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Abstrakt

Tukova tkan hraje kliCovou roli v udrzovani homeostaze Zivin a energie. Rozsifeni
obezity a s ni souvisejicich metabolickych poruch nabyva v soucasnosti rozméri pandemie, a
nemalé Gsili je proto vénovano vyvoji novych 1é¢ebnych postupt, které by tento stav mohly zvratit.
Pii plnéni tohoto cile se pfitom zvazuje i mozna modulace aktivity tukové tkang, a to trojim
moznym zplsobem: 1) indukci spalovani energie v hnédé tukové tkani zavislého na odpfahovacim
proteinu UCP1; 2) ,hnédnutim®, tj. konverzi bilé tukové tkané¢ na ,hnédou”; a 3) stimulaci
termogeneze v bilé tukové tkani bez zapojeni UCP1.

Tato prace je zalozena na dvou publikovanych studiich a jednom ¢lanku v ptipravé. Na
modelu laboratorni mysi zkouma mozné ovliviiovani vsech tfech vySe zminénych procesi a to
pomoci: 1) suplementace diety ZluCovymi kyselinami; 2) kombinovaného pusobeni ©-3
vicenenasycenych mastnych kyselin a kalorické restrikce; a 3) chladové expozice.

V pokusech s podavanim zlucovych kyselin (konkrétné kyseliny chenodeoxycholové)
jsme potvrdili indukci proteinu UCP1 jak v hnédé, tak v podkozni bilé tukové tkani, coZ bylo
spojeno s reverzi obezity. Vétina pfiznivych G¢inkd byla nicméné zplsobena ptechodnym
poklesem spotfeby potravy, zatimco aktivace termogeneze v hnédém tuku patrné mize hrat
vyznamné&jsi roli pouze pii dlouhodobé&j$im plisobeni.

V druhé sérii pokust bylo prokazano, ze kombinace mirné kalorické restrikce a piijmu
®-3 vicenenasycenych mastnych kyselin pomaha pfedchazet rozvoji obezity vyvolané nadmérnym
pifjmem tukti. Déje se tak prostfednictvim stimulace katabolismu lipidi v epididymalni bilé tukové
tkani. Mitochondrie jsou pfitom plné spfazené, takze uvolnéna energie musi byt zuzitkovana jinym
zpusobem — pravdépodobné je pouzita k syntéze triglyceridii a mastnych kyselin, jejiz obrat je také
navysen.

Existence indukovatelného substratového cyklovani triglyceridi a volnych mastnych
kyselin v epididymalni tukové tkani byla potvrzena také na modelu mysi vystavenych po 7 dni
chladu. Syntéza triglyceridii byla vyraznéji zvySena u mysi kmene AJ (ve srovnani s kmenem B6),
u AJ zvifat tak muze pfispivat k ochrané metabolismu pfed nepiiznivym pusobenim zvyseného
piijmu tukd.

Ackoli ,,hnédnuti” bilé tukové tkané, ani vySe popsané prazdné substratové cykly patrné
nemohou vyznamnéji ovlivnit energeticky vydej na celotélové urovni, stile mohou pfiznivé
pusobit na homeostazu lipidli v plazmé a tkanich a pfedchazet tak gluk6zové intoleranci.
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Teoreticky tivod

Tukova tkan hraje klicovou roli pfi uskladfiovani energetickych zasob ve formé
netoxickych triglyceridi. Morfologicky a funkéné rozli§ujeme minimalné dva typy tukové tkané:
Bila tukova tkan je tvofena pfevazné unilokularnimi adipocyty s malym mnozstvim mitochondrii.
Ve srovnani s jinymi tkanémi je metabolicky pomérné malo aktivni a slouzi pfedeviim jako
ulozisté lipidi. Vedle toho produkuje ale také velké mnozstvi signalnich molekul ovliviwyjicich
metabolismus fady dal§ich organt.

Vedle toho se u savcl vyskytuje i tzv. hnéda tukova tkai tvofena multilokularnimi
adipocyty s vysokym obsahem odptahovaciho proteinu UCP1. Tato tkai je uzpusobena k rychlému
odbouravani ulozenych lipidii v mitochondriich, pficemz nashromazdénou energii uvoliuje
prostiednictvim UCP1 ve formé tepla. Hnéda tukovéa tkan hraje klicovou roli pti adaptaci na
chladné prostiedi. Vyskytuje se u vétSiny savéich druhti - nedavno byla prokazana i u dospélého
¢loveka. Je aktivovana prostiednictvim sympatického nervového systému v reakei na chlad ¢i jiné
podnéty (patrné i na potravu s nizkym obsahem proteint). I malé mnozstvi aktivovaného hnédého
tuku muze zasluhou UCP1 vykazovat vysoky metabolicky obrat a zvySovat vyrazné celkovy
energeticky vydej téla (Cannon and Nedergaard 2004). Indukce UCP1 v hnédé tukové tkani je
proto jednim z moznych terapeutickych cilti pfi potlacovani obezity a s ni spojenych zdravotnich
komplikaci.

U hlodavcii byl pii adrenergni stimulaci pozorovan vyskyt multilokularnich adipocyti i
v n€kterych depech bilé tukové tkané (typicky napf. v podkozi). Tyto buiky oznacujeme za "brite"
(brown-in-white) adipocyty a proces jejich aktivace za "hnédnuti" bilé tukové tkané.
Za fyziologickych podminek je patrné prispévek "brite" adipocytl k celkovému energetickému
vydeji ve srovnani s klasickym hnédym tukem spiSe druhotny.

Vedle noradrenalinu byla identifikovana fada dalsich latek, které mohou pfispivat k
indukci UCP1 v hnédém a hnédnoucim bilém tuku. Mizeme jmenovat napf. thyroidni hormony,
natriuretické peptidy, zluCové kyseliny, irisin, FGF21, nékteré neuropeptidy a dalsi (viz review
(Bonet, et al. 2013; Villarroya and Vidal-Puig 2013)). Tyto latky jsou proto zkoumany z hlediska
jejich potencialu ovlivnit télesnou energetickou bilanci.

Zvyseni energetického vydeje neni ale jedinou cestou, jak mize tukova tkan pfispivat
k uchovavani metabolického zdravi. Bila tukova tkan pufruje hladiny lipidd v plazmé a tim
ovliviiuje citlivost ostatnich tkani k inzulinu. K tomu je nutna zna¢na flexibilita procest lipolyzy,
popf. syntézy triglyceridu (tj. esterifikace mastnych kyselin). I relativné malo metabolicky aktivni
klasicka bila tukova tkan tak muze hrat vyznamnou roli pfi regulaci hladiny lipidd v plazmé a
lokalni adiposity. Modulace aktivity bilého tuku je tedy i bez aktivace UCP1 dal§$im moznym
terapeutickym cilem pii snahach o prevenci a 1é¢bu metabolického syndromu.
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Cile prace

Obecnym cilem prace bylo zkouméani moznych modulace energetické rovnovahy
organismu, zejména skrze ovlivnéni metabolickych tokl v hnédé i bilé tukové tkani. Hlavni diraz
byl ptitom kladen na konkrétni roli stimulované funkce mitochondrii, disipaci energie pomoci
odpfahovaciho proteinu UCP1 a prazdné substratové cyklovani nezavislé na UCP1.

Konkrétni cile prace Ize shrnout do nasledujicich bodii:

1) ovéieni ofekavaného stimula¢niho ucinku Zlucové kyseliny chenodeoxycholové
(CDCA) na aktivaci hnédé tukové tkané mysi a zhodnotit pFispévek zvySeného vydeje energie
k celotélové energetické rovnovaze;

2) zkoumani moznych u¢inki CDCA na "hnédnuti"nékterych dep bilé tukové
tkané a posouzeni fyziologického vyznamu tohoto procesu v kontextu celého organismu;

3) studium potencidlu mirné Kalorické restrikce v kombinaci s podavinim o-3
vicenenasycenych mastnych kyselin p¥i pfedchizeni nep¥iznivych uéinki zvySeného prijmu
tukii v potravé a popis mechanismu tohoto pisobeni s pfihlédnutim k pravdépodobnému
zapojeni mitochondrii v bilé tukové tkani;

4) charakterizace modelu chladové adaptace dvou riiznych kmend mysi (AJ a B6
mysi) liSicich se nachylnosti k obezité a s ni spojenym porucham; pozorovani aktivace hnédé
tukové tkané a hnédnuti podkozniho bilého tuku u téchto zvirat;

5) ovéfeni pravdépodobné role prazdného substratového cyklovani triglyceridii a
volnych mastnych Kyselin v bilé tukové tkani p¥i pouZiti vySe popsaného modelu chladové
expozice; srovnani téchto efektd s ucinky kombinace Kalorické restrikce a -3
vicenenasycenych mastnych kyselin.

Experimentalni design a metody

Zakladem vSech zde prezentovanych experimentt jsou pokusy s my$im modelem, popi.
doplnéné o vysledky ziskané na primarnich bunéénych kulturach (jako v publikaci B). Mysi
kmene C57BL/6J byly ziskany z Jackson laboratory (Bar Harbor, ME, USA) a po nékolik
generaci mnoZeny v na$em ustavnim zvéfinci (publikace A a B). Zakladni dietou byla standardni
laboratorni dieta (STD; obsah energie 13.0 kl.g™, ~35.2% wt.wt™ ve formé lipidii, extrudovana
R/M-H diet, Ssniff Spezialdidten, Soest, Némecko). V pokusech s chladovou expozici (publikace
C), byly mys$i kmene C57BL/6JBomTac (B6) ob&édnany pfimo od firmy Taconic (Dansko) a mysi
kmene A/JOlaHsd (AJ) z Harlanu (UK).

S vyjimkou publikace C byla zvifata po celou dobu ustajena pii teploté 20 °C, 12:12
hodinovém svételném cyklu s volnym pfistupem k vodé i (neni-li feceno jinak) k potravé. Mysi
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byly béhem experimentti umistény v klecich po jedné. Télesnd hmotnost a piijem potravy byly
kontrolovany nejméné kazdy tyden.

Publikace A

Mysi samci byli od véku 2 mésici po 4 mésice krmeni dietose zvySenym obsahem
lipidi (cHF - kompozitni vysokotuka dieta; obsah energie 22.8 kl.g?, ~35.2% wt.wt* ve formé
lipidd, zejména kukufi¢ného oleje (Kuda, et al. 2009)), coz vedlo k rozvoji obezity. Tato zvifata
byla nasledné zafazena do 2 rtiznych experimentii:

V 8-tydenni reverzi byly mysi ndhodné rozdéleny do tfech pokusnych skupin (n = 10-
12 na skupinu) a krmeny 8 tydnt ad libitum jednou z nasledujicich diet: cHF dietou, cHF dietou
doplnénou o 0,5% chenodeoxycholovou kyselinu (CDCA), nebo cHF dietou doplnénou o 1%
CDCA.

Béhem 6. tydne intervence podstoupilo 5 zvifat z kazdé skupiny oralni glukézovy
tolerané¢ni test (OGTT). V 8. tydnu byla zvifata usmrcena (mezi 8:30 a 10:30 hod.) a vzorky
plazmy, svalu, jater, epididymalniho a podkozniho tuku byly zamrazeny pro pozd¢jsi analyzy.
Obsah triglyceridi byl stanoven v jatrech a svalu m. gastrocnemius. V plazmé byla uréena
hladina triglyceridi, volnych mastnych Kkyselin, cholesterolu, glukézy, inzulinu,
adiponectinu, a jaternich enzymii. Dile byl stanoven obsah triglyceridi a cholesterolu v trusu.

Pii 3-tydenni reverzi byla zvifata po 4 mésicich krmeni vysokotukou dietou rozdélena
do experimentalnich skupin (n = 8 na skupinu) a po nasledujici 3 tydny podrobena nasledujicimu
dietnimu rezimu: (1) krmeni cHF ad libitum; (2) krmeni cHF doplnénou o 1% CDCA ad libitum;
a (3) pair-feeding cHF dietou (PF, tj. piijem potravy téchto zvifat byl omezen na mnozstvi diety
sezrané skupinou na 1% CDCA diet. Jako 4. skupina byla zafazena zvifata krmena od odstavu
STD dietou (n=7). V tomto konkrétnim experimentu byla télesna hmotnost a spotieba potravy
kontrolovana 4-krat tydn€. Mezi 15. a 17. dnem intervence byla zvifata podrobena méfeni na
nepfimé Kkalorimetrii. Po tfech tydnech byly myS$i usmrceny a vzorky hnédé tukové tkané,
podkozni a epididymalni bilé tukové tkané byly zamrazeny pro dalsi analyzy. Pozd&ji byly tyto
tkané analyzovany metodami imunohistochemie, real-time kvantitativni PCR a
imunoblotovanim.

Publikace B

Za ucelem ovéteni vysledki tohoto projektu bylo provedeno hned n€kolik experimenti,
viechny vsak sledovaly stejné schéma. 2-mé&si¢ni mysi samci byli vystaveni po 2 tydny krmeni
cHF dietou a nasledné po 5 nebo 15 tydni jednomu ze 4 nasledujicich dietnich rezima: (1) cHF
dieta, ad libitum; (2) cHF dopInéna koncentratem ®-3 vicenenasycenych mastnych kyselin (46%
wtwt DHA, 14% wt.wt™ EPA, produkt EPAX 1050 TG, EPAX, Alesund, Norsko) nahrazujicim
15% wt.wt™ lipidii v dieté (cHF+F), ad libitum; (3) cHF+CR, tj. cHF s kalorickou restrikci (CR -
mnozstvi diety bylo ve srovnani se zvifaty krmenymi ad libitum sniZeno o 10% wt.wt™);
(4) cHF+F+CR (tj. cHF doplnéna ®-3 koncentratem, s 10% kalorickou restrikei).

Ve 4. tydnu probéhly v jednotlivych experimentech oralni glukézovy toleranéni test,
nepiima kalorimetrie a sledovani fyzické aktivity. V 5. tydnu byl zvifatim odebran vzorek
plazmy v sytém a hladovém stavu pro stanoveni metabolické flexibility. Po 5 nebo 15 tydnech
byla zvifata usmrcena a vzorky plazmy a nékterych tkani byly zamrazeny pro pozdé&jsi analyzy.
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Zaroven probéhly b&éhem disekce nékteré ex vivo analyzy, konkrétné stanoveni oxidace
mastnych kyselin ve svalu m. gastrocnemius a m. soleus a stanoveni syntézy mastnych kyselin
v epididymalni tukové tkani. V Cersté izolovanych adipocytech z epididymalniho tuku byla
rovnéz zméfena oxidace mastnych kyselin a dale mitochondrialni oxida¢ni kapacita. Z Casti
zvifat (n=8) byla pfipravena kultura primarnich hepatocytd, v niz byla druhy den rovnéz
stanovena oxidace mastnych kyselin.

Publikace C

6-tydenni samci kmenti B6/J a AJ byli v klecich po 3 drzeny alespoii jeden tyden v
termoneutralni teploté (30 °C). Nasledné byla ¢ast mysi (n = 9 zvifat kazdého kmene) ponechina
v termoneutralité jako kontroly, zatimco zbytek zvifat byl pfesunut na 2 nebo 7 dnido 4 °C (n =9,
respektive n = 6 od kazdého kmene). Mysi byly krmeny STD dietou.

Vecer, 40 hodin pied disekci, byla zvifata injikovana solnym roztokem v deuterium
oxidu (9 mg.ml* NaCl, 99.9% 2H,0; davka [ml] — hmotnost mysi [g] x 0.7 x 0.05) za G¢elem
dosazeni 5% obohaceni t&Ini vody o 2H,O. Mysi nasledné dostavaly 5% 2H,O jako pitnou vodu,
aby se hladina 2H v jejich t&le stabilizovala.

Na konci experimentu byly mysi v rannich hodindch usmrceny a vzorky plazmy a tkani
se zamrazily pro dalsi pouziti. V plazmé byla pozd&ji urena koncentrace lipidi a bila tukova
tkan byla pouzita pro histologickou analyzu a analyzu genové exprese. Z dalSiho alikvotu
epididymalniho tuku byly purifikovany triglyceridy a tyto vzorky pak byly spolu s kontrolnimi
plazmami odeslany do laboratofe Johna G. Jonese na University of Coimbra. Béhem své staze na
této instituci jsem pak v téchto vzorcich pomoci nuklearni magnetické rezonance stanovoval
obohaceni triglyceridii 0 2H.

VysledKky a diskuse

Publikace A: Ug¢inky kyseliny chenodeoxycholové (CDCA) na
energetickou rovnovahu a aktivaci tukové tkané.

V souladu s literaturou (Watanabe, et al. 2006; Watanabe, et al. 2012) jsme pii 8-
tydennim podavani 0,5% a 1% CDCA pozorovali reverzi dietou indukované obezity u mysi
vystavenych po 4 mésice dieté s vysokym obsahem tukil. V zavislosti na davce CDCA byly
zlepSeny i parametry citlivosti k inzulinu a glukézové tolerance (vyjadiené napf. jako plocha pod
glykemickou kiivkou pfi ordlnim glukézovém toleranénim testu). V literatuie jsou tyto ucinky
piipisovany stimulaci hnédé tukové tkané zluCovymi kyselinami skrze membranovy receptor
TGR5. Nicméné srovnani rustovych kiivek a dat o pfijmu potravy v nasem pifipadé naznacilo, ze
nejvyrazngjsi pokles hmotnosti nastava béhem piechodného sniZzeni spotieby potravy v prib&hu
prvniho tydne po zacatku podavani CDCA.

Provedli jsme proto druhy, kratsi (4-tydenni) pokus s reverzi dietou indukované obezity
podavanim 1% CDCA v potravé. Tentokrat byla ovSem zahrnuta i pair-fed skupina (PF) krmena
kontrolni vysokotukovou dietou v mnoZstvi odpovidajicim p¥{jmu potravy zvifat krmenych dietou
s pfidavkem CDCA. Srovnani kontrolni, CDCA a PF skupiny umoznilo odlisit u¢inky CDCA
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zprostfedkované omezenim pfijmu potravy od téch, jez by mohly byt zpiisobeny piimo aktivaci
hnédé tukové tkané.

Hmotnostni ubytek byl stejny u PF i CDCA skupiny. Stanoveni mnozstvi UCP1 proteinu
v hnédé tukové tkani v8ak odhalilo ur¢ité zvySeni u CDCA skupiny jez nebylo mozno vysvétlit
zménami v pifjmu potravy. Imunohistochemicka analyza odhalila mirné¢ zvys$ené mnozstvi UCP1-
pozitivnich bunék rovnéz v podkozni bilé tukové tkani. Srovnani stimulovatelnosti hnédého a
podkozniho tuku ale naznacuje vyrazné vétsi vyznam pochodii v hnédé tukové tkani.

Stanoveni energetického vydeje metodou nepfimé kalorimetrie neodhalilo Zadné zvySeni
metabolického obratu v souvislosti s aktivaci hnédého tuku. V pfipadé respira¢niho kvocientu
ukazalo srovnani CDCA a PF skupiny nevyraznou tendence k paleni lipidd u CDCA zvifat. V
souladu s nasim pfedpokladem jsme prokazali roli CDCA pfi aktivaci hnédého tuku a pfi spousténi
"hnédnuti" podkozniho bil¢ho tuku. Tyto efekty mohou mit vyznam pii zachovavani Stihlého
fenotypu v del§im ¢asovém horizontu, coz je ovSem pod rozliSovaci schopnosti metody nepiimé
kalorimetrie. Vétsina okamzitych efekti je zpisobena spiSe ptechodnym snizenim pifjmu potravy
b&hem habituace na novy typ diety, coz je jev, jenz nebyl v ptedchozich pracich plné docenén.

Publikace B: Kombinace @-3 vicenenasycenych mastnych kyselin
a mirné kalorické restrikce pri prevenci dietou indukované obezity

Zatimco pfijem potravy s vysokym obsahem tuku vede u mysi jiz béhem 6 tydnd k
rozvoji obezity, jak suplementace potravy o-3 vicenenasycenymi mastnymi kyselinami, tak 10%
kaloricka restrikce, zejména vSak kombinace téchto dvou pfistupii rozvoj obezity brzdi, nebo mu
zcela brani. To je spojeno se zlepSenim glukézové tolerance (snizend plocha pod glykemickou
kiivkou pifi glukézovém toleranénim testu), inzulinové senzitivity (niz§i HOMA index) i
metabolické flexibility (vEtsi rozdily v lipidémii a glykémii mezi sytym a hladovym stavem).

Analyza genové exprese odhalila specificky v epididymalni bilé tukové tkani
synergistické navySeni mnozstvi mRNA u markerd mitochondridlni biogeneze (PGC-la, Nrf,
CyOX3), oxidace mastnych kyselin (Ppara, Vicad, Lcad), ale i syntézy mastnych kyselin (Fas) a
glyceroneogeneze (Pepck), zatimco mnozstvi Ucpl zistava nizké. To ukazuje na zvySeny
katabolismus lipidd v plné spfazenych mitochondriich, coz bylo potvrzeno i biochemickymi
méfenimi oxidace **C-znateného palmitatu a oxidaéni kapacity mitochondrii s pouZitim kyslikové
elektrody (viz Obrdazek 1 v Ptiloze). Vzniklé ATP miZe byt naopak spotfebovano procesy zvysené
lipogeneze - dochazi zde tedy patrné k prazdnému substratovému cyklovani triglyceridi a volnych
mastnych kyselin (Flachs, et al. 2013).

Paralelné dochazi pisobenim kombinované intervence v epididymalnim tuku k proméné
profilu lipidovych mediatora odvozenych od vicenenasycenych mastnych kyselin. Synergisticky je
navySena zejména hladina neuroprotektinu D1 a 15-deoxyprostaglandinu J2, které pisobi
vykazuje Siroké spektrum uéinki projevujicich se zejména v epididymalni tukové tkani zvySenym
katabolismem lipidu.
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Publikace C: Chladem indukované zmény v bilé a tukové tkani
mysi v zavislosti na kmenu

Analyza zmén metabolismu myS$ich kmeni AJ a B6 béhem 2 az 7-denni chladové
expozice prokdzala postupnou adaptaci na nizké teploty. Piijem potravy se vice neZ zdvojnasobil a
v bilé tukové tkani byla nastartovana masivni lipolyza ve snaze pokryt zvySené naklady na
termogenezi. Mnozstvi volnych mastnych kyselin v plazmé bylo po 2 dnech v chladu snizeno
vlivem vyssi spotieby lipidd, zatimco po 7 dnech se opét normalizovalo ¢i jesté zvysilo nasledkem
nadéle stimulované lipolyzy. Tyto vykyvy byly vyraznéj$i u kmene AJ, coz ukazuje na vys$si
metabolickou flexibilitu téchto zvitat.

Charakteristickym pruvodnim jevem chladové adaptace je i indukce UCP1 v hnédé
tukové tkani a v nekterych buiikach ur¢itych bilych tukovych dep. Tento jev byl pozorovan i v
nasem pripadé na urovni mRNA. Na urovni proteinu vSak byla mnohem vyrazngjsi indukce UCP1
u mysiho kmene B6 nez u zvifat AJ, coz je piekvapivé, protoze v literatufe je vétsi citlivost k
noradrenalinu pfipisovana naopak kmenu AJ (Collins, et al. 1997; Xue, et al. 2005). Nase
vysledky, které bude jesté nutné podpofit dalsimi analyzami (napf. noradrenalinovym testem na
nepiimé kalorimetrii), naznacuji, ze syntéza UCP1 u AJ mysi je n&jakym zplisobem narusena.
Vysledek mize byt zavisly na zkoumaném depu nebo mys$im podkmenu, coz mize Caste¢né
vysvétlovat rozdil mezi nasimi a publikovanymi vysledky.

Chladova expozice stimuluje lipolyzu v bilé tukové tkani, véetné epididymalniho depa.
Nagim cilem bylo potvrdit existenci prazdného substratového cyklovani triglyceridi a volnych
mastnych kyselin za téchto podminek a potvrdit tak fyziologicky vyznam tohoto procesu. To se
nam podafilo pomoci méfeni inkorporace 2H do nové vzniklych triglyceridii. Syntéza triglyceridi
je zvySena po 7 (nikoli v8ak po 2) dnech chladové expozice u obou kmendt, vice vSak u AJ zvifat
(viz Obrdzek 2 v Ptiloze). To ukazuje, Ze proces re-esterifikace uvolnénych mastnych kyselin je
flexibilné regulovatelny a ze muze byt spojen s vyssi odolnosti AJ mysi k dietou indukované
obezité.

Zavéry
Na zaklad¢ ziskanych dat lze formulovat nésledujici zavéry tykajici se jednotlivych
specifickych cilu prace:

1) Zlutova kyselina CDCA piisobi proti rozvoji obezity a metabolického syndromu u
mysi krmenych dietou s vysokym obsahem tuki. Navrhovany mechanismus s pfimym zapojenim
stimulace hnédé tukové tkané muze byt odpovédny za dlouhodobé uchovavani stihlého fenotypu.
Hlavni ¢ast okamzitého efektu podavani CDCA ovSem zavisi na pfechodném poklesu piijmu
potravy.

2) Utinky CDCA na stimulaci UCP1 nezavisle na p¥ijmu potravy byly pozorovany i v
podkozni bilé tukové tkani. Pocet bézovych bunék indukovanych v podkoznim tuku je vak v
porovnani s kapacitou hnédé tukové tkané velmi maly. Pfispévek bézovych bunék k celotélové
energetické homeostaze je tedy v tomto piipadé spise zanedbatelny.

3) Kombinované pusobeni mirné kalorické restrikce a -3 vicenenasycenych mastnych
kyselin potladuje nepfiznivé projevy ptijmu potravy s vysokym obsahem tuku. Dochazi pfitom k
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synergistické indukci katabolismu lipidi a oxidativni fosforylace specificky v epididymalnim
bilém tuku. Vzniklé ATP muze byt spotiebovavano paralelné stimulovanymi anabolickymi
procesy, jako je syntéza triglyceridi. Do regulace téchto procesti je zapojena slozita sit’
transkrip¢nich faktort a lipidovych mediatorti odvozenych od vicenenasycenych mastnych kyselin.

4) Chladova expozice vyvolava mobilizaci energetickych zasob ve vSech tukovych
depech. Zaroven je v hnédé tukové tkani (a v mensi mife i v podkoznim bilém tuku) indukovana
exprese UCP1. Zvyseny obsah mRNA pro UCPI ovsem odpovida vy$§imu obsahu proteinu pouze
u B6 mysi, zatimco u AJ zvifat je reakce na chlad omezena. Tento vysledek je v rozporu s
tradicnim pohledem na AJ mysi jakozto zvifata s vyssi citlivosti k adrenergni stimulaci.
Podrobné&jsi osvétleni rozpornych dat bude vyzadovat dalsi studium.

5) Regulovatelnost prazdného substratového cyklovani triglyceridi a volnych mastnych
kyselin byla demonstrovana jak u zvifat vystavenych chladu, tak i u mysi pod kombinovanym
vlivem kalorické restrikce a ©-3 vicenenasycenych mastnych kyselin. Po 7 (ale ne po 2) dnech
chladové expozice je syntéza mastnych kyselin i triglyceridii zvySena jak u B6, tak u AJ zvifat,
piicemz efekt u AJ mysi je vyraznéjsi. Tento proces miize byt spojen s tvorbou novych bilych
adipocytii nebo se zvySenou potfebou pufrovat neesterifikované mastné kyseliny v plazmé. VEtsi
flexibilita u AJ zvifat miZze souviset s jejich niz§i nachylnosti k obezité a piibuznym porucham.
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Abstract

Adipose tissue plays a crucial role in nutrient and energy homeostasis. At the time of
worldwide pandemy of obesity and consequent metabolic syndrome, a great effort is made to find
new treatments with potential to preserve insulin sensitivity, or even counteract development of
obesity and type 2 diabetes. There are three principal possibilities how the adipose tissue biology
can contribute to this goal: 1) induction of UCP1-dependent energy dissipation in brown adipose
tissue; 2) conversion of white adipose depots to brown-like tissue (i.e. “browning”); and 3)
stimulation of UCP1-independent thermogenesis in white adipose tissue.

This thesis is based on two published works and one article under preparation. Generaly,
it is focused on three different approaches targeting the above mentioned processes in adipose
tissue of laboratory mouse: 1) diet supplementation with bile acids; 2) combination treatment of ©-
3 polyunsaturated fatty acids and calorie restriction; and 3) cold exposure.

In the experiments with administration of bile (specifically chenodeoxycholic) acid to
mice, we confirm specific induction of UCP1 in both brown and subcutaneous white adipose
tissue, as well as reversion of obesity in the response to the treatment. Nevertheless, most of the
acute beneficial effects are mediated by transiently decreased food intake, while elevated
thermogenesis in brown fat may play role rather in long term.

Combination of calorie restriction and feeding by ®-3 polyunsaturated fatty acids proves
to counteract deleterious effects of high fat feeding due to UCP1-independent stimulation of lipid
catabolism in epidydimal white adipose tissue without consequent recruitment of brown adipose
tissue. The excessive energy is probably consumed by consequently stimulated synthesis of
triglycerides and/or fatty acids.

The phenomenon of inducible futile cycling was confirmed also in epidydimal adipose
tissue of mice exposed to cold for 7 days. The rate of triglyceride synthesis was especially high in
animals of AJ strain (in comparison to B6 strain), which are known for their resistance to dietary
obesity. Flexible futile cycling thus may contribute to protection of AJ metabolism in conditions of
high-fat feeding.

Despite the fact that both white adipose tissue browning and UCP1-independent
induction of futile cycling probably fail to influence whole body energy expenditure, but they can
exert beneficial effects in buffering plasma and tissue fatty acids levels, and thus preventing
impairment of glucose tolerance.
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Theoretical introduction

Adipose tissue plays a crucial role in storage of energy in form of non-toxic triglycerides.
At least two types of adipose tissue can be distinguished according to their morphology and
function: White adipose tissue (WAT) consists of unilocular adipocytes with small content of
mitochondria. In comparison to other tissues, metabolic activity of WAT is relatively low. It serves
primarily to storage of lipids, but produces also numerous signaling molecules, which influence
metabolism of many other organs.

In mammalians, so called brown adipose tissue (BAT) does exist as well. It consist of
multilocular adipocytes with high content of uncoupling protein 1 (UCP1). This tissue is designed
to rapid combustion of stored lipids, while UCP1 is able to dissipate the energy in form of heat.
BAT plays crucial role in adaptation to cold environment. It can be found in most of the
mammalian species - recently it was identified even in adult humans. It is activated by sympathetic
nervous system in response to cold and some other stimuli (maybe also the low-protein diet). Even
a small amount of activated BAT exerts high metabolic turnover (due to UCP1) and increase
whole-body energy expenditure (Cannon and Nedergaard 2004). Induction of UCP1 in BAT is
therefore one of promising therapeutic targets in counteracting of obesity and connected metabolic
disorders.

In rodents exposed to adrenergic stimulation, multilocular UCP1-positive adipocytes
were observed even in some classical white depots (typically in subsutaneous WAT). These cells
are called "brite" (brown-in-white) and the process of their recruitment is called "browning™ of
WAT. Metabolic turnover of brite cells is also very high; nevertheless, their contribution to whole-
body energy expenditure is rather secondary to the thermogenesis in BAT.

Besides norepinephrine, UCP1 in BAT and browning WAT can be induced by numerous
other compounds, namely thyroid hormones, natriuretic peptides, bile acids, irisin, FGF21, some
neuropeptides etc (see review (Bonet, et al. 2013; Villarroya and Vidal-Puig 2013)). These
compounds are investigated due to their potential to influence energy balance and counteract
obesity.

Increase of energy expenditure is not the only way how adipose tissue contributes to
preservation of metabolic health. WAT buffers plasma lipid levels, which influences insulin
sensitivity of other organs. This process requires high flexibility of lipolysis and triglyceride
synthesis (i.e. fatty acid esterification). Despite its relatively low metabolic activity, WAT can
effectively regulate plasma lipid levels and local adiposity. Modulation of WAT activity
(regardless UCP1) is therefore the other possible therapeutic target by prevention and treatment of
metabolic syndrome.
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Aims of the thesis

The general goal of the thesis was to investigate several possible approaches to
modulation of energy balance, namely by influencing metabolic fluxes in both BAT and WAT. The
main focus was on specific role of stimulated mitochondrial function, UCP1- dependent energy
dissipation and UCP1-independent substrate futile cycling.

Specific aims were the following:

1) to verify the expected stimulatory action of bile acid CDCA on brown adipose
tissue recruitment in mouse, and to evaluate contribution of the increased energy expenditure
to whole-body energy balance;

2) to investigate possible effects of CDCA on "browning" of susceptible WAT
depots, and to learn whether the “brite™ adipocytes can significantly increase whole-body
energy expenditure;

3) to study the potential of calorie restriction and ®-3 PUFA to counteract
deleterious consequences of high-fat feeding, and to characterize the mechanisms of
beneficial influence of the treatment with respect to probable involvement of mitochondria in
WAT;

4) to characterize the model of cold adaptation of two strains of mice (AJ and B6)
differing in their propensity to obesity and associated disorders; to investigate BAT
recruitment and scWAT browning in these animals;

5) to test the involvement of triglyceride / free fatty acid futile cycling in WAT in
resistance to obesity using the above murine model, while stimulating metabolism of the mice
by cold exposure; to compare this model with effects of combination treatment of ®-3 PUFA
and calorie restriction.

Experimental design and methods

All the presented studies are based on animal experiments and, when possible,
supplemented by results obtained using primary cell culture models (Publication B). C57BL/6J
mice were obtained from the Jackson laboratory (Bar Harbor, ME, USA) and bred in our animal
facility for several generations (Publications A and B). The mice were weaned onto standard
laboratory chow diet (STD; energy density 13.0 kJ.g?, ~35.2% wt.wt™ of lipids, extruded R/M-H
diet, Ssniff Spezialdidten, Soest, Germany). In cold exposure experiments (Publication C),
C57BL/6JBomTacmice (B6 mice) were directly ordered from Taconic (Denmark) and A/JOlaHsd
mice (AJ mice) from Harlan (UK).
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With the exception of publication C, animals were maintained at 20 °C on a 12:12-hr
light-dark cycle with free access to water and (unless otherwise stated) to food. Mice were single-
caged during the experiments. Body weight and food intake were monitored weekly.

Publication A

2-month-old male mice were subjected to the high-fat-diet feeding (cHF - composite
high-fat diet; energy density 22.8 kl.g™, ~35.2% wt.wt™ of lipids, mainly corn oil (Kuda, et al.
2009)) for another 4 months to induce obesity and its comorbidities. After that, two different
reversal experiments were conducted:

In 8-week reversion experiment, animals were randomly divided into 3 experimental
groups (n = 10-12 per group) and fed for next 8 weeks ad libitum by respective experimental diet:
the cHF diet, the cHF diet supplemented with 0.5% chenodeoxycholic acid (0.5% CDCA, wt.wt”
%), or the cHF diet supplemented with 1% CDCA (1% CDCA, wt.wt?).

During the 6™ week of the intervention 5 animals from each group were subjected to
oral glucose tolerance test (OGTT). At the end of 8™ week, animals were dissected in random fed
state (between 8:30 and 10:30 am) and samples of blood, liver, epididymal and dorsolumbar WAT
were collected for further analysis. Later triglyceride content was evaluated in liver and
gastrocnemius muscle. Levels of triglycerides, free fatty acids, cholesterol, glucose, insulin,
adiponectin, and hepatic enzymes were determined in plasma. Moreover, feces were also
collected for analysis of triglyceride and cholesterol content.

In 3-week reversion experiment, mice after 4-month cHF feeding were randomly
divided into 3 groups (n = 8 per group) and assigned for 3 weeks to one of the following: (1) cHF;
(2) cHF supplemented with 1% CDCA; and (3) pair-fed cHF (PF, i. e. food intake of this group
was limited to that of animals on 1% CDCA diet. As a 4" group, animals fed STD diet since
weaning were also included (n = 7). In this particular experiment, body weight and food intake
were measured 4-times a week. Between 15" and 17" day of the treatment, indirect calorimetry
was performed. After 3 weeks, animals were dissected as in previous experiment and samples of
BAT, epididymal and subcutaneous WAT were collected. Later, those tissues were analyzed using
immunohistochemistry, real-time quantitative PCR and immunoblotting.

Publication B

Several experiments were conducted in order to certify the results; nevertheless all of
them followed the same scheme: 2-month-old male mice were habituated to cHF diet for 2 weeks
and then assigned for 5 or 15 weeks to following treatments: (1) cHF, ad libitum; (2) cHF
supplemented with long chain ®-3 polyunsaturated fatty acid (PUFA) concentrate (46% wt.wt™
DHA, 14% wt.wt® EPA, product EPAX 1050 TG, EPAX, Alesund, Norway) replacing 15%
wt.wt™ of dietary lipids (cHF+F), ad libitum; (3) cHF+CR, i. e. cHF with calorie restriction (CR -
the ration of diet was reduced by 10% wt.wt™ in comparison to animals fed ad libitum with the
diet); (4) cHF+F+CR (i. e. cHF supplemented with ®-3 PUFA concentrate, 10% calorie
restriction).
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In 4™ week, several tests were performed in individual experiments, specifically oral
glucose tolerance test, indirect calorimetry, and monitoring of physical activity. In 5" week of
treatment, plasma was collected during fast/fed transition in order to evaluate metabolic
flexibility. Animals were dissected in random fed state after 5 or 15 weeks of the treatment.
Samples of plasma, liver, gastrocnemius muscle, BAT, epididymal and subcuteneous WAT were
collected for further analysis. In individual 5-week experiments some ex vivo analysis were
performed immediately during dissection, namely assay for evaluation of fatty acid oxidation in
whole gastrocnemius and soleus muscles, and analysis of fatty acid synthesis in epididymal WAT.
In freshly isolated adipocytes from epididymal WAT, fatty acid oxidation and mitochondrial
oxidative capacity was measured. Moreover, primary hepatocyte cultures was isolated from
subgroup of the animals (n = 8 per group) using liver perfusion technique. In these hepatocytes,
fatty acid oxidation rate was determined.

Publication C

6-week-old male mice of B6/J and AJ strain were co-caged in groups of three and kept
in thermo neutral temperature (30 °C) at least for 1 week. Thereafter, some animals were
maintained as controls in thermoneutrality (9 mice of each strain), whereas others were transferred
to 4 °C and left in this condition for two or seven days (9 or 6 mice of each strain, respectively).
Mice were fed by STD diet during the whole experiment.

In the evening, 40 hrs prior to dissection, mice were injected with saline in deuterium
oxide (9 mg.ml"* NaCl, 99.9% 2H,0; loading dose [ml] — body weight of mouse [g] x 0.7 x 0.05)
in order to reach 5% 2H,O enrichment of body water. Mice were then offered 5% 2H,0 in
drinking water to stabilize the ?H level in body liquid. This protocol was reapeated twice, the
second times, only two groups (mice from thermoneutrality and after 7 days of cold exposure)
were used and 2H,O was injected 4 days before dissection.

At the end of the experiment, mice were dissected in the morning in random fed state
and blood and fat depots were collected. Plasma lipid levels and gene expression in epididymal
WAT were evaluated as well as UCP1 protein content in BAT subcutaneous WAT. Samples of
epididymal WAT and plasma aliquots were then sent to laboratory of our Portuguese collaborator
John Jones (CNC, University of Coimbra). During my fellowship in this institution, | purified
triglycerides from eWAT and determined 2H enrichment of glycerol and fatty acyl moiety of
these triglycerides.

Results and discussion

Publication A: Effects of chenodeoxycholic acid (CDCA) on
energy balance and adipose tissue activation

In accordance with literature (Watanabe, et al. 2006; Watanabe, et al. 2012), obesity of
dietary obese mice were reversed after 8 weeks of administration of 0.5% or 1% CDCA in the diet
in dose dependent manner. Similarly, insulin resistance and glucose tolerance (expressed as area
under glycemic curve during oral glucose tolerance test) were also improved by CDCA. This was
previously attributed to direct stimulation of BAT by bile acids (via TGRS receptor). However,
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comparison of growth curves and food intake data indicated that most significant drop in body
weight occurs during transient decrease in food intake during first weeks of treatment.

In order to distinguish effects of BAT activation and decreased food intake, we
performed another shorter (4-week) experiment, which included group fed by diet supplemented by
1% CDCA, as well as pair fed (PF) group fed by control high fat diet in the same amount as the
CDCA group had eaten.

The decrease in body weight was the same in both CDCA and PF groups. Nevertheless,
assessment of UCP1 protein content in BAT revealed some food intake-independent effects of
CDCA. Moreover, immunohistochemistry data indicated slightly increased amount of UCP1-
positive cells in subcutaneous WAT as well. The comparison of magnitude of effects in BAT and
WAT suggests more important role of BAT.

Energy expenditure measured by indirect calorimetry was not different between CDCA
and PF groups, whereas respiratory quotient was slightly decreased in CDCA animals suggesting
shift towards lipid oxidation. In accordance with our assumption, we demonstrated recruitment of
BAT and "browning of subcutaneous WAT in animals fed by diet supplemented with CDCA.
These effects may play role in preservation of lean phenotype in long term. However, the acute
effects of CDCA on body weight is rather caused by transient decrease of food intake during
habituation to new diet. This probable explanation was not appreciated in previous works.

Publication B: Combination of @-3 polyunsaturated acids and
mild calorie restriction in prevention of diet-induced obesity

High fat diet feeding results in mice in induction of obesity during the 6-week
experiment. On the other hand, 10% calorie restriction, diet supplementation with »-3 PUFA, and
especially the combination of both treatments counteract the development of obesity. This effect is
connected with ameliorated glucose tolerance (decreased area under glycemic curve during glucose
tolerance test), insulin sensitivity (decreased HOMA index) and metabolic flexibility (increased
differences in lipidaemia and glycaemia during fast/fed transition).

Analysis of gene expression revealed synergistic induction of the following markers
specifically in epididymal white adipose tissue: markers of mitochondrial biogenesis (PGC-1a, Nrf,
CyOX3), fatty acid oxidation (Ppara, Vlcad, Lcad), and also fatty acid synthesis (Fas) and
glyceroneogenesis (Pepck), while content of Ucpl remained low. This result suggests the induced
lipid catabolism in fully coupled mitochondria, which was confirmed also by biochemical
assessment of **C-labeled palmitate and oxidation capacity of mitochondria measured by oxygen
electrode (see Figure 1 in Appendix). The resulted ATP can be consumed by parallely increased
lipogenesis, i.e. the energy is wasted in futile metabolic cycling of triglycerides and free fatty acids
(Flachs, et al. 2013).

Concurrently, profile of PUFA-derived lipid mediators in epididymal white adipose
tissue is also changed by combination treatment resulting in higher proportion of anti-inflammatory
regulators. Especially, levels of neuroprotectin D1 and 15-deoxy prostaglandin J2 are
synergistically elevated. The combination of mild calorie restriction and ©-3 PUFA exerts broad
spectrum of effects trigerring lipid catabolism in epididymal white adipose tissue.
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Publication C: Strain-dependent cold-induced changes in brown
and white adipose tissue

Analysis of metabolic changes in mice of AJ and B6 strains during 2 to 7-day cold
exposure demonstrated gradual adaptation of animals to lower temperatures. Food intake was more
than doubled and lipolysis in white adipose tissue was massively induced in order to cover elevated
costs of thermogenesis. Free fatty acid plasma level was decreased after 2 days in cold (due to
higher lipid oxidation), but normalized or even increased after 7 days (due to continually
stimulated lipolysis). These fluctuations were more pronounced in AJ strain suggesting higher
metabolic flexibility of AJ animals.

Prolonged cold exposure leads to induction of UCP1 in BAT and recruitment of brite
cells in some WAT depots. This effect was observed also in our experiment at mMRNA level. On the
other hand, UCP1 protein was largely induced rather in B6 than in AJ animals, despite the fact that
AJ strain is thought to be more sensitive to adrenergic stimulation (Collins, et al. 1997; Xue, et al.
2005). Our results, which are going to be tested by further analyses, suggest impairment of UCP1
proteosynthesis in AJ mice. The observed finding can depend on the fat depot or murine substrain,
which may partially explain the discrepancy between our and previous results.

The cold exposure stimulates lipolysis in WAT, including epididymal WAT. Our goal
was confirmation of existence and physiological relevance of triglyceride/free fatty acid futile
metabolic cycling in these conditions. This was achieved using NMR analysis of 2H incorporation
into newly synthesized triglycerides. Triglyceride synthesis was elevated after 7 (but not after 2)
days of cold exposure in both strains, but especially in AJ animals (see Figure 2 in Appendix). This
result indicates the flexibility and adaptability of free fatty acid reesterification and possible link to
obesity resistance of AJ animals.

Conclusion

Following conclusions could be made, corresponding to the specific aims of the thesis:

1) Bile acid CDCA exerts protective effects against development of obesity and
metabolic syndrome. However, direct induction of BAT thermogenesis is involved only partially.
The main effect depends on the transient decrease in food intake. The increase in BAT
thermogenesis is probably involved in the maintenance of lean phenotype.

2) Food intake-independent effect of CDCA on UCP1 recruitment was observed also in
subcutaneous WAT. However the number of brite cells induced in subcutaneous WAT was small
in comparison to the content of brown adipocytes in BAT. Thus, the effect of the brite cells
induced in subcutaneous WAT on whole body energy balance is probably small.

3) Combination treatment using calorie restriction and ®-3 PUFA exhibits high potential
to counteract deleterious consequences of high-fat feeding. The treatment leads to induction of
lipid catabolism and mitochondrial oxidative phosphorylation specifically in epididymal WAT.
The resulted ATP may be consumed due to consequent stimulation of anabolic processes such as
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triglyceride synthesis. Complex network of transcription factors and PUFA-derived lipid mediators
is likely to be involved in regulation of these processes.

4) Cold exposure stimulates mobilization of lipid stores in all adipose depots.
Consequently, UCP1 gene expression is triggered in BAT, and to smaller extent also in
subcutaneous WAT. Surprisingly, this induction is reflected at the UCP1 protein levels only in B6
mice, while both depots of AJ mice exhibit only limited increase of UCP1. This result is in conflict
with traditional view of AJ mice as animals extremely prone to adrenergic stimulation of UCP1-
mediated thermogenesis. This discrepancy may be partially explained by the fact that previous
studies focused largely on the UCP1 gene expression at the mRNA level, evaluated UCP1 gene
expression in different adipose depots, or maybe even used different substrain(s) of the mice.

5) The inducibility of triglyceride / free fatty acid futile cycling was demonstrated both in
animals on combination treatment of ®-3 PUFA and calorie restriction, and on mice exposed to
cold. After 7 days (but not 2 days) of cold exposure, fatty acid and triglyceride synthesis is induced
in epididymal WAT of both B6 and AJ animals, while this effect is more pronounced in AJ mice.
This process may be related to new white cell formation and/or requirements for buffering plasma
NEFA in association with differential propensity to obesity and associated metabolic disorder in
B6 and AJ mice.
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Obrazek 1: Oxidaé¢ni kapacita mitochondrii v odpovédi na ®-3 mastné kyseliny a kalorickou
restrikci

a) Oxidace palmitatu v epididymalnim tuku, primarnich hepatocytech a kosternich svalech

b) Vysledky respirometrie s vysokym rozliSenim: Reprezentativni kiivky spotieby kysliku veetns
titrace odpfahova¢e FCCP; primérné hodnoty respirace po pfidani uvedenych substrati a
inhibitort.

&* Priikazny rozdil ve srovnani s cHF skupinou (ANOVA).

Figure 1: Mitochondrial oxidative capacity in response to »-3 PUFA and calorie restriction

a) Palmitate oxidation in epididymal fat, primary hepatocytes, soleus and gastrocnemius muscles

b) Results of high resolution respirometry: Representative curves of oxygen consumption including
titration of uncoupler FCCP; means of oxygen consumption in conditions of given substrates and
inhibitors.

&* Significant difference compared with cHF (ANOVA).

25



as " :
FA synthesis , a b b - TAG synthesis

X6 S «a,b
; a,b o 20
g4 3 ab
£ Z
s 2
T 2 = 0
5 S =
w9 0

B6 AJ B6 AJ

Obrazek 2: Indukce substratového cyklovani triglyceridia a volnych mastnych Kyselin v
epididymalnim tuku
a) Syntéza mastnych kyselin po¢itand z obohaceni methylu mastnych kyselin v
triglyceridech z epididymalniho tuku o 2H 40 hodin po injekci ?H,0;
b)  Syntéza triacylglyceroli pocitand z obohaceni glycerolu v ftriglyceridech z
epididymalniho tuku o 2H 40 hodin po injekci 2H,0;
* prikazny rozdil (t-test) ve srovnani sdruhym kmenem; ? prikazny rozdil ve srovnani
s termoneutralni kontrolou prislu§ného kmene; ° pritkazny rozdil ve srovnani se skupinou
vystavenou po 2 dny chladu.

Figure 2: Induction of triglyceride / free fatty acid futile cycling in epididymal fat
a) Rate of fatty acid (FA) synthesis calculated from 2H enrichment of methy! in fatty acyl
moiety of triglycerides from epididymal fat 40 hrs after °H,0 injection;
b)  Rate of triacylglycerol (TAG) synthesis calculated from 2H enrichment of glycerol
moiety in triglycerides from epididymal fat 40 hrs after 2H,O injection;
* significant difference (t-test) compared with other strain; ? significant difference compared with
thermoneutral group of the respective strain; ° significant difference compared with group 2d-
cold-exposed of the respective strain.
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