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CESKA CAST (CZECH PART)
Abstrakt

Obezita, jakozto jeden z nejzavainéjsich zdravotnich problémd 21. stoleti, vznikd cCasto
v disledku nerovnovahy mezi pfijmem a vydejem energie. Piijem tukd pak hraje v rozvoji
obezity dllezZitou roli ¢astecné proto, Ze tuky jsou ve srovnani s ostatnimi makronutrienty
nejkoncentrovanéjsim zdrojem energie. Zdravotni dopady konkrétni diety vsak nezélezi pouze
na absolutnim mnozstvi prijatych tuk(. DaleZitd je také kompozice mastnych kyselin, pricemz
nasycené mastné kyseliny (SFA) jsou kvli svym prozanétlivym a lipotoxickym ucinkim obecné
povaZzovany za méné zdravé, zatimco mononenasycené (MUFA) a polynenasycené mastné
kyseliny (PUFA) predstavuji zdravéjsi alternativu, protoZe jsou v organizmu pohotové
oxidovany a nenarusuji fyziologické vlastnosti bunécnych membran. Zcela unikatni tfidu lipidd
pak predstavuji n-3 polynenasycené mastné kyseliny (Omega-3), jejichZz prijem v potravé
pUsobi u lidi jako ochrana proti rozvoji kardiovaskularniho nemocnéni a dyslipidemie, zatimco
u zvifecich modell obezity zlepsuje, kromé vysSe zminénych parametr(, také citlivost
k inzulin(i a glukdzovou toleranci.

Bylo jiz popsano mnoho molekuldrnich mechanizmd, jakymi mohou Omega-3 pUsobit
na metabolizmus. Omega3 mohou modifikovat biochemické sloZeni bunéénych membran,
pUsobit jako ligandy rliznych transkripénich faktord ¢i membranovych receptor(, nebo slouzit
vlastnostmi. V této praci se zabyvame novymi molekuldrnimi mechanizmy a systémy, které
mohou byt ovlivnény dlouhodobym prijmem Omega-3 usamcd mysiho kmene
C57BL/6 s obezitou indukovanou prijmem vysokotukové potravy bohaté
na n-6 polynenasycené mastné kyseliny (Omega-6). Dale jsme porovnavali Gcinky
Omega-3 podédvanych ve formé triacylglycerold (Omega-3 TAG) a fosfolipidd (Omega-3 PL),
pficemZz Omega-3 PL vykazuji v mnoha soucasnych studiich silnéjsi a reprodukovatelnéjsi
metabolické ucinky predevsim na glukdzovou homeostazu a akumulaci tuku v jatrech (jaterni
steatdzu) a mohly by tak predstavovat lepsi alternativu podani Omega-3 za Ucelem prevence
a potencidlné také 1é¢by metabolickych poruch spojenych s obezitou.

V ramci prvniho projektu (Publikace A) jsme analyzovali metabolické Gcinky Omega-3 TAG
v zavislosti na chemickém sloZeni ostatnich tuk( v potravé, konkrétné na pozadi diety cHF,
bohaté na Omega-6, a diety LHF, kterd obsahovala predevsim SFA a MUFA. Podavani téchto
dvou vysokotukovych diet jako takovych indukovalo u mysi C57BL/6 srovnatelny nardst
télesné hmotnosti atukové masy (adipozity). Také naruseni citlivosti k inzulinu, mérené
metodou hyperinzulinemického-euglykemického zamku, se ukdzalo byt srovnatelné, coz
mohlo souviset s protektivnim navySenim aktivity stearoyl-CoA desaturdzy-1 (SCD-1),
enzymu, ktery pretvari potencialné lipotoxické SFA, obsazené v dieté LHF, na méné skodlivé
MUFA. Akumulace MUFA v3ak mdZe byt spojena s rozvojem silné jaterni steatdzy, ktera byla
typickd pravé pro mysi, krmené dietou LHF. Suplementace Omega-3 rozvoj jaterni steatdzy



potlacila prostfednictvim inhibice lipogeneze a stimulace oxidace mastnych kyselin, pficemz
tento efekt byl zcela nezavisly na sloZeni ostatnich tukd v dieté. Oproti tomu chronicky zanét
bilé tukové tkané a glukdzova intolerance byly suplementaci Omega-3 pozitivné ovlivnény
pouze na pozadi diety cHF, zatimco na pozadi diety LHF se tyto metabolické problémy
plsobenim  Omega-3 spiSe  prohlubovaly. Vysledky tohoto projektu  naznacuji,
Ze suplementace Omega-3 na pozadi diety bohaté na SFA muiZe byt problematicka, jelikoz
aktivita Omega-3 muze interferovat s protektivni stimulaci aktivity SCD-1.

Cilem druhého projektu (Publikace B) bylo provéfit hypotézu, podle které vede dlouhodoba
suplementace Omega-3 ke zvyseni aktivity inkretinového systému. Tato hypotéza vychazi
z pozorovani, ze mysi C57BL/6, suplementované Omega-3, maji v odpovédi na podéni glukdzy
vyrazné zvySenou hladinu inzulinu v krvi, ovsem pouze v pripadé, Ze je glukdza podana oralné.
Tato hypotéza nebyla potvrzena, jelikoz suplementace Omega-3 nevedla na naSem modelu
k navyseni sekrece GLP-1 (glucagon-like peptide-1), k potlaceni aktivity degradacniho enzymu
dipeptidylpeptidazy 4 (DPP-4), ani ke zménam v citlivosti organizmu k hormonu GIP (glucose
dependent insulinotropic polypeptide). Nicméné hypersekrece GIP a zvySend koncentrace
GIP receptorl vbilé tukové tkani, typické pro obézni mysi, byly vlivem podavani
Omega-3 CasteCné normalizovany, pfi¢emZz tento UcCinek by mohl predstavovat novy
mechanizmus plsobeni Omega-3 na adipozitu.

Konecné, v Publikacich CaDjsme se zaméfili na metabolické Gcinky dlouhodobé
suplementace Omega-3 PL izolovanych z masa sledd, pfipadné obsazenych v oleji z morského
krilu. Ukazali jsme, Ze pfi podavani Omega-3 PL dochazi ke komplexni regulaci de novo
lipogeneze, biosyntézy cholesterolu a oxidace mastnych kyselin na Urovni genové exprese
v jatrech, coZ ve vysledku vede k Gc¢inné redukci jaterni steatdzy a potlaceni dyslipidemie.
K dosazeni maximalniho ucinku je pfitom potfeba pritomnosti obou slozek molekul
Omega-3 PL, tedy Omega-3jako takovych a jejich fosfolipidového nosice, jmenovité
fosfatidylcholinu (PC). Pouzitim metody hyperinzulinemického-euglykemického zéamku jsme
také ukazali, Ze dlouhodobé poddvani Omega-3 PL vedlo k oslabeni celotélové glukézové
intolerance a inzulinové rezistence u obéznich mysi, pficemz tento efekt byl spojen predevsim
s posilenim svalové a jaterni citlivosti k inzulinu a vyrazné prevysoval efekt srovnatelné davky
Omega-3 ve formé triacylglycerold.

Teoreticky uvod

Obezita je charakterizovdna nadmérnym hromadénim tuku v podkozni nebo v abdominaini
bilé tukové tkani (WAT), nebo dokonce ektopicky mezi burikami ostatnich organ(. Zvyseny
metabolicky obrat lipidd v hypertrofovanych adipocytech vede k chronickému narGstu
hladiny volnych mastnych kyselin (NEFA) v krvit. NEFA jako takové primo interferuji
s inzulinovou signalizaci?, ¢imZz mohou navodit rozvoj inzulinové rezistence (IR), zatimco
metabolity NEFA, jako jsou diacylglyceroly nebo ceramidy, indukuji rozvoj zanétu,
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mitochondridlni poskozeni aapoptdzu3. Hypertrofované adipocyty a buriky imunitniho
systému, které jsou pritomné v tukové tkani, musi odolavat mnoha stresovym faktordim, coz
vede k prepnuti bunécné signalizace do pro-zanétlivého modu, jehoz cilem je revaskularizace,
prestavba tukové tkané a odstranéni odumrelych adipocytl. Pritom pri¢inné spojeni
chronického zanétu a IR jiz bylo také jasné prokazano. Obezita, predevsim pak “centralni typ
obezity” s vysokym pomérem obvodu pasu vici obvodu bokd, a IR jsou pak hnacimi motory
pro rozvoj metabolického syndromu, ktery maze dale postupovat k diabetu 2. typu (T2DM)
a kardiovaskularnimu onemocnéni (CVD).

Inkretiny jsou hormony vylucované endokrinnimi burikami stfeva v odpovédi na prijem Zivin.
Dva nejvice studované inkretiny jsou GLP-1 (glucagon-like peptide-1) aGIP
(glucose-dependent insulinotropic polypeptide). Tyto hormony vyznamné umocnuji
endogenni sekreci inzulinu, zvy3uji Zivotnost pankreatickych B-bunék a vykazuji mnohé dalsi
biologické ucinky, které spolecné pripravuji organizmus, aby maximalné vyuzil nabidku Zivin
bez vyraznych oscilaci glykémie?®. Receptory GIP (GIPR) jsou kromé toho bohaté exprimovény
na membranach dospélych adipocytl, kde se jejich aktivita poji s ukladanim lipidG°. Ztrata
“inkretinového efektu”, tedy vyznamny pokles v rané fazi sekrece inzulinu, je velmi ¢asnym
a specifickym ukazatelem rozvoje T2DM®. Tyto zmény jsou spojeny s poklesem hladiny
aktivniho GLP-1 a/nebo srozvojem rezistence vici GIP, kterd je, podobné jako inzulinova
rezistence, spojena s chronickym nartistem sekrece GIP. Obezita je také spojena se zvysenou
aktivitou degradacniho enzymu dipeptidyl peptidazy 4 (DPP-4), ktery Stépi aktivni GLP-1 a GIP
najejich zkrdcené, inaktivované formy’. VIécbé T2DM predstavuje inkretinovy systém
v soucasné dobé vyznamny terapeuticky cil®.

Pfi prevenci metabolickych poruch spojenych s obezitou je potifeba zohledriovat nejen
absolutni mnozstvi prijatého tuku, ale také sloZzeni mastnych kyselin (FA), které se vyrazné
podili na vysledném dopadu konkrétni diety na zdravi jedince. Nékteré klinické studie ukazuji,
Ze nadmérny prijem nasycenych tukd (SFA) vede ve srovnani s mononenasycenymi FA (MUFA)
a polynenasycenymi FA (PUFA) k rozvoji centralni obezity a ke zvysené akumulaci ektopického
tuku v jaterni tkéni®0, PUFA predstavuji obecné zdravéjsi alternativu, protoZe jsou
v mitochondriich pohotové oxidovany, a navic se jedna o esencialni Ziviny, které slouzi jako
prekurzory pro syntézu rdznych bioaktivnich lipidovych medidtord. PUFA ze skupiny
n-6 (Omega-6) slouzi mimo jiné pro syntézu eikosanoidd a endokanabinoidd, které se Gcastni
mnoha fyziologickych procesd spojenych se stresem, zanétem nebo reakci na poranéni;
zprostiedkuji napfiklad vasokonstrikci, bolest, horecku, shlukovani krevnich desti¢ek nebo
kontrakce hladké svaloviny!?.

PUFA ze skupiny n-3 (Omega-3), konkrétné kyselina eikosapentaenova (EPA, C20:5 n-3)
a kyselina dokosahexaenova (DHA, C22:6 n-3), predstavuji zcela unikatni typ lipidd, ktery se
uplatriuje napfiklad v prevenci CVD!2 nebo dyslipidemie!3. Omega-3 indukuji nejrdznéjsi
ucinky na metabolizmus prostfednictvim interakce s membranovym receptorem GPR1204
a s transkripénimi  faktory, jako jsou napfiklad receptory zrodiny PPAR (peroxisome
proliferator-activated receptors)’®> nebo SREBP-1 (sterol regulatory element binding
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protein-1)16, Omega-3 a Omega-6 jsou si po biochemické strance znacné podobné, coz
znamena, Zze mnohé enzymy, napfiklad elongdzy, desaturazy, enzymy pro syntézu fosfolipidd,
endokanabinoidl i eikosanoidd, reaguji s obéma skupinami PUFA. Kompetici o aktivni mista
téchto enzyma pak Omega-3 snizuji celkovou tvorbu pro-zanétlivych mediator( odvozenych
od Omega-6Y7, ptipadné tyto pro-zanétlivé molekuly pfimo nahrazuji méné aktivnimi, nebo
dokonce protizanétlivymi a pro-rezoluénimi latkami, které se souhrnné nazyvaji protektiny
a resolvinys,

Soucasny vyzkum ukazuje, Ze metabolicky dopad lipid{ pfijimanych v potravé nezaleZi jen
na kompozici FA, ale také na komplexni strukture molekul, nakteré jsou FA navazany.
Konkrétné existuje mnoho ddkaz( otom, Ze metabolické ucinky Omega-3 podavanych ve
formé fosfolipidl (Omega-3 PL) vyznamné prevysuji ucinky Omega-3 podavanych ve formé
triacylglyceroll (Omega-3 TAG). Tento fakt mdZe byt dan rozdily ve zplsobu traveni rdznych
lipidovych molekul, coz mlze ve vysledku ovlivnit dostupnost samotnych FA v krevnim
obéhul®. Omega-3 PL tak, na rozdil od Omega-3 TAG, vykazuji reprodukovatelné benefi¢ni
ucinky na glukézovou homeostdzu u lidi, diky ¢emuZz se Omega-3 PL zdaji byt slibnou
alternativou v suplementaci Omega-3.

Cile prace

Hlavnim cilem, ktery propojuje vSechny ¢tyfi projekty, na kterych je tato dizertacni prace
zaloZena, bylo prozkoumat molekuldrni mechanizmy, které zprostfedkuji benefi¢ni ucinky
Omega-3, predeviim pak Omega-3 ve formé fosfolipidd, na glukézovy a lipidovy
metabolizmus mysi kmene C57BL/6 s obezitou indukovanou konzumaci vysokotukové diety.

Konkrétni cile této prace byly nasledujici:

1. Porovnat vysokotukové diety sodliSnym slozenim FA sdlrazem na jejich dopad
na rozvoj obezity, inzulinové rezistence, jaterni steatdzy a zanétu v tukové tkani;

2. analyzovat zmény metabolizmu indukované dlouhodobym prijmem Omega-3 TAG
v zavislosti na sloZeni FA obsazenych v konzumované vysokotukové dieté;

3. ovéfit hypotézu, podle které dlouhodobd suplementace Omega-3 TAG zvysuje
glukdézou-stimulovanou sekreci inzulinu prostfednictvim aktivace inkretinového
systému;

4.  odhalit molekuldrni mechanizmus, ktery by mohl vysvétlit, pro¢ Omega-3 PL vykazuji ve
srovnani s Omega-3 TAG silnéjsi biologické ucinky (napriklad na glukézovou homeostazu
nebo akumulaci tuku v jatrech).



5. posoudit, jaky prispévek ma fosfolipidova kostra k celkové metabolické ucinnosti
Omega-3 PL;

6. porovnat ucinky dlouhodobé suplementace Omega-3 TAG a Omega-3 PL na citlivost
kinzulinu uobéznich mysi krmenych vysokotukovou dietou za pouzZiti vysoce
specializované metodiky hyperinzulinemického-euglykemického zamku.

Metody a usporadani pokust

Samci mysiho kmene C57BL/6N ve véku 10 tydn( (vyjimky jsou specifikovany v dizertacni
praci) byli zakoupeni v Charles River Laboratories (Sulzfeld, Némecko) a chovani pfi 12h cyklu
svétlo/tma, ve 22° Ca s ad libitum pristupem k pitné vodé a pfislusné experimentalni dieté.
Za téchto podminek byly na mysich provedeny dlouhodobé experimenty (7-18 tydnd),
zahrnujici rGizné dietni intervence a in vivo metabolické testy. Stihla kontrolni zvifata byla
krmena standardni nizkotukovou dietou (Chow; Ssniff Spezialdieten GmbH, Némecko),
zatimco obezita a s ni spojené metabolické poruchy byly indukovéany pomoci dvou rliznych
obezogennich diet: (i) diety cHF, zaloZzené na kukufi¢ném oleji a bohaté na Omega-6; (ii) diety
LHF, zaloZené naveprfovém sadle abohaté predevsim naSFA, MUFA asacharozu.
Metabolické ucinky rliznych lipidovych forem Omega-3 byly testovdny pomoci obezogennich
diet cHF a LHF s pridanou slozkou Omega-3 TAG (Epax, Norsko), nebo Omega-3 PL (plivodem
z masa sledl, nebo z oleje lisovaného z antarktického krilu). Na konci kazdého experimentu
byly mysi usmrceny cervikdini dislokaci v éterové narkdze za ucelem odbéru krve a tkani pro
nasledné biochemické a imunohistochemické analyzy.

Metabolické testy in vivo

Pri glukézovém toleranénim testu byla mysim nalacno podéana jednorazova davka glukozy,
a to bud formou intragastrické gavaze (OGTT), nebo injekce do peritonea (i.p. GTT). Za ucelem
méreni hladiny rlznych hormon( byly odebrany vzorky krve pred a 30 minut po podani
glukdzy. Mira tolerance glukdzy pak byla posouzena podle glykemické krivky, ktera byla
sestavena z hodnot hladiny glykémie v nékolika ¢asovych bodech pred a po podani glukdzy.

Za Ucelem analyzy citlivosti k inzulinu metodou hyperinzulinemického-euglykemického zamku
byl mysim voperovan permanentni katetr v. jugularis, diky kterému se pak mysi mohly
podrobit nékolikahodinové infuzi bez anestezie a omezeni volného pohybu. Mysi byly
konstantni rychlosti infundovdny smési inzulinu (HumulinR, Eli Lilly, USA) a radioaktivni
D-[3-3H]glukdzy (Perkin Elmer, USA), zatimco jejich glykémie byla pravidelné monitorovana
a udrZovana na hladiné 5.5 mmol/I (euglykémie) prostfednictvim infuze neznacené glukdzy,
jejiz rychlost byla operativné regulovana. Po dosaZzeni stabilni glykémie byly
v desetiminutovych intervalech odebirdny vzorky krve, ve kterych byla stanovena koncentrace
glukdzy a aktivita spojena s radioaktivni glukézou a radioaktivni vodou. Tyto hodnoty byly
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pouZity pro vypocet celkového obratu glukdzy a dalsich parametrd spojenych s citlivosti
organizmu k inzulinu a glukézovym metabolizmem (jaterni produkce glukdzy, celkova mira
glykolyzy, celotélova syntéza glykogenu arychlost glukdzové infuze potrebna kudrzeni
euglykémie).

Biochemické analyzy a méreni ex vivo

Ke stanoveni hladiny TAG, cholesterolu (celkovy a frakce HDL), NEFA, ZluCovych kyselin,
adiponektinu, inzulinu, celkového GIP a GLP-1, aktivniho GLP-1 a glukdzy v plasmé jsme pouZili
komer¢né dostupné enzymatické soupravy. Plasmatické koncentrace inzulinu, aktivniho
GLP-1 a celkového GIP byly také méfeny multiplexovou analyzou pomoci magnetickych
kuli¢ek se specifickymi protildtkami. Koncentrace TAG, FA a cholesterolu v jatrech a ve stolici
byly méreny v extraktech vytvorenych prostrednictvim alkalické hydrolyzy nebo rlznymi
modifikacemi Folchovy metody extrakce lipidd. Kompozice mastnych kyselin byla stanovena
metodou plynové chromatografie. Analyza genové exprese byla provedena metodou izolace
a purifikace RNA pomoci TRIzol reagent (MilliporeSigma). Reverzni transkripce celkové RNA
do cDNA byla provedena za pouziti Oligo thymidine primerd (Generi Biotech, CR) a soupravy
M-MLV reverzni transkriptazy (Invitrogen, USA) podle instrukci udanych vyrobcem. Relativni
mnozstvi individualnich transkriptd bylo kvantifikovdno metodou kvantitativniho RT PCR
(qPCR) za pouziti pristroje LightCycler 480 Il (Roche Diagnostics, Némecko) a soupravy
LightCycler 480 SYBR Green |Master kit (Roche Diagnostics, Némecko). Aktivita
DPP-4 v plasmé a v tkdnovych homogendtech byla stanovena spektrofotometricky mérenim
kinetiky degradace H-Gly-Pro-pNA e p-tosylatu, specifického substratu DPP-4.

Usporadani pokust

V PUBLIKACI A, experimentu 1. jsme pomoci metody hyperinzulinemického-euglykemického
zamku srovnavali dopad rozdilné kompozice FA v obezogenni dieté na miru IR u mysi,
krmenych po dobu 8 tydn( dietami Chow, cHF a LHF. V rdmci experimentu 2. jsme srovnavali
mysi krmené 8 tydnl dietami Chow, cHF, LHF ajejich protéjsky suplementovanymi
Omega-3 (tj. cHF+F a LHF+F), pficemzZ v 7. tydnu byl proveden i.p. GTT.

V PUBLIKACI B jsme se zabyvali moZznym propojenim ucinku dlouhodobé suplementace
Omega-3 na hladinu inzulinu v krvi s aktivaci inkretinového systému. V experimentu 1. byly
mysi krmené Chow, cHF a cHF+F po osmi tydnech studie podrobeny bud'i.p. GTT nebo OGTT.
V experimentu 2. podstoupily tytéZ experimentalni skupiny OGGT v 8. tydnu studie, zatimco
v 9. tydnu obdrzely gavazi bud fyziologicky roztok nebo roztok glukdzy a 30 minut po gavazi
byl za Ucelem stanoveni hladiny inzulinu a inkretinovych hormond proveden odbér krve
kanylaci portalni Zily. Pfi pitvé jsme za Ucelem analyzy genové exprese rdznych prvkd
inkretinového systému odebrali také nékolik segmentl tenkého a tlustého streva. V ramci
experimentu 3. byly mysi po dobu 10 tydnd krmeny dietami Chow nebo cHF. Obézni mysi
na cHF dieté byly pak dale rozdéleny do dvou skupin, které pokracovaly s konzumaci diety cHF
nebo cHF+F. V 18. tydnu studie byly mysi podrobeny OGTT a nasledné byla provedena pitva.
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V PUBLIKACI C jsme se zabyvali dopady suplementace Omega-3 PL izolovanych z masa sledl
na akumulaci tuku v jatrech a metabolizmus lipidG. V ramci experimentu 1. jsme porovnavali
ucinky samotnych Omega-3 PL (exp. skupina PC) s ucinky nizké davky rosiglitazonu (exp.
skupina R suplementovand pouze rosiglitazonem aPC+R suplementovana kombinaci
rosiglitazonu a Omega-3 PL). V 6. tydnu studie byly experimentalni skupiny mysi (tj. Chow,
cHF, PC, R a PC+R) podrobeny i.p. GTT, zatimco v 7. tydnu byla provedena pitva s odbérem
tkani a krve pro ndsledné biochemické analyzy. Cilem experimentu 2. bylo odlisit pfispévky
jednotlivych slozek koncentratu Omega-3 PL na celkovy metabolicky Ucinek prostfednictvim
pfimého srovnani dvou koncentratl bohatych na PC: (i) PC-M, koncentrat morského plvodu
s vysokym obsahem Omega-3; (ii) PC-S, koncentrat pdvodem ze soji bez obsahu Omega-3,
bohaty pfedevsim na Omega-6. Experimentaini skupiny mysi (tj. Chow, cHF, PC-M a PC-S) byly
v 6. tydnu studie podrobeny i.p.GTT a v 7. tydnu byla provedena pitva. V ramci experimentu
3., ktery zahrnoval pouze skupiny Chow, cHF a PC byla v 6. tydnu studie provedena analyza
exkrece lipidl ve stolici pomoci kvantitativniho sbéru stolice vyprodukované za 24 hodin.

V PUBLIKACI D byly porovnany metabolické Gcinky osmitydenni suplementace Omega-3 TAG
(cHF+F, ~30g/kg EPA/DHA), a dvou rdznych davek Omega-3 PL plvodem z oleje lisovaného
z mofského krillu (K-L pro nizkou davku Omega-3, tj. ~11g/kg EPA/DHA; a K-H pro vysokou
davku Omega-3, tj. ~30 g/kg EPA/DHA) prostfednictvim metody hyperinzulinemického-
euglykemického zamku.

Vysledky a diskuze

Publikace A. Kukufi¢ny olej vs. Sadlo: Metabolické ucinky omega-3 mastnych
kyselin umysi krmenych obezogennimi dietami s odliSnou kompozici
mastnych kyselin.

(publikovdno)

V rozporu s nékterymi dfive publikovanymi ¢lanky10.20.21 vedla dlouhodoba konzumace dvou
vysokotukovych diet srovnatelnych v celkovém obsahu energie a tuku, ale nikoliv ve sloZeni
FA (tj. cHF bohaté na Omega-6 a LHF bohaté na SFA a MUFA) k podobnym vahovym
prirastkim, srovnatelné mife adipozity a zanétu bilé tukové tkané (WAT), stejné tak jako ke
srovnatelnému poskozeni citlivosti kinzulinu a tolerance glukdzy. Tyto vysledky jsou,
nicméné, podporeny jinymi studiemi, které se zabyvaly dopadem pfijmu SFA obsaZenych ve
smisené dieté2223, Potencidlni rozdily mohly byt také maskovany vysokym obsahem lipidd
v pouzitych dietdch (60 % energie)?. Jedinym vyraznym rozdilem mezi Ucinky diet cHF a LHF
byla mira akumulace ektopického tuku v jaterni tkani, pricemz fakt, Ze prijem SFA vede
k rozvoji jaterni steatozy je skutec¢né v literature dobfe znamy19.2022 Dlouhodoby pfijem diety
LHF ved| ke zvySeni exprese genl Scdl a Elovl5 v jatrech a k narGstu aktivity enzymu SCD1.
Zhorseni jaterni steatdzy nadieté LHF mulZe byt proto vysvétleno akumulaci MUFA
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syntetizovanych endogenni cestou prostfednictvim SCD1, jelikoZ pravé tyto FA jsou
povazovany za velmi vyznamny substrat jaterni syntézy TAG a cholesterolu?*. Zvysena aktivita
enzymu SCD1 by pak mohla u mysi krmenych dietou s vysokym obsahem SFA predstavovat
protektivni mechanizmus, prostfednictvim kterého jsou potencidlné lipotoxické SFA
preménény na méné skodlivé MUFAZ,

Metabolické Ucinky Omega-3 TAG se ukazaly byt ¢astecné zavislé na sloZeni vysokotukové
diety, najejimz pozadi jsou podavany. Nehledé na sloZeni diety dokdzaly Omega-3 ucinné
redukovat jaterni steatdzu a koncentraci TAG v plasmé. Naopak redukce adipozity a zlepseni
glukdzové homeostazy bylo dosazeno pouze na pozadi diety bohaté na Omega-6, tedy
u skupiny cHF+F. Na pozadi diety bohaté na SFA (tj. LH+F) nemély Omega-3 na adipozitu
zadny vliv a v pripadé IR doslo dokonce k mirnému zhorseni. Na obou dietnich pozadich
snizovaly Omega-3 aktivitu enzymu SCD1, coZ mohlo souviset s redukci jaterni steatdzy?,
nicméné s ohledem na potencialné protektivni roli aktivace SCD1 u mysi krmenych dietou LHF
mohlo potlaceni aktivity tohoto enzymu prispét ke zhorseni glukdzové homeostazy a zanétu
WAT, které jsme pozorovali u mysi ze skupiny LHF+F10.26.27,

Publikace B: Dopad dlouhodobého podavani Omega-3 na inkretinovy systém
obéznich mysi krmenych vysokotukovou dietou.

(manuskript v pripravé)

Porovnanim vysledkd i.p. GTT a OGTT v ramci experimentu 1. jsme zjistili, Ze dlouhodobé
podavani Omega-3 TAG vedlo u obéznich mysi k navy3eni hladiny inzulinu v krvi po stimulaci
glukdzou, pficem? tento efekt byl vyrazné silnéjsi v pripadé, Ze byla glukdza podéana oralné.
V nésledujicich pokusech jsme se proto zaméfili pfimo na inkretinovy systém. Zatimco analyza
hladiny aktivniho GLP-1 byla kv(li masivni degradaci nelspésna, koncentrace celkového
GLP-1 (tedy souctu aktivni a zkracené inaktivované formy GLP-1) byla, v kontrastu s nékterymi
publikovanymi ¢lanky®28, u obéznich mysi ze skupin cHF a cHF+F oproti Stihlym kontrolam
zvy$end. Aktivita enzymu DPP-4 je podle existujici literatury u obéznich jedinc zvysena??,
nicméné zmény v aktivité DPP-4 narlst glukdzou-stimulované sekrece inzulinu vysvétlit
nemohly, jelikoZ aktivita DPP-4 byla v naSem pripadé zvysena jak u mysi ze skupiny cHF, tak
u skupiny cHF+F.

V experimentu 2. jsme ukazali, Ze v souladu s literaturou3%3! doslo u obou obéznich skupin (tj.
cHF a cHF+F) k narlstu koncentrace celkového GIP, nicméné suplementace Omega-3 méla
tendenci koncentraci GIP v plasmé normalizovat, pficemzZ tyto zmény odpovidaly poklesu
v expresi genu progip v proximalni ¢asti tenkého stfeva. Tato tendence se pak ukdzala byt
statisticky vyznamnou na modelu ,reverze obezity” v experimentu 3. Za predpokladu,
Ze zvysena koncentrace GIP v plasmé je projevem rezistence spojené s poklesem koncentrace
receptorll GIPR v pankreatickych B-burkach32, by mohly Omega-3 stimulovat aktivitu
inkretinového systému zlepSenim citlivosti organizmu k GIP. V nasi studii nicméné neni
potencidlni vliv Omega-3 na citlivost k GIP relevantni, jelikoZz mezi obéznimi skupinami cHF
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a cHF+F a stihlymi kontrolami nebyl odhalen Zadny rozdil v koncentraci GIPR receptord
v pankreatu a nasem modelu dietou indukované obezity tedy k rozvoji rezistence vaci GIP
nedochazi.

Ve spojitosti s faktem, Ze u obéznich jedinch dochazi k navyseni celkové aktivity GIP ve
WAT3033 jsme odhalili, Ze exprese genu Gipr v epididymalni tukové tkani (eWAT) byla
skute¢né signifikantné zvySena, ovsem pouze u skupiny cHF, nikoliv ucHF+F. Jelikoz
dlouhodobd suplementace Omega-3 vedla také k poklesu hmotnosti eWAT, ktera nebyla
doprovazena poklesem v pfijmu energie, je mozné, Ze ¢ast tohoto anti-lipogenniho efektu
byla zprostfedkovana potlacenim signalizace GIP ve WAT, které se manifestovalo jako pokles
koncentrace GIP v plasmé a snizeny pocet receptord GIPR ve WAT.

Publikace C: Omega-3 fosfolipidy z rybiho masa potlacuji jaterni steatézu
obéznich mysi komplexni inhibici biosyntetickych drah.

(publikovdno)

Dlouhodobéa suplementace Omega-3 PL, plvodem z masa sledl, vedla ke zlepseni mnoha
metabolickych poruch navozenych konzumaci vysokotukové diety. Konkrétné se jednalo
o prevenci narlstu télesné hmotnosti, dyslipidemie, glukdzové intolerance, hyperinzulinemie
a rozvoje zanétu WAT a snizeni ukladani tuk( jak ve WAT, tak ektopicky v jaterni tkani. Ucinky
Omega-3 PL na nardst hmotnosti a adipozitu nemohly byt vysvétleny zménami v pfijmu
energie, termogenni aktivitou hnédé tukové tkdné ani ztratami lipid ve stolici, které byly ve
skupiné PC dokonce nizsi nez ve skupiné cHF.

Nizka davka rosiglitazonu sama o sobé nedokazala u skupiny R zlepsit citlivost k inzulinu,
a navic indukovala narlst exprese genU jaterni lipogeneze arozvoj mirné jaterni steatdzy.
Nicméné v kombinaci s Omega-3 PL (tj. ve skupiné PC+R) byl tento lipogenni efekt
rosiglitazonu kompletné potlacen. Analyza genové exprese odhalila nékolik metabolickych
drah, které byly u¢inkem Omega-3 PL silné a komplexné regulovany. Konkrétné, B-oxidace FA
byla zvysend, zatimco de novo lipogeneze byla u skupin PC a PC+R silné potlacena, pricemz
obé tyto metabolické drahy se pravdépodobné podili naredukci jaterni steatdzy vlivem
podavéni Omega-3 PL34. NejsilngjSich zmén vSak Omega-3 PL dosahly v regulaci metabolizmu
cholesterolu. Exprese gend pro biosyntézu cholesterolu byla konzistentné snizena, zatimco
exprese genl Scarbl a Abcg5, jejichZ produkty se uplatriuji v exkreci cholesterolu do strev,
byla zvySena. Tomu odpovidal také pokles koncentrace cholesterolu jak v plasmé, tak v jaterni
tkani.

K posouzeni prispévku PC na celkové uUcinky koncentratu Omega-3 PL jsme porovnali dva
koncentraty PL bohaté na PC, pficemzZ jeden z nich Omega-3 obsahoval (PC-M) a druhy nikoliv
(PC-S). Na rozdil od PC-M, PC-S nedokazal zabranit nardstu télesné hmotnosti a adipozity,ani
rozvoji IR, dyslipidemie a jaterni steatdzy, stejné tak jako nedokdazal sniZit expresi gend pro
syntézu FA a cholesterolu v jatrech. Nicméné EPA a DHA nejsou jediné komponenty nezbytné
pro indukci vyse zminénych metabolickych Gcink(, jelikoZz nase predchozi studie ukazaly,
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Ze dokonce ani vyssi ddvka Omega-3 (~30 g/kg diety) podavana ve formé TAG nemad vyznamny
vliv na expresi genll pro syntézu FA a cholesterolu v jatrech a také jeji Gc¢inek na koncentraci
lipidQ v jatrech av plasmé je ve srovnani s Omega-3 PL vyznamné slabsil®. Zda se tedy,
Zze maximalniho metabolického Gcinku je dosazeno primarné diky kombinaci
Omega-3 a vhodného lipidového nosice, v tomto pripadé konkrétné PL bohatych na PC.

Publikace D: Omega-3 PL, ne vSak Omega-3 TAG, zlepSuji u obéznich mysi
kmene C57BL/6 citlivost k inzulinu.

(nepublikovdno)

Pfimé srovnani suplementace Omega-3 PL a Omega-3 TAG ukazalo, Zeobé formy
Omega-3 dokazaly sniZit télesnou hmotnost a adipozitu, aniz by mély vliv na prijem energie,
coz mlze byt vysvétleno potlacenim jaterni de novo lipogeneze a stimulaci B-oxidace FA33,
pfipadné zménami v aktivité GIP ve WAT, jak bylo ukazalo vramci Publikace B. Podle
ocekavani vedla dlouhodobd konzumace vysokotukové diety u skupiny cHF k rozvoji mnoha
metabolickych poruch vcetné rozvoje IR v kosternich svalech av jatrech. Kvdli vyznamné
snizenému celotélovému obratu glukdzy bylo k udrzeni euglykémie v hyperinzulinemickych
podminkach potfeba méné exogenni glukdzy, zatimco procesy, které glukdzu spotiebovavaji
(tj. celotélova glykolyza asyntéza glykogenu), byly u skupiny cHF taktéz potlacené. Mira
jaterni glukoneogeneze, kterd mlze byt posuzovana jako nepfimy ukazatel jaterni IR36, méla
umysi ze skupiny cHF tendenci rlst, zatimco plasmatickd koncentrace NEFA byla u této
skupiny v hyperinzulinemickych podminkach vyznamné zvysend, coZ naznacovalo rozvoj IR
také ve WAT?7,

| pfes pozitivni Ucinek na télesnou hmotnost a adipozitu nemély Omega-3 TAG na IR zadny
dopad. Schopnost Omega-3 TAG zlepsit citlivost kinzulinu je stdle pfedmétem debaty,
pricemz rybi tuk, jakozto typicky zdroj Omega-3 TAG, v nékterych studiich IR a glukézovou
toleranci skutec¢né zlepsil38-41, zatimco v jinych studiich selhal*2-%4. V souladu se soucasnou
literaturoul®45, Omega-3 PL Umérné davkovani zlepsily rdzné aspekty glukézové homeostazy
a citlivosti kinzulinu, pri¢emzZ nizkd davka krilového oleje (skupina K-L) se ukazala byt
efektivnéjsi nez 3x vyssi ddvka Omega-3 ve formé TAG u skupiny cHF+F. Vysoka efektivita
Omega-3 PL mlZe byt vysvétlena zvySenou dostupnosti EPA a DHA na Urovni bunécnych
membrani94647 kterd je pravdépodobné dusledkem odlisného rozdéleni natravenych lipid(
mezi rzné druhy a vrstvy nascentnich apolipoprotein(. Nékteré beneficni icinky pak mohou
byt indukovany také jinymi bioaktivnimi slozkami krilového oleje, napfiklad antioxidantem
astaxanthinem?34° nebo samotnymi fosfolipidy®0>1,
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Zaveéry

V navaznosti na konkrétni cile této dizertacni prace jsme dosli k nasledujicim zavériim:

1.

Dlouhodobé podavani obezogennich diet cHF a LHF s odliSnym sloZzenim FA, vedlo ke
srovnatelnym vahovym pfirdstkdm, a mife zanétu WAT, IR a glukdzové intolerance. Tyto
diety mély naopak odlisny dopad na akumulaci tukd v jatrech, pficemz zavazna jaterni
steatdza byla hlavnim charakterizujicim faktorem mysi, krmenych dietou LHF. Akumulace
tukl v jatrech byla pravdépodobné spojena s protektivnim zvysenim aktivity enzymu
SCD-1, ktery transformoval potencialné lipotoxické a prozanétlivé SFA na MUFA.

Ukazalo se, Ze metabolické Gcinky Omega-3 TAG jsou z Casti zavislé na sloZeni lipidl
v konzumované dieté. Beneficni Ucinky naakumulaci tuku v jatrech a plasmatickou
hladinu TAG byly na dieté nezdvislé. Naopak redukce adipozity a zlepseni glukdzové
homeostazy bylo dosazeno pouze v pfipadé, Ze byly Omega-3 TAG podavéany v dieté,
bohaté na Omega-6 (tedy v dieté cHF+F), zatimco u diety s pfevahou SFA a MUFA (tedy
LHF+F) nebyla adipozita ovlivnéna a u glukdzové homeostazy azanétu tukové tkané
doslo kmirnému zhorSeni. Hypolipidemicky ulinek Omega-3 TAG je Ccastecné
zprostredkovan potlacenim aktivity SCD-1, nicméné je mozné, Ze na dietnim pozadi
s vysokym obsahem SFA mdzZe byt toto potlaceni aktivity SCD-1 nezadouci.

Dlouhodobé podavani Omega-3 TAG obéznim mysim kmene C57BL/6 vede k narlstu
plasmatické hladiny inzulinu po oradlnim podani glukdzy. JelikoZ jsme u téchto mysi
nedetekovali narlst sekrece GLP-1, ani pokles aktivity degrada¢niho enzymu DPP-4, neni
pravdépodobné, Ze za timto efektem stoji zvySend aktivace inkretinového systému. Vliv
Omega-3 na sniZeni rezistence organizmu k GIP nemohl byt potvrzen, jelikoZ u tohoto
experimentalniho modelu k rozvoji rezistence k GIP nedochdzi. Na druhou stranu,
Omega-3 TAG normalizovaly plasmatickou hladinu GIP a koncentraci receptort GIPR
v tukové tkani, které jsou vlivem obezity patologicky zvySené. Tento efekt by mohl
predstavovat novy molekuldrni mechanizmus, kterym Omega-3 TAG ovliviuji
celotélovou adipozitu.

Dlouhodobé podéavani Omega-3 PL mélo pozitivni dopad na fadu metabolickych poruch
spojenych s obezitou, pficemz tento efekt byl vyznamné silnéjsi nez efekt Omega-3 TAG
nebo samotnych fosfolipid(. Analyza genové exprese odhalila komplexni represi gend,
kédujicich enzymy de novo lipogeneze a biosyntézy cholesterolu, a naopak stimulaci
gend pro mitochondrialni i peroxisomalni B-oxidaci mastnych kyselin v jatrech. Tento
vysledek naznacuje, Ze zlepSeni jaterni steatdzy a dyslipidemie na celotélové Udrovni
muzZe byt zplsobeno koordinovanym posunem metabolizmu lipidd od anabolickych
procest ke katabolickym.
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Na rozdil od PC-M bohatého na Omega-3, poddvani PC-S bez obsahu Omega-3 nemélo
zadny pozitivni dopad na metabolické poruchy spojené s obezitou a neovlivnilo ani
expresi gend pro metabolizmus FA a cholesterolu. Nase predchozi studie pak ukazala,
Ze exprese téchto gend neni ovlivnéna ani vyrazné vyssi davkou EPA/DHA (~30 g/kg
diety) ve formé Omega-3 TAG, coZ naznacuje, ze maximalniho metabolického ucinku je
dosazeno kombinaci Omega-3 a vhodného lipidového nosice, vtomto pfipadé PL
bohatych na PC.

Na rozdil od Omega-3 TAG, podavani Omega-3 PL obsaZzenych v krilovém oleji vedlo ke
konzistentnimu zlepSeni IR, které bylo umérné davce Omega-3 PL. Zvyseni citlivosti
kinzulinu se manifestovalo jako vzestup celotélového obratu glukdzy a syntézy
glykogenu a pokles jaterni glukoneogeneze. JelikoZ Uucinnost Omega-3 PL byla zachovéna
i v pfipadé, Ze obsah EPA/DHA v dieté byl tfikrat nizsi nez ukontrolni skupiny, ktera
prijimala Omega-3 TAG, pritomnost fosfolipidového nosice se ukazala byt pro biologicky
dopad Omega-3 PL klicova.
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ANGLICKA CAST (ENGLISH PART)

Abstract

Obesity, one of the most serious health problems of the 21st century, often occurs as a result
of an imbalance between energy intake and energy expenditure. Dietary lipids play
an important role in the development of obesity, partly because they represent the richest
source of energy amongst all macronutrients. It is, however, not only the amount
of consumed lipids, but also the composition of fatty acids, which strongly influences health
effects of a particular diet. Saturated fatty acids (SFA) are generally considered as unhealthy
due to their pro-inflammatory and lipotoxic properties, while monounsaturated fatty acids
(MUFA) and polyunsaturated fatty acids (PUFA) represent a healthier alternative, as they are
more readily oxidized and do not disrupt biochemical properties of cellular membranes.
Amongst PUFA, PUFA of n-3 series (Omega-3) represent an utterly unique class of lipids that
have been documented to protect against cardiovascular disease and dyslipidemia in men
and improve insulin sensitivity and glucose tolerance primarily in animal models of obesity.

Some molecular mechanisms of Omega-3 action have been already uncovered, such as
the modification of biological membranes composition, activation of various transcription
factors and membrane receptors, and their role as precursors for the synthesis of bioactive
lipid mediators with anti-inflammatory and pro-resolving properties. In this thesis, we
explored novel mechanisms and systems, which may be influenced by long term dietary
supplementation of Omega-3 to male C57BL/6 mice with obesity induced by a high fat diet
rich  in PUFA of n-6series (Omega-6). Furthermore, we compared the effects
of Omega-3 administered either in the form of triacylglycerols (Omega-3 TAG) or marine
Omega-3 phospholipids (Omega-3 PL); the latter form of Omega-3 has been recently shown
to induce more potent and consistent metabolic effects, especially on glucose metabolism
and liver fat accumulation (i.e. hepatic steatosis), and, therefore, could represent a better
alternative regarding the prevention and potentially also the treatment of obesity-linked
metabolic diseases.

In the first project (Publication A), we analyzed the effects of Omega-3 TAG depending
on the type of other lipids inthediet, i.e. thediets with the prevalence of either
Omega-6 (cHF diet) or SFA and MUFA (LHF diet). Without Omega-3 supplementation, the two
diets per se did not differ in their impact on body weight, the amount of body fat (adiposity)
or insulin sensitivity examined by the hyperinsulinemic-euglycemic clamp technique, which
could be due to the protective up regulation of the enzyme stearoyl-CoA desaturase-1 (SCD1)
that converts potentially harmful SFA contained in the LHF diet into less toxic MUFA. The
accumulation of MUFA, however, might be connected to more pronounced hepatic steatosis,
which was typical for LHF-fed animals. Omega-3 supplementation ameliorated hepatic
steatosis by repressing lipogenesis and promoting fat oxidation, and these effects were
independent of other lipids inthe diet. On the contrary, white adipose tissue (WAT)
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inflammation and glucose tolerance were beneficially affected by Omega-3 only when
supplemented within the cHF background, while these parameters tended to deteriorate
further when Omega-3 were present in the LHF diet. The results of this project suggested that
the supplementation of Omega-3 on SFA rich dietary background could be problematic, since
under these conditions Omega-3 supplementation interferes with the protective mechanism
based on the increased activity of SCD1 in response to LHF feeding.

The second project (Publication B) was based on the observation that the long-term
supplementation of Omega-3 TAG in dietary obese mice leads to increased plasma insulin
levels following glucose administration, but only when glucose is applied orally; it was
predicted that increased activity of the incretin system could be involved. We were unable
to prove that Omega-3 supplementation increased the activity of the incretin system, as
neither anincreased secretion of glucagon-like peptide-1(GLP-1), decreased activity
of the degrading enzyme dipeptidyl peptidase-4 (DPP-4), nor changes in sensitivity towards
glucose-dependent insulinotropic  polypeptide  (GIP) were observed following
Omega-3 intake. However, Omega-3 supplementation normalized hypersecretion of GIP and
increased concentrations of GIP receptors in WAT, which was otherwise observed in obese
mice. Thus, the above effects of Omega-3 on GIP may represent a novel pathway by which
these fatty acids could affect adiposity.

Finally, in Publication Cand Publication D, we focused on thelong-term dietary
supplementation with Omega-3 PL derived from either herring meat or Krill-oil. We showed
that Omega-3 PL were able to efficiently reduce hepatic steatosis and normalize dyslipidemia
by a complex and integrated inhibition of de novo lipogenesis and cholesterol biosynthesis
together with stimulation of the oxidation of fatty acids, observed at the level of hepatic gene
expression. To achieve the maximum effect the presence of both Omega-3 and their lipid
carrier, i.e. phospholipids, namely phosphatidylcholine (PC), is necessary. Furthermore,
by using the hyperinsulinemic-euglycemic clamps in obese mice, we showed that Omega-3 PL
ameliorated obesity linked glucose intolerance and whole-body insulin resistance, mainly due
to the beneficial effects on hepatic and muscle insulin sensitivity, i.e. the effect which was
superior to Omega-3 TAG administered at a comparable dose.

Introduction

Obesity is characterized by an excessive storage of lipids, either in the subcutaneous or
abdominal white adipose tissue (WAT) depots, or even ectopically in non-adipose organs.
Increased lipid turn-over in hypertrophied adipocytes leads toachronical elevation
of circulating non-esterified fatty acids (NEFA)L. NEFA per se interfere directly with insulin
signaling?, thus inducing insulin resistance (IR), while their metabolites such as diacylglycerols
or ceramides promote inflammation, apoptosis and mitochondrial damage3. Hypertrophied
adipocytes and immune cells residing within WAT have to endure various stress stimuli which
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makes them to switch intercellular signalization to a pro-inflammatory mode, thus calling
for revascularization, tissue rebuild, and clearance of dying cells. The causal link between
chronical WAT inflammation and IR progression has been also firmly established. Obesity,
especially the central type with high waist/hip ratio, and IR are thedriving force
for development of metabolic syndrome, which can further progress to type 2 diabetes
(T2DM) and cardio-vascular disease (CVD).

Incretins are peptide hormones secreted from the intestinal endocrine cells in response
to the ingestion of nutrients. Currently, the two most studied incretins are glucagon-like
peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP). They significantly
potentiate endogenous secretion of insulin, enhance viability of pancreatic B-cells, and exert
many other biological effects, which cooperatively prepare the organism to maximize
the utilization of ingested meal and prevent big oscillations of glycemia*. Moreover, GIP
receptors are profusely expressed on the membranes of mature adipocytes and their activity
is connected to the promotion of lipid storage®. Loss of incretin effect, i.e. a significant
decrease in the early phase insulin secretion, is an early specific marker of T2DM®; it is
connected to a decrease in active GLP-1 and/or the development of GIP resistance8, which is,
similarly to IR, linked to a chronic elevation in GIP secretion. Obesity is also linked to elevated
activity of dipeptidyl peptidase-4 (DPP-4), which turns active GLP-1and GIP into their
truncated inactive forms’. Incretin system presents an important target for the treatment
of T2DMS.

Regarding the prevention of obesity-linked metabolic disorders, it is not only the total
amount of consumed lipids, but also the composition of fatty acids (FA) that determines
the impact of specific diet on the metabolic health. Some human studies provide evidence
that increased consumption of saturated FA (SFA) supports the development of visceral
obesity and the ectopic accumulation of liver fat, when compared to monounsaturated
(MUFA) or polyunsaturated FA (PUFA)?10. PUFA present a generally healthier alternative as
they are readily oxidized by mitochondria and serve as essential nutrients in the formation
of bioactive lipid mediators. PUFA of n-6 series (Omega-6) serve forthe synthesis
of eicosanoids and endocannabinoids, which take part in many processes associated with
stress, inflammation, and injury, such as vasoconstriction, pain, fever, platelet aggregation, or
smooth muscle contraction?.

PUFA of n-3 series (Omega-3), namely the eicosapentaenoic (EPA, C20:5n-3) and
docosahexaenoic acid (DHA, C22:6 n-3), present an utterly unique lipid class which has been
shown to prevent CVD2 and dyslipidemial3. Omega-3 exert their various metabolic actions
via the interaction with membrane receptor GPR120™* and transcription factors, such as
peroxisome proliferator-activated receptors (PPARs)!> or sterol regulatory element binding
protein-1 (SREBP-1)%. Omega-3 share many biochemical properties with Omega-6, which
also means that many enzymes, including some elongases, desaturases, and the enzymes
for the synthesis of phospholipids and endocannabinoids, as well as cyclooxygenases and
lipoxygenases, freely cross-react with both classes of these PUFA. By competition for these
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enzymes Omega-3can decrease production of Omega-6-derived pro-inflammatory
molecules!’ and even replace them with less active or anti-inflammatory and pro-resolving
molecules, i.e. protectins and resolvins?®.

Recent data have suggested that the metabolic effects of dietary lipids do not depend only
on the FA composition, but also on the complex structure of the molecules, in which FA are
delivered to the organism. In this regard, there is an evidence that metabolic effects
of Omega-3 ingested in the form of phospholipids (Omega-3 PL) are superior to Omega-3
in the form of TAG (Omega-3 TAG). Such superiority may be given by the differences
in the digestion of respective lipid molecules, which influence final bioavailability of FA
in the bloodstream?®. Unlike Omega-3 TAG, Omega-3 PL show a beneficial impact on glucose
homeostasis in man, which makes them a promising alternative in Omega-3 supplementation.

Aims of the thesis

The main goal, which brings together all four projects that represent the basis of this thesis,
was to investigate molecular mechanisms mediating the beneficial effects of Omega-3,
especially those administered in the form of Omega-3 PL, on glucose and lipid metabolism
of obesity-prone C57BL/6 mice fed a high-fat diet.

The specific objectives were as follows:

1. tocompare the effects of two obesogenic high-fat diets, differing mainly inthe FA
composition, on the development of obesity, IR, liver fat accumulation, and WAT
inflammation;

2. toanalyze  changes in metabolism induced by long-term Omega-3 TAG
supplementation, and their dependence on the type of FA contained in the background
high-fat diet;

3. toverify the hypothesis that long-term dietary intervention with Omega-3 TAG increases
glucose-stimulated insulin secretion by stimulating the activity of the incretin system;

4.  tounveil molecular mechanisms that could explain why Omega-3 exert stronger
biological effects (e.g. on glucose homeostasis and liver fat) when administered
in the form of Omega-3 PL as compared to Omega-3 TAG;

5. toassess the contribution of the PC part of Omega-3 PL molecule tothe metabolic
efficacy of Omega-3 PL administration; and

6. tocompare insulin-sensitizing properties of Omega-3 TAG and Omega-3 PL
supplementation in obese mice fed a high-fat diet, using the state-of-the-art technique
of hyperinsulinemic-euglycemic clamps.
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Methods and experimental design

Male C57BL/6N mice at the age of 10 weeks (exceptions are specified in the thesis) were
obtained from the Charles River Laboratories (Sulzfeld, Germany) and maintained
onal2hlight/dark cycle at 22°C with ad libitum access to water and an appropriate
experimental diet in order to perform long-term dietary interventions (7-18 weeks) including
in vivo metabolic analyses. Lean control animals were maintained on a low-fat standard diet
(Chow; Ssniff Spezialdieten GmbH, Germany), while the obesity and various metabolic
disorders were induced by high-fat obesogenic diets: cHF, based on corn-oil, rich in Omega-6;
LHF, based on pork lard, rich in SFA/MUFA and sucrose. Metabolic effects of different lipid
forms of Omega-3 were tested using cHF and LHF diets supplemented with Omega-3 TAG
(Epax, Norway), or Omega-3 PL (derived from herring meat or Krill-oil). At the end of all
experiments, mice were killed by cervical dislocation in diethyl ether anesthesia to collect
blood and tissue samples for subsequent biochemical and immunohistochemical analyses.

In vivo metabolic tests

For the glucose tolerance test, fasted mice were given a single dose of glucose either by oral
gavage (OGTT) or intraperitoneal injection (i.p. GTT). For the analysis of hormone levels
in plasma, blood samples were collected before and 30 min after glucose administration. For
the analysis of glucose tolerance, glycemic curve was compiled by measuring blood glucose
levels in several timepoints before and after glucose administration.

To conduct the hyperinsulinemic-euglycemic clamps, mice were surgically equipped with
a permanent catheter in the jugular vein, which enabled us to perform a several hours-long
infusion without anesthesia and movement restrictions. Mice were infused with insulin
(HumulinR, Eli Lilly, USA) and radioactive D-[3-3H]glucose (Perkin Elmer, USA) at a constant
rate, while their blood glucose was monitored regularly and maintained at euglycemia
(~5.5 mmol/l) by periodically adjusting a variable infusion of unlabeled D-glucose solution.
After reaching a stable blood glucose level, blood samples were collected from the tail at
10 min intervals for one hour to evaluate the concentration of total glucose, as well as
the activities associated either with radioactive glucose or radioactive water. These values
were used to calculate total glucose turnover as well as the other parameters linked to insulin
sensitivity and glucose metabolism, i.e. glucose infusion rate, hepatic glucose production, and
the rate of glycolysis and whole-body glycogen synthesis.

Biochemical analyses and ex vivo measurements

We used commercially available kits to measure plasmatic concentrations of TAG, cholesterol
(total and HDL fraction), NEFA, total bile acids, adiponectin, insulin, total GIP and GLP-1, active
GLP-1 and glucose. Insulin, active GLP-1and total GIP were also analyzed by multiplex
magnetic-beads assay. Concentrations of TAG, FA and cholesterol in the liver or feces were
measured in extracts obtained by alkaline hydrolysis or several modifications
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of Folch’s method. Composition of FA was determined by gas chromatography technique.
Gene expression analysis was performed by isolating and purifying RNA using TRIzol reagent
(MilliporeSigma). Reverse transcription of total RNA into cDNA was done by using Oligo
thymidine primers (Generi Biotech, Czech Republic) and the M-MLV reverse transcriptase kit
(Invitrogen, USA) according to the manufacturer’s instructions. Relative amounts
of the individual transcripts were quantified by quantitative RT PCR (gPCR) using
the LightCycler 480 Il instrument (Roche Diagnostics, Germany) and the LightCycler 480 SYBR
Green | Master kit (Roche Diagnostics, Germany). The activity of DPP-4 in plasma and tissue
homogenates was assessed spectrophotometrically as the kinetics of DPP-4 substrate
H-Gly-Pro-pNA e p-tosylate degradation.

Experimental setups

In PUBLICATION A, experiment 1., an impact of FA composition of a background high-fat diet
on IR was assessed by hyperinsulinemic-euglycemic clamp comparing mice fed with Chow,
cHF, and LHF for 8 weeks. In experiment 2. we compared mice fed with Chow, cHF, LHF and
Omega-3 TAG supplemented diets cHF+Fand LHF+F for 8 weeks, while i.p. GTT was
performed in 7th week of the study.

In  PUBLICATION B, we investigated apossible link between the effect
of Omega-3 supplementation on plasma insulin levels and activation of the incretin system.
In experiment 1., mice fed with Chow, cHF, and cHF+F were subjected to either i.p.GTT or
OGTT inthe 8" week of the study. In experiment 2., same experimental groups were
subjected to OGTT in 8™ week of the study, while at the 9t week of the study, mice were
gavaged with either saline or glucose and blood samples were collected 30 min after
the gavage by the cannulation of portal vein to determine incretin and insulin hormones
levels. Different segments of the gut were collected to analyze gene expression of different
members of incretin system. In experiment 3., mice were fed with Chow or cHF for 10 weeks.
After that, obese cHF-fed animals were further divided to two subgroups which continued
on cHF or cHF+F, respectively. In the 18t week, mice were subjected to OGTT and dissected.

In PUBLICATION C we assessed the effects of Omega-3 PL derived from herring meat on liver
fat accumulation and tissue lipid metabolism. In experiment 1. we compared the effects
of Omega-3 PL alone (exp. group PC), or in combination with a low dose of thiazolidine drug
rosiglitazone (exp. group R, supplemented only with rosiglitazone and PC+R, supplemented
with Omega-3 PL and rosiglitazone). In 6t week experimental groups of mice (i.e. Chow, cHF,
PC, R, and PC+R) were subjected toi.p. GTT, and inthe 7t week mice were dissected
for subsequent biochemical analyses. In experiment 2., we aimed to decipher
the contribution of different parts of the PL concentrate to the overall metabolic effect
of Omega-3 PL by directly comparing the PC-rich PL concentrates that contain or do not
contain Omega-3 (i.e. PC-M of the marine origin rich in EPA/DHA and PC-S derived from soy,
containing various FA with the prevalence of Omega-6). Experimental groups of mice
(i.e. Chow, cHF, PC-M and PC-S) were subjected toi.p. GTT in the 6™ week and dissected
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in the 7t week of the study. In the experiment 3., where only the Chow, cHF, and PC
experimental groups were present, the excretion of lipids in the stool was analyzed after
quantitative collection of 24-h feces production in the 6t week of the study.

Finally, in PUBLICATION D, the effects of supplementation with either Omega-3 TAG (cHF+F,
~30g/kg EPA/DHA), or two different doses of Omega-3PL derived from krill-oil
(K-L for the low dose, i.e. ~11g/kg EPA/DHA; and K-H for the high dose, i.e. ~30 g/kg EPA/DHA)
were compared using the hyperinsulinemic-euglycemic clamps after 8 weeks of experimental
feeding.

Results and discussions

Publication A: Corn-oil versus lard: metabolic effects of omega-3 fatty acids
in mice fed obesogenic diets with different fatty acid composition

(published)

In contrast to some literaturel0.20.21 |ong-term consumption of two high-fat diets comparable
in total energy and lipid content, but different in FA composition (i.e. cHF rich in Omega-6 and
LHF rich in SFA and MUFA) lead to comparable increases in body weight, adiposity, and WAT
inflammation, as well as comparable disruptions of insulin sensitivity and glucose tolerance.
These results are supported by other studies of SFA contained in mixed meals?223, Potential
differences could be also masked by high content of lipids in our diets (60 % energy)°. The cHF
and LHF diets differed substantially only inthe degree of ectopic lipid accumulation
in the liver, while the potent induction of hepatic steatosis by SFA feeding is, indeed, firmly
established in the literaturel02922 | LHF diet increased gene expression of Scdl and Elovl5
in the liver as well as the enzyme activity of SCD1. Thus, deterioration of steatosis can be
explained by the accumulation of MUFA synthesized endogenously by SCD1, as they are
considered to be the main substrate for hepatic TAG and cholesterylesther synthesis?4. The
up-regulation of SCD1 activity in mice consuming a high fat diet rich in SFA could represent
a protective mechanism by which lipotoxic SFA are transformed into MUFA2,

Effects of Omega-3 TAG supplementation proved to be partially dependent
on the background diet. Irrespective of the background diet, Omega-3 reduced hepatic
steatosis and plasma TAG concentrations. On the contrary, only on the Omega-6-rich dietary
background (i.e. the cHF+F diet) Omega-3 managed to reduce adiposity and improve glucose
homeostasis. In contrast, Omega-3 supplemented on the SFA-rich dietary background
(i.e. the LHF+F diet) had no effect on adiposity and even tended to worsen IR. Irrespective
of dietary background Omega-3 reduced the activity of SCD1, which could be connected
to the amelioration of hepatic steatosis?*; however, given the potentially protective role
of SCD1 when mice are fed the SFA-rich diet, the reduced SCD1 activity could also contribute
to deteriorations of glucose metabolism and inflammation observed in the LHF+F mice10.26.27,
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Publication B: The impact oflong-term Omega-3 supplementation
on the incretin system of dietary obese mice

(manuscript in preparation)

Comparing the results of i.p. GTT and OGTT in the experiment 1. we found out that long-term
Omega-3 TAG supplementation in cHF-fed obese mice increased glucose-stimulated insulin
levels in both cases; however, the effect was much stronger when glucose was applied orally.
Therefore, in following experiments, we focused directly on the incretin system. While
the analysis of active GLP-1 concentration was hampered by severe degradation,
concentration of total (i.e. active + truncated) GLP-1 was, in contrast to some publications®28,
increased incHF and cHF+F groups as compared tolean controls. The activity
of DPP-4 in obese subjects has been shown tobe increased?®; however, changes
in the activity of DPP-4 could not explain the increase in glucose-stimulated insulin secretion
in Omega-3-supplemented animals, as we revealed increased activity of both plasma and
WAT DPP-4 activity in the cHF, but also in the cHF+F group.

In accordance with the literature3031, in experiment 2., glucose-stimulated levels of total GIP
were increased inboth cHF and cHF+F mice, as compared tolean controls; however,
Omega-3 supplementation tended to normalize plasma GIP concentrations, while these
results corresponded with the changes in progip gene expression in the proximal segment
of the gut. This tendency was proven to be significant using a model of "reversal of obesity"
in the experiment 3. Assuming that increased levels of GIP inplasma compensate
for the development of GIP resistance manifesting as a decrease in GIPR expression
in pancreatic B-cells32 Omega-3 supplementation could stimulate the activity of the incretin
system by alleviating the resistance towards GIP. This is, however, not the case in our study,
as we found no difference in pancreatic GIPR expression between obese cHF mice and lean
chow-fed controls.

Regarding the increased tonus of GIP signaling in WAT of obese subjects3033, we found that
Gipr expression ineWAT was, indeed, significantly increased inthecHF but not
in the cHF+F group. Since long term dietary intake of Omega-3 also decreased the eWAT
weight without lowering energy intake, it is plausible that part of this anti lipogenic effect was
mediated by a suppression of GIP signaling in WAT, possibly as a response to lower levels
of GIP in plasma and reduced number of GIPR in WAT.

Publication C: Omega-3 phospholipids from fish suppress hepatic steatosis
by integrated inhibition of biosynthetic pathways in dietary obese mice

(published)

Dietary supplementation with Omega-3 PL derived from herring meat improved various

metabolic disorders induced by high-fat feeding; namely, Omega-3 PL prevented the weight

gain, dyslipidemia, glucose intolerance, hyperinsulinemia and WAT inflammation, and
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lowered the deposition of lipids both in WAT and in the liver. The effect of Omega-3 PL
on weight gain and adiposity could not be explained by changes inenergy intake,
thermogenic activity of brown adipose tissue, or losses of lipids in stool, which were actually
lower in the PC mice as compared to cHF.

The low dose of rosiglitazone by itself could not ameliorate IR, but it increased the expression
of lipogenic genes in the liver and induced mild hepatic steatosis in the R mice; however,
the lipogenic properties of rosiglitazone were completely overridden by the effect
of Omega- 3 PL in the combination PC+R group. The analysis of gene expression in the liver
revealed a complex regulation of several metabolic pathways that were markedly affected
by Omega-3 PL; the pathway of B-oxidation of FA was enhanced, while de novo lipogenesis
was strongly suppressed in both the PC and PC+R group. Both these metabolic pathways are
likely to contribute tothe reduction of hepatic lipids inresponse to Omega-3 PL
supplementation3*. Omega-3 PL caused the biggest changes in the pathway of cholesterol
metabolism. The expression of cholesterol biosynthetic genes was consistently reduced,
while the expression of Scarbl and Abcg5, which take part in cholesterol excretion
to the intestines, was increased. Correspondingly, both plasma and liver cholesterol levels
were significantly reduced.

To evaluate the contribution of PC, two PC-rich phospholipid (PL) concentrates with and
without the content of Omega-3, i.e. PC-M and PC-S, were compared. In contrast to PC-M,
PC-S completely failed to prevent the weight gain, body fat accumulation, IR, dyslipidemia,
and hepatic steatosis, and it failed to down-regulate hepatic expression of genes encoding FA
synthesis and cholesterol biosynthesis enzymes. However, EPA and DHA are not the only
components necessary for the induction of the above-mentioned metabolic effects, as our
previous study showed that even the higher dose of EPA and DHA (~30 g/kg of the diet)
in the form of Omega-3 TAG failed to significantly down-regulate hepatic genes involved in FA
synthesis and cholesterol biosythesis in association with a much weaker effect on hepatic and
plasma lipids when compared to Omega-3 PL1°. Thus, it seems that it is primarily
the combination of Omega-3, and the proper lipid carrier, i.e. the PC rich PL as in this case,
which provides the maximum metabolic effect of Omega-3-based dietary supplements.

Publication D: Omega-3 PL but not Omega-3 TAG, improve insulin sensitivity
in obese C57BL/6 mice fed a high fat diet

(unpublished)

Both Omega-3 TAG and Omega-3 PL were able to reduce the body weight gain and adiposity

without causing a reduction in energy intake, which can be explained by the suppression

of de novo lipogenesis and activation of B-oxidation of FA3>, or by changes in GIP activity

in WAT, as we showed earlier (Publication B). As expected, in our study high-fat feeding

induced a variety of disturbances associated with IR in the skeletal muscle and the liver. Due
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to a significantly lower whole-body glucose turn-over, less exogenous glucose was needed
to maintain euglycemia in hyperinsulinemic conditions, while the glucose-consuming
processes, i.e. the whole-body glycolysis and glycogen synthesis, were also decreased
in the cHF group. The level of hepatic glucose production, which could be used as an indirect
marker of hepatic IR3, tended to be increased in cHF-fed mice. Finally, the concentration
of plasma NEFA in hyperinsulinemic conditions was also increased in the cHF group, thus
suggesting the development of IR also in WAT37.

Despite body weight- and adiposity-lowering effect, Omega-3 TAG had no beneficial impact
onlIR.  The ability of Omega-3 TAG toimprove insulin sensitivity is still a subject
of controversy, as fish oil supplementation has been shown to improve insulin sensitivity and
glucose tolerance in some studies3841, while it failed in the others*244, With accordance
to current literature1?4>, Omega-3 PL improved in a dose dependent manner various aspects
of glucose homeostasis and insulin  sensitivity, while thelower dose of Krill-oil
(i.e.in the K-L group) proved to be more efficient than Omega-3 TAG supplementation
in the cHF+F mice. The superiority of Omega-3 PL may be explained by anincreased
bioavailability of EPA and DHA at the level of cellular membranes!94647 which is likely linked
to different partitioning of digested lipids between nascent apolipoprotein species and their
layers. Some beneficial effects may be induced by other compounds of krill-oil concentrate,
i.e. an antioxidant astaxanthin849 or PL backbone®051,

Conclusions

According to specific aims of this thesis we made following conclusions:

1. Obesogenic cHF and LHF diets induced comparable weight gains, rate of insulin resistance
and glucose intolerance, and WAT inflammation. They, however, differed in the impact
on accumulation of lipids in the liver. Severe hepatic steatosis was, in fact, the main
distinguishing factor of LHF fed animals and could be connected with protective
up-regulation of SCD-1 activity which transformed potentially harmful SFA into MUFA,
thus protecting the organism against inflammation and lipotoxic damage.

2. Metabolic effects of long-term Omega-3 TAG supplementation proved to be partially
dependent onthe composition  of lipids inthe background diet. Irrespective
of the background diet, Omega-3 supplementation proved to be efficient in reducing
hepatic steatosis and plasma TAG concentrations. On the contrary, only
on the Omega-6-rich dietary background (i.e. the cHF+F diet) Omega-3 managed
toreduce adiposity and improve glucose homeostasis. On the other hand,
Omega-3 supplemented on the SFA-rich dietary background (i.e. the LHF+F diet) had no
effect on adiposity and even tended toworsen WAT inflammation and IR. It was
hypothesized that the suppression of SCD-1 activity by Omega-3 TAG, which contributes
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to hypolipidemic effect on Omega-6-rich dietary background, could be harmful when
substantial amounts of SFA are present in the diet.

Long-term supplementation of obese C57BL/6 mice with Omega-3 TAG leads
toincreased concentration of insulin in plasma after oral load of glucose; however,
the involvement of incretin system in this effect is unlikely as we detected neither
the increase in GLP-1 secretion, or decrease in the DPP-4 degrading enzyme activity. Also
alleviating the resistance towards GIP by Omega-3 TAG could not be confirmed, as
the GIP resistance was not present inused model of obesity. On the other hand,
Omega-3 TAG normalized the obesity-induced GIP over secretion and GIPR
overexpression in WAT. These effects could represent novel molecular mechanisms
by which Omega-3 TAG influence whole-body adiposity.

Omega-3 PL improved various aspects of obesity related metabolic comorbidities
in the manner that is significantly more efficacious than that of either Omega-3 TAG or PL
themselves. We have revealed integrated repression of genes encoding the enzymes
for de novo lipogenesis and cholesterol biosynthesis in the liver while both mitochondrial
and peroxisomal B-oxidation of FA was up-regulated. Thus, the improvement of hepatic
steatosis as well as dyslipidemia at the systemic level can be associated with the shift from
anabolic to catabolic metabolism of lipids.

In contrast to PC-M, rich in Omega-3, the PC-Sdiet completely failed to prevent
the weight gain and obesity-associated comorbidities, and it failed to down regulate
hepatic expression of genes encoding FA synthesis and cholesterol biosynthesis enzymes.
Together with our previous study where even the higher dose of EPA and DHA (~30 g/kg
of the diet) in the form of Omega-3 TAG failed to significantly down regulate hepatic
genes involved in FA synthesis and cholesterol biosynthesis, these results show that it is
primarily the combination of EPA and DHA and the proper lipid carrier, i.e. the PC rich PL
as in this case, which provides the maximum metabolic effect of Omega-3-based dietary
supplements.

Unlike Omega-3 TAG, Omega-3 PL contained in krill-oil induced consistent and
dose-dependent improvement ininsulin resistance, characterized as the increase
in whole-body glucose turn-over and glycogen synthesis and decrease in hepatic glucose
production. The PL lipid carrier showed to be indispensable for Omega-3 PL effect, as
Omega-3 PL showed to be effective even when the total amount of EPA/DHA in the diet
was 3-fold lower than in the diet containing Omega-3 TAG.
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