfidovych nistki ve struktie peptidu CART byly
syntetizovany analogy s jednifidvéma disulfidovymi niistky. Biologicka aktivita byla
u analogu se dwna disulfidovymi nfistky v pozici 74-94 a 88-101.tfiPzkoumani
burg¢né signalizace u bgk PC12 peptid CART vyznaminzvysil aktivaci c-Jun
a fosforylaci JNK, kteraiedchazi draze c-Jun.

PrRP pat do rodiny RF-amidovych pepfida byl u @ potvrzen anorexigenni
acinek. PrRP se véazZze natgveceptor GPR10 a vykazuje vysokou afinitu i keqgoru
pro neuropeptid FF (NPFF2). V nasi labofabyly navrzeny lipidované analogy PrRP,
které po perifernim podani snizujiilpm potravy, a u kterych jef@dpokladan festup
pies hematoencefalickou bariéru. Byla testovana gioka@ aktivita novych lipidovanych
analogi PrRP s myristovou nebo palmitovou kyselinou naddéi a se z#énami Phét
za jiné aromatické nekodové aminokyseliny na C-kantoin vitro ain vivo. Lipidované
analogy se vazou s vysokou afinitou k hypofyzauriebné linii RC-4B/C a k biskam s
transfekovanym GPR10 nebo NPFF2. Navic byla prot@gzazba lipidovanych analing
nikoliv vSak pgirozeného PrRP, na receptor neuropeptidu Y - YErykivykazuje
homologii s GPR10.

Lipidované analogy PrRP31 vyrazm dlouhodob snizovaly fijem potravy
u hladovych mysSi. Analogy palm-PrRP31, myr-PrRP2(amitoylovany analog
PheC}! byly dlouhodoB testovany na mysich s dietou indukovanou obeztsnizily
vyrazre hmotnost, fijem potravy a zlepSovaly metabolické parametry jespd
s obezitou. Studium biologické aktivity lipidovarycanalog PrRP a pochopeni
mechanismu jejich transportu jeuldzité pro jejich vyuziti jako potencialnich
antiobezitik.
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ABSTRACT

ABSTRACT

This work focuses on anorexigenic neuropeptidesaioe- and amphetamine-
regulated transcript (CART) and prolactin-releagegtide (PrRP), which decrease food
intake and body weight.

CART peptide is an anorexigenic neuropeptide amdpiie many efforts, its
receptor has not yet been identified. We found CARRPptide specific binding sites in
pheochromocytoma PC12 cells. Cells differentiatetiturons increased significantly the
number of binding sites. On the other hand, afiéeréntiation to chromaffin cells the
number of binding sites was so low that it was isgdlole to determine their density. To
clarify the importance of each of the three disldfibridges in the CART molecule,
analogs with one or two disulfide bridges were Bgtized. The biological activity was
maintained in analog with two disulfide bridgepositions 74-94 and 88-101. Moreover,
we demonstrated the stimulation of JINK and subs#@ue-Jun activation in PC12 cells.

Neuropeptide PrRP belongs to the RF-amide pepdiohdyf and has anorexigenic
properties. PrPR has a high affinity to GPR10 aeutopeptide FF (NPFF2) receptor. In
our laboratory lipidized analogs of PrRP were sgsaibed, which are able to decrease
food intake after peripheral administration and raass the blood-brain barrier.

We tested biological activity of novel lipidizedaags of PrRP with myristic or
palmitic acid on the N-terminus of the chain anthwi-terminal modification of PRé
by non-coded amino acida vitro andin vivo. Lipidized PrRP analogs have a high
affinity to RC-4B/C cells and to both GPR10 and IRRFeceptors. Moreover, lipidized
PrRP analogs, in contrast to native PrRP, havgladfiinity to neuropeptide Y receptor
— Y5, which shows homology to GPR10.

Lipidized analogs showed a significant and longateffect on decreasing food
intake. Palm-PrRP31, myr-PrRP20 and analog witrCRRewere tested for two weeks
on diet-induced obese mice. They decreased foatterdnd body weight significantly
and improved some metabolic parameters relateldetolbesity. Research on biological
activity of lipidized PrRP analogs and the underdiag of its transportation mechanism

is important because of their potential use adrtreat of obesity.
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SEZNAM ZKRATEK

SEZNAM ZKRATEK

a-MSH a-melanocyty stimulujici hormon

ACACA acetyl-CoA karboxylasa B¢etyl-CoA carboxylase 1)
ACC nucleus accumbens

ACTH adrenokortikotropni hormon (adrenocorticpimohormone)
AgRP agouti-related peptid

AP area postrema

ARC nucleus arcuatus

ATP adenosintrifosfat

B2M B2-mikroglobulin

BAT hnéda tukova tka (brown adipose tissue)

BBB hematoencefalicka bariéra (blood-brain leajri

BMI index €lesné hmotnosti (body mass index)

BPTI howzi pankreaticky trypsinovy inhibitor (bovine panatie

trypsin inhibitor)
CART kokainem a amfetaminem regulovany transkrigiic@ine- and

amphetamine-regulated transcript)

CCK cholecystokinin
CNS centralni nervova soustava
CREB protein vazajici responzivni element pro ic)§l adenosin

monofosfat (cyclic AMP-response element-bindingt@irg

CRH kortikoliberin (corticotropin-releasing hormgne

DEX dexametason

DIO dietou indukované obezita (diet-induced otygsi

DMN dorsomedialni jadro (dorsomedial nucleus)

ELISA enzymova imunoanalyza (enzyme-linked imnsorbent assay)

Erk extracelulararegulovana kinasa (extracellular-regulated kinase)

FABP-4 protein vazajici mastné kyselingit(f/ acid binding protein 4)

FASN syntasa mastnych kyselfat{y acid synthase)

FRET fluorescetni resonadni prenos energie (fluorescence resonance
energy transfer)

GABA y-aminomaselna kyseling-@minobutyric acid)
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GFP
GHS-R
GIT
GLP
GPCR
GPR10

GTP
HF
HPA

HPLC

ICV

IP

IPAT
JNK
LHA
LPL
MC3R a MC4R
mADb
NGF
NPFF
NPFF2
NPY
NTS

ob
Ob-Rb
PACAP

PCR
PFA
POMC
PP

zeleny fluoresceni protein (green fluorescent protein)
receptor pro ghrelin (growth hormone segegue receptor)
gastrointestinalni trakt

peptid podobny glukagonu (glucagon-like pagpti

receptor $pzeny s G proteinem (G-protein coupled-receptor)
hGRP3, UHR-1, receptotapujici G protein 10 (G-protein
coupled-receptor 10)

guanosintrifosfat

vysokotukova (high fat)

hypothalamo-hypofyzarni osa (hypothalamictpéiry-adrenal
axis)

vysokodinna kapalinova chromatografie (high performance
liquid chromatography)

intracerebroventrikularni (podané do mozk&weénory)
vnitrol¥isre, intraperitonealé (intraperitonealy)

vnitrokxisni tuk (intraperitoneal adipose tissue)

c-Jun N-koncova kinasa (c-Jun N-terminal kaja
lateralni hypothalamus (lateral hypothalamiea)
lipoproteinova lipasa

melanokortinovy receptor 3 a 4

monoklonalni protilatka (monoclonal antibody)

nervovy tistovy faktor (nerve growth factor)

neuropeptid FF

receptor 2 pro neuropeptid FF

neuropeptid Y
nucleus tractus solitarii

gen kodujici leptin

dlouha forma leptinového receptoru

hypofyzarni peptid aktivujici adenylatcyklggituitary adenylate
cyclase-activating polypeptide)

polymerazovéettzova reakce (polymerase chain reaction)
perifornikalni oblast hypothalamu (perifaali area)
proopiomelanokortin

pankreaticky peptid
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PrRP
PVN
PYY
RIA
UCP-1
SC
SCAT
SHR
SHROB

SREBP

TRH
VLM
VMN
WHO

peptid uvdbijici prolaktin (prolactin-releasing peptide)
paraventrikularni jadro (paraventricular lews)

peptid YY

radioimunologicka analyz@adioimunnoassay)

termogenin (uncoupling protein 1)

podkoz#, subkutana (subcutaneously)

podkozni tuk (subcutaneous adipose tissue)
spontanhhypertenzni potkan (spontaneusly hypertensive rat)
obézni spontaéimypertenzni potkan, tzv. Koletského
(spontaneusly hypertensive obese rat)

protein vazajici sterolovy regtiiaelementgterol regulatory
element-binding protein)

thyreoliberin (thyrotropin-releasing hormone)
ventrolateralni retikularni jadro (ventroladé medulla)
ventromedialni jadro (ventromedial nucleus)

swtova zdravotnicka organizace (World Health Orgatnizg
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1. UVOD

1. UvOoD

Zapadni civilizace je charakteristick&jmem potravin s vysokou kalorickou
hodnotou a specifickd sedavymigpbem Zivota s minimem vydané energie. Tento tzv.
zapadni model se vSak rozge a po celém st¢ tak dochazi k prudkému nigstu obézni
populace a osob s nadvahou. Proto jégat zabyvat se vyzkumem latek oxiliyicich
metabolismus, iijem potravy adlesnou hmotnost, které by mohly vést také&ikgdné
lé¢bé obezity a souvisejicich zdravotnich komplikaci.

Tato diserténi prace je zagtena na studium anorexigennich neuropéptid
peptidu kokainem a amfetaminem regulovaného tragsskr(CART) a peptidu
uvohujiciho prolaktin (PrRP), které snizujfigm potravy adlesnou hmotnost.

Ackoliv byl peptid CART objeveny v roce 1995, staéerepodélo nalézt jeho
receptor. Pro mozné vyuZziti je nezbytné dalSi stmdiohoto peptidu, které byipadré
vedlo k objevu jeho receptoru/receitoy této praci byla studovana vazba a signalizace
peptidu CART u buék PC12 obsahujicich potencialni vazebné misto ppoigh CART.

PrRP je zndmy pro své anorexigenéinly po intracerebroventrikularnim (ICV)
podani. V nasi laboratidbyly syntetizovany analogy s navazanou mastnaelikyou na
N-konectetezce, jejichz dinkem dochazi ke snizentipnu potravy i po podani latky do
periferie (subkutanh¢i intraperitoneals). Lipidované analogy PrRP byly studovany
z hlediska jejich fisobeni na receptory pati do stejné nebo podobné skupiny, jako
receptor pro PrREh vitro ain vivo.

Tato disertani prace je satasti projeki skupiny RNDr. Lenky Maletinské, CSc.
z Ustavu organické chemie a biochemie &R, v.v.i. Nskteré¢lanky tykajici se obou
projekti publikované v odbornyckasopisech se staly zakladem této prace. Seznam
téchto publikaci je uveden na steaB9 v pdadi, které odpovida jejickazeni v Sesté

kapitole ve vysledcich.
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2. TEORETICKA CAST

2. TEORETICKA CAST

2.1 Obezita a jeji prevalence

V soutasné dobje obezita povazovana za jednu z neji@sjSich civilizatnich
chorob a dosahuje epidemickych razitn po celém sité. Obezita postihuje nejen
dosglé, ale i dospivajici a&ti. Dle informaci s¥tové zdravotnické organizace (WHO)
dosahl v roce 2014 pet osob s nadvahou 1,9 miliardy a 600 milidsylo obéznich
(WHO, 2000). Ténrsr 2,8 milioni osob kazdor&né umird na komplikace spojené
s nadvahoui obezitou.

Obezita je charakterizovana jako nadn@ uloZzenidlesného tuku a rozviji seip
dlouhodobém zvySeném energetickéfijnpu, prevazujicim nad energetickym vydejem.
Muzeme ji definovat pomoci indexélésné hmotnosti (BMI) vyptitaného jakodesna
hmotnost [kg] dleno druhou mocninou vy3ky fijn U dosgglych je nadvaha definovana
jako hodnota BMI mezi 25 — 29,9 kg/ma obezita BME> 30kg/nf. Dalsim dilezitym
kritériem pro stanoveni obezity je obvod pasu, ¥ktpozitivré koreluje s obsahem
biiSniho tuku. Hrariini hodnota je> 94 cm u mu# a> 80 cm u Zen (Tsigos et al., 2008;
Yu and Kim, 2012).

Nadvaha a obezita je spojena s rozvojem dalSiatobteozdravotnich komplikaci,
jako je diabetes mellitus 2. typu, ischemicka cbarerdéni, hypertenze, dyslipidémie,
rakovina, osteoartritida a mnoho dalSich (Tsigosalet 2008). H léc¢bé obezity se
zpasatku gistupuje k dietetickym opgnim, zvySeni pohybové aktivity a kontroluje se
energeticky fijem a vydej. Farmakologickadea i bariatricka operace je varianta pro
pacienty, u kterychdZnymi opatenimi ke snizeni hmotnosti dochazi velmi sporadicky
nebo vibec nedochazi (Heal et al., 2012).

2.2 Regulace gfijmu potravy

Studium fyziologickych interakci mezi periferii @mdralni nervovou soustavou
(CNS) je dilezitou sloZzkou pro pochopeni regulace energetickémovahy a fjmu
potravy. Hlavnim centrem regulacéjmu potravy je hypothalamus, kteriijpma signély
z periferie a upravuje tak potravni chovani a esiztgou homeostazu (Suzuki et al.,

16



2. TEORETICKA CAST

2012; Yu and Kim, 2012). Hypothalamus je oblast kapktera se nachazi na spagdin
lebeni a sklada se zkolika jader:nucleus arcuatugARC), paraventrikularni jadro
(PVN), laterélni hypothalamus (LHA), ventromediaJadro (VMN) a dorsomedialni
jadro (DMN) (Schwartz et al., 2000).

integruje periferni signdly i podty pochazejici z CNS #di regulaci pijmu potravy.
Nachazi se ve ventromedialtéisti hypothalamu a sousedéminentia medialisoblasti
s deficientni hematoencefalickou bariérou (BBBggkterou mohou cirkulujici periferni
latky snadno fejit do ARC (Broadwell and Brightman, 1976; Yu dtich, 2012).

V ARC se nachazi dvpopulace neuran s op&nym pisobenim na ifjem
potravy. Prvni vylduje neuropeptid Y (NPY) a agouti-related peptid R&),
neuropeptidy zvySujici fgem potravy (orexigenni), druhd populace vyie
a-melanocyty stimulujici hormon  a{MSH), posttranskni produkt
proopiomelanokortinu  (POMC) a CART, latky, kteréfijgm potravy snizuji
(anorexigenni). POMC/CART a NPY/AgRP neurony maja 1$ebe vzajemny
fyziologicky antagonisticky &inek.

a-MSH pisobi jako agonista receptomelanokortinu 3 a 4 (MC3R a MC4R)
obsaZenych v neuronecliznych hypothalamickych oblasti a sniZujdjgm potravy
(Cone, 2005). Deficience MC4& mutace v genic4r vede u mysi i lidi k hyperfagii
(pfijem nadmdrného mnozstvi potravy) a obez{Huszar et al., 1997; Yeo et al., 1998).
Praw centralni melanokortinova drdha (zahrnujici POM@rony a neurony exprimujici
MC4R) hraje kléovou roli @i regulaci gijmu potravy vedouci k anorexigenningiiku.

NPY je naopak velmi silnym orexigennim stimulatoré@lark et al., 1984).
Aktivaci NPY/AgRP neuroin dochazi k vyrazné stimulackipnu potravy, navic tyto
neurony vylduji gama-aminomaselnou kyselinu (GABA), infiti neurotransmiter,
ktery potl&uje anorexigenni aktivitu POMC/CART neufofJoly-Amado et al., 2014;
Sohn, 2015). U AgRP byl zji& inverzni antagonismus k MC3R a MC4R (Olimann et
al., 1997).

Tyto dw populace primarnich neurbobsahuji receptory pro periferni hormony,
které reguluji pijem potravy na dlouhodobé Urovni, jako je leptininsulin, ale
i krdtkodobé urovni, jako je peptid YY (PYY), cholestokinin (CCK)¢i peptid podobny
glukagonu (GLP) a ghrelin, kteryigobi v dlouho i kratkodobé reguladijmu potravy.
NPY/AgRP neurony jsou inhibovany leptinem a inseifima stimulovany ghrelinem

a naopak neurony POMC/CART jsou leptinem a insulirimulovany (Morton et al.,

17



2. TEORETICKA CAST

2006). ARC je také propojen s dalSimi oblastmi higptamu, které regulujifpem
potravy, jako je PVN, VMN, DMH a LHA (Harrold et.ak012).

PVN integruje signaly z neur@robsahujici NPY/AgRP a POMC/CART v ARC
a takeé z orexigennich neuton LHA (obrazek 1). Stimulace PVN vede ke snizéf)imu
potravy a léze v této oblasti vedou k hyperfagiiizenému vydeji energie a obezit
(Leibowitz et al., 1981; Wang et al., 2013). V P¥&lnachazeji receptory NPY (Y1 a Y5
receptory), MC3R/MC4R a také neurony, které synmtgitia vylwuji neuropeptidy
s katabolickym tinkem a snizuji fijem potravy (obrazek 1).

Léze v LHAGI perifornikalni oblast hypothalamu (PFA) naopakispbuji snizeni
piijmu potravy a Ubytek hmotnosti (Schwartz et ap@. Stej@ jako PVN, i LHA
ziskava signaly z ARC a obsahuje neurony, kteréesiynji peptidy s anabolickym
acinkem a zvySuji fjem potravy a dlesnou hmotnost. Hypothalamicka centra
s op&nymi (inky na gijem potravy slouzi k rychlé a efektivni kontroleeegetické
homeostéaze, protoZetre dojit za aktivace centra jednoho k pela (Einku centra
druhého (Woods and D'Alessio, 2008).

DalSi dilezitou oblasti v regulaciifjmu potravy jenucleus tractus solitarii
(NTS), ktery se nachazi v mozkovém kmeni a integkuatkodobé signaly pochéazejici
z periferie progednictvim bloudivého nervunérvus vagus NTS je propojen s oblastmi
v hypothalamu, ndjklad PVN a podili se tak na regulaci velikostiqeoga na frekvenci

prijimani potravy (Arora and Anubhuti, 2006).

18



2. TEORETICKA CAST

Median eminence

Obrazek 1: NPY/AgRP a POMC/CART neurony v nuclelcaatu

Skupina neurai prvnihor/adu NPY/AgRP (modra) a POMC/CART (oranzZova) v nucle
arcuatu (ARC). Za&chto populaci déle vedou signaly do paraventriknibo jadra
(PVN). ZvySena aktivita POMC neutbrevySi hladinua-MSH v PVN, zde dojde
k aktivaci neurofi s MC4R a ke sniZeniripnu potravy. Neurotransmiter GABA,
vylucovany z NPY/AgRP neurnblokuje pomoci receptdr GABA-R anorexigenni
Ucinek POMC/CART neuradn NPY/AgRP neurony obsahuji receptory pro mnoho
hormoni, napiklad pro ghrelin (GHS-R), insulin (INS-R) a lepti(Ob-Rb).
POMC/CART skupina neurgrvSak GHS-R neobsahuje:d@®zato a upraveno z (Briggs
and Andrews, 2011). Zkratky: neuropeptid Y (NPYjoudi-related peptid (AgRP),
proopiomelanokortin (POMC), kokainem a amfetamimegulovany transkript (CART),
a-melanocyty stimulujici hormon-MSH),y-aminomaselna kyselina (GABA)

2.3 Periferni hormony zapojené do dlouhodobé regulacerfjmu

potravy

Do regulace fijmu potravy je zapojené velké mnoZstvi perifernfdrmoni
(obrazek 2). Hormony vyliované v gastrointestinalnim traktu (GIT), jako EKG PYY,
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Mriviw s

periferré vylucované a centraéni periferrt pasobici hormony, které energetickou
rovnovahu udrzuji na dlouhodobé darovni, jsou anigemni leptin a insulin.
Kratkodobym i dlouhodobym perifernim hormonem skatni strukturou je orexigenni

ghrelin (obrazek 2).

CRH,TRH

PrRP/NA
Orexigenni Ucinek

/ ' Anorexigenni tcinek

Kratkodoby
udinek
Dlouhodoby
ucinek

']
NPY/AgRP =235 CART/POMC )
A K - <

LEPTIN INSULIN
Tukova tkan Slinivka bfisni Zaludek Tenké stfevo

Obrazek 2: Regulaceifimu potravy

Regulace gjmu potravy je komplexniéf spojujici signaly z CNS a periferie.
Hypothalamus, zejména nucleus arcuatus (ARC), najegsignaly z perifernich
hormon:, jako je leptin, insulirti ghrelin. Periferr vylucované hormony (nap peptid
YY (PYY), cholecystokinin (CCK), peptid podobnykagonu (GLP-1)) fisobi pies
nervus vagus do nucleu tractu solitarii (NTS) v keeZm kmeni. Tyto hormony owilii
neurony prvnihagadu a signalizujici anorexigenni a orexigenni pdypfisobi na dalSi
jadra hypothalamu. Revzato a upraveno z Maletinska a kol. 2016 (v Yisku

Zkratky: neuropeptid Y (NPY), agouti-related pegfgRP), kokainem a amfetaminem
regulovany transkript (CART), proopiomelanokorttQMC), paraventrikularni jadro
(PVN), kortikoliberin (CRH), tyreoliberin (TRH), p&d uvokwujici prolaktin (PrRP),
laterélni hypothalamus (LHA), hormon koncentrujf@lanin (MCH).

Drahy: — aktivani

----» inhibi¢ni
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2.3.1 Leptin

Leptin je klcovou soddsti regulaceifjmu potravy a energetické rovnovahy. Je
to anorexigenni hormon produkovany adipocyty v hil&ové tkani a vylsovany
v poneru k hmot télesného tuku (Kim et al., 2014). Je produktem ob@ziob) genu
a k vyvolani fyziologického dinku interaguje s dlouhou formou leptinového reoeypt
Ob-Rb (Balthasar et al., 2004pb gen koduijici leptin byl identifikovan v roce 1994
u spontané obéznich ob/ob mysi s mutacemi pouze v tomto ¢ggdigenu (Zhang et al.,
1994).

Leptin je transportovan do mozkites BBB pomoci transportérového systému
(Banks et al., 1996). V ARC, kde jsou hojexprimovany leptinové receptory, je pak
vyvolan anorexigenni dinek. Aktivace leptinové signalizace v hypothalanede ke
zvySené neuronové aktiwitv POMC/CART skupid neurori a snizeni aktivity
NPY/AgRP neurofi. Dochazi tak k redukcifmu potravy a zvySenému energetickému
vydeji (Sahu, 2003).

U Ilidi i hlodavai s leptinovou deficienci podavani leptinu sniZzujgdrfagii
a obezitu (Licinio et al., 2004), avSait$ina obéznich osob ma zvySenou hladinu leptinu
v plasng zn&ici leptinovou rezistenci. l&¢hto osob je &a leptinem natinna. Jednim
z moznych vysstleni leptinové rezistence je snizeny transpotinepdo mozku vliivem
zahlceni leptinovych transportév BBB ¢i omezena leptinova signalizace v neuronech
hypothalamu (Munzberg, 2010; Yu and Kim, 2012).

2.3.2 Insulin

Insulin je produkovan buikami Langerhansovych osukt slinivky biisni
a reguluje homeostazi glukosy &e (Bagdade et al., 1967). Je wdwan po jidle
a transportovan do mozku pomoci insulinovych reméptkde ma dlezitou roli jako
dlouhodoby anorexigenni regulator energetické rgghg. Hladina insulinu v plasiije
pozitivré ovliviiovana objemem tuku ¥le, proto je insulin vedle leptinu povazovan za
ukazatel adipozity wte.

V CNS jsou insulinové receptory v hypothalamickyatblastech dlezitych pro
udrzeni energetické rovnovahy jako je ARC, DMN aNP{Corp et al., 1986). ICV
podéani insulinu vede u hlodav¢ opic ke snizeniifjmu potravy a dlesné hmotnosti
(Suzuki et al., 2012). Stejgako leptin, insulin spousti aktivaci POMC neuk@inhibuje

NPY/AgRP neurony. U mysSi se specificky inaktivovamynsulinovym receptorem
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dochazi ke zvySeni¢lesné hmotnosti, hmotnosti tuku, zvySenéniijmu potravy
a k obezi (Bruning et al., 2000).

2.3.3 Ghrelin

Ghrelin je jediny dosud znamy periferni orexigehaimon. Je syntetizovan jako
preprohormon a po acylaci n-oktanovou kyselinousedan v pozici 3 a naslednym
Sttpenim vznikne aktivni peptid sloZzeny z 28 aminokpséobrazek 3). Ghrelin je
jedinym dosud znamym lipidovanym peptidovym hornmamegulujicim pijem potravy.
Byl izolovan z potkaniho Zaludku jako ligand sibb receptoru GHS-R (growth
hormone secretagogue receptor) (Kojima et al., 1989 vyl@ovan specializovanymi
endokrinnimi biitkami z Zaludku. Centralni i periferni podani ghmelstimuluje pijem
potravy a zvysSujeétesnou hmotnost (Kojima et al., 1999). Hladina ¢jhtev plasng je
zvySena Bhem hlado¥ni, prudce se zvySujegd kazdym jidlem a rychle klesa po jidle.
Proto je ghrelin nazyvan hormonem hladu. MySi saiici ghrelinu a GHS-R jsou
rezistentni uci obezi€ navozené vysokotukovou dietou, ale tato rezistemgetrvava
do dosplosti (Sun et al., 2003; Zigman et al., 2005).

Lidsky K Potkani
A
NG '8 8§ F L 8§ P E HQRy

Q
« S EKRQ
KPP A K L QP R-cooH

n-oktanoyl (C8:0)

Obrazek 3: Struktura lidského a potkaniho ghrelinu
Ghrelin je slozen z 28 aminokyselinovékeiczce a serin v pozici 3 je acylovan
n-oktanoylovou skupinou. Tato modifikace je neZbgto biologickou aktivitu ghrelinu.

Prevzato a upraveno dle (Kojima and Kangawa, 2005).
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2.4 Neuropeptidy zapojené do regulaceifijmu potravy

2.4.1 Peptid CART (cocaine- and amphetamine-regulated trascript)
2.4.1.10bjev

CART byl poprvé popsan v roce 1995 pomoci polymarézetézové reakce
(PCR) jako mRNA zvysujici svou hladinu ve striatumozku po podani kokainti
amfetaminu, ale nikoliv po podani dalSich navykdvydrog, nagiklad morfinu
(Douglass et al., 1995). Vroce 1998 Thim a kolrifjeovali a charakterizovali
rekombinantd vyrobené peptidy CART, které byly exprimovany vakinkach po
vloZeni cDNA kodujici CART 1-102 (Thim et al., 199®oté v roce 1999 Thim a kol.
izolovali z iznych potkanich tkani dva peptidy CART (obrazeK™)im et al., 1999).
Jiz pred objevenim CART byl z @ho hypothalamu izolovan fragment (Spiess et al.,
1981), ktery byl pozgi podle sekvenceifrazen k peptidu CART.

2.4.1.2Struktura

Z genu pro CART jsou u potkara mysi transkribovany a poté segstny dw
razrné dlouhé mRNA a nasledmiepsana kratka a dlouha forma propeptidu proCART
1-89 a proCART 1-102 (obrazek 4). ProCART obsasp#icificka mista, které umidji
posttranslani Gpravy prohormonem konvertasou (Dey et al., 2008nto procesem
vznikaji dva biologicky aktivni peptidy CART 55-1Q@brazek 5) a CART 62-102, které
secisluji podle delSiho propeptidu. U lidi je exprindovpouze kratSi propeptid proCART
1-89, a tak vznika peptid CART 42-89 (analogicky A 55-102) a CART 49-89
(analogicky CART 62-102) (obrazek 4) (Rogge et 2008). Biologicky aktivni jsou
peptidy CART 54-102, CART 55-102, CART 61-102 a CA62-102 (Thim et al., 1998).
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Potkani dlouha forma
OEDAELQPRALDIYSAVDDASHEKELPRROLRAPGAVLOIEALOEVLKKLKSKRIPIYEKKYGOVPMCDAGEQCAVRKGARTGKLCDCPRGTSCNSFLLKCL
: e ) 55 62 102
Potkani kratka forma L s
QEDAELQPRALDIYSAVDDASHEKELTEAL QEVLKKLKSKRIPIYEKKYGQVPMCDAGEQCAVRKGARIGKLCDCPRGTSCNSFLLKCL
42 49 89

Obrazek 4: Struktura potkaniho proCART propeptidu

Dlouh& forma potkaniho propeptidu CART 1-102 (nah@ kratk& forma proCART 1-89 (dole). Z dlouhérprvznikaji biologicky aktivni
peptidy CART 55-102 a CART 62-102. Z kratké forropgptidu pak vznikaji struktugrstejné peptidy CART 42-89 a CART 49-89. U lidi
vznikaji biologicky aktivni peptidy pouze z krétkény propeptidu. Revzato a upraveno z (Rogge et al., 2008).

Struktura peptidu CART 55-102

- Lys 61)

Obrazek 5: Struktura peptidu CART 55-102

Prirozeny biologicky aktivni peptid CART 55-102 ohgahti disulfidove
mistky mezi cysteiny v pozicich 68-86 (I-111), 74¢84V) a 88-101 (IV-VI)
(Rogge et al., 2008; Thim et al., 1998).
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2.4.1.3Vazebné studie s peptidem CART

Pti hledani receptoru je obvykle vyuZivano hledaeic#ické vazby k potencidlnimu
vazebnému mistu pomoci radioaktivanaeného peptidu. Pro vazebné studie seasgji
vyuzZiva kometn¢ dostupny peptid CART 61-102, ktery ma stejnouitfik vazebnému
mistu jako pirozeny peptid CART 62-102 a peptid CART 55-102ra jodaci se vyuzZiva
tyrosinu v pozici 62.

Prvni vazebné studie byly provy na mysi hypofyzarni béané linii AtT20, kde
byla publikovana specificka vazba peptidd-CART 61-102 (Vicentic et al., 2005).

Dalsi studie s komplexem peptidu CART 55-102 a reghe fluorescamiho
proteinu (GFP) prokazala vazbu na lidskou hepaéooyt bugénou linii HepG2
a disociované hypothalamickéitky (Keller et al., 2006).

NasSe skupina prokazala specifickou vazbu peptidURTA61-102 na potkani
feochromocytomovou bwinou linii PC12 (obrdzek 6) (Maletinska et al., 200Ze
saturgnich vazebnych experiméntbyla zngéftena hodnota K 0,48 + 0,16 nM
a Bmnax 2228 + 529 vazebnych mistiiku pro nediferencované tkly a Ky 1,90 + 0,27 nM
a Bnax 11194 + 261 vazebnych mistiidw u PC12 diferencovanych v neuronovy fenotyp
pomoci nervovéhaistového faktoru (NGF) (Maletinsk et al., 2007).

Ve studii Jonese a kol. bylo zji$io, Ze se peptid CART specificky vaze na primarni
burg¢nou linii z potkaniho nucleu accumbens. Afinita tdyp k receptoru byla snizena
v pritomnosti analogu GTP, zatimco piidani ATP analogu k tomuto efektu nedoslo, coz
naznduje, ze receptor pro peptid CART by mohl byt reoegn spazenym s G-proteinem
(GPCR) (Jones and Kuhar, 2008).
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Obrazek 6: Saturdni vazebné experimenty na béné linii PC12

Saturani vazebné experimenty naa) nediferencovanych kkach, hodnoty
Kq 0,48 £0,16 nM a Bax2228 +529 vazebnych mistidw a nab) PC12 diferencovanych

v neurony nervovym ustovym faktorem (NGF), hodnoty ¢ K1,90 £ 0,27 nM

a Bnax11194 £261 vazebnych mist/kw. Prevzato a upraveno dle (Maletinské et al., 2007).

2.4.1.4Hledani receptoru a signalizace peptidu CART

Po objevu CART mRNA a peptidse mnoho laboratbpokouSelo najit receptor,
avSak ten nebyl dosud identifikovan. Vazebné stodidoucné linii PC12 naznauji, Ze
receptor/y pro peptid CART existuje/i. Afinita piglot CART k jeho specifickym vazebnym
mistim je typicka pro receptory, sté€jjako paet vazebnych mist na ftku. Bylo popsano,
Ze po centralnim podani peptidu CART dochazi k&emiyhladiny c-Fos mRNA viznych
oblastech mozku,ipdevsim v hypothalamu a v mozkovém kmeni (Vranglet1999b).
Peptid CART inhibuje nafim fizené vapnikové kandly a tim snizujérgk Ce&* iontii pres
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burg¢nou membranu u potkanich hipokampalnich nelurdento efekt je blokovan pomoci
pertusového toxinu, coZ naznge, Ze signalizace peptidu CARTue byt zprogedkovana
Gi a G proteiny (Yermolaieva et al., 2001). Sarkar a kpktili, Ze CART vyrazg zvySuje
fosforylaci proteinu vazajiciho responzivni elemgmb cyklicky adenosinmonofosfat
(CREB) v PVN hypothalamu sytych i hladovych potkd®arkar et al., 2004). ié vitro
studii na mysi hypofyzarni b&mé linii AtT20 a potkani hypofyzarni b&mé linii GH3
bylo zjis€no, Ze peptid CART rowi zvysSuje fosforylaci extracelul&megulované kinasy
(Erk1/2). Aktivovana signalizeni draha Erk1/2 byla u AtT20 bgikpo stimulaci peptidem
CART inhibovana pertusovym toxinem (Lakatos et2005). Tyto experimenty nazihgi,
Ze peptid CART aktivuje drahuigizenou s G-proteinem a jeho receptor by mohl byZ &P
V nasi skupig jsme tyto experimenty zopakovali, avSak nebyl&raha specificka vazba

peptidu CART, ani signalizace popsariiem peptidu CART (nepublikované vysledky).

2.4.1.5Vyskyt a fyziologicka funkce

Nedlouho po objevu bylo zji&to, Ze peptidy CART se vyskytuji v mozku
v oblastech spojenych s regula¢ijmu potravy a energetickou homeostazou, zvlasik
v hypothalamu — v ARC, LHA, PVN aucleu accumbengACC) (Koylu et al., 1998).
Peptidy CART se vyskytuji nejen v mozku, ale i feeriich oblastech souvisejicich
s pijmem potravy — v gastrointestinalnim traktu viegéech (Ekblad, 200&) v nervu vagu
(Broberger et al., 1999).

2.4.1.6P¥ijem potravy

Prvni studie dinka peptidu CART byla provedena Kristensenem a kaly, o ICV
podani peptidu CART doSlo ke snizerijmpu potravy u hladovych i sytych potkian
Naopak ICV podana polyklonalni protilatka proti pdp CART p@ijem potravy zvysila
(Kristensen et al., 1998; Lambert et al., 1998prege CART mRNA je v ARC pozitivn
ovliviiovana leptinem (Kristensen et al., 1998). U hladbuyySi a u modéls mutaci genu
pro leptin — ob/ob mysi, které neprodukuji leptio abéznich Zuckerovych fa/fa potkan
s nefunknim leptinovym receptorem, dochazi k vyraznémuesriiéxprese CART mRNA
v ARC (Kristensen et al., 1998). Periferni podaptinu obéznim mySim vede ke zvySeni
hladiny CART mRNA v ARC. Toto naztigje, Ze exprese CART mRNA v ARC je zavisla
na leptinové signalizaci, neb@orusSena leptinova signalizace vede ke sniZzenéegxp
CART (Kristensen et al., 1998).
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Peptid CART se nachazi v ARC v neuronech produlaljicovriez POMC mRNA,
ze které vznika produkt-MSH, ktery inhibuje pijem potravy a blokuje orexigennéinek
NPY po ICV podani (Elias et al., 1998).

Neurony ARC obsahujici peptidy CART byly také lakal/any u nervovych
zakorteni neuroft NPY. Toto zjis¢ni naznauje vzdjemny vztah peptidCART a NPY.
RovreZz bylo zjis€no, Ze ICV podani peptidu CART blokuje zvySetijmu potravy po
podani orexigenniho NPY (Kristensen et al., 19%8nhert et al., 1998). Nervova zakeni
NPY neuroii rovréz obklopuji €la neuror obsahujici peptid CART v PVN a po ICV
podani do PVN dochazi ke sniZerijmpu potravy (Lambert et al., 1998).

Dlouhodobé ICV podavani peptidu CART po dobu 7 ddiOvedlo ke snizenkpmu
potravy a hmotnosti u Stihlych i obéznich fa/fakgaoi (Larsen et al., 2000). Po ICV podani
peptidu CART potkaim doslo k vedlejSim dinkam, jako je sniZeni pohybové aktivity
a naruSeni koordinace poliytataxie) (Larsen et al., 2000). Podani peptidu TAR-102
nejen do ARC, ale i do ACC rowa snizilo iijem potravy (Yang et al., 2005).

V nasi laboratt byl rovnéz prokazan anorexigennéigek peptidu CART 61-102,
stejré jako di-jodovaného peptidu CART 61-102, ktery wg&hvysokou fyziologickou
acinnost (Maletinska et al., 2007). Po sgoem podani peptidu CART s anorexigennim
CCK, produkovaném v GIT, doSlo k synergistickémiinku na snizZeni iffimu potravy
(Maletinska et al., 2008). Podanim obou peptidchazi také k stimulaci neuriom ARC,
PVN a DMH hypothalamu, dale pak v NTS mozkového kenéMaletinska et al., 2008;
Pirnik et al., 2010).

2.4.1.7DalSi role v organismu

Peptid CART je zniiovan ve spojitosti s drogovou zavislosti na kokadiiu
amfetaminu. U osob, které zeésly v disledku pedavkovani kokainem, byla zvySena
hladina CART mRNA (Tang et al., 2003). Podaiinych psychostimulaft(kokainu,
amfetaminu, metamfetaminii etanolu) vede k aktivaci neurdrobsahujici peptid CART
v ACC. Rizné studie nazwaji, Zze peptid CART hraje roli v mesolimbickém dopaovém
systému (Salinas et al., 2006). CART moduluje dapawou aktivitu gimo stimulaci
dopaminergnich neurérti negimo inhibici vylwovani GABA (Dallvechia-Adams et al.,
2002).

Peptid CART ovliviuje hypotalamo-hypofyzarni osu (HPA) (Couceyrolgtl®97;
Smith et al., 1997), kterd ma ulohti ptresoveé reakci a dalSich fyziologickych procésec

jako je traventi hospod#eni organismu s energii. Z hypothalamu je vgitan CRH, ktery
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stimuluje sekreci adrenokortikotropniho hormonu T&Q. Ten nasledhstimuluje tvorbu
kortizolu a kortikosteronu (Keller-Wood, 2015). Tite peptid CART stimuluje sekreci
CRH, ACTH i kortizolu, je nazn#na jeho role ve stresové odpdi ICV podani peptidu
CART 55-102 vede ke zvySeni hladiny ACTH a kortieosnu (Smith et al., 2004; Stanley
et al., 2001). R dlouhodobém vystaveni chladu dochazi u paikke zvySené expresi
CART mRNA v ARC, coz rov&Zz naznauje roli peptidu CART v regulaci odp&di
organismu na stres a zardve energetickém vydeji a termogenezi (Kong et 2003).
V Porsolto¥ plovacim testu, ktery akuttvyvolava stres, dochazi k signifikantnimu zvyseni
hladiny peptidu CART v PVN u samic potkamikoliv vSak v ARC (Gozen et al., 2007).
Peptid CART rovaz ovliviiuje hypothalamo-hypofyzo-tyroidalni osu (HPT) (Feke
et al., 2000) podilejici se na regulaci metabolisidaurony produkujict-MSH/CART
i AQRP/NPYV hypothalamu vysilaji synapse do netnmrodukujicich thyreoliberin (TRH).
TRH reprezentuje dalSi regulator energetického jgydegermoregulace (Lau et al., 2016).
a-MSH/CART produkci THR stimuluje, zatimco AgRP/NPXyntézu inhibuji. Bhem
hladowni dochazi ke snizeni stimutd drahy a zvySeni inhiémni drahy a dochazi ke snizeni
produkce TRH. Peptid CART inhibuje stiméia inek TRH a spokna sekrece TRH
a peptidu CART do hypofyzarniho & miZze naznéovat podil peptidu CART n&inku
TRH v hypofyze (Fekete and Lechan, 2006).

2.4.1.8Fragmenty a analogy peptidu CART

Peptid CART seffirozere vyskytuje ve dvou formach, 55-102 a 62-102. Thikok
rekombinantd pripravili a izolovali z kvasinek peptidy CART 54-10ZART 55-102,
CART 61-102 a 62-102, které se liSi N-koncovou sekv a maji podobnou biologickou
aktivitu in vivoain vitro (Thim et al., 1998).

V CNS se prrozere vyskytuji peptidy CART 55-102 a 62-102. V perifgsou vSak
produkovany i delSi formy peptidu CART. Z potkanichdledvin byly izolovany delsi
formy, peptid CART 1-89 a CART 10-89 (Dylag et @006; Thim et al., 1999). N-koncoveé
fragmenty peptidu CART 61-102, CART 1-26 a CART 7L+iebyly @&innéin vitro aniin
vivo a slouZzi jako negativni kontrola aktivity pepti@ART 55-102. N-koncové fragmenty
CART 55-76 a CART 62-76 byly po ICV podani schognizovat pijem potravy u potkain
a fragment CART 62-76 byl ¢inngjSi nez CART 55-76 (Lambert et al., 1998).
Syntetizovany c-koncovy fragment CART 85-102 ingenzal s opioidnim systémem a byl
schopen snizit lokomoci navozenou podanim morfibylgg et al., 2006). V nasi labor#to

byly syntetizovany fragmenty odvozené ze studie harta a kol. resp. Dylaga a kol., kdy
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se Zadny z fragmeintnevazal na bustnou linii PC12 a rové¢ nedoslo ke sniZzeniipnu
potravy u hladovych mysi. Rozpor me#ivé publikovanymi a naSimi vysledkytbe byt
zpisoben i#iznymi druhy pouzitych zvat (potkani resp. mysi), experimentalnim
uspdadanim experimentu (vainZerouci resp. hladova #ata) ¢i podanim do dznych
oblasti mozku.

V nasi laboratd byly syntetizovanyizré dlouhé fragmenty peptidu CART 61-102,
které byly nasledhtestovany pomoci vazebnych experiniena buréné linii PC12 an
vivo na mysSich. Bylo zji&ho, Zze pro zachovani vysoke afinity kikam PC12
a fyziologické aktivity jsou nezbytné disulfidové mistky. Pouze u anal@gCART 74-86
a CART 62-86, obsahujicich disulfidovéistky v pozici 74-86 a 68-86, byla prokazana
velmi slaba vazba k PC12 ikkdm, fadow trikrat nizSi nez CART 61-102 a tyto analogy

nesnizovaly fijem potravy po ICV podani (Maixnerova et al., 207

2.4.2 PrRP (prolactin-releasing peptide)
2.4.2.10bjev a vyskyt

Peptid uvahujici prolaktin (PrRP) byl objeven Hinumou a kol.roce 1998
v kravském hypothalamu pomoci reverzni transkriff@R tzv. metodou ,obracené
farmakologie” jako endogenni ligand sitftito receptoru sahujiciho G protein 10 (GPR10,
jinak téZ hGRZ:i potkani UHR-1) (Hinuma et al., 1998; Marchesalgt1995; Welch et al.,
1995).

PrRP se nachazitgdevsim v mozku a jen nizkou koncentradizeme nalézt
v plasnt, dreni nadledvin, slinivce, varlate¢hplacent (Fujiwara et al., 2005; Onaka et al.,
2010; Yasui et al.,, 2001). V mozku se neurony ewpjici PrRP mRNA nachazi
v prodlouzené miSe, v hypothalanmiegevsim ve VMN a DMN a v zadnim mozku v NTS
(Fukusumi et al., 2006).

GPR10 byl fivodre izolovan z hypothalamu ze suprachiasmatickéh@jédmuma
et al., 1998) a je slozen z 369 aminokyselin (Masehet al., 1995). GPR10 mRNA se ojn
nachazi v celém mozkuygaevsim pak v hypothalamu v PVN, DMH a periventakaim
jadie, v thalamu ve ventrolateralnim retikularnimig@dvLM), dale v mozkovém kmeni
v area postremgAP) a v NTS a také v hypofyze. V periferii bylgaeptory nalezeny ve
dreni nadledvin a zaludku (Fujii et al., 1999; Roladal., 1999).
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2.4.2.2Struktura PrRP

PrRP pati do rodiny RF-amidovych pepfid kterA obsahuje C-koncovou
aminokyselinovou sekvenci Arg-Phe-hKHinuma et al., 1998; Quillet et al., 2016;
Takayanagi and Onaka, 2010). PrRP byl identifikovaiznych ziv@&isnych druzich (ryby,
ptaci, savci) a prepropeptid setuzmych ziv@iSnych druli liSi délkouretézce. U ho¥ziho
dobytka obsahuje prepropeptid 98 aminokyselin,du 87 a u potkain 83 aminokyselin
(obrazek 7) (Hinuma et al., 1998). Prepropeptidabbge d¢ S&pna mista, ze kterych
posttranslanimi Upravami vznikaji dva peptidy obsahujici 3lbme20 aminokyselin,
PrRP31 a PrRP20 (obrdzek 8), které maji identickBtkoncovou sekvenci.
Aminokyselinové struktura PrRP20 je vysoce konzeav@. U savitje potkani a mysi PrRP

identicky a vykazuje vysokou homologii s kaim a lidskym PrRP.
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Human 61 [G DV PIK[P GIL[RIP RILITIC F

Bovine 91 L TAQL VQE 98

Rat 82 - - - - - - R[G] 83
Human 86 - - - - - - D|G| 87

Obrazek 7: Sekvence hé&iho, potkaniho a lidského prepropeptidu PrRP
Sekvence jsou odvozené z cDNA. Pdeyny trojuhelnik oznaije N-konec PrRP31
a prazdny trojuhelnik ozdaje N-konec PrRP20. Sipka oznge C-konec a glycin, ktery je

amidovany (Hinuma et al., 1998).

Obrazek 8: Struktura lidského PrRP31 a PrRP20
Struktura kratké a dlouhé formy lidského PrRP. Zuf#hym serinem (Ser) Zina PrRP31
a zvyrazany threonin (Thr) oznaje misto, kde z#na kratka forma PrRP20. Zelén
zvyrazrné aminokyseliny ozeaji mista, kde jsou zmy v sekvenci potkaniho PrRP oproti
lidskému PrRP.
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2.4.2.3Afinita PrRP k receptoru pro neuropeptid FF 2 (NPFF2)

Jak jiz bylo vySe zmimo, PrRP pat do skupiny RF-amidovych peptid RF-
amidové peptidy a jejich receptory maji u savysokou evoltni podobnost (Hinuma et
al., 2000). Bylo zjid&ino, Ze PrRP se vaZze nejen najseceptor GPR10, ale i na lidsky
NPFF2 receptor, a to s afinitou jertdm nizSi nez maipozeny ligand NPFF (Engstrom et
al., 2003; Maletinska et al., 2013). NPFF mé& nadkaksPR10 receptoru velmi nizkou
afinitu (Ki > 30 uM). GPR10 je vysoce selektivni receptoha jediny dosud znamy vysoce
afinitni ligand je PrRP (Langmead et al., 2000)na&i laboratth byla prokazana vysoka
vazebna afinita PrRP k hypofyzarnim nadorovym &ogm liniim AtT20, GH3
a RC-4B/C, kteréifirozert obsahuji receptor GPR10 a NPFF2 (Maletinska e2@l.1b).

2.4.2.4Homologie receptoru GPR10 s Y receptory

Receptor GPR10 patdo rozséhlé rodiny GPCR a s'Y receptory se vyyime
spole&éného pedka. Jejich homologie je 31% a 46% v transmembngio doménéach
(Marchese et al., 1995). Byla prokazana pouze veaba afinita NPY ke GPR10
s hodnotou K> 30 uM (Langmead et al., 2000).

2.4.2.5Fyziologicka role

V pocatku byl PrRP povazovan za faktor, ktery spoudtiess prolaktinuin vitro
u burécné linie RC-4B/C a v hikadch adenohypofyzy (Hinuma et al., 1998). V testach
vitro bylo na hypofyzarnich bikach zng¢ieno, Ze PrRP vyvolava stejsilny inek na
sekreci prolaktinu jako TRH, jehoZigobenim dochazi k sekreci prolaktinu (Spuch et al.,
2007). Vin vivo testech byla vSak ke stimulaci sekrece prolaktinpotkanich sanic
pottebna vysoka davka PrRP31. U potkanich samic bytielpoa davka nizsi, v zavislosti
na cyklu (Matsumoto et al., 1999). V imunocytochekgich studiich bylo zjigho, Zze PrRP
se vyskytuje pedevSim v oblastech hypothalamu, mozkového kmeded&ch, ale studie
neprokazaly fitomnost PrRP eminentia medialisoblasti dileZité pro uvalovani Eznych
hypofyzotropnich horman (Maruyama et al., 1999; Minami et al., 1999; Samsb al.,
2000). Studie s ICV podanim PrRP naang Ze &inek na sekreci prolaktinu neni tak
vyrazny jako jiné mozné fyziologick&iinky (Matsumoto et al., 2000) a pagidbyl tento
Gcinek zpochybin (Fukusumi et al., 2006).

PrRP ovliviuje rovrez HPA tim, Ze po podani dochazi ke stimulaci nefuren
hypothalamu obsahujicich CRH a oxytocin. Po ICV &udPrRP dochazi u potkiarke
zvySeni koncentrace ACTH a kortikosteronu v plag®amson et al., 2003)fiRbodani
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antiséra proti CRH dochazi k zablokovani zvySenadimy CRH pomoci PrRP.
Anorexigenni dinek PrRP je pak oslaben po podani antagbnésteptoit pro tyto hormony
(Bechtold and Luckman, 2006).

Bylo zjisttno, Zze PrRP ma také ulohu v kardiovaskularnim sysié&kdy po ICV

podéani zvysuje krevni tlak u potka(Samson et al., 2000).

2.4.2.6Vliv na p¥ijem potravy

DalSi studie prokazaly ¢inek PrRP na sniZovaniftipnu potravy, zvysSeni
energetického vydeje a zardivevySeni ¢élesné teploty u mysi a potkiapo ICV podanti
roli ve stresové reakci (Ellacott et al., 2002; &sikmi et al., 2006; Lawrence et al., 2000;
Lawrence et al., 2002). Lawrence a kol. navrhliPZBP hraje roli jako regulatotipnu
potravy a exprese PrRP mRNA je sniZeétdeln negativni energetické rovnovahy, podobn
jako je tomu u POMC/CART (Lawrence et al., 2000¢n€alni podani PrRP u hlodavc
shiZuje pijem potravy adlesnou hmotnost (Lawrence et al., 2002; Maixneeial., 2011).
RovreZz dochazi k aktivaci c-Fos, markeru neuralni altjw oblastech vyskytu PrR&
jeho receptar (Lawrence et al., 2002).

Po opakovanémiidennim podani PrRP potkan byl snizen fjem potravy
a hmotnost a nedoSlo k ovligmi chovani (Vergoni et al., 2002). Ellacot a kgistdi, Ze pri
opakovaném centralnim podani PrRP dochazi k tateemzzviata gestanou reagovat na
jeho anorexigenni dinek (Ellacott et al., 2003). To naznge, Ze PrRP ovlikuje
energetickou homeostazu na kratkodobé urovni,&sjeko CCK, orexin-Aci MCH.

U raznych Ziva@&iSnych druti ma vSak PrRP nafijem potravy tizny Einek.
U potkari a mySi dochazi po ICV podani PrRP ke snizéirnp potravy a zvySenélesné
teploty, avSak u kiat vyvolava PrRP ogay efekt (Tachibana et al., 2004).

Po ICV podani PrRP a leptinu dochazi k aditivnirakel na snizenifmu potravy
a €lesnou hmotnost (Ellacott et al., 2002), coz naajeainterakci PrRP a leptinu v regulaci
metabolismu a ijjmu potravy. Neurony exprimujici PrRP se nachazefblastech
s leptinovymi receptory, nailad DMH, NTS¢i VLM (Ellacott et al., 2002). Exprese PrRP
je snizena &hem hlado¥ni ¢i laktace, kdy dochazi k negativni energetické owaze
a hladiny leptinu v plas&jsou nizké (Lawrence et al., 2000).

V kratkodobé regulaci energetické rovnovahy byladevano vzajemnéigobeni
PrRP s CCK, ktery hraje roli v ukdeni @ijmu potravy a sniZzeni porce jidla (Onaka et al.,
2010). Rijem potravy nebo podani CCK aktivuje v NTS neurobgahujici PrRP. U mysSi
s deficientnim GPR1@i PrRP je sniZzen anorexigennéinek CCK, coZ nazrje, Ze
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signalizace PrRP #ize byt dilezitd pro penos perifernich signéljako je prag¢ CCK, do
mozku (Bechtold and Luckman, 2006; Lawrence e8i02).

2.4.2.7MysSi s vyirazenym genem pro GPR10 a PrRP

Mysi s vifazenym genem pro GPR10 (GPR)Ma standardni digtzkonzumuiji
oproti kontrolam vice potravy a dochazi u nich gmosti (od 16. tydne u sama od
26. tydne u samic) k rozvoji obezity. GPR1®ySi maji zvysenou hladinu leptinu a insulinu
a dochazi u nich ke snizeni glukosové tolerancgseiva hladina leptinu je v korelaci se
zvySenou akumulaciglesného tuku oproti kontrolni skuginU GPR1G" mysi rovigz
nedochéazi ke kompenzaci zvysenym energetickym epaey porovnani GPRY0mysi se
skupinou mysi krmenych vysokotukovou dietou doSk $tejnému rozvoji obezity
a insulinové rezistence (Gu et al., 2004). U mydjiazenym genem pro GPR10 je ré¥n
zvySena hladina cholesterolu, LDL a HDL aiaté trpi steat6zou jater (Bjursell et al., 2007).

U mysSi s deficientnim PrRP dochézi v dédepti k obezit v disledku zvyseni
piijmu potravy a ke sniZzeni odpmmir na pisobeni anorexigennich sighdCCK a leptinu.
Navic u nich dochazi k rozvoji insulinové rezisteagporusené glukosové toleranci. U mysi
s deficientnim PrRP nedochézi ke zvySenéispds,, zvySenédiesné teplat po chladové
expozici ani ke zvySeni hladiny mRNA proteinu teganinu (UCP-1) v htdé tukové tkani.
Tato data nazraji, Ze naiist hmotnosti je zjsoben spiSe hyperfagii, nez snizenym
energetickym vydejem (Takayanagi et al., 2008). iMy8eficientnim PrRP maji jiny
fenotyp nez mysi s wgzenym genem pro GPR10.

2.4.2.8Analogy PrRP

PrRP ma d¥ piirozené formy, PrRP20 a PrRP31, které vznikaji dmé
prekursorové molekuly a maji spot®u C-terminalni sekvenci obsahujici dvacet
aminokyselin (Hinuma et al., 1998). NejkratSi akfimgonista, heptapeptid PrRP25-31, ma
oproti PrRP31 niz8i vazebnou afinitu na GPR10 (Rbket al., 1999). Boyle a kol. provedlIi
strukturre-aktivitni studii in vitro na analozich PrRP19-31 (Boyle et al., 2005). Bylo
zjisténo, ze C-koncova sekvence 2RHArg?e-Pror’-Val?-Gly?°-Arg*®-Pheé’-NH; je velmi
dulezitd pro biologickou aktivitu. Bkteré aminokyseliny vtomto Useku mohou byt
modifikovany, ale pro zachovéinivitro biologické aktivity je naprosto nezbytny AfgBez
ztraty biologické aktivity mze byt dale provedena modifikace v aromatickém krihé?
(Boyle et al., 2005; Maletinska et al., 2011b). A8hgedchozi studii (Maletinska et al.,
2011b) byly syntetizovany analogy PrRP20, u kteda$lo k nahrazeni C-koncového Phe
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za jeho derivaty. Analogy [Phefl] PrRP20, [Phefl] PrRP20 nebo [Tyf] PrRP20 se
vazaly na bu&nou linii RC-4B/C se stejnou afinitou jakdifmzeny PrRP20, coZz nazhge
zachovani biologické aktivity a vysoké afinity kePB10 receptoru. Tyto analogy byly
rovnéz aktivniin vivo a prokazaly silny a dlouhodoby anorexigentinék po ICV podani

hladovym mysSim (Maletinska et al., 2011b).

2.4.2.9Lipidizace peptidia

V souwasnosti jsou peptidy povazovany za novou genepagifickych biologicky
aktivnich latek, dlezitych v regulaci fyziologickych procéskterd nabizi velky potencidl
v [&bé raznych onemoatni. Ackoliv maji peptidy terapeuticky potencialfgkazkou
Vv jejich vyuziti je nedostatea dostupnost a nizka stabilita za fyziologickyduminek.
DalSi grekazkou je rovée i transport peptid pres BBB do mozku po perifernim podani pro
jejich centralni dinek (Malavolta and Cabral, 2011). Modifikace pdffie proto dilezitou
strategii pro zlepSeni dostupnaststability.

Anorexigenni neuropeptidy regulujicfilpm potravy mohou byt nastrojem \¢ibé
obezity (Dodd and Luckman, 2013; Maniscalco andaRian, 2013). Tyto peptidy jsou
vylu¢ovany v mozku, kde rowi i pasobi a jejich tinek po perifernim podani je omezen
praw nemoZznosti prostoupit BBB.

Lipidizace, gipojeni rettzce mastné kyseliny esterovaii amidovou vazbou,
piedstavuje jednu z variant modifikace pefptid.ipidizace peptid zvySuje stabilitu
a polaas rozpadu latky, a také praypddobr umoziuje piichod Fes BBB z periferie do
mozku (Bellmann-Sickert and Beck-Sickinger, 2013d8jevic et al., 2009; Malavolta and
Cabral, 2011). #dani myristové&si palmitové kyseliny pes amidovou vazbu na Lys bylo
provedeno u analogu insulinu detemiru (Havelundalet 2004)¢i u analogu GLP-1
liraglutidu (Gault et al., 2011). Oba tyto lipidowa peptidy vykazovaly vysokou stabilitu
a pomalejSi degradaci v krvi. PrRPe@stavuje vhodnou latku pro lipidizaci, nébma

linearni strukturu a Zadné postrabnettzce.

2.4.3 DalSi peptidy ovlivitujici pFijem potravy pasobici pres receptory spazene

s G-proteinem (GPCR)

Mnoho receptar, na které se vaze Siroké spektrum péptipati do skupiny
receptot sprazenych s G-proteinem (GPCR). Tato rozsahla rodirsaé struktie vykazuje
podobné vlastnosti, jako je ndidad gritomnost sedmi transmembranovych alfa-helixovych

domén a zachovani vysokéhoc¢po aminokyselinovych zbytk (Marchese et al., 1995).
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Patet miznych GPCR sedhem evoluce vyraznzvysil u obratlova, a tento efekt iize byt
zpasoben jejich dlohou viznych specializovanych fyziologickych funkcich, galie

regulace fijmu potravy, vliv na krevni tlak, vnimani bolesitd. (Lagerstrom et al., 2005).

2.4.3.1Neuropeptid Y (NPY)

NPY je silny orexigenni peptid sloZzeny z 36 amirsdin, produkovany v ARC
hypothalamu (Zhang et al., 2011). Podani NPY do PS¥NE stimuluje gijem potravy
a snizuje energeticky vydej. Dlouhodobé centrattdgvani tohoto neuropeptiduigobuje
narist €lesné hmotnosti a rozvoj obezity (Schwartz et 2000). Je evokné vysoce
konzervovany a ma vysokou homologii s anorexigennipeptidy PYY (70%)

a pankreatickym peptidem (PP) (50%).

Ucinek NPY, PYY a PP je zprasidkovan vice Y receptory — Y1, Y2, Y4, Y5 a y6
(Zhang et al., 2011). VSechny tyto receptorytipdd rodiny GPCR a maji zachovanou
vzajemnou homologii. Studie ukézaly, Ze podavany SBmuluje ijem potravy aktivaci
Y1 a Y5 receptarv hypothalamu. Selektivni antagonisté NPY Zgmé zejména na Y5
receptor je vysoce homologni s Y1 a vykazuje s 83t% podobnost (Zhang et al., 2011).
Aktivaci Y2 receptar dochézi k navozeni sytosti gep tyto receptorysobi zejména PYY,
ktery sniZzuje pijem potravy. Fes Y4 receptorgsobi zejména PP, ktery ma po perifernim

podani roviZz anorexigennidinek.

2.4.3.2Neuropeptid FF (NPFF)

Neuropeptid FF (NPFF), patdo rodiny RF-amidovych peptigd obsahujici
C-koncovou sekvenci Arg-Phe-NiQuillet et al., 2016). Tato sekvence je velniakita
pro vazbu kreceptom (Elshourbagy et al., 2000). Tento kratky oktamkpt
FLFQPQRF-NH, se nachazi v mozku, v oblastech, kde se nachermdjigenni opioidy, ale
také v hypothalamu a miSe (Murase et al., 1996ulaaet al., 1996).

NPFF hraje dlezitou roli jako modulator opioidni analgesie nepido vnimani
bolesti, ale ma v organismu vice funkci, oiilije také krevni tlaki ptijem potravy (Panula
et al., 1996). NPFF signalizujggs dva receptory NPFF1 a NPFF2 (Elshourbagy et al.,
2000).
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2.5 Zvireci modely obezity

Pri vyzkumu regulace ifjjmu potravy, moznych faktérvzniku obezity a dalSich
parametit jsou velmi cenné ziéci modely. Zvieci modely obezity maji spdieé ¢i
podobné znaky jako obézni lidé, proto na nich Izgidné testovat i nové latky, jako
potencialni léiva obezity, ¥etrg studia mechanisinejich inku. U lidi dochazi k obezit
vlivem genetickych poruch velmi vzacm rozvoj obezity je u lidské populacetzpben
piedevsim fjmem vysokoenergetické potravy a nizkym vydejerargie. U zviat Ize
obezitu vyvolat mutacemii genetickou manipulaci \iznych genech, vystavit jedince
obezogennimu prastdi ve fornd vysokotukové diety nebo i chirurgickym zasaheny, &e
vytvoii |éze v mozku v centrech spojenych s regulagmp potravy (Lutz and Woods,
2012).

2.5.1 Geneticky modifikované obézni modely

NejcastjSim genetickym modelem obezity jsou mySi s defitién leptinem —
ob/ob mysi, s deficientni signalizaci leptinovélaaptoru — db/db mysi, potkani s touto
mutaci jsou tzv. Zuckerovi (fa/fa) nebo tzv. Koleibo potkani (Lutz and Woods, 2012).

Ob/ob mysi, obézni mySi (obrazek 9) maji mutagbgenu, kdy nedochazi k sekreci
aktivniho leptinu, nehd je jeho syntéza fpdcasré ukortena. Leptin je syntetizovan
v adipocytech a jeho sekrece je zavisgiany untrné na hmotnosti tukové tkénLeptinovou
deficienci trpi také velmi vzaeéridska populace (O'Rahilly, 2009). U ob/ob myshika
vraném ¥ku obezita, trpi hyperfagii a snizenym energetickynaejem. MySi maji
insulinovou rezistenci, hyperglykemii, hyperins@mii a hypothyreosu (Lutz and Woods,
2012). Ob/ob mysi jsou neplodné. Tato forma obeanitge byt I€¢ena dodanim exogenniho
leptinu (Lutz and Woods, 2012; O'Brien et al., 2014
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Obrazek 9: Ob/ob mys se zdravym jedincem
Vpravo ob/ob mys s leptinovou deficienci. Vlevodiavy Stihly jedinec (Leibel, 2008).

Db/db mysi, diabetické mysi, jsou fenotygovelmi podobné ob/ob mysim, avSak
tyto maji mutaci v leptinovém receptoru. Mysi ré2rtrpi morbidni obezitou, insulinovou
rezistenci a diabetem 2. typu (O'Brien et al., 2014

Analogicky k db/db mySim existuji tzv. Zuckerowa/fla (,fatty”) a tzv. Koletského
obézni spontarinhypertenzni potkani (SHROB), kiemaji rovréz mutace v leptinovém
receptoru a je u nich vyvinuta obezita. Potkaniipgjv stejny fenotyp — hyperfagii, maji
snizeny energeticky vydejj snizenou plodnost. Koletského potkanifizkni ze samice
spontans hypertenzniho potkana (SHR) a samce kmene Spilagwey (Ernsberger et al.,
1999) jsou navic hypertenzni a maji &#n insulinovou rezistenci oproti Zuckerovym

potkarim (Kava et al., 1990; Lutz and Woods, 2012).

2.5.2 Modely dietou indukované obezity

Dietou indukované obézni (DIO, diet-induced obgsityySi nebo potkani maji
mnoho podobnosti s obezitou u lidi a reprezenthpdwejSi srovnani oproti zvécim
modefim s genetickou mutaci (Van Heek et al., 1997). My8iené vysokotukovou (HF,
high fat) dietou, obsahujici 45 - 60% kcal z tuka pekolika tydnech vyviji dietou
indukovanou obezitu (Balland and Cowley, 2015). i¢ckomegné vyrakenych diet se
pouzivaji také vysokotukové diety s individualnitozenim. Pikladem takovéto HF diety
je dieta ze studie Kopeckého a kol. (Kopecky et1896) obsahujici 13% kcal bilkovin,
60% kcal tuku a 27% kcal sacharidDproti standardni dig&tobsahujici 25% kcal bilkovin,
9% tuku a 66% sachafid energetickou hodnotou 3,4 kcal/g, ma tato HRadiaergetickou
hodnotou 5,3 kcal/g. Je slozena z 40% standardaty,dB4% suSeného mléka, 25%
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slune&nicového oleje a 1% kukigného Skrobu (Kopecky et al., 1996; Surwit et 938).

U zvifat, kterd jsou vystavena této dietlochazi k hyperfagii a ¢asgjSimu gijimani
potravy. To naslednvede ke zvySeni hmotnosti, zvySefiesneho tuku a hladiny leptinu,
hyperinsulinemii a k naruseni glukézové toleraralland and Cowley, 2015; O'Brien et
al., 2014; Van Heek et al., 1997). Jak jiz byloerginirgno, HF dieta podavana zafim
obsahuje 32 — 60% tuku, u lidi je ovSem 60% tuksadknych ve stréwelmi extrémni
hodnotou. Této extréndnvysokotukové diety se vyuziva u gati gredevSim pro rychlejsi
a vyrazrijsi nagst €lesné hmotnosti.

Obdobou HF diety je tzv. ,cafeteria“ dieta, vysokeggeticka strava, ktera imituje
stravu zapadni lidské populace a je slozena z ¥swlobsahu tuk a jednoduchych
sacharid (sacharosa). Potkani krmeni touto dietou jsouzngrayperfagéti a velmi obézni.
Dochazi u nich k rozvoji hyperinsulinemie, hypekgnie a steatoze jater (Johnson et al.,
2016; Sampey et al., 2011).
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3. CILE DISERTA CNi PRACE

V prvni ¢asti ma tato pracetigpét k identifikaci dosud neznamého receptoru pro
peptid CART s vyuZzitim novych analbgeptidu CART.
1. Zjistit, zda a v jaké nié jsou exprimovana vazebna mista pro peptid CART
v bunkach PC12 firozenych a diferencovanych na neuronovy nebo chfiomi fenotyp.
2. Identifikovat signalizani drahu, kterou peptid CART potenci&kiktivuje v buikach
PC12, k nimz se specificky vaze.
3. Stanovit vyznam jednotlivych disulfidovychistki pro biologickou aktivitu peptidu
CART.

Ve druhécasti mé tato prace specifikovat biologickou aktiipidovanych analoiy
peptidu PrRP vzhledem k promiskuitni povazéozeného PrRP, ktery se s podobnou
afinitou vaze ke dsma receptarm: GPR10 a NPFF2. Vzhledem k podobnosti receptoru
GPR10 a Y5, receptoru pro NPY, sledovat afinitugzeného PrRP i jeho lipidovanych
analogi k tomuto receptoru.

4. Srovnat afinitu lipidovanych analédgPrRP a firozeného peptidu PrRP kitkém
exprimujicim spontartn GPR10 i NPFF2 nebo k Bkam s transfekovanym GPRI0
NPFF2 receptorem a dale testovat aktivaci GPR1€ptecu.

5. Otestovat afinitu firozeného PrRP a jeho vybranych lipidovanych anafdrP na
buinkach s transfekovanym Y5 receptorem.

6. Lipidované analogy PrRP s modifikovanymi C-koncovymauminokyselinami
otestovat v kratkodobéntiimnku na gijem potravy.

7. Na zaklad stanoveni anorexigennich vlastnosti lipidovanyolal@yi PrRP po
akutnim podani u¢it dlouhodoby dinek tchto analo§ na obezitu a s ni spojené

metabolické odchylky u mySi krmenych vysokotukowietou.
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4.  MATERIAL

Bunééné linie a membrany

PC12
RC-4B/C

CHO-K1 s transfekovanym GPR10

K1732
U20S s transfekovanym Y5
K1782

Buné¢né membrany z CHO-K1

s transfekovanym NPFF2

ATCC, Manassas, Virginia, USA
ATCC, Manassas, Virginia, USA

Thermo Fisher Scientific Inc. Brand,

Waltham, MA, USA

Thermo Fisher Scientific Inc. Brand,

Waltham, MA, USA

Perkin Elmer, Wellesley, MA, USA

Chemikéalie a material

Aminokyseliny
CART 61-102

DMEM

Fetalni ho¢zi sérum (FBS)
Filtry GF/C
Fyziologicky roztok

Geneticin (G418)

L-glutamin
Howvézi sérovy albumin (BSA)

Hygromycin B

IODO-GEN™

Konské sérum (HS)

Kozi sérum

Iris Biotech, Marktredwitz, &necko
Novo Nordisk, Bagsvaerd, Dansko
PAA Laboratories GmbH, Pasching,
Rakousko
Biochrom AG, Berlinghhecko
Whatman, Maidstone, Velka Britanie
Infusia, Hiéitev,CR
PAA Laboratories GmbH, Pasching,
Rakousko
PAA Laboratories GmbH, Pasching,
Rakousko
Serva GmbH, Heidelbergmécko
Thermo Fisher Scientific Inc. Brand,
Waltham, MA, USA
Thermo Fisher Scientific Inc. Brand,
Waltham, MA, USA
Thermo Fisher Scientific Inc. Brand,
Waltham, MA, USA
VectorLab, Burlingame, CA, USA
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Thermo Fisher Scientific Inc. Brand,
Waltham, MA, USA
Na 1% Izotop, Budape Mad’arsko
PACAP38 Polypeptide Laboratories, Strasbourg, Feanc

McCoy’s 5A medium

Thermo Fisher Scientific Inc. Brand,
Waltham, MA, USA
PAA Laboratories GmbH, Pasching,

Fosfatovy pufr (PBS)

Penicilin/streptomycin

Rakousko
Permount zalévaci médium Sigma-Aldrich, St. LoM8§), USA
PVDF-Immobilon membréana Bio-Rad, Hercules, CA, USA
Standard Dual color Bio-Rad, Hercules, CA, USA
Standard All blue Bio-Rad, Hercules, CA, USA
SuperSignal West Femto Maximum Thermo Fisher Scientific Inc. Brand,
Sensitivity Substrate Waltham, MA, USA
_ Koch-Light Lab. Ltd., Colnbrook, Berks,
Triton X-100 .
Anglie
_ Thermo Fisher Scientific Inc. Brand,
Zeocin

Waltham, MA, USA
24-jamkové destky Nunc, Roskilde, Dansko
96-jamkové destky Nunclon, Schoeller Pharma, Prafi@ska

republika
ostatni material a chemikalie v p.a. kvafibuzité k vypracovani disetta prace z:
Sigma-Aldrich, St. Louis, USA
Fluka, Buchs, Svycarsko
PENTA, ChrudimCR

LACHEMA, Brno, CR

RIA kit pro stanoveni insulinu Linco Research,&harles, MI, USA
ELISA kit pro stanoveni leptinu Merck Millipore, Dastadt, Germany
Kit pro stanoveni triglycerial Sigma-Aldrich, St. Louis, MO, USA
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Priméarni protilatky
c-Fos#2250
c-Jun #9165
Fosfc-:CREB #9196
CREB #9104
Fosfc-MAPK (Erk1/2) #9106
MAPK (Erk1/2) #9107
Fosfc-p38 MAPK #4511
p-38 MAPK #9212
Fosfc-SAPK/INK #4668
SAPK/INK #9258

Sekundarni protilatky

Proti mySi peroxidazovy konjugéat

vSechny primarni protilatky
Cell Signalling Technology, Danvers, MA,
USA

#7076 Cell Signalling Technology, Danvers, MA,
Proti kréli ¢i peroxidazovy konjugat USA
#7074
Biotinylovana kozi protilatka proti VectorStain Elite ABC, Vector Lab,
krali ¢i 1gG Burlingame, CA, USA

Pristroje a programy

ABI PRISM 7500 Applied Biosystems, Foster City, GASA
Biohazardni box EuroFlow EF/S4 Clean Air, Woerdgizozemi
o Biochemical and Development laboratories,
Brandetiv pristroj _
Gaithersburg, MD, USA
CCD kamera Chemi Doc™ Bio-Rad, Hercules, CA, USA
COz inkubator MCO 18AIC Sanyo, Osaka, Japonsko
Digitalni kamera AxioCam ERc 5s Carl Zeiss, ObeHat, NNmecko

Thermo Fisher Scientific Inc. Brand,
Waltham, MA, USA

Gammaditad Wizard 1470

Glukometr Glucocard Arkray, Kyoto, Japonsko
Hmotnostni spektrometr Q-TOF micro Waters, Milfaxtip, USA
Kapalinovy chromatograf Waters, Milford, MA, USA
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Kryostat CM1950
Mini-Protean 3
Software AxioVision 4.7.

Software GraphPad Prism 5

Software Image Lab™
Software Statistica 6.0
Spektrometr Infinite M1000
Swtelny mikroskop Axio Scope.Al

Leica Microsystem GmbHgmecko
Bio-Rad, Hercules, CA, USA
Carl Zeiss, Oberkocherni¢cko
GraphPad Software, Inc., San Diego, CA,
USA
Bio-Rad, Hercules, CA, USA
StatSoft Inc., Tulsa, OISAU
Tecan Group Ltd. MannédSvycarsko
Carl Zeiss, OberkexhNemecko
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5.1 Syntéza peptidi a jodace

Potkani peptid CART 61-102 byl obdrzen jako dafiody Novo Nordisk. Lidsky
PYY a praséi NPY byly zakoupeny u firmy PolyPeptide group (liamn, Svédsko).
Sekvence jsou uvedeny v tabulce 1.

VétSina peptid (tabulka 1) byla syntetizovana na UOCHB v labaifigpeptidové
syntézy Ing. Blechovou. Syntéza analogu peptidu TARIe®” CART 61-102, analogu
CART se déma S-S nistky [Ala®®8§ CART 61-102, stabilniho analogu NPFFLDMe,
potkaniho a lidského PrRP31 a potkaniho PrRP2@lag@nPrRP probihala dle (Maletinska
et al., 2012; Maletinska et al., 2013). Lipidizarelog PrRP byla provéatha jako posledni
krok (Maletinska et al., 2012). Peptidy byly dalgsegsteny a identifikovany pomoci
vysokolinné kapalinové chromatografie (HPLC) a hmotnospaktrometrie Q-TOF micro
dle (Maletinska et al., 2012).

Peptidy byly zngeny pomoci N&° a jodace peptidu CART 61-102 byla provad
na TyP? lidského a potkaniho PrRP31 na #yriDMe na D-Tyt a lidského PYY na
Tyr! pomocicinidla IODO-GENM dle pokyr vyrobce (Maletinska et al., 2012). Specificka
aktivita vdech peptitiznatenych'? byla piblizng 2000 Ci/mmol.
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Tabulka 1: Sekvence peptid

NEVASYY Sekvence

Eal £ 'l 8 & o 1m
CART 61-102 KYGQETPMITDAGEQ?MTRKGARIGKLCDCPRGTSCNSFLLKCL
| |
&1 67 68 74 86 55 o4 101

Nle®” CART 61-102 EXGOVE Hle ?DAGEQ?M.TRKGARIGKL?D?PRGTS?NSFLLKCL

6l 62 74 % 2 =2 101
[Ala®®] CART 61-102 kyGQVPMADAGEQUAVEEGARIGELADCPRGTSCHSFLLECL

1 DMe DYL(N-Me)FQPQRF-NH
lidsky PYY YPIKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY-NH
veprovy NPY YPSKPDNPGEDAPAEDLARYYSALRHYINLITRQRY-NH

lidsky hPrRP31 SRTHRHSM EIRTPDINPAWYASRGIRPVGRF-NH
potkani rPrRP31 SRAHQHSM ETRTPDINPAWYTGRGIRPVGRF-NH

Nle-PrRP31 S RAHQHS Nle ETRTPDINPAWYTGRGIRPVGRF-NHI
myr-PrRP31 (N-myr)S RAHQHSNIe ETRTPDINPAWYTGRGIRPVGRF-Nk
palm-PrRP31 (N-palm)S RAHQHSNle ETRTPDINPAWY TGRGIRPVGRF-NH
Kpalm-hPrRP31 SRTHRHSMEIK (N-palm) TPDINPAWYASRGIRPVGRF- NH

analog 1 SRAHQHSNIe ETRTPDINPAWYTGRGIRPVGRL-Nal-NH;
analog 2 (N-myr)S RAHQHSNIe ETRTPDINPAWYTGRGIRPVGRL-Nal-NH,
analog 3 (N-palm)S RAHQHSNle ETRTPDINPAWY TGRGIRPVGRIL-Nal-NH;
analog 4 SRAHQHSNIe ETRTPDINPAWY TGRGIRPVGRPheCb-NH,
analog 5 (N-myr)S RAHQHSNIe ETRTPDINPAWYTGRGIRPVGRPheChb-NH;
analog 6 (N-palm)S RAHQHSNle ETRTPDINPAWY TGRGIRPVGRPheCb-NH;
analog 7 SRAHQHSNIe ETRTPDINPAWYTGRGIRPVGRPheNO;-NH;
analog 8 (N-myr)S RAHQHSNIe ETRTPDINPAWYTGRGIRPVGRPheNO>-NH;
analog 9 (N-palm)S RAHQHSNle ETRTPDINPAWY TGRGIRPVGRPheNQ:-NH;
analog 10 SRAHQHSNIe ETRTPDINPAWY TGRGIRPVGRPheFs-NH;
analog 11 (N-palm)S RAHQHSNle ETRTPDINPAWY TGRGIRPVGRPheFs-NH;
analog 12 SRAHQHSNIe ETRTPDINPAWYTGRGIRPVGRTyr -NH,
analog 13 (N-palm)S RAHQHSNIe ETRTPDINPAWYTGRGIRPVGRTyr -NH,
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NEVASYY Sekvence

lidsky hPrRP20 TPDINPAWYASRGIRPVGRF-NH
potkani rPrRP20 TPDINPAWYTGRGIRPVGRF-NH

myr-PrRP20 (N-myr)T PDINPAWYTGRGIRPVGRF- NH
analog a TPDINPAWYTGR Sar IRPVGRF-NH;
analog b (N-myr)T PDINPAWYTGR Sar IRPVGRF-NH
analog c TPDINPAWY N-Me-Ala SRGIRPVGRF-NH
analog d (N-myr)T PDINPAWY N-Me-Ala SRGIRPVGRF-NH
analog e TPDINPAWYTGRGARPFGRF-NH,
analog f (N-myr)T PDINPAWYTGRGARPFGRF-NH,
analog g TPDINPAWYASRPFRPVGRF-NH
analog h (N-myr)T PDINPAWYASRPFRPVGRF-NH

Zkratky: norleucin  (Nle), naftylalanin (1-Nal), dichlorofglalanin (PheC)),
nitrofenylalanin (PheNg); pentafluorofenylalanin (Phef;, palmitoyl (palm), myristoyl

(myr), sarkosin (sar), N-methylalanin (N-Me-Ala)

5.2 Kultivace bunéénych linii

Bunééna linie PC12 byla ¢stovana v 1640 RPMI médiu obohaceném 10 % teépeln
inaktivovaného kaského séra (HS) a 5 % tepglimaktivovaného fetalniho heéziho séra
(FBS) (slozeni viz tabulka 2).

Bunééna linie RC-4B/C byla gstovana v DMEM médiu s 10 % FBS a epidermalnim
rastovym faktorem (EGF) o koncentraci 2,5 ng/ml dialetinska et al., 2013).

Bunééna linie CHO-K1 s transfekovanym lidskym GPR10 bykstovana dle
pokyni vyrobce v DMEM médiu s 10 % dialyzovaného FBS Igida slozkami (tabulka 2).

Bunééna linie U20S s transfekovanym lidskym Y5 receptofgyla gstovana dle
pokyni vyrobce v McCoy’s médiu s 10 % dialyzovaného FB&Eimi slozkami (slozeni
viz tabulka 2).

Do vSech médii byl ifidan glutamin o finalni koncentraci 2 mM a 1 %
penicilin/streptomycin. Biiky byly udrZzovany v exponencialni fazistu a pasazovany dle

potieby.
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Tabulka 2: SloZeni kultivaénich medii pro jednotlivé burééné linie

slozky PC12 RC-4B/C CHOSE U20S s Y5
s GPR10
RPMI 1640 X
DMEM X X
McCoy’s 5A Medium X
HS 10 %
FBS 5% 10 % 10 % dialyzované 10 % dialyzované
L-glutamin 2mM 2mM 2mM 2mM
penicilin/streptomycin =~ 1 % 1% 1% 1%
EGF 2,5 ng/ml
HEPES (pH 7,3) 25 mM 25 mM
NEAA 0,1 mM 0,1 mM
pyruvat sodny 1 mM
geneticin (G418) 500 pg/ml 100 pg/mi
Zeocin 100 pg/ml 200 pg/ml
hygromycin B 50 pg/ml

5.3 Metody tykajici se peptidu CART a jeho analo@ provadénéin

vitro ain vivo

5.3.1 Kompetitivni a saturaéni vazebné experimenty

Saturgni a kompetitivni vazebné experimenty byly proydd dle dive
optimalizovanych podminek (Maletinska et al., 200nky PC12 byly gstovany na
24-jamkovych destkach potazenych PEI a inkubovany s 0,5 — 5'AMCART 61-102 ve
vazebném pufru (20 mM HEPES pH 7,4, 118 mM NaCl, @M KCI, 5 mM MgC},
5,5 mM glukosa, 1 mg/ml BSA a 0,1 mg/ml Ravpankreaticky trypsinovy inhibitor (BPTI,
bovine pancreatic trypsin inhibitor) 30 mifi B7°C. Nespecificka vazba bylatena pomoci
CART 61-102 16 M.

Kompetitivni vazebné experimenty byly pro¢ag s peptidem CART 61-102
a s analogy peptidu CART, NfeCART 61-102 a [AI%®9 CART 61-102, v koncentracich
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10%? — 10* a s 0,1 nM!3-CART 61-102 ve stejnych podminkach jako u satoieh
experimeni. Nespecificka vazba byladena pomoci CART 61-102 £0V.

Po inkubaci byly biky tiikrat promyty pro satutai vazebné experimenty
a jedenkrat pro kompetitivni vazebné experimentgotubilizovany v 0,1 M NaOH.
Radioaktivita byla ufena pomoci gamméitace Wizard 1470. Experimenty byly provny
v duplikatech nejméntrikréat.

5.3.2 Stanoveni signalizéinich drah pomoci imunoblotu

Bunky PC12 byly gstovany na 24-jamkovych dedtach potazenych PEI po dobu
tiéi dnii do hustoty 200000 bgk/jamku. Kultivaini medium bylo vyrdinéno za bezsérové
20 hod ped pokusem. V kazdé jamce bylyily inkubovany se samotnymi latkami CART
61-102, NI&” CART 61-102 o finalni koncentraci 20, nebo NGF 50 ng/ml, v kombinaci
s inhibitory SP600125 (inhibitor c-Jun N-koncovéasy, JNK), SB203580 (inhibitor p38)
¢i U0126 (inhibitor Erk1/2) o koncentraci 2M ¢i se samotnymi inhibitory po dobu 10
nebo 60 min H 37°C. U stanoveni c-Fos, c-Jun, fosfo-JNK, fop88, fosfo-CREB
a fosfo-MAPK/Erk1/2 fungoval NGF jako pozitivni kivala, neb@ v buikach PC12 tyto
drahy stimuluje.

Bunky byly na ledu iikrat promyty ledovym fosfatovym pufrem (PBS, phloafe
buffer saline, pH 7,4 155 mM NaCl, 2,97 mM MN&®O;7HO a 1,06 MM KHPQ)

a solubilizovany lyzénim pufrem (62,5 mM Tris-HCI o pH 6,8, 2 % SDS, %0glycerol,
0,01 % bromfenolova mad5 % merkaptoetanol, 50 mM NaF, 1 mM:M®4). Experiment

byl provadn v duplikatech nejménve tech nezavislych pokusech a vzorky uchovavany
pri -20°C.

Vzorky byly naneseny na 4/12% SDS polyakrylamidgey a elektroforéza byla
provadtna na pistroji Mini-Protean 3 fi 100 V po dobu 10 min a pot&i@d90 V po dobu
50 min. Proteiny byly daleipneseny z gelu na polyvinyliden difluoridovou (PVJDF
membranu. Eenos proteifh probihal v blotovacim pufru (25 mM Tris, 192 mMygh,
20 % methanol) ip konstantnim nafti 30 V g 4°C pres noc.

Membrany byly blokovany 1 hodip25°C v 5% neténém suSeném mléce v pufru
TBS (Tris-buffered saline, 20 mM Tris-HCI o pH 7186 mM NaCl) s 0,1% Tween-20 a s
inhibitory fosfatas 5 mM N&/Os a 50 mM NaF. Poté byly inkubovany 1 hofl p5°C
s p@islusnou primarni protilatkou: fosfo-p44/42 MAPK rk&/2) (Thr202/Tyr204) mysi
monoklonalni protilatka (mAb), p44/42 MAPK (Erk1/&)ySi mAb, fosfo-CREB (Serl133)
(1B6) mysi mAb, CREB (86B10) mySi mAb, fosfo-SAPKK (Thr183/Tyr185) kraki
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mAb, SAPK/INK kraki mAb, c-Jun krallii mAb, fosfo-p38 MAPK (Thrl180/Tyr182)
krélici mAb, p38 MAPK kralti mAb ¢i c-Fos kraléi mAb, viedini 1:1000¢i s mySi mAb
nebo aktin kralii mAb viedni 1:2000. Po promyti byly membrany inkubovany 4 ipo
25°C s mysi nebo kr&li sekundarni protilatkou zdenou peroxidazou, redénou 1:2000.
Na promyté membrany bylo aplikovatimidlo SuperSignal West Femto a byla detekovana
chemiluminiscence pomoci Chemi Doc™ System.

Intenzita prouzik byla kvantifikovana programem Image Lab™ Software
a normalizovana pomoci aktinu. Byly¢eny pongry mezi fosforylovanym a celkovym

proteinem.

5.3.3 Imunohistochemické stanoveni aktivace c-Jun po ICyodani
5.3.3.1Zpracovani tkani

Pokus probihal na mySich samcich kmene C57BL/6r{&®&ivers Laboratories,
Sulzfeld, NNmecko), kt&i byli chovani gi 23°C a dennim cyklu 12 hod&la a 12 hod tmy
(swtlo od 6:00). MySi ndly volny pristup k vo@ a standardni dietSt-1 (Mlyn Kocanda,
JeseniceCeska republika). Se ety bylo zachazeno podle zéakona o ochiraritat proti
tyrani (zakon¢. 246/1992 Sb.) a protokol experimentu byl schvétesortni komisi
Akademie ¥d Ceské republiky pro ochranu #af. Ve 12 tydnech byla mysim v anestezii
voperovana kanyla dordti mozkové komory (2 mmiedozadd od Bregmy, 3 mm
vertikalre) podle (Maletinska et al., 2007). Zata byla nasledivrozdilena do samostatnych
kleci a ponechana v klidu pro zotaveni se z opesac@nym gistupem k vod a stra¥.

Rano v den pokusu byl mySim, kteréeg noc hladaity, ICV podéan fyziologicky
roztok, CART 61-102 v davce 0,1 pg/msisl pg/mys nebo analog NfleCART 61-102
v davce 1 pg/mys (skupina mysi n = 5). DalSi zprandtkani a imunohistochemie bylo
provad¢no PharmDr. Zdenkem Pirnikem, PhD. zaim byla 90 min po ICV injekci podana
anestezie pentobarbitalem (IP 50 mg/kg). Mysi hyanskardiald perfundovany 0,1 M
fosfatovym pufrem (PB, pH 7,4) s 4% paraformaldedmgd Odebrané mozky byly
dofixovany ve stejném roztoku ve 4°@p noc a potom 48 hod v 20% sachardze v 0,1 M
PB. Umiséni ICV kanyl bylo o¥ieni @i nakrajeni mozk na koronalniezy o tlousce 30
KUm @i -22°C na kryostatu CM195®ezy byly uchovany v PB (4°C).
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5.3.3.2Imunohistochemie

Rezy byly promyty studenym PB a inkubovany s 3%@kpo dobu 40 mini25°C.
Poté byly promyté PB a inkubovany s c-Jun kfahAb, naedtnou 1:400 v 0,1 M PB s 4%
kozim sérem, 0,5% Tritonem X-100 a 0,1% azidem gadpo 48 hod p 4°C.

Po promyti PB bylyfezy inkubovany 90 min ip 25°C s biotinylovanou kozi
protilatkou proti krakiimu IgG viedni 1:500.Rezy byly dale promyty PB a inkubovany
s avidin-biotinovym komplexem ozéenym Kenovou peroxidazou edni 1:250 po dobu
90 min i 25°C.

Vizualizace c-Jun imunopozitivnich neutoiyla uskuténéna pomoci 0,0266%
3.3"-diaminobenzidin tetrahydrochloridu (DAB) roZtimém v 0,05 M roztoku octanu
sodného (SAB, pH 6) a s 0,0006%04 a 2,5% (NH)2Ni(SOs)2 - 610 v case 7 min. DAB
zpasobujecerné zbarveni ve sledovanemigdNa zavr byly rezy promyty 0,05 M SAB,
nataZzeny na skiko v roztoku 0,0125 M SAB s obsahem 0,1% ZelatisySeny a nasledn

piekryty Permount zalévacim médiem.

5.3.4 P¥ijem potravy po ICV podani peptidu CART a jeho anabgu

Pokus probihal na mySich samcich kmene C57BL/@¢sfjako v kapitole 5.3.3.
V 8:00 rano v den pokusu byfgs noc hladovym mySim, ICV podan fyziologicky rdzto
peptid CART 61-102, resp. MeCART 61-102 v davce fig/my3 nebo analog [Af&9
CART 61-102 v davce 1 a pg/mys (n = 5). Latky byly podavany v objemuuBmys

a rijem potravy byl sledovan po dobu 5 hod.

5.4 Metody tykajici se PrRP a jeho lipidovanych analod

5.4.1 Kompetitivni vazebné experimenty na bugéné linii RC-4B/C

Pro kompetitivni vazebné experimenty byly nky RC-4B/C nasazeny na
24-jamkové destky potaZzené polylysinem dle metody optimalizovatieal(Maletinska et
al., 2013). Biiky byly inkubovany s 0,1 nM*-rPrRP31 a s peptidy o koncentraci
101 — 10° M 60 min @i 25°C. Nespecificka vazba bylagena pomoci 1® M rPrRP31.

Experimenty byly provashy v duplikatech a minima#we tech nezavislych pokusech.
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5.4.2 Kompetitivni vazebné experimenty na bugénych membranach s NPFF2
receptorem
Vazebné experimenty na membranach izolovanych z-®Hurek s lidskym
NPFF2 receptorem byly provédy dle pokyr vyrobce. Membrany byly inkubovany 2 hod
pfi 25°C s peptidy o koncentraci 31— 10° M a s 0,1 nM*?3-1DMe (Maletinska et al.,
2013). Nespecifick& vazba bylatana pomoci 1M 1DMe.

5.4.3 Kompetitivni vazebné experimenty na bugéné liniit CHO-K1 s transfekovanym

receptorem GPR10

Bunky CHO-K1 s transfekovanym lidskym GPR10 byly naefané experimenty
nasazeny na 24-jamkové dékyi potazené PEI v husto8000 bugk/jamku. Buiky byly
péstovany do finalniho pidu 90000 budk/jamku. Buiky byly inkubovany ve vazebném
pufru (25 mM HEPES pH 7,4, 120 mM NaCl, 10 mM Mgd mM CaC} - 2H0, 0,5%
BSA, 2 g/l glukosa) s 0,03 nf¥#1-hPrRP31 a s peptidy o koncentraci'te 10° M 60 min
pii 25°C. Nespecificka vazba bylagena pomoci 1®M hPrRP31.

5.4.4 Saturaéni a kompetitivni vazebné experimenty na bu&né linii U20S

s transfekovanym receptorem Y5

Bunky U20S s transfekovanym lidskym Y5 byly na vazebrperimenty nasazeny
na 24-jamkové desky potazené PEI v husto40000 bugk/jamku. Buiky byly ponechany
rast po dobuif dni do finalniho pé&tu 120000 bu&k/jamku.

Bunky byly inkubovéany ve vazebném pufru (25 mM HEPESH4, 120 mM NacCl,
5 mM MgCk, 4,7 mM KCI, 1 mM CaGl- 2H.0, 0,5% BSA, 2 g/l glukosa) s 0,05 — 2 nM
129-PYY 2 hod g 25°C pro saturéni vazebné experimenty. Nespecificka vazba bylana
pomoci PYY 16 M.

Buiiky byly inkubovany ve vazebném pufru s 0,1 n¥P-PYY a s peptidy
o koncentraci 18 — 10° M 2 hod i 25°C pro kompetitivni experimenty. Nespecificka
vazba byla utena pomoci 10M PYY.

5.4.5 Fluorescertni rezonantni pienos energie (FRET, fluorescence resonance
energy transfer) s beta-laktamazovym referetnim genem na buiéné linii
CHO-K1 s receptorem GPR10
Bunky CHO-K1 s transfekovanym lidskym GPR10 byly nasaz 20 hod fed

pokusem na 96-jamkové desly v hustoé 40000 busk/jamku se 128 ul média (DMEM,
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10% dialyzované FBS, 0,1 nM NEAA, 25 mM HEPES, fiéficilin/streptomycin, 2 mM
L-glutamin. Experiment byl provéd dle pokyri vyrobce Thermo Fisher Scientific. Bky
byly inkubovany s peptidy o koncentraci*#3- 10’ M 5 hod g 37°C/5% CQ. Poté byl
piidan fluorescetni substrat a hiky byly inkubovany 2 hod ip 25°C vtemnu.
Fluorescence jednotlivych jamek bylaimna fluorescamim spektrofotometrem Tecan
Infinite M1000 @i 405 nm exciténiho spektra a 460 nm a 530 nm emisniho spektra.

5.4.6 Kratkodoby piijem potravy po podani lipidovanych analog PrRP se

zménami na C-konci na Stihlych mySich

MysSi samci C57BL/6 byli chovani v podminkach vizpkala 5.3.3 do ®ku
3. mesiai. V den pokusu byly mysi hladové 17 hod &ywolny pristup k vod. MySim byl
SC podan fyziologicky roztok nebo analogy PrRP3davce 5 mg/kg rozpudié ve
fyziologickém roztoku. Patnact minut po injekci &yhySim podana zvazena peleta a byl
odeitan g@ijem potravy po 30 min po dobu 6 hod.¢Bbzviat na skupinu byl 5-6 jedifc

5.4.7 Uginky dlouhodobého podavani lipidovanych analod PrRP u mysiho modelu
dietou indukované obezity (DIO)

MySim sam@m C57BL/6 byla od 8. tydnesku podavana HF dieta slozenéa ze 40%
St-1 diety, 34% Sunaru, 25% \Jepého sadla a 1% kukidného Skrobu. #jem potravy
a hmotnost byl sledovan jedenkrat tydod 9. tydne do 18. tydnedku. Jedinci, kt#
vykazovali rezistenci Wi této diet, byli z experimentu Wazeni (5% z celkového ptu
mySi na HF die).

Ve veéku 19 tydri byly mysi rozazeny do skupin po 10 jedincich a urmigt do
individualnich kleci s volnym fiistupem k vod a HF die¢. MySim byl dvakrat derin
(v 8:00 a 17:00) po dobu 14 amjikovan SC fyziologicky roztok, nebo lipidovamnalog
myr-PrRP20, palm-PrRP3di analog 6 s Phegf rozpustné ve fyziologickém roztoku
v davce 5 mg/kg.

V prab¢hu pokusu byl kazdy den monitorovaij@m potravy a mysSim byla &ena
télesnd hmotnost.

Po 14 dnech rano na konci experimentu byla 17 Hadok& zviata usmrcena
metodou cervikalni dislokace. MySim byla odebranavkpro gipravu plasmy (EDTA
1,3 mg/ml krve) a tkah— tukova (tuk podkozni — SCAT, vnitrddni— IPAT a hida tukova
tkan — BAT) a jaterni pro weni dalSich metabolickych parantetiTkare byly zvazeny
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a zmrazeny v tekutém dusiku a do zpracovani uclkiowagii -70°C. Plasmy byly
v alikvotech uchovavanyip-20°C.

5.4.7.1 Stanoveni biochemickych parameti v plasmg

MySim DIO samém byly glukometrem Glucocard d&feny hladiny glukosy. Déle
byla méiena hladina insulinu v plaghpomoci kitu na radioimunologickou analyzu (RIA).
Plasmaticka hladina leptinu byla stanovena pomdtti ka enzymovou imunoanalyzu
(ELISA). Hladina triglycerid byla méfena kvantitativni enzymatickou reakci. VSechna

stanoveni byla prov&da dle doporéeného protokolu vyrolic

5.4.7.2 Stanoveni exprese mRNA v tukové tkani a jatrech

Tukova a jaterni tkébyla zpracovana dle (Maletinska et al., 2011a) epdrgistroje
ABI PRISM 7500. V jatrech byla stanovena expressydCoA karboxylasy 1 (ACACA),
syntasy mastnych kyselin (FASN) a proteinu vazajieiolovy reguléni element (SREBP).
V IPAT a SCAT byla stanovena exprese ACACA, FASNtginu vazajici mastné kyseliny
(FABP-4), leptinu a lipoproteinové lipasy (LPL).BAT byla métena exprese UCP-1.

Pro kompenzacitizného mnozstvi RNA pouZitého v reakci a pro korékainosti
reverzni transkripce a PCR bylo poufitemikroglobulinu (B2M), jako interniho standardu.

Exprese mRNA byly stanoveny na 3. interni klinicd_ékarské fakulty Univerzity
Karlovy a VSeobecné fakultni nemocnice v labdiiatonolekularni diabetologie

a obezitologie ve spolupraci s RNDr. Zdenou Lactwoa MiloslavouCechovou.

5.5 Statistické vyhodnoceni

5.5.1 Vyhodnoceni vazebnych experimerit

Satur&ni i kompetitivni vazebné experimenty byly provag podle princig
Motulského a Neubiga (Motulsky and Neubig, 20023z&bné kivky byly vyhodnoceny
programem GraphPad Prism pomoci modelu pro vazjmdriomu vazebnému mistu
a metodou nelinearni regrese.

V rovnovazném stavu se komplex ligand-receptoriiits@ stejnou rychlosti, jako
zanika. Rovnovazna diso¢rd konstanta (k) je vyjadeena koncentraci liganduyigkteré

ligand obsadi polovinu vSech recetgmol/I].
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_ [ligand| x [recepto}
[ligand-receptdr

Cim nizsi je hodnota & tim nizi koncentrace ligandu je fEiina k obsazeni receptoru a
tim vyssi je tedy afinita ligandu k receptoru.

Hodnotu ki Ize ugit ze saturénich vazebnych experiméntspolu s celkovym
pocétem receptar (Bmay [pocet vazebnych mist/lkul].

Z kompetitivnich vazebnych fikek lze utit hodnotu polowni inhibicni
koncentrace 16;, pii které je ligand navazan na 50 % vSech recéptmhodnoty 1Go je
uréena inhibéni konstanta (K, kter4 vyjaduje koncentraci nezganého ligandu,
navazaného na polovinu vazebnych mist bétomnosti radioligandu nebo jiného
kompetitoru. Hodnotu Klze sp@itat dosazenim I§ do rovnice Chenga a Prusoffa (Cheng
and Prusoff, 1973).

ICso0

[radioligand
1+ —d

Ki=

Pro ugeni hodnot Kbyly pouzity hodnoty lKze saturénich vazebnych experiment
provadgnych na bu&né linii RC-4B/C (Maixnerova et al., 2011), CHO-K1
s exprimovanym GPR10 a k membrandm s NPFF2 (tal)Ikdaletinska et al., 2013).

Tabulka 3: Hodnoty Kq ze satura&nich vazebnych experimeni

RC-4B/C lidsky GPR10 lidsky NPFF2

123-rPrRP31 123-hPrRP31 12%-1DMe

Kd [nM] 4,21 + 0,66 1,06 + 0,36 0,72 +0,12
Ziskané hodnoty byly statisticky zpracovany a js@geny jako pimérna hodnota +stedni

chyba pameru (SEM).

5.5.2 Signalizace na bugéné linii PC12

Ziskana data z bévnych signalizaci na bgtné linii PC12 byla statisticky
Zzpracovana pro zji&hi snerodatnosti rozdiél mezi skupinami pomoci programu GraphPad
Prism a jsou uvedena jakodpmérna hodnota £+ SEM a statistika byla prosaal t-testem.

Rozdily byly povazovany za statisticky vyznamnekuymbp < 0,05.
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5.5.3 Vyhodnoceni imunohistochemického stanoveni c-Jun

Data ziskan& z imunohistochemickych experirindnyia vyhodnocena statistickym
programem Statistica 6.0 software, jednocestnolyama rozptylu, po které nasledoval
Tukeyho test a uvedena jakoipwrna hodnota + SEM. Rozdily byly povaZzovany za
statisticky vyznamné, pokud p < 0,05. ¢Bb c-Jun imuno pozitivnich bek byl
vyhodnoceny unilateraénv kazdém jatk zvla$ (NTS od Bregmy -7,48 mm az -7,32 mm,
PVN od Bregmy -0,7 mm az -0,94 mm, ARC od Bregmp81lmm az -1,94 mm, VMH
a DMN od Bregmy -1,46 mm az -1,82 mm podle atlastsio mozku (Franklin and
Paxinos, 1997). Reprezentativni obraziegt a rovréz i kvantitativni zpracovani bylo
provedeno pomoci stelného mikroskopu Axio Scope.Al a digitalni kamevoprogramu
AxioVision 4.7.

5.5.4 Vyhodnoceni signaliz&nich experimenti na CHO-K1 s transfekovanym
receptorem GPR10
Data ze signalizaich fluorescetnich experimerit na CHO-K1 s transfekovanym
GPR10 byla vyhodnocena pomoci GraphPad Prism. Hpd@% maximalniho d&inku

(EGs0) byly uréeny nelineérni regresi jako logaritmus koncenteagmisty versus odpéy’.

5.5.5 Vyhodnoceni experiment in vivo u hladovych mysi

Kratkodoby gijem potravy po ICV podani peptidu CART 61-102 hgeanalog
i po SC podéni lipidovanych analo@rRP na hladovych mysich byl vyhodnocen pomoci
jednocestné analyzy rozptylu, po které nasledovainriefiv test. Pro statistické
vyhodnoceni byla pouzita dataasu nej¢tSiho &inku peptidi — 45 min po podani latky
a data zasu na konci pokusu. Rozdily byly povazovany z#éssieky vyznamné, pokud
p <0,05.

5.5.6 Statistické vyhodnoceni dat z dlouhodobého experiméu na DIO mySich

Prijem potravy a dlesna hmotnost z dlouhodobého pokusu na DIO myBigh
vyhodnocen statistickym programem GraphPad Prismogd dvoucestné analyzy rozptylu
(two-way ANOVA), po které nasledoval Bonferronitest Rozdily byly povazovany za
statisticky vyznamné, pokud p < 0,05.

Data ze stanoveni metabolickych paraifhetrexprese mRNA jsou uvedena jako
pramérna hodnota + SEM. Data byla vyhodnocena jednooesdnalyzou rozptylu, po které

nasledoval Dunnaty test.

56



6. VYSLEDKY

6. VYSLEDKY

6.1 Peptid CART

Vysledky tykajici se peptidu CART byly ukegnény v éasopise Brain Research
(piiloha ¢. 1): Nagelova V., Pirnik Z., Zelezna B. a Malekiad_., CART (cocaine-and
amphetamine-regulated transcript) peptide spedifieding sites in PC12 cells have
characteristics of CART peptide receptors, 2014, 4715 16-24. doi:
10.1016/j.brainres.2013.12.024 (Nagelova et all420

Vysledky tykajici se analag peptidu CART publikovany Wasopise Peptides
(piilohag. 2): Blechova M., Nagelova V., Zakova L., Demiaadi, Zelezna B., Maletinska
L., New analogs of the CART peptide with anorexigepotency: the importance of
individual disulfide bridges, 2013, 39: 138-44. :ddi0.1016/j.peptides.2012.09.033
(Blechova et al., 2013).

6.1.1 Specificka vazba peptidu CART na bugéné linii PC12

Saturagni vazba'?d-CART 61-102 na bwnou linii PC12 a z ni vypena K
a Bnax byly publikovany viz piloha¢. 1 (Nagelova et al., 2014).

Satur&ni vazebné experimenty byly ratinpouzity ke stanoveni afinity1-CART
61-102 a p&tu vazebnych mist v ilkach PC12 diferencovanych pomoci NGF, nebo
hypofyzarnim peptidem aktivujici adenylatcyklazuAGAP) na neuronovy fenotygi
dexametasonem (DEX) na chromafinnfiky

Na nediferencovanych hkach PC12 byla @ena disocigni konstanta
Kg 2,36 £ 1,28 nM a Bax 3601 *+ 592 vazebnych mistiidw (obrazek 10 a), coz jsou
hodnoty srovnatelné gexchozimi vysledky (Maletinska et al., 2007).

U burek diferencovanych pomoci NGF v neuronovy fenotyfohyozné vzniklé
neurony a axony mikroskopicky identifikovatm& se pro peptid CART po diferenciaci
vyrazre zvysil na 11248 + 930 vazebnych mistiku a Ky 2,09 + 0,66 nM (obrazek 10 b).
Rovrez i buiky diferencované pomoci PACAP vykazovaly vySSégiovazebnych mist
Bmax8853 + 386 vazebnych mistfidw nez u nediferencovanych PC12 8202 + 0,22 nM
(obrazek 10 c). U buwk diferencovanych pomoci NG& PACAP byla afinita peptidu
CART k vazebnym mifm a jejich pdet velmi podobné.
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Bunky PC12 diferencované dexametasonem seéndynna chromafinni fenotyp.
Jejich tvar odpovidal nediferencovanym PC12, akdymmizSi hustotu. Kuli vysoké
nespecifické vazh vyssi nez 50 % celkové vazbjl-CART 61-102 nebylo mozné stanovit
hodnotu ks (obrazek 10 d). Ret vazebnych mist byl u takto diferencovanychdsuwrelmi

nizky.

a)
£ 24000-
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S 20000- -4- nespecificka vazba
2 . :
€ 16000- -+ specificka vazba
<
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)
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>
@
0
<)
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d)
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-+ specificka vazba

200004
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8000- B
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Obrazek 10: Saturéni vazebné experimenty na béné linii PC12

Experimenty byly provaty na butkdch PC12a) nediferencovanychy) diferencovanych
pomoci NGF¢) diferencovanych pomoci PACA,diferencovanych pomoci DEX. iy
byly inkubovany 30 min{37°C se zvy3ujici se koncentr&-CART 61-102. Nespecificka
vazba byla wena v pitomnosti peptidu CART 61-102"1B!. Specificka vazba byladena
ode‘tenim nespecifické vazby z celkové vazby. V gsdu yynesené reprezentativni

satura’ni vazebnétvky.

6.1.2 Vyznam jednotlivych disulfidovych mistki peptidu CART pro jeho
biologickou aktivitu in vitro

Kompetitivni vazebné experimenty na nediferencovan&cné linii PC12 byly
publikovany viz piloha¢. 2 (Blechova et al., 2013).

V nasi studii byla zkoumanaikzitost jednotlivych disulfidovych éstki. Pomoci
vymény pavodniho cysteinu za alanin byly syntetizovany agwlo peptidu
CART 61-102 obsahujici jeden nebo dva disulfidovistiky. Analog [Al&%29 CART
61-102 se déma disulfidovymi niistky v pozici 74-94 a 88-101 vykazoval vysokou ifin
k buikam PC12. Row¥ byl syntetizovan stabilni analog RIeCART 61-102, ktery
Vv pozici 67 methionin vygnén za norleucin.

Analog NI¢’ CART 61-102 se vazal s vysokou afinitou, kdy hddni byla
v nanomolarni oblasti 3,98 + 2,10 xAM, stejre jako u peptidu CART 61-102, kdy: Kyla
7,78 +3,38 x 18 M (obrazek 11). Analog [ARS®9 CART 61-102 se row¥ vazal na biky
PC12 s vysokou afinitou s hodnotou B,95 *+ 1,77 x 18 M (obréazek 11). Hodnota
Kda 0,48 £ 0,16 nM a Bax 2228 + 529 vazebnych mistfiku byla utena z pedchozi studie
(Maletinska et al., 2007).
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Obrazek 11: Kompetitivni vazebné experimenty na & linii PC12

Experimenty byly provaty na nediferencovanych tkach PC12, které byly inkubovany
30 min @i 37°C s peptidy o zvy3ujici se koncentraci a OWLf-CART 61-102. Pokusy
byly provadny v duplikatech nejméntrikrat. Graf znazotuje reprezentativni vazebné

krivky.

6.1.3 Vyznam jednotlivych disulfidovych mistki peptidu CART pro jeho

biologickou aktivitu in vivo

Vysledky z gijmu potravy byly publikovany viziflohac. 2 (Blechova et al., 2013).
Pfijem potravy byl mifen na hladovych samcich mySi a po ICV podani peptid
CART 61-102 resp. Nfé CART 61-102 doitti mozkové komory v davcep/mys doslo
k vyznamnému sniZenifipnu potravy oproti kontrolni skupén které byl podan
fyziologicky roztok (obrazek 12 a — c). SniZetijmu potravy po podani analogu [R#£9
CART 61-102 v davce jig/mys nebylo tak vyrazné, ovSendase nejutSiho &inku 45 min
doslo roviz k signifikantnimu sniZenifjmu potravy. Analog [AlI&®9 CART 61-102
v davce 5ug/mys vyznamaé snizil gijem potravy ve srovnani s kontrolni skupinou, leje
ucinek byl srovnatelny s peptidem CART 61-102 resfe®NCART 61-102 (obrazek 12

a-—c).
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Obrazek 12: Pijem potravy po ICV podani peptidu CART a jeho aogt u hladovych
mysSi

Latky byly rozpugny ve fyziologickém roztoku v davce 1 respgMnys a podany ICV do
treti mozkové komory./ffem potravy byl @¥en po dobu 5 hod, ve skupim = 6.
a) kumulativni pijem potravy po podani peptidu CART 61-102,°NIBART 61-102
a [Ala®®8 CART 61-102. Fjem potravyb) ve 45 min &) 315 min po ICV podani. Grafy
znazonuji reprezentativni vysledky z& hezavislych pokus Signifikance je * p < 0,05,
** pn < 0,01, ** p < 0,001 oproti kontrole, injikoané fyziologickym roztokem. Data byla

analyzovana jednocestnou analyzou rozptylu, peékiasledoval Dunneit test.
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6.1.4 Signalizace peptidu CART v buikdch PC12

Vysledky ze signalizanich experimeritbyly publikovany viz piloha¢. 1 (Nagelova
et al., 2014).

Po 10 minutové inkubaci s peptidem CART 61-102 anaogem NI¥ CART
61-102 nebyla pozorovana fosforylace drdhy ErkiRREB (obrazek 13 a, b). Pro tuto
drahu byl pouzit selektivni inhibitor U0126, ktefigsforylaci Erk1/2 sniZzoval, avSak toto
shizeni nebylo statisticky vyznamné.

U dalSi zkoumané signaligai drahy SAPK/IJNK doSlo k vyraznému zvysSeni
proteinu c-Jun po 60 minutové inkubaci s peptideART 61-102 (obrazek 13 c¢). Tento
acinek byl blokovan selektivnim inhibitorem této dyalsP600125. K nesignifikantnimu
zvyseni c-Jun doslo i po stimulaci analogem®N@ART 61-102.

Fosforylace JNK, kteraipdchazi aktivaci c-Jun, byla signifikaatavySena po
10 minutové inkubaci s CART 61-102 i s analogen?NBART 61-102 (obrazek 13 d). Oba
tyto &inky byly rovnéz blokovany inhibitorem SP600125.

CART 61-102 a NI¥ CART 61-102 po 10 minutové inkubaci nesignifikaranysil
fosforylaci drahy p38. Pro tuto signaléza drahu byl pouzit jako selektivni inhibitor
SB203580, ktery fosforylaci snizoval (obrazek 13 e)

Zadny &inek po 60 minutové inkubaci s peptidem CART 61-30RI€7 CART

61-102 nebyl pozorovan na zvyseni c-Fos (obrazdi 13

a)
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Obrazek 13: Pehled aktivace signaliznich drah a) MAPK/Erk1/2, b) CREB, c) c-Jun,

d) JNK, e) p38, f) c-Fos

Bwiky byly inkubovany s peptidem CART 61-102, analodéiet’ CART 61-102

a s kombinacemi sfglusnymi inhibitory po dobu 10 a 60 mif B7°C. Data jsou uvedena
jako primery = SEM. Signifikance je * p < 0,05, ** p< 0,01 opti kontrole - butkdm
inkubovanym za stejnych podminek, pouze s mediata.byla analyzovana jednocestnou

analyzou rozptylu, po které nasledoval Dunietest.
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6.1.5 Imunohistochemické stanoveni aktivace c-Jun u hladgch mysi

Vysledky z imunohistochemického stanoveni aktive€rin byly publikovany viz
piilohac. 1 (Nagelova et al., 2014).

Po ICV podani peptidu CART 61-102 resp. NIBART 61-102 doslo k vyraznému
zvySeni potu c-Jun imunopozitivnich bégk v DMN a NTS oproti kontrolni skupén které
byl podavan fyziologicky roztok (obrazek 14). V DMWI &inek peptidu CART 61-102
davkow zavisly a ovlivioval buiky ve vSech jehoréch podoblastech. V NTS se c-Jun
pozitivni buiky po podani peptidu CART 61-102 nachazelyedevsim v jeho
ventromedialni oblasti (obrazek 15). Aktivita lnv hypothalamickych oblastech (ARC,
PVN, VMN) nebyla ovliviena ICV podanim peptidu CART 61-102 resp. NIEART
61-102 (obrazek 15). Kontrolni barvetdzi pii vynechani primarni, resp. sekundarni

protilatky bylo negativni.
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Obrazek 14: Aktivace c-Jun v mozkovych jadrech zapgch v regulaci pijmu potravy
Efekt po 90 min po ICV podani fyziologického rozfdRART 61-102 v davce 0,1 pg/mys
a 1 pg/mys resp. analogu RIEART 61-102 v davce 1 pg/mys hladovym mysim (ma 5)
c-Jun aktivaci buek v paraventrikularnim jag (PVN), nucleu arcuatu (ARC),
dorsomedialnim jag&& (DMN), ventromedialnim j&d (VMN) a v nucleu tractu solitarii
(NTS). ** p < 0,05 vs. fyziologicky roztok ¥znych jadrech (DMN a NTS), # p < 0,05 vs.
CART 61-102 0,1 pug/mys.
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DMN 2 Mgl
3V .
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Obrazek 15: Aktivace c-Jun v lilkdch DMN a NTS

Aktivace c-Jun pozitivnich bek 90 min po ICV podani peptidu CART 61-102 v davce
1 pg/mys (B, D) v porovnani s kontrolni skupinojikavanou fyziologickym roztokem
(A, C). Obrazek A, B zachycuje DMN a C, D zachyblIj8. Reprezentativni obraziezi.
Zkratky: teti mozkova komora (3V), area postrema (AP), doeslémi jadro (DMN),
nucleus tractus solitarii (NTS).

6.2 Studium lipidovanych analogi PrRP

Vysledky tykajici se lipidovanych analbgPrRP byly publikovany vasopise
Journal of Physiology and Pharmacology (viflgha ¢. 3): PraZienkova V., Tich4 A.,

Blechova M., Spolcova A., Zelezna B., MaletinskdRharmacological characterization of
lipidized analogs of prolactin-releasing peptidehwa modified c-terminal aromatic ring,
2016, 121-128 (Prazienkova et al., 2016).
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Vysledky z dlouhodobych experimé&ma DIO mySich byly publikovany &asopise
International Journal of Obesity (vizilpha¢. 4): Maletinska L., Nagelova V., Ticha A.,
Zemenova J., Pirnik Z., Holubova M., Spolcova Aikiaskova B., Blechova M., Sykora
D., Lacinova Z., Haluzik M., Zelezna B., KunesNavel lipidized analogs of prolactin-
releasing peptide have prolonged half-lives andtexati-obesity effects after peripheral
administration, 2015, 986-93. doi: 10.1038/ijo.2@B(Maletinska et al., 2015).

6.2.1 Syntéza lipidovanych analog PrRP31 a PrRP20

Sekvence firozeného PrRP31 a jeho analogou uvedeny v tabulce Cistota
peptidh byla ugena pomoci HPLC a byla vysSi nez 95%. Myristovalafiova kyselina
byla u lipidovanych analdgpripojena na N-koneietzce syntézou na pevné fazi. Nestabilni
methionin v pozici 8, nachylny k oxidaci, byl nabea stabilgjSim norleucinem. Tato
substituce neovliwije biologickou aktivitu analag(Maixnerova et al., 2011).

Pro dalSi stabilizaci peptidovéasti byl fenylalanin v pozici 31 nahrazen
naftylalaninem (1-N&F) u analog 1 — 3, dichlorofenylalaninem (Phe€}) u analog 7 — 9,
pentafluorofenylalaninem (Phef) u analogu 10 a 11 nebo tyrosinem €fyu analogu 12
a 13 dle (Maletinska et al., 2011b).

U syntetizovanych analdég PrRP20 byly provashy vymeny aminokyselin
v C-koncoveé casti gislovani odvozeno z lidského/potkaniho fragmenttRAA9O-31
Trpt® -Tyr?% -Ala/Thr?! -Ser/GIy? -Arg®® -Gly?* -11e?® -Arg?® -Pr&’ -Val?® -Gly?® -Arg®° -
Phée! -NH,) dle (Boyle et al., 2005). Glycin v pozici 24 mahrazen sarkosinem u analog
a, b (Sar’). Analogy e a f obsahovaly Afaa Phé®. Analogy c, d, g, h &y strukturu
odvozenou od lidského PrRP20. U analogu ¢ a d byipmény v Sef? a v pozici 21
N-methylalanin (N-Me-Al&Y). U analog g, h do3lo k nahrazeni za Pra Phé®.

6.2.2 Afinita lipidovanych analogia PrRP in vitro k raznym receptonim

Vazebné experimenty byly prowdad/ na bug¢né linii RC-4B/C, CHO-K1
s transfekovanym lidskym GPR10 a Bémych membranach z CHO-K1 hikn
s transfekovanym lidskym NPFF2. Potkani rPrRP3Blamns norleucinem Nle-PrRP31
i lipidované analogy PrRP31 se vazaly iskhanomolérni oblasti (tabulka 4). Inkibi
konstanta Kstabilniho analogu NPFF — 1DMe z kompetitivnichelanych experimetaitna
membranach s lidskym NPFERila 1,8 + 0,54 nM. Lipidované analogy PrRP31 stmau
kyselinou vykazovaly vysSi afinitu u b&meé linie RC-4B/C i na bugnych membranach

s lidskym NPFF2 neZz u analbgbez mastné kyseliny. Ro¥h i u burgné linie

66



6. VYSLEDKY

s exprimovanym GPR10 byla afinita lipidovanych agal vysSi oproti prozenému
rPrRP31. Analogy 5 a 6 (s Phet) s myristovou nebo palmitovou kyselinoti
palmitoylovany analog 9 (s PheM) vykazoval velmi vysokou afinitu ke GPR10 a NPFF2.
U palmitoylovaného analogu 3 (1-N3la analogu 11 (Phe¥) byla pak afinita k lidskému
NPFF2 orad vyssi nez afinita rPrRP31 a by&ow srovnatelna se stabilnim analogem
1DMe. Stejny trend vykazovaly i lipidované anald®yRP20 s myristovou kyselinou, které
mely v sekvencichiizné zaminy v aminokyselinach navrzené dle studie Boylela(Boyle

et al., 2005).

67



6. VYSLEDKY

Tabulka 4: Charakterizace lipidovanych analogi PrRP31a PrRP20 pomoci vazebnych

experimenti
potkani RC-4B/C lidsky GPR10 lidsky NPFF2
125 rPrRP31 125_hPrRP31 125.1DMe
Ki [nM] Ki [nM] Ki [nM]
potkani rPrRP31 2,39+0,11 3,91+0,21 57,1+155
Nle-PrRP31 1,28 + 0,20 1,87 +0,42 49,6 + 3,4
myr-PrRP31 0,69 + 0,09 0,69 + 0,09 1,59 + 0,32
palm-PrRP31 0,51 + 0,15 2,94 +0,33 0,91 +0,31
K palm-hPrRP31 4,76 + 1,96 6,20 + 0,76 5,59 + 1,33
analog 1 83,3+ 2,60 33,6 +15,6 24,3+ 3,82
analog 2 3,95+ 1,22 1,30+ 0,21 NT
analog 3 0,85+0,15 3,82 + 0,37 0,41 + 0,06
analog 4 3,83+0,94 1,73+0,35 14,0 + 3,18
analog 5 0,60 + 0,22 0,92 + 0,32 3,08 £0,01
analog 6 1,32 £0,29 1,02 £ 0,40 1,93+ 0,53
analog 7 19,9 + 5,96 4,66 + 0,85 352 + 0,03
analog 8 0,71+£0,12 0,53+0,17 NT
analog 9 0,58 + 0,10 0,74 + 0,27 11,8 +2,94
analog 10 12,8 2,22 8,36 +1,17 13,8 + 0,02
analog 11 0,51 + 0,08 1,86 + 0,52 0,24 + 0,05
analog 12 3,23+0,15 1,97 + 0,08 NT
analog 13 0,22 + 0,01 1,53 +0,38 317 + 140
potkani rPrRP20 2,62 +0,31 4,4 +0,77 21,8 +9,91
myr-PrRP20 1,44 + 0,34 4,21 £0,24 8,23 £1,97
analog a 4,20 + 0,37 4,39 + 1,45 NT
analog b 0,32 + 0,07 3,04 + 0,36 NT
analog ¢ 49,4 + 9,35 8,48 +2,16 NT
analog d 0,46 + 0,05 2,04 +0,75 NT
analog e 655 + 164 284 + 47,6 NT
analog f 7,21 £0,71 8,24 + 3,09 NT
analog g 2,14 +0,53 1,69 +0,22 NT
analog h 0,84 +0,17 0,57 + 0,26 NT

NT - netestovano
Hodnota K byla vypd@itana ze z@renych hodnot 165 z Cheng-Prusoffovy rovnice. Data
byla merena v duplikatech v nejméibech nezavislych experimentech a jsou uvedena jako

prumer + SEM.
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6.2.3 Afinita analoga PrRP31 k Y5 receptoru transfekovaném v buiéné linii U20S

Pro zjis&ni optimélnich podminek pro vazebné experimentya bybrovnavana
celkovd a nespecificka vazba, kterd bylanza optimalnich podminekigustavovat
maximalreé 15% celkové vazby.

Jako optimalni byla stanovena doba inkubace 12Q kug se tato doba ro¢a
shodovala s informacemi z literatury. V kompetifoim pokusech byly hiky U20S
péstovany ve 24-jamkovych destach z fizného pétu (40, 100 a 150 tisic bak/jamku).
V den pokusu byla finalni hustota kitknpriblizné 120, 150 a 300 tisic bak/jamku. Byl
zvolen optimalni péet burgk pii nalévani 40000 busk/jamku, protoze vysSi get burgk
uz vyrazi nezlepsil porér nespecifické a celkové vazby (tabulka 5).

Tabulka 5: Celkova a nespecificka vazbaif raznych paitech bunék

pocet nalitych celkova nespecifickd nespecifickd/celkova vazbg
bunék/jamku vazba [cpm] vazba [cpm] [%0]

40000 1895 + 21 231+2,1 12

100000 5186 * 560 725+ 40 14

150000 4660 = 415 734 + 68 16

Ze saturanich vazebnych experiménta bur¢né linii U20S s transfekovanym Y5
receptorem byla dena hodnota K 1,01 + 0,27 nM a p@t vazebnych mist
Bmax 36770 + 2590 vazebnych mistfibw. Byla pouzita zvySujici se koncentrace
radioligandu'?d-PYY ve finalnich koncentracich 0,05 — 2 nM a gigténi nespecifické
vazby byl pouzit neradioaktivni PYY ve finaini kamtraci 1 M. Satur&ni vazebna

kiivka je uvedena na obréazku 16.
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Obrazek 16: Saturéni vazebné experimenty na béée linii U20S s transfekovanym Y5
receptorem

Satura’ni vazebné experimenty na U20%Kach, které byly inkubovany 120 mifi p5°C
se zvysujici se koncentrdéil-PYY. Nespecificka vazba bylacana v gitomnosti PYY 10
6 M. Hodnota K byla 1,01 +0,27 nM a B« 36770 +2590 vazebnych mist/iu.

Kompetitivni vazebné experimenty byly pro¢ag dle podminek popsanych
v kapitole 5.4.4., kdy byly biky inkubovany s peptidy o zvysujici se finalni kentraci
v rozmezi 16* — 10* M a s 0,1 nM?3-PYY. Prirozené ligandy PYY a NPY se vazaly na
receptor Y5 s vysokou afinitou, kdy se pohybovaly v nanomoléarni oblasti (tabulka 6,
obrazek 17). Hodnota iKptirozeného PrRP31 a PrRP20 bylaadu 1 M (tabulka 6,
obrdzek 17). U testovanych vybranych lipidovanycmalagi palm-PrRP31
a Kpalm-hPrRP31 byla afinita k Y5 receptoru vy3si driaty K se pohybovaly vadu
107 — 10® M (tabulka 6, obrazek 17).
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Tabulka 6: Afinita p¥irozeného PrRP31 a lipidovanych analoy PrRP31 k Y5

receptoru
lidsky Y5
125.pyy
Ki [nM]
PYY 3,79 + 0,66
NPY 3,1+0,1
hPrRP31 2863 +42,6

potkani rPrRP31 5910 + 624
palm-PrRP31 38,2 +6,16

K1palm-hPrRP31 | 272+86,7
Hodnota K byla vyp@itana ze zmyenych hodnot 165 z Cheng-Prusoffovy rovnice. Data

byla merena v duplikatech v nejméibech nezavislych experimentech a jsou uvedena jako
pramer + SEM. Koncentrace radioligandtf1-PYY byla 0,1 nM a nespecificka vazba byla

uréena pomoci nezdaného PYY IDM.

B
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N
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Obrazek 17: Reprezentativni kompetitivni vazebnéviky na burééné linii U20S

s transfekovanym Y5 receptorem

Kompetitivni vazebné experimenty byly pre¥dd na buikach s transfekovanym Y5
receptorem, které byly inkubovany 120 min 35°C. Koncentrace radioligand-PYY
byla 0,1 nM a nespecifickéa vazba byl@ema pomoci nezdaného PYY IOM. Pokusy byly

provadny v duplikatech nejménrikrat. Graf znazotuje reprezentativni vazebnéuky.
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6.2.4 Aktivace beta-laktamazového reportérového genu

Prirozeny PrRP31 a lipidované analogy PrRP31 aktivobata-laktamézovy
reportérovy gen v CHO-K1 likach s transfekovanym GPR10 s efektivni koncen&&ss
v subnanomolarni oblasti (tabulka 7, obrazek 18 @).—Analogy s mastnou kyselinou
prokazovaly silgjSi agonisticky dinek v porovnani sifrozenym PrRP31 ¢i
nelipidovanymi analogy PrRP31.

a) b)
120+ 1204
-o- rPrRP31 -~ rPrRP31
] [
§ 1004 Y myr-PrRP31 § 100+ analog 1
£ 804 y -+ palm-PrRP31 £ go- -#- analog 2
.E .E 4 -= analog 3
= 60+ © 60+
£ 40 £ 40
2 204 2 20
0 T T T T T T 1 0 T T T T T T 1
13 42 11 10 -8 -8 -7 -6 13 12 11 10 8 -8 -7 -8
log koncentrace [mol/l] log koncentrace [molil]
c) d)
1204 120+
-+ PrRP31 -e- PrRP31
g 100+ analog 4 g 100+ analog 7
£ 30 -= analog 5 £ so- 4 analog 8
[} ©
:.§ - -= analog 6 E - -# analog 9
£ 5 /
E 404 E 40+ /
< 204 < 20 /:/‘
o0 & =
v .5 T T T T T 1 v T T T T T T 1
13 12 -1 10 -9 -8 -7 -6 13 12 -1 10 -9 -8 -7 -6
log koncentrace [mol/l] log koncentrace [mol/l]
e)
120+ -~ rPrRP31
§ 1004 —— - analog 10
E . -& analog 11
x 804
X analog 12
= J
TEv 60 -m analog 13
% 40
a
£
< 20
0 T T T T T T 1
43 42 11 10 9 -8 -7 -6
log koncentrace [mol/l]

Obrazek 18: Agonisticky &inek lipidovanych analog PrRP31

Buwiky byly inkubovany se zvySujici se koncentraciighept) rPrRP31, myr-PrRP31
a palm-PrRP31)) analogy 2, 3 s 1-N&|, c) analogy 5, 6 s Phegt, d) analogy 7, 8

s PheNG*, e)analog 11 s Phef!, analog 13 s Tyt. Reprezentativnivky jsou vyneseny

jako % maximalni aktivace v zavislosti na logaritkauncentrace peptid

72



6. VYSLEDKY

Tabulka 7: Biologické €inky analogi PrRP in vitro ain vivo

aktivace bla reportérového genu piijem potravy na

na CHO-K1 s transfekovanym hladovych mySich
GPR10 (5mg/kg SC)
ECso [pM] [% kontroly] (45 min)

fyziologicky roztok 100 +9,3

potkani rPrRP31 35979 113+10
Nle-PrRP31 NT NT

myr-PrRP31 102 £ 12 95+6,5

palm-PrRP31 703 13,2+6,2
analog 1 1681 + 212 NT

analog 2 71+21 49+27

analog 3 37+16 0,5+0,3
analog 4 238 £ 57 NT

analog 5 232+ 34 1,2+0,6

analog 6 146 + 16 0,704
analog 7 940 + 97 NT

analog 8 170 £ 11 49+43

analog 9 3710 0,4+0,3
analog 10 472 + 47 NT

analog 11 120 + 18 31,3+13,6

analog 12 116 + 15 NT

analog 13 85+5 20,1 +5,7

Data zin vitro experimeiit byla n¥rena v duplikatech v nejmént7ech nezavislych
experimentech. /em potravy na hladovych mySich byl vyhodnocease nejétSiho
Gcinku (45 min), n = 5. Hodnoty jsou uvedeny jak@e#pmu potravy kontrolni skupiny
injikované fyziologickym roztokem. Hodnoty jsou devy jako pémeér + SEM.

NT - netestovano

6.2.1 Ug¢inek lipidovanych analogi PrRP v kratkodobém podavani u hladovych mysi

Data z kratkodobéhoifpmu potravy na hladovych mySich jsou vyjéda v tabulce
7 a obrazku 19 a 20. Po SC podétriozeného PrRP31 nedoslo k ovlém piijmu potravy.
V souladu s daty ziskanymiiz vitro experimeni, myristoylovany a palmitoylovany
PrRP31 vyraz# snizil gijem potravy. Palm-PrRP31 vykazoval gjki a dlouhodogsi
anorexigenni €&inek nez myr-PrRP31 (obrazek 19 a). Anorexigeririak a stejny trend
vykazovaly roviZ analogy 2 a 3 s 1-Nal(obrazek 19 aji analogy 8 a 9 s PheN&
(obrazek 19 b). Analogy 11 a 13 sniZovaitjgim potravy, ale jejichdinek byl slabsi oproti
jinym lipidovanym analogm (obrazek 19 c).
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Obrazek 19: Akutni dinek na
pfilem potravy po podani
lipidovanych analog PrRP31
Latky byly rozpushy ve
fyziologickém roztoku a podany
vdavce 5 mg/kg SC. rFiem
potravy byl rden po dobu 6
hod, ve skupinn = 5 — 6.
Kumulativni gijem potravy po
podani

a) myr-PrRP31, palm-PrRP31
a analogu 2 a 3 s1-NH|
b) analogu 5 a 6 s Phegl
analogu 8 a 9 s PheNS,
c) analogu 11 sPhef
a analogu 13 s Tyt.

Grafy znazaokuji reprezentativni
vysledky ze 7t nezavislych
pokugi. Data byla analyzovana
jednocestnou analyzou rozptylu,
po které nasledoval Dunngt
test. Signifikance je
*** p < 0,001 oproti kontrole,
injikované fyziologickym

roztokem.
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Obrazek 20: Pijem potravy v do¥ maximalniho tinku (45 min po injekci) a na konci
pokusu (345 min po injekci)

Prijem potravy po SC podani lipidovanych analdyRP31a) 45 min po injekci &) 345
min po podani. Hodnoty zndzmiji reprezentativni vysledky z&¢h nezavislych pokius
Signifikance je ** p < 0,01, *** p < 0,001 oproti dntrole, injikované fyziologickym

roztokem.
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6.2.2 Uginky lipidovanych analogi PrRP v dlouhodobém podavani DIO mysim

Pro dlouhodobé testovani lipidovanych analdyRP byly pouzity latky, které
v kratkodobych testech prokazaly vyrazny vliv ngeni gijmu potravy. P@trnactidennim
podavani myristoylovaného PrRP20, palmitoylovan@mBP31 a analogu 6 s Phetl
v davce 5 mg/kg doslo k signifikantnimu sniZefijnpu potravy oproti kontrolni skupén
které byl po celou dobu podavan fyziologicky rozt@sbrazek 21 a). Palm-PrRP31
vykazoval silgjSi anorexigennidinek.

VSechny i latky velmi vyraz®i snizily hmotnost u mysi (obrazek 21 b). Ubytek
praimérné glesné hmotnosti p&rnactidennim podavani myr-PrRP20 byl o 7 %, pcdpadi
analogu 6 o 10 % a po podavani palm-PrRP31 o 1&%dmi hmotnosti. U kontrolni
skupiny injikované fyziologickym roztokem nedosSle &niZzenidesné hmotnosti.

Po SC podavani analogu palm-PrRP31 doslo k velmaznému snizeni celkové
hmotnosti tukové tkan zpisobeného ff@devsim vyraznym sniZzenim mnozstvi podkozniho
a perirenélniho tuku. SniZeni hmotnosti intrapestdni tukové tkahnebylo statisticky
vyznamné. Po SC podavani myr-PrRP20 a analogu &G nedoslo ke statisticky
vyznamnému snizeni celkové tukové tkadadny ze i analog signifikantré nesnizil

hmotnost jater (tabulka 8).

Tabulka 8: Hmotnosti tukové tkané a jater po 14-dennim SC podavani lipidovanych

analogia PrRP u DIO mysi

~ celkovy tuk / SCAT/ IPAT / perirenalni jatra /
celkova ’ ’ ’ ’ ’
. celkova celkova celkova tuk/celkova celkova
_ télesna ’ ’ ’ 5 ’
skupina télesna télesna télesna télesna télesna
hmotnost
- hmotnost hmotnost hmotnost hmotnost  hmotnost
g
[%] [%] [%] [%] [%]
fyziologicky
47,6 +0,8 16,2+0,4 8,1+0,3 4,7+0,3 29+0,1 41+0,2
roztok
myr-PrRP20  44,1+0,8 153+0,4 7,1+0,20 51+04 28%0, 36+0,2
palm-PrRP31 41,4+1,1 12,7+0,7** 5,38 +0,49 *** 48+0,2 2,1+0,2** 36+0,1
analog 6 439+1,1 149+0,9 7,10+ 0,48 45+0,3 2,830 3,6+0,2

Hodnoty jsou uvedeny jakojmer + SEM, n = 10. Hmotnosti tkani jsou vztazeny na
celkovou ¢lesnou hmotnost z\dte. Data byla analyzovana pomoci jednocestné apaly
rozptylu, po které nasledoval Dunnitttest. Signifikance je *** p < 0,001 vs. kontrolni
skupina injikovana fyziologickym roztokem. SCADdkpzni tuk, IPAT — vnitré®ni tuk.
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a)
40-
— 0 - fyziologicky roztok
2 354 < myr-PrRP20
> -+ palm-PrRP31
% 30 - analog 6
= 25
i 204

151

o
c
2
©
= 10
E
=
=

c L] L) T L) L) L) L] L] L] L]
012345678 9101112131415

Cas [den]
b)
-e- fyziologicky roztok
- myr-PrRP20
-~ paim-PrRP31
) -e- analog 6
=
o
f=
2
£
=
£ 4
£
0
3
85 L) ) L) ¥ L) ¥ L] L] L] L] T T L) L) 1
012345¢6 78 9101112131415
€as [den]

Obrazek 21: Pijem potravy adlesna hmotnost po 14-ti dennim podéavéani lipidovanyc
analogi PrRP u DIO mysi

Uc¢inek myr-PrRP20, palm-PrRP31 a analogu 6 sPh&Cha a) prjem potravy
a b) telesnou hmotnost po SC podani. Latky byly podavatdvee 5mg/kg dvakrat dehn
(n = 8 - 10). Data byla analyzovana dvoucestnoulyg@u rozptylu, po které nasledoval
Bonferroniho test. Signifikance je * p < 0,05, *0,01, *** p < 0,001 vs. kontrolni

skupina injikovana fyziologickym roztokem.

77



6. VYSLEDKY

Dlouhodobé podavani myristoylovaného PrRP20 a paytovaného PrRP31
vyrazre snizilo hladiny leptinu v plaséna toto sniZzeni bylo Ggmé ke snizené hmotnosti
tukové tkaw. Hladina insulinu v plastnbyla signifikant® snizena po podavani palm-

PrRP31. Hladiny glukosy a triglycefichebyly vyznama snizeny (tabulka 9).

Tabulka 9: Metabolické parametry po 14-dennim SC pdavani lipidovanych analogi
PrRP u hladovych DIO mysi

_ leptin glukosa insulin triglyceridy
skupina
[ng/ml] [mmol/1] [ng/mil] [mg/dl]
fyziologicky roztok 53,3+ 3,49 6,94 +0,28 4,09 +0,55 72,2+ 3,2
myr-PrRP20 396+347* 752+0,16 354+047 68,7+4,16
palm-PrRP31 24,7 +3,39** 726+0,29 237+047* 66,8 8,
analog 6 46,12 +7,07 6,66 +0,29 NT 77,7+9,25

Hodnoty jsou uvedeny jako jmer + SEM, n = 10. Data byla analyzovana pomoci
jednocestné analyzy rozptylu, po které nasledouvalnettiv test. Signifikance je * p < 0,05,

*** p < 0,001 vs. kontrolni skupina injikovana fgtogickym roztokem.

Ctrnactidenni podavani palm-PrRP31 vedlo v jatreehskizené expresi mRNA
enzymi lipogeneze ACACA, FASN a transkdipiho faktoru SREBP (obrazek 22 a, b, f).
V podkozni tukove tkani (SCAT) doSlo ke snizenirese mMRNA FASN a leptinu (obrazek
22 b, d). SniZzen& exprese FASN a leptinu byla &\rv intraperitonealni tukoveé tkani
(IPAT) (obrazek 22 b, d). Palm-PrRP31 riéwliv na hladiny ACACA u obou tukovych
tkani, neovlivioval expresi lipoproteinové lipasy (LPL) ani expresnRNA
FABP-4 (obrazek 22 a, c, e). Exprese mRNA UCP-Inddé tukové tkani nebyla
signifikantré ovlivnéna (obrazek 22 g).
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UCP-1 mRNA
(normalizovano na B2M mRNA)

BAT

Obrazek 22: Exprese mRNA pro markery metabolismiuiw tukovych tkanich (a — e)
a v jatrech (a, b, f) a pro marker termogeneze YBAT

Expresea) ACACA v podkozni tukoveé tkani, vnitfigimi tukove tkani a v jatrecl) FASN
v podkozni tukoveé tkani, vnitra@Bni tukoveé tkani a v jatrech) LPL v podkozni tukové tkani
a vnitrobisni tukové tkanid) leptinu v podkozni tukoveé tkani a vnitr@mni tukové tkani,
e) FABP-4 v podkozni tukové tk&ni a vnitfidimi tukové tkanif) SREBP v jatrech
ag) UCP-1 v hiadé tukove tkani.
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7. DISKUSE

7.1 Peptid CART a jeho analogy

Peptid CART byl objeven v roce 1998 i@p vSechny snahy o identifikaci neni stale
znam jeho receptor. V naSi labotatbyla nalezena specificka vazba peptidu CART
k ptirozenym feochromocytomovym hkdm PC12 a hikdm diferencovanym v neuronovy
fenotyp (Maletinska et al., 2007). NaSe dalSi sturdvitro na této bu&né linii a rovréz na
ovlivnéni prijmu potravyin vivotestovaly nové analogy peptidu CART a byl zkouméjen
vztah mezi strukturou a aktivitou anaip@le roviez i signalizace peptidu CART do iky,
ktera by mohla fispét k charakterizaci vazebného mistélghac. 1).

7.1.1 Specificka vazba peptidu CART na buiéné linii PC12

Vazba peptidu CART kiznym burcnym liniim byla dosud publikovana pouze
v nékolika pracich. Vicentic a kol. publikovali speciiou vazbui?3-CART 61-102 na mysi
hypofyzarni butcnou linii AtT20 (Vicentic et al., 2005), avSak tytysledky se v nasi
laboratdi nepoddailo reprodukovat. V nasitpdchozi studii (Maletinska et al., 2007) byla
prokézana specificka vazba na &tmou linii PC12. Bitky PC12 jsou schopny diferencovat
se pomoci NGRi PACAP na neurony a pomoci glukokortikoidu dexamsehu na
chromafinni bitky (Adler et al., 2006). Einkem peptidu CART nedo3lo k zadné
morfologické znéné v burkach PC12 (nase nepublikované vysledky).

Po diferenciaci PC12 na hky nervové tkas pomoci NGF a PACAP doslo
k vyraznému zvysSeni gtu vazebnych mist/ilku. Naopak po diferenciaci na chromafinni
buiky byl patet vazebnych mist tak nizky, Ze nebylo mozné jakieni. To znamena, ze
vazebna mista pro peptid CART se exprimuji spiseervové tkani a tumoruidn

nadledvin, nez v normalnich chromafinnichikach.

7.1.2 Vyznam jednotlivych disulfidovych mistka peptidu CART pro jeho
biologickou aktivitu
V naSi dalSi studii @oha ¢. 2) byl testovan vyznam disulfidovych ustki,
vytvorenych mezi dvojicemi cysteinBlechova et al., 2013). Metodou tzv. Ala-scanlyby

nahrazovany dvojice cystédirza alaniny a peptidy byly syntetizovany metodoyorané
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fazi. Dale byl syntetizovan analog RIe€CART 61-102, u kterého byl pro zvy3eni stability
methionin v pozici 67, ktery je nachylny k oxidagghrazen za norleucin.

Pomoci kompetitivnich vazebnych experimienta bur¢né linii PC12 byla
studovana afinita peptidu CART 61-102 a jeho analogle’” CART 61-102
a [Ala®®®9 CART 61-102. Zamna aminokyseliny v analogu Nfe CART 61-102
neovlivnila schopnost analég/dzat se na bwtinou linii PC12. Afinita byla srovnatelna
s pirozenym peptidem CART 61-102 a hodnoty Kbou peptid se pohybovaly
v nanomolarni oblasti. Z vySe zmiftych daldich analdgpouze analog [ARE®9 CART
61-102 obsahuijici dva disulfidovéistky v pozici 74-94 a 88-101 a alaniny v pozici 88,
misto tetiho disulfidového ristku vykazoval afinitu k vazebnym mist
v buikach PC12 s hodnotou Kiad nizSi nez uifrozeného peptidu CART a anorexigenni
vlastnosti.

V in vivo testech sledujicichifpem potravy po centralnim podéani byly pouZzity
analogy peptidu CART, Nfé CART 61-102 a [AI&®] CART 61-102 s vysokou afinitou
k bure¢né linii PC12 a firozeny peptid CART 61-102. Po ICV podani peptiddaRT
61-102 hladovym mysSim v davce 1 pg/mys doslo kxyéanu anorexigenimieiinku. Tato
davka je srovnatelna gqmchozimi studiemi (Bannon et al., 2001; Kristenseal., 1998;
Maletinska et al., 2007; Thim et al., 1998).

Analog NI€’ CART 61-102 ve stejné davce jako peptid CART 62-pd ICV
podani vyznam snizoval pijem potravy u hladovych mySi oproti kontrolni skup
injikované fyziologickym roztokem. U analogu [A}£9 CART 61-102 byly pouzity davky
la 5 pg/mys, nelfove vazebnych experimentech vykazovatad nizsi afinitu k PC12
bunkam. Vcase nejtSiho &inku pii 45 min po podani latky vyznararsnizoval gijem
potravy v obou davkach a anorexigengingk byl davko¥ zavisly.

Ucinky obou analof jsou srovnatelné tiinky ptirozeného peptidu CART 61-102,
oviem pro analog [AP4%9 CART 61-102 ve vy33i davce. Peptidy vykazovalyazny
dlouhodoby dinek, ktery byl patrny i na konci experimentu paddinach, coZ naztaje
vysokou stabilitu peptiil

Pro zachovani afinity k bgtiné linii PC12 jsou nezbytné dva disulfidovéistky
Vv pozici 74-94 a 88-101. Analog [A&®9 CART 61-102 niZe byt pouZit jako zaklad pro
strukturrg-aktivitni studie, neb® jeho syntéza je jednodusSi oproti syntéze celého

piirozeného peptidu.
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7.1.3 Signalizace peptidu CART v buikach PC12

Vzhledem ktomu, Ze stale nebyl nalezen receptor peptid CART, mnohé
laboratde se pokouSely o identifikaci jeho molekuly a sigznich drah. V jedné
z prvnich studii bylo zjigho, ze peptid CART stimuluje fosforylaci Erk1/2 ypofyzarni
bungéné linii AtT20 (Lakatos et al., 2005) a PC12 (Lib &., 2011). Rov&Z byla
publikovana fosforylace Erk1/2 a CREB zvySené plpti CART v bus¢né insulinoveé linii
INS-1 a izolovanych potkanich pankreatickych inatich (Sathanoori et al., 2013). V naSi
laboratdi jsme nepozorovali aktivaci drahy Erk1/2 a CREBgmem CART, ani jeho
analogem NI¥ CART 61-102 v bitkdch PC12 oproti praci (Lin et al., 2011).i&y byly
ve studii Lin a kol. diferencovany NGF a PACAP, ritenohly v bitkdch PC12 samy
stimulovat Erk1/2. V nasi studii rovh nebyl pozorovan zadny vliv peptidu CART na
diferenciaci a proliferaci, které byvajiisledkem fosforylace Erk1/2 (nase nepublikované
vysledky).

Kromé zmireného Erk1l/2 a CREB byly v ilikdch PC12 sledovanyazné
signaliz&ni drahy, které by mohl peptid CART stimulovat @&efa 1). Byla studovana
aktivace c-Fos, c-Jun na urovni proteinu a fostmgl INK a p38. U bk PC12 doslo
k vyznamné fosforylaci INK a k nasledné aktivaduer po inkubaci s peptidem CART
jeho analogem Nfé CART 61-102. Tyto vysledky byly podpeny pouzitim specifického
inhibitoru JNK kinasy SP600125, ktery aktivaci axJufosforylaci INK po podani peptidu
CART blokoval. Akoliv muze byt aktivace c-Jun #pobena i fosforylaci Erkl/2,
piedpokladame, Ze efekt byl igpben pra¥ fosforylaci JNK, nebd peptid CART
fosforylaci Erk1/2 nestimuloval.

Peptid CART a NI¥’ CART 61-102 nevyznamdrevysily fosforylaci p38, ktera byla
vyrazre blokovana selektivnim inhibitorem SB203580. Pe@&RT a NI€¢’ CART 61-102
neovlivnily aktivaci proteinu c-Fos.

Popsané vysledky vedou k zéw, Ze peptid CART i jeho analog NIleCART
61-102 v bitkach PC12 aktivuji drdhu JNK, kterd je primémdukovand protizastlivymi
cytokiny a stresovymi podminkami (Chang and Ka#@01). Akoliv bylo popsano, Ze
aktivace c-Jun vede k diferenciaci BKNPC12 (Leppa et al., 2001), nepozorovali jsme
Z&dnou diferenciaci peptidem CART. V jiné studildoykazéano, Ze diferenciace hikn
PC12 vyzaduje kooperaci c-Jun a c-Fos (Erikssoal.et2007). Vzhledem k tomu, ze
v bunkach PC12 nedoslo k aktivaci c-Fos po stimulactidepmn CART, gedchozi fakt by

to mohl vys¥tlovat.
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peptid CART 61-102

vazebné misto pro CART extracelularni prostor

intracelularni prostor
\ .

MEK 1/2 MEK 4/7 MEK 3

ERK 1/2 SAPK/JNK p38
‘ h k/// h

ERK 1/2 c-Jun c-Fos

jadro

Schéma 1: Mozné signalizéni drahy peptidu CART v buiikach PC12

7.1.4 Imunohistochemické stanoveni aktivace c-Jun u hladgch mysi

V piedchozich studiich byla publikovana stimulace Fearori po ICV podani
peptidu CART v ARC, PVN, DMN a NTS (Maletinska ¢t 2008; Vrang et al., 1999b).
ProtoZze zn vitro experimeni byla zjiS€na stimulace jiného transktpiho faktoru,
Vv in vivo experimentech byla testovana aktivace c-Jun po podani peptidu CART
a NI’ CART 61-102 v oblastech mozku spojenych s reguydéjhu potravy.
potravy, pati ARC a PVN (Maletinska et al., 2008; Vrang et 4899a). AvSak uéthto
jader nebyla pozorovana aktivace c-Jundayreptidem CART.

Ve studii (Maletinska et al., 2008) bylo publikowarze podani peptidu CART do
tieti mozkové komory vyraznsniZilo gijem potravy u pes noc hladovych mysi
a stimulovalo Fos neurony v DMN. Na druhou stranme praci po podani peptidu CART
piimo do DMN doslo k vyraznému zvySenijmu potravy u potkain (Hou et al., 2010).
V této studii po podani peptidu CART doSlo k vyzmemu zvySeni ptu c-Jun
imunopozitivnich bugk v DMN a NTS. Tento fakt naztiaje zapojeni peptidu CART do
daleko komplex&sSiho reguléaniho mechanismu v oblastech, které souviseji daegu

piijmu potravy.
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Peptid CART i jeho analogy nabizeji stale nové nesfinv testovanin vitro, které
by mohly vést knalezeni jeho receptdru/MoZznym krokem je studium jinych
feochromocytomalnich bgtnych linii podobnych bhitkdm PC12, na kterych byla vazba jiz
prokazana (Maletinska et al.,, 2007). Provedeni lvazeh experimerit a testovani
signaliz&nich drah na novych feochromocytomovych liniich raghlo byt zajimavym

krokem v moZném objevu receptoru pro peptid CART.

7.2 PrRP ajeho nové lipidované analogy

Ackoliv maji neuropeptidy nizkou toxicitu a minimunediejSich dinku, jejich
klinicky potencial je limitovan nizkou stabilitou hiodostupnosti ve fyziologickych
podminkach. Row¥ anorexigenni neuropeptid PrRP ggniy pouze po centralnim podani
do teti mozkové komory a jeho centralnéinek po perifernim podani je limitovan
prichodnosti pes BBB (schéma 2).

V naSi laboratth byly syntetizovany nové analogy PrRP s mastnosekyou
piipojenou pes amidovou vazbu fioha¢. 2 a 3). Jedinym dosud znamyrfirpzenym
piikladem lipidovaného peptidového hormonu je ghrétiery vznika v Zaludku atgobi
v hypothalamu. Tento peptid obsahuje kyselinu aktan @Fipojenou es esterovou vazbu
na serin v pozici 3, ktera praygbdobré umoziuje pasivni transport ghrelinui‘gs BBB
(Pirnik et al., 2011). Novym syntetickym lipidovanypeptidem je analog GLP-1, liraglutid,
ktery byl nejdive vyuzivan v |éb¢ diabetu mellitu 2. typu a nyni i kdée obezity a jeho
stabilita v plasma je zvySena vazbou na sérovy albumin (Gault eRall1).

Obecré se dé&ici, ze lipidizace peptii zvySuje jejich stabilitu v plasénvazbou na
albumin a umoiuje centralni tinek analo§ po perifernim podani a rovh dochazi ke
zvysSeni stability v plasentéchto peptid. Proto byly v naSi laborationavrZzeny a testovany
lipidované analogy PrRP s navazanou mastnou kyaebnfizné délce uhlikovéhietzce.

Jako nejdinngjSi se jevi analogy s myristov@upalmitovou kyselinou.
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Schéma 2: Winek lipidovaného vs. Firozeného PrRP po perifernim podani

7.2.1 Afinita lipidovanych analoga PrRP in vitro k riznym receptonim

V predchozi naSi studii (Maletinska et al., 2011b) jsw#ili dulezitost C-konce
peptidovéhaetézce, ktery je pro PrRP20 i PrRP31 stejny a je zzétadni pro zachovani
biologickeé aktivity. Mastna kyselina @zné délce byla protoripojena na N-konec PrRP.
Na PrRP20 byly fipojeny mastné kyseliny o délce 8-14 ullikkyselina oktanova,
dekanova, dodekanova, myristovd). DelSi mastnélikysgkyselina palmitova a stearova)
jiz vyrazre negativié ovliviovaly rozpustnost PrRP20. Na PrRP31 bylip@eny mastné
kyseliny o délce 8-18 uhlik U PrRP31 s navazanou stearovou kyselinou bylanim
faktorem opt lipofilicita a rozpustnost peptidu, proto potéhbpyntetizovany analogy
s myristovowsi palmitovou kyselinou. U analogu PrRP32}alm-hPrRP31, byla mastna
kyselina gipojena na lysin v pozici 11. Tento analog vykaZol#nlogickou aktivitu
srovnatelnou s palm-PrRP31.

Dale byly syntetizovany a ve studii pouzity lipidmé analogy PrRP s myristovou
nebo palmitovou kyselinou a s modifikaci na C-kompmdle naSi fedchozi studie
(Maletinska et al., 2011b). V pozici 31 byl fengain vynmeénén za nekddové aminokyseliny
1-Nal, PheCl, Phek, PheNQ nebo za tyrosin. Tato vy@¥na mize zvySovat biologickou

aktivitu a stabilitu v dsledku ¥tSi odolnosti proti $peni peptidasami.
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Lipidované analogy PrRP 8zanou délkoudettzce mastné kyseliny maji zachovanou
vysokou afinitu ke GPR10 receptoru s hodnotew Kanomolarni oblasti a k b&mé linii
RC-4B/C, kterd endogetnrexprimuje GPR10 a NPFF2 receptory. Tyto vysledsyuj
v souladu s vysledky ziedchozich studii, kdy byly ve vazebnych experimgmntestovany
lidsky a potkani PrRP20 a PrRP31 s hodnotamvi BKanomoléarni oblasti (Langmead et al.,
2000). Vin vitro experimentech byl dale potvrzen agonistickinék lipidovanych analag
na GPR10 receptoriifozeny PrRP31 i analogy s myristovéigpalmitovou kyselinou byly
prokazany jako agonisté GPR10. Lipidované analogly aiokonce nizsi E€ (tedy vySSi
acinek na aktivitu) nezifrozeny peptid.

Pti vazebnych experimentech na Bamé membrany sreceptorem NPFF2
vykazovaly lipidované analogy vysSi afinitu ve sraui s pirozenym PrRP2@i PrRP31
ato s K10° M, coz je hodnota srovnatelna se stabilnim ligam®#PFF2 receptoru, 1DMe
(Engstrom et al., 2003; Maletinska et al., 2013)ntd fakt naznalje, Zze NPFF2 hraje
duleZitou roli v centralnim fisobeni lipidovanych analédPrRP.

DalSim testovanym receptorem ve vazebnych studihlidsky receptor Y5
transfekovany v hikach U20S. Vazba k Y5 receptortirpzeného PrRP31 byla nizka a K
stanovena kompetitivni vazbou ¥a8-PYY byla 10° M. OvSem u vybranych testovanych
analogi, palm-PrRP31 a ¥palm-hPrRP31, doslo kddovému zvy3eni vazebné afinity
k receptoru Y5. Tento fakt iie nazné&ovat, Zze Y5 receptor @te hrat roli v dinku
lipidovanych analofy PrRP a je pdeba dalSi testovanin vivo k prokazani &inku. Y5
receptor je zapojeny do regulad@mu potravy a fes tento receptorisobi NPY, PYY¢i
PP (Cabrele et al., 2000; Gerald et al., 1996)p&dani NPY¢i selektivniho agonisty
receptoru Y5 dochazi ke zvySertijmu potravy u mysi i potkan(Cabrele et al., 2000).
Antagonisté Y5 receptoru naopakjem potravy snizuji (Criscione et al., 1998). d&'gba
provést dalSi experimenty s lipidovanymi analogyRPra pro¥iit, zda mohou mit

potencial@ antagonisticky &inek na Y5 receptor.

7.2.2 Ué&inek lipidovanych analogi PrRP v kratkodobém podavani hladovym mysim
Jiz diive bylo prokazano, Ze PrRP je anorexigenni faktojeho mRNA je

exprimovana v oblastechilézitych pro regulaci energetické rovnovahy, jak®@MN, NTS

¢i VLM (Lawrence et al., 2000). Mnoho studii daletyrdilo, Ze PrRP po ICV podani do

tieti mozkové komory sniZujeipem potravy a zvySuje energeticky vydegkesnou teplotu

(Ellacott et al., 2002; Lawrence et al., 2000; Mesova et al., 2011). Ellacot a kol. zjistili,
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Ze u potkafi dochazi po ffdennim centralnim podavani PrRP ke snizeni vnistavo
k anorexigennimdinkam (Ellacott et al., 2003).

Lipidované analogy PrRP byly testovany v kratkodolpéijmu potravy u hladovych
mysSi s cilem it jejich pasobeni po podani do periferieckliv v in vitro experimentech
byly zméteny velmi podobné afinity lipidovanych analo@rRP20 a PrRP31 ke GPR10
a vSechny analogy &y agonisticky @&inek, pouze analogy s myristovou, palmitovou
a stearovou kyselinou vyragzra dlouhodob snizily gijem potravy u hladovych mysi.
Z téchto vysledk vyplyva, Ze pedevSim analogy s myristovail palmitovou kyselinou
maji velky potencial na sniZeniijonu potravy po perifernim podani. V kratkodobéifjrpu
potravy prokazaly silny anorexigennéidek také analogy s modifikaci na C-koncovém
fenylalaninu, a to jedevdim palmitoylovany analog s 1-Ral myristoylovany

a palmitoylovany analog s Phela palmitoylovany PheN£&.

7.2.3 Uginek lipidovanych analogi PrRP v dlouhodobém podavani DIO mySim

U kratkodolg nej&innéSich analo§ palm-PrRP31, myr-PrRP20 a analogu 6
s palm-PheGF! byl dale testovan dlouhodoby opakovan§inék na pijem potravy a
télesnou hmotnost po perifernim podani u mysi s O38ronické dvoutydenni podavani
lipidovanych analogynevedlo k toleranci a anorexigendinek byl zachovan po celou dobu
experimentu.

Télesnad hmotnost u mysi s DIO byla signifikansmiZzena u vSech skupin¢lé&sna
hmotnost u kontrolni skupiny na konci pokusu nelsyl&#ena a tato skutgost naznéuje,
Ze DIO mysi nebyly po dobu experimentu stresovéagtou manipulacéi injekénim
podavanim latek.

K nejvyrazrgjSimu snizeni celkové hmotnosti tuku (zejména padkoo
a perirealniho) doslo ve skupirkteré byl podavan palm-PrRP31. Ubytek tukové &yl
provazen vyraznym sniZzenim hladiny leptinu v plasm jeho exprese v podkozni
a intraperitonealni tukoveé tkani. Snizené byly adihy mRNA pro FASN v podkozZni a
visceralni tukove tkani.

U jater doslo po podavani vsee¢hlétek pouze k mirnému, nesignifikantnimu snizeni
jejich hmotnosti. V jatrech v3ak byla snizena egprenRNA lipogenetickych enzym
ACACA a FASN a jejich transkrimiho faktoru SREB, coZz nazhge sniZzenide novo

lipogeneze vlivem negativni energetické bilancéspbpené snizenyniipnem potravy.
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Po podavani analogu myr-PrRP20 a analogu 6 s pab@#! nedoslo k vyraznému
snizeni hladiny krevni glukosy a insulinu v pl&sm ani hladiny triglyceriél nebyly

signifikantre zmenéné. Palm-PrRP31 naopak snizil hladinu insulinuaspé.

Pro dalSi studium lze vyuZit n&wyntetizovanych lipidovanych anatod®rRP
s mastnou kyselinou ve vybranych pozicich uvraminokyselinovéhoietézce. Tato
modifikace niize spolu sfdanim KHzné spojovaci molekuly (glutamova kyselina,
polyethylenglykol) pispét k iinngjSi dostupnosti z periferie (z podkozi) a ke zvysen
stability v organismu. Bkteré nové lipidované analogy PrRP vyrézziepSuji nejen
metabolické parametry spojené s obezitou, jakaiesi hmotnosti tukové tkérm snizeni
hladiny leptinu. Rové&Z je naSim fednttem zajmu zkoumani mechanismuinku
v periferii i v CNS po perifernim podani. Pro popkai mechanismuigobeni a pro aseni
afinity lipidovanych analoyPrRP k NPFF2 a Y5 receptoiruvivo by mohla pispét studie
na mysich s iilazenym genem pro receptor GPR10. Studium novyaolanych analogy
PrRP pispéje k pochopeni detaifjsich mechanisin G¢inku a nejdinngjsi lipidované

analogy PrRP mohou skytat velky potencialdbtobezity.
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Studie tykajici se peptidu CART a jeho andlgiispiva k objaséni vztahu mezi
strukturou a biologickou aktivitou. Pomoci experitigorovad&nych na buééné linii PC12,
obsahujici vazebna mista pro peptid CART, jsmeovedit vazebnou afinitu a moznou
signaliz&ni drahu. NejainngjSi analog peptidu CART byl ro¥a testovan
v imunohistochemickych experimentech a rigem potravy po ICV podani hladovym
mySim.

Ve vazebnych experimentech vykazoval vysokou afitkitouikdm PC12 peptid
CART 61-102, ale i stabilni analog R{eCART 61-102. Pro zachovani biologické aktivity
neni nezbytny disulfidovy fistek v pozici 68-86. Tyto analogy byly raiimvelmi Einné
na sniZzeni imu potravy u mysi. Zn vitro testovani potencialnich signaléréch drah,
aktivoval peptid CART drahu SAPK/JNK s naslednotivalci c-Jun.

V experimentech prov&dych na hladovych mysSich peptid CART i jeho analogy
vyznammé snizovaly pijem potravy a po provedeni imunohistochemickeé istuaylo
zZjisténo, Ze dochazi k aktivaci c-Jun v oblastech mozlwvisejicich s fijmem potravy.
NaSe studie ffispivaji k hledani mechanismitinku peptidu CART a mohou tak nazita

cestu k dalSimu hledani jeho receptoru.

Experimenty provaghé in vitro i in vivo s lipidovanymi analogy PrRPfippely
k objasrni biologické aktivity &chto analog a jejich fyziologickych dinka. Z vazebnych
experimeni bylo zjiS€no, Ze analogy PrRP s mastnymi kyselinami se v&weysokou
afinitou ke GPR10 receptoru a dokonce s vySSitafink NPFF2 receptoru neZifpzeny
peptid. Rekvapiva byla afinita lipidovanych analo§ burg¢né linii s transfekovanym Y5
receptorem. frozeny PrRP se vSak na tento receptor vazal valhbmi.

V in vivo pokusech na hladovych mysich byly testovany aryaegyristovou
a palmitovou kyselinou a zamami za derivaty Phe na C-konci. Analog 6 s PheCl
vykazoval dlouhodoby anorexigenniiiek. Analogy palm-PrRP31, myrPrRP20 a analog 6
byly testovany v dlouhodobém experimentu na DIO ietySu kterych vyznaninsnizily
piijem potravy a dlesnou hmotnost. Také doSlo ke zlepSe&kterych metabolickych
parameti jako je sniZzeni hladiny leptinu v plagmieho mRNA v tukové tkani.

Lipidované analogy PrRP nabizeji velky potencia@ galSi studium mechanismu
acinku a tyto latky mohou byt vhodnymi &idnymi kandidaty pro l&u obezity.
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CART (cocaine- and amphetamine-regulated transcript) peptide is a neuropeptide with a
powerful central anorexigenic effect. Specific CART peptide binding sites, most likely CART
peptide receptors, have been found in PC12 cells. This study further characterizes the CART
peptide binding sites in PC12 cells.

After differentiation to a neuronal phenotype with nerve growth factor, the number of
CART peptide binding sites in PC12 cells tripled. Following dexamethasone treatment,
which transforms PC12 cells into chromaffin-like cells, the number of CART peptide
binding sites substantially decreased. CART peptide did not affect the differentiation or
acetylcholinesterase activity of PC12 cells, indicating that CART peptide does not partici-
pate in differentiation or neuronal activity.

CART peptide increased the phosphorylation of SAPK/JNK (stress-activated protein
kinase/c-Jun-amino-terminal kinase) and subsequent c-Jun protein expression. These
effects were reversed by SP600125, a specific JNK-kinase inhibitor. CART peptide did not
significantly affect ERK (extracellular signal-regulated kinase), CREB (cAMP responsive
element binding protein), or p38 phosphorylation and c-Fos protein expression. Central
administration of CART peptide into mice also resulted in increased c-Jun positive cells in
dorsomedial hypothalamic nucleus and nucleus of the solitary tract, areas involved in food
intake regulation.

Activation of c-Jun by CART peptide might indicate a possible role of CART peptide in
managing stress conditions rather than a role in cell proliferation or differentiation as well
as the more complex and/or specific regulation ways by transcription factors in some
nuclei involved in food intake regulation. The characteristics of stress that CART peptide
potentially mediates should be further studied.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

CART (cocaine- and amphetamine-regulated transcript) was
discovered as a gene transcript found to be induced by
cocaine or amphetamine (Douglass and Daoud, 1996) and
was linked then to a peptide earlier isolated from the ovine
hypothalamus (Spiess et al., 1981). Subsequently, CART (55-
102) and CART (62-102) peptides were shown to exhibit
equivalent biological activities (Maixnerova et al, 2007;
Thim et al., 1998). Kristensen et al. (1998) demonstrated that
CART expression in the hypothalamus was induced by leptin,
CART peptide shows anorexigenic effects under both fasting
and normal conditions, and can inhibit the orexigenic effect
of neuropeptide Y (NPY).

Even the structure and effects of CART peptides have
already been known for 15 years, the receptor has not yet been
identified. There are only several suggestions of the existence of
a CART peptide receptor: the neuropeptide-like characteristics
of CART peptide, its specific binding to cell membranes and
whole cells (Maletinska et al., 2007), and its effects on intracel-
lular signaling (Rogge et al, 2008). Within the brain, CART
peptides are expressed exclusively in neurons, suggesting that
CART peptides are neuropeptides; therefore, receptors for CART
likely exist (Couceyro et al., 1997). Additionally, the CART pro-
peptide co-localizes with pro-hormone convertases that acti-
vate neuropeptide precursors (Thim et al., 1999).

With respect to CART peptide binding, radiolabeled I
CART (61-102) binding to AtT20 pituitary cells has been
reported; however, data on non-specific binding were not
provided (Vicentic et al., 2005). Our laboratory has demonstrated
the specific binding of ***I CART (61-102) with a low non-specific
binding in pheochromocytoma PC12 cells, both in their native
state and after differentiation to a neuronal phenotype
(Maletinska et al., 2007). Specific binding of '?°I CART (61-102)
in the nucleus accumbens was reported to be inhibited by the
GTP analog Gpp(NH)p, thus suggesting the involvement of a
G-protein coupled receptor (Jones and Kuhar, 2008).

Several intracellular effects of CART peptides have been
reported. In primary hippocampal cells, CART peptide was
found to reduce depolarization-induced Ca®* influx through
the inhibition of voltage-gated Ca?* channels. However, in
PC12 cells, CART peptide did not affect the Ca®* signal,
although voltage-gated Ca®* channels are present in PC12
cells (Yermolaieva et al., 2001). Furthermore, CART peptide
was reported to activate mitogen-activated protein kinase 42/
44 (MAPK 42/44, Erk 1/2) in both pituitary AtT20 cells (Lakatos
et al,, 2005) and PC12 cells (Lin et al, 2011), and it was
suggested that CART peptide acts through Gy, type receptors.

This study is based on our previous results on the specific
binding of CART peptide to PC12 cells (Maletinska et al., 2007)
and aims to further characterize the putative CART peptide
receptor by the density of CART peptide binding sites in PC12
cells following differentiation either to a neuronal or a chro-
maffin phenotype, by the acetylcholinesterase activity in
response to CART peptide, and by the potential activation of
several intracellular signaling pathways. Activation of c-Jun was
also followed in vivo after CART peptide intracerebroventricular
(ICV) administration in mouse brain areas involved in food
intake regulation by immunohistochemistry.

2. Results
2.1.  Saturation binding to PC12 cells

In native pheochromocytoma PC12 cells and in those differ-
entiated to neuronal and chromaffin phenotypes, saturation
specific binding was measured to compare the binding
affinity of CART peptide and the density of CART peptide
binding sites in the different cell phenotypes.

Similarly as in our previous study (Maletinska et al., 2007),
the saturable, specific binding of '*’I-CART (61-102) to native
non-differentiated plated PC12 cells exhibited a Kyq of
2.36+1.28 nM and a Bpax of 36014592 binding sites/cell.
Non-specific binding comprised approximately 36% of the
total binding. Non-linear regression analysis showed one
binding site (see Table 1, Fig. 1a).

In PC12 cells differentiated by nerve growth factor (NGF) to
the neuronal phenotype (Greene and Tischler, 1976), fully
developed structures of neurons and axons were clearly
visible using a phase contrast microscope (not shown).
The saturation binding of ®’I-CART (61-102) to the cells differ-
entiated with NGF gave a K4 of 2.09+0.66 nM and a Bpax Of
112484930 binding sites/cell. Approximately 14% of the total
binding was non-specific (see Table 1, Fig. 1b). For PC12 cells
differentiated to a neuronal phenotype using PACAP (pitui-
tary adenylate cyclase activating peptide), CART peptide
binding sites exhibited a Kq of 2.02+0.22 and a Bpax Of
8853+ 386 binding sites/cell (see Table 1, Fig. 1c). Treatment
with a combination of NGF and PACAP also resulted in a
neuronal phenotype with a K4 value and a binding site
density similar to those measured after NGF treatment (not
shown). PC12 cells differentiated to neuronal phenotypes
either with NGF or PACAP had CART peptide binding sites
with a very similar affinity and density.

Dexamethasone (Dex) was used to differentiate PC12 cells
to chromaffin cells which have a shape similar to non-
differentiated cells but a lower cell density (not shown).
As more than 50% of the total "I-CART (61-102) binding was
non-specific, the K4 could not be determined. The density of
the binding sites was very low (see Table 1, Fig. 1d).

Several days long treatment with CART peptide did not
result in any sign of cell differentiation or proliferation in PC12.

2.2.  Acetylcholinesterase activity

Acetylcholinesterase activity in PC12 cells was determined after
24 h of incubation with CART (61-102), using NGF as a positive

Table 1 - Saturation binding in PC12 cells.

PC12 cells Bmax K4 [nM]
[binding sites/
cell]
Nondiferentiated 3601 +592 2.364+1.28
Diferentiated by NGF 11248 +930 2.09+0.66
Diferentiated by PACAP 88534386 2.02+0.22
Diferentiated by 14906 + 679 1.85+0.29
PACAP+NGF
Diferentiated by Dex LOW Bax
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Fig. 1 - "®I-CART (61-102) saturation binding to: (a) non-differentiated, (b) NGF-differentiated, (c) PACAP-differentiated, and (d)
dexamethasone differentiated PC12 cells. The cells were incubated at 37 °C for 30 min with increasing amount of '>’I-CART
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figure is a representative example of three to six experiments carried out in duplicates.

)

£

°

S

Q= 1.6x10°

£ =

: € *kk

°F

SO 1.2x10° -

Eao

>

o e

> = .

T 2 8.0x10° - e

g8 = b

%E : *k%k

26 4.0x10%

02

£

= 0

= ¢ Q s+ )

*E Q’\fb° s Q° \',\Qq'

< ¥ &8
ov.

Fig. 2 - Acetylcholinesterase activity in PC12 cells was
determined after 24 h of incubation with CART (61-102),
using NGF as a positive control, as well as with PACAP and
Dex. Acetylcholinesterase activity was measured as the
increase in thiocholine released from acetylthiocholine.
Statistically significant differences from the control are
indicated (***P<0.001).

control, as well as with PACAP and Dex. Acetylcholinesterase
activity was measured as the increase in thiocholine released
from acetylthiocholine. As expected, acetylcholinesterase activity
in PC12 cells was significantly increased after NGF treatment.

The activity of acetylcholinesterase was not significantly affected
by CART (61-102) or PACAP but was significantly decreased after
treatment with Dex (see Fig. 2).

2.3.
peptide

Detection of signaling pathways induced by CART

We were not able to reproduce the CART peptide-induced Erk1/2
phosphorylation reported by Lakatos et al. (2005) in AtT20 cells
and by Lin et al. (2011) in PC12 cells (Fig. 3a). During a five-day
incubation of PC12 cells with CART (61-102), we did not note any
of the effects on cell proliferation or differentiation (not shown)
that usually result from activation of Erk1/2. Similarly we did not
observe activation of CREB (cAMP responsive element binding
protein) after administration of both CART (61-102) or its analog
Nle®” CART (61-102) (Fig. 3b). Therefore, we tested the possible
activation of two other signaling pathways, SAPK/INK (stress-
activated protein kinase/c-Jun-amino-terminal kinase) and p38,
which are often induced by stress conditions but do not result in
cell proliferation and/or differentiation. The results of these
experiments are shown in Fig. 3c—e.

After application of CART (61-102), c-Jun protein was
significantly increased; this increase was inhibited by treat-
ment with SP600125, a selective inhibitor of JNK phosphor-
ylation. A slight but non-significant increase in c-Jun
phosphorylation was also observed after application of the
CART peptide analog Nle®” CART (61-102); SP600125 inhibited
this effect as well (Fig. 3c).

JNK phosphorylation, which precedes the activation of
c-Jun, was significantly increased both by CART (61-102) and
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Fig. 3 - Characterization of CART (61-102)-induced phosphorylation of: (a) MAPK/Erk1/2, (b) CREB, (d) JNK, (e) p38, and
expression of (c) c-Jun and (f) c-Fos. PC12 cells were grown and treated as described in experimental procedure and were
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means +S.E.M. of at least three independent experiments performed in duplicate. The phosphorylation level in the control
cells was standardized as 100%. Statistically significant differences from the control are indicated (*P<0.05, **P<0.01).
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Nle®” CART (61-102); this effect was blocked by SP600125
(Fig. 3d). This demonstrates that CART peptide induced the
activation of the JNK pathway.

A non-significant increase in the phosphorylation of p38
was found following administration of CART (61-102) and its
analog Nle®” CART (61-102). This increase was blocked by the
selective p38 inhibitor SB203580 (Fig. 3e).

Finally, neither CART (61-102) nor Nle®” CART (61-102)
affected c-Fos protein expression in PC12 cells (Fig. 3f) despite
previous reports from in vivo studies in the hypothalamus
(Kristensen et al., 1998; Maletinska et al., 2008).

NGF served as a positive control when evaluating the
increased phosphorylation of JNK, p38 or Erk1/2 or the increase
in c-Fos or c-Jun protein (Fig. 3a—f) because NGF stimulates all of
these pathways in PC12 cells (Eriksson et al., 2007).

2.4.  c-Jun immunoreactivity in hypothalamic nuclei and
nucleus tractus solitarii after CART peptide administration

The statistical analysis revealed significant effect of treatment
on c-Jun cell activation in dorsomedial (DMN) (F31,=4.9942,
p=0.017832) nuclei as well as in nucleus tractus solitarii (NTS)
(F31,=4.3693, p=0.026823).

Post hoc test showed that central CART (61-102) peptide
administration increased the number of c-Jun cells in DMN
and NTS compared to saline treated animals (Fig. 4). In DMN
the central effect of CART (61-102) peptide on c-Jun cells
activation was dose dependent (Fig. 4) and CART (61-102)
peptide diffusely influenced cells of ventral, diffuse and
compact part of DMN (Fig. 5A and B). The c-Jun protein
positive cells in NTS were distributed mainly in its

90 -
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Hm NTS
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Number of c-Jun cells (unilaterally)
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x and * p < 0.05 vs saline
#p <0.05vs CART(61-102) 0.1 ug/mouse

Fig. 4 — The effect of ICV applied saline (SAL), CART (61-102)
peptide (0.1 and 1 pg per mouse) and Nle®” CART (61-102)
peptide (1 pg per mouse) on c-Jun cell activation of brain
nuclei involved in food intake regulation in C57 mice

(n=5 per group). ARC - arcuate nucleus, PVN - hypothalamic
paraventricular nucleus, VMN - ventromedial hypothalamic
nucleus, DMN - dorsomedial hypothalamic nucleus,

NTS - nucleus of the solitary tract, *p <0.05 vs SAL, *p<0.05
vs. CART (61-102) peptide 0.1 pg.

ventromedial part after central application of CART (61-102)
peptide (Fig. 5C and D). No effects of applied CART peptides
on c-Jun cell activation were found in paraventricular nucleus
(PVN), ARC or ventromedial nucleus (VMN) (Fig. 4).

3. Discussion

Over the past 15 years, a variety of biological actions have been
attributed to CART peptides; however, the CART peptide recep-
tor has not been identified. Despite previous reports detecting
the specific binding of ?°I-CART (61-102) in AtT20 pituitary cells
(Vicentic et al, 2005), we were unable to reproduce these
results. In 2007, we found CART peptide specific binding sites
in both native pheochromocytoma PC12 cells and those differ-
entiated into a neuronal phenotype (Maletinska et al., 2007).
Therefore, for these studies, we used PC12 cells to further
characterize the CART peptide binding sites.

PC12 cells act similarly to immature neural crest cells that
can be differentiated by NGF or PACAP to neurons or by
glucocorticoids to chromaffin cells (Adler et al.,, 2006). In this
study, application of CART peptide did not produce detectable
changes in the PC12 cell morphology or cell number induced
by CART peptide itself. However, following differentiation of
PC12 cells to a neuronal phenotype by NGF or PACAP, the
number of CART peptide binding sites was greatly increased.
In contrast, following the differentiation of PC12 cells to
chromaffin cells by Dex, the number of CART peptide binding
sites in PC12 cells was so low that it was impossible to
determine their density. This means that the presence of
CART peptide binding sites is specific to neurons or tumor
chromaffin cells rather than normal chromaffin cells.

In order to strengthen our results, experiments were
performed also with a potent analog Nle®” CART (61-102)
characterized in our previous study (Blechova et al., 2013).

As mentioned previously, CART peptide did not affect PC12
cell morphology and also did not affect acetylcholinesterase
activity. Only the NGF treatment increased acetylcholinesterase
activity in PC12 cells, which means that NGF eliminated the
response to acetylcholine and fully transformed the PC12 cells
such that they exhibit neuron-like behavior.

With respect to CART peptide-induced intracellular signal-
ing, two very different effects on Erk1/2 phosphorylation have
previously been reported. CART peptide was shown to sti-
mulate Erk1/2 phosphorylation in AtT20 pituitary cells by
Lakatos et al. (2005) and by Lin et al., (2011) in PC12 cells.
Moreover, activation of Erk1/2 and CREB in the INS-1 beta cell
line and in isolated rat islets has been reported to be induced
by CART peptide (Sathanoori et al., 2013). On the other hand,
Sen et al. (2008) found that administration of CART peptide
reverses follicle stimulating hormone-induced ERK1/2 and
Akt signaling in granulose cells. We did not observe any
activation of ERK1/2 in PC12 cells by CART peptide as reported
by Lin et al. (2011) or by its analog Nle®” CART (61-102).
Additionally, we did not register any effects of CART peptide
on the differentiation and proliferation of PC12 cells that
usually results from Erk1/2 phosphorylation.

In this study, we demonstrated the stimulation of JNK and
subsequently c-Jun activation based on increase in the
phosphorylation and the total protein, respectively. These
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Fig. 5 - The effect of ICV applied saline (A and C) and CART (61-102) peptide in dose of 1 pg per mouse (B and D) on c-Jun cell
activation of dorsomedial hypothalamic nucleus (A and B) and nucleus of the solitary tract (C and D) in C57 mice. 3V - 3rd
brain ventricle, DMN - dorsomedial hypothalamic nucleus, AP - area postrema, NTS - nucleus of the solitary tract.

data were confirmed by blocking these effects with the
specific JNK kinase inhibitor SP600125. These increases were
due to c-Jun induction by JNK rather than by Erk1/2, another
pathway that can activate c-Jun (Leppa et al., 2001). In the
signaling study by Lin et al. (2011), the cells were differen-
tiated by NGF or PACAP; thus, these peptides themselves
could cause Erk1/2 stimulation.

CART peptide and Nle® CART (61-102) produced a non-
significant increase in p38 phosphorylation that was reversed
by SB203580, the specific inhibitor of p38 phosphorylation.
CART peptide or Nle®” CART (61-102) did not affect the protein
expression of c-Fos, a component of the AP-1 transcription
factor consisting of a dimer of Jun- or Fos- family proteins.

We can conclude that the CART peptide and its analog
Nle®” CART (61-102) in PC12 cells likely activates the JNK
pathway, which is primarily induced by inflammatory cyto-
kines and stress conditions (Chang and Karin, 2001).
Although c-Jun activation has been described to result in
the differentiation of PC12 cells (Leppa et al., 2001), we did not
observe any differentiation following CART peptide. As it has
been shown later that differentiation of PC12 cells requires
the cooperation of c-Jun with c-Fos (Eriksson et al., 2007).
As c-Fos was not stimulated by CART peptide in PC12 cells,
this may explain these results.

It was well demonstrated that anorexigenic effect of ICV
administered CART peptide was associated with Fos neurons
stimulation in PVN, ARC, DMN and NTS (Maletinska et al.,
2008; Vrang et al., 1999b). Because CART peptides were able to
stimulate another transcription factor in in vitro part of our

study, we decided to evaluate in vivo effect of ICV CART
peptide on the c-Jun cell activation in the brain nuclei
involved in food intake regulation mentioned above.

ARC and PVN neurons belong to the major hypothalamic
sources of CART peptides (Vrang et al., 1999a) and sites where
CART peptide regulates food intake in mice (Maletinska et al.,
2008; Yu et al., 2008) but we found no effect of applied CART
peptides on c-Jun cell activation in this brain nuclei. More-
over, although c-Jun is also involved in food intake regulation
through the ARC and PVN (Kim et al., 2005), the high levels of
c-Jun expression observed in ARC already under basal condi-
tions (Herdegen et al, 1995) as well as a multifunction
physiological role of PVN involved also in stress condition
(Imaki et al., 1996) may explain this discrepancy.

It was shown in our previous study that the injection of
CART peptide into the third brain ventricle significantly
attenuated food intake in overnight fasted mice and stimu-
lated Fos neurons in DMN (Maletinska et al., 2008). On the
other hand, the injection of CART peptide directly into DMN
resulted in significantly increased feeding of fasted rats
(Hou et al.,, 2010). Therefore, the significant effect of CART
peptide on the c-Jun cell activation demonstrated in DMN and
NTS in our in vivo part of the study may indicate more complex
and/or specific regulation ways through the several transcription
factors in these nuclei in processes of food intake regulation.

Recently, the antioxidant properties of CART peptides
have been reported based on CART localization to mitochon-
dria (Mao et al, 2012). A potent neuroprotective action of
CART peptide was demonstrated in a Parkinson disease
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mouse model (Mao et al., 2013). However, our binding experi-
ments performed with intact cells and isolated cell mem-
branes do not support mitochondrial localization of CART
peptide receptor (Maletinska et al., 2007).

The activation of c-Jun by the action of CART peptide
points to a possible role of CART peptide in managing stress
conditions rather than in cell proliferation or differentiation.
Further studies should address the characteristics of the
stress that CART peptide could potentially mediate.

4. Experimental procedure

4.1. CART peptide analogs and iodination
of CART(61-102)

CART (61-102) was a gift from Novo Nordisk (Novo Nordisk,
Bagsvaerd, Denmark). Nle®” CART (61-102) was synthesized as
described previously (Blechova et al., 2013). CART(61-102) was
iodinated at Tyr®? with Na['***I] (MP Biomedicals, Illkirch,
France) using IODO-GEN™ (Pierce, Rockford, IL, USA) and
purified as described previously (Maletinska et al., 2007). The
specific activity of '°I-CART (61-102) was approximately
2000 Ci/mmol.

4.2, Cell culture

The PC12 cell line was obtained from ATCC (Manassas, VA,
USA), grown on a polyethylene imine (PEI)-coated surface and
maintained in exponential growth as described previously
(Maletinska et al., 2007).

The cells were differentiated by supplementation with
NGF (Sigma-Aldrich, St. Louis, USA, 50 ng/ml), PACAP 38
(Polypeptide Laboratories, Strasbourg, France, 0.1 uM), or Dex
(Sigma-Aldrich, St. Louis, USA, 2.5uM ) on fresh media on
days 1, 3, and 5 (Adler et al., 2006). On day 7, cells at a density
of 5x10° cells/well were used in the binding experiment.
The differentiation was determined microscopically, and the
numbers of cells per well were counted before and after the
experiment.

4.3.  '2°I-CART (61-102) saturation binding to intact
plated cells

Saturation binding experiments were performed according to
Motulsky and Neubig (2002). The cells grown on PEI- coated
24-well plates (Nunc, Roskilde, Denmark) were incubated
with 0.5-5 nM ®I-CART (61-102) in a total volume of 0.25 ml
of binding buffer (20 mM HEPES buffer pH 7.4, 118 mM Nacl,
4.7 mM KCl and 5 mM MgCl,, 5.5 mM glucose, 1 mg/ml BSA,
and 0.1 mg/ml basic pancreatic trypsin inhibitor) for 30 min at
37 °C, as previously optimized (Maletinské et al., 2007). Non-
specific binding was determined using 10~°> M CART (61-102).
After incubation, the cells were washed and then solubilized
in 0.1N NaOH. Bound radioactivity was determined by
y-counting (Wizard 1470 Automatic Gamma Counter, Perkin
Elmer, Wellesley, MA, USA). The total binding was 2-5% of the
radioactivity added. Experiments were carried out at least
three times.

4.4.  Acetylcholinesterase activity

PC12 cells were grown on PEI-coated 6-well plates (IWAKI,
Lennox Lab Supplies, Dublin, Ireland) at 7 x 10° cells/well and
incubated 20 h in the serum-free medium and then in either
serum-free medium or supplemented with the addition of
1uM CART (61-102), 50 ng/ml NGF, 0.1 uM PACAP or 2.5 M
dexamethasone for 24 h. After washing with cold phosphate-
buffered saline (PBS), the cell pellet was solubilized in 0.5 ml
cold 10 mM Tris, pH 7.2, 1M NaCl, 50 mM MgCl,, 1% Triton
X-100 and stored at —80 °C (Adler et al., 2006).

The cell lysate (200 ul) was mixed with 200 pl of phosphate
buffer (0.1 M pH 8), 12.5 pl of 0.01 M 5.5'-dithiobis-(2-nitroben-
zoic acid) solution (DTNB, in 0.1 M phosphate, 0.02 M NaHCO3,
PH 7) and after 5 min, 2.5 pl of 0.08 M acetylthiocholine iodide in
water was added. A substantially decreased mixture of 200 pl of
the solubilization buffer and 200 ul of phosphate buffer pH 8
was used as a blank. After mixing, the absorbance of each
sample at 412 nm was measured for 5 min. The experiments
were performed in duplicates (Schwartz et al., 2007).

4.5.  Testing of CART peptide-induced signaling pathways
by immunoblotting

PC12 cells were grown on PEI-coated 24-well plates for 3 days
to a density of 2 x 10° cells/well (Nunc, Roskilde, Denmark).
Serum-free medium was applied 20 h before the experiment.
The cells were incubated with 1 M CART (61-102), 1 uM Nle®”
CART (61-102), or NGF (50 ng/ml) with or without the kinase
inhibitors SP600125, SB203580 or U0126 (all 107> M, Sigma-
Aldrich, St. Louis, USA) for 10 or 60 min at 37 °C.

After incubation, the cells were washed with cold PBS and
lysed in sample buffer (62.5mM Tris/HCl pH 6.8, 2% SDS,
10% glycerol, 0.01% bromophenol blue, 5% $-mercaptoethanol
with 5 mM sodium orthovanadate and 50 mM NaF) on ice.

For Western blotting, lysates of equal numbers of cells
were subjected to electrophoresis using 4-12% SDS-PAGE gels.
Polyvinylidene difluoride (PVDF) membranes (Sigma-Aldrich,
St. Louis, USA) were used for protein transfer.

The membranes were blocked with 5% non-fat milk
supplemented with 5 mM NazVO, and 50 mM NaF and then
incubated with the appropriate primary antibody (c-Jun rabbit
mADb, phospho-SAPK/JNK (Thr183/Tyr185) rabbit mAb, SAPK/
JNK rabbit mAb, phospho-p38 MAPK (Thr180/Tyr182) rabbit
mADb, p38 MAPK rabbit mAb, or c-Fos rabbit mAb, all diluted
1:1000, or phospho-p44/42 MAPK [Thr202/Tyr204] mouse
mAb, p44/42 MAPK mouse mAb, or actin rabbit mAB, all
diluted 1:2000) at room temperature for 1 h.

Anti-mouse IgG HRP-linked antibody or anti-rabbit IgG HRP-
linked antibody diluted 1:2000 was applied at room temperature
for 1h. All antibodies were purchased from Cell Signaling
Technology, Danvers, MA, USA. The membrane was developed
with SuperSignal West Femto maximum sensitivity substrate
(Pierce, Rockford, IL, USA) following the manufacturer’s instruc-
tions and detected with a ChemiDoc™ XRS+ System with
Image Lab™ Software (Bio-rad, Hercules, CA, USA).

The relative density of the immunodetected bands was
quantified using Image Lab software version 4.0.1. (Bio-Rad,
Hercules, CA, USA). Band intensities were normalized using
actin as an internal loading control and the ratios of the
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intensity of the band corresponding to phosphorylated pro-
tein to the intensity of the band corresponding to total level
of protein were calculated.

4.6.  c-Jun immunohistochemistry

4.6.1. Tissue processing

All experiments followed the ethical guidelines for animal
experiments and 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/mice (Anlab, Prague, Czech Republic) were
housed at a temperature 23 °C under a daily cycle of 12h
light and dark (light from 6.00 a.m.) with free access to water
and standard chow diet (St-1, Mlyn Kocanda, Jesenice, Czech
Republic). At the age of 12 weeks, mice were implanted with
cannulas into third ventricle (AP 2 mm, V 3 mm) as described
previously (Maletinska et al., 2007). Animals were placed into
separate cages and allowed to recover from the surgery for at
least three days before being used in the experiment.

The c-Jun rabbit antibody was obtained from Cell Signaling
Technology. For c-Jun immunohistochemical processing,
overnight fasted mice (n=>5 mice/group) were ICV treated
with saline, CART (61-102) in dose of 0.1 ug/mouse and 1 pg/
mouse or its analog Nle®” CART (61-102) in dose of 1 ug/mouse
as described previously (Maletinska et al., 2008). Ninety
minutes after ICV injection, the mice were deeply anesthe-
tized with pentobarbital (50 mg/kg, intraperitoneally) and
perfused transcardially with 0.1 M phosphate buffer (PB,
PH 7.4) containing 4% paraformaldehyde. Then the brains
were removed, postfixed in the same fixative overnight at
4 °C, and infiltrated with 20% sucrose in 0.1 M PB for 48 h at
4°C. The brains were cut into coronal sections of 30 pm
thicknesses at —22 °C in a cryostat CM1950 (Leica Microsys-
tems GmbH, Germany) and the sections were collected as free
floating in cold (4 °C) PB. Location of ICV cannulas in the third
ventricle was verified during sectioning.

4.6.2. Immunohistochemistry

Free floating sections were repeatedly washed in cold PB
followed by preincubation in 3% H,0, for 40 min at room
temperature. They were incubated with c-Jun Rabbit mAb
(1:400), diluted in 0.1 M PB containing 4% normal goat serum
(Gibco, Grand Island, NY, USA), 0.5% Triton X-100 (Koch-Light
Lab. Ltd., Colnbrook, Berks, England), and 0.1% sodium azide
for 48 h at 4 °C. After several rinses in PB, the sections were
incubated with biotinylated goat-anti-rabbit IgG (1:500, Vec-
torStain Elite ABC, Vector Lab., Burlingame, CA, USA) for
90 min at room temperature. Next PB rinses were followed
by incubation with the avidin-biotin peroxidase complex
(1:250) for 90 min at room temperature. PB washing was
followed by washing in 0.05M sodium acetate buffer (SAB,
pH 6.0). The c-Jun antigenic sites were visualized with
0.0266% 3.3'-diaminobenzidine tetrahydrochloride (DAB) dis-
solved in SAB containing 0.0006% H,0, and 2.5% nickel
ammonium sulfate, for 7 min. The metal-intensification of
DAB produced black staining in the labeled nuclei. Finally, the
sections were rinsed in 0.05M SAB, mounted into 0.1% of
gelatin dissolved in 0.0125 M SAB, air-dried and coverslipped
with Permount (Sigma, St. Louis, MO, USA). Immunostaining

of negative control, which did not show any antiserum
immunolabeling, included substitution of the primary anti-
serum with normal rabbit serum, and sequential elimination
of the primary or secondary antibody from the staining
series.

4.7.  Statistical analysis

The data are presented as the means+S.E.MM of at least three
independent experiments. The saturation binding curves
were plotted using GraphPad software (San Diego, CA, USA)
comparing the best fits for single-binding site model (K4 and
Bmax Vvalues were obtained from nonlinear regression
analysis).

The data from the cell signaling experiments were ana-
lyzed by one-way analysis of variance (ANOVA) followed by
Dunnett’s post hoc test using GraphPad software; p<0.05 was
considered statistically significant.

The data obtained from immunohistochemical study were
analyzed by one-way ANOVA followed by Tukey’s post hoc test
(Statistica 6.0 software) and presented as means+S.E.M. P<0.05
was considered as a minimum statistically significant differ-
ence. The c-Jun immunoreactive cells were counted separately
in each side of the coronal sections within the NTS (from
Bregma —7.48 mm to Bregma —7.32 mm), PVN (from Bregma
—07mm to —0.94mm), ARC (from Bregma —1.58mm to
—1.94 mm), VMH and DMN (both from Bregma —1.46 mm to
—1.82 mm) according to the mouse brain atlas (Franklin and
Paxinos, 1997). Quantitative assessment for c-Jun immunohis-
tochemistry was performed from the images captured by digital
camera (AxioCam ERc 5s, Carl Zeiss) and Axio Scope.Al light
microscope (Carl Zeiss) in a computer screen obtained from 2 to
3 brain sections per animal. Representative sections were
captured by the same computerized system by AxioVision 4.7.
(Carl Zeiss) program.
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The CART (cocaine- and amphetamine-regulated transcript) peptide is an anorexigenic neuropeptide that
acts in the hypothalamus. The receptor and the mechanism of action of this peptide are still unknown.
In our previous study, we showed that the CART peptide binds specifically to PC12 rat pheochromo-
cytoma cells in both the native and differentiated neuronal phenotypes. Two biologically active forms,
CART(55-102)and CART(61-102), with equal biological activity, contain three disulfide bridges. To clarify
the importance of each of these disulfide bridges in maintaining the biological activity of CART(61-102),
an Ala scan at particular S-S bridges forming cysteines was performed, and analogs with only one or

Ic(ggoprg;tide analogs two disulfide bridges were synthesized. In this study, a stabilized CART(61-102) analog with norleucine
Sulfitolysis instead of methionine at position 67 was also prepared and was found to bind to PC12 cells with an
PC12 cells anorexigenic potency similar to that of CART(61-102). The binding study revealed that out of all analogs
Binding tested, [Ala®¥86]CART(61-102), which contains two disulfide bridges (positions 74-94 and 88-101), pre-

Food intake served a high affinity to both native PC12 cells and those that had been differentiated into neurons. In food
intake and behavioral tests with mice after intracerebroventricular administration, this analog showed
strong and long-lasting anorexigenic potency. Therefore, the disulfide bridge between cysteines 68 and
86 in CART(61-102) can be omitted without a loss of biological activity, but the preservation of two other
disulfide bridges and the full-length peptide are essential for biological activity.

© 2012 Published by Elsevier Inc.

1. Introduction transcribed in two CART propeptides of 102 and 89 amino acids,

which are identical in the rat and mouse, that yield two biologically

CART (cocaine- and amphetamine-regulated transcript) pep-
tides were described more than fifteen years ago [8] and
were linked to a previously isolated hypothalamic peptide with
unknown function [30]. CART is one of the most abundant hypo-
thalamic transcripts [13], and both CART mRNA and CART peptide
immunoreactivity were found not only in the hypothalamus but
also in the anterior pituitary [19,32], adrenal medulla [9], islets
of Langerhans [16,35], and gastrointestinal tract [11]. CART pep-
tides are involved in feeding and energy expenditure, reward
and reinforcement, stress, endocrine regulation, and sympathetic
nerve-regulated activities, and recently, a neuroprotective effect of
CART peptides has been reported (for reviews, see [3,28,36]).

CART peptides are evolutionarily conserved across species. The
CART transcript is alternatively cleaved to a long and short form,

* Corresponding author at: Institute of Organic Chemistry and Biochemistry,
Flemingovo nam. 2, 166 10 Prague 6, Czech Republic. Tel.: +420 220183525;
fax: +420 220183571.
E-mail address: maletin@uochb.cas.cz (L. Maletinska).

0196-9781/$ - see front matter © 2012 Published by Elsevier Inc.
http://dx.doi.org/10.1016/j.peptides.2012.09.033

active CART peptides, namely, CART(55-102) and (62-102) [31].

Central administration of the CART peptide decreased feeding in
rodents even after starvation and induced Fos expression in brain
nuclei involved in feeding behavior (paraventricular nucleus (PVN),
brainstem) [34]. The CART peptide also attenuated the orexigenic
effect of neuropeptide Y (NPY) [20]. Chronic central infusion of
the CART peptide decreased food intake and caused weight loss
in obese leptin-receptor-deficient Zucker rats, diet-induced obese
rats, and their respective lean controls [21,29]. Despite the effects
of the CART peptide on food intake, CART knockout mice had nor-
mal body weight and food intake but were more susceptible to
high-fat-diet-induced obesity than wild-type mice [1].

In our previous study [24], we reported the synergistic
and long-lasting effect of intracerebroventricularly adminis-
tered CART(61-102) peptide and intraperitoneally administered
cholecystokinin octapeptide (CCK-8) on food intake and Fos
immunoreactivity in the PVN and nucleus tractus solitarius (NTS).
The synergistic effect of CART(61-102) and CCK-8 via the CCK-A
receptor on the regulation of food intake points to the integrated
action of these peptides in the central nervous system [24].
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Despite a great deal of effort, no receptors for CART peptides
have been isolated and cloned to date. However, specific binding
sites for 12°]-CART(61-102) were found in rat adrenal pheochro-
mocytoma PC12 cells in both the native form and those that
were differentiated into a neuronal phenotype [25]. These findings
suggested a possible role for the CART peptide in the sympatho-
adreno-medullar system, as had been previously suggested [9].

The identification of cells with specific CART peptide binding
sites enabled us to look for shorter fragments that maintained the
biological effect and, ideally, to identify a pharmacophore of CART
peptides. In our previous study [23], fourteen fragments of the
CART(61-102) peptide corresponding to structural loops between
particular disulfide bridges were synthesized and tested for bind-
ing to PC12 cells in both the native form and those that had been
differentiated into the neuronal phenotype. Of all the fragments
tested, none displaced '251-CART(61-102) binding with a K; lower
than 10~° M, and none inhibited food intake after its central admin-
istration to fasted mice. Previously studied fragments CART(62-76)
[17] and C-terminal [Abu86:94]CART(85-102) [10] were also resyn-
thesized and tested but did not reveal any biological activity in
our study either. The results suggested that a compact structure
of the CART peptide containing disulfide bridges is necessary for
the preservation of its full biological activity [23].

The present study provides insight into the structure-activity
relationship of CART(61-102) analogs. We hypothesized that CART
peptide containing one or more disulfide bridges could preserve
the biological activity of the original molecule. Ala scanning at rel-
evant pairs of cysteines was used to monitor the significance of
individual disulfide bridges in CART(61-102) in binding to PC12
cells, food intake and behavioral activities in mice. A full-length
[N1e57]CART(61-102) analog and a shortened CART(74-102) repre-
senting C-terminal core of the molecule with two disulfide bridges
were synthesized and tested as well.

2. Materials and methods
2.1. Synthesis of peptides

Analogs of CART(61-102) were assembled in a solid-phase
ABI433A synthesizer (Applied Biosystems, Foster City, CA, USA)
by stepwise coupling of the corresponding Fmoc-amino acids to
the growing chain on Fmoc-Leu-Wang LL resin (0.25 mmol, sub-
stitution 0.3 mmol/g for 3 disulfide bridges containing peptides;
0.1 mmol, substitution 0.21 mmol/g for 2 disulfide bridges con-
taining peptides; both from Nova Biochem, San Diego, CA, USA).
HBTU/HOBt in DMF was used as a coupling reagent. The fully pro-
tected peptides were synthesized and cleaved from the resins by
a mixture of TFA/water/TIS/EDT/thioanisol (90:1:1:3:5) for analog
1 and TFA/TIS/water (95:2.5:2.5) for analogs 2-9. Peptide 9 had
all cysteines protected by an acetamidomethyl (Acm) group. TFA
filtrates were evaporated at room temperature by nitrogen. The
residues were precipitated with tert-butyl-methylether, collected
by suction, dissolved in acetonitrile/water and lyophilized.

The structures of synthesized peptides 1-9 are described in
Table 1.

2.1.1. Synthesis of analog 1

Sulfitolysis: Crude analog 1 in a reduced SH form was dissolved
and stirred in 25 ml of buffer (100 mM Tris, 250 mM Na,SO3, 80 mM
NayS40g, 7M GuaHCl, pH 8.6) for 3 h at room temperature to con-
vert SH groups to S-sulfonates [18]. Analog 1 was then desalted
on a Sephadex G10 (column 4 cm x 85 cm) in 50 mM NH4HCO3 and
purified using RP-HPLC (Waters 600; column: Waters Symmetry
300, 19cm x 150 mm, 5 pm).

Disulfide bridge combination: Analog 1 (10mg) was dissolved
in 1.5ml of degassed 0.1 M Gly/NaOH buffer, pH 7.7. Dithiothre-
itol (DTT) in a minimum volume of a degassed 0.1 M Gly/NaOH
buffer, pH 7.7, was rapidly added to the peptide solution to give
an SH:SSO3;~ molar ratio of 1.2. The solution was stirred for 15 min
in a capped vessel at room temperature. After the reduction of
SSO3~ to SH, 3 ml of aerated 0.1 M Gly/NaOH buffer, pH 7.7, was
added, and the resulting solution was stirred for 48 h in 4°C in an
open vessel to permit air oxidation [5]. Glacial acetic acid (3 ml)
was added to the mixture to terminate the reaction. The resulting
mixture was applied to a low-pressure column (Sephadex G-50 in
1M acetic acid, 2 cm x 75 cm). Fractions containing analog 1 were
purified using RP-HPLC (Waters 600; column: Waters Symmetry
300,19 cm x 150 mm, 5 wm). The molecular weight of analog 1 was
confirmed by mass spectroscopy (LTQ Orbitrap XL (Thermo Fisher
Scientific, Waltham, MA, USA)).

2.1.2. Synthesis of analogs 2-8 containing 1-2 disulfide bridges

Relevant pairs of cysteines were protected by a Trt group and an
Acm group. First, cysteines were cyclized by air oxidation after Trt
deprotection (analogs 2-8), and then, the Acm group was removed,
and the cysteines were oxidized by iodine (analogs 2, 6-8). To com-
plete the oxidation by iodine, ascorbic acid was used (a modification
of a procedure described in [26]).

All peptides 1-9 were isolated using a Waters 600 HPLC instru-
ment on a reverse phase C18 column (Waters Symmetry 300,
19cm x 150 mm, 5 pwm). Oxidation changes were monitored by
analytical HPLC (Waters Alliance, Vydac column, 4.6 cm x 250 mm,
5 um). The purity and identity of all peptides were determined
by analytical HPLC and using a MALDI-TOF/TOF (Bruker Daltonics,
Germany)/Q-TOF micro (Waters) MS technique.

The positions of disulfide bridges in the CART peptide analogs
were verified using the procedure described in [33].

Peptide CART(61-102) was a gift from Novo Nordisk (Bagsvaerd,
Denmark).

2.2. lodination of CART(61-102)

CART(61-102) was iodinated at Tyr52 with Na'2>] using I0DO-
GEN™ (Pierce, Rockford, IL, USA)-coated Eppendorf tubes and
purified according to a published procedure [12]. The specific activ-
ity of 12°]-CART(61-102) was approximately 2000 Ci/mmol. The
peptide was stored in aliquots at —20 °C and used for binding stud-
ies within 1 month.

2.3. Cell culture

The rat pheochromocytoma cell line PC12 was obtained from
ATCC (Manassas, VA, USA). The cells were grown in RPMI 1640
medium (Sigma, St. Luis, MO, USA) supplemented with 10%
horse serum, 5% fetal bovine serum, 4.5 g/l glucose, 1 mM sodium
pyruvate, 10mM HEPES, 2mM L-glutamine, and 1.5g/l sodium
bicarbonate, pH 7.4, and passaged once per week to maintain
the cells in the exponential growth phase. For binding stud-
ies, the cells were seeded on polyethylene imine-coated 24-well
plates (Corning, NY, USA). To reach a density of approximately
5 x 10° cells/well, which was found to be optimal for binding exper-
iments, the non-differentiated cells were allowed to grow for 3
days. Differentiation was induced by the addition of nerve growth
factor (50 ng/ml) to the fresh medium on days 1, 3, and 5. On day
7, cells at a density of approximately 5 x 10° cells/well were used
in the experiment. Differentiation was checked microscopically,
and the number of cells per well was counted before and after the
experiment.
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Table 1
Structure of CART peptide analogs.
Analogs Structure
61 68 74 86 88 94 101

CART(61-102)
| |

KYGQVPMCDAGEQCAVRKGARIGKLCDCPRGTSCNSFLLKCL

61 67 68 74
KYGQVP(NIe)('IJDAGEQCIAVRKGARIGKL(I)D(I')PRGTSCINSFLLKCIL

Analog 1
[Nle 6] CART(61-102)

86 88 94 101

Analog 2
[Cys(Acm) ] CART(74-102)

[
74 86 88 94 101

qAVRKGARIGKLC(Acm)DCIPRGTS?NSFLLKTL

Analog 3 61 68 74 86 88 94 101

[Ala ™%, Cys(Acm) ° 9]

KYGQVPMCDAGEQAAVRKGARIGKLCDC(Acm)PRGTSANSFLLKC(Acm)L

CART(61-102) I
Analog 4 61 68 74

[Ala %88 Cys(Acm) ™ %4
CART(61-102)

86 88 94 101

KYGQVPMADAGEQC(Acm)AVRKGARIGKLAD(IIPRGTSC(Acm)NSFLLKCI‘,L

Analog 5§ 61 68 74 86 88 94 101

[Ala 88,101, CyS(ACm) 68, 86]
CART(61-102)

Analog 6 61 68 74

KYGQVPMC(Acm)DAGEQCIAVRKGARIGKLC(Acm)DAPRGTS?NSFLLKAL

86 88 94 101

KYGQVPMCDAGEQAAVRKGARIGKLCDCPRGTSANSFLLKCL

[Ala ™* %] CART(61-102) |

Analog 7 61 68 74

[Ala ®® 8] CART(61-102)

86 88 94 101

KYGQVPMADAGEQCAVRKGARIGKLADICPRGTSCINSFLLKCIL

Analog 8 61 68 74

86 88 94 101

[Ala & "°") CART(61-102)

KYGQVPMFDAGEQ?AVRKGARIGKLICDAPRGTS(T‘,NSFLLKAL
|

Analog 9
[Cys(Acm) 68, 74, 86, 88, 94, 101]

CART(61-102)

61 68 74

86 88 94 101

KYGQVPMC(Acm)DAGEQC(Acm)AVRKGARIGKLC(Acm)DC(Acm)PRGTSC(Acm)NSFLLKC(Acm)L

Nle, norleucine; Acm, acetamidomethyl.

2.4. Binding to intact plated cells

Competition binding experiments were performed according to
Motulsky and Neubig [27].

Plated cells were incubated with 10-10 M 125]-CART(61-102)
and 10-!! to 103 M non-radioactive CART peptides in a total
volume of 0.25ml of binding buffer (20 mM HEPES buffer, pH
7.4, 118 mM NacCl, 4.7 mM KCI and 5mM MgCl,, 5.5mM glucose,
1 mg/ml BSA, and 0.1 mg/ml basic pancreatic trypsin inhibitor) for
30min at 37°C as previously described [25]. Non-specific binding
was determined using 106 M CART(61-102).

After incubation, the cells were washed with washing buffer
(10mM HEPES buffer, pH 7.4, 118 mM NaCl, 4.7mM KCl and
5mM MgCl,) and then solubilized in 0.1 N NaOH. Bound radioac-
tivity was determined by +y-counting (Wizard 1470 Automatic
Gamma Counter, Perkin Elmer, Wellesley, MA, USA). The total
binding amounted to 3-8% of the radioactivity added, and the non-
specific binding was less than 15% of the total binding. Experiments
were carried out in duplicate at least three times. All compounds
tested were dissolved in water and stored frozen in aliquots until
use.

2.5. Experimental animals

All experiments followed the ethical guidelines for animal
experiments and 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 (AnLab, Prague, Czech Republic) were
housed at a temperature of 23°C under a daily cycle of 12h of
light and dark (light from 6:00 a.m.) with free access to water
and a standard chow diet that contained 25%, 9% and 66% calories
from protein, fat and carbohydrate, respectively. The energy con-
tent of the diet was 3.4 kcal/g (St-1, Mlyn Kocanda, Jesenice, Czech
Republic).

2.6. Food intake experiments

At the age of 12 weeks, mice were implanted with cannulas into
the third ventricle (AP 2 mm, V 3 mm) as described previously [25].
Animals were placed into separate cages and allowed to recover
from surgery for at least three days before being used in the exper-
iment.
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On the day of the experiment at 8:00 a.m., mice that had fasted
for 17 h were injected intracerebroventricularly (ICV) with 5 pl of
either saline or CART(61-102) or CART peptide analogs at a dose of
0.1-4 nmol/mouse (dissolved in saline) (n=6-12).

Fifteen minutes after the ICV injection, the mice were given
weighed food pellets. Food consumption was determined every
30 min for 5 h. Animals had free access to water during the exper-
iment. The results are expressed in grams of food consumed.
The placement of the cannula was verified histologically after the
experiment.

2.7. Behavioral studies

2.7.1. Open-field locomotor activity

Locomotor activity was measured using the VideoMot system
(TSE Systems, Bad Homburg, Germany). Fed mice were placed
individually in an open field (0.5 x 0.5m), and their locomotor
activity, i.e., total distance traveled, was measured for 10 min.
Testing started 15min after the ICV administration of saline,
CART(61-102) (0.2 nmol/mouse) or CART peptide analog 1 (0.1 and
0.2 nmol/mouse) or analog 7 (0.2 and 1 nmol/mouse) (n=6).

2.7.2. Hot-plate analgesic test

Immediately following the locomotor activity test, analgesia
was measured with a hot-plate analgesia meter (TSE Systems, Bad
Homburg, Germany) set at 53 °C. Latency of front paw licking and
latency of jumping were measured. The end-point of the test was
the jump, after which the animals were immediately removed from
the plate.

2.8. Analysis of binding data and statistics

Data are presented as the means+S.E.M. Competitive bind-
ing curves were plotted using Graph-Pad Software (San Diego,
CA, USA) using the best fit for single-binding-site models (ICsq
values were obtained from a non-linear regression analysis). Inhi-
bition constants (K;) were calculated from the ICsy using the
Cheng-Prusoff equation [6]. The K; from saturation experiments
was 0.48 nM for non-differentiated cells and 1.90 nM for differen-
tiated cells, as described previously [25].

Food intake and behavioral data were analyzed using a one-
way ANOVA (analysis of variance) followed by Dunnett’s post hoc
test using Graph-Pad Software; P<0.05 was considered statistically
significant.

3. Results
3.1. Synthesis of CART peptide analogs

The structures of CART(61-102) and its analogs used in this
study are given in Table 1.

The linear sequences of the peptides were assembled on solid
support using common protocols for peptide synthesis, and disul-
fide bonds were closed as described in Section 2. The purity of all
peptides was higher than 90%.

Analog 1 was full-length CART(61-102) with the methionine at
position 67 replaced by the more stable norleucine to avoid the
previously described oxidation of Met [23].

The correct arrangement of disulfide bridges in Analog 1
was achieved by the reduction of the S-sulfonated derivative of
[N1eS7]CART(61-102) at pH 7.7 in the presence of a nearly stoi-
chiometric amount of dithiothreitol and by subsequent slow air
oxidation of the free sulfhydryl groups. This procedure profits from
the natural folding of the CART molecule and the spontaneous for-
mation of the correct disulfide bridges. The yield of the product

Table 2
Displacement of '2°I-CART(61-102) binding by CART peptide analogs on PC12 cells.

Analog Non-differentiated cellsk; [M] Differentiated cellsk; [M]
CART(61-102)  (7.78+3.38)x 109 (4.73£1.73)x 10-°
Analog 1 (3.98+£2.10) x 109 (3.61+0.705) x 10-°
Analog 2 >104 >10-4

Analog 3 >104 >104

Analog 4 >104 >104

Analog 5 >104 >104

Analog 6 (2.43+£3.37)x 105 (1.34+0.698) x 105
Analog 7 (3.95+1.77)x 10-8 (1.85+0.0328) x 108
Analog 8 (3.37+£1.95)x 106 (4.24+1.60)x 106
Analog 9 >104 >104

Mean + S.E.M. of at least three separate experiments.

K; was calculated using Cheng-Prusoff equation (concentration of the radioligand
was 0.1nM and K; taken from saturation experiments was 0.48 nM for non-
differentiated cells and 1.90 nM for differentiated cells [25].

was approximately 14%. The resulting product was analyzed by
RP-HPLC and identified by mass spectroscopy.

Analog 2 was a shorter analog of CART(61-102), namely,
CART(74-102), which contains two disulfide bridges and has the
odd Cys®6 stably protected with Acm.

CART(61-102) full-length analogs 3-8 were the result of the Ala
scan of the cysteine pairs 68-86, 74-94, and 88-101 that form disul-
fide bridges. Analogs 3-5 contained one disulfide bridge (one pair of
cysteines replaced by alanines and one pair of cysteines protected
by Acm), and analogs 6-8 had two disulfide bridges (one pair of
cysteines replaced by alanines).

Analog 9 was a linear CART(61-102) with all six cysteines pro-
tected by Acm.

3.2. Competitive binding of CART(61-102) analogs to PC12 cells

The K, of CART(61-102) binding in non-differentiated and NGF-
differentiated PC12 cells was previously determined to be in the
low nanomolar range [25].

The K; resulting from the displacement of 125]-CART(61-102)
by CART(61-102) and its synthetic analogs 1-9 are summarized in
Table 2. CART(61-102) and analog 1 had K; values in the nanomo-
lar range, analog 6 in the 10> M range, analog 7 in the 10-8 M
range and analog 8 in the 10-% M range (see Table 2). The remaining
analogs tested did not displace 2°I-CART(61-102) binding even at
a concentration of 10~4 M (Table 2). The K; values for the binding of
particular ligands to native and NGF-differentiated PC12 cells were
comparable in this study.

3.3. Food intake experiments

The time course of food intake after the ICV administration of
CART(61-102) and CART analogs 1 and 7 (the analogs with the
highest affinity to PC12 binding sites) and analog 2 in fasted mice
is shown in Fig. 1. The decrease in food intake after administra-
tion of the natural peptide CART(61-102) corresponded with our
previously published values [25]. Analog 1 showed a strong and
long-lasting anorexigenic effect (Fig. 1b), which was more signifi-
cant than that of CART(61-102) at a dose of 0.2 nmol/mouse after
75 min (Fig. 1a). Analog 7 also very significantly decreased food
intake (Fig. 1c); however, higher doses (0.2 and 1 nmol/mouse) of
analog 7 were chosen because of one order of magnitude lower
binding affinity compared to CART(61-102) (Table 2). Shortened
analog 2 did not show any significant effect even at a dose of 4 nmol
(Fig. 1c).
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Fig. 1. The effect of CART(61-102) and selected analogs on the food intake of fasted
mice. CART(61-102) was administered ICV at 0.2 nmol/mouse, analog 1 at 0.1 and
0.2 nmol/mouse, 7 at 0.2 and 1 nmol/mouse and 2 at 4 nmol/mouse. A/food intake
45 and 75 min after injection and B/and C/cumulative food intake 300 min after
injection was measured. Data are expressed in grams of food consumed per mouse.
Significance is noted for *P<0.05, **P<0.01 and ***P<0.001 versus the respective
saline-treated group (n=6-12).

3.4. Behavioral effects

The aim of the behavioral tests was to determine whether
analogs 1 and 7 that exhibited biological activity similar to
CART(61-102) in the binding test and food intake test would
therefore also exhibit behavioral effects similar to CART(61-102).
The open-field locomotor activity of fed lean mice after ICV

administration of CART(61-102) and analogs 1 and 7 was mea-
sured for 10 min. The results clearly showed that CART(61-102)
and analog 1 at a dose of 0.2nmol/dose and analog 7 at dose
of 1 nmol/mouse significantly attenuated the distance traveled in
the open field compared to the effect of the saline-treated group
(Fig. 2a).

The analgesic test on the hot plate showed a significant latency
of paw licking and jumping latency after injection of the above-
mentioned compounds compared to the saline treated group
(Fig. 2b and c).

4. Discussion

Obesity is a major public health problem associated with mor-
bidity and mortality that continues to increase worldwide. Obesity
increases the risk for a number of medical conditions, including
type Il diabetes mellitus, hypertension, coronary heart disease,
osteoarthritis, respiratory problems and cancer, and appropri-
ate treatment is not currently available [15]. Recently discovered
anorexigenic neuropeptides involved in food intake regulation,
such as CART peptides, represent new possibilities in the devel-
opment of future anti-obesity agents. Therefore, potent analogs of
CART peptides that centrally attenuate feeding and obesity would
be very useful.

Based on our discovery of the specific binding of 12°]-
CART(61-102) to the rat adrenal pheochromocytoma cell line PC12
[25] and our study of shorter fragments of CART(61-102) cor-
responding to the structural loops between cysteines [23], we
extended our search for the minimal biologically active structure of
CART peptides. Despite the fact that the CART peptide receptor has
not yet been identified, the strong and specific binding of CART pep-
tides to PC12 cells [25] is a powerful tool that enables us to test CART
peptide analogs. Recently, the specific binding of the CART pep-
tide to PC12 cells was confirmed by others [22], and MAPK/ERK1/2
(mitogen-activated protein kinase/extracellular-regulated kinase)
signaling was suggested to be an effect of CART(55-102).

In the present study, analog 1, which replaces the methio-
nine at position 67 with norleucine, was synthesized. Analog 1,
[N1eS7]CART(61-102), was prepared using the strategy of reduc-
tion of the S-sulfonated derivative followed by a subsequent slow
air oxidation of free sulfhydryl groups. S-sulfonated derivatization
prepared by the oxidative sulfitolysis of cysteine has been used in
the synthesis of insulin and insulin analogs [5], proinsulin [4] and
ribonuclease A [14]. This procedure benefitted from the sponta-
neous folding of the molecule with the correct arrangement of the
disulfide bridges. We used a similar approach to that used for the
preparation of insulin [5] with the only change being that pH 7.7
was used instead of pH 10.6 to accommodate the basic isoelectric
point of the CART derivative (8.9). The yield was satisfactory (14%)
considering the necessity of forming three disulfide bridges.

Analog 1 showed high binding affinity both to native PC12 cells
and those that had been differentiated to neurons. K; values were
in the 1072 M range, similar to those of CART(61-102), which was
used as a standard compound. We suggest that analog 1, with Nle67
instead of Met, is more stable because Met oxidation [23] is avoided.

To clarify the importance of each of the three disulfide bridges in
the CART(61-102) molecule to its biological activity, an Ala scan at
the particular cysteines forming disulfide bridges was performed,
and analogs with only one or two disulfide bridges were synthe-
sized. Analogs 3,4 and 5 contained one disulfide bridge (in positions
68-86, 88-101 and 74-94, respectively) and did not bind to either
the native or NGF-differentiated PC12 cells in the range of concen-
trations tested.

In contrast, analogs containing two different disulfide bridges,
analog 6 (S-S bridges 68-86, 88-101), analog 7 (S-S bridges 74-94
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Fig. 2. The behavioral activity of fed mice after the ICV administration of saline,
CART(61-102) (0.2 nmol/mouse) or analog 1 at 0.1 and 0.2 nmol/mouse and 7 at 0.2
and 1 nmol/mouse. A/open-field test (total distance traveled in 10 min), B/hot-plate
test: paw-licking latency, C/hot-plate test: latency to jump. Significance is noted
for *P<0.05, **P<0.01 and ***P<0.001 versus the respective saline-treated group
(n=6).

and 94-101) and analog 8 (S-S bridges 68-86 and 74-94), showed
detectable specific binding to PC12 cells, although with different
affinities. Whereas analogs 6 and 8 lost a large portion of their abil-
ity to displace 12°I-CART(61-102) binding, resulting in K; values in
the 10> and 10~¢ M range, respectively, analog 7 preserved most of
the binding potency of the original CART(61-102) molecule. Thus,
a disulfide bridge in positions 68-86 does not seem to be essential
for binding to PC12 cells. However, analog 2, containing identical
disulfide bridges to analog 7 but lacking the N-terminal residues
61-73, exhibited a K; higher than 10~ M. This finding indicates the
importance of the N-terminal region of CART(61-102) for binding
PC12 cells.

The fundamental importance of disulfide bridges in CART pep-
tides was also confirmed by a binding experiment with the linear
CART(61-102) analog 9. This peptide did not show any binding
affinity in the range of concentrations measured. The lack of biolog-
ical activity of unfolded CART(55-102) was suggested previously
[7].

The analogs with the highest binding potency to PC12 cells,
i.e.,, analogs 1 and 7, were submitted to further in vivo tests. First,
we tested the ability of both analogs to influence food intake
in mice fasted overnight after ICV administration. The doses for
CART(61-102), used as a standard compound that significantly
decreases food intake, were chosen based on previous publica-
tions [2,24,25,33]. At the time of maximal effect, i.e., 45 and 75 min
after administration, analog 1 (dose 0.2 nmol/mouse) and analog 7
(1 nmol/mouse) highly significantly (P<0.001) lowered food intake
compared to the saline-treated group. A higher dose of analog 7
was used because its binding affinity was one order of magnitude
weaker than CART(61-102). Analog 2, a fragment of analog 7, did
not decrease food intake at doses up to 4 nmol/mouse. The anorex-
igenic effect of a dose of 0.2 nmol/mouse of analog 1 at 75 min was
even more significant than that of CART(61-102), and the effect
lasted more than 5 h.

To extend our in vivo study and to support the feeding test with
additional data, behavioral tests with mice after ICV administration
were performed. It was previously described that CART(61-102)
and/or CART(55-102) influenced behavior in the open field test
[17,24] and caused analgesia [2]. In the present study, a signifi-
cant decrease of locomotor activity in the open-field test after the
administration of analogs 1 and 7 was observed, which is a typ-
ical satiety behavior. In addition, a significant but mild analgesic
effect in the hot-plate test (significant latency in jumping after
administration of analog 1 and latency both in licking and jumping
after administration of CART(61-102) and analog 7) was moni-
tored. Evaluation of analgesic effect using latency to jump showed
to be more precise compared to paw licking and led to more accu-
rate results. However, analgesic effect was weaker compared to the
anorexigenic effect and CART(61-102) and analogs 1 and 7 differed
slightly in the analgesic potency, similarly as described previously
by Bannon et al. [2] for CART(61-102) and CART(55-102).

Both analogs thus showed similar potency compared to natu-
ral CART(61-102) but with prolonged effects. Analog 7, containing
only two disulfide bridges, is easier to synthesize than the original
peptide with three bridges and may serve as the basic analog for
future structure activity studies. This is the first analog described
with a less complicated structure and the full spectrum of activity
of the original molecule.

In conclusion, CART(61-102) analogs were synthesized, and
their biological activities were tested. The full-length analog
[NIeS7]CART(61-102) with three disulfide bridges was synthe-
sized using sulfitolysis and showed high binding and anorexigenic
potency with a prolonged effect. Of the analogs containing two
instead of three disulfide bridges, only the analog lacking a disul-
fide bridge at position 68-86 preserved the affinity for PC12 cells
and showed a strong anorexigenic effect. This analog thus has the
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potential to be used to construct derivatives for identifying the
CART receptor and further elucidation of the physiological role of
the CART peptides.
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PHARMACOLOGICAL CHARACTERIZATION OF LIPIDIZED ANALOGS
OF PROLACTIN-RELEASING PEPTIDE
WITH A MODIFIED C-TERMINAL AROMATIC RING

Institute of Organic Chemistry and Biochemistry, Academy of Sciences of the Czech Republic, Prague, Czech Republic

Prolactin-releasing peptide (PrRP) is an anorexigenic neuropeptide expressed in the brain where it regulates food intake
and energy expenditure. The C-terminal Arg-Phe-NH, of PrRP is crucial for its biological activity. In our previous study,
we showed that PrRP analogs myristoylated or palmitoylated at the N-terminus seem to cross the blood-brain barrier and
lower food intake following peripheral administration. In this study, myristoylated and palmitoylated PrRP31 analogs
with a modified C-terminal Phe were designed and tested. Lipidized analogs containing Phe?! replaced by aromatic non-
coded amino acids or tyrosine revealed high binding affinity to rat pituitary RC-4B/C cells with endogenous PrRP and
neuropeptide FF 2 receptors and to CHO-K1 cells overexpressing either PrRP or neuropeptide FF 2 receptors. The
analogs also showed strong agonistic properties at the GPR10 receptor using the beta-lactamase reporter gene assay.
Moreover, lipidized PrRP analogs, especially those that were palmitoylated, demonstrated strong and long-lasting
anorexigenic effects in fasted mice after subcutaneous administration. The most efficient PrRP31 analogs with PheCl,?!,
either palmitoylated or myristoylated at the N-terminus, are promising candidates for the study of food disorders,
possibly for anti-obesity treatment. Despite the therapeutic potential in targeting central GPR10, the endogenous ligand
PrRP cannot cross the blood-brain barrier. Understanding biological activity and transport of novel structural analogs of

PrRP with a potential central anorexigenic effect is of key therapeutic significance.

Key words: prolactin-releasing peptide, blood-brain barrier, food intake, lipidization, phenylalanine derivatives

INTRODUCTION

Obesity is nowadays a widely spread disease in both developed
and developing countries, reaching epidemic proportions and is
considered one of the biggest health problems by the WHO (1).
Obesity affects both adults and children and is related to type 2
diabetes, cardiovascular and other serious diseases (2, 3).

Food intake is regulated by peripheral signals relayed to the
brain regions involved in the regulation of energy balance.
Centrally produced and acting anorexigenic neuropeptides can
significantly decrease food intake after central, but not
peripheral administration because only few of them are able to
cross the blood-brain barrier (BBB).

The anorexigenic neuropeptide prolactin-releasing peptide
(PrRP) was discovered as an endogenous ligand of an orphan G-
protein-coupled receptor GPR10 (4, 5). It was originally
considered a prolactin-releasing factor (4). Currently, it is known
that its prolactin-releasing effect is negligible compared to
thyrotropin-releasing hormone (TRH) (6). Lawrence et al.
proposed PrRP as a regulator of energy balance (7), due to its
mRNA expression in brain nuclei involved in regulation of food
intake (8, 9). Central injection of PrRP results in increased
energy expenditure and core body temperature, effects additive
to those of leptin (10). Dodd ef al. suggested PrRP as a mediator
of thermogenic actions of leptin in dorsomedial hypothalamus

and satiating actions of cholecystokinin (11). Moreover, the
PrRP receptor was detected primarily in anterior pituitary,
thalamus, hypothalamus and nucleus tractus solitarius, which are
areas associated with the regulation of energy balance (8, 12,
13). After intracerebroventricular (icv.) administration of PrRP,
food intake and body weight were both reduced in rats and mice
(7, 14). Moreover, mice deficient in either PrRP or PrRP receptor
became hyperphagic and obese in adulthood (15, 16).

PrRP belongs to the RF-amide peptide family with the C-
terminal sequence Arg-Phe-NH, that is necessary for its
biological activity (12). PrRP binds specifically not only to the
GPR10 receptor but it has also high affinity for the neuropeptide
FF2 receptor (NPFF2) (17). The other member of RF-amide
peptide family and endogenous ligand of NPFF2 is neuropeptide
FF (NPFF),which is also implicated in the negative regulation of
food intake (18). In our previous study, we showed binding
affinity for PrRP to the rodent tumor pituitary cell lines AtT20,
GH3 and RC-4B/C, which endogenously express both PrRP and
NPFF2 receptors (19).

Based on our previous studies (19, 20), we designed
lipidized analogs with C-terminus modifications and examined
the affinity of these analogs in vitro in RC-4B/C cells and CHO-
K1 cells that overexpress human GPR10 or NPFF2. We also
examined in vivo activity of the analogs on acute food intake in
fasted mice. We hypothesized that lipidization would stabilize



PrRP and enable to accomplish its central anorexigenic effect
after peripheral administration. The aim of the study was to
identify the most potent lipidized PrRP analogs with a modified
C-terminal phenylalanine.

MATERIAL AND METHODS

Peptide synthesis and iodination

Human PrRP31 (SRTHRHSMEIRTPDINPAWYASR-
GIRPVGRF-NH,), rat PrRP31, rat PrRP31 analogs (for
structures see Table 1) and the stable analog of NPFF, 1DMe (D-
YL(N-Me)FQPQRF-NH,) were synthesized and purified as
described previously (21). Lipidization of PrRP analogs was
performed as shown in (22) on fully protected peptide on resin
as a final step. The purity and identity of all peptides were
determined by analytical HPLC and by using a Q-TOF micro
MS technique (Waters, Milford, MA, USA).

Rat or human PrRP31 and 1DMe were iodinated at Tyr?® and
D-Tyr!, respectively, with Na'>’I (Izotop, Budapest, Hungary)
using IODO-GEN™ (Pierce, Rockford, IL, USA) according to
the manufacturer’s instructions. Peptides were purified as
described previously (22). The specific activity of all '’ I-labeled
peptides was approximately 2000Ci/mmol. The radiolabeled
peptides were kept in aliquots at —20°C and used for binding
studies within 1 month.

Cell lines and binding to intact plated cells and cell
membranes

The RC-4B/C cell line was obtained from ATCC (Manassas,
VA, USA) and grown as described previously (23). CHO-K1
cells, with GPR10 containing a beta-lactamase reporter gene
under the control of a NFAT response element, were obtained
from Life Technologies (GeneBLAzer® GPR10-NFAT-bla
CHO-K1 cells, K1732, Thermo Fisher Scientific Inc. Brand,
Waltham, MA, USA). Cells were grown in DMEM, pH 7.4,
supplemented with 10% dialyzed fetal bovine serum (FBS) from
Life Technologies. For growing medium, non-essential amino
acids (NEAA), HEPES, L-glutamine, streptomycin/penicillin,
and the selective antibiotics geneticin and zeocin were added to
DMEM according to manufacturer’s instructions. DMEM and
L-glutamine were from Biosera (Kansas City, MO, USA) and
the remaining reagents were from Life Technologies. All cells
were maintained at 37°C in a humidified atmosphere containing
95% air/5% CO,. Medium was changed every 2-3 days and cells
were subcultured as required.

Saturation and competitive binding experiments were
performed according to Motulsky and Neubig (24). RC-4B/C or
CHO-K1 cells were grown in polylysine- or polyethylenimine-
coated 24-well plates (Nunc, Roskilde, Denmark). The
competitive binding experiments on RC-4B/C cells and CHO-
K1 cells with overexpressed GPR10 were performed as
described in (20).

Binding assays on membranes of CHO-K1 cells with
overexpressed human NPFF2 receptor (Perkin Elmer,
Massachusetts, USA) were performed according to the
manufacturer’s instructions. A stable analog of NPFF, 1DMe,
was used as the standard ligand (25).

Bound radioactivity was determined by y-counting (Wizard
1470 Automatic Gamma Counter, Perkin Elmer, MA, USA). The
total binding was 2-5% of the radioactivity added. Non-specific
binding in competitive binding experiments amounted to less
than 15% of the total binding. Experiments were carried out in
duplicates at least three times.

Beta-lactamase-dependent FRET assay

CHO-K1 cells overexpressing GPR10 were plated at 40000
cells/well in 128 pl assay medium (DMEM, containing 10%
dialyzed FBS, 0.IlmM NEAA, 25mM HEPES, 1%
penicillin/streptomycin, 2 mM L-glutamine) in a 96-well plate and
were incubated 20 h at 37°C/5% CO,. The assay was performed
according the manufacturer’s protocol (GeneBLAzer® GPCR
Cell-based assays, K1732, Thermo Fisher Scientific Inc. Brand,
Waltham, MA, USA). The fluorescent plate reader Tecan Infinite
M1000 (Tecan Group Ltd., Mannedorf, Switzerland) was operated
with 405 nm excitation and 460 nm or 530 nm emissions via
bottom read.

Acute food intake in mice

All animal experiments followed the ethical guidelines for
animal experiments and the Act of the Czech Republic Nr.
246/1992 and were approved by the Committee for Experiments
with Laboratory Animals of the ASCR.

Male C57BL/6 mice from Charles Rivers Laboratories
(Sulzfeld, Germany) used for all experiments, were housed at a
temperature of 23°C and a daily cycle of 12 h light and dark
(light on at 6:00 a.m.). The mice were given ad libitum water and
standard chow diet (St-1, Mlyn Kocanda, Jesenice, Czech
Republic) and housed until three months of age. On the day of
the food intake experiment at 8:00 a.m., overnight (17 h) fasted
mice were subcutaneously (SC) injected with 200 pl of saline or
PrRP analogs at doses of Smg/kg (all dissolved in saline, n=5 —
6). Fifteen minutes after injection, the mice were given weighed
food pellets. The pellets were weighed every 30 min for at least
6 hours. The animals had free access to water during the
experiment. The results were expressed in grams of food
consumed.

Analysis of binding data and statistics

Data are presented as the means + S.E.M. The competitive
binding curves were plotted using GraphPad software (San
Diego, CA, USA) and compared the best fit for single-binding-
site models (ICs, values were obtained from nonlinear regression
analysis). Inhibition constants (K;) were calculated from the ICs,
values using the Cheng-Prusoff equation (26). Concentration of
the radioligand was 0.1 nM for RC-4B/C cells and cell
membranes of CHO-K1 with overexpressed NPFF2 and 0.03
nM for CHO-K1 overexpressing GPR10. The K, calculated from
saturation experiments was 4.21 + 0.66nM for RC-4B/C, 1.06 =
0.36 nM for CHO-K1 with the GPR10 and 0.72 + 0.12 nM for
membranes with NPFF2 (20).

The results from the beta-lactamase assay were analyzed by
nonlinear regression by log agonist versus response using
GraphPad software. ECs, was calculated as the concentration of
the peptide that yielded 50% of the maximal effect.

Data from food intake experiments were analyzed by one-
way analysis of variance (ANOVA) followed by Dunnett’s post
hoc test using GraphPad Software; P < 0.05 was considered
statistically significant.

RESULTS

Peptide synthesis and iodination

Structures of PrRP31 and its analogs used in this study are
shown in Table 1. All peptide sequences were assembled on solid
phase support. The purity of peptides was higher than 95%.
Lipidized analogs of PrRP31 were prepared by the attachment of



Table 1. Structure of rat PrRP31 and its analogs.

Analog

No Sequence

rat PrRP31 S RAHQHS M ETRTPDINPAWYTGRGIRPVGRF-NH,
Nle-PrRP31 S RAHQHS Nle ETRTPDINPAWYTGRGIRPVGRF-NH,
myr-PrRP31  (N-myr)S RAHQHS Nle ETRTPDINPAWYTGRGIRPVGRF-NH,

palm-PrRP31

(N-palm)S RAHQHS Nle ETRTPDINPAWYTGRGIRPVGRF-NH,

o 0 I AN N AW N -

—
RN =D

S RAHQHS Nle ETRTPDINPAWYTGRGIRPVGR 1-Nal-NH,

(N-myr)S RAHQHS Nle ETRTPDINPAWYTGRGIRPVGR 1-Nal-NH,
(N-palm)S RAHQHS Nle ETRTPDINPAWYTGRGIRPVGR 1-Nal-NH,
S RAHQHS Nle ETRTPDINPAWYTGRGIRPVGR PheCl,-NH,
(N-myr)S RAHQHS Nle ETRTPDINPAWYTGRGIRPVGR PheCl,-NH,
(N-palm)S RAHQHS Nle ETRTPDINPAWYTGRGIRPVGR PheCl,-NH,
S RAHQHS Nle ETRTPDINPAWYTGRGIRPVGR PheNO,-NH,
(N-myr)S RAHQHS Nle ETRTPDINPAWYTGRGIRPVGR PheNO,-NH,
(N-palm)S RAHQHS Nle ETRTPDINPAWYTGRGIRPVGR PheNO,-NH,
S RAHQHS Nle ETRTPDINPAWYTGRGIRPVGR PheFs-NH,
(N-palm)S RAHQHS Nle ETRTPDINPAWYTGRGIRPVGR PheFs-NH,
S RAHQHS Nle ETRTPDINPAWYTGRGIRPVGR Tyr-NH,

(N-palm)S RAHQHS Nle ETRTPDINPAWYTGRGIRPVGR Tyr-NH,

Nle, norleucine; 1-Nal, naphtylalanine; PheCl,, dichlorophenylalanine; PheNO,, nitrophenylalanine; PheFs, pentafluoro-
phenylalanine; Palm, palmitoyl; myr, myristoyl.

Table 2. Biological properties of PrRP31 analogs.

Activation of

25-rat **I-human B1-1DMe bla reporter Food intake
PrRP31 5:1511:31 ¢ binding to gene in in fasted
bindingto binding humang 0 % human % binding GPRI0  mice
Analog RC-4B/C rat GPRI10 binding  NPFF, rat ;)lvecr:l?l(:)resm (5 mg/kg sc)
No PrRP31 . PrRP31 & ryR—
K (M) K (M) K, (M) ECa (M) gt
(45 min)
saline 100+£9.3
rat PrRP31 2.394+0.11 100 3.91£0.21 100 57.1£15.5 100 359+79 113+10
Nle-PrRP31 1.2840.20 187 1.87£0.42 209 49.6+3.4 115 NT NT
myr-PrRP31  0.69+£0.09 344 0.69+£0.09 570 1.59+0.32 3582 102+12 9.5+6.5
palm-PrRP31 0.51+£0.15 470 2.94+0.33 133 0.91+0.31 6251 70+3 13.2+6.2
1 83.3£2.60 3 33.6+£15.6 12 24.3+3.82 236 1681+212 NT
2 3.95+£1.22 60 1.30+0.21 302 NT NT 71£21 4.94+2.7
3 0.85+0.15 280 3.82+0.37 102 0.41+£0.06 13797 37+16 0.5+0.3
4 3.83£0.94 62 1.73£0.35 226 14.0£3.18 407 238+57 NT
5 0.60+£0.22 396 0.92+0.32 425 3.08+0.01 1853 232+34 1.2+0.6
6 1.3240.29 182 1.02+0.40 383 1.93+0.53 2962 146+16 0.7+0.4
7 19.9£596 12.0 4.66+0.85 84 352+0.03 16 940+97 NT
8 0.71£0.12 337 0.53+0.17 735 NT NT 17011 49443
9 0.58+0.10 409 0.74+£0.27 530 11.8£2.94 485 37+ 0 0.4+0.3
10 12.842.22 19 8.36x1.17 47 13.840.02 414 472447 NT
11 0.51+0.08 465 1.86+£0.52 210 0.24+0.05 23701 120+18 31.3+13.6
12 3.23+0.15 74 1.97+£0.08 199 NT NT 11615 NT
13 0.22+0.01 1085 1.53+0.38 256 317+140 18 85+5 20.1+5.7

NT, not tested;

In competitive binding, Ki was calculated using Cheng-Prusoff equation. ECs, is the concentration of peptide at 50% of maximal
effect. Food intake was analyzed at 45 min after SC injection of an analog when the maximal effect is observed and is expressed in
percentage of saline-treated group consumption. The data represent the means + S.E.M. of at least three separate experiments.
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Fig. 1. Food intake of fasted wild type mice
after peripheral SC administration of PrRP
analogs.

All peptides were administered SC at a dose
Smg/kg. (a) Cumulative food intake of myr-
PrRP31, palm-PrRP31, lipidized analog 2 and
3 with 1Nal®'. (b) Cumulative food intake of
lipidized analog 5 and 6 with PheCl*'and
lipidized analog 8 and 9 with PheNO,\. (c)
Cumulative food intake of lipidized analog 11
with PheFs*'and analog 13 with Tyr’'. The
curves are representative of the results obtained
from three independent experiments. The data
are analyzed by one-way ANOVA followed by
Dunnett’s post hoc test. Significance is ***P
< 0.001 vs. saline-treated group (n =5 — 6).



myristic or palmitic acid to the N-terminus. In position § the
original methionin was replaced with norleucine (Nle) to avoid
a possible Met oxidation. This change does not influence the
biological activity of prepared peptides (23).

The aromatic ring in Phe?! was substituted by naphtylalanine
(INal’!) - analogs 1 — 3; dichlorophenylalanine (PheCl,*!) -
analogs 4 — 6; nitrophenylalanine (PheNO,?') - analogs 7 — 9;
pentafluoro-phenylalanine (PheFs*') - analog 10 and 11; or
tyrosine (Tyr®') - analogs 12 and 13.

Rat PrRP31, human PrRP31 and 1DMe were iodinated at
Tyr? using [IODO-GEN™ as described previously (19).

Competitive binding and beta-lactamase assay of PrRP
analogs

Rat PrRP31, Nle-PrRP31 or lipidized PrRP analogs
competed with rat or human '>5[-PrRP for binding to RC-4B/C or
CHO-K1 overexpressing human GPR10 or NPFF2 with a K; in

Q
=S

food intake [g] 45min after injection

b

~

food intake [g] 345min after injection

Fig. 2. Food intake in fasted mice (a) at the
time of maximal effect (45 min after injection)
and (b) at the end of experiment (345 min after
injection)

All peptides were administered SC at a dose
5 mg/kg. (a) Food intake monitored 45 min after
injection of saline, myr-PrRP31, palm-PrRP31,
lipidized analog 2 and 3 with 1Nal’!, analog 5
and 6 with PheCl,’!, analog 8 and 9 with
PheNO,*!, analog 11 with PheF53! and analog 13
with Tyr’l. (b) Food intake 345 min after

% T

e N AN AN ) © 9 N injection. The results show representative values
,§\° an" ngb Qg‘b \OQW\OQ O O \OQ © oo:\ O obtained from three independent experiments.
@ Q¢ < $ " A P CE i The data are analyzed by one-way ANOVA
(é' *‘ \@ LA 'bo 00 using Dunnett’s Multiple Comparison Test.
&P Significance is **P < 0.01 and ***P < 0.001 vs.

saline-treated group (n =5 — 6).




the nanomolar range as shown in 7able 2. The K; value for the
stable analog 1DMe from competitive binding assay with 2]-
1DMe on membranes of CHO-K1 cells overexpressing human
NPFF2 was 1.80 + 0.54nM. PrRP analogs with fatty acids
showed a higher affinity for RC-4B/C cells and a comparable
affinity for GPR10 with the natural peptide PrRP31. A similar
trend was also observed in the binding of lipidized analogs on
cell membranes with the human NPFF2 receptor. Thus,
myristoylated and palmitoylated PrRP31 showed very high
affinity for both the GPR10 and NPFF2 receptors. This tendency
was similar for analog 5 and 6 (containing PheCl,*') and analog
9 (with PheNO,?"). Interestingly, palmitoylated analog 3 (1Nal’!)
and analog 11 (PheFs*'") were bound to both GPR10 and NPFF2
with nanomolar K;, but the affinity for the human NPFF2
receptor was higher compared to that of natural peptide.

Activation of the beta-lactamase reporter gene on CHO-K1
cells overexpressing GPR10 by PrRP31 or PrRP analogs
revealed agonistic characteristics of the PrRP analogs with ECs,
in sub-nanomolar range (7able 2). Similarly, as in the binding
assay, we found that the lipidized analogs were more effective
than the natural peptide.

Acute food intake

The results of food intake experiments after SC injection in
fasted mice are shown in 7able 2 and in Fig. I and 2. As
expected, SC-injected natural PrRP31 did not affect food intake
(Table 2, Fig. 2a and 2b). However, in accordance with data
from the binding assay, myristoylated and palmitoylated PrRP31
analogs significantly decreased food intake. Palm-PrRP31 had
stronger and long-term anorexigenic effects compared to myr-
PrRP31 (Fig. 1a). Analogous effects were observed with analogs
2 and 3 with 1-Nal®' (Fig. la) or analogs 8 and 9 with PheNO,?!
as shown in Fig. 1b. Analogs 11 and 13 attenuated food intake
but their effects were weaker compared to other lipidized
analogs (Fig. Ic). Interestingly both analogs 5 and 6 with
PheCl,’" substituent showed very strong and long-lasting
anorexigenic effects (Fig. /b) similar to palm-PrRP31.

At the time of maximal effect, 45 min after subcutaneous
injection, a significant decrease in food intake occurred with all
lipidized analogs compared to the saline-treated group as shown
in Fig. 2a. Natural non-lipidized rat PrRP31 did not influence
food intake after subcutaneous injection. Significant and long
lasting effects (approximately 6 hours after injection) of
palmitoylated analogs are shown in Fig. 2b.

DISCUSSION

To overcome the drawback of neuropeptides that are unable
to cross the BBB and act centrally after peripheral
administration, lipidization of these peptides could be employed.
In our recent study we showed that lipidization of PrRP31 or
PrRP20 through an amide bond at the N-terminus increased the
half-life of the molecule and possibly allowed PrRP to cross the
BBB from the periphery similarly as it was proven with analog
of naturally lipidized peptide ghrelin in our previous study (27).
Peripheral administration of palmitoylated or myristoylated
analogs of PrRP resulted in decreased food intake and body
weight in mice (20). As proof-of-concept, our analogs modified
with longer fatty acids (myristic or palmitic) were active after
peripheral administration and increased neuronal activation.

Boyle et al. performed an in vitro structure-activity study with
analogs of PrRP(19-31). The C-terminal segment Ile?>-Arg?-
Pro?’-Val®-Gly*-Arg*’-Phe’!-NH, is important for biological
activity. However, amino acids in this segment could be modified
except Arg®, which is necessary for the preservation of PrRP in

vitro biological activity (28). Our previous study (19) has shown
that analogs of PrRP20 that have the C-terminal Phe?! replaced by
its derivatives with modified non-coded aromatic amino acids,
such as [PheCl,’']PrRP20, [PheFs*']PrRP20 or [Tyr3']PrRP20,
bound to RC-4B/C with affinities similar to natural PrRP20,
which indicates preservation of biological activity and high
affinity for the GPR10 receptor. Moreover, the PrRP analogs
showed highly significant and long-lasting anorexigenic effects
after central (icv.) administration in fasted mice.

For this study, we have designed analogs of rat PrRP31
instead of PrRP20 with C-terminal Phe*' modified by non-coded
amino acids with a bulky aromatic side chain (1-Nal, PheCl,,
PheF;s or PheNO,) or with tyrosine, employing similar design as
in our previous study (19). Replacement of the C-terminal
phenylalanine in position 31 with modified aromatic amino
acids can increase their biological activity. All PrRP31 analogs
were lipidized by a fatty acid (myristic or palmitic) at the N-
terminus of the peptide and conserved the C-terminal amide
necessary for preserving PrRP biological activity (28). All
analogs have replaced the Met in position 8 with Nle.

For in vitro experiments, pituitary cell line RC-4B/C
endogenously expressing both GPR10 and NPFF2 and CHO-K1
cells overexpressing human GPR10 or human NPFF2 were
employed (20, 23). We found that analogs of rat PrRP31 with
1Nal, PheCl,, PheFs, PheNO, or Tyr in position 31 had high
affinity for the GPR10 receptor, i.e., K; value in 10°M range,
which was comparable to the K; for natural PrRP31 as determined
both by Langmead et al. in HEK293 cells transfected with the
GPR10 receptor and by Satoh et al. in rat hypothalamus or
pituitary cell membranes (29, 30). Lipidized PrRP analogs were
bound to GPR10 with an even higher affinity than natural PrRP
with K in the 10-'°M range. In competition binding assays with
human NPFF2 and '*’I-1DMe, the affinity of 1DMe, the stable
NPFF analog for the NPFF2 receptor was comparable with the
study performed by Engstrom et al. (17). In our binding assay both
rat and human PrRP showed higher K; than natural PrRP but was
also in the nanomolar range. Interestingly, our lipidized analogs
showed higher affinity for the human NPFF2 receptor compared
to the natural PrRP31 or 1DMe. The K; of palmitoylated PrRP31
analogs (analogs 3, 6, 9, 11 and 13) in binding experiments with
RC-4B/C cells were in 10-'°M range, comparable with K; of
lipidized analogs from our previous study (20). Thus, we can
hypothesize that lipidized PrRP31 analogs might act through both
GPR10 and NPFF2 receptors to perform their central anorexigenic
effects. Functional in vitro studies using beta-lactamase reporter
gene assay confirmed that all lipidized analogs were agonists with
lower ECs, (i.e. higher activity) than relevant non-lipidized
peptides. Therefore, all lipidized PrRP31 analogs with C-terminal
modifications were used for the in vivo study in mice to test their
anorexigenic potency.

PrRP is a proven anorexigenic factor (7). PPRP mRNA was
found in brain regions important in the regulation of energy
balance (DMN, NTS and VLM) and was decreased at negative
energy balance states (breastfeeding, starvation). Numerous
studies confirmed that PrRP reduced food intake, increased body
temperature and energy expenditure following injection into the
third ventricle of rats and mice (7, 10, 23, 31). Ellacott et al.
found out that after three days of repeated central administration
of PrRP to rats, animals became unresponsive to anorectic effect
of PrRP (32). However, chronic peripheral administration of
palm-PheCl,*'PrRP31 and palm-PrRP31, but not natural PrRP,
to diet induced obese mice led to preserved anorexigenic effect
and decreased body weight even after 2-week-long repeated
administration (data not shown). As we described in Maletinska
et al. (20) palm-PrRP31 and other lipidized analogs didn’t cause
any side effects such as sedation (open field test), analgesia (hot
plate test) or anxiety (elevated plus maze). The behavioral tests



were performed at the time and the doses of the maximal
anorexigenic effect of the substances studied (20), similarly as it
was done at behavioral satiety sequence test elsewhere (33). We
can than presume that our substances induced physiological
satiety. For future studies it’s necessary to test the most potent
PrRP analogs in GPRI107 mice in order to determine
participation of GPR10 in the biological effects of lipidized
PrRP analogs.

Similarly to this what was found for liraglutide (34), we
expected that the attached fatty acid could enable PrRP to cross
the BBB and accomplish its anorexigenic effect in the brain. In
this study, analogs with the highest anorexigenic activity, N-
palmitoylated analogs with PheCl, or PheNO, in position 31,
reduced food intake significantly, up to 6 hours after injection.
However, myristoylation of these analogs did not result in a
significant decrease in food intake in fasted mice. Out of all
lipidized PrRP31 analogs, only the myristoylated analog 5 and
palmitoylated analog 6 with PheCl,?' showed the highest and
longest-lasting reduction of food intake. These two analogs were
the most potent analogs in our structure-activity study.

In our study lipidized PrRP31 analogs with modifications of
the C-terminal amino acid showed high affinities for the GPR10
and NPFF2 receptors in vitro and prolonged anorexigenic effects
in fasted mice. PheCl,>'PrRP31 palmitoylated or myristoylated
at N-terminus, showed strong long-lasting anorexigenic effect in
fasted mice most probably owing a higher stabilization without
a negative effect on their biological effect. It makes them
promising candidates for study of food intake disorders and
potentially for anti-obesity treatment.
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Novel lipidized analogs of prolactin-releasing peptide have
prolonged half-lives and exert anti-obesity effects after

peripheral administration

L Maletinska', V Nagelova', A Ticha', J Zemenova'?, Z Pirnik'**, M Holubova', A Spolcova', B Mikulaskova'>, M Blechova', D Sykora?,

Z Lacinova®, M Haluzik®, B Zelezna' and J Kunes'®

OBJECTIVES: Obesity is a frequent metabolic disorder but an effective therapy is still scarce. Anorexigenic neuropeptides produced
and acting in the brain have the potential to decrease food intake and ameliorate obesity but are ineffective after peripheral
application. We have designed lipidized analogs of prolactin-releasing peptide (PrRP), which is involved in energy balance
regulation as demonstrated by obesity phenotypes of both PrRP- and PrRP-receptor-knockout mice.

RESULTS: Lipidized PrRP analogs showed binding affinity and signaling in PrRP receptor-expressing cells similar to natural PrRP.
Moreover, these analogs showed high binding affinity also to anorexigenic neuropeptide FF-2 receptor. Peripheral administration of
myristoylated and palmitoylated PrRP analogs to fasted mice induced strong and long-lasting anorexigenic effects and neuronal
activation in the brain areas involved in food intake regulation. Two-week-long subcutaneous administration of palmitoylated
PrRP31 and myristoylated PrRP20 lowered food intake, body weight and improved metabolic parameters, and attenuated
lipogenesis in mice with diet-induced obesity.

CONCLUSIONS: Our data suggest that the lipidization of PrRP enhances stability and mediates its effect in central nervous system.
Strong anorexigenic and body-weight-reducing effects make lipidized PrRP an attractive candidate for anti-obesity treatment.
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INTRODUCTION

Prolactin-releasing peptide (PrRP) was originally discovered as an
endogenous ligand of an orphan G-protein-coupled receptor.'
PrRP and its receptor named GPR10 were detected in several
hypothalamic nuclei,® suggesting an involvement of PrRP in the
control of food intake and body weight.® PrRP was also found to
have high affinity to the neuropeptide FF-2 (NPFF2) receptor,
resulting in anorexigenic effect.* The endogenous ligand of NPFF2
receptor, NPFF, also has hyperalgesic and anti-morphine analgesic
properties (for reviews, see>®).

The suggestion that PrRP may act as a homeostatic regulator of
food intake was supported by the finding that PrRP messenger
RNA (mRNA) expression was reduced in situations of negative
energy balance similarly to other anorexigenic peptides such
as a-melanocyte stimulating hormone or cocaine- and
amphetamine-regulated transcript peptide.? The intracerebroven-
tricular administration of PrRP inhibited food intake and body
weight gain in rats but did not cause conditioned taste aversion.’
Furthermore, Fos immunoreactivity was enhanced after PrRP
administration in the brain areas associated with food intake
regulation.’

Finally, PrRP-receptor-knockout mice had significantly higher
body weight at 15 weeks of age compared with wild-type mice,
and this late-onset obesity was much more pronounced in female
mice, which also exhibited a significant decrease in energy

expenditure.® Similarly, PrRP-deficient mice displayed late-onset
obesity, increased food intake and attenuated responses to the
anorexigenic signals cholecystokinin and leptin.’

Taken together, these findings suggest that PrRP and other
anorexigenic neuropeptides involved in food intake regulation'®'"
may have a potential in the development of future anti-obesity
agents. Nevertheless, because these peptides normally regulate
food intake directly in the hypothalamus, their anorexigenic
potential after peripheral administration is hampered by their
inability to cross the blood-brain barrier (BBB) and to reach the
target brain receptors.

For the design of peptide drugs, the lipidization of peptides,
that is, the attachment of fatty-acid chain to peptides through
ester or amide bond is advantageous. Such modification results in
an increased stability and half-life of the peptide, and it is possible
that these modifications allow peptide to cross the BBB after
a peripheral administration (reviewed by'?™'%). Myristoylation
or palmitoylation through an amide bond on a Lys has been
employed in the insulin analog detemir'” or glucagon-like peptide
1 analog liraglutide.'® Both of these peripherally acting lipopep-
tide drugs show strongly prolonged half-lives and slower
biodegradation. Central effects of detemir and liraglutide have
been described suggesting that the attachment of fatty acid may
also enable these peptides to cross the BBB.!”

PrRP seems to be a suitable candidate for lipidization because
of its linear, one-chain peptide structure. Two biologically active
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N

isoforms of PrRP, with either 31 (PrRP31) or 20 (PrRP20) amino
acids contain a C-terminal Arg-Phe-amide sequence that is critical
for the preservation of biological activity of PrRP.'82°

The aim of this study was to achieve the direct central
anorexigenic activity of PrRP via its peripheral route of administration
employing the lipidization of its N terminus. We tested a series of
PrRP analogs modified with fatty acids of various lengths both
in vitro and in vivo. The data showed that myristoylated PrRP20
and palmitoylated PrRP31 retained the biological activity of PrRP
while significantly decreasing food intake and body weight and
improving metabolic parameters upon peripheral administration
in mice with diet-induced obesity. Thus, the lipidization of
neuropeptides involved in food intake regulation might serve as
a tool to retain their ability to act centrally after peripheral
administration.

MATERIALS AND METHODS

Peptide synthesis and iodination
Rat PrRP analogs (for structure see Table 1), human PrRP31
(SRTHRHSMEIRTPDINPAWYASRGIRPVGRF-NH,), scrambled peptides (SHQ
RPADTHWYPRGNIeFPTIGRITARNGEVSR-NH, and (N-myr)SHQRPADTHWYP
RGNIeFPTIGRITARNGEVSR-NH,) and a stable analog of NPFF, 1DMe
(D-YL(N-Me)FQPQRF-NH,) were synthesized and purified as described
previously.?' Lipidization of PrRP analogs was performed as shown in®2 on
fully protected peptide on resine as a last step. The purity and identity of
all peptides were determined by analytical high-performance liquid
chromatography and by using a Q-TOF micro MS technique (Waters,
Milford, MA, USA).

Rat or human PrRP31 and 1DMe were iodinated at Tyr?® and D-Tyr',
respectively, with Na'?’l (Izotop, Budapest, Hungary) as described
previously.?

Binding to intact plated cells and cell membranes

Rat pituitary RC-4B/C cells obtained from ATCC (Manassas, VA, USA) were
grown as described previously24 and Chinese hamster ovarian (CHO)-K1
cells with GPR10 receptor (Perkin Elmer, Waltham, MA, USA) according to
manufacturer's instructions. Saturation and competitive binding experi-
ments were performed according to Motulsky and Neubig.?®> RC-4B/C or
CHO-K1 cells were incubated with 0.5-5nm '2°l-rPrRP31 or '?°I-hPrRP31,
respectively, in saturation experiments or with 0.1 nm '2*I-rPrRP31 or with
0.03nm '**I-hPrRP31, respectively, and 10~ '"-10"°M non-radioactive
ligands in competitive binding experiments. Experiments were performed
on plates incubated for 60min at 25°C. Non-specific binding was
determined using 107°M PrRP31. Binding assays on human NPFF2
receptor membranes obtained from Perkin Elmer were performed as
described in.2*

Detection of MAPK/ERK1/2 phosphorylation by western blotting

CHO-K1 cells were incubated with PrRP31, PrRP20, palm-PrRP31 or
myr-PrRP20 with final concentrations from 10~7-10""°M for 5min at
37°C. The cells were lysed and western blots carried out as described in.?®

Stability of PrRP analogs in vitro

Rat plasma fortified with a solution of the studied compound at a
concentration of 3x 10~ ®w was incubated at 37 °C. The times of sampling
were 0-24h for PrRP31 and PrRP20 and 0-96 h for palm-PrRP31 and
myr-PrRP20. Samples were collected in triplicates and stored at — 20 °C. The
PrRP(1-31) EIA high-sensitivity kit (Peninsula Laboratories, San Carlos, CA,
USA) was used according to the manufacturer's instructions.

Pharmacokinetics in vivo in mice

All animal experiments followed the ethical guidelines for animal
experiments and the Act of the Czech Republic Nr. 246/1992 and were
approved by the Committee for Experiments with Laboratory Animals of
the ASCR.

The measurement of in vivo pharmacokinetics was performed as
previously described.”® C57BL/6 male mice were injected subcutaneously
(SC) with PrRP31, PrRP20, palm-PrRP31 or myr-PrRP20 (dissolved in saline;
Sal) at a dose of 5mg kg" (n=3), blood plasma collected and peptides
determined by PrRP(1-31) EIA high-sensitivity kit.

Acute food intake in lean mice

Male C57BL/6 mice from Charles Rivers Laboratories (Sulzfeld, Germany)
were housed at a temperature of 23 °C and a daily cycle of 12 h light and
dark (lights on at 6:00). The mice were given ad libitum water and standard
chow diet (St-1, Mlyn Kocanda, Jesenice, Czech Republic). Following
schedules were used for food intake monitoring after single administration
of peptides: (a) on the day of the food intake experiment, overnight (17 h)
fasted mice were injected SC with Sal or PrRP analogs at doses of
0.1-5mg kg‘1 (all dissolved in Sal) (n=6-8). Fifteen minutes after
injection, the mice were given weighed food pellets. The pellets were
weighed every 30 min for at least 6 h. (b) Freely fed mice were injected SC
with Sal or PrRP analogs at a dose of 5 mg kg ™" (all dissolved in Sal) (n=6)
30 min before lights out. Food intake was monitored every 10 min for at
least 14 h using automatic food intake monitoring system (Development
Workshops of I0CB, Prague, Czech Republic).

Fos immunohistochemistry

For c-Fos immunohistochemical processing, overnight-fasted male mice
with the free access to water (n=4) were SC injected with Sal or PrRP31,
oct-PrRP31, myr-PrRP20 or palm-PrRP31 at a dose of 5mgkg~". Ninety
minutes after injection, the mice were deeply anesthetized with sodium
pentobarbital (50 mgkg™', intraperitoneally) and perfused transcardially,
the brains were treated and c-Fos immunoreactivity determined as
described in.2”%®

Table 1. Structures and binding affinities of PrRP analogs
Analog Sequence Human GPR10. '**I-human Human NPFF2."*|-1DMe RC-4B/C cells. **I-rat PrRP31
PrRP31 binding K; (nm) binding K; (nm) binding K; (nm)
PrRP31 SRAHQHSMETRTPDINPAWYTGRGIRPVGRF-NH, 3.91+0.21 42.21+6.76 2.38+0.11
oct-PrRP31 (N-oct)SRAHQHS Nle ETRTPDINPAWY TGRGIRPVGRF-NH, 1.49 +£0.07 2482+ 13.2 0.98+0.22
dec-PrRP31 (N-dec)SRAHQHS Nle ETRTPDINPAWYTGRGIRPVGRF-NH, 142+0.55 14.73+3.10 0.68+0.12
dodec-PrRP31 (N-dodec)SRAHQHS Nle ETRTPDINPAWY TGRGIRPVGRF-NH, 1.15+0.35 14.28 +6.40 0.38+0.14
myr-PrRP31 (N-myr)SRAHQHS Nle ETRTPDINPAWYTGRGIRPVGRF-NH, 0.69 +0.09 1.59+0.32 0.69 +0.09
palm-PrRP31 (N-palm)SRAHQHS Nle ETRTPDINPAWYTGRGIRPVGRF-NH, 294+0.33 0.69+0.36 0.51+0.15
stear-PrRP31 (N-stear)SRAHQHS Nle ETRTPDINPAWYTGRGIRPVGRF-NH, 524+0.57 15.92+14.43 0.93 +0.08
PrRP20 TPDINPAWYTGRGIRPVGRF-NH, 44+0.77 21.80+9.91 2.23+0.19
oct-PrRP20 (N-oct) TPDINPAWY TGRGIRPVGRF-NH, 1.88+0.31 48.13 +£13.19 0.91+0.23
dec-PrRP20 (N-dec)TPDINPAWY TGRGIRPVGRF-NH, 2.94+047 3.60+2.57 0.41+0.01
dodec-PrRP20 (N-dodec)TPDINPAWY TGRGIRPVGRF-NH, 234+0.25 9.97+3.48 0.58+0.22
myr-PrRP20 (N-myr)TPDINPAWYTGRGIRPVGRF-NH, 4.21+0.24 8.23+1.97 1.02+0.20

cells, respectively. K4 for NPFF2 receptor in CHO cells was 0.72 +0.12 nm.

Abbreviations: dec, decanoyl; dodec, dodecanoyl; myr, myristoyl; Nle, norleucine; oct, octanoyl; palm, palmitoyl; stear, stearoyl. The means + s.e.m. of at least
three separate experiments are shown. In competitive binding, K; was calculated using the Cheng-Prusoff equation. The concentration of the radioligand was
0.1 nm or 0.03 nm, and the Ky that was calculated from saturation experiments was 4.21 + 0.66 nw for RC-4B/C2* or 0.95 + 0.20 nm for GPR10 receptor in CHO
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Behavioral tests in mice

Locomotor activity and analgesia were measured in free-fed mice using
the VideoMot system (TSE Systems, Bad Homburg, Germany) after the SC
injection of Sal, PrRP31, oct-PrRP31, palm-PrRP31 and myr-PrRP20 at a dose
of 5mgkg ™" (n=5) as described previously.?®%°

The elevated plus maze (TSE Systems) test was used to measure anxiety/
fear behavior. The total time spent in open and closed arms was measured.

Determination of prolactin release in rats and mice

Male Wistar rats (250-300 g, Harlan Laboratories, Correzzana, Italy, n=3)
were injected intravenously into the jugular vein with Sal, thyrotropin-
releasing hormone (10 pg kg‘1) or palm-PrRP31 (0.5 mg kg”), or SC with
Sal or palm-PrRP31 (5 mg kg ™). Blood was collected from carotid artery
before injections and 5 and 10 min after injections. Male C57BL/6 mice
were injected SC with Sal, myr-PrRP20 or palm-PrRP31 (5 mg kg ™). Blood
was collected by decapitation 10 min after injection. Prolactin (PRL) in rat
or mouse serum was determined with a radioimmunoassay assay kit
(Izotop).

Effect of 14-day administration of palm-PrRP31 and myr-PrRP20 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
53 kcal g~ ', with 13%, 60% and 27% of the calories derived from protein,
fat and carbohydrate, respectively.>® Food intake and body weight were
monitored weekly from 9 to 18 weeks of age. Mice resistant to the HF diet
were withdrawn from the experiment (~10% of mice).

At the age of 19 weeks, the mice were divided into groups of 10 animals
and placed into the separate cages with free access to HF diet and water.
Three groups were injected SC either with Sal or with palm-PrRP31 or
myr-PrRP20 at a dose of 5 mg kg~ twice a day. The fourth group served as
pair-fed controls to the animals treated with palm-PrRP31, and was given
food amount consumed by palm-PrRP31 treated mice the previous day.
The amount of the HF diet consumed and the weight of the mice were
monitored daily.

At the end of the experiment, overnight-fasted mice were killed by
decapitation starting at 8:00 a.m. The trunk blood was collected, and the
plasma was separated and stored at —20 °C. The intraperitoneal adipose
tissue (IPAT), subcutaneous adipose tissue (SCAT), the perirenal adipose
tissue, the brown adipose tissue and the liver of all mice were dissected,
weighed and stored at — 70 °C.

Determination of hormonal and biochemical parameters

The plasma insulin concentrations were measured with radioimmunoassay
assays (Linco Research, St Charles, MI, USA), leptin concentrations were
determined with enzyme-linked immuno assay (Millipore, St Charles, M,
USA), corticosterone levels were determined with radioimmunoassay assay
kit (Izotop) and adrenocorticotropic hormone with enzyme-linked immuno
assay (Peninsula Laboratories). The plasma glucose levels were measured
using a Glucocard glucometer (Arkray, Kyoto, Japan). The plasma
triglyceride levels were measured by quantitative enzymatic reactions
(Sigma, St Louis, MO, USA).

Determination of mRNA expression

Samples of adipose tissue (IPAT, SCAT) and liver were processed as
described in.3' Determination of the mRNA expression of genes of interest
(ACACA and FASN in liver, IPAT and SCAT; lipoprotein lipase, adiponectin
and leptin in IPAT and SCAT, FABP-4 in liver, UCP-1 in brown adipose
tissue) was performed using an ABI PRISM 7500 instrument (Applied
Biosystems, Foster City, CA, USA). The expression of beta-2-microglobulin
was used to compensate for variations in input RNA amounts and the
efficiency of reverse transcription. (ACACA—acetyl-CoA carboxylase 1,
FASN—fatty-acid synthase, LPL—lipoprotein lipase, SREBP—sterol regula-
tory element-binding protein, FABP-4—fatty-acid binding protein 4, UCP-1
—uncoupling protein-1).

Analysis of binding data and statistics

The saturation binding curves were plotted using GraphPad software
(San Diego, CA, USA) comparing the best fit for single binding site models
(Kq, Bmax and 1Csq values were obtained from nonlinear regression analysis).
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Inhibition constants (K;) were calculated from the ICsy values using the
Cheng-Prusoff equation.3?

The data are presented as the means +s.e.m. for the number of animals
indicated in the figures and tables. The data were analyzed using one-way
analysis of variance followed by the Dunnett's post hoc test or a t-test, as
stated in the figure and table legends, using the GraphPad Software.

RESULTS

Lipidized analogs of PrRP20 and PrRP31 are agonists of the PrRP
receptor GPR10 and have high affinity to both GPR10 and NPFF2
receptors

The peptide sequences were assembled on a solid support as
described in the Materials and Methods. The purity of all peptides
was higher than 95%. The structures of the PrRP analogs used in
this study are shown in Table 1. PrRP20 and PrRP31 were lipidized
at the N terminus with fatty acids of different lengths. Lipidized
PrRP31 analogs were modified with norleucine in position 8 to
avoid oxidation of the original methionine. Analogously to a
similar modification of the cocaine- and amphetamine-regulated
transcript peptide,®® the change of methionine for norleucine did
not affect the biological activity of PrRP31.

All native and lipidized analogs of PrRP31 and PrRP20 competed
with human "?*I-PrRP31 for binding to CHO cells overexpressing
the human PrRP receptor GPR10 with K; values in a nanomolar
range, as shown in Table 1. Scrambled peptide based on PrRP20
and its myristoylated analog (structures in the Methods) were
bound to GPR10 receptor with a negligible affinity, with K; values
higher than 10~ >m.

Natural PrRP31 and PrRP20, as well as their lipidized analogs
palmitoylated PrRP31 (palm-PrRP31) and myristoylated PrRP20
(myr-PrRP20), respectively, increased the phosphorylation of
MAPK/ERK1/2 in CHO cells overexpressing GPR10 receptor with
an ECsy values in the nanomolar range (ECso was 1.01nm for
PrRP31, 5.62 nm for PrRP20, 0.93 nm for palm-PrRP31 and 1.48 nm
for myr-PrRP20), which confirmed the powerful agonist effects of
palm-PrRP31 and myr-PrRP20 on the GPR10 receptor. The dose-
response curves are shown in Supplementary Figure S1.

Lipidized PrRP analogs were bound to CHO cells overexpressing
NPFF2 receptor with K; values of 10~ 8w range or lower, similar to
native PrRP20 and PrRP31 in competition binding with a stable
NPFF analog '#’I-1DMe (Table 1). Myristoylated and palmitoylated
PrRP analogs displaced '*°I-1DMe with affinity equal to or higher
than 1DMe (K;=2.21£0.70).

In the rat tumor pituitary cell line RC-4B/C expressing
endogenously both GPR10 and NPFF2, lipidized PrRP analogs
were bound with a very high affinity to these cells that increased
with the length of the carbon chain of a fatty acid (Table 1).

Palm- and stear-PrRP31 and myr-PrRP20 attenuate food intake
after acute peripheral administration in fasted lean mice and
activate neurons in the food intake-regulating areas in the brain
Food intake was unaffected in Sal-treated controls and native
PrRP31 and native PrRP20 administered SC in mice, both fasted
and freely fed (Figure 1). In contrast, anorexigenic effects of
several peripherally administered lipidized analogs of PrRP31 and
PrRP20 were proven in fasted mice (Figure 1a and b) and freely
fed mice (Figure 1c). After the acute SC administration of
myr-PrRP20 and palm- and stear-PrRP31 (dose of 5mgkg™"),
food intake was very significantly lowered for several hours. The
effects of myr-PrRP20 and palm-PrRP31 were dose-dependent,
with a dose as low as 1mgkg ™' of each peptide significantly
lowering food intake (Supplementary Figure S2). Scrambled
myristoylated PrRP20 had no effect on food intake in mice after
peripheral administration (Figure 1a). Interestingly, PrRP31 lipo-
peptides with myristoyl and fatty acids of shorter carbon chains
and PrRP20 lipopeptides with dodecanoyl fatty acid and fatty
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Figure 1. Palmitoylated and stearoylated PrRP31 and myristoylated
PrRP20 attenuate food intake after acute peripheral administration
in fasted mice. Cumulative food intake of 17 h fasted mice after
acute SC administration of (a) lipidized PrRP20 analogs, (b) natural
and lipidized PrRP31 analogs at a dose of 5mgkg ™', (c) cumulative
food intake of freely fed mice after acute SC administration of saline,
PrRP31, myr-PrRP20 and palm-PrRP31 (dose 5 mg kg ™). Food intake
is expressed in grams of food consumed (n=6-8 mice per group).
***P < 0.001 vs saline-treated group. The significance concerns the
whole time course.

acids of shorter carbon chains did not significantly affect food
intake (Figure 1a and b). Although myr-PrRP20 showed a stronger
anorexigenic potency at a dose of 5mgkg ™' SC in fasted mice
compared with palm-PrRP31 (Figures 1a and b), anorexigenic
effect of both analogs was comparable in freely fed mice
(Figure 1c) and moreover, palm-PrRP31 lowered food intake more
significantly than myr-PrRP30 at a dose of 1mgkg™'
(Supplementary Figure 2). It might be explained by higher
lipophilicity and lower solubility of myr-PrRP20 compared with
palm-PrRP31.

The central effect of peripherally administered palm-PrRP31 as
well as myr-PrRP20 was confirmed by a significant increase in
c-Fos immunoreactivity in the hypothalamic and brainstem nuclei
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involved in food intake regulation (Figure 2). Natural and
octanoylated PrRP31 administered peripherally did not influence
food intake and did not increase c-Fos immunoreactivity.

Lipidized analogs of PrRP are selective and stable anorexigenic
compounds

Several behavioral tests in mice were carried out to evaluate
possible side effects of selected PrRP analogs after their peripheral
administration. Two analogs that did not affect food intake after
SC administration, PrRP31 and oct-PrRP31, and two analogs that
did significantly decrease food intake, myr-PrRP20 and palm-
PrRP31, were SC administered into mice at a dose of 5mgkg ™" to
test their sedative effect (in the open field test), analgesic activity
(in the hot plate test) and anxiety (in the elevated plus maze).
Neither non-lipidized nor lipidized PrRP analogs influenced open
field locomotory activity, nor did they exhibit any analgesic or
hyperalgesic activity, nor were any anxiogenic effects in the
elevated plus maze observed (Supplementary Figure S3).

After intravenously or SC administration, Palm-PrRP31 did
not increase PRL release in rats compared with intra-
venously administered thyrotropin (Supplementary Figure S4a).
Similarly, myr-PrRP20 and palm-PrRP31 did not signi-
ficantly affect PRL release in mice after SC administration
(Supplementary Figure S4b).

The degradation of selected PrRP analogs was tested in rat
plasma in vitro. The stabilities of palm-PrRP31 and myr-PrRP20
were prolonged (> 24 h) compared with native PrRP20 or PrRP31
(half-lives ~10-20 min) (Figure 3a), possibly by promoting the
association of these peptides with circulating plasma proteins
through the attached fatty-acid moieties.

To further validate the pharmacokinetic profiles of selected
analogs in vivo, plasma concentrations of PrRP31, PrRP20, palm-
PrRP31 and myr-PrRP20 were determined after a single SC
injection into mice (Figure 3b). Lipidized PrRP analogs showed
longer stability and increased AUC compared with natural PrRP31
and PrRP20.

Chronic 14-days administration of palm-PrRP31 and myr-PrRP20
decreased food intake and body weight in DIO mice, improved
metabolic parameters and positively affected lipid metabolism
Rodents with diet-induced obesity are considered models of the
most common human obesity, which is associated with the
consumption of HF food. The therapeutic potential of two selected
lipidized PrRP analogs that were the most potent in the acute food
intake test was assessed in diet-induced obese mice that were
peripherally administered these peptides for 14-days twice
per day. Figure 4 shows that the food intake and body weight
in diet-induced obesity (DIO) mice were significantly lowered,
mainly by the effect of palm-PrRP31. After the treatment, palm-
PrRP31-treated mice weighed ~ 15% less and myr-PrRP20-treated
mice ~ 10% less than Sal-treated controls. No signs of inflamma-
tion were observed during the treatment.

As shown in Table 2, palm-PrRP31 treatment significantly
lowered insulin and leptin levels in blood, and decreased SCAT
and perirenal fat masses. The group of mice pair-fed to palm-
PrRP31 showed similar metabolic changes, suggesting that the
primary effect of palm-PrRP31 is most likely due to food intake
regulation. Despite the fact that the treatment of DIO mice with
myr-PrRP20 decreased circulating level of leptin significantly, the
masses of the dissected fat tissues were not significantly lowered
(Table 2).

Plasma corticosterone level significantly increased after myr-
PrRP20 and palm-PrRP31 treatment compared with Sal-treated
group, but increase in adrenocorticotropic hormone level did not
reach significance (Supplementary Figure S5).
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Effect of PrRP lipidization on cells activity in food intake-regulating areas in mouse brain. Fos immunoreactivity: the qualitative as

well as quantitative assessment of Fos-immunostained cells in coronal section of PVN (a-e), Arc (f-j) and NTS (k-0) 90 min after SC application
of saline (a, f, k) and PrRP31 (b, g, I), oct-PrRP31 (c, h, m), palm-PrRP31 (d, i, n) and myr-PrRP20 (e, j, 0) at a dose of 5mgkg ™' in fasted mice
(n=4). *P < 0.05, **P < 0.01 vs saline (Sal), PrRP31 and oct-PrRP31. PVN—paraventricular hypothalamic nucleus, Arc—arcuate hypothalamic
nucleus, NTS—solitary tract nucleus, 3v—third brain ventricle. Scale bar is 50 pm for a-e, 100 pm for f-o.

Expression of UCP-1 was not changed in brown adipose tissue
of palm-PrRP31 compared with Sal-treated group (Supplementary
Figure S6).

As palm-PrRP31 treatment had the most attenuating effect on
fat stores, we investigated the mRNA expressions of adipokines
and fat metabolism-regulating enzymes only in palm-PrRP31-
treated DIO mice and their pair-fed group. Decrease in the masses
of all particular fats dissected resulted in a very significantly
attenuated mRNA expressions of leptin (Supplementary Figure S7)
but not adiponectin (not shown). In both SCAT and IPAT, the
second most significant site of lipogenesis, fatty-acid synthase
mMRNA was significantly attenuated. Treatment with palm-PrRP31
did not decrease lipoprotein lipase mMRNA expression in SCAT or in
IPAT in contrast to the results observed in pair-fed animals
(Supplementary Figure S7). Palm-PrRP31 treatment attenuated fat
metabolism more significantly in the liver, where the mRNAs of
enzymes catalyzing the de novo synthesis of fatty acids, ACACA
and FASN, were reduced significantly and in addition to a
reduction in sterol regulatory element-binding protein mRNA
(Supplementary Figure S7).

DISCUSSION

In spite of their low toxicity and few side effects, the clinical
potential of natural centrally acting anorexigenic neuropeptides is
limited due to their low stability and poor bioavailability under

© 2015 Macmillan Publishers Limited

physiological conditions. Our work has shown for the first time
that a unique modification of PrRP by lipidization led not only to
an increased stability in blood but also enabled to exert PrRP
central effect after peripheral administration.

In our previous study,”® we confirmed the importance of the
C terminus, identical for both PrRP20 and PrRP31, for their
biological activity. Therefore, the N terminus of both natural
peptides, PrRP31 and PrRP20, was lipidized with fatty acids of
different lengths to preserve their full biological activity. PrRP31
and PrRP20 lipidized by 8-18 carbon chain fatty acids retained
their binding affinities to GPR10 and NPFF2 receptors over-
expressed in CHO cells and to tumor cells RC-4B/C endogenously
expressing both GPR10 and NPFF2 receptors with affinities similar
to natural PrRP31.2%3* Agonistic properties of the lipidized analogs
of PrRP31 and PrRP20 were confirmed by an increased MAPK/
EKR1/2 phosphorylation in CHO cells overexpressing GPR10
receptor.

Despite similar binding affinities and agonist character of PrRP
lipidized by 8-18 carbons chain fatty acids, only palm- and stear-
PrRP31 and myr-PrRP20 highly significantly and dose-dependently
lowered food intake in lean overnight-fasted and freely fed mice
after SC administration, whereas analogs containing fatty acids with
shorter carbon chains and the natural PrRP31 or PrRP20 had no
effect on food intake. These findings suggest that only palm- or
stear-PrRP31 and myr-PrRP20 were probably able to cross the BBB
and exert their central effect on food intake. This conclusion was
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Figure 3. Pharmacokinetics of the PrRP analogs in vitro and in vivo.

(a) Degradation profiles in rat plasma. The analog triplicates were
incubated for different times in rat plasma and then submitted for
immunoanalysis using EIA kit. The results are expressed as the
percentage differences from the blood levels of PrRP31 at time 0
with a 107 °M initial concentration. (b) Plasma concentrations after
single SC injection (5mgkg™") in mice (n=3) as measured by
EIA kit.

further supported by the fact that both SC administered
myr-PrRP20 and palm-PrRP31 significantly enhanced c-Fos immu-
noreactivity in food intake-regulating hypothalamic and brainstem
nuclei containing both GPR10 and NPFF2 receptors,'®*> whereas
natural and octanoylated PrRP31 did not induce these changes.

In the hypothalamus, leptin receptor and PrRP are colocalizated
and have additive anorexigenic effect.>® Anorexigenic effect of
PrRP independent of leptin but dependent on CCK was suggested
in the brainstem.>’

The acute SC administration of natural PrRP31, palm-PrRP31 and
myr-PrRP20 did not result in any sedative, analgetic or anxiety-
inducing effects in mice. Thus, despite their high-affinity binding to
NPFF2 receptor, lipidized PrRP analogs do not share the
hyperalgesic activities of NPFF2* In spite of its name, PrRP-
induced PRL release is currently considered controversial.> In our
experiments, after intravenously or SC administration, palm-PrRP31
or myr-PrRP20 did not increase the release of PRL in rats and mice.

The long-lasting anorexigenic effect of palm- and stear-PrRP31
and myr-PrRP20 analogs could be explained by their prolonged
stability owing to binding to serum albumin similar to liraglutide
or palmitoylated gastric inhibitory polypeptide.'® Our stability test
confirmed that both palm-PrRP31 and myr-PrRP20 were stable for
> 24 h in rat plasma. In vivo pharmacokinetics in mice also showed
longer stability and a higher area under the curve for palm-PrRP31
and myr-PrRP20 compared with natural, non-lipidized analogs.

Finally, the 2-week-long twice daily administration of palm-
PrRP31 and myr-PrRP20 to mice with HF diet-induced obesity
significantly decreased cumulative food intake and body weight.
The time course and the extent of the effect were similar to those
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Figure 4. Palmitoylated PrRP31 and myristoylated PrRP20 reduce

food intake and body weight of diet-induced obese mice. Effect of
14- day administration of palm-PrRP31 and myr-PrRP20 on (a) food
intake and (b) body weight of DIO mice. Mice were SC administered
by saline or peptides at a dose of 5 mg kg~ twice daily (n = 10). Pair-
fed group received amount of food consumed by palm-PrRP31-
treated group the previous day. The data were analyzed by one-way
ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001 vs saline-treated group.

of liraglutide,***° confirming the potential of these compounds

for obesity treatment.

The decrease in body weight after 2-week palm-PrRP31
treatment in DIO mice was mediated mainly by the reduction of
body fat that was accompanied by a decrease in leptin level.
Decreased mRNA expressions of fatty-acid synthase in both the
adipose tissue and the liver along with a decreased expression of
acetyl-CoA carboxylase and sterol regulatory element-binding
protein in the liver suggests that this reduction most likely
resulted from a decreased de novo lipogenesis owing primarily to
negative energy balance due to reduced food intake. In our study,
changes of UCP-1 mRNA in brown adipose tissue after palm-
PrRP31 treatment pointing to possible increase of energy
expenditure were not found. On the other hand, significantly
increased corticosterone and nonsignificantly increased adreno-
corticotropic hormone plasma levels after 14-days treatment with
myr-PrRP20 and palm-PrRP31 support the fact that PrRP was
proposed to be implicated also in endocrine regulation of
hypothalamic-pituitary-andrenal axis.*’

In conclusion, we have demonstrated that the lipidization of
PrRP enabled its central anorexigenic effect after peripheral
administration in both acute and chronic settings by enhancing
its stability in the blood and improving its ability to cross the BBB.
Our data also confirmed that GPR10 and/or NPFF2 receptors are
suitable targets for the treatment of obesity. Collectively, our data

© 2015 Macmillan Publishers Limited
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Table 2. Metabolic parameters after 14-day SC administration of PrRP analogs in fasted DIO mice
Group/treatment
Saline Myr-PrRP20 Palm-PrRP31 Pair-fed to palm-PrRP31
Fat/body weight (%) 16.15+0.4 153+0.42 12.7 £0.71%** 14.5+0.67
SCAT/body weight (%) 8.07+0.33 7.05+0.19 5.38 +0.49%** 6.95+0.50
IPAT/body weight (%) 4.66 +0.33 5.09+043 4.75+0.19 4.67 +0.46
Perirenal fat/body weight (%) 2.94+0.14 2.77+0.13 2.07 +0.20%** 2.60+0.08
Liver/body weight (%) 4.07 +£0.20 3.60+0.18 3.56 +0.07 3.14 +0.13***
Leptin (ngml™") 53.3+3.49 39.6 +3.47* 24.7 +3.39%** 27.4 +1.91%**
Glucose (mmol ™) 6.94+0.28 7.52+0.16 7.26 +0.29 5.6+ 0.37*%*
Insulin (ngml~ b 4.09 +0.55 3.54+0.47 237 +0.47% 0.79 +0.14***
Triglycerides (mgdl™") 722+3.2 68.7 +4.16 66.8 +8.74 57.5+5.38
Abbreviations: IPAT, intraperitoneal adipose tissue; SCAT, subcutaneous adipose tissue. All values are expressed as mean+s.e.m. (n=10 per group).
Significance (one-way ANOVA) is *P < 0.05, **P < 0.01 and ***P < 0.001 vs saline-treated group.

suggest that lipidized PrRP analogs have potential as a possible
future anti-obesity drugs.
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