VYSOKA SKOLA CHEMICKO-TECHNOLOGICKA
V PRAZE

Fakulta potravinarské a biochemické technologie

Ustav biochemie a mikrobiologie

Habilita¢ni prace

NEALKOHOLOVA TUKOVA CHOROBA JATER:
MECHANISMY VZNIKU A MOZNOSTI TERAPIE

RNDr. Monika Cahova, PhD
Praha, 2021






PROHLASENI

Tato prace byla vypracovana na Ustavu biochemie a mikrobiologie a Ustavu biotechnologie
Vysoké skoly chemicko-technologické v Praze a v Institutu klinické a experimentalni
mediciny v Praze.

,Prohlasuji, ze jsem tuto habilita¢ni praci vypracovala samostatng¢, pricemz uvadim vSechny
pouzité zdroje a spoluautory. Souhlasim s vydanim této habilitacni prace na zéklad€ zdkona €.
111/1998 Sb., O vysokych skolach, ve znéni pozdéjsich predpisii. Byla jsem informovana o
vSech povinnostech z né&j vyplyvajicich a o povinnostech platnych podle zakona ¢. 121/2000
Sb., Autorsky zakon, ve znéni pozdé&jsich predpist.*

V Praze, tijen 2021

................................................






PODEKOVANI

Védecka prace je béh na dlouhou trat’, kdy se moment o¢ekavani stiida s momentem zklamani
a svétélko poznani se jen obCas mihne v dalce. Neni mozné tento zavod béZet jako osamély
béZec, a proto bych rada podékovala lidem, kteti bézeli pfede mnou a bézi se mnou.

Piedev§im jsou to moji rodi¢e, matka Hana Vaviinkova, kterd mi od détstvi ukazovala
fascinujici svét prirody a naucila meé ho obdivovat a poznavat. Nemén¢ vdécna jsem svému otci
Vladimirovi, diky kterému jsem pochopila, ze ¢lovek neexistuje pouze tady a ted’, ale je soucasti
dlouhého sledu udalosti, kterému se fika d&jiny.

Jsem vdécnd svym ucitelim a mentoriim, kteti mé seznamili s metodami védecké préce, a
hlavné s tou nejdulezitéjsi dovednosti, uménim klast si spravné otazky. Prvni kracky jsem
udélala pod laskavym dozorem prof. Petra Drabera z Ustavu molekularni genetiky AV CR.
Velky prostor pro své pokusy, omyly a obc¢as i uspéchy jsem dostala v Laboratofi metabolismu
diabetu vedené Ing. Ludmilou Kazdovou, které vdécim jak za jeji cennou pomoc, tak za
toleranci s mymi napady. Tato laboratof je spolu s dal$§imi soucasti Centra experimentalni
mediciny IKEM, kde jeho vedouci, prof. Ludék Cervenka, vytvofil nesmirné svobodné a
kreativni ovzdusi.

Moje velké diky patfi mym kolegynim v laboratofi, Ing. Miriam Bratové, Mgr. Helené
Dankové, Mgr. Marii Heczkové, Zuzané Jirsové, PhD. a Elisce Svecové, PhD., bez kterych by
tato prace nevznikla. Velice si cenim i moznosti spolupracovat s dalsimi kolegy a skvélymi
odborniky z IKEM, 1. LF UK a VSCHT, MUDr. Pavlem Truneckou, prof. Ondiejem Sedou,
Ing. Vitem Koskem, doc. Janem Pankem a prof. Janou Hajslovou.

JiZ velmi dlouho se mnou jde zZivotem mij manZzel Milan, ktery je pro mé Zivotni kotvou. Bez
jeho podpory a ucasti bych vSechna uskali a frustrace védecké prace zvladala jen velmi obtizné
a radost z uspécht by byla méné nez poloviéni. Chci pod€kovat i synovi Jakubovi a jeho
partnerce AlZbété, ktefi mé uz jen svou existenci nuti nezkostnatét, celit novym vyzvam a hledat
neobvyklé uhly pohledu.






L0 ] 210 Y AN o SO 7
B O U0 ) D I PP PPRPTPP 9
1.1 EPIDEMIOLOGIE NAFLD......oo ittt ettt et e et e e sne e e snte e s re e e nte e e nreeennee s 9
1.2 PRICINY VZNIKU A ROZVOJE NAFLD ......ccoiiiiiiiieii e 9
1.2.1 Mechanismy vzniku a rozvoje NAFLD: ,, Multiple-hits theory...................cccccooviniiiiiniiiiiieieenes 10
1.2.2 Poruchy metabolismu lipidii v hepatOCYtECH ..........cooviiiiiiiice e 11
1.2.3 Chronicky proZaREGHliVY STAV ..............cccccoiiiiiiiiiie et ane s 12
1.2.4 Genetickd PrediSPOTICE ..................ccooouiieiiiiii i 12
1.2.5 EPIZenetickeé VIIVp ..............cccccoooiiiiiiiiiiiiii s 13
1.2.6 Stitevni mikrobiota a rozvoj NAFLD ..................ccccoooiiiiiiiiiiiieiicc s 13
1.2.6.1 Slozent strevni mikrobioty a NAFLD ............cccccocuoiiiiiiiiiit e s 14
1.2.6.2 St7evni metabolom @ NAFLD ............ccccccuooiiiiii ittt st st ae e nb e s 14
1.2.6.3 Strevni mikrobiota a permeabilita SIFEVIL SIENY ...........ceivueiiieiiiisie sttt 16

L3 MODELY NAFLD ...ttt ettt b e bbb b s b sb e sb e st e nbe e nbe e s beenneenneennes 16
1.3.1 Modely vyuZivajici 0bezitogenni diety .....................ccooviioiiiiiiiiiiiiiieie e 16
1.3.1.1 VYSOROHUKOVA AICIA ...ttt et nn e n e ne e 16

O Bt Lo =T o Y Lo [T - U S 17

1.3.2 Modely vyuZivajici diety deficitni v uréitych RUtrientech ........................cccoovvveiiiiiiiiininenieens 17
1.3.2.1 Metionin-cholin defiCitni dI@tai.............c.cc.cceiiiiiiiiiiiiiieie st 17
1.3.2.2 CDAA GIBLA ...ttt bbb bbbt b bbb bbb n e nr bbb nes 18

1.3.3 Genetickeé MOl ...................cccoceiiuiiiiiiiii it 18
1.3.4 Modely vyuZivajici hepatotoxické LAtk .......................ccccooieiiiiiniiiieiei ettt 18

1.4 TVORBA LIPIDOVYCH KAPENEK .......ccviitiitiitiaieitestesteesestestesseessessessesssestessessesssestessessessssssessessesssessens 19
1.5 STRUKTURA LIPIDOVYCH KAPENEK ........cciiiitiiirretiiariinniesresesesse s s sesnssesnsss s s sesnesssnesssennens 19
1.6 KATABOLISMUS LIPIDOVYCH KAPENEK .......cviiiiitiiiiatiiisttsteeeie st sne e snesne s 19
1.6.1 Enzymy podilejici se na katabolismu lipidii v JAtrech.....................ccccoooviviiieiiiiiiiiieieie e 20
1.6.2 LIPOAULOTAGIE ...ttt bbb e b bbb bbb bbbttt b bbbt e s 21
1.6.3 Koordinace Lipolyzy v JAIrECh ...................cccoooiiiiiiiiiiiiie i 22

1.7 MASTNE KYSELINY JAKO SIGNALNI MOLEKULY .....ccuviiriireieiareinriesrese s sesnesesnee e senens 23
1.7.1 Procesy nezavislé na modulaci transkripce ......................cccooeviiiiiiiiiiiciiiiiieeeeee s 23
1.7.2 Mastné kyseliny jako ligandy transkripCnich faktorii ....................c.cccoocoviiveiiiniininiieie e 23
1.7.3 Mastné kyseliny a signalizace v JAtrech .....................ccccccoooiiiiiiiiiiiiiiiiiiciicese s 24

2 HLAVNI CILE A CASTI HABILITACNIE PRACE ........o.oovviiriiiiineesseseesee s 25
3 METABOLISMUS LIPIDU PRI DIETNE INDUKOVANE NAFLD ......c..oooonvrvrirnerinneenns 27
3.1 ULOHA LIPOAUTOFAGIE V ODBOURAVANI INTRACELULARNICH TAG V JATRECH. .............c..oc..... 27
3.1.1 Lysozomadlni lipaza se v jatrech podili na odbourdvani intraceluldrnich TAG .................................. 27
3.1.2 Intraceluldarni TAG jsou v jatrech odbourdviny autofagicko-lysozomdlni drahou ........................... 28
3.1.3 Manipulace intenzity autofagie ovliviiuje utilizaci mastnych kyselin v primarnich hepatocytech .... 28
3.1.4 Dlouhodobd expozice vysokotukové dieté zvySuje aktivitu lysozomalnich enzymii ......................... 32
3.1.5 Dlouhodobd a krdatkodoba expozice vysokotukové dieté ma opacny efekt na intenzitu autofagie ..... 32
3.1.6 Vyssi lipolyticka aktivita v jatrech je spojena s vys$si esterifikacni kapacitou..................................... 32

3.2 VYUZITi MASTNYCH KYSELIN UVOLNENYCH LIPOLYZOU INTRACELULARNICH TAG.................... 33

4 FARMAKOLOGICKE NASTROJE OVLIVNENI NAFLD.......oocoiriiiireieriseresssenes 35
V7 1= i =T Y 1 S 35

4.1.1 Mechanismus ucinku biguanidii na mitochondrialni respiracni Fetézec .................c.ccccccocuvinivnnnnn.e. 35



4.1.1.1 Primadrnim cilem biguanidii je komplex I mitochondrialniho respiracniho retézce........................ 35
4.1.1.2 Vysoké koncentrace biguanidii inhibuji i komplex Il a komplex IV mitochondrialniho respiracniho

FOICZCE ..ottt etttk ekt h oo h bt AR bt e R ek E e e R et R R e e AR Rt e R R e e e ARt e AR R e e R Rt e eRR e e R b e e eRb e e nh b e e nnneennne e 37
4.1.1.3 Fenformin zvysuje odolnost piechodového péru mitochondridlni permeability k Ca®* iontim...... 37
4.1.2 Viiv metforminu na oxidacni stres pii NAFLD ....................cccccoviiiiiiiiiiiiiiiii 37
4.1.2.1 Metformin snizuje histologické poSKOZeni JAter ..............cccocuviviiiciiiiiiiiiiiieee s 38
4.1.2.2 Metformin omezuje poskozeni mitochondrii a miru apoptozy vyvolané akutnim oxidacnim stresem
.................................................................................................................................................................... 38
4.1.2.3 Metformin snizuje tvorbu ROS z NADH G SUKCIRGIU ...........c.ccoooveviiiiiiiiiiiiiceee s 39
4.1.2.4 Metformin zpomaluje obnoveni zasob ATP v jAtrech in VIVO .........c.cccuooiiiiiieiiiiiiiiiieneneeneenns 40
4.2 IKARNITIN oot eeeeeeeeeeee e e et eeesee et et et et et es et esee et ee et ettt ee e e e et e s esesesaseses et et es et eses et eeeeee et et ee e s e e e e seererens 42
4.2.1 Karnitin zlepSuje nékteré parametry lipidového metabolismu ........................ccccooevviiiiiiiiiiieneennn. 42
4.2.2 Karnitin zvySuje oxidaci mastnych kyselin v jAtrech ......................cccccooovoviiiiiiiiniciieine e 42
4.2.3 Karnitin stimuluje biogenezi mitochondrii .........................cc..ccooiviiiiiiiiiiiiii 43
4.2.4 Karnitin sniZuje oxXidacni StreS v JArech..................c.cccoovvviiiiiiiiiiiiiiciic s 44
4.2.5 Suplementace karnitinem normalizuje obsah karnitinu ve tkanich a zvySuje vylucovani
(ACYDKAPATEINGE Y BIOCT ...ttt ettt ettt ettt e bt st e s be e be e teeneesneesbeesbeeeas 45
5 SPECIALNI PRIPADY NAFLD.........ooiiiiiiiiiniiniiisseeieesisessssssssssssssssssssse s 47
5.1 STEATOZA JATERNIHO STEPU........cocoiiiiiiiiiiiiiii bbb 47
5.1.1 Pacienti s histologicky prokdzanou NAFLD vykazuji zhorSené funkéni jaterni testy a znamky
poruch glukozoveho MetabDOlISHUL........................ccccooiiiiiiiiiiieee e 47
5.1.2 Rozdily v transkriptomickém profilu steatozniho a zdravého jaterniho §tépu .........................c.......... 47
5.1.3 Procesy odlisné regulované ve steatOznich jAtrech......................ccccooovviiiiiiiiiiiiiiii e 49
5.1.4 Cirkulujici miR-33a je nezavislym prediktorem SteatOzy StEPU .................ccoceevviiviiiiiiiniiiiiieieeie 50
5.2 PARENTERAL NUTRITION-ASSOCIATED LIVER DISEASE (PNALD).......ccccceviieiveiiiecieeieeee e, 52
5.2.1 Charakteristika jednotlivych SKUPIN ....................c.cccooiiiiiiii i e 52
5.2.2 Parenterdlni vyZiva, oxidacni stres a markery zdnétu v jatrech...................c.cccccovviniiiniiiniiininnnnn. 53
5.2.3 Spektrum Zucovych kyselin v JAtrech .....................cccccooiiiiiiiiiiiiiiii s 54
5.2.4 SloZeni jaterniho LPIdOMU .......................c.ccooiiiiiiiiiiiie e 54
5.2.5 Sl0Zeni jaterniho ProteOMU ......................cccccoviiiiiiiiiiie ettt 55
5.2.6 miRNA jako neinvazivni markery PNALD .................cccccooiiiiiiiiiiiii e 58
6 ZAVER ......ooomiiiiiieiteteetee e 59
7 POUZITA LITERATURA ......oooooomiiiimmirimmieisnssesssssssssssse s sss st 61
8 SEZNAM ZKRATEK ...ttt ettt s et e nbe e sbe e sneesnbeanbeenes 71

Lo o T 00 ) & G 75



1 Uvop

1.1 EPIDEMIOLOGIE NAFLD

Nealkoholova tukova choroba jater (NAFLD) piedstavuje celosvétové nejcastéjsi jaterni
onemocnéni, odhaduje se, Ze v soucasnosti postihuje az 1 miliardu lidi (1). V tzv. rozvinutych
(zapadnich) statech se tyka az jedné ¢tvrtiny populace (2). Podle sou¢asnych modelt se pocet
pacienti s NAFLD v USA odhaduje na 85,3 mil., v reprezentativnim vzorku evropskych stata
(Francie, Némecko, Italie, gpanélsko, Velkéd Britanie) na 72,2 mil. a v Cing na 211 mil
Znepokojujici je vzrustajici trend incidence NAFLD u déti a dospivajicich (3). Vyskyt NAFLD
je uzce asociovan s dalSimi metabolickymi dysfunkcemi sdruzenymi do spole¢ného oznaceni
metabolicky syndrom. V literatui'c se objevuje i oznaéeni MAFLD (metabolic-associated fatty
liver disease), coz odrazi tuto skute¢nost (2). Pacienti s NAFLD vykazuji zvySenou incidenci
kardiovaskularnich a onkologickych onemocnéni, coZz z tohoto onemocnéni ¢ini zdvazny
socioekonomicky problém (4). Ro¢ni naklady na 1é¢bu NAFLD v roce 2016 byly odhadnuty na
100 mld. dolard v USA a 35 mld. euro ve ¢tyiech evropskych statech (Velka Britanie, Francie,
Némecko, Italie) (5). V USA se mezi lety 2004—2013 pocet ¢ekatelt na transplantaci jater
z diivodl pokrocilé NAFLD zvysil o 170 % (z 804 na 2174), zatimco z divodi alkoholové
jaterni choroby se zvysil pouze o 45 % (z 1400 na 2024) a z divoda infekce virem hepatitidy
C (HCV) o0 14% (z 2887 na 3291). NAFLD se tak stala druhou nejcastéjSi pricinou
transplantace jater. Kromé toho, NAFLD pacienti na c¢ekaci listiné méli mensi
pravdépodobnost, ze podstoupi transplantaci a mensi pravdépodobnost 90denniho pieziti nez
pacienti s alkoholovou jaterni chorobou nebo HCV (6). Nealkoholova cirhdza je Ctvrtou
virové hepatitidé C. Vzhledem k vyraznym Uspéchiim v prevenci hepatitidy B (ockovani) a
lécbeé hepatitidy C (G€innd farmakoterapie) V poslednich letech vyznam NAFLD jako
rizikového faktoru rozvoje hepatocelularniho karcinomu nabyva na dulezitosti (7, 8).

1.2 PRICINY VZNIKU A ROzZVOJE NAFLD

Z klinického hlediska ptedstavuje NAFLD kontinuum, které za¢ina prostou jaterni steatézou
(non-alcohol fatty liver, NAFL), ktera muze piechazet u 20-30 % pacientd V jaterni
steatohepatitidu (non-alcohol steatohepatitis, NASH) a fibrozu. Zhruba u 10-20 % pacient
s diagndézou NASH onemocnéni piechazi do stadia jaterni cirhdzy (7). V nejvice zavaznych
pfipadech nealkoholova cirh6za pfechazi do hepatocelularniho karcinomu nebo jaterniho
selhani (obr. 1.1). Prosta jaterni steatoza je onemocnéni zcela benigni, a pokud jsou aplikovana
adekvatni opatfeni spocCivajici zejména ve zméné diety a Zivotniho stylu, mize byt zcela
reverzibilni. NASH je jiz charakterizovana poskozenim hepatocytli, baldnovaténim hepatocyti,
pritomnosti marker zanétu a rtiznym stupném fibrozy, ktera je disledkem hojeni zanétlivych
lozisek. Pi1 zavazném pribéhu mize NASH ptechazet az v jaterni cirhdzu a jaterni selhani.
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Obrazek 1.1 Progrese NAFLD. Adaptovano dle Calzadilla Bertot a Adams (9). HCC, hepatocelularni
karcinom; NAFL, non-alcohol fatty liver (prosta jaterni steatdza); NASH, non-alcohol steatohepatitis
(nealkoholova steatohepatitida).

1.2.1 Mechanismy vzniku a rozvoje NAFLD: ,,Multiple-hits theory*

24

dosud piesné objasnény. Pavodni ,,two-hits* model vychdzel z pfedstavy, Ze akumulace
triglyceridii v jatrech (,,first-hit™) navozuje situaci zvySené vnimavosti jaterni tkané k dal$im
poskozujicim faktorim (,,second-hit) (10). Tato zjednodusena piedstava byla nahrazena

komplexnéjsim paradigmatem, které vychazi ze synergického ptisobeni vice faktorti soucasné
(11) (obr. 1.2).
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Obrazek 1.2 Patogeneze NAFLD. Souhra metabolickych, genetickych a environmentalnich faktort
vede k nerovnovaze v sekreci a ukladani lipidt v hepatocytech. ZvySena tvorba triacylglycerolt
Vv jatrech je dusledkem (i) zvySeného vstupu mastnych kyselin do hepatocytt, a to bud’ z diety, nebo v
dusledkd zvyseného uvoliovani z tukové tkané a (ii) zvySené syntézy mastnych kyselin de novo.
Zvysena lipolyza v tukové tkani i stimulace de novo lipogeneze je disledkem inzulinové rezistence. Ta
se v tukové tkani manifestuje mimo jiné jako porucha antilipolytického plsobeni inzulinu. V jatrech
zustava zachovana citlivost transkripéniho faktoru SREBP-1c (sterol regulatory element binding
protein) Kinzulinu i v situaci periferni inzulinové rezistence. Hyperinzulinémie asociovana
s inzulinovou rezistenci pak vede k nadmérné stimulaci SREBP-dependentni drahy a zvySené produkei
mastnych kyselin de novo. Deregulace metabolismu lipida v hepatocytu je spojena s akumulaci
meziproduktll metabolismu triglyceridt, které mohou zptisobit poskozeni mitochondrii a naslednou
zvySenou produkei reaktivnich sloucenin kysliku, stejné tak jako snizenou schopnost oxidace mastnych
kyselin. Dalsim dasledkem intracelularni akumulace meziprodukta lipidového metabolismu je stres
endoplazmatického retikula, ktery téz muze vyustit v poSkozeni hepatocytu. Nardst objemu tukové
tkan¢ vede k vys$si sekreci nékterych adipokinil, zejména leptinu, které maji prozanétlivy tcinek.
Vsechny pric¢iny poskozeni hepatocytl vyvolavaji prozanétlivou odpovéd prostfednictvim aktivace
terminalnich kinaz (JNK) a NF-xB (nuklearni faktor kappa B) drahy. Vyzkumy poslednich let ukazuji,
ze k rozvoji NAFLD pfispiva i slozeni stfevni mikrobioty. DNL, de novo lipogeneze; MK, mastné
kyseliny; UPR, unfolded protein response; ROS reaktivni slouceniny kysliku; TAG, triacylglyceroly;
LPS, bakterialni lipopolysacharid. Adaptovano dle Buzzetti et al. (11)

1.2.2 Poruchy metabolismu lipidi v hepatocytech

Hlavnim znakem NAFLD je akumulace triacylglycerold (TAG) V jatrech v podobé lipidovych
kapének. V soucasnosti pievlada nazor, ze toxickym faktorem nejsou samotné molekuly TAG,
které jsou ve své podstat¢ inertni, ale spise meziprodukty metabolismu TAG, které se hromadi
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Vv bunce v disledku naruSenych regulacnich mechanisma (12, 13). Kromé samotnych mastnych
kyselin a jejich derivatt jsou to naptiklad ceramidy, slozené ze sfingosinu a mastné kyseliny,
které maji piimy lipotoxicky ucinek (14). Samotna steatoza je tedy spise projev deregulovaného
metabolismu mastnych kyselin v hepatocytu a miiZze predstavovat ¢asnou adaptaci na nadbytek
mastnych kyselin. Nékteré mastné kyseliny, napf. kyselina palmitovd, navozuji stav stresu
endoplazmatického retikula. Souc¢asti adaptivni odpovédi na stres endoplazmatického retikula
je i,,unfolded protein response®, jejiz soucasti je i aktivace terminalnich kinaz (JNK) a NF-xB
(nukleérni faktor kappa B) drah. Pokud se adaptaénim mechanismtim, které jsou soucasti UPR,
nepodaii stres endoplazmatického retikula eliminovat, je aktivovana regulovana bunééna smrt
(apoptdza) (15).

Dysregulace metabolismu lipidi se projevuje i zhorSenou inkorporaci TAG do VLDL
(very low density lipoprotein) partikuli, coz dale ptispiva k akumulaci TAG v hepatocytech
(16). Vyznamnym zdrojem mastnych kyselin a TAG v hepatocytech je lipogeneze de novo.
Hlavnim transkripénim faktorem regulujicim syntézu mastnych kyselin je SREBP-1c (17).
Tento transkrip¢ni faktor je na n€kolika Grovnich pozitivné regulovan inzulinem a na rozdil od
inzulinem regulovanych metabolickych drah v perifernich tkdnich (sval, tukova tkan), SREBP-
Ic draha zistava senzitivni k inzulinu 1 v situaci inzulinové rezistence perifernich tkani.
Hyperinzulinémie, kterd je privodnim znakem inzulinové rezistence, za téchto okolnosti
zpusobuje hyperstimulaci SREBP-1¢ drahy a zvySenou produkci mastnych kyselin de novo
(18).

1.2.3 Chronicky prozanétlivy stav

Obezita je stav charakterizovany chronickym zanétem. Tukova tkan se na tomto stavu podili
mimo jiné sekreci prozanétlivych adipokind, napf. leptinu, resistinu apod. Leptin se kromé
stimulace NF-«xB drahy podili na aktivaci jaternich hvézdicovych (stelatnich) bunék a ma tak
pfimy fibrogenni efekt. Pfi obezité je naopak snizend produkce adiponektinu, ktery inhibuje
sekreci prozanétlivych cytokind (19-21). Charakteristickym rysem hepatocytd s vysokym
obsahem TAG je mitochondridlni dysfunkce, ktera se projevuje snizenou schopnosti oxidovat
mastné kyseliny, a zvySenou produkci reaktivnich sloucenin kysliku. Dusledkem této
dysfunkce je i niz8i produkce ATP (22). Produkce reaktivnich sloucenin kysliku v prostiedi
s vysokym obsahem molekul lipidového charakteru vede k tvorbé lipoperoxidi, coz vede mimo
jiné 1 k porucham transportu elektroni elektron-transportnim fetézcem a dalSi tvorbé
reaktivnich sloucenin kysliku (23). Vznika tak pozitivni zpétnovazebna smycka, ktera udrzuje
a potencuje produkci radikélovych 1 neradikélovych sloucenin. Vysoké produkce reaktivnich
sloucenin kysliku je spojena s produkci prozanétlivych cytokini tumor necrosis factor alfa
(TNFa) a transforming growth factor beta (TGFpB) a udrzovanim pietrvavajiciho zanétu (22).

1.2.4 Geneticka predispozice

Charakteristickym rysem NAFLD je zna¢na variabilita v projevech a progresi choroby. Jednim
Z moznych faktorti vysvétlujicich tuto variabilitu mize byt geneticka predispozice pacientt.
Doposud bylo identifikovano pét variant, které jsou asociovany s rizikem NAFLD, konkrétné
Patatin-like phospholipase domain-containing protein 3 (PNPLA3, rs 738409 C>QG),
transmembrane 6 superfamily member 2 (TM6SF2, rs 58542926 C>T), glucokinase regulator
(GCKR, rs 780094 A>G), membrane-bound O-acyltransferase domain-containing protein 7
(MBOAT7, rs2587366) a hydroxysteroid 17-beta dehydrogenase-13 (HSD17B13, rs3816873)
(24). Polymorfismy v prvnich étyfech uvedenych genech jsou asociovany se zvySenym rizikem
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NAFLD, naopak varianta rs3816873 genu HSD17B13 ma vzhledem k NAFLD protektivni
charakter.

Mnohé studie identifikovaly fadu dalsich polymorfismi, které mohou byt zodpovédné za
variabilitu rtiznych aspektii NAFLD. Pozornost se soustfedila zejména na geny kodujici
proteiny ucastnici se pienosu inzulinového signalu, metabolismu glukoézy a lipidd, regulace
imunitni odpovédi, fibrogeneze nebo geny, které jsou asociovany s oxida¢nim stresem (25).
Vzdor rozsahlému vyzkumu vsak genetické varianty vysvétluji jen malou ¢ast rizika NAFLD
(26). Ukazuje se, ze vyznamnou roli mohou hrat i interakce mezi jednotlivymi genetickymi
variantami, mezi geny a prostfedim, epigenetické vlivy a podobné. Dosud byla prokazana
interakce mezi variantami genu PNPLA3 a druhem diety (27), pfijmem jednoduchych cukri
(28), ptijmem -6 nenasycenych mastnych kyselin (29), obezitou a inzulinovou rezistenci (30).

1.2.5 Epigenetické vlivy

Reverzibilni epigenetické zmény mohou predstavovat ,,most™ mezi geny a prostfedim. mMiRNAS
jsou malé nekddujici RNA molekuly, které se vazi ke komplementarnim usektim v sekvenci
mRNA a reguluji jejich transkripci. Ruzné studie ukazuji asociaci fady téchto molekul
s NAFLD. Nedavna metaanalyza identifikovala tfi nejcastéji zminované miRNA, konkrétné
miRNA-122, miRNA-34a a miRNA-192 (31).

Dalsi smér vyzkumu se zaméfuje hlavné na metylaéni vzorec DNA jaternich bunck u
pacientli s diagnézou NAFLD. Dosud byl prokazan vztah mezi metylaénim vzorcem jaterni
DNA a reverzi steatdzy po bariatrické operaci (32) nebo stupném fibrézy u NAFLD (33).
Epigenetické mechanismy hraji rovnéz klicovou ulohu v procesu fetdlniho metabolického
programovani nachylnosti K NAFLD (34, 35). Objevuji se diikazy pro tvrzeni, ze zvySené riziko
rozvoje NAFLD vV pozd¢jsim zivoté se zaklada uz v prib&éhu nitrodélozniho vyvoje.
Experimenty na zvifatech prokazaly, Ze pokud matka dostava dietu s vysokym obsahem tukd,
dochazi k rozsahlym epigenetickym modifikacim jaterni DNA plodu, které byly asociovany
S pozd&jsim zvySenym rizikem rozvoje NAFLD u potomstva (36, 37). Je zajimavé, ze tyto
zmeény se piendseji 1 na dalsi generace, zaroveinl ale mohou byt eliminovany fyzickou aktivitou
nebo dietou (38-40). Udaje ze studii na lidech jsou dosud pouze anekdotické, nicméné se
ukazuje, zZe obezita matky a zplisob vyZivy v raném détstvi zvySuje riziko rozvoje NAFLD
v obdobi dospivani a v dospélosti (41).

1.2.6 Sti‘evni mikrobiota a rozvoj NAFLD

Vyzkum poslednich dvaceti let ukdzal vyznamnou ulohu mikrobiomu vzhledem
k hostitelskému organismu — slozeni a funkce mikrobioty osidlujici konkrétni niky mohou
zasadné pfispivat jak kudrzovani zdravého stavu, tak krozvoji mnoha patologii.
Terminologicky je tfeba rozliSovat pojem ,,mikrobiom®, tj. souborny genom vSech ptitomnych
mikroorganismd, a ,,mikrobiota“, tj. soubor vSech pfitomnych mikroorganismu. Ukazalo se, Ze
patologické nastaveni vnitiniho prostfedi ve stievé (slozeni mikrobioty, jejich produkti a
nastaveni imunitniho systému) je tzce spojeno se vznikem a progresi NAFLD. Za urcitych
podminek dochéazi k vyznamné zméné ve funkci stfevni bariéry a zvySeni propustnosti pro
bakterialni metabolity, mikrobidlni antigeny a n¢kdy i celé mikroorganismy. Tyto komponenty
se prostfednictvim portalniho obéhu dostavaji do jater a prozanétlivé stimuluji jaterni
makrofagy, coz prispiva k progresi NAFLD. Osa ,stfevo-jatra®“ se tak dostavd do centra
pozornosti jak z hlediska vysvétleni mechanismu vzniku a rozvoje onemocnéni, tak i vzhledem
k moznym terapiim.
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1.2.6.1 Slozeni strevni mikrobioty a NAFLD

Mikrobi osidlujici travici trakt ovliviiuji svého hostitele bud’ ptimym kontaktem se slizni¢nimi
buiikami a butikami imunitniho systému, nebo prostiednictvim produkti svého metabolismu.
Pocatecni optimismus, dany otvirajicimi se moznostmi next-generation sequencing a
predpokladajici identifikaci konkrétnich ,,vinikti* zodpovédnych za NAFLD, doznal béhem
doby zna¢né uhony. Ukazalo se, Ze lidska mikrobiota je extrémné variabilni (42) a shoda mezi
konkrétnimi vystupy rtiznych studii je spiSe vzacnosti nez pravidlem. Piesto se ale podafilo
shromazdit dikazy svéd¢ici pro konkrétni Glohu stievni mikrobioty v rozvoji obezity, ktera je
jednim z faktorti podminujicich NAFLD. Klicova studie Backhed et al. ukazala, Ze pfi stejném
kalorickém piijmu bezmikrobni mys$i dosdhly mensi vahy a adiposity ve srovndni se zvifaty
stejného kmene, ale s béznou stifevni mikroflorou (43). Dale bylo zjisténo, Ze stievni mikrobiom
geneticky shodnych ob/ob obéznich a stihlych mysi, které se lisi pouze v genu pro leptin, je
odlisny a charakterizuje jej pomér Cetnosti zastupci dvou hlavnich kment, Firmicutes a
Bacteroidetes (pomér F:B je vyssi u obézniho kmene). Obdobné vysledky byly pozorovany i u
lidi, kdy hubnuti bylo provazeno pravé zménou poméru Firmicutes a Bacteroidetes (44).
Ridaura et al. prokazala, ze obézni nebo §tihly fenotyp 1ze indukovat u bezmikrobnich mysi
pfenosem stolice od Stihlych a obéznich lidskych darci, pficemz hlavni rozdil spoc¢iva prave
vV pomé&ru zastupcu Firmicutes a Bacteroidetes (45). Mén¢ uspésné jsou vSak snahy asociovat
obezitu s konkrétnimi bakteridlnimi druhy a rody. V pifipadé NAFLD se ukazuje, ze rozvoj
onemocnéni je asociovan s prerustanim bakterii v tenkém stieve (46). Nekolik studii prokazalo
rozdily ve sloZeni mikrobioty mezi NAFLD pacienty a zdravymi kontrolami, ale nepodafilo se
najit jednotici charakteristiky (47-49).

1.2.6.2 Strevni metabolom a NAFLD

Pticiny rozporuplnych vysledkl studii zaméfenych na hledani souvislosti mezi konkrétnimi
mikrobidlnimi druhy a konkrétnimi patologiemi lze spatfovat ve zna¢né funkéni redundanci
druhti osidlujicich lidské stfevo. Pfibuzné druhy bakterii ¢asto sdileji stejné metabolické drahy
a mnohdy lze najit funk¢éni podobnost i mezi fylogeneticky zna¢né vzdalenymi druhy, bud’
v disledku koevoluce v uréitém prostiedi, nebo diky horizontalnimu pienosu geni. V fadé
studii se podatilo najit pfi¢inné souvislosti pravé mezi studovanym jevem a slozenim stievniho
metabolomu. V piipadé NAFLD jsou nejvice diskutovanymi produkty bakterialniho
metabolismu sekundarni zZlucové kyseliny, mastné kyseliny s kratkym fetézcem a etanol.

Zlucové kyseliny

Zluéové kyseliny jsou v podobé primarnich konjugovanych Zludovych kyselin vylu¢ovany do
dvanacterniku a veskery jejich dals$i metabolismus (dekonjugace, transformace na sekundéarni
zluCové kyseliny) je vyluéné dusledkem cinnosti mikroorganismti (50). Dekonjugace
zlucovych kyselin, tj. odstépeni glycinového nebo taurinového zbytku, je disledkem aktivity
enzymu BSH (hydrolaza Zlucovych kyselin), ktery je pfitomen hlavné v metagenomu bakterii
patficich k rodim Lactobacillus a Bifidobacterium. Transformace primarnich zlu¢ovych
kyselin na sekundarni, tj. 7a-dehydroxylace, je katalyzovana enzymy BAI operonu (bile acid
inducible operon), ktery se nachazi v genomu bakterii rodu Clostridium. Zlu¢ové kyseliny maji
nejen zasadni Glohu v traveni tuki, ale jejich derivaty soucasn¢ hraji i dilezitou roli v regulaci
glukozové, lipidové a energetické homeostazy (51, 52) a pro- nebo protizanétlivého nastaveni
imunitniho systému (53). Zlu¢ové kyseliny maji i pfimé antimikrobialni uginky, protoZe diky
svym detergentnim vlastnostem naruSuji mikrobidlni membrany. Toxicita zlu¢ovych kyselin
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zavisi na mife hydrofobicity a rovnéz odolnost specifickych bakterii k jednotlivym zluc¢ovym
kyselindm je rizna. Zludové kyseliny tak ovliviiuji slozeni stfevni mikrobioty a sou¢asné
slozeni stfevni mikrobioty ovliviiuje spektrum zlucovych kyselin (54). Mnozstvi a slozeni
spektra Zlucovych kyselin je tedy vysledkem slozité rovnovahy zavisejici jak na metabolismu
hostitele, tak na slozeni a funk¢éni kapacité stfevni mikrobioty.

Zmény ve sloZeni spektra zlucovych kyselin, jejich mnozstvi a na nich zavislych
signalizacnich drahdch jsou davany do souvislosti s fadou metabolickych chorob vcetné
NAFLD (55). U pacientd trpicich steatohepatitidou se stievni dysbidza projevuje i zvySenim
obsahu primarnich zlucovych kyselin, vy$§im pomérem primarnich a sekundéarnich zlucovych
kyselin a vyssi celkovou koncentraci zlu¢ovych kyselin vséru i ve stolici (55, 56). U
pokrocilého poskozeni jater 1ze pozorovat vyssi zastoupeni rodu Clostridium a naopak pokles
zastoupeni  jinych zastupct  kmene  Firmicutes, napft. Lachnospiraceae,
Roseburia, Rumminococcaceae a Blautia, ktefi jsou producenti spise prospésnych metabolitt
jako jsou mastné kyseliny s kratkym fetézcem (56).

Mastné kyseliny s kratkym retézcem

Mastné kyseliny s kratkym fetézcem, zejména acetat, propionat a butyrat, jsou produkty
bakterialni fermentace polysacharidii. V prostiedi lidského stfeva jde zejména o polysacharidy
obsahujici vazby, které lidska enzymatickd vybava neumi §t&pit (57). Stépeni t&chto
polysacharidl v tlustém stfevé umoziuje dodatecné ziskéni energie, mnozstvi zavisi na jejich
obsahu v dieté (58). Acetat je povazovan za obezitogenni substrat, ktery stimuluje lipogenezi a
syntézu cholesterolu v tukové tkani a v jatrech. V krvi je ze v§ech mastnych kyselin s kratkym
fetézcem piitomen v nejvétsim mnozstvi (59). Propionat a butyrat jsou naopak povazovany za
antiobezitogenni latky. Acetat a propionat je produkovan hlavné zastupci kmene Bacteroidetes,
butyrat je syntetizovan bakteriemi patficimi ke kmeni Firmicutes (60). Butyrat slouzi jako
hlavni zdroj energie pro buiky slizni€ni vystelky tlustého stfeva, kde pomaha udrzovat
spravnou funkci stfevni bariéry. Tato funkce souvisi i s jeho protektivnim ti¢inkem vzhledem
k metabolické endotoxemii (59). Butyrat stimuluje sekreci GLP-1 (glucagon-like peptide-1) a
GIP (gastric inhibitory polypeptide), coz pozitivné ovliviiuje senzitivitu tkani k inzulinu (61) a
stimuluje proliferaci protizanétlivé pusobicich T regulac¢nich lymfocytti (62). Butyrat i
propionat zvysuji expresi anorexigenniho adipokinu a leptinu (63). Otazka, zda nedostate¢na
produkce mastnych kyselin s kratkym fetézcem, zejména butyratu, mize piispivat k rozvoji
NAFLD neni dosud vyfeSena, 1 kdyz nckteré studie poukazuji na niz$i zastoupeni jeho
producenti u NAFLD pacientt (56).

Etanol

Etanol je béznym produktem cinnosti stfevnich bakterii (64). U NAFLD pacientl, ktefi
nepfijimali alkohol peroralné, byly vkrvi a vydechovaném vzduchu prokazany vyssi
koncentrace etanolu a acetaldehydu ve srovnani se zdravymi kontrolami (65). Otazkou, zda Ize
prokézat souvislost mezi stievni dysbidézou a endogenni produkei etanolu, se zabyval Zhu et al
ve studii, kterd srovnavala sttevni mikrobiom pacientli se steatohepatitidou a obéznich jedincii
bez diagnézy NAFLD (66). Rozdily mezi obéma skupinami se tykaly zastupci kmene
Proteobacteria, Celedi Enterobacteriaceac a druhu E. coli, pficemz nékteré z druhl vice
zastoupenych u NAFLD pacientl patfily zaroven k identifikovanym producentim etanolu.
Obsah etanolu v krvi koreloval s mirou zavaznosti steatohepatitidy.
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1.2.6.3 Strevni mikrobiota a permeabilita strevni steny

Vzhledem ke své anatomické poloze jsou jatra organem, ktery je jako prvni vystaven vSem
komponentadm, které ptechazeji pies stfevni bariéru do krve, konkrétné do portalniho ob&hu.
Krom¢ zivin to mohou byt i prospésné nebo skodlivé produkty bakteridlniho metabolismu, ¢asti
mikroorganismi nebo dokonce celé virové partikule ¢i bakterie (67), a jednou z hlavnich funkci
jater je tyto potencialné skodlivé latky eliminovat z obéhu. Mnozstvi potencialné toxickych
komponent, které je uvolnéno ze stfeva do cirkulace, zavisi na permeabilité stfevni stény. Ve
zdravém stieve k sob¢ buniky slizni¢niho epitelu tésné adheruji pomoci ,.tight-junction (tésné
spojujicich) proteint (68). Slozeni stievni mikrobioty a ji produkovanych metaboliti mize
vyrazné ovliviiovat expresi téchto proteinli, propustnost stfevni stény a pfispivat nebo branit
rozvoji jaterni steatdzy, steatohepatitidy a fibrozy (69). Na mysim modelu i u NAFLD pacientt
byla prokazana snizena exprese ,.tight junction® proteinti a vyssi translokace bakterialnich
antigent do ob&hu (70, 71). Kauzalni souvislost zvySené permeability stfevni stény a miry
poskozeni jater byla prokazana i experimentalné na mysim modelu kolitidy indukované dextran
krmenych vysokotukovou dietou a vystavenych plsobeni dextran sulfatu nez u zvifat pouze
krmenych touto dietou (72). Vztah mezi zvySenou stfevni permeabilitou, endotoxemii a
rozvojem steatohepatitidy potvrzuji i dalsi studie u NAFLD pacientt (73, 74).

1.3 MopELY NAFLD

Experimentalni studium mechanismti podminujicich konkrétni patologii a moznosti terapie
zasadnim zptisobem zavisi na dostupnosti vhodnych zvitecich modeld, které by co nejvérnéji
rekapitulovaly obdobné déje probihajici u lidi. V pfipadé NAFLD ani jeden z dostupnych
modell tuto podminku nesplituje dokonale. Podle zplisobu intervence muzeme dostupné
modely rozdélit do ¢tyt kategorii: (i) modely zalozené na podavani obezitogennich diet; (ii)
modely vyuzivajici deficienci konkrétnich nutrientd; (iii) genetické modely a (iv) modely
vyuzivajici hepatotoxické latky. Zadny z dostupnych zvifecich modelti nezahrnuje komplexni
patofyziologii NAFLD, ale s védomim jejich omezeni je lze Gspé$né vyuzit pro studium
konkrétnich jednotlivych aspektd tohoto onemocnéni.

1.3.1 Modely vyuZivajici obezitogenni diety

Model fyziologicky nejbliz§i NAFLD u lidské populace je indukce poskozeni jater pomoci
podavani obezitogennich diet. Podavani obezitogenni diety mySim nebo potkanim vede
k manifestaci privodnich znamek metabolického syndromu. Limitujicim faktorem, ktery
znesnadiiuje interpretaci vysledkl ziskanych na zvifecich modelech zaloZzenych na podavani
obezitogennich diet, je velka heterogenita v pfesném sloZeni pouzitych diet. Pouzivané diety
mohou byt zaloZené bud’ pouze na vysokém obsahu tuku (az 60 % energie ve formé tuk), nebo
na kombinaci tukli a jednoduchych cukri. Dal§imi dialezitymi faktory jsou druh a forma
jednoduchych cukrii (glukéza vs. fruktoza, v tuhém skupenstvi nebo jako kapalina), skute¢nost,
zda do diety byl nebo nebyl pfidan cholesterol (75) a druh, popf. kmen pouzitych
experimentalnich zvirat.

1.3.1.1 Vysokotukova dieta

Vysokotukova dieta je asto vyuzivana k navozeni NAFLD jak u potkanti, tak u mysi. U této
diety je 45-75 % energie dodavano v podob¢ tuku s pfevahou nasycenych mastnych kyselin
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(76). U téchto modelu lze prokazat spole¢né rysy s NASH, i kdyz s méné zavaznymi projevy
(77). Existuji vyrazné mezidruhové rozdily v efektu vysokotukové diety na rozvoj NAFLD.
Potkani jsou k vysokotukové dieté citlivéj$i nez mysi, coz se projevuje kratsi dobou, ktera je
nutna k vyvolani patologickych ptiznaki (78). Kromé toho je nutné brat v iivahu i rozdilnou
citlivost riznych kmend. U potkani bylo prokazano, ze podavani vysokotukové diety
indukovalo stetohepatitidu u kmene Sprague—Dawley (79), zatimco u potkanti kmene Wistar se
BALB/c ve srovnani s kmenem C57BI/6J (81). Nevyhodou modeld zaloZzenych na
vysokotukové dieté je nepfitomnost nékterych slozek metabolického syndromu jako je napf.
hyperinzulinemie. Pokud obsah tuku v dieté pfedstavuje 55 % nebo vice, tak jiz dochazi ke
stimulaci ketogeneze, coz je stav zcela netypicky pro metabolicky syndrom.

1.3.1.2 Western-type dieta

Charakteristickymi rysy diety vedouci k NAFLD u lidi je vysoky obsah tukl, zejména téch
bohatych na nasycené a trans-nenasycené mastné kyseliny, a jednoduchych cukrt, zejména
fruktézy. Tato dieta se Casto oznacuje jako ,,western-type®. Charakteristickd dieta NAFLD
pacientil obsahuje 36 % tuki, 46 % sacharidd S vysokym podilem jednoduchych cukriia 18 %
proteint (82). Western-type dieta pouzivana k indukci NAFLD u zvifat obsahuje obdobné
slozeni zdkladnich zivin a jeji vyhodou je, Ze rekapituluje klic¢ové aspekty metabolického
syndromu, jako jsou hyperinzulinemie a periferni i jaterni inzulinova rezistence. U C57B1/6J
mysi podavani western-type diety po dobu 16 tydnt vedlo k obezité, inzulinové rezistenci,
steatoze a V jatrech byl prokazan oxidacni stres, infiltrace makrofagh a znamky fibrozy (83).
Pfi podavani diety s obdobnym sloZeni obohacené navic o 0,2% cholesterol bylo dosaZeno
podobnych vysledkd, pficemz bylo navic prokazano baldonovaténi hepatocytii a progresivni
fibroza (84). Vsechny typy western-type diety vedou k akumulaci triacylglyceroll v jatrech
v podob¢é¢ makrovezikularni steatdozy, ale pouze pii podavani této diety obohacené
cholesterolem lze prokazat i mikrovezikularni steatézu (85).

1.3.2 Modely vyuZivajici diety deficitni v urcitych nutrientech
1.3.2.1 Metionin-cholin deficitni dieta

Nejcastéji vyuzivanou nutriéné deficitni dietou pii indukci NAFLD je metionin-cholin deficitni
dieta (MCD). Metionin je jednim z kliCovych prekurzort syntézy glutathionu, dulezité slozky
antioxida¢ni ochrany buiiky. Jeho nedostatek se projevuje rozvojem jaterniho poSkozeni
zahrnujicim zanét a fibrézu. Cholin je nezbytny pro sekreci VLDL ¢astic a jeho nedostatek se
manifestuje rozvojem makrovezikularni steatézy. Podavani MCD vede u mysi K rozvoji
vyrazné steatdzy jiz v horizontu 46 tydnu (68, 86). Nicméné mechanismus vzniku steatozy je
odlisny nez v ptipad¢ jaterni steatdzy u lidi, kde se jednd spiSe o nadmérné stimulovanou
lipogenezi. MCD dieta vede k rychlému rozvoji zanétu v jatrech (87), ktery se manifestuje
balonovaténim hepatocytli a zvySenou hladinou prozanétlivych cytokint v cirkulaci (68, 87).
Vyznamna je i skutecnost, Ze zanét, tj. steatohepatitida, indukovany MCD dietou je reverzibilni
pii navratu ke standardni dieté. Tento fakt je v souladu s pozorovanou reverzi steatohepatitidy
u lidi pii Gprave zivotospravy (88, 89). Vliv MCD diety do zna¢né miry zavisi na druhu, kmeni
a pohlavi zvitat. Kirsch et al. (90) srovnavali citlivost tii kment laboratorniho potkana (Wistar,
Sprague-Dawley a Long-Evans) a jednoho mysiho kmene (C57Bl/6J) k MCD dieté. Samci
reagovali na dietu vyraznéji nez samice. VSechny kmeny laboratorniho potkana vyvinuly po
podavani MCD diety jaterni steatdzu, nejvyraznéji se vliv diety projevil u samcti kmene Wistar.

17



Nicméné markery zanétu nebyly vyrazné a fibrdza se nevyvinula. Naopak, u samcti mysi kmene
C57Bl1/6] byla po podavani MCD diety prokdzan kromé steatézy i vyrazné zndmky zanétu,
nekrézy, oxidacniho stresu a zmény v histologické stavbé jater, coz z tohoto modelu ¢ini
vyborny nastroj ke studiu jaternich projevii NASH. Nedostatkem MCD modelu je skutecnost,
ze poskozeni jater neni spojeno s dal§imi charakteristickymi znaky metabolické nerovnovahy,
ktera je typicka u lidi trpicich NAFLD, proto byva MCD dieta kombinovana s genetickymi
modely NAFLD (db/db nebo ob/ob mysi).

1.3.2.2 CDAA dieta

I tato dieta je, stejné jako MCD dieta, deficitni v obsahu cholinu. Na rozdil od MCD diety
neobsahuje komplexni proteiny, ale odpovidajici smés L-aminokyselin (91). Podobné jako u
MCD modelt, podavani CDAA (choline-deficient amino acid) diety stimuluje syntézu lipidu,
zvySuje oxidacéni stres a zanét v jatrech a vede k rozsahlé fibroze (36). Manifestace jaterniho
poskozeni vyzaduje delsi ¢as nez v piipadé MCD diety, ale vysledna intenzita, méfeno podle
dieta neindukuje metabolické zmény charakteristické pro NAFLD u lidi, tj. periferni a
hepatickou inzulinovou rezistenci, hyperinzulinemii a obezitu.

1.3.3 Genetické modely

Existuje fada modeld, vétSinou mySich, u nichz dochazi k manifestaci nékterych aspekt
NAFLD v disledki spontannich mutaci nebo cilenych zasahi do dédicné informace. Jejich
spole¢nou nevyhodou je skutecnost, ze tyto mutace nebyly prokazany u lidi trpicich NAFLD.
U vétsSiny genetickych modelti dochazi spontdnné ke zvySené akumulaci triacylglyceroli
V jatrech, ale ne uz progresi smérem ke steatohepatitidé a fibroze. Rada studi je proto postavena
na kombinaci genetického modelu a nékteré z vySe uvedenych diet. PouZivané modely cili na
KO, SREBP-1c overexpression); (ii) transport mastnych kyselin (CD36 KO, ApoE KO) nebo
(iii) oxidace mastnych kyselin (PPARa KO, AOX KO) (77).

1.3.4 Modely vyuZivajici hepatotoxické ldatky

Chemické, resp. farmakologické, modely NAFLD vyuzivaji obvykle jednu z téchto tii latek —
streptozotocin, chlorid uhli¢ity (tetrachlormetan, CCls) nebo tetracyklin. Streptozotocin
aplikovany novorozenym zvifatim ni¢i inzulin produkujici beta buniky pankreatu a navozuje
diabetes (93, 94). V kombinaci s vysokotukovou dietou muze predstavovat model NAFLD
zahrnujici steatozu, steatohepatitidu, fibrozu a ojedin€le i hepatocelularni karcinom.
Nevyhodou tohoto modelu je, ze destrukce beta bun¢k pankreatu implikuje spise situaci diabetu
1. typu nez inzulinovou rezistenci a chronicky zanét charakteristicky pro lidskou NAFLD.

CCls je hepatotoxicka latka navozujici akutni poskozeni jater provazené nekrozou.
Aplikace CCl4 vede k stimulaci bun¢k imunitniho systému a rychlému rozvoji zanétu. U tohoto
modelu je vysokd mira umrtnosti v kratkém casovém horizontu. Patogeneze, progrese
onemocnéni a histomorfologické zmény jsou vyrazné odlisné od klinického obrazu NAFLD u
lidi (95, 96).

Tetracyklin je latka, ktera se akumuluje v mitochondriich a blokuje replikaci a transkripci
mitochondrialni DNA. Dusledkem je blokada sekrece VLDL a rychlé hromadéni lipida
v hepatocytech (97). Aplikace tetracyklinu v kombinaci s vysokotukovou dietou vedla
Kk rychlému rozvoji steatohepatitidy u mysiho modelu (98). Spole¢nou nevyhodou vsech
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modeld zaloZzenych na hepatotoxickych latkdch je rozdilna etiopatogeneze onemocnéni a
zasadni odlisnosti v metabolickych charakteristikach ve srovnani s NAFLD u lidi.

1.4 TVORBA LIPIDOVYCH KAPENEK

Mastné kyseliny, které slouzi jako substrat pro syntézu TAG v jatrech, se do jater dostavaji ze
tii zdroju, (i) z ob&hu, (ii) procesem de novo lipogeneze ptimo v jatrech a (iii) recyklaci
lipoproteinovych partikuli pohlcovanych hepatocyty v procesu endocytézy. Hlavnim zdrojem
mastnych kyselin za vétSiny podminek jsou mastné kyseliny pfivadéné do jater krevnim
ob¢hem (99). Jejich podil se dale zvySuje za hladovéni a pfi inzulinové rezistenci v dasledku
zvysené lipolyzy v tukové tkani. V postprandidlnim stavu se zvySuje podil mastnych kyselin
pochazejicich z tniku (spillover) pfi §tépeni lipoproteinovych partikuli lipoproteinovou lipazou
ve tkanich, z vychytavanych remnantnich chylomiker a de novo lipogeneze. Pii NAFLD se
podil de novo lipogeneze vyznamné zvySuje a muze dosahnout az 30—40 % vSech jaternich
mastnych kyselin (18, 100).

Pro dal$i osud mastnych kyselin v hepatocytu je kli¢ové, zda budou nasmérovany k oxidaci
nebo Kk esterifikaci. V hepatocytech se nachazeji cetné ACSLs (long-chain acyl-CoA
synthetases), které katalyzuji vazbu uréitych mastnych kyselin na koenzym A a urcuji tak jejich
dalsi metabolické vyuziti. Rozdily v subcelularni lokalizaci, preferenci k urCitym druhtim
substratu a enzymova kinetika podmifuji intracelularni osud mastnych kyselin. ACSLS sméruje
mastné kyseliny predevsim k syntéze TAG, zatimco ACSL4 reguluje metabolismus kyseliny
arachidonové, coz dale ovliviiuje syntézu fosfolipidi a sekreci VLDL (101). Dosud neni plné
objasnéno, kterd nebo které ACSL smeéruji mastné kyseliny V jatrech k oxidaci. Dal§imi
klicovymi enzymy, stojicimi na kiizovatkach metabolismu TAG/mastnych kyselin Vv jatrech,
jsou karnitin palmitoyl acyltransferaza a glycerol-3-fosfat acyltransferaza, které tidi utilizaci
mastnych kyselin pro oxidaci a esterifikaci. V hepatocytech existuje n€kolik izoforem glycerol-
3-fosfat acyltransferazy a na né navazujicich diacylglycerol acyltransferaz, které maji riznou
afinitu k riznym mastnym kyselinam (102-105). Jejich relativni zastoupeni a Cetnost tedy
ovliviwji zastoupeni jednotlivych mastnych kyselin v TAG uloZenych v lipidovych kapénkach.

1.5 STRUKTURA LIPIDOVYCH KAPENEK

Lipidové kapénky jsou specializované organely, které slouzi k uchovéavani neutralnich lipida
ve tkanich (106). Stavba lipidovych kapének je shodna napfic¢ tkanémi. Vnitiek kapénky tvori
hydrofobni jadro, které obsahuje zejména TAG a estery cholesterolu. Na povrchu lipidové
kapénky se nachézi jednoducha vrstva fosfolipidii, kterd obsahuje integrované i periferné
asociované proteiny, napi. perilipin 2 (PLINZ2), adipofilin, tail-inteacting protein 47 kDa
(TIP47), S3-12 (adipocyte specific protein) (107). Lipidové kapénky byly ptivodné povazovany
za zcela inertni zdsobarny TAG, ale pozd¢jsi vyzkumy ukazaly, Ze se prostiednictvim
povrchovych proteint aktivné podili na regulaci mnoha vnitrobuné¢nych procesu lipidového
metabolismu, energetické homeostazi a signalnich funkcich (108). Tyto déje zahrnuji pfimou
interakci lipidovych kapének s dalsimi organelami jako je endoplazmatické retikulum,
mitochondrie, peroxisomy a autofagolysozomy (109, 110). Naruseni spravné interakce
lipidovych kapének s dalSimi organelami je jednou zpfiin podminujici rozvoj
patofyziologickych stavii jater véetné NAFLD. Progrese prosté steatozy smérem k NASH byva
spojena se stresem endoplazmatického retikula, mitochondridlni a lysozomalni dysfunkci a se
zvySenou expresi povrchovych proteint lipidovych kapének, coz vede k jejich stabilizaci (107).

1.6 KATABOLISMUS LIPIDOVYCH KAPENEK

Degradace lipidovych kapének je komplexni proces, ktery zahrnuje koordinovany katabolismus
povrchovych proteind, fosfolipidové membrany a neutralnich lipida (111). Hlavnim proteinem
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na povrchu lipidovych kapének v jatrech je PLIN2 (112), ktery zamezuje lipAzam v pfistupu
k uskladnénym TAG. Za podminek stimulujicich lipolyzu je PLIN2 degradovan
prostiednictvim  chaperon-mediated autofagické drahy (113). Tohoto procesu se
pravdépodobné ucastni i AMP-aktivovana kindza (AMPK), ktera PLIN2 fosforyluje a
usnadnuje jeho autofagickou degradaci (114). Na vlastni degradaci TAG se v hepatocytech
podili n¢kolik lipaz s rozdilnou specifitou a podtizenych rozdilnym regulacnim mechanismtim.

1.6.1 Enzymy podilejici se na katabolismu lipidu v jatrech

V hepatocytech byla prokdzéana piitomnost nékolika lipaz. ATGL katalyzuje odstépeni prvniho
acylového zbytku z molekuly TAG (115). Je exprimovana piedevsim Vv bilé tukové tkani, a dale
pak v srdci (116) a kosternim svalu (117). Vyznam ATGL v jatrech neni dosud plné€ objasnén.
Za fyziologickych podminek je exprese ATGL v jatrech nizka (118). U mysi, u kterych byl gen
pro ATGL cilen¢ vytazen, bylo dosazeno rozdilnych vysledkd. Néktefi autofi pozorovali
masivni steatézu (119), a obdobné vysledky byly ziskany i na modelu primarnich hepatocytt
(120). Jini v8ak zaznamenali pouze mirné zvySeni obsahu TAG v jatrech nebo dokonce
nepozorovali zadny efekt (121). Genetickou manipulaci indukovana zvysena tvorba ATGL
(adipose tissue glycerol lipase) v jatrech vedla ke zvyseni oxidace mastnych kyselin, pfimému
exportu mastnych kyselin z hepatocyti a snizeni miry steatdozy (118). Jedna z hypotéz
vysvétlujicich tyto rozpory navrhuje, ze ATGL cilené¢ sméruje mastné kyseliny pouze do
nékterych metabolickych drah, konkrétné k oxidaci. Opirad se o pozorovani, ze u ATGL-KO
(knock-out) modelu nebyly prokazany zadné zmény v koncentraci sérovych TAG nebo volnych
mastnych Kyselin a rovnéz nebyla ovlivnéna rychlost sekrece TAG nebo apolipoproteinu B
(118). Druha teorie piedpoklada, Zze ATGL se v podstatné mife ucastni lipolyzy v jatrech pouze
za urCitych podminek, napf. pifi metabolickém stresu. Fuchs demonstroval, ze u ATGL
deficitnich zvifat nedoslo k akumulaci TAG v jatrech za fyziologickych podminek, ale po
indukeci stresu endoplazmatického retikula tunicamycinem se rozvinula masivni steatoza béhem
48 hodin (118).

Monoacylglycerol lipaza katalyzuje finalni krok hydrolyzy triacylglycerold, tj. hydrolyzu
monoglyceridi. Vyznamné se podili na metabolismu endokanabinoidi, protoze S$tépi
2-arachidonoylglycerol, ktery je vyznamny ligand endokanabinoidovych receptorti, na
arachidonovou kyselinu (AA), ktera je prekursorem syntézy prostaglandinti. Monoacylglycerol
lipaza tak ptfedstavuje vyznamny regulacni prvek, ktery ovliviiuje tvorbu biologicky aktivnich
lipidi zasahujicich do ¢etnych metabolickych drah jako je metabolismus mastnych kyselin,
zanét, kontrola pfijmu potravy a bolesti (122).

Dalsi skupinou enzymil zasahujicich do metabolismu lipidovych kapének jsou
karboxylesterazy (TGH/Ces). Tyto enzymy maji vysokou afinitu k TAG obsahujicim mastné
kyseliny s kratkym fetézcem a vyrazné niz§i k TAG obsahujicim mastné kyseliny s dlouhym
fetézcem. U lidi jsou exprimovany zejména v jatrech, tukové tkani a tenkém strevé. V buiice
jsou lokalizovany na cytosolické strané endoplazmatického retikula a na povrchu lipidovych
kapének. V jatrech se vyskytuji pouze v hepatocytech tésné ptiléhajicich ke kapilaram. Exprese
TGHY/Ces je zavisla na dietnich faktorech, byl prokazan pozitivni regulacni vliv cholesterolu.
Zvyseny piisun mastnych kyselin v diet¢ expresi TGH/Ces neovliviiuje (123). Vysledky
nékterych studii naznacuji, ze mastné kyseliny uvoliované prostifednictvim TGH/Ces jsou
vyuzity pro tvorbu VLDL. McArdle-RH7777 bunky (potkani bunééna hepatocytarni linie)
neexprimuji TGH/Ces a nejsou schopny sekretovat VLDL bez dodani exogennich mastnych
kyselin (124). Stabilni transfekce TGH/Ces c¢cDNA do téchto bun€k vedla k depleci
intracelularnich TAG zasob a obnovila jejich schopnost sekretovat lipoproteiny typu VLDL.
Efekt transfekce byl anulovan pouzitim inhibitoru serinesteraz (E600) nebo specifickych
inhibitort TGH/Ces. Na zékladé téchto vysledkt formulovali autoti hypoteticky model, podle
néjz TGH/Ces stépi TAG v lipidovych kapénkach asociovanych s endoplazmatickym
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retikulem. Uvolnéné mastné kyseliny jsou potom piendSeny do lumen endoplazmatického
retikula, kde jsou vyuzity k resyntéze TAG zabudovavanych do vznikajici lipoproteinové
partikule (123) (obr. 1.3).
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Obrazek 1.3 Uloha TGH/Ces v tvorbé sekrecnich lipoproteinovych partikuli. DAG, diacylglycerol;
MAG, monoacylglycerol; ER, endoplazmatické retikulum; MGAT/DGAT, monoacyl-/diacylglycerol
transferaza; MPT, microsomal triacylglycerol transfer protein. Adaptovano dle Dolinsky et al. (125).

1.6.2 Lipoautofagie

Zcela specifické vlastnosti ma lysozomalni lipaza (LAL), ktera se podili na degradaci lipida
autofagicko-lysozomalni drahou. V bunice se vyskytuje vyluéné v lysozomech, cemuz
odpovida i pH optimum tohoto enzymu, 4,5-5,0. Lysozomalni lipaza v jatrech byla poprvé
popsana ¢eskymi autory (126). Zasadni role LAL v degradaci intracelularnich TAG byla
potvrzena na LAL-KO modelu, u kterého byla pozorovana masivni steatoza jater (127). Jako
vSechny lysozomalni enzymy, LAL muaze degradovat sviij substrat (TAG) pouze v piipade, ze
je dopraven do lysozomu. Existuji dva moZzné mechanismy — endocytéza a autofagie.
Endocytézou je do lysozomu dopravovan materidl z extracelularniho prostfedi (napt. LDL
partikule, patogeny apod.), zatimco autofagickd drdha je vyhrazena pro transport
intracelularnich komponent. Autofagicko lysozomalni draha byla dlouho povazovana vylu¢né
za zpusob, jak do lysozomu dopravit bud poSkozené organely (napt. mitochondrie) nebo
proteiny. Nicmén¢, autofagie a lipolyza sdili fadu spole¢nych znakt. Oba déje jsou aktivovany
za podminek hladovéni a deprivace zdkladnich Zivin a odpovidaji shodné¢ na hormonalni
regulaci, tj. jsou aktivovany glukagonem a inhibovany inzulinem (128). Debeer (129) na
izolovanych hepatocytech demonstroval, Ze latky inhibujici cinnost lysosozomi
(Iysozomotropni c¢inidla) snizuji jednak produkci ketolatek z endogennich lipidl, jednak
degradaci proteinl; a navrhl autofagii jako mechanismus, kterym jsou lipidové kapénky
dopravovany do lysozomu. Dal$im nepifimym ditkazem pro ucast lysozomalni lipazy na
metabolismu TAG v jatrech je skutecnost, ze inhibice lysozomalni aktivity vyznamné snizuje
produkci VLDL (130). Singh (131) formuloval hypotézu, podle niz jsou lipidové kapénky
inkorporovany do autofago(lipo)zomu stejné¢ jako organely nebo proteiny a v této podobé
dopravovany do lysozomu (obr. 1.4). Tato hypotéza byla zalozena na téchto skutec¢nostech: (i)
inhibitory autofagie zvysuji obsah intracelularnich TAG in vivo i in vitro; (ii) lipidové kapénky
byly pozorovany uvniti autofagozomd; (iii) u mysi s vyfazenym genem atg7 (klicovy protein
autofagického procesu) v jatrech byla pozorovana masivni steatdoza doprovazend akumulaci
TAG a cholesterolu v jatrech a snizenou sekreci VLDL. Poruchy autofagie tak mohou
piedstavovat dalSi mechanismus pfispivajici k rozvoji jaterni steatdzy.
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Obrazek 1.4 Schéma tvorby autofagolysosomu. AK, aminokyseliny; DAG, diacylglycerol; LC3,
mikrotubule-associated protein 1A/1B-light chain 3; MK, mastné kyseliny.

1.6.3 Koordinace lipolyzy v jdtrech

Nedavné studie ukazuji, Ze jednotlivé lipolytické drahy jsou navzajem vysoce propojené a
koordinované. Prvni krok pifedstavuje degradace PLIN2 v procesu chaperon-mediated
autofagie, coz umozni piistup lipaz a proteinti Gcastnicich se tvorby autofagozomu k povrchu
lipidové kapénky. ATGL zprosttedkovana lipolyza a lysozomalni degradace pravdépodobné
predstavuji dva na sebe navazujici kroky. ATGL nejprve hydrolyzuje velké lipidové kapénky a
redukuje jejich velikost. Degradace menSich lipidovych kapének je dokoncena
v autofagolysozomech (132) (obr. 1.5). ATGL zprostiedkovana lipolyza rovnéz aktivuje
SIRT1 signalizaci a naslednou deacetylaci/aktivaci Cetnych proteinii pifimo se ucastnicich
lipoautofagie (133) a pifimo interaguje s proteinem LC3, klicovou komponentou tvorby
autofagosomu. Zvlastni vétev pravdépodobné predstavuje ¢innost TGH/Ces, ktera se podili na
degradaci intracelularnich TAG, které jsou smérovany k sekreci z burniky ve formé VLDL.
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Obrazek 1.5 Degradace lipidovych kapének v hepatocytu. ATGL, adipose tissue glycerol lipase; HL,
jaterni lipaza; LD, lipid droplets; LPL, lipoproteinova lipaza; Lys/LE, lysozom; MK, mastné kyseliny.
Pievzato z Schott et al. (132).
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1.7 MASTNE KYSELINY JAKO SIGNALNI MOLEKULY

Mastn¢ kyseliny neptedstavuji pouze vyznamny zdroj energie, ale i dillezité signalni molekuly,
které reguluji ¢etné metabolické procesy, mimo jiné zajist'ujici precizni koordinaci uvolnovani
mastnych kyselin dle aktualnich potfeb buiiky a organismu. Mastné kyseliny a jejich derivaty
reguluji bunécné procesy na mnoha urovnich — genové transkripce, post-transkripéni
modifikace (acylace apod.) a pfimé modulace aktivity enzymu v podob¢é koaktivatora.

1.7.1 Procesy nezavislé na modulaci transkripce

Tato skupina zahrnuje fadu velmi riznorodych mechanismi. Druh mastnych kyselin, zejména
stupen saturace acylovych zbytki ve fosfolipidech, ovlivituje membranovou fluiditu, strukturu
lipidovych rafti a v disledku toho i pfenos signalu (134, 135). Membranova fluidita stoupa se
stoupajicim zastoupenim nenasycenych mastnych kyselin v pofadi nasycené mastné kyseliny
(SFA) < mononenasycené mastné kyseliny (MUFA) < n-6 polynenasycené mastné kyseliny
(PUFA) < n-3 PUFA. SFA pisobi jako agonisté Toll-like receptorti (TLR2 a TLR4) a aktivuji
Src-kinazy, zatimco ®-3 PUFA pilsobi jako antagonisté téchto dé&ju, a to jak modifikaci
struktury membranovych mikrodomén, kde jsou receptory lokalizovany, tak ovlivnénim jejich
funkce (134, 136). Acylové zbytky, které jsou prostiednictvim fosfolipaz odstépovany
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mediatory (138). Omega-3 mastné kyseliny kromé toho pfimo moduluji aktivitu kli¢ového
prozanétlivého faktoru NF-kB tim, ze interferuji s I-xB fosforylaci a znemoziiuji tak aktivaci
NF-xB (139). SFA, zejména kyselina palmitova a stearova, indukuji stres endoplazmatického
retikula (140) a funguji jako spousté¢ NLRP3 inflamasomu (141) v odpovéd na infekci nebo
bunécny stres. Omega-3, ale nikoli -6 nebo ®-9 PUFA, aktivaci NLRP3 inflamasomu inhibuji.

1.7.2 Mastné kyseliny jako ligandy transkripcnich faktori

Mastné kyseliny jsou agonisté mnoha nuklearnich transkrip€nich faktorti. V aktivovaném stavu
se tyto faktory vazi K promotorovym oblastem specifickych gent a fidi jejich transkripci.
Obecné Ize tici, ze SFA a PUFA aktivuji opacné déje. SFA jsou asociovany s dé&ji, které
podporuji vznik jaterni steatdzy. Zvysuji expresi gent spadajicich do SREBP drahy stimulujici
lipogenezi (SREBP1) a sterol-O-acyltranferazu, klicovy enzym homeostazy cholesterolu (142).
Naproti tomu ®-3 PUFA stimuluji drahy vedouci k oxidaci mastnych kyselin a inhibuji de novo
syntézu mastnych kyselin (143). Je logické, ze vyrazny ucinek jako signalni molekuly maji
velmi malo abundantni mastné kyseliny, napi. EPA (kyselina eikosapentaenova) nebo DHA
(kyselina dokosahexaenova), zatimco v dieté hojné zastoupené mastné kyseliny, napft. kyselina
olejové, maji mnohem slabsi regulaéni ucinky.

Nukledrni transkripéni faktory zavislé na mastnych kyselinach jako ligandech patti do
nékolika rodin — PPARa (Peroxisome Proliferator-Activated Receptor alpha), SREBP, LXR
(liver X Receptor), FXR (Farnesoid X Receptor) a Nrf2 (Nuclear factor erythroid 2—related
factor 2). PPAR skupina transkripénich faktorli je tvofena Ctyimi rodinami (o, B, y, o)
s rozdilnou tk&nove specifickou expresi a funkci. V jatrech je dominantni rodina PPARa, ktera
je klicovym regulatorem metabolismu lipidt. Jejich nejucinnéjsimi ligandy jsou -3 mastné
kyseliny, EPA a DHA. PPARa signalizace ptedstavuje jednu z hlavnich strategii bunky
v adaptaci na hladovéni, nebot’ stimuluje utilizaci mastnych kyselin jako hlavniho zdroje
energie a vede k minimalizaci utilizace glukozy (144).

SREBP1 aktivuje predevsim geny, které koduji enzymy ucastnici se de novo lipogeneze,
zatimco SREBP-2 aktivuje geny pro proteiny tcastnici se syntézy a vychytavani cholesterolu
(145). Mastné kyseliny reguluji aktivitu SREBP na transkripéni a post-transkripcni tirovni.
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PUFA, ale nikoli MUFA nebo SFA, ucinn¢ inaktivuji SREBP1c na vSech urovnich a potlacuji
tak expresi genti u€astnicich se de novo lipogeneze (146), desaturace mastnych kyselin (147) a
jejich elongace (148). Vzhledem k tomu, Ze se desaturazy a elongazy ucastni i syntézy PUFA,
funguji tyto mastné kyseliny i jako zpétnovazebny regulator vlastni syntézy.

Nrf2 je hlavnim transkripénim faktorem fidicim expresi genti kodujici enzymy ucastnici se
obrany proti oxidacnimu stresu zpiisobenému vzestupem obsahu reaktivnich sloucenin kysliku
(149). K tomu dochazi mimo jiné i pii zvySeném piijmu PUFA a nasledné aktivaci jejich
mitochondridlni a peroxisomalni oxidace. Stimulac¢ni efekt PUFA na Nrf2 je zprostfedkovan
pravdépodobné oxidovanymi formami téchto mastnych kyselin (150), které stabilizuji Nrf2
MRNA.

Vzhledem k velmi nizké rozpustnosti mastnych kyselin v cytosolu je vhodné zafadit mezi
intracelularni receptory mastnych kyselin i FABPs (fatty acid-binding proteins), které zajistuji
jejich transport od bunééné membrany pies cytoplasmu do jadra. Dosud bylo popsano devét
tiid FABP s vyrazné tkanové specifickou expresi (151). Existuji doklady, ze jednotlivé typy
FABP selektivné sekvestruji a distribuuji rizné typy mastnych kyselin a pfispivaji tak
k regulaci signalizace a aktivity jednotlivych enzyma (152). Jaterni forma FABP (L-FABP)
interaguje s PPARa a PPARY, ale nikoli s PPARS nebo RXRa. Na modelu izolovanych mysich
hepatocytii bylo prokazano, ze L-FABP funguje jako pozitivni regulator PPARa aktivity,
pti¢emz aktivita nuklearniho receptoru je striktné zavisla na dostupnosti L-FABP (153).

1.7.3 Mastné kyseliny a signalizace v jdatrech

rrrrrr

Mimo to jsou jatra jedinym organem, ktery je schopen transformovat mastné kyseliny na
ketolatky, které jsou zdrojem energie pro mozek v dobé hladovéni. Centralni role jater
Vv lipidovém a energetickém metabolismu vyZaduje, aby regulace vSech ucastnicich se
metabolickych procesii byla velmi dobfe koordinovana. V jatrech je regulace metabolické
odpovedi, tj. preference oxidace nebo ukladani mastnych kyselin, siln¢ zavisla na stupni
saturace mastnych kyselin, které funguji jako ligandy kli¢ovych transkripénich faktora. Vysoké
zastoupeni ®-3 a -6 PUFA v dieté (tj. pokud je 2-5 % energetického piisunu pokryto PUFA)
vede Kk potlaéeni lipolytickych gend. Hlavnim mechanismem je inhibice SREBP1¢ transkrip¢ni
aktivity a indukce genl ucastnicich se oxidace mastnych kyselin prostfednictvim stimulace
aktivity PPARa (154).

Ne zcela vyjasnéna zlstava otazka, zda signalni funkce mastnych kyselin zavisi na jejich
puvodu, tj. zda exogenni mastné kyseliny (vychytané z cirkulace) a endogenni mastné kyseliny
(vzniklé $tépenim intracelularnich lipidd, popt. syntetizované de novo) jsou zastupitelné. Clarke
(154) demonstroval, Ze pouze v dieté pfijaté ®-3 a ®-6 PUFA a jejich produkty vzniklé A-6
desaturdzovou drahou mohou modulovat jaterni lipidovy metabolismus, zatimco produkty
vzniklé elongaci a desaturaci SFA a MUFA nemaji zadny efekt. Naproti tomu Chakravarthy
(155) prinesl dtikazy o tom, ze i produkty syntazy mastnych kyselin, tj. kyselina palmitova (C
16:0) a jeji derivaty, mohou efektivné modulovat expresi nékterych PPARa cilovych gent. Ong
(120) na ATGL ,,gain-and-loss-function model ukéazal, Ze mastné kyseliny uvolnéné pomoci
ATGL ovliviiyji oxidaci mastnych kyselin, ale nemaji Zadny vliv na sekreci VLDL. SniZena
exprese ATGL v jaterni tkani u ATGL-KO modelu korelovala se snizenou expresi PPARa a
jeho cilovych genu (120). Dalsi thel pohledu je zalozen na teorii, ze jak mastné kyseliny
syntetizované de novo, tak mastné kyseliny uvolnéné lipolyzou mohou ovliviiovat genovou
expresi, ale tyto zdroje nejsou vzajemné zastupitelné (155).
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2 HLAVNI CiLE A CASTI HABILITACNI PRACE

Predkladana habilitacni prace je zalozena na vysledcich experimentdlni préace, kterych
zadatelka se svymi spolupracovnicemi a spolupracovniky dosahla v oblasti vyzkumu
mechanismi rozvoje a terapeutickych moznosti ovlivnéni nealkoholové jaterni steatozy.
Experimentalni ¢ast je rozdélena do tii celkd.

Prvni ¢ast habilitacni prace (Kapitola 3: Mechanismy podilejici se na rozvoji dietné
indukované NAFLD) popisuje na experimentalnim zvifecim modelu (potkan) vliv cilenych
dietnich manipulaci (podavani diety s vysokym obsahem sachar6zy nebo vysokym obsahem
tukil) na jednotlivé metabolické drahy zapojené do metabolismu triacylglycerolii a mastnych
kyselin v jatrech. Diskutovan je vliv téchto manipulaci na lipolyzu, oxidaci mastnych kyselin a
sekreci VLDL. Zvlastni pozornost je vénovana degradaci intracelularnich lipida v lysozomech
a vyznamu lipoautofagie v metabolismu lipidi v jatrech.

Druha ¢ast habilita¢ni prace (Kapitola 4. Farmakologické nastroje ovlivnéni NAFLD) se
zamétfuje na moznosti farmakologické terapie v 1écbe jaterni steatdzy. Jsou zde uvedeny
vysledky tykajici se vlivu peroralniho antidiabetického 1é€iva metforminu a potravniho doplitku
karnitinu. Jsou zde diskutovany zakladni mechanismy pisobeni obou latek, zejména jejich vliv
na mitochondrialni respiraci a oxida¢ni stres. Tato ¢ast se opira zejména o experimenty in vitro
provedené na submitochondrialnich strukturach, izolovanych mitochondriich nebo
permeabilizovanych buitkach. Kromé toho je prezentovan i efekt podavani téchto latek in vivo
na zvifecich modelech dietné¢ (vysokotukovd dieta) a geneticky (kmen hereditarné
hypertriglyceridemickych potkantl) navozené jaterni steatozy.

Tteti cast habilitatni prace (Kapitola 5: specifické pripady jaterni steatozy) se vénuje
jaterni steatdze spojené se zvlaStnimi fyziologickymi situacemi, a to steatdze provazejici
parenteralni aplikaci vyZivy (parenteral nutrition-associated liver disease, PNALD) a steatdze
jaterniho $tépu po transplantaci jater. Mechanismus rozvoje PNALD a mozny terapeuticky vliv
-3 mastnych kyselin byl studovan na zvifecim modelu (potkan), markery rozvoje steatozy
Stépu byly sledovany diky mozZnosti analyzovat jaterni biopsie pacientt, ktefi podstoupili
transplantaci jater v Institutu klinické a experimentalni mediciny (IKEM).

Detailnéjsi informace o zameéteni a dil¢ich cilech provedeného vyzkumu je uvedena
Vv nasledujicich odstavcich, odkazujicich na jednotlivé piilohy s plivodnimi pracemi.

Mechanismy podilejici se na rozvoji dietné indukované NAFLD
Vyznam lipoautofagie v metabolismu triacylglycerolt v jatrech (Ptilohy I-V).

Vliv diet na oxidaci mastnych kyselin a sekreci VLDL v jatrech (Pfiloha VI).

Farmakologické nastroje ovlivnéni NAFLD
Mechanismus plsobeni biguanidii na mitochondridlni respiracni fetézec (Ptilohy VII a
VIII).

Vliv metforminu na oxidac¢ni stres pii dietné indukované steatdze (Piiloha IX).
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Vliv karnitinu na oxidacni stres a poruchy metabolismu lipidi v jatrech u genetického
modelu steatdzy a hypertriglyceridemie (Pfiloha X).

Specifické pripady jaterni steatozy
Omega-3 polynenasycené¢ mastné kyseliny jako mozny terapeuticky nastroj pfi PNALD
(Ptiloha XI).

Vyuziti miRNA jako potencialnich markerti rozvoje poSkozeni jater pti PNALD (Ptiloha
XII).

Transkriptomicky profil odliSujici jaterni S$tép s rozvinutou steatdzou a bez steatdzy,
prufezova studie u pacientl po transplantaci jater (Pfiloha XIII).

Sérové hladiny miR-33a jako marker steatdzy a zanétu jaterniho Stépu u transplantovanych
pacientd (Ptiloha XIV).
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3 METABOLISMUS LIPIDU PRI DIETNE INDUKOVANE NAFLD

Diety s vysokym obsahem jednoduchych sacharidt nebo tukd vedou k nadmérnému ukladéani
TAG v jatrech a rychlému rozvoji steatdézy. Lipidové kapénky v cytosolu hepatocyt
nepiedstavuji pouze inertni zasobarnu energeticky bohatého substratu, ale podstupuji
kontinualni cyklus lipolyzy a reesterifikace, tzv. jalovy cyklus (156, 157). Toto zdanliveé
paradoxni uspotadani umoznuje pruzné reagovat na meénici se metabolické pozadavky bunky i
organismu.

Polozili jsme si otazku, jak jednotlivé metabolické drahy utilizace lipidi pfispivaji
k rozvoji steatozy a zda jsou odlisné regulovany pii riznych dietnich manipulacich. Soustiedili
jsme se na degradaci TAG lipoautofagickou drahou, oxidaci mastnych kyselin a sekreci VLDL.
Vysledky uvedené v této kapitole byly ziskany na zvitecich modelech, konkrétn€ na potkanech
kmene Wistar a na kmeni hereditarné hypertriglyceridemickych potkantt (HHTg), ktery je od
kmene Wistar odvozen na zakladé vysoké citlivosti k vysokosacharozové dieté (HSD). Potkani
kmene HHTg manifestuji vétSinu znakli metabolického syndromu, tj. zhorSenou gluk6zovou
toleranci, hyperinzulinemii, hypertriglyceridémii, zvySeny krevni tlak a inzulinovou rezistenci.
Pouzili jsme dvé experimentalni diety, dietu s vysokym obsahem tukd (vysokotukovou, HFD)
a dietu s vysokym obsahem sacharozy (HSD), které jsme potkanum podavali po dobu 2 (HF-2,
HS-2), 4 (HF-4, HS-4) nebo 10 tydni (HF-10, HS-10). Kontroly (SD) byly krmeny standardni
laboratorni dietou pro hlodavce. Jednotlivé metody jsou detailn€ popsany v ptilohach. Dietni
intervence vedla dle ocekavani k zvysSeni obsahu TAG v jatrech (SD < HS-2 < HS-4 <HF-2 <
HF-10). Obsah B-hydroxybutyratu v séru la¢nych zvifat se zvysil po podavani HSD i HFD,
V sytém stavu pouze u zvifat krmenych HFD (tab. 3.1).

Tabulka 3.1 Obsah TAG v jatrech a S-hydroxybutyrdatu v séru. -OH, B-hydroxybutyrat. Obsah
TAG vV jatrech je uveden v umol g v.v., obsah B-hydroxybutyratu v umol I, * p<0.05, ™ p<0.001 vs
SD; #* p<0.001 vs HS.

sD HS-2 HF-2 HS-4 HF-4 HF-10
TAG V * *kk *khk *kk dkk
T 41208  6,6+06 147411 7.640,6 20,8415 50,640.6
jatrech

B-O H V Séru Kk *kk Kdkk *khk Khk
e 124004  2,5401" 32+025 224014 3.840,2 2 4402
Eyt(ZH VSEIU 5004001 0,0740,01  02840,05™## 0034002  045:005™# 0 50+0,09""

3.1 ULOHA LIPOAUTOFAGIE V ODBOURAVANI INTRACELULARNICH TAG V JATRECH

3.1.1 Lysozomalni lipaza se v jatrech podili na odbourdvani intracelularnich TAG

Otéazka, zda kyseld jaterni (lysozomalni) lipaza piispiva nebo je dokonce dominantni pfi
odbouravani intrahepatocytarnich lipida byla donedavna sporna. V nasich pokusech jsme proto
V prvni fad¢ testovali tuto hypotézu. Vychazeli jsme z ptfedpokladu, ze pH optimum LAL lezi
ve vyrazn¢ kyselé oblasti. Navrhli jsme pokus, kde jedinym zdrojem substratu byly
intracelularni lipidy pfitomné v jaternim homogendtu a méfili jsme narast obsahu produktii
degradace TAG, tj. mastnych kyselin a diacylglycerolu (DAG), pti pH=4,5 (optimum LAL), a
pfi pH=8,0 (optimum TGH/CeS3 nebo HL). Za téchto podminek jsme nezjistili pfitomnost
zadnych degrada¢nich produkti lipidi pii pH 8,0. Naopak, pifi pH=4,5 jsme prokazali
pritomnost mastnych kyselin a DAG coz prokazuje lipolytickou aktivitu. Pokud jsme pouzili
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homogenaty z jater zvirat krmenych SD nebo HSD, vid¢€li jsme i zavislost aktivity LAL na

prandialnim stavu (Gtlum v sytém stavu, vzestup pii lacnéni), kterd nebyla patrnd u zvitat

krmenych HFD. Aktivita LAL vzhledem k endogennimu substratu pozitivné korelovala

s obsahem TAG v jatrech (obr. 3.1).
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Obrazek 3.1 Korelace mezi aktivitou lysozomalni lipazy v jatrech a obsahem TAG v jatrech.
Aktivita lysozomalni lipazy byla stanovena jako uvolniovani mastnych kyselin z intracelularnich TAG.
Prazdné symboly: la¢na zvifata; plné symboly: syta zvifata. o SD, o HSD, A HFD. Ptevzato z Cahova
M. et al. doi: 10.1155/2012/757205.

Toto pozorovani je V ptfimém rozporu s pifedpokladem, ze steatdza je disledkem snizené
aktivity lipolytickych enzymi. Pokus jsme zopakovali s pouzitim exogenniho radioaktivné
znaceného substratu (*H-triolein). Za téchto podminek jsme detekovali lipolytickou aktivitu pfi
pH=8,0 i pH=4,5, pfi¢emz zavislost na prandialnim stavu jsme opét vidéli pouze u LAL
Vv jaternim homogenatu zvifat krmenych SD a HSD. Nase vysledky prokazuji, ze LAL se
ucastni Stépeni endogennich TAG v jatrech a jeji aktivita je regulovana v zavislosti na
fyziologickém stavu organismu a v disledku dietnich intervenci.

3.1.2 Intraceluldrni TAG jsou v jatrech odbourdvany autofagicko-lysozomalni drahou

Dale jsme testovali hypotézu, Ze odbouravani intracelularnich lipidli souvisi s procesem
autofagie a LAL muZe degradovat TAG pouze v ptipadé, ze lipidové kapénky se nachéazeji
v aktivovanych autofagolysozomech. VyuZili jsme skutecnost, Ze neaktivované lysozomy a
aktivni autofagolysozomy obsahujici lipidové kapénky maji rozdilnou hustotu a je mozZné je
separovat pomoci centrifugace v hustotnim gradientu. Oddélili jsme proto obé frakce a
lipolytickou aktivitu v jednotlivych frakcich jsme stanovili s pouzitim exogenniho znaceného
substratu pii kyselém pH. Lipolyticka aktivita ve frakci tézkych lysozomi byla konstantni a
nemenila se ani v zavislosti na prandialnim stavu, ani na dieté zvitete. Ve frakci aktivovanych
autofagolysozomu jsme naopak pozorovali oba typy zavislosti, coz podporuje hypotézu o
degradaci lipida v jatrech autofagickou drahou.

3.1.3 Manipulace intenzity autofagie ovliviiuje utilizaci mastnych kyselin v primdrnich
hepatocytech

Pokud je autofagickd drdha cestou, kterou jsou intraceluldrni lipidy transportovany do
lysozoml k degradaci, lze prokazat, Ze ovlivnéni intenzity autofagie ovlivni 1 degradaci
intracelularnich TAG a intenzitu vyuziti uvolnénych mastnych kyselin. Sledovali jsme proto
vliv zasahli do procesu autofagie na metabolicky osud intracelularnich TAG v primarnich
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hepatocytech. Izolované hepatocyty, ziskané od potkana krmeného standardni dietou, jsme
kultivovali 18 hod v piitomnosti bud’ *4C-glycerolu nebo #C-olejové kyseliny konjugované
S hovézim sérovym albuminem (BSA) (,,pulse”). Za téchto podminek byly vSechny nové
syntetizované TAG radioaktivné znacené bud’ na glycerolové kostfe nebo acylovém zbytku
molekuly TAG. Poté bylo médium odstranéno a nésledovala ,,chase® perioda (6 hod), kdy jsme
simulovali (1) la¢néni, tj. kultivace ve Williamsové mediu pouze s piidavkem pyruvatu nebo
(i1) syty stav, kdy byly hepatocyty inkubovany ve Williamsové mediu obohaceném o 10% FCS
(fetal calf serum), glutamin, laktat a inzulin. Jako inhibitor autofagie jsme pouzili asparagin (20
mmol 1), jako stimulator rapamycin (100 nmol 1) a jako inhibitor lysozomalni aktivity
chloroquin (500 umol I) (158). Intenzitu autofagie jsme hodnotili podle akumulace LC3-II
(Microtubule-associated protein 1A/1B-light chain 3) v pfitomnosti inhibitoru lysozomalni
degradace chloroquinu. LC3 je syntetizovan jako neaktivni preprotein, ktery je posléze
enzymaticky konvertovan na formu LC3-l. V procesu tvorby autofagozomii je na LC3-I
navazan fosfatidylethanolamin (PE) a vznika LC3-1l. LC3-II je jediny proteinovy marker
fagoforu, autofagozomii a plné maturovaného autofagolysozomu (159). Nicméné, LC3-1I je
rovnéZz kontinualné uvnitt lysozomu degradovédn a jednordzové stanoveni obsahu LC3-Il 0
intenzité autofagie nevypovida dostate¢né. Méfili jsme proto velikost piiriistku obsahu LC3-II
za podminek inhibice lysozomalni degradace (160). Intenzitu jednotlivych metabolickych drah
utilizace mastnych kyselin jsme stanovili podle radioaktivity inkorporované do meziprodukti
cyklu trikarboxylovych kyselin (TCA) a ketolatek (oxidace) a sekretované do media (tvorba
VLDL).

Vysledky experimentu v podminkach laénéni ukazuje obr. 3.2. Akumulace LC3-II
potvrdila probihajici autofagicky proces (obr. 3.2A). 1C-olejova kyselina byla stejnomérné
vyuzivana k tvorbé ketolatek a sekreci VLDL, v meziproduktech TCA cyklu jsme zachytili
pouze asi 1 % z celkové radioaktivity (obr. 3.2B-D). Jak inhibice autofagie asparaginem, tak i
inhibice aktivity lysozomii chloroquinem vyznamné snizila dostupnost *C-olejové kyseliny pro
vSechny metabolické drahy.
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Obrazek 3.2 Viiv inhibice autofagie a lysozomdlni aktivity na utilizaci mastnych kyselin
Z intraceluldarnich TAG v lacnych hepatocytech. A: LC3-1/II v homogenatu; B: inkorporace “C-olejové
kyseliny do sekretovanych TAG; C: inkorporace **C-olejové kyseliny do meziprodukti TCA cyklu; D:
inkorporace *C-olejové kyseliny do ketolatek. Asn = asparagin (inhibitor autofagie); CQ = chloroquin
(inhibitor lysozomalni aktivity). Hodnoty piedstavuji aritmeticky primér = S.E.M ze tii nezavislych
méfeni. *** p<0.001 vs control. Pievzato z Skop V. et al. doi: 10.33549/physiolres.932285

V dalsi sérii experimentll jsme se soustiedili na otdzku, zda experimentalné¢ navozena
stimulace autofagie povede ke zvySené rychlosti degradace intracelularnich TAG a zvySené
utilizaci mastnych kyselin a zda inhibice lysozomalni aktivity bude pisobit opa¢né. Hepatocyty
s radioaktivné znacenymi intracelularnimi TAG byly inkubovany v podminkach simulujicich
syty stav scilem snizit bazilni intenzitu autofagie. Cast hepatocyti byla inkubovéana
se stimulatorem autofagie rapamycinem a ¢ast s rapamycinem a inhibitorem lysozomalni
aktivity chloroquinem (obr. 3.3). Rapamycin vyznamné zvysil inkorporaci *C-olejové
kyseliny do sekretovanych TAG a tento efekt byl eliminovan ptfitomnosti chloroquinu
(obr. 3.3B). Rapamycin mél v$ak jen velmi slaby stimula¢ni vliv na inkorporaci *C-olejové
kyseliny do meziprodukti TCA cyklu a neovlivnil vyuziti intracelularnich TAG pro tvorbu
ketolatek (obr. 3.3C,D). V procesu ketogeneze jsou tii vysoce regulované kroky: (i) dostupnost
mastnych kyselin (z potravy, z lipolyzy v tukové tkani, z intracelularnich TAG); (ii) vstup
mastnych kyselin do mitochondrii a (iii) mitochondridlni enzym HMG-CoA syntaza
(hydroxymethylglutaryl-CoA syntaza). Druhy a tfeti krok jsou v sytém stavu potlaéeny a
samotna zvysena dostupnost mastnych kyselin je nemize kompenzovat (161). V dusledku toho
mize byt nadbytek mastnych kyselin smérovan pouze do tvorby VLDL, coz ukézaly i vysledky
naSich experimentd.
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A LC3-I/Il in homogenate B VLDL secretion
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Obrazek 3.3 Viiv inhibice autofagie a lysozomdlni aktivity na utilizaci mastnych kyselin
Z intraceluldarnich TAG v sytych hepatocytech. A: LC3-I/Il v homogenatu; B: inkorporace *C-olejové
kyseliny do sekretovanych TAG; C: inkorporace *C-olejové kyseliny do meziproduktti TCA cyklu; D:
inkorporace *C-olejové kyseliny do ketolatek. rap = rapamycin (stimulator autophagie); CQ =
chloroquin (inhibitor lysozomalni aktivity). Hodnoty pfedstavuji aritmeticky primér + S.E.M ze tii
nezavislych méfeni. ™ p<0.01 ™" p<0.001 vs control; ** p<0.001 CQ-+rap Vs rap. Pfevzato z Skop V. et
al. doi: 10.33549/physiolres.932285

V posledni sérii experimentli jsme se zaméfili na osud glycerolové kostry intracelularnich
TAG. Vyznamnd ¢ast celkové radioaktivity inkorporované do glycerolové kostry
intracelularnich TAG byla na konci chase periody detekovéana v kultivaénim médiu coz znaci,
ze byla sekretovana z hepatocytt.. Zasahy, které sméfovaly k oslabeni autofagicko-lysozomalni
drdhy (simulovany syty stav, asparagin, chloroquin), vedly ke snizeni sekrece TAG
obsahujicich *C-glycerol, zatimco zasahy vedouci ke stimulaci této drahy mély opaény efekt.
Potvrdili jsme tak Gcast autofagicko-lysozomalni drahy v procesu sekrece VLDL. Kromé¢ toho
jsme viak i nepiimo potvrdili zapojeni LAL. Pfitomnost **C-glycerolu v sekretovanych TAG
implikuje, Ze produkty ¢astecné degradace TAG (mono- a diacylglyceroly) byly vyuzity pro
syntézu VLDL partikuli. LAL preferen¢né odstépuje acylové zbytky z TAG za vzniku DAG,
zatimco jeji afinita k DAG jako substratu je fadové nizs$i (162). Kromé toho jsme
nezaznamenali vyznamné nafedéni *C-glycerolu v sekretovanych TAG ve srovnani
s intracelularnimi lipidy, k ¢emuz by doslo, kdyby byla molekula TAG v lysozomu
degradovéna upln¢€ a znaceny glycerol byl pfi resyntéze TAG pro tvorbu VLDL nahrazen
nezna¢enym. Vysledky pokusl na izolovanych primarnich hepatocytech potvrdily, Ze zasahy
ovlivityjici intenzitu autofagicko-lysozomalni drdhy ovliviiuji rovnéz rychlost degradace
intracelularnich TAG a vyuziti produkti lipolyzy k oxidaci nebo VLDL sekreci. Z toho
vyvozujeme, ze intracelularni TAG jsou alespoii ¢astecné degradovany v lysozomech a funkéni
autofagicky proces je nezbytnou podminku tohoto dé¢je.
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3.1.4 Dlouhodoba expozice vysokotukové dieté zvySuje aktivitu lysozomdlnich enzymii

V nasledujici studii jsme se vénovali studiu faktorii, které mohou ovliviiovat intenzitu
lipoautofagie in vivo. Zajimal nas zejména vliv dietné indukované steatozy na aktivitu
lysozomalnich enzymd. Stanovili jsme proto in vitro aktivitu LAL, tj. enzymu zodpovédného
za degradaci TAG, a dvou dalSich lysozomalnich enzymt, glukuronidazy a kyselé¢ fosfatazy.
Aktivita LAL a kyselé fosfatazy byla stejna ve skupinach SD a HF-2 a zvySena u skupiny HF-
10. Aktivita glukuronidazy byla stejna ve skupinach SD a HF-10, zatimco ve skupiné HF-2
byla mirné snizena. Celkové mnozstvi LAL proteinu v jaternim homogenatu bylo po 10 tydnech
podavani HFD vyznamné vyssi. mRNA exprese genu pro vSechny tfi enzymy nebyla
podavanim HFD ovlivnéna.

3.1.5 Dlouhodobd a krdatkodobad expozice vysokotukové dieté ma opacny efekt na intenzitu
autofagie

Intenzita autofagie, métend jako rychlost nartistu obsahu LC3-
Il vlysozomalni frakci v pfitomnosti chloroquinu, a exprese
mRNA pro dva klicové markery (beclin 1 a ATGI16), se
Vv zavislosti na dobé podavani HFD ménila. Zatimco po dvou
tydnech podavani HFD (HF-2) doslo k vyznamnému narustu ve
srovnani s kontrolni skupinou, po deseti tydnech (HF-10)
intenzita autofagie klesla pod uroven kontrolni skupiny (obr.

SD HF-2 HF-10

LC3- —

-—
LOT — e o S D S

actin —

P 3.4).
o 4 Obrizek 3.4 Vliv HFD na intenzitu autofagie. Lacna zvitata byla v
0 % celkové narkdze podrobena Casteéné hepatektomii a vzorek jaterni

. e e tkané (A) byl okamzit¢ zamrazen v tekutém dusiku. Nasledné byl

aplikovan inhibitor aktivity LAL chloroquin (120 mg/kg télesné hmotnosti, i.p.). Pokus byl ukon¢en po
Ctyfech hodinach, kdy jsme odebrali vzorek jaterni tkané B. Intenzita autofagie byla stanovena jako
nartst obsahu LC3-II ve vzorcich s chloroquinem (CQ). Vysledky jsou vyjadieny jako intenzity bandt
B (post-CQ) ku A (pre-CQ), aritmeticky primér = S.E.M. ™ p<0.01 HF-2 vs SD, #* p<0.001 HF-10 vs
SD. Pievzato z Papackova Z. et al. doi: 10.33549/physiolres.932394.

3.1.6 Vyssi lipolyticka aktivita v jatrech je spojena s vyssi esterifikacni kapacitou
Volné mastné kyseliny jsou potencialné vysoce toxicke latky

07 a jako takové jsou v bunikdch bud bezprostiedné vyuzity
£ (oxidace, ketogeneze) nebo ulozeny zpét do TAG (re-
< 207 P T esterifikace). Dgatl (diacylglycerol O-acyltransferaza 1) je
Q51::15 1 enzym zodpovédny za finalni krok syntézy TAG, kdy
%10 : . katalyzuje ptfenos acylové skupiny na diacylglycerol-fosfat.
<5 V naSich pokusech exprese Dgatl mRNA castecné

i kopirovala aktivitu LAL, zejména se zvysila exprese Dgatl

0
fasted fed fasted fed fasted fed syt}'/ch zvitat krmen}'/ch HFD (obr. 35)

SD HSD HFD

Obrazek 3.5 Exprese Dgatl mRNA v jaternim homogendtu. Sloupce predstavuji aritmeticky primér +
S.E.M., n=7. *p<0.05 fed vs fasted; “p<0.05 vs SD fasted; "p<0.05 vs SD fed. Pfevzato z Cahova M. et
al. PMID 20974050.

32



3.2 VYUZITI MASTNYCH KYSELIN UVOLNENYCH LIPOLYZOU INTRACELULARNICH TAG

Mastné kyseliny uvolnéné lipolyzou uvnitt hepatocyti mtizou byt vyuzity bud’ k resyntéze
TAG, oxidaci nebo tvorbé ketolatek. Preference jednotlivych drah uzce souvisi s prandialnim
stavem, kdy ketogeneze je vyrazn¢ preferovana ve stavu laénéni. Dle o¢ekavani jsme u potkana
krmenych SD nasli vyssi koncentraci B-hydroxybutyratu v séru v lacném nez v sytém stavu.
Kratkodobé podavani HSD i HFD signifikantné zvySilo obsah ketolatek v séru nala¢no,
v piipadé HFD i vsytém stavu. Aktivita LAL pozitivné korelovala s obsahem f-
hydroxybutyratu v séru v latném (r=0,81) i v sytém stavu (r=0,62).

Vyuziti mastnych kyselin uvolnénych z intracelularnich lipidu jsme studovali pomoci in
vivo radioaktivné znaéenych TAG. Potkaniim byla aplikovana *C-palmitova kyselina ve 4%
albuminu i.v. Dle Francone je za 90 min 90 % radioaktivity inkorporovano do cytosolickych
TAG v jatrech a v tukové tkani (130). Nasledné¢ jsme inkubovali jaterni fizky obsahujici
radioaktivné znacené TAG ex vivo a stanovili jsme radioaktivitu inkorporovanou
v meziproduktech TCA cyklu, v B-hydroxybutyratu a v COz, tj. podil mastnych kyselin vyuzity
pro oxidaci, a radioaktivitu inkorporovanou v TAG sekretovanych do média (VLDL sekrece)
(tab. 3.2).

Tabulka 3.2 Inkorporace *C kyseliny palmitové do CO,, meziproduktit TCA cyklu, sekretovanych TAG
a f-hydroxybutyratu v jaternich rizcich ex vivo. Hodnoty udavaji nmol kyseliny palmitové na g tkdn¢
(nmol g v.v.) a jsou vyjadieny jako aritmeticky primér = S.E.M. n = 6. B-OH, B-hydroxybutyrat.
“p<0.05" p<0.01 HS-4 la¢né vs SD la¢né; T p < 0.05, " p < 0.001 HS-4 syté vs SD syté; *# p <
0.001 HF-4 la¢né vs SD lacné; *p < 0.01, * p <0.001 HF-4 syté vs SD syt¢.

SD HS-4 HF-4
la¢né syté la¢né syté la¢né syté
CO; 16+1,2 11,941 111 ,5" 8,3+0,3" 15+0,7 9,8+0,8
gfl'upmd”kty TCA 553416 41,1434 46,6418 257+1 51 54,2442 40 341
B-OH 26949 20448 380+18™ 178415 452400 480411
TAG 581435 401+44 713429 8254201 314416 286359

Ve srovnani se zvitaty krmenymi SD, podavani HSD vedlo ke snizeni oxidace mastnych
kyselin v TCA cyklu, zvySeni la¢né ketogeneze (o 40 %) a zvySeni sekrece VLDL (lacna
+23 %, syta +100 %). Podavani HFD neovlivnilo oxidaci mastnych kyselin v TCA cyklu,
vyznamné¢ zvysilo ketogenezi (lacnd +68 %, syta +135 %) a vyrazné snizilo sekreci VLDL
(lacna -46 %, syta -29 %). | v systému ex vivo byly zachovany regulacni mechanismy fungujici
in vivo, tj. jaterni fizky ziskané od la¢nych zvifat produkovaly vyznamné vice f-
hydroxybutyratu nez jaterni fizky pfipravené z jater sytych zvifat. La¢na ketogeneze byla
potencovana podavanim HSD i HFD, syta ketogeneze byla zvySena pouze u zvifat krmenych
HFD. Nase vysledky ukazuji souhlasné zmény v ketogenezi i v aktivité LAL za fyziologickych
(la¢néni/sytost) 1 patofyziologickych (dietni intervence) stavil.

Sekreci VLDL jsme méfili rovnéz in vivo s vyuzitim Tritonu WR-1339, ktery blokuje
vychytavani lipoproteini z krevniho feéisté. Vysledky, uvedené v tab. 3.3, potvrdily data
ziskana in vitro, tj. snizeni sekrece VLDL po podavani HFD a vyznamné zvySeni po podavani
HSD.
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Tabulka 3.3 Vliv HSD a HFD na produkci VLDL in vivo. TAGo koncentrace TAG v séru pied
podanim WR 1339; TAGgo koncentrace TAG v séru 90 min po podani WR 1339. Rychlost produkce
VLDL (objevovani TAG v séru) podle vzorce: TG entry rate (umol 100 g b.wt. > hrt) = ((Teo —
To)/1.5) x V x (W/100). Hodnoty jsou uvedeny jako aritmeticky prumér + S.E.M. n = 6.
**p<0.001 HS-4 vs SD; " p < 0.01 HF-4 vs SD; ™ p < 0.001 HF-4 vs HS-4.

SD HS-4 HF-4
TAGo (umol ml?) 3,9+0,2 6,4+ 0,5+ 3,0 + 0,11
TAGy (pmol ml‘l) 74+04 11,7 + 0,75+ 52+ (),44",1HW
TAG entry rate 112407 457+ 6.1 8.2 4 0,57

(umol hrt kg?)

Nase vysledky vyvraceji hypotézu, ze steatdoza vznikd v disledku sniZzené aktivity
lipolytickych enzymt, konkrétné LAL. Naopak poukazuji na moznou tlohu kompenzacnich
mechanismi, které maji za ukol omezit zatéz potencidlné toxickymi volnymi mastnymi
kyselinami. Dale jsme ukazali, ze pievazujici tuky nebo sacharidy v dieté ovliviiuji rizné
metabolické drahy. Dieta bohat4 na jednoduché sacharidy stimuluje pfedev§im VLDL sekreci
a omezuje oxidaci mastnych kyselin, zatimco vysokotukova dieta vede k omezeni sekrece
VLDL a stimulaci ketogeneze. V souladu stimto je i pozorovani, ze podavani HSD je
asociovano S vyraznou hypetriglyceridemii v séru, zatimco u HFD je akcentovana jaterni

steatdza.

2.

SHRNUTI HLAVNICH POZNATKU
1.

Lysozomalni lipaza se uéastni degradace intracelularnich lipid( v jatrech.
Lipidy jsou do lysozom( transportovany prostfrednictvim autofagozomd.

Intenzita autofagicko-lysozomalni drahy je zavisla na prandialnim stavu, zvysuje se pfi lacnéni
a je potlacena v sytém stavu.

Aktivita lysozomalni lipazy se zvySuje umérné s mirou steatozy.
V jatrech existuji kompenzaéni mechanismy eliminujici moznou lipotoxicitu uvolnénych
mastnych kyselin:

* v kratkodobé perspektivé zvyseni (re)esterifikacni kapacity;

* vdlouhodobé perspektivé snizeni aktivity autofagické drahy a tim i omezeni prisunu
substratu (lipidové kapénky) do mista degradace (lysozomy).

Tyto kompenzaéni mechanismy pfispivaji k rozvoji a udrzeni steatdzy.
Mastné kyseliny uvolnéné z intracelularnich TAG jsou dostupné pro oxidaci v TCA cyklu,

ketogenezi a sekreci VLDL. Diety s prevazujicim obsahem tukd nebo jednoduchych cukr( rizné
ovlivauji jednotlivé metabolické drahy.
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4 FARMAKOLOGICKE NASTROJE OVLIVNENI NAFLD

4.1 METFORMIN

Metformin patii mezi biguanidy a v 1é¢b¢ diabetu 2. typu (T2D) je vyuzivan od 50. let 20. stoleti
(163). Metformin je 1ékem prvni volby pfedevsim diky své schopnosti snizit glykemii (164).
Rovnéz se pouziva pii 1écbé NAFLD, kterda témét vzdy T2D provazi, protoze pozitivné
ovlivituje body mass index (BMI), mnozstvi celkové i visceralni tukové tkané a stupen
poskozeni jater méteny dle sérové hladiny transaminaz (zejména aspartataminotransferazy,
AST) (165). Existuji ¢etné doklady (166, 167), ze podavani metforminu snizuje obsah ATP
Vv jatrech a pomér ADP/ATP v jaternich bunikach. Za hlavni mediator vlivu metforminu byla
tedy logicky povazovana AMP-aktivovana protein kinaza (AMPK), enzym citlivé reagujici na
zmény energetické bilance bunky (168, 169). Piekvapivé bylo proto zjisténi, Ze
hypoglykemicky efekt metforminu byl pln€ zachovan u mysi s nefunkénim genem pro AMPK
(170). Z uvedenych udaju vyplyva, Ze vzdor tomu, Ze metformin je nejdéle a nejhojnéji
pouzivanym Iékem v 1é¢bé T2D, mechanismy jeho u¢inku dosud zdaleka nejsou objasnény.
V nasi praci jsme se soustfedili na dvé oblasti: (i) studium mechanismu ucinkd biguanida
(metformin a fenformin) na jednotlivé komponenty oxidoredukéniho fetézce in vitro na modelu
izolovanych jaternich mitochondrif; (ii) vliv metforminu na oxidacni stres na modelu dietné
indukované NAFLD (potkan).

4.1.1 Mechanismus ucinku biguanidit na mitochondridlni respiracni ietézec

4.1.1.1 Primarnim cilem biguanidii je komplex I mitochondrialniho respiracniho retézce

Pokusy jsme provadéli na jaternim homogenatu a na izolovanych jaternich mitochondriich
potkana. Pracovali jsme se dvéma =zastupci Dbiguanidii, metforminem (N,N-
dimethylimidodicarbonimidic diamine) a fenforminem (N-2-phenyletylimidodicarbonimidic
diamine). Metformin i fenformin byly pouzivany v humanni medicing, ale fenformin byl v 70.
letech stazen vzhledem k vysokému vyskytu komplikaci v podobé¢ laktatové aciddzy. Obé latky
existuji za fyziologickych podminek pouze jako pozitivné nabité protonované formy, coz
umoziuje jejich akumulaci uvnitf mitochondrii. Pravé postupnym zadrZovanim
V mitochondriich, a tim 1 zvySenim efektivni koncentrace, se vysvétluje dlouhodobé
pozorovany rozdil v koncentracich efektivnich in vitro a in vivo. Ve srovnani s metforminem
ma fenformin vice lipofilni charakter a fenylova a etylova skupina mu dovoluji snadné&jsi
prichod lipidovou dvojvrstvou. Z tohoto divodu jsme €ast naSich experimentl realizovali
pravé s pouzitim fenforminu. Ukazali jsme, 7e oba biguanidy v koncentraci 10 mmol I
(metformin) a 1 mmol 1! (fenformin) inhibuji mitochondridlni respira¢ni fetézec pouze na
urovni komplexu I (obr. 4.1).
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Obrazek 4.1 Vliv metforminu (A) a fenforminu (B) na spotiebu kysliku izolovanymi jaternimi
mitochondriemi. Sipky vyznaduji pfidani jednotlivych chemikalii: 1. Glutamat (10 mmol 1) + malat
(2,5 mmol IY); 2. ADP (1,5 mmol I); 3. sukcinat (10 mmol I*). RLM, rat liver mitochondria
(mitochondrie z jater potkana); Ph, fenformin. Zaznam oxygrafu piedstavuje reprezentativni vzorek tii
nezavislych méfeni. Pievzato z Paleni¢kova E. et al. doi: 10.33549/physiolres.932193.

Inhibiéni vliv biguanidi na oxidaci glutamatu a malatu, tj. substrati spojenych s produkci
NADH (nikotinamidadenindinukleotid) mize byt zptisoben bud’ inhibici NADH dehydrogenaz
produkujicich NADH nebo pfimo inhibici NADH-oxidoreduktdzy v komplexu I. Tuto otdzku
jsme fesili s vyuzitim dezintegrovanych mitochondrii, jejichz celistvost byla poruSena
opakovanym zamrazenim a rozmrazenim a NADH substrat mél tak pfimy pfistup ke komplexu
I. V pfitomnosti 1 mM fenforminu je rotenon-senzitivni oxidace NADH (tj. oxidace na
komplexu 1) v dezintegrovanych mitochondriich snizena obdobné jako oxidace glutamatu +
malatu + ADP na intaktnich mitochondriich. Rovnéz zavislost spotieby O2 na koncentraci
fenforminu byla u obou modela stejna. Tento vysledek tedy vylucuje vliv biquanidia na NADH
produkujici dehydrogenazy a identifikuje NADH-oxidoreduktazu v komplexu I jako cilovou
molekulu.

V dal$ich pokusech jsme vyloucili hypotézu, Ze biguanidy funguji jako odptahovace. Na
obr. 4.2 jsou znazornény zmény mitochondrialniho membranového potencialu métené pomoci
fluorescentni sondy safranin O, kterd je aktivné vychytavana a zadrZovéana uvnitf mitochondrii
Snabojem na membran€. Vysokd hodnota fluorescence znamena uvolnéni safraninu O
Z mitochondrii a pokles membranového potencidlu. Vychozi médium obsahovalo glutamat +
malat a safranin O. Po pfidani suspenze mitochondrii doslo k prudkému poklesu fluorescence,
tj. vytvofeni membranového potencidlu, ktery se postupné snizoval po pfidani fenforminu.
Ptidéani sukcinatu vSak vedlo k prudkému obnoveni membranového potencidlu i v pfitomnosti
fenforminu, coZ vylucuje jeho piisobeni v roli odptahovace.

safr Suc Obrazek 4.2 Viiv 1 mM fenforminu na membranovy
l lRLM l one potencidl jaternich mitochondrii. Sipky indikuji ptidani
ph PP l jednotlivych chemikalii; 1. Safranin O (Safr); 2. rat liver
mitochondria (RLM); 3. fenformin (Ph, 1 mmol I?); 4.
sukcinat (Suc, 10 mmol IY); 5. 2,4-dinitrofenol (DNP, 0,05
mmol I"). Excitaéni vlnova délka 495 nm, emisni vinova
delka 586 nm. Reprezentativni vysledek tfi nezavislych
méfeni. Pfevzato z Palenickova E. et al. doi:
0 30 600 900 1200 10.33549/physiolres.932600.

Time (s)

g

&

g B

Fluorescence intensity x 10°
. [
3 8
—
—

(=]

36



4.1.1.2 Vysoké koncentrace biguanidu inhibuji i komplex Il a komplex IV mitochondrialniho
respiracniho retezce

V ptipadé metforminu se ndm v podminkach in vitro nepodafilo prokazat inhibi¢ni vliv na dalsi
komponenty dychaciho fetézce kromé komplexu I. Naproti tomu fenformin v koncentraci
6 mmol I vykazoval vyznamny inhibi¢ni G¢inek i na komplex II a IV. Tato koncentrace viak
nasobné¢ presahuje koncentrace pozorované v krvi pii podavani in vivo. Nelze vsak vyloucit, ze
srovnatelné koncentrace l1ze dosahnout uvniti mitochondrii diky retenci biguanidt v dusledku
jejich pozitivniho nédboje.

4.1.1.3 Fenformin zvysuje odolnost prechodového péru mitochondrialni permeability k Ca**
iontiim

Pfechodovy por mitochondrialni permeability (MTPT) je protein, ktery se tvoii za podminek
bunécéného stresu a je lokalizovan ve vnitini mitochondridlni membrané. Reaguje na signaly
stresu buiiky, napt. zvyseni intracelularni hladiny Ca®" iontd. P¥i otevieni MTPT dochazi ke
zvySeni propustnosti vnitini mitochondridlni membrany, bobtnani mitochondrii a jejich zaniku.
Na izolovanych jaternich mitochondriich jsme prokézali, Ze v pfitomnosti 1 mM fenforminu se
snizila mira a rychlost bobtnani mitochondrii po pfidani Ca®" ionti o 20% a 44 %,
resp. (obr. 4.3). Tento vysledek ukazuje dal$i mechanismus, nezavisly na transformaci energie,
kterym biguanidy ovliviiuji procesy v mitochondriich.
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Obrazek 4.3 Viiv fenforminu na bobtndni mitochondrii indukované Ca** ionty. A: mira bobtnani uréena
podle zmény optické denzity. B: rychlost bobtnani ur¢ena jako prvni derivace originalnich dat. Zaznam
ptredstavuje reprezentativni vysledek tii nezavislych méfeni. Pfevzato z Palenickova E. et al. doi:
10.33549/physiolres.932600.

4.1.2 Vliv metforminu na oxidacni stres pii NAFLD

Poskozeni navozené reaktivnimi slou¢eninami kysliku a dusiku, tj. oxidac¢ni stres, se povazuje
za jednu z ptic¢in vedouci k rozvoji zavazného poskozeni jater, steatohepatitidé. Existuji
doklady o protektivnim ucinku metforminu v riznych tkanich, avSak mechanismus tohoto
plsobeni nebyl dosud plné€ objasnén. Jedno z moznych vysvétleni vychéazi z hypoglykemického
ucinku metforminu. Zvysena dostupnost glukozy v nékterych tkanich mize vést k intenzivni
glykolyze a vyssi tvorbé redukovanych ekvivalenti vstupujicich do elektron transportniho
fetézce. Zvysend tvorba superoxidu a dalSich ROS je pak disledkem zvySeného prachodu
elektronti. Proti této hypotéze mluvi skute¢nost, Ze metformin pisobil protektivné 1 v nékolika
modelech oxidaéniho stresu, které nejsou spojeny s hyperglykemii. Formulovali jsme hypotézu,
ze protektivni vliv metforminu je zprostfedkovan, alespon castecné, piimou interakci
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s mitochondrialnim respira¢nim fetézcem. Pokusy jsme provadéli na modelu potkana, u kterého
byla NAFLD indukovana podavanim HFD (10 tydnt). Akutni oxidacni stres byl navozen
kratkodobou parcialni ischemii a naslednou reoxygenaci (ischemie/ reperfuze, I/R). Casti
potkanti byl po celou dobu poddvan metformin v davce 150 mg kg? t&lesné hmotnosti.
Vysledna koncentrace metforminu v séru se pohybovala vrozmezi 1-10 umol I,
coz odpovida hodnotam stanovenym u lidi. Schéma pokusu viz obr. 4.4.

Wistar rats, males, age 4 month

n=280
T standard diet standard diet + metformin high-fat diet high-fat diet + metformin
(SD) 150 mg/kg b.wt./ day (HFD) 150 mg/kg b.wt./ day
L n=20 (SD + met) n=20 (HFD + met)
g n=20 n=20
o
2 ¥ y ¥ v
Blood sampling for determination of:
l s-metformin; s-glucose; s-lactate; s-triacylglycerol; s-NEFA; s-cholesterol; s-B-hydroxybutyrate

SD+met

l| sham operation I

Obrazek 4.4 Usporddani pokusu. Prevzato z Cahova M. et al. doi: 10.1152/ajpgi.00329.2014.

4.1.2.1 Metformin sniZuje histologické poskozeni jater

Ischemie a nasledna reperfuze vedla k rozvoji srovnatelné centrilobuldrni nekrézy u zvifat
krmenych SD i HFD. U zvifat, kterym byl pfed zdsahem dlouhodobé podavan metformin,
se podobné poskozeni nerozvinulo. Toto pozorovani potvrdila i kvantitativni analyza obsahu
produkti lipoperoxidace, tj. TBARS (latky reaktivni s kyselinou thiobarbiturovou) a 4-HNE (4-
hydroxy nonenal), v jaterni tkani.

4.1.2.2 Metformin omezuje poskozeni mitochondrii a miru apoptozy vyvolané akutnim
oxidacnim stresem

PoSkozeni mitochondrii je silnym pro-apoptotickym signalem. Dle ocekavani jsme zjistili,
ze akutni oxidaéni stres vedl k poSkozeni vnéj$i mitochondridlni membrany (méfeno dle
uvoliiovani cytochromu ¢ do cytosolu), vyssi intenzité apoptdzy (odhadnuto na zaklad¢ St€peni
kaspazy 3 a kaspazy 9) a sniZzeni po€tu mitochondrii (méfeno podle aktivity vyluéné
mitochondrialniho enzymu citrat syntazy a poctu kopii mitochondrialni DNA po normalizaci
na ekvivalent jaderné DNA). Mira poSkozeni byla vy$§i u mitochondrii izolovanych
ze steatoznich jater. Dlouhodobé podévani metforminu vedlo k normalizaci vSech sledovanych
parametr (obr. 4.5). U mitochondrii izolovanych ze steatdznich jater jsme méfili i funkéni
parametry in vivo. Dale jsme ukazali, ze jak samotny akutni oxidacni stres, tak i podavani
metforminu sniZuje maximalni respiracni kapacitu, ale tento efekt neni aditivni. Z toho vyplyva,
ze ackoli samotné podavani metforminu snizuje respirac¢ni kapacitu mitochondrii, nejsou tyto
mitochondrie dale poskozeny expozici k akutnimu oxida¢nimu stresu.
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Obrazek 4.5 Viiv metforminu na jaterni mitochondrie a intenzitu apoptozy v jatrech. A: obsah
cytochromu ¢ v cytosolu, abundance cyt ¢ je vyjadiena jako pomér intenzity specifického signalu cyt ¢
k signalu pro aktin; B: a C: aktivace kaspazy 9 a kaspazy 3, resp. Grafy ukazuji pomér intenzit signala
produktl Stépeni a neStépen¢ho enzymu; D: aktivita citrdt syntdzy v jaternim homogenatu; E: pocet
kopii mitochondrialni DNA na butiku. mtDNA, mitochondrialni DNA; Cyt C, cytochrom c. Sloupecky
oznadené stejnym pismenem jsou vzijemné vyznamné odliné. dPcanlnosuvx ne( 05; empitw n< 01;
folikn<0,001. Prevzato z Cahova M. et al. doi: 10.1152/ajpgi.00329.2014.

4.1.2.3 Metformin snizuje tvorbu ROS 2 NADH a sukcindtu

Transport elektronti mitochondridlnim respiracnim fetézcem je spojen s moznym vznikem ROS
a toto riziko je vyznamné zvySeno béhem reoxygenace po ischemii. Ve studiich in vitro byly
identifikovany tfi mozné dé&je vedouci ke vzniku ROS, (i) ,,forward* tok elektront pfes komplex
I, (i1) ,reverse” tok elektroni zkomplexu II na komplex I a (iii) pfenos elektront
zprostiedkovany mitochondrialni  glycerol-3-fosfat dehydrogenazou (mGPDH). Vliv
dlouhodobého podavani metforminu na vznik ROS na jednotlivych komponentich
mitochondrialniho respira¢niho fetézce jsme studovali in vitro na modelu submitochondrialnich
partikuli (SMP) s vyuzitim fluorescenéni sondy dichlorofluorescin diacetate (DCFDA). NADH
jsme pouzili jako zdroj elektronli pro komplex I, sukcinat pro komplex II a glycerol-3-fosfat
pro mGDPH. Na tomto modelu jsme prokazali, Ze I/R zatéZ vede ke zvySené produkci ROS jak
na komplexu 1, tak v disledku reverzniho toku elektroni z komplexu Il na komplex I.

Metformin vliv /R eliminoval. Neprokazali jsme vyznamny vliv /R ani metforminu na
mGPDH.
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Metoda elektronové paramagnetické rezonance je jediny zpiisob, kterym lze pfimo méfit
vznik radikalovych sloucenin. Tuto metodu jsme pouzili k analyze vzniku ROS v situaci,
kdy NADH fungoval jako donor elektroni na modelu SMP. Po pfidani NADH k SMP jsme
byli schopni identifikovat ¢tyfi typy radikald, (i) OR: radikal; (ii) nitroxidovy radikal (NO');
(ii1) superoxidovy radikal (OOH') a (iv) hydroxylovy radikal (OH") (obr. 4.6).

Obrazek 4.6 Reprezentacni zdznam EPR spektra.

L
%c:: %c:: ooc.?r OOH Radikéalové slouceniny byly stabilizovany pomoci
\: i Oj DMPO  (5,5-Dimethyl-1-Pyrroline-N-Oxide) ~ a

| ‘ identifikovany na zakladé g faktoru. DPPH (2,2-
Diphenyl-1-picrylhydrazyl) jsme pouzili jako interni

" W standard (g=2,0036). Prevzato z Cahova M. et al.
doi: 10.1152/ajpgi.00329.2014.

106 '
o A Prolcizali , v ,
oPPH o rokazali jsme vyznamné zvySeni produkce OH
r radikdlu a trend ke zvySeni produkce
o superoxidového radikalu OOH: (p = 0,061) u

zvitat vystavenych I/R. Dlouhodobé podédvani
metforminu nemélo Zadny efekt na kontrolni zvitata, ale zcela eliminovalo vliv I/R zatéze na
tvorbu OH- a OOH- (tab. 4.1). Na zaklad¢ téchto pozorovani dovozujeme, ze dlouhodobé
podavani metforminu vede ke snizeni tvorby ROS v mitochondridlnim respira¢nim fetézci na
urovni komplexu I pii akutnim oxida¢nim stresu.

Tabulka 4.1 Produkce radikalovych sloucenin in vitro. Udaje predstavuji aritmeticky pramér z péti
nezavislych méfeni + S.E.M. Hodnoty oznacené stejnym pismenem jsou statisticky vyznamné odli$né,
a,b,c,d

b.ed n<0.05.

HFD HFD+met HFD+I/R HFD+met+I/R
radikal OR- 7,9+1,1 7,940,3 7,6£0,8 6,9+0,3
nitroxidovy radikal NO- 3,8+0,8 4,1+0,2 4,3+0,5 4,2+0,6
superoxidovy radikal OOH- 4,1+0,22 4,0+0,25 5,1+0,32b 3,3+0,4°
hydroxylovy radikal OH- 1,2+0,03¢ 1,1+0,1 1,7+0,2¢¢ 1,2+0,05¢

4.1.2.4 Metformin zpomaluje obnoveni zasob ATP v jatrech in vivo

Dosud shroméazdéné vysledky indikuji, Ze metformin sniZzuje mitochondrialni respiraci. Za
tohoto predpokladu by mélo platit, Ze metformin rovnéz snizuje tvorbu ATP (adenosintrifosfat).
Tuto hypotézu jsme testovali méfenim rychlosti obnovy zdsob ATP béhem reperfuze po
Castecné ischemii jater pomoci 3P magnetické rezonanéni spektroskopie. V SD skupiné se
obsah ATP pln& obnovil béhem prvnich 15 minut reperfize. V HFD skupiné byla rychlost
resyntézy ATP stejnd jako v SD, ale vysledna hladina ATP dosahla pouze 80 % hodnot pred
ischemii. Ve skupiné HFD+metformin byla rychlost resyntézy ATP pomalejsi nez u ostatnich
zvifat a maximalni hodnota ATP po I/R dosahla pouze 60 % pted ischemii. Ve skupiné SD se
vliv metforminu neprojevil (obr. 4.7). Nase vysledky potvrzuji, Ze metformin snizuje tvorbu
ATP v steatdznich jatrech po akutni ischemicko/reperfuzni zatézi.
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Obrazek 4.7 Viiv metforminu na repleci ATP béhem reoxygenace po ischemii. Caste¢na ischemie byla
navozena ligaci vena porta (¢as 0) a uvoln&na po 20 min (¢as 20). Obsah ATP byl stanoven pomoci 3P
magnetické rezonan¢ni spektroskopie, méteni byla provadéna v 5 min intervalech. Hodnoty jsou
vyjadieny jako relativni zména ve srovnani s ¢asem 0. Hodnoty predstavuji aritmeticky prumér z péti
nezavislych méteni + S.E.M. Prevzato z Cahova M. et al. doi: 10.1152/ajpgi.00329.2014.

SHRNUTI HLAVNICH POZNATKU
1. Invitro, bigquanidy (metformin a fenformin) inhibuji mitochondrialni respiraci, a to v zavislosti
ha pouzité davce.

2. Inhibiéni vliv biquanid( se soustfeduje zejména na komplex |, ve vysSich davkach lze pozorovat
i vliv na komplex Il a komplex IV.

3. Biguanidy snizuji citlivost mitochondrialniho MPTP ke kalciovym iontdm a redukuji rychlost a
rozsah bobtnani mitochondrii.

4, Invivo, metformin chrani jak steatdzni, tak zdrava jatra pred dasledky akutniho oxidaéniho
stresu navozeného ischemicko-reperfuznim poskozenim.

5. Mechanismus ochranného pasobeni metforminu je zaloZen na snizeni tvorby ROS v
mitochondriich (pfedevsim na trovni komplexu 1), coz vede ke zmenseni poskozeni
mitochondrii a omezeni apoptotické a nekrotické buné&éné smrti.

6. Dusledkem snizeni mitochondrialni respirace je nizsi schopnost tvorby ATP ve steatdznich
jatrech.
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4.2 KARNITIN

Karnitin zprostfedkovava transport acylovych zbytka pfes vnitini mitochondridlni membranu
do matrix mitochondrii a je zcela nezbytny pro normalni funkci mitochondrii. Karnitin a jeho
analogy byly intenzivné studovany v souvislosti s moZznym pozitivnim ucinkem na
mitochondrialni dysfunkci (171), zejména v souvislosti s T2D a dal§imi metabolickymi
chorobami. Klinické studie ptinesly rozporné vysledky (172, 173). Zda se, Ze u¢inek karnitinu
jako monoterapie je sporny u obezity (nezavisle na pfitomnosti T2D) (174-176) a u prediabetu
(177). Podavani karnitinu mélo pozitivni u¢inky u T2D pacienti jako dopliikova terapie k 16¢bé
antidiabetiky (178), hypokalorické dieté (179) nebo piiméiené pohybové aktivité (180, 181).
Karnitin se rovnéz ukazal jako ucinny u nové diagnostikovanych pacientii s T2D (182).

V této Casti prace predkladam vysledky nasi studie zaméfené na vliv dlouhodobého
podavani karnitinu na jaterni steatozu. Vyuzili jsme HHT(Q potkany odvozené od kmene Wistar.
U tohoto kmene se manifestuji charakteristické rysy metabolického syndromu, tj.
hypetriglyceriemie, hyperinzulinemie, inzulinova rezistence, narusena gluk6zova homeostaza
a ektopické ukladani tuku vcetné jaterni steatozy (183, 184). Zaméiili jsme se na vliv karnitinu
na ektopické ukladani tuku v jatrech, na funkci jaternich mitochondrii, oxidacni stres a
metabolickou flexibilitu. HHTg potkani byli rozdéleni ndhodné¢ do dvou skupin. Skupina
ozna¢ena HHTg+car dostavala po dobu 8 tydnt 1% Kkarnitin v pitné vod¢, druha skupina
(HHTg) nikoli. Skupinu Wistar jsme zatadili jako referen¢ni standard, bez prokézané patologie
gluk6zového nebo lipidového metabolismu.

4.2.1 Karnitin zlepSuje nékteré parametry lipidového metabolismu

HHTg i Wistar potkani vykazovali po celou dobu experimentu stabilni vahovy ptirastek (Wistar
> HHTg) zatimco ve skupiné HHTg+car zlstala vdha zvifat po celou dobu konstantni.
Suplementace karnitinem rovnéz vyznamné snizila obsah TAG v jatrech HHTg potkanti ve
srovnani s nesuplementovanou skupinou (Wistar: 4,6+0,7, HHTg: 10,5+0,6; HHTg+car:
7,9+0,7 mmol TAG g). Neprokézali jsme vliv karnitinu na obsah TAG v kosternim svalu, v
srdci a v séru, ani snizeni sérové koncentrace nenasycenych mastnych kyselin.

4.2.2 Karnitin zvySuje oxidaci mastnych kyselin v jatrech

Jednim z moZnych vysvétleni pozitivniho vlivu karnitinu na jaterni steatdzu mize byt zvySena
utilizace mastnych kyselin. Na jaternich fizcich jsme proto ex vivo méfili oxidaci radioaktivné
znaceného palmitatu do COz, inkorporaci do meziproduktd cyklu trikarboxylovych kyselin
(TCA) a produkci ketolatek (obr. 4.8). HHTg se od Wistar potkant lisili snizenou inkorporaci
radioaktivity do meziproduktd TCA cyklu, zatimco produkce CO- a ketogeneze byla u obou
skupin srovnatelnd. Suplementace karnitinem vedla k ¢aste€né normalizaci inkorporace do
meziprodukti TCA cyklu a k vyrazné zvySené produkci ketolatek.
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Obrazek 4.8 Utilizace **C-palmitdtu v jaternich rizcich ex vivo. A: inkorporace **C-palmitatu do COy;
B: inkorporace *C-palmitatu do meziproduktti TCA cyklu; C: inkorporace **C-palmitatu do ketolatek.
Oteviené sloupce: KRB médium; uzaviené sloupce: KRB médium + 5 mmol I L-pyruvat. Hodnoty
piedstavuji aritmeticky primér + S.E.M., n=8-10. * p<0.05 HHTg vs Wistar (basal); -p<0.05 HHTg vs
Wistar (+ pyruvat); * p<0.05 HHTg+car vs HHTg (basal); 'p<0.05 KRB vs KRB+pyruvat. Pfevzato z
Cahova M. et al. doi: 10.1139/apnm-2014-0163.

Vyznamnym aspektem metabolické flexibility je schopnost vybirat nejvhodnéjsi substrat
k produkci energie vzhledem k aktualni dostupnosti a metabolickym potiebam organismu.
V metabolicky flexibilni tkani dochéazi v pfitomnosti sacharidi k utlumeni oxidace mastnych
kyselin, zatimco pro diabetickou tkan je charakteristické, ze na zménu dostupnosti substratt
nereaguje. V nasich ex vivo pokusech jsme tuto situaci modelovali pfitomnosti neznac¢eného
pyruvatu, ktery je koneénym produktem glykolyzy a prostfednictvim pyruvat dehydrogenazy
(PDH) vstupuje do TCA cyklu. Ve skupiné Wistar se potvrdil pfedpoklad, Ze v pfitomnosti
pyruvatu se snizi utilizace palmitatu jak pro pfimou oxidaci (produkce CO2 a meziproduktl
TCA cyklu), tak pro tvorbu ketolatek. Naopak ve skupiné HHTg pfidavek pyruvatu utilizaci
palmitatu vibec neovlivnil. Suplementace karnitinem vedla k ¢astecnému obnoveni
metabolické flexibility v jatrech HHTg potkand.

Klicovym enzymem umoziujicim metabolicky pfesmyk mezi mastnymi kyselinami a
sacharidy je PDH. Stanovili jsme aktivitu tohoto enzymu v jaternim homogenatu in vitro a
prokazali jsme, ze aktivita pyruvatdehydrogenazy (PDH) je vjatrech HHTg potkant
suplementovanych karnitinem skutec¢né signifikantné vySsi nez u potkant Wistar nebo HHTg,
kterym karnitin nebyl podéavan.

4.2.3 Karnitin stimuluje biogenezi mitochondrii

Na izolovanych jaternich mitochondriich jsme méfili respiracni kapacitu vzhledem k rliznym
typtim substratt (tab. 4.2). Mitochondrialni respiracni kapacita byla u vSech skupin srovnatelna
Vv ptipad¢, kdy byl jako substrat pouzit malat+glutamat nebo sukcinat. Pokud jsme vSak pouzili
palmitoylkarnitin, byla mitochondrialni respirace ve skupiné HHTg vyznamné niz§i nez
U kontrol a tento defekt vymizel po dlouhodobém podéavani karnitinu.

Tabulka 4.2 Respiracni kapacita jaternich mitochondrii in vivo.

Hodnoty jsou uvedeny v pmol O; min™ mg prot? a vyjadieny jako aritmeticky primér = S.E.M. M+G,
malat + glutamat; RC, respiracni kontrola. VSechna méfeni byla provadéna v ptitomnosti ADP (stav 3).
“p<0.05 HHT(g vs Wistar; #p<0.05 HHTg+car vs HHTg.

M+G Palmitoylkarnitin ~ Sukcinat RC
Wistar 363 +32 261 £ 19 473 £41 3,4+0,2
HHTg 347 £48 214 + 147 446 + 68 2,8+0,3
HHTg+car 421 +28 266 + 13* 555+35 3,5+0,1
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Vzhledem k tomu, Ze jsme jako substrat pii méfeni mitochondrialni respirace in vitro
pouzili palmitoylkarnitin a nikoli samotnou kyselinu palmitovou, nelze stimula¢ni vliv
karnitinu na respiraci palmititu vysvétlit pouze zvySenim transportni kapacity pro mastné
kyseliny. V dal$im kroku jsme proto testovali hypotézu, ze podavani karnitinu ovliviiuje
biogenezi mitochondrii. Zjistili jsme, Ze exprese klicovych gent kontrolujicich tento proces,
PGCla (peroxisome proliferator-activated receptor gamma coactivator 1-alpha) a Tfam
(mitochondrial transcription factor A), je skutecné ve skupiné HHTg+car signifikantné zvysena
a tomu odpovida 1 vys$si pocet kopii mitochondridlni DNA vztazeny na genomovou DNA
(obr. 4.9). Nase vysledky tedy ukazuji, Ze dlouhodoba suplementace karnitinem vede ke
zvySeni poctu mitochondrii v jatrech.
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Obrazek 4.9 Exprese nékterych mitochondrialnich genit (A) a pocet kopii mitochondrialni DNA (B).
Exprese GOI byla kvantifikovana metodou AACt po normalizaci na housekeeper gen (B2M) pii pouziti
pramérné exprese ve skupiné Wistar jako kalibratoru. Pocet kopii mitochondridlni DNA byl
normalizovan na pocet kopii jaderné DNA. Hodnoty predstavuji aritmeticky primér + S.E.M., n=8-10.
GOl, gene of interest; B2M, beta-2 mikroglobulin; MtDNA, mitochondridlni DNA. " p<0.05 HHTg vs
Wistar; # p<0.05 HHTg+car vs HHTg. Pfevzato z Cahova M. et al. doi: 10.1139/apnm-2014-0163.

4.2.4 Karnitin sniZuje oxidacni stres v jdtrech

Zvysend oxidace mastnych kyselin v respiracnim fetézci miize byt doprovazena vyssi tvorbou
ROS a vétsim oxidaénim stresem v jatrech. Stanovili jsme proto kvantitativni markery
oxidacniho stresu, obsah oxidovaného (GSSG) a redukovaného (GSH) glutathionu a obsah
lipoperoxidii (TBARS). V rozporu svychozi hypotézou jsme zjistili, Ze oxidacni stres
charakterizovany pomérem GSSG/GSH a obsahem TBARS byl sice vyznamné vyssi u skupiny
HHTg ve srovnani se skupinou Wistar, ale podavani karnitinu miru oxida¢niho stresu sniZilo
az na uroven kontrolni skupiny (tab. 4.3).

Tabulka 4.3 Antioxidacni markery v jdtrech. Hodnoty pfedstavuji aritmeticky pramér + S.E.M.
n=8-10. "p<0.05 HHTg vs Wistar; #* p<0.05 HHTg+car vs HHTg.

Wistar HHTg HHTg+car
GSH (umol gt v.v.) 4,01+ 0,40 3,32+0,01" 3,10+ 0,25
GSSG (umol gt v.v.) 0,13+ 0,04 0,21 +£0,02" 0,11 +0,01%
GSH/GSSG 28,9+4.3 14,9+0,5 28,3 + 0,97
Konjugované dieny (nmol mg? prot) 25,1+0,9 28,0+3,0 26,0+3,0
TBARS (nmol mg* prot) 0,77 £ 0,02 0,97 +0,03" 0,84 + 0,04*

Zam¢fili jsme se proto na stanoveni kapacity antioxidacnich systémi. Zjistili jsme, Ze aktivita
tii kliCovych enzymii antioxida¢ni ochrany, superoxid dismutazy, glutathion peroxidazy a
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kataldzy, je v jatrech u skupiny HHTg vyznamné niz§i nez u skupiny Wistar, a dlouhodobé
podavani karnitinu vede k normalizaci na Groven kontrolni skupiny (tab. 4.4).

Tabulka 4.4 Aktivity antioxidacnich enzymui. Hodnoty piedstavuji aritmeticky pramér + S.E.M.,
n=8-10. GR, glutathion reduktaza; GSH-PX, glutathion peroxidaza; SOD, superoxid dismutaza.
“p<0.05 HHTg vs Wistar; # p<0.05 HHTg+car vs HHTg

Wistar HHTg HHTg+car
SOD (ukat mg prot?) 2,80+ 0,05 2,28+0,18" 2,78 £ 0,15%
GSH-Px (ukat mg prot™?) 435+0,25 3,97+0,17" 4,63 +0,20*
GR (ukat mg prot™) 2,7+0,2 29+0,3 26+0,3
Katalaza (ukat mg prot?) 21,0£0,9 15,1+ 0,4" 19,3+0,8%

Nase vysledky poukazuji na urcity paradox, na jedné stran¢ podavani karnitinu vede k vyssi
oxidaci mastnych kyselin, coZ je d¢&j spojovany s tvorbou ROS, a pfitom nachdzime méné
znamek piisobeni ROS na biologické struktury (TBARS, GSSG). Tento rozpor je mozné
vysvétlit antioxidaénimi vlastnostmi samotného karnitinu, ktery je schopen piimo reagovat
se superoxidovymi a peroxidovymi radikaly (185, 186). Karnitin by pak fungoval nejen jako
latka stimulujici oxidaci mastnych kyselin, ale zarovei i jako antioxidant eliminujici nezadouci
vedlejsi ucinky tohoto déje.

4.2.5 Suplementace karnitinem normalizuje obsah karnitinu ve tkdnich a zvySuje vylucovani
(acyl)karnitinit v moci
V krvi, jatrech a kosternich svalech potkanit HHTg jsme prokézali snizeny obsah volného
karnitinu a riznych acylkarnitind, zejména konjugétli karnitinu a acylovych zbytki s kratkym
fetézcem (C2—-C5). Dlouhodobé podavani karnitinu vedlo k normalizaci koncentrace karnitinu
v krvi a v jatrech na uroven zjisténou u kmene Wistar. Zaroven se také vysoce vyznamné
zvysilo vyluCovani karnitinu a acylkarnitini v moci. Tento efekt byl nejvyznamnéjsi u
acetylkarnitinu (300nasobng), C3-C5 acylkarnitin (200nasobné) a volného Kkarnitinu
(95nasobng). Neprokazali jsme akumulaci acylkarnitinti ve tkanich (jatra, kosterni sval).
Patofyziologické stavy jako obezita, inzulinova rezistence a T2D jsou Casto provazeny
mitochondrialni dysfunkci a vysokou mirou netiplné oxidace mastnych kyselin (187, 188).
K tomu dochazi, kdyz ptisun acetylovych zbytkti do TCA cyklu piesahuje jeho kapacitu.
Hladky chod TCA cyklu a elektron-transportniho fetézce je mimo jiné zavisly na dostatecném
mnozstvi volného koenzymu A. V ptipadé¢ nadbytku mastnych kyselin se jich mitochondrie
mohou zbavit prostfednictvim karnitinu. Tato molekula nejenom umoziuje vstup acylovych
zbytkli do mitochondrii, ale také zprostiedkovava transport acylovych zbytkli opaénym
smérem, z mitochondrie ven. Klicovym prvkem tohoto procesu je mitochondridlni enzym
karnitin acyltransferaza, ktera katalyzuje pfesun acylovych zbytki na volny karnitin za vzniku
acylkarnitinu a volného koenzymu A (CoA) (189). Acylkarnitiny s kratkym fetézcem jsou pak
vylou€eny z organismu v moci. Nase vysledky ukazuji, Ze obnoveni hladin karnitinu u HHTg
potkant pfispélo k obnoveni funkce mitochondrii mimo jiné 1 zvySenim kapacity pro odsun
piebytecnych acylovych zbytki.
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SHRNUTI HLAVNICH POZNATKU
U zvifeciho modelu metabolického syndromu jsme prokazali:

1
2.
3.

Nedostatek karnitinu v krvi, jatrech a kosternim svalu.
Zvysené vylu¢ovani volného karnitinu a snizené vylucovani C3- a C5-acylkarnitint v modi.

Dlouhodobé podavani karnitinu bylo asociovano se stagnaci nardstu télesné hmotnosti a
snizenim jaterni steatdzy.

Karnitin pozitivné ovlivnil mitochondrialni dysfunkci (zvy$eni kapacity oxidace mastnych kyselin
a stimulace biogeneze mitochondrii).

ZvySeni oxidace mastnych kyselin nebylo provazeno zvy$enim oxidacniho stresu v jatrech,
divodem mohou byt antioxidacni vlastnosti karnitinu jako lapace radikalovych sloucenin.

Jednim z mechanisma Géinku karnitinu mazZe regenerace volného CoA v disledku zvyseného
odsunu nadbytecného substratu (acylG mastnych kyselin) prostrednictvim vylucovani
acylkarnitinG s kratkym retézcem v modi.
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5 SPECIALNI PRIPADY NAFLD

5.1 STEATOZA JATERNIHO STEPU

Bézna prevalence NAFLD v populaci vyspélych zemi dosahuje 19-31 % (190), avSak u
pacientll po transplantaci jater se steatoza $tépu vyskytuje az v 40 % ptipada (191-193) a u
pacient transplantovanych z divodi cirhdzy prevalence dosahuje 39—70 % (194, 195). Studie
provedena na pacientech Transplanta¢niho centra IKEM prokazala v dlouhodobé perspektive
steatozu jaterniho §tépu u 56 % transplantovanych, coZ vysoce presahuje pramér v CR (196).
V této studii byla steat6za asociovana s krat§i dobou doziti, predev§im kviili onkologickym a
kardiovaskularnim onemocnénim, coz je v souladu s poznatky z jinych center (197).

V klinické praxi lze NAFLD odhalit pomoci ultrazvukového vySetfeni, pocitacové
tomografie nebo magnetické rezonance. Tato vySetieni vSak spolehlivé prokazuji NAFLD az
VvV rozvinutém stadiu. MoZznost identifikovat markery indikujici ,,pro-steatotické” podminky
V jaternim $tépu pred vlastni manifestaci choroby by umoznila zacit s 1écbou v ¢asnych stadiich
a zvratit negativni trend vyvoje. V této kapitole predkladam vysledky studie zaméfené na
analyzu genovych expresnich profili v jaternich biopsiich odebranych pacientim rtzné
dlouhou dobu po transplantaci jater a identifikaci markert charakteristickych pro steatézni a
zdravou jaterni tkan.

5.1.1 Pacienti s histologicky prokdzanou NAFLD vykazuji zhorSené funkcni jaterni testy a
zndamky poruch glukozového metabolismu

V celé sledované kohorté (n=91) bylo 37 pacientii se steatozou 1. stupné, 11 pacientl se
steatdzou 2. nebo 3. stupné a 43 pacientl bez znamek steatézy. Pro pacienty s NAFLD vSech
stupniii byly charakteristické vyssi hodnoty BMI a vétsi obvod pasu. V ostatnich sledovanych
parametrech se subjekty s mirnou steatézou (stupenn 1) nelisily od zdravych Gc¢astnikd studie.
ALT, triacylglyceroli a cholesterolu vséru, i kdyZz jejich hodnoty zlstavaly v stale
V normalnim rozmezi. Parametry asociované s glukdzovou homeostdzou, tj. lacnd glykemie,
glykovany hemoglobin, la¢né inzulinemie, C-peptid a HOMA index (homeostatic model
assessment) byly vyssi ve srovnani se subjekty bez steatozy, pficemz inzulinemie, C-peptid a
HOMA index byly vyssi i ve srovnani se skupinou se steatdézou 1. stupné.

5.1.2 Rozdily v transkriptomickém profilu steatozniho a zdravého jaterniho §tépu

Cast jaterni tkané odebrana pii pravidelné protokolarni biopsii byla vyuZita ke stanoveni
transkriptomického profilu vzorku z jaterni biopsie metodou microarray. Soucasné byla druha
cast bioptované tkané vySettena histologicky a bylo mozné tak piesné urcit stupen steatdzy. Pro
ucely analyzy jsme vSechny pacienty se steatdzou sloucili do jedné skupiny nezavisle na jejim
stupni. Po provedeni statistické korekce na mnohonasobné srovnavani jsme identifikovali 747
transkriptd odliSn¢ exprimovanych ve steatdznim a zdravém Stépu, ztoho bylo 326
upregulovanych a 421 downregulovanych u pacienti s NAFLD. Piedstavuje to 1,4 %
zZ celkového poctu 53 617 identifikovanych transkriptl. Exprese Sestnacti genti se lisila vice nez
1,5x, jejich seznam je v tab. 5.1.
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Tabulka 5.1 Nejvyznamnéjsi transkripty odlisné exprimované ve steatoznim Stépu. FC, pomér
mediantl exprese ve steatdoznim a zdravém jaternim $tépu. Jména genl jsou pfifazena dle HGNC
guidelines.

Symbol Nazev genu FC p-hodnota
PAHA1L Prolyl 4-hydroxylase subunit alpha 1 -2,26  1,03E-07
CYP1A1 Cytochrome P450 family 1 subfamily A member 1 -1,98  7,75E-05
IGF1 Insulin-like growth factor 1 -1,73  3,27E-06
SHBG Sex hormone binding globulin -1,72  3,10E-07
SLC2A12 Solute carrier family 2 member 12 -1,66  2,71E-06
ENST00000560967  Predicted non-coding transcript -1,59  3,46E-07
IGFBP2 Insulin-like growth factor binding protein 2 -1,58  7,75E-08
PROZ Protein Z, vitamin K dependent plasma glycoprotein -1,50 6,29E-04
APOA4 Apolipoprotein A4 1,55 1,95E-04
ME1 Malic enzyme 1 155  4,30E-05
SERPINE1 Serpin family E member 1 156  5,73E-04
PLIN1 Perilipin 1 1,65 5,33E-05
SCUBEL1 Signal peptide, CUB domain and EGF like 1,66 3,42E-07
domain containing 1

MAMDC4 Mam domain containing 4 1,67  2,31E-07
DOPEY2 Dopey family member 2 1,69 3,43E-04
LOC101928635 Uncharacterized LOC101928635 1,70  2,73E04

Diive publikovand systematickd meta-analyza transkriptomickych dat nashromazdénych
pfi studiu NAFLD identifikovala 280 gentl, jejichz exprese je deregulovana pii NAFL/NASH
(198). Nami identifikované geny se S timto seznamem piekryvaji ve tficeti genech. Tyto shodné
geny koduji proteiny ucastnici se odpovédi na bunény stres (annexiny, DNAJC12),
mitochondrialniho metabolismu (PPARGC1, ATP1Al), metabolismu lipidi a cholesterolu
(PPARA, LPIN1, ABC transporters, APOF), regulace genové exprese (H2AFY) nebo
metabolismu extracelularni matrix (LAMAZ2,3/LAMA 5, PCOLCE?2).

Déle nas zajimalo, zda zménény transkriptomicky profil souvisi s nékterymi dal$imi rysy
charakteristickymi pro histologicky obraz NAFLD/NASH. Neprokazali jsme souvislost se
stupném fibrozy nebo s intervalem od transplantace. Nasli jsme vyznamnou asociaci s NAS
skore (p<0,0001), balénovaténim hepatocyti (p<0,0001) a zanétem (p<0,0001) (obr. 5.1).
Balonovaténi hepatocytli je znamkou mitochondridlni dysfunkce, zanét je typicky znak
pokrocilé NAFLD. Asociace mezi pozorovanym transkriptomickym profilem a vyse
zminénymi charakteristikami podporuje ptfedpoklad, ze nami identifikované geny jsou
vyznamné pro predikci negativni progrese steatdzy.
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Obrazek 5.1 Hierarchické shlukovini dle transkriptomickych profili. Vzorky jsou barevné kodovany
dle (A) stupné steatdzy klasifikované dle Kleinerova skore; (B) NAS skore; (C) balonovaténi; (D) stupné
zanétu.
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5.1.3 Procesy odlisné regulované ve steatoznich jdtrech

Pochopeni déji probihajicich ve steatoznich jatrech mtize napomoci identifikace kli¢ovych
deregulovanych metabolickych procestt a funkci. Porovnali jsme soubor odlisné
exprimovanych gentd s hlavnimi dostupnymi databazemi, tj. IPA (Ingenuity pathways), KEGG
(Kyoto Encyclopedia for Genes and Genomes) and DAVID (Database for Annotation,
Visualization and Integrated Discovery). Identifikovali jsme tyto odlisné regulované procesy:
krevni srazlivost, syntézu a transport zlu€ovych kyselin, redoxni homeostazu, metabolismus
lipidd, cholesterolu a aminokyselin, signalni drahy AMPK a glukagonu, transmetylacni reakce
a zanétlivé procesy.
onemocnéni neni spojena se samotnou akumulaci lipida, ale spise s poruchami metabolismu
cholesterolu (199). | v naSem souboru jsme zaznamenali downregulaci drah ucastnicich se
cholesterolového metabolismu, napi. FXR/RXR a LXR/RXR signalizaci, syntézy a vyluovani
zlucovych kyselin, ABC transportni systém. Toto pozorovani naznacuje, ze konverze
cholesterolu na ZluCové Kkyseliny, exkrece ZzluCovych kyselin z hepatocyti a transport
cholesterolu do apoA1/HDL partikuli jsou u pacienti se steatdézou §tépu naruSeny. V dusledku
toho muze dochazet k akumulaci cholesterolu v hepatocytech a dalSimu rozvoji jejich
poskozeni.

Oxidaéni stres (200) a zanét (201) jsou typické znaky patofyziologie NAFLD. V nasi
kohort¢ pacientti s NAFLD jaterniho §tépu jsme pozorovali downregulaci 15 gent dulezitych

samples

samples

s}



pro udrZeni redox homeostazy, coz naznacuje prinejmensim zvysenou citlivost k oxidaénimu
poskozeni. Déle jsme ve steatoznim $t€pu pozorovali snizeni exprese gent biosyntetické drahy
S-adenosylmetioninu, MAT1A a MAT1B. S-adenosylmetionin je kofaktorem metyltransferaz,
které jsou kli¢ovymi enzymy mnoha dilezitych biologickych procest. Patii k nim metylace
fosfolipidi bunéénych membran (202), coz ovliviiuje jejich fluiditu, nebo epigeneticka
modifikace DNA (203). Jejich role v rozvoji NAFLD byla prokazana na zvitecich modelech
(204) i v humannich studiich (205). Mira exprese MAT1A odliSuje pacienty s mirnou a
pokrocilou NAFLD.

S vyuzitim databaze IPA jsme predikovali potencidlni upstream regulacni faktory, které
mohou modulovat genovou expresi ve steatéznich jatrech véetné FXR-RXRa, NR1H4, RXRa,
HNF1a, a INSR (obr. 5.2). S vyjimkou INSR patii tyto transkripéni faktory do rodiny ,,liver-
enriched transcription factors®, které fidi expresi typickych jaternich enzymu (206). Ty
kontroluji procesy jako metabolismus glukézy a mastnych kyselin, syntézu koagulacnich
faktort, detoxifikaci (CYP450) a metabolismus zlu¢ovych kyselin.

FXR ligand-FXR-
Retinoic acid-RXRa

“SERPINAT -,
N/ N S

e

Sk

~
~

N\ A

Export of molecule Transport of carboxylic acid

Obrazek 5.2 Upstream reguldtory a cilové geny a procesy. ABCG1, ATP-binding cassette sub-family
G member 1; ABCG2, ATP-binding cassette super-family G member 2; ABCB11, ATP-binding
cassette, sub-family B member 11; ABCC2, ATP-binding cassette sub-family C member 2; FXR,
farnesoid X receptor; GC, vitamin D-binding protein; IGF-1, insulin like growth factor 1; INSR, insulin
receptor; HNF1A, hepatocyte nuclear factor 1 homeobox A; NR1H4, Nuclear Receptor Subfamily 1
Group H Member 4; PPARA, Peroxisome proliferator-activated receptor alpha; RXRA, retinoid X
receptor alpha; SERPINA?7, thyroxine-binding globulin; SLC7A2, solute carrier family 7 member 2;
SLC27Ab5, solute carrier family 27 member 5.

5.1.4 Cirkulujici miR-33a je nezavislym prediktorem steatozy Stépu

miRNA jsou malé nekddujici molekuly RNA, které se ucastni post-transkripéni regulace
genové exprese (207). Specificka interakce konkrétni miRNA a odpovidajici mRNA vede
vétsinou k negativni regulaci translace a syntézy proteinu kodovaného ptislusnou mRNA (208).
Vyskyt téchto miRNA neni omezen pouze na vnitfek buiiky, ale jsou nachizeny 1
Vv extracelularnich télnich tekutinach véetné krve (209). Mnoho miRNA je tkanové specifickych
a ukazuje se, ze mohou slouzit jako neinvazivni biomarkery riznych chorob v¢etné NAFL (210)
a NASH (211).

miR-33a se ucastni regulace lipidového metabolismu v jatrech (212, 213) a byla publikovana
zprava demonstrujici asociaci zvySenych sérovych hladin miR-33a s NASH u obéznich lidi

50



(214). Testovali jsme proto hypotézu, zda existuje vazba mezi sérovou koncentraci miR-33a a
steatdzou §tépu u pacientll po transplantaci jater. Prokazali jsme, ze obsah miR-33a Vv séru je
skute¢né o 17 % vyssi u pacientl s prokazanou steatézou $tépu (p=0,034) a 0 25 % vyssi u
pacientil S prokdzanym zanétem $tépu (p=0,003) nez u pacientl bez steatdzy a bez zanétu, resp.
S pouzitim multivariantni regresni analyzy jsme zjistili, Zze sérové hladiny miR-33a jsou
nezavislym prediktorem jaterni steatozy (0dds ratio = 2,9) a zanétu (odds ratio = 4).

SHRNUTI HLAVNICH POZNATKU
1. Transkriptomicky profil steatdzniho a zdravého $tépu se [isi.
2. Odlisné regulované procesy zahrnuji:

* krevni srazlivost;

* syntézu a transport Zlu€ovych kyselin;

* redoxni homeostazu;

* metabolismus lipidQ, cholesterolu a aminokyselin;

* signalni drahy AMPK a glukagonu;

* transmetylacni reakce;

* zanétlivé procesy.

3. Obsah miRNA33a v séru je nezavisly prediktor steatdzy a zanétu jaterniho stépu.
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5.2 PARENTERAL NUTRITION-ASSOCIATED LIVER DISEASE (PNALD)

Parenteralni vyziva (PN) predstavuje zivot zachranujici nutricni podporu v situacich, kdy
vyziva enteralni cestou neni mozna nebo nepokryva kalorickou potiebu. Bohuzel, PN je
provazena fadou negativnich vedlejSich dopadl, k nimz patfi i zdvazné posSkozeni jater,
PNALD. Etiologie rozvoje PNALD neni dosud pln¢ znama, ale nesporné se na ni podili i druh,
mnozstvi a frekvence aplikace lipidové emulze. Prvni lipidovd emulze pouzivand v PN
(Intralipid) byla zalozena na ®-6 PUFA. Vedle nespornych vyhod (vysoka energetickd hodnota,
zdroj esencialnich mastnych kyselin, minimalizace metabolického stresu) vsak ®-6 PUFA
slouzi jako prekurzory pro syntézu prozanétlivych prostaglandinti a pouzivani Intralipidu bylo
spojeno se zvySenymi projevy zanétu a oxidaéniho stresu v jatrech. Dalsi meznik predstavovalo
zavedeni ®-3 PUFA do parenteralnich smési, které se na klinické urovni projevilo Casto
zlepSenim stavu pacientti. Mechanismus pozitivniho vlivu -3 PUFA pii PNALD vs$ak neni
dosud s jistotou objasnén.

V této studii jsme se zaméfili na detailni popis jaterniho lipidomu, proteomu a spektra
zlucovych kyselin v zavislosti na typu lipidové emulze (0-6 vs ®-3 PUFA) a zptisobu podéani
(enteralni vs parenteralni cesta) na zvifecim modelu (potkan). Cilem bylo identifikovat
potencialné vyznamné markery nebo procesy, které mohou pfispivat k rozvoji PNALD. Studie
provedena na lidskych pacientech byla zacilena na identifikaci cirkulujicich miRNA, které by
mohly slouZit jako neinvazivni marker stupné poskozeni jater a rozvoje PNALD.

5.2.1 Charakteristika jednotlivych skupin

Potkani kmene Wistar byli rozdéleni do péti skupin: kontroly (Plasmalyte i.v., granule per 0s);
ENIL (Plasmalyte i.v., Intralipid per os, granule per 0s); ENILOV (Plasmalyte i.v., Intralipid +
Omegaven per os, granule per 0s); PNIL (nutri¢ni smés + Intralipid i.v.); PNILOV (nutri¢ni
smés + Intralipid + Omegaven i.v.). Smés Intralipid je zalozena na sdjovém oleji, ptipravek
Omegaven obsahuje pouze EPA a DHA v poméru 1:1. VSechny nutri¢ni rezimy byly kaloricky
srovnatelné (251 kJ/den), experiment trval dva tydny. V zadné experimentalni skupiné jsme
nepozorovali vyznamné poSkozeni jater (normalni hladiny ALT a AST). V obou skupinach na
parenteralni vyzivé jsme zjistili zvySeni sérového bilirubinu, v pfipadé PNIL statisticky
vyznamné (p<0,05), v pfipad¢ skupiny PNILOV se jednalo pouze o trend (p=0,056).
Parenteralni podavani obou lipidovych smési bylo spojeno s jaterni steatdzou, kterd byla
vyznamné vys$i ve skupiné PNIL ve srovnani s PNILOV (tab. 5.2). Histologické hodnoceni
toto pozorovani potvrdilo.

Tabulka 5.2 Charakteristika experimentdlnich skupin. prot, protein. “p<0,05 vs kontroly;
#p<0,05 vs ENIL; T p<0,05 vs PNIL; *p<0,05 vs ENILOV.

Kontroly ENIL ENILOV PNIL PNILOV
ALT 0,7+0,2 0,7+0,1 0,9+0,3 0,4+0,1 0,5+0,2
pkat |
. AST . 2.5+0,7 1,8+0,3 1,9+0,4 2,3+0,8 2,1£0,5
e pkat |
3 TAG ; 0.7+0,2 0,6+0,2 0,4+0,2" 0,6+0,1 0,5+0,3"
mmol |
celkov_}i bilirubin 1,540,3 1,440,6 1,6+0,7 2,3+0,4*# 2,1+£0,6
pmol |
ﬁiﬁé‘?ﬁ”'mb'“ 0,640,2 06:03  05:0,1 1340,2%  07402'
TAG 33413 3,042.0 41421 47 8+21%# 13,1 + 8,57

Jatra

pmol mg prot?




5.2.2 Parenteralni vyZiva, oxidacni stres a markery zanétu v jatrech

Oxida¢ni stres jsme hodnotili na zaklad¢ obsahu malondialdehydu (MDA) v jatrech,
antioxida¢ni kapacity a exprese n€kterych genti asociovanych s oxida¢nim stresem (tab. 5.3).
U enterdlné krmenych zvifat jsme neprokazali zadné znamky oxida¢niho stresu v jatrech.
Parenteralni vyziva rovnéz nevedla K vyznamnému zvysSeni obsahu MDA, ale u obou skupin
jsme zjistili vyznamné zvySeni exprese nékterych genti nebo proteint pozitivné regulovanych
oxida¢nim stresem. Na trovni exprese mRNA se jednalo o hemoxidazu (Hmox-1), NAD(P)H
dehydrogenazu (chinon) 1 (Ngol) a glutamat-cystein ligazu (Gclc). U dvou posledné
jmenovanych enzymu jsme pozorovali 1 zvySeny obsah odpovidajicich proteinii. Exprese
mRNA prozanétlivych cytokinii Ccr2 (C-C motif chemokine receptor 2) a IL-74 (interleukin
1 beta ) byla zvySena pouze ve skupiné PNIL. Exprese IL-8 (interleukin 8) mRNA byla zvys$ena
ve skupinach PNIL i PNILOV vzhledem ke kontroldm, ale ve skupiné PNILOV doséahla pouze
polovi¢ni hodnoty ve srovnéani s PNIL.

Tabulka 5.3 Markery oxidacniho stresu a zanétu v jatrech. Exprese cilovych genti je kvantifikovana
pomoci AACt metody, po normalizaci na referencni gen; pramér Ct kontrolni skupiny slouzi jako
kalibrator. Kvantifikace proteinti je odvozena z intenzity signalu. Ccr2, C-C motif chemokine receptor
2; 11-1pB, interleukin 1 beta; IL-8, interleukin 8; Gclc, glutamat-cystein ligaza, katalyticka podjednotka;
Hmox1, hemoxidaza, MDA, malondialdehyd; Ngol, NAD(P)H dehydrogenaza (chinon) 1; TNFa,
tumor necrosis factor alpha. “p<0,05 vs kontroly; #p < 0,05 vs ENIL; Tp<0.05 vs PNIL; #p<0.05 vs
ENILOV; 4p<0.05 vs PNILOV.

Kontroly ENIL ENILOV PNIL PNILOV
MDA
umol gt 1,5+0,8 0,5+0,2 1,6£2,0 1,7+1,6 1,815
antioxidacni .
[ 125413 12720 11912 96+12 113423
Gcele 5 ig s x 5 .
MRNA 1,00, 1,2+0,1% 0,9+0,3 1,6+0,4 3+0,3
GCIC T& 1,& * *
protein 226+42 253424" 2344120 415481 465+153
r':??ﬁﬁ 1,0+0.1 0,740,1°¢ 0,8+0,1"& 2,3%0,6" 2,140,7"
grrc?t(t)e)i(n1 62+9% 63+5% 63+7% 72488 106:24"
naoL 1,005 1,040,7"4 1,0£0,47% 32409" 43417
Erqo?;n 128+48 99+541& 95+55h& 236491" 199+52"
EngZNA 1,0+0,2 1,0+0,3' 0,9+0,2" 3,0£1,7" 1,140,2"
grcc:tzein 1,00,2 0,7+0,11 0,9+0,3 1,8+0,2" 0,9+0,1
:TI]_REL A 1,0+0,6 0,4+0,4"1& 0,4+0,1"1& 5,9+2,8" 2,6+0,9%
;NRII:\I(),LA 1,0+0,4 0,6+0,3 0,7+0,3 1,14+0,5 0,9+0,5
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5.2.3 Spektrum Zlucovych kyselin v jdatrech

Celkem jsme v jatrech identifikovali 15 zluCovych kyselin. Deset z nich bylo srovnatelné
zastoupeno ve vSech skupinach. Obsah kyseliny glykochenodeoxycholové (gCDCA),
deoxycholové (DCA), glykodeoxycholové (QDCA) a litocholové (LCA) byl vyssi, zatimco
obsah kyseliny tauroursodeoxycholové (tUDCA) nizsi ve skupiné PNIL ve srovnani se v§emi
ostatnimi skupinami. Skupina PNILOV byla co do spektra zlucovych kyselin srovnatelna se
skupinami na enteralni lipidové vyzivé a kontrolami.

5.2.4 SloZeni jaterniho lipidomu

V jatrech jsme identifikovali 456 lipidovych signalti. Pomoci ANOVA testu jsme identifikovali
435 signall, které se vyznamné (p<0,05; FDR<O0,1) lisily alespont mezi dvéma skupinami.
Multivariantni statistickd analyza potvrdila separaci vzorka jak podle druhu lipidové emulze,
tak podle zpusobu aplikace (obr. 5.3A). Hierarchické shlukovani potvrdilo tento vysledek,
pii¢emz zpisob aplikace je nadfazen druhu emulze (obr. 5.3B).

Daéle nas zajimalo, které konkrétni lipidy jsou charakteristické pro zptsob podavani nebo druh
lipidové emulze. Nezavisle na slozeni emulze, parenteralni aplikace byla asociovana s vysoce
zvySenym (100nasobn¢) obsahem esterti hydroxy-mastnych kyselin (FAHFA) a naopak
snizenym obsahem fosfatidylcholinu (PC) (20:0/20:4). Charakteristickym rysem enteralné
podavaného Intralipidu (ENIL) ve srovnani s parenteralné podavanym Intralipidem (PNIL) a
kontrolami je zvySeny obsah oxidovanych mastnych kyselin (18:2 + O; 22:4 + O; 20:4 + O;
20:5 + O, 18:3 + O) a fosfatidylglycerolu obsahujiciho arachidonovou kyselinu (AA) (20:4).
Parenteralni aplikaci Intralipidu charakterizuje snizeny obsah n¢kterych fosfolipida
obsahujicich AA vétSinou v kombinaci s mastnymi kyselinami s lichym poc¢tem uhliki a
zvySeny obsah fosfolipidii obsahujicich kyselinu linolenovou, dokosapentaenovou (22:5 FA),
DHA and kyselinu dihomo-y-linolenovou (20:3). Parenteralni podavani ®-3 PUFA (PNILOV)
bylo asociovano se zvySenou koncentraci DAG obsahujicich DHA a snizenym obsahem DAG
obsahujiciho AA.
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Obrazek 5.3 Slozeni lipidomu v jatrech. A: PCA. Vzorky byly analyzovany v dubletech. B: Lipidomova
heatmapa a shlukovaci dendrogram. Vzorky jsou barevné kodovany podle piislusnosti ke skupinam.
Pievzato z Bechynska K. et al. doi: 10.1038/s41598-019-54225-8.

Vliv druhu lipidové emulze, tj. srovnani skupin ENIL vs ENILOV a PNIL vs PNILOV, se
dle ocekavani projevil zvySenym obsah rtiznych druhti lipid obsahujicich kyseliny EPA (20:5)
a DHA (22:6) v jatrech zvifat, kterym byly podavany -3 mastné kyseliny, a dale zvySenym
obsahem oxidované¢ formy DHA (22:6+0). Lipidy nejvice diskriminujici mezi ENIL a
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ENILOV skupinami byly kyselina dihomo-y-linolova, EPA a dokosatetracnova kyselina 22:4
(zvysené v ENIL) a fosfolipidy a plasmenyly obsahujici kyseliny AA a dokosatetraenova
(zvysené v ENILOV). Pfi srovnani parenterdlné¢ podavanych emulzi se jako nejvice
diskriminujici jevily FAHFA. Ackoliv byly tyto slouCeniny dramaticky zvySeny v jatrech vSech
parenteralné krmenych zvitat, podavani o-3 PUFA jejich obsah ve srovnani s emulzi zalozenou
pouze na -6 PUFA vyznamné snizilo. Ve srovnani s PNIL jsme ve skupiné¢ PNILOV
pozorovali vyznamn¢ zvySeny obsah DHA a lipidi obsahujicich DHA.

5.2.5 SloZeni jaterniho proteomu

V jatrech jsme identifikovali 3439 proteinti. Pomoci ANOVA jsme vybrali 1560 proteint,
jejichz abundance se signifikantné lisila (p<0,01, FDR 0.1) mezi alesponi dvéma skupinami.
Multivariantni analyza prokazala jasnou separaci kontrol, PNILOV a PNIL skupin. Skupiny
ENIL a ENILOV vytvofily jeden homogenni shluk oddéleny od ostatnich. Hierarchické
shlukovani ukazalo jasnou separaci vSech skupin, pfi¢emz metoda aplikace lipidové emulze
byla nadfazena jejimu slozeni (obr. 5.4). Pouziti fizené multivariantni analyzy nam umoznilo
identifikovat nejvyznamnéjsi proteiny piispivajici k separaci jednotlivych experimentalnich
skupin od kontrol. Pomoci KEGG databaze jsme se tyto proteiny snazili pfifadit konkrétnim
metabolickym drahdm. Ve srovnani s kontrolami, enteralni podavani obou lipidovych emulzi
ovlivnilo jaterni proteom méné neZ parenteralni. Ve skupiné ENIL bylo odli$né regulovanych
40 proteint, 8 z nich ptislusi ke c¢tyfem vzajemné se piekryvajicim draham (terpenoid backbone
biosynthesis; synthesis and degradation of ketone bodies; butanoate metabolism; valine, leucine
and isoleucine degradation). Ctyfi proteiny se Glastni syntézy acetoacetyl-CoA. Skupina
ENILOV se od kontrol lisila v 33 proteinech, které se ale nepodatilo zatadit do metabolickych
drah. PNIL skupina se od kontrol odliSovala v abundanci 134 proteint, které spadaji Sirokého
spektra metabolickych drah zahrnujicich metabolismus sacharidii (propanoate and butanoate
metabolism), aminokyselin (tryptophan, valine, leucine, izoleucine biosynthesis and
degradation), mastnych kyselin, terpenoidu, steroidt a retinolu. Nékteré z drah se piekryvaji se
skupinou ENIL, ale specifickym rysem skupiny PNIL je deregulace proteinti patticich do
rodiny CYP450. Ve skupiné¢ PNILOV jsme identifikovali 305 odlisn€ exprimovanych protein.
Identifikovali jsme ¢tyfi metabolické drahy (chemical carcinogenesis, glutathione metabolism,
metabolism of xenobiotics by CYP450 a drug metabolism-CYP450). Dominantnim proteinem
byla glutathion-S-transferaza, ktera je soucasti vSech téchto drah.
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Obr. 5.5 znazornuje kvantitativni zmény v zastoupeni proteint, které spadaji do odlisné
regulovanych metabolickych drah. Vétsina enzymi, které se podili na degradaci nebo syntéze
transportu mastnych kyselin (CD36) a uchovavani mastnych kyselin (PLIN2) byly vyznamné
zvySeny ve vSech experimentalnich skupindch, zatimco lysozomalni fosfolipaza A2
(PLA2G15) byla zvySena pouze ve skupinach suplementovanych -3 PUFA. Klicové enzymy
glukozového metabolismu (glukokinaza, hexokinaza 3, fosfoenolpyruvat karboxylaza 2) byly
zvySeny pouze u parenterdln¢ krmenych zvifat. VSechny enzymy tucastnici se metabolismu
xenobiotik a metabolismu glutathionu byly vyznamné mén¢ exprimovany ve skupiné¢ PNILOV.
Deset proteinii spadajicich do rodiny CYP450 bylo deregulovano v dasledku intervenci
studovanych v tomto pokusu, ale nelze vysledovat jednoznacny vzorec urcujici tyto zmeny.

PUFA (AA, EPA a DHA) slouzi jako prekurzory pro syntézu bioaktivnich lipidi. Prvnim
stupném jejich syntézy je uvolnéni piislusné mastné kyseliny z pozice sn-2 membranoveé
vazaného fosfolipidu nebo diacylglycerolu, druhym jejich konverze katalyzovana jednim ze tii
systému COX (cyclooxygenaza), LOX (lipooxygenaza) nebo cytochrom P-450 (CYP450)
(CYP2C, CYP2J, CYP4A). AA je metabolizovana vSemi enzymatickymi systémy srovnateln¢,
ale EPA a DHA jsou metabolizovany téméf vyluéné prostiednictvim CYP450. EPA a DHA tak
soutézi s AA o katalytickou aktivitu CYP450. Kombinace dostupnosti prekurzoru spolu
s aktivitou enzymatického systému urcuje vysledné sloZeni produkovanych mediatort a
kone¢ny biologicky efekt. Funkéné jsou produkované metabolity velmi heterogenni, ale lze
S jistym zjednodusenim predpokladat, Ze mediatory odvozené od AA jsou spiSe prozanétlivé a
smé&si obohacené 0 ®-3 mastné kyseliny vede k vyznamnému zvySeni obsahu fosfolipidi a
DAG obsahujicich EPA a DHA, které mohou slouzit jako substrat pro syntézu bioaktivnich
lipidii. Rovnéz jsme prokazali zvySeny obsah oxidované DHA a EPA, které jsou produktem
konverze téchto mastnych kyselin prostfednictvim CYP450. V souladu s timto pozorovanim
jsme ve skuping, které byly ®-3 mastné kyseliny parenteralné podavany, prokazali i zvySeny
obsah enzymit CYP4A skupiny, které tuto reakci katalyzuji. Na zadkladé téchto zjisténi nabizime
hypotézu, Ze obohaceni nutri¢ni smési o ®-3 mastné kyseliny vede jak ke zvySené dostupnosti
substratu, tak 1 stimuluje aktivitu pfisluSnych enzymovych systéml, a moduluje vysledny

-----
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Metabolismus lipidt

Metabolismus sacharidi

ENIL |ENILOV| PNIL [PNILOV ENIL  [ENILOV PNIL  [PNILOV
Cypla2 1,1 1,1 -2 -1,3 HSD11B1 -1,4 -1,5 -1,3
Cypil7al 11,9 26,1 8,1 18,4 FMO1 1,8 1,4 -1,4 -1,9
Cyp2b2 9,6 29,8 4,9 20,5 FMOS5 1,0 1,2 -1,1 -1,6
Cyp2cil | 12 | 13 | 21 | 43 MGST3 14 14 23 -8
Cyp2el2 | 11 | 12 | 61 | 3.2 GSTM1 11 1,3 14 2,2
Cyp2dd | 12 | 17 | 47 | 44 GSTM2 11 -1,3 -1,8] -24
Cyp3a9 1,9 | 1,5 | 22 | -29
Cyp4alo 21 67 21 6,5 GSTM3 1,6 1,2 -1,2 -2,5
Cypdala 2,3 3,5 3,5 3,7 GSTA4 -1,1 -1,2 -1,4 -1,8
Cyp51al 14 33 GSTAS 1,1 -1,2 -1,5 -1,7
SULTIEL | 1,3 | 13 | 21 | 33 GSTK1 -100 -1,2] 1,5 -19
HSD17B7 | -1,4 | 2,0
STE2 10 | 20 | 31 | 39
PPT1 1,2 1,4 33 4,5 Metabolismus xenobiotik
ACOX1 =2 1,8 1,1 -2,3 ENIL ENILOV [PNIL PNILOV
ACADSB 1,2 1,0 -1,6 -2,0 LDHA 1,3 1,4 1,5 1,5
ACSL1 1,2 14 | 14 | 1,2 ACACB 12 13
ACADM | 11 | 14 | 12 | 11 ACSS2 1,5 -300 37 26
EHHADH | 1,3 | 34 | 11 | 19 VIEL S ER
FADS1 17 | 1,4 SN 209 |
FADS2 28 16 35 3,7 ALDH1B1 2,1 1,2 -1,3 1,4
HADH 1,1 1,4 1,0 -1,4 PKLR 12 -13 & a0
TECR 11 | 1,4 | 15 | 2,2 PCK1 L1 121 1,9 16
— = _ EEmE PCK2 a2 1,30 21 22
ACSL1 1,3 14 | 1,4 | 12 GCK 11 -13 24 2,2
APOA1 1,5 1,5 12 | -1,5 HK3 -7 -1,7 1,5 13
APOA?2 16 | 1,0 | -15 | -24
APOC 1,6 1,7 1,0 | -1,8
FABPS 16 | 29 | -1,1 | -1,0
CD36 89 | 172 | 99 | 151
PLA2G15 | -1,0 | 22 | -10 | 71
PLIN2 134 | 106 | 142 | 29,7

Obrazek 5.5 Exprese vybranych proteinii v jatrech. Hodnoty (x) pfedstavuji pomér intenzit signalu
proteinu (experimentalni vs kontrolni skupina), pokud x < 1 pouzili jsme rovnici -1/X. Jména genti jsou
piitazena dle HGNC guidelines. Cervené podbarvené hodnoty jsou zvysené a modfe podbarvené
hodnoty jsou snizené vzhledem k hodnotdm kontrolni skupiny. Intenzita barvy je imérna velikosti
zmény. ACACB, acetyl-CoA carboxylase beta; ACADM, acyl-CoA dehydrogenase medium chain;
ACADSB, acyl-CoA dehydrogenase short/branched chain; ACOX1, acyl-CoA oxidase 1; ACSL1, acyl-
CoA synthetase long chain family member 1; ACSS2, acyl-CoA synthetase short chain family member
2; ALDH1B1, aldehyde dehydrogenase 1 family member B1; APOA, apolipoprotein A; APOC,
apolipoprotein C; CD36, CD36 molecule; CYP, cytochrome P450 monooxygenase; ECI1, enoyl-CoA
delta isomerase 1; EHHADH, enoyl-CoA hydratase and 3-hydroxyacyl CoA dehydrogenase; FABP5,
fatty acid binding protein 5; FADS, fatty acid desaturase 1; FMO, flavin containing dimethylaniline
monoxygenase; GCK, glucokinase; GSTM, glutathione S-transferase mu; GSTA, glutathione S-
transferase A; GSTK1, glutathione S-transferase kappa 1; HADH, hydroxyacyl-CoA dehydrogenase;
HK3, hexokinase 3; HSD11B1, hydroxysteroid 11-beta dehydrogenase 1; HSD17B7, hydroxysteroid
17-beta dehydrogenase 7; LDHA, lactate dehydrogenase A; ME1, malic enzyme 1; MGST, microsomal
glutathione S-transferase 1; PCK, phosphoenolpyruvate carboxykinase; PKLR, pyruvate kinase L/R.



PLA2G15, phospholipase A2 group XV; PLIN2, perilipin 2; PPT1, palmitoyl-protein thioesterase 1;
SULTI1EL, sulfotransferase family 1E member 1; TECR, trans-2,3-enoyl-CoA reductase. Pievzato
z Bechynska K. et al. doi: 10.1038/s41598-019-54225-8.

5.2.6 miRNA jako neinvazivni markery PNALD

Na zaklad¢ dosud publikovanych udaji jsme vytipovali 52 miRNA, u kterych byla prokdzana
asociace s n¢kterym z téchto typt poskozeni jater: NAFLD, NASH, cholestaza. Do studie bylo
zatazeno 12 pacientd se syndromem kratkého streva, kteii byli sledovani v intervalu tfi mésict
po dobu dvou let. Jedenact pacienti mélo dlouhodobé zhorSenou funkci jater. Pii kazdé
navstéve bylo provedeno jak rutinni vySetieni funkce jater, tak byla odebrana krev na stanoveni
panelu miRNA. Sest miRNA bylo odli§né zastoupeno v séru zdravych jedincti a pacienti
s PNALD. Tii z nich (miR-122-p, miR-1273g, miR-500a) byly u pacientd zvySeny vzhledem
ke kontrolam, tfi (miR-505, miR-199a, miR-139) m¢ly naopak niz$i expresi. Abundance miR-
122-p v séru pozitivné korelovala s aktivitou ALT a AST, abundance miR-1273g korelovala
pozitivné s obsahem C-reaktivniho proteinu (CRP) a aktivitou gama-glutamyltransferazy
(GGT). Abundance miR-505, miR-199a a miR-139 korelovala negativné s aktivitou GGT.
Identifikovali jsme tak panel Sesti miRNA, jejichz vyskyt v krvi je vyznamné odliSny u pacientii
s PNALD a které koreluji s markery poskozeni jater a zadn¢tu. Validace na vétsi nezavislé
kohorté mize ovétit jejich klinicky vyznam pro zpiesnéni diagnostiky PNALD.

SHRNUTI HLAVNICH POZNATKU
1. Enteralni podavani lipidovych emulzi ma na metabolizmus jater mensi vliv nez parenteralni
aplikace.

2. Vyznamnym znakem asociovanym s parenteralné podévanou vyZivou je zvyseni obsahu
bioaktivnich lipid, FAHFA, v jatrech. Jejich funkce neni dosud znédma.

3. Parenteralni podavani w-3 PUFA vedlo ke snizeni jaterni steatdzy, normalizaci antioxidaéni kapacity
v jatrech a normalizaci, popf. snizeni markerQ zanétu.

4, Zarazeni w-3 PUFA do parenteralné podavanych nutriénich smési je asociovano s:

* vy$5im zastoupenim lipidG obsahujicich EPA a DHA;

* zvySenou abundanci CYP450 izoforem, které se mohou podilet na tvorbé bioaktivnich lipidQ;

* zvySenym zastoupenim oxidovanych EPA a DHA, které mohou byt jejich produktem a maji
potencialné protizanétlivé ucinky;

* snizenou abundanci CYP450 enzymd, které se U¢astni metabolizmu xenobiotik, coz maze
predstavovat regulaéni mechanizmus omezujici negativni dopady oxidace mastnych kyselin, tj.
zvySenou produkci ROS;

* normalizaci slozeni spektra zlu¢ovych kyselin v jatrech.

5. Tyto mechanizmy se mohou podilet na klinicky pozorovaném protektivnim Gcinku w-3 PUFA,

6. Abundance Sesti miRNA (miR-122-p, miR-1273g, miR-500a, miR-505, miR-199a, miR-139) v séru
koreluje s markety poskozeni jater a zanétu.
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6 ZAVER

Piedlozena habilitacni prace piispiva originalnimi védeckymi poznatky k problematice rozvoje
a terapie NAFLD. Rozsifuje znalosti v oblasti (dys)regulace metabolismu lipida v jatrech pfi
NAFLD indukované riznymi dietnimi intervencemi a pfispiva k pochopeni mechanismu
ucinku nékterych latek pouzivanych ve farmakoterapii. Zaméiuje se i na déje probihajici
Vv jatrech za specifickych patofyziologickych situaci (parenteralni vyziva, transplantace jater)
charakterizovanych rozvojem steat6zy.

V experimentalni ¢asti vénované metabolismu lipida v jatrech pii dietné indukované
steatdze shrnuji zejména poznatky tykajici se degradace intracelularnich lipida autofagicko-
lysozomalni cestou. V dobé¢, kdy se nase laboratoi tomuto tématu vénovala, se jednalo o zcela
novy koncept a naSe prace pomohly k prokazani této hypotézy. Na riznych modelech, napf.
subcelularni systémy, izolované hepatocyty i pokusy in vivo, jsme prokazali, ze lysozomalni
lipaza degraduje intracelularni triglyceridy a Ze v intaktnich buiikach je degradace lipidovych
kapének Vv lysozomech zavisla na procesu autofagie. Rovnéz jsme se zabyvali otdzkou mozné
deregulace téchto d&jt pti dietn€ indukované steatoze a jako prvni popsali mechanismus odlisné
regulace lysozomalnich déji a autofagie ve steatdznich jatrech. Ukazali jsme, jak tyto
mechanismy pfispivaji k udrzeni steatdzy. Nami vyvinuta metoda kvantifikace intenzity
autofagie (,,autofagy flux“) v podminkach in vivo byla zahrnuta i do mezinarodnich Guidelines
for monitoring of autophagy, kter¢ jiz dosahly n€kolika tisic citaci.

V casti zabyvajici se moznostmi farmakologické terapie NAFLD prezentuji vysledky
studia mechanismu ptsobeni dvou pouzivanych latek, 1é¢iva metforminu a dopliku stravy
karnitinu. V piipadé¢ metforminu jsme se zaméfili na zakladni vyzkum mechanismu jeho
plsobeni na subcelularni urovni a ukazali jsme zpusob, jakym interaguje s jednotlivymi
komponentami mitochondrialniho respira¢niho fetézce a jak ovliviiuje i déje nezavislé na
transformaci energie. Na zvifecim modelu jsme pak rozvedli tyto poznatky a demonstrovali jak
metformin, v disledku interakce s mitochondrialnim respira¢nim fetézcem, chrani jaterni tkan
pfed oxidacnim stresem. V pfipadé¢ karnitinu jsme na zvifecim modelu metabolického
syndromu (hereditarné hypetriglyceridemickych potkanech) prokazali jeho specificky vliv na
snizeni obsahu lipidt v jatrech. Navrhli jsme i mechanismus podminujici tento efekt, kterym je
regenerace volného koenzymu A v disledku zvySeného odsunu nadbyte¢nych mastnych
kyselin prostfednictvim vyluovani acylkarnitinii s kratkym fetézcem v moci.

NAFLD predstavuje i komplikaci nékterych patofyziologickych stavii. Jednim z nich je
steatoza jaterniho $té€pu u pacienttl, ktefi podstoupili transplantaci jater. Prospektivni studie
ukazuji, ze prevalence steatdzy je u transplantovanych pacient vyssi nez v bézné populaci a
zaroven, ze steatdoza Stépu je asociovand s krat§i dobou doziti. Vypracovani postupt
umoziujicich ¢asnou diagnostiku steatdozy tak miize prispét k v€asnému zahajeni 1éCby a
zvraceni neptiznivého vyvoje. VyuZili jsme pravidelnych protokolarnich biopsii realizovanych
u pacientil transplantovanych v IKEM a analyzovali jsme transkriptomicky profil steatozniho a
nesteatozniho $tépu. ldentifikovali jsme hlavni odlisné regulované geny a procesy souvisejici
se steatdzou. Po validaci na nezavislé kohorté mohou naSe poznatky napomoci k definici
biomarkert po€inajici steatozy Stépu.

wevr

zavislosti na parenteralni vyZzivé. Etiologie jejiho rozvoje je multifaktoridlni, ale nesporné se na
ni podili 1 druh, mnozstvi a frekvence aplikace lipidové emulze. V soucasnosti se pouzivaji
emulze zalozené na -6 nebo -3 mastnych kyselinach a jejich smési. Zadna z pouzivanych
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kombinaci neni bez vedlejSich ulinkli, ®-6 mastné kyseliny slouzi jako prekurzory
prozanétlivych cytokind, zatimco ®-3 mastné kyseliny mohou zvySovat riziko oxida¢niho
stresu vzhledem k vys$simu poctu dvojnych vazeb. V Centru experimentalni mediciny IKEM
jsme zavedli zvifeci model parenterdlni vyzivy a vyuzili jsme moznosti komplexni analyzy
(omics metody) jaterniho lipidomu, proteomu a profilu zlucovych kyselin k identifikaci
potencialné vyznamnych marker nebo procesu, které mohou pfispivat K rozvoji postizeni jater.
Prokazali jsme obecné prospéSny vliv zafazeni -3 mastnych kyselin do nutricni smési,
zejména ve smyslu sniZeni jaterni steatdzy, normalizaci antioxida¢ni kapacity a normalizaci,
resp. snizeni markerii zanétu v jatrech. Na zdklad¢ vysledkii analyz jsme navrhli mozné
mechanismy, které pozorované efekty w-3 mastnych kyselin vysvétluji.
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8 SEZNAM ZKRATEK

AA, arachidonic acid (kyselina arachidonova)

ABC transporters, ATP-binding cassette transporters
ACSLs, long-chain acyl-CoA synthetases

ALT, alanine aminotransferase (alaninaminotransferazaaza)
AMPK, AMP-activated protein kinase

ANOVA, analysis of variance

AOX, acyl-coenzyme A oxidase (acylkoenzym A oxidaza)
ApoE, apolipoprotein E

ApoF, apolipoprotein F

Asn, asparagine (asparagin)

AST, aspartate aminotransferase (aspartaitaminotransferaza)
ATGL, adipose triglyceride lipase

ATP, adenosine triphosphate (adenosintrifosfat)

ATP1A1, sodium/potassium-transporting ATPase subunit alpha-1

BAI operon, bile-acid inducible operon

BMI, body mass index (index télesné hmotnosti)

BSA, bovine serum albumin (hovézi sérovy albumin)
BSH, bile salt hydrolase (hydrolaza Zlucovych kyselin)
B2M, beta-2 microglobulin (beta-2 mikroglobulin)

CCly, chlorid uhli¢ity, tetrachlormetan

Ccr2, C-C motif chemokine receptor 2

CDAA, choline-deficient amino acid (diet) (cholin-deficitni aminokyselinova (dieta))
CoA, coenzyme A (koenzym A)

COX, cyclooxygenase (cyklooxygenaza)

CQ, chloroquine (chloroquin)

CRP, C-reactive proteine (C-reaktivni protein)

CVD, cardivascular disease (kardiovaskularni choroba)

CYP 450, cytochrome P-450 (cytochrom P-450)

Cyt C, cytochrome C (cytochrom C)

DAG, diacylglycerole (diacylglycerol)

DAVID, Database for Annotation, Visualization and Integrated Discovery
DCA, deoxycholic acid (kyselina deoxycholova)

DCFDA, dichlorofluorescin diacetate

Dgatl, diacylglycerol O-cyltransferase 1 (diacylglycerol O-acyltransferaza 1)
DHA, docosahexanoic acid (kyselina dokosahexaenova)

DNAJC1, DnaJ homolog subfamily C member 1

EPA, eicosapentaenoic acid (kyselina eikosapentaenova)
EPR, elektronové paramagnetické rezonance

FABP, fatty acid binding protein

FAHFA, fatty acid esters of hydroxy fatty acids (vétvené estery mastnych kyselin)
FCS, fetal calf serum

FFA, free fatty acids (volné mastné kyseliny)

FXR, farnesoid-X-receptor
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GCLC, glutamate-cysteine ligase, catalytic subunit (glutamat-cystein ligaza, katalyticka
podjednotka)

GGT, gamma-glutamyl transferase (gama-glutamyl transferaza)

GIP, gastric inhibitory polypeptide

GLP-1, glucagon-like peptide-1

GOl, gene of interest

GR, glutathione reductase (glutathion reduktaza)

GSH, glutathione (glutathion)

GSH-Px, glutathione peroxidase (glutathion peroxidaza)

GSSG, oxidized state of glutathione (oxidovany glutathion)

gCDCA, glykochenodeoxycholic acid (kyselina glykochenodeoxycholova)
gDCA, glykodeoxycholic acid (kyselina glykodeoxycholova)

HCC, hepatocellular carcinoma (hepatocelularni karcinom)

HCV, hepatitis C virus (virus hepatitidy C)

HDL, high density lipoprotein (lipoproteiny o vysoké hustote)

HFD, high-fat diet (vysokotukova dieta)

HHTg, hereditary hypertriglyceridemic (rat) (hereditarn€ hypetriglyceridemicky potkan)
HL, hepatic lipase (jaterni lipaza)

HMG-CoA syntaza, hydroxymethylglutaryl-CoA synthase (hydroxymethylglutaryl-CoA
syntaza)

Hmox-1, heme oxygenase 1 (hemoxidaza)

HOMA index, homeostatic model assessment

HSD, high-sucrose diet (vysokosachar6zova dieta)

HSD17B13, hydroxysteroid 17-beta dehydrogenase-13

IL-1 B, interleukin 1 beta
IL-8, interleukin 8

I/R, ischemie/reperfluze
IPA, ingenuity pathways
I.v., intravenozni

JNK, c-Jun N-terminal kinase (c-Jun N-terminalni kinazy)

KEGG, Kyoto Encyclopedia for Genes and Genomes
KO, knock-out
KRB, Krebs-Ringer bicarbonate

LAL, lysosomal lipase (lysozomalni lip4za)

LAMA, laminin subunit alpha

LCA, lithocholic acid (kyselina litocholova)

LC3, microtubule-associated protein 1A/1B-light chain 3
LD, lipid droplets (lipidové kapénky)

LDL, low-density lipoprotein (lipoproteiny o nizké hustote)
LOX, lipoxygenase (lipooxygenaza)

LPL, lipoprotein lipase (lipoproteinova lipaza)

LPS, bacterial lipolysaccharide (bakterialni lipopolysacharid)
LXR, liver X receptor
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MAFLD, metabolic-associated fatty liver disease

MAG, monoacylglycerole (monoacylglycerol)

MAT1(2), CDK-activating kinase assembly factor MAT1(2)

MBOAT?7, membrane-bound O-acyltransferase domain-containing protein 7

MCD, methionine/choline deficient (diet) (metionin/cholin deficitni (dieta))

MDA, malondialdehyde (malondialdehyd)

mMiRNA, microRNA (mikroRNA)

MGAT/DGAT, monoacyl-/diacylglycerol transferase (monoacyl-/diacylglycerol transferaza)
mGPDH, mitochondrial glycerol-3-phosphate dehydrogenase (mitochondrialni glycerol-3-
fosfat dehydrogenéza)

MK, mastné kyseliny

mtDNA, mitochondrial DNA (mitochondridlni DNA)

MTPT, mitochondrial permeability transition pore (pfechodovy por mitochondrialni
permeability)

MUFA, monounsaturated fatty acid (mononenasycené mastné kyseliny)

NADH, nicotinamide adenine dinucleotide (nikotinadenindinukleotid)

NAFLD, non-alcohol fatty liver disease (nealkoholova tukova choroba jater)
NAFL, non-alcohol fatty liver (prosta jaterni steatoza)

NASH, steatohepatitis (steatohepatitida)

NF-«B, nuclear factor kappa B (nuklearni faktor kappa B)

NQO1, NAD(P)H quinone dehydrogenase 1 (NAD(P)H dehydrogenaza (chinon) 1)
Nrf2, nuclear factor-erythroid 2-related factor 2

PC, phosphatidylcholine (fosfatidylcholin)

PCOLCEZ2, procollagen C-endopeptidase enhancer 2

PDH, pyruvate dehydrogenase (pyruvat dehydrogenaza)

PE, phosphatidylethanolamine (fosfatidylethanolamin)

PGC-1a, peroxisome proliferator-activated receptor gamma coactivator 1-alpha
PLIN2, perilipin 2

PN, parenteral nutrition (parenteralni vyziva)

PNALD, parenteral nutrition-associated liver disease

PNPLAZ3, patatin-like phospholipase domain-containing protein 3
PPAR, peroxisome proliferator-activated receptor

PPARGC1, PPARG coactivator 1 alpha

PTEN, phosphatase and tensin homolog

PUFA, polyunsaturated fatty acids (polynenasycené mastné kyseliny)

RC, respiratory control (respira¢ni kontrola)
ROS, reactive oxygen species (reaktivni slouc¢eniny kysliku)
RXR, retinoid X receptor

SCFA, short-chain fatty acids (mastné kyseliny s kratkym fetézcem)
SD, standard diet (standardni dieta)

SFA, saturated fatty acid (nasycené mastné kyseliny)

SOD, superoxide dismutase (superoxid dismutaza)

SREBP, sterol-regulatory element binding protein

S3-12, adipocyte specific protein

TAG, triacylglycerols (triglyceridy, triacylglyceroly)
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TBARS, thiobarbituric acid-reacting substance (latky reaktivni s kyselinou thiobarbiturovou)
TCA, tricarboxylic acid cycle (cyklus trikarboxylovych kyselin)
Tfam, mitochondrial transcription factor A

TGF, transforming growth factor beta

TGH/Ces triacylglacerol hydrolase/ carboxylesterase

TIP47, tail-inteacting protein 47 kDa

TLR, toll-like receptors

TMG6SF2, transmembrane 6 superfamily member 2

TNFa, tumor necrosis factor alpha

tUDCA, tauroursodeoxycholic acid (kyselina tauroursodeoxycholova)
T2D, diabetes 2. typu

UPR, unfolded protein response
VLDL, very low density lipoproteins (lipoproteiny o velmi nizké hustoté)
v.v., vlhka vaha

4-HNE, 4-hydroxy nonenal
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Summary

We present data supporting the hypothesis that the lysosomal-
autophagy pathway is involved in the degradation of intracellular
triacylglycerols in the liver. In primary hepatocytes cultivated in
the absence of exogenous fatty acids (FFA), both inhibition of
autophagy flux (asparagine) or lysosomal activity (chlorogquine)
decreased secretion of VLDL (very low density lipoproteins) and
formation of FFA oxidative products while the stimulation of
autophagy by rapamycine increased some of these parameters.
Effect of rapamycine was completely abolished by inactivation of
lysosomes. Similarly, when autophagic activity was influenced by
cultivating the hepatocytes in “starving” (amino-acid poor
medium) or “fed” (serum-supplemented medium) conditions,
VLDL secretion and FFA oxidation mirrored the changes in
autophagy being higher in starvation and lower in fed state.
Autophagy inhibition as well as lysosomal inactivation depressed
FFA and DAG (diacylglycerol) formation in liver slices in vitro. In
vivo, intensity of lysosomal lipid degradation depends on the
formation of autophagolysosomes, i.e. structures bringing the
substrate for degradation and lysosomal enzymes into contact.
We demonstrated that lysosomal lipase (LAL) activity in liver
autophagolysosomal fraction was up-regulated in fasting and
down-regulated in fed state together with the increased
translocation of LAL and LAMP2 proteins from lysosomal pool to
this fraction. Changes in autophagy intensity (LC3-II/LC3-I ratio)
followed a similar pattern.
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Introduction

The liver has an enormous capacity to store
excessive fat in the form of lipid droplets. Growing
evidence indicates that lipid droplets in the hepatocytes
are not the physiologically inactive particles but that the
liver is a site of a continuous lipolysis/reesterification
cycle of stored TAG (triacylglycerol). Most of the FFA
transported into hepatocytes are rapidly esterified and
must be released prior any further utilization, i.e. for
oxidation or VLDL particles assembly, by lipolysis
(Zechner et al. 2005, Lankester et al. 1998, Yang et al.
1995). Thus, the lipolysis is an important part of
hepatocellular TAG metabolism, but little is known
about the lipases responsible for controlling hepatic
TAG hydrolysis or about how this process is regulated.
Several lipases have been identified in rat liver.
(TGH, EC 3.1.1.1) is
expressed in the liver as well as in the heart, kidney,

Triacylglycerol hydrolase
small intestine and adipose tissue and localizes to the
endoplasmic reticulum and lipid droplets (Dolinsky et
al. 2004). Adipose triglyceride lipase (ATGL, alias
PNPLA2, desnutrin, FP17548, TTS-2.2) is expressed
predominantly in adipose tissue but its expression in the

liver is relatively low (Haemmerle et al. 20006).
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Lipolytic activity in a low pH range (4.5-5) in the liver
was first demonstrated by Vavrinkova and Mosinger
(1965). The lipase responsible for this phenomenon is of
lysosomal origin (lysosomal lipase, LAL, EC 3.1.1.13).
Its involvement in endogenous TAG degradation was
first demonstrated by Debeer ef al. (1979) who showed
on isolated hepatocytes that lysosomotropic agents
(chloroquine or NH4Cl) that
elevation of

inactivate lysosomal

enzymes via intralysosomal pH
significantly inhibited ketogenesis from endogenous
(intracellular TAG) but not exogenous (added oleate)
sources. Furthermore, Kalopissis and colleagues
demonstrated in the same model that in the absence of
exogenous fatty acids chloroquine not only reduced
ketogenesis but also attenuated VLDL secretion
(Francone et al. 1992). The essential role of LAL in
TAG hydrolysis in the liver was confirmed in a LAL
null mice model. Lal/ -/~ mice exhibited massive TAG
and cholesterol storage in the adult liver, adrenal glands
and small intestine, severe hepatosplenomegaly and

shortened life span (Du et al. 2001). This phenotype

could be reversed by LAL cDNA adenoviral
transfection (Du ef al. 2002)
The main objection made against LAL

involvement in the degradation of intracellular lipid
droplets was the different intracellular localisation of
lipolytic enzyme (LAL sequestered in lysosomes) and
substrate (lipid droplets in cytoplasm). Only recently did
Singh et al. (2009) bring evidence supporting the
hypothesis that lipid droplets in hepatocytes can enter
the autophagic degradation pathway in the same manner
as damaged proteins or organeclles via formation of
autophago(lipo)somes that carry the cargo to the final
degradation in lysosomes. The intensity of autophagy is
linked with the
up-regulated in starvation and suppressed in nutrient

closely nutrient sensing being

excess. The regulatory and functional similarities
between autophagy and lipolysis indicate that autophagy
may contribute to the TAG breakdown in the liver.

The aim of our study was to address the issue
concerning the contribution of autophagy-lysosomal
pathway to intracellular lipid degradation in the liver. We
determined the effect of autophagy inhibition/stimulation
alone or in combination with lysosomal inactivation in
the formation of lipid degradation products in primary
hepatocytes and liver slices incubated in vitro. We further
assessed the correlation between the effect of starvation
on both autophagy intensity and lysosomal lipid

degradation in the liver in vivo.

Material and Methods

Animals and experimental protocol
Male (AnLab, Prague; b.wt.
300420 g) were kept in temperature-controlled room at

Wistar rats

12:12-h light-dark cycle. Animals had free access to
drinking water and standard chow-diet if not stated
otherwise. All experiments were performed in agreement
with the Animal Protection Law of the Czech Republic
311/1997 which is in compliance with Principles of
Laboratory Animal Care (NIH Guide to the Care and Use
of Laboratory Animals, 8" edition, 2011) and were
approved by the ethical committee of the Institute for
Clinical and Experimental Medicine. Animals designed
as “starved” were deprived of food 24 hrs prior the
experiment, “fed” animals had free access to food.

Preparation and cultivation of primary hepatocytes

The cells were prepared as described before
(Rousar et al. 2009). Briefly, rats were narcotized, the
abdomen was opened and heparin was injected into
v. cava inferior. Cannula was fixed in v. portae and the
liver was than perfused by solution without Ca®* and
collagenase (137 mM NaCl; 5.4 mM KCI; 0.4 mM
MgSQOy4; 0.35 mM Na,HPO,; 0.45 mM KH,PO,; 26 mM
NaHCO;; 0.5 mM EGTA; pH=7.4). Next, the liver was
removed from the rat and perfused by solution with Ca**
and collagenase (Sigma) (137 mM NaCl; 5.4 mM KCI;
0.4 mM MgSO,4; 1 mM HEPES; 4 mM CaCl,; 0.25 g/l
collagenase; pH 7.4) for 15 min. The liver was placed
into Krebs-Henseleit medium and the tissue was
disintegrated by slow shaking. Cell suspension was
filtered through gauze and washed three times. Isolated
hepatocytes were suspended in Williams’® medium E
supplemented with 10 % fetal bovine serum (FBS) and
plated in collagen-coated 25 cm” T-flask, at the density of
4x10° cells per flask. The viability of the hepatocytes was
>86 %
exclusion. After adherence, the medium was changed and

determined according to the Trypan Blue

the cells were incubated overnight under conditions
promoting TAG accumulation in Williams" medium E
supplemented with 0.6 mM oleic acid conjugated to
bovine serum albumin (Sigma), 10 % FBS, 100 nM
dexamethasone, 2 mM glutamine, 1 mM pyruvate,
10 mM lactate, 80 mU/ml insulin (Humulin R, Eli Lilly).
During this “pulse” period, the newly synthesized TAG
were labeled by '“C-oleate (S.A.1 x 10° dpm/ pmol).
After 18 hrs, the medium was removed and replaced with
non-radioactive medium (“‘chase”). During this period the
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cells were kept either in starving (amino acid-poor
Williams™ medium E supplemented only with 1 mM
pyruvate) or in fed conditions (the same medium
supplemented with 10 % FBS, 20 mM glutamine, 10 mM
lactate, 80 mU/ml insulin). The cells were incubated for
further 6 hrs in the medium alone or in the presence of
autophagy flux inhibitors asparagine 20 mM, autophagy
stimulator rapamycine 100 nM or inhibitor of lysosomal
activity chloroquine 500 uM (Berg ef al. 1998).

Determination of lipid degradation products in primary
hepatocytes

At the end of the chase period, the incubation
medium was collected; the cells were quickly frozen by
immersion of the cultivation flask into liquid nitrogen and
then stored in —40°C until the analysis. For the
determination of TCA (tricarboxylic acid cycle)
intermediates content, the hepatocytes were homogenised
by sonication (2 x 30 sec, Hielsler ultrasonic homogeniser
UP200S, Teltow, Germany) in 150 mM NaCl, extracted
by petroleum ether and the radioactivity remaining in the
water fraction was counted. According to Kawamura
(Kawamura et al. 1981) this fraction represents mostly
TCA cycle intermediates (>80 %) and minor part are
amino acids derived from FFA via TCA cycle (<20 %).
The 'C oleate incorporation into VLDL was determined
in chlorophorm extract of the incubation medium. The
conversion of '*C oleate into secreted water-soluble
oxidation products (i.e. predominantly ketone bodies)
was assessed according to the radioactivity remaining in
the aqueous fraction of incubation medium after

chlorophorm extraction.

Determination of FFA and DAG production in liver slices
in vitro

Another set of experiments was designed to
assess the effect of autophagy inhibition or lysosomal
inactivation on FFA and DAG production in liver slices
ex vivo. Precisely cut liver slices (150+8 mg; approx.
I mm width) were incubated in Krebs Ringer phosphate
medium (2 ml) supplemented with 0.01 M KCN for
2 hours. As KCN prevents oxidation of released FFA
their accumulation in the tissue serves as the indicator of
lipolysis. At the end of the incubation period, the tissue
was frozen in liquid nitrogen and stored in —80 °C until
the analysis. The linearity of the assay was tested up
3 hours of incubation. Samples were grinded in
aluminum mortar precooled in liquid nitrogen. Lipids

were extracted by Folch method (Folch et al. 1957). The

fractions of diacylglycerols (DAG) and nonesterified
fatty (FFA) were
chromatography (TLC) according to Roemen and van der

acids separated by thin-layer
Vusse (1985). Authentic lipid class standards were
spotted on the outside lanes of the TLC plates to enable
localization of sample lipid fractions. The gel bands
corresponding to the standards were scrapped from the
fresh then
transmethylated in 14 % methanolic boron trifluoride
(Sigma) at 100 °C for either 2 (FFA) or 10 (DAG)

minutes. The content of resulting fatty acid methyl esters

plates, transferred into tubes and

was determined by means of gas-liquid chromatography
as previously described in detail (Nawrocki et al. 2004).
Heptadecanoic acid and 1,2-diheptadecanoin (Larodan
Fine Chemicals) were used as internal standards.

Preparation of lysosomal and phagolysosomal fractions

Lysosomes and autophagolysosomes were
separated according to their density by differential
centrifugation (Seglen et al. 1985). The liver homogenate
(20 % wt/vol) was prepared by homogenization of liver
tissue in 0.25 M sucrose; 0.001 M EDTA pH=7.4; heparin
7 IU/m, 1 mM PMSF, leupeptin 10 ng/ml, aprotinin
The crude

impurities were removed by brief centrifugation at 850 g.

10 pg/ml by teflon pestle homogenizer.

Fat cake and all traces of fat remaining on the tube walls
were carefully removed in order to prevent contamination
of the homogenate. An aliquot of the homogenate was kept
at 4°C until lipase assay (max. 2 hour), the rest was
centrifuged for 10 000 g 20 min 4 °C and the resulting
pellet and supernatant were separated. The supernatant
preferentially contains the less dense lysosomes with
higher TAG content (“autophagolysosomes”, PhL), the
pellet is formed by more dense particles.

Determination of autophagy flux

The most frequently used autophagy marker is
the quantification of microtubule-associated protein 1
light chain 3 (LC3). LC3 is initially synthesized in an
unprocessed form, proLC3, which is converted into
proteolytically processed form lacking amino acids from
the C-terminus, LC3-I, and is finally modified into a
LC3-II.
LC3-II is the only protein marker that is reliably

phosphatidylethanolamine-conjugated  form,
associated with phagophores, sealed autophagosomes and
mature  autophagosomes/autolysosomes  (Rubinsztein
2009). Nevertheless, LC3-II is localized both in the
lumenal and cytosolic site of the autophagosome and
undergoes

rapid degradation within the lysosome.
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Consequently, a “snapshot” measurement of LC3-II
content or LC3-II: LC3-I ratio is not sufficient for the
determination autophagy flux as the increased LC3-II
may be the consequence of either its increased formation
as well as its attenuated degradation. Similarly, the low
LC3-II expression may indicate its low formation as well
as its increased degradation due to the increased
lysosomal activity. In our study, we estimated the
autophagy flux by inferring LC3-II turnover by western
blot in the presence and absence of lysosomal
degradation (Klionsky ef al. 2007). The hepatocytes were
incubated either alone or in the presence of 100 uM
chloroquine, a lysomotropic agent that increases
intralysosomal pH and thus completely blocks the
activity of lysosomal hydrolases. The autophagy flux is
proportional to the rise in LC3-II content in the treated vs.

untreated sample.

Separation and immunodetection of proteins

Homogenate, PhL and dense lysosomal fraction
were prepared as described above. Proteins in particular
fraction were separated by SDS-PAGE and the protein of
interest was recognized by specific antibody (LAL:
mouse monoclonal to lysosomal acid lipase; LAMP2:
rabbit polyclonal to LAMP2, Abcam, Cambridge, UK).
LC3-II content was determined in the 20 % liver
homogenate lysed by 2 % SDS at 100 °C. LC3 in the
lysates was recognized with rabbit polyclonal to LC3A/B
(Abcam, Cambridge, UK). LC3-I and LC3-II were
distinguished by difference in molecular weight (18 and
16 kDa). Despite the increased molecular weight than
LC3-I, LC3-II migrates more rapidly in SDS-PAGE
compared to LC3-1, likely due to higher hydrophobicity
associated with the phosphatidylethanolamine group
(Barth 2010). The loading control was performed using
rabbit polyclonal antibody to beta actin (Abcam,
Cambridge, UK). The bands were visualized using
chemiluminescence and quantified using FUJI LAS-3000
imager (FUJI FILM, Japan) and Quantity One software
(BioRad, Hercules, CA).

Assay of lysosomal lipase activity

The optimal conditions for the lipase assay (pH
optimum, substrate concentration, reaction temperature
and linear range of the assay) were determined as
(Cahova 2011). 4%
homogenate or lysosomal sub-fractions prepared from the

described previously liver

fresh tissue under iso-osmotic conditions (250 mM
sucrose) were used for the assay. The reaction medium

(92.5 kBq °H triolein, 100 uM cold triolein, 110 puM
lecithin, 0.15 M NaCl) was emulsified by sonication
(Hielsler homogeniser UP200S, Teltow,
Germany) in 0.1 M acetate buffer (pH=4.5) containing
6 % FFA-free BSA. The assay itself was performed under
hypo-osmotic conditions in order to ensure the release of

ultrasonic

the enzyme sequestered within the lysosomes. The
incubated with the
homogenate or subcellular fractions) for 60 min at 30 °C.

substrate was enzyme (liver
The released fatty acids were extracted according to
Belfrage and Vaughan (Belfrage ef al. 1969) and counted

for radioactivity.

Statistical analysis

Data are presented as mean + SEM. Statistical
analysis was performed using Kruskal-Wallis test with
(n=5-7).
considered statistically significant at the level of p<0.05.

multiple  comparisons Differences were
The correlation between FFA and DAG content in ex vivo
incubated liver slices was evaluated using Spearman’s

correlation coefficient.
Results

Effect of autophagy and lysosomal inhibition on the
utilization of lipids-derived FFA in hepatocytes

The aim of the following experiment was to
evaluate the effect of either autophagy inhibition or
lysosomal inactivation in the formation of VLDL or FFA
oxidation products under the situation when the
intracellular TAG's are the only source for FFA-utilizing
metabolic pathways. The experiment was carried out on
hepatocytes cultivated in “starved” conditions, i.e. in the
situation when autophagy is promoted. It was based on
the rationale that if autophagy-lysosomal pathway is a
significant contributor to intracellular FFA pool than the
inhibition of either autophagy flux (by asparagine) or
lysosomal activity (by chloroquine) would decrease the
formation of lipid degradation-derived products. As
shown in Fig. 1A, chloroquine effectively blocked the
LC3-II

accumulation of LC3-II in chloroquine-treated samples

degradation in autophagolysosomes. The
confirmed that the autophagy flux was preserved in our
experimental setting, but that the final step, i.e. lysosomal
degradation, was inhibited.

The FFA released from intracellular TAG that
are not re-esterified back can either be utilized for VLDL
formation or transported into mitochondria for oxidation
in order to produce acetyl-CoA. Acetyl-CoA can enter
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Fig. 1. Effect of autophagy inhibition and lysosomal inactivation on the utilization of lipids-derived FFA in starved hepatocytes.
A: LC3-I/II content in homogenate; B: '“C-oleate incorporation into secreted TAG; C: C-oleate incorporation into TCA cycle
intermediates; D: “*C-oleate incorporation into secreted ketone bodies. The hepatocytes were pre-labeled with **C-oleate overnight and
then incubated in serum- and amino acid-free medium for 6 hours without radioactive label. During this period the hepatocytes were
left in the medium alone (control) or in the presence of autophagy flux inhibitor asparagine (ASN, 20 mM) or in the presence of
lysomotropic agent chloroquine (CQ, 100 pM) that prevent the degradation of material internalized in lysosomes. *C-oleate
incorporation into secreted TAG was determined as the radioactivity recovered in the chlorophorm extract of the incubation medium.
TCA intermediates formation was assessed according to the '*C-oleate incorporation into intracellular water-soluble fraction. Ketone
bodies production was determined as the radioactivity recovered in the aqueous fraction of the incubation medium. Data are given as
mean + S.E.M from three independent experiments. *** p<0.001 vs. control

several metabolic pathways — it can pass through the
TCA cycle and proceed to the oxidation in mitochondrial
respiratory chain or, to a lesser extent, be converted into
amino acids (Kawamura ef al. 1981) or may be used for
ketone body production. The effect of anti-autophagic
and lysomotropic treatment on FFA availability for
further metabolic utilization is demonstrated in Fig.
1B-D. 'C-oleate released from intracellular lipids was
nearly equally used for VLDL synthesis and for
ketogenesis. TCA intermediates represented only approx
1 % of '*C-oleate derived radioactivity. The inhibition of
autophagy flux by asparagine as well as the inactivation
of lysosomes similarly decreased the availability of
"C-oleate for all these pathways. Taken together, we
showed that both the inhibition of autophagy and the
inactivation of lysosomes had significant and comparable
effect in the formation of lipid degradation-dependent

products. These data indicate that the autophagy
lysosomal pathway is one of the pathways involved in the
degradation of intracellular TAG.

Effect of autophagy stimulation in combination with
lysosomal inhibition on the utilization of lipids-derived
FFA in hepatocytes

A different set of experiments was undertaken in
order to answer the question whether the experimentally
induced autophagy stimulation may increase the lipid
degradation and FFA availability in hepatocytes and
whether this effect could be prevented by the inhibition of
lysosomal degradation. The hepatocytes pre-labeled with
"C-oleate were incubated in a “fed” condition in order to
depress the autophagy intensity. Part of the hepatocytes
were treated either with rapamycine, that counteracts the
inhibitory effect of amino acids thereby stimulating
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autophagy, or by a combination of rapamycine and
lysomotropic agent chloroquine. The results are shown in
Fig. 2. The positive effect of rapamycine on autophagy
intensity was confirmed by the increase of LC3-II content
in the presence of rapamycine and chloroquine compared
with chloroquine-only treated cells (Fig. 2A). We found
no effect of the rapamycine itself on LC3-II formation
and we ascribe this finding to the increased LC3-II
turnover due to the stimulated autophagy. Rapamycine
treatment led to a significant increase of '“C-oleate
content in secreted TAG (Fig. 2B). The addition of

intermediates formation and no effect on ketogenesis
(Fig. 2C,D). The '“C-oleate utilization for VLDL
secretion or ketogenesis was significantly decreased in
control “fed” hepatocytes (Fig. 2B,D) compared with
control “starved” cells (Fig. 1B,D) which suggest the
partial inhibition of lipid degradation under fed
conditions. The conclusions derived from this experiment
show that FFA availability in isolated hepatocytes is
lower in the situation when autophagy is depressed (“fed”
condition), that FFA availability for VLDL formation
(and to a much smaller degree for FFA oxidation) could

be increased by autophagy stimulation and that this effect
is completely dependent on preserved activity of

chloroquine  to  rapamycine-treated  hepatocytes

completely abolished this effect and attenuated VLDL

secretion from control hepatocytes as well. We found  lysosomes.
only subtle effect of rapamycine in the TCA cycle
A LC3-ITI in homogenate B VLDL secretion
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Fig. 2. Effect of autophagy stimulation in combination with lysosomal inactivation on the utilization of lipids-derived FFA in fed
hepatocytes. A: LC3-I/II content in homogenate; B: *C-oleate incorporation into secreted TAG; C: “C-oleate incorporation into TCA
cycle intermediates; D: *C-oleate incorporation into secreted ketone bodies. The hepatocytes were pre-labeled with C-oleate
overnight and then incubated medium supplemented with 10 % FBS for 6 hours without radioactive label. During this period the
hepatocytes were left in the medium alone (control) or in the presence of autophagy flux stimulator (rapamycine 100 nM) or in the
presence of lysomotropic agents (chloroquine 100 uM) that prevents the degradation of material internalized in lysosomes. **C-oleate
incorporation into secreted TAG was determined as the radioactivity recovered in the chlorophorm extract of the incubation medium.
TCA intermediates formation was assessed according to the C-oleate incorporation into intracellular water-soluble fraction. Ketone
bodies production was determined as the radioactivity recovered in the aqueous fraction of the incubation medium. Data are given as
mean + S.E.M from three independent experiments. ** p<0.01 *** p<0.001 vs. control; **# p<0.001 CQ+ rap vs. rapamycine only
treated cells.
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Fig. 3. Effect of autophagy inhibition and
lysosomal inactivation on FFA (A) and DAG
(B) production in liver slices /in vitro. Liver
slices from fasted rats administered either
SD diet were incubated under non-oxidative
conditions (0.01 M KCN) in the KRF medium
alone (control) or in the presence of
autophagy flux inhibitor asparagine (ASN,
20 mM) or lysosomal activity inhibitor
chloroquine (CQ, 100 pM) for 120 min.
At the end of the incubation, the FFA and
DAG content in the tissue was determined
as described in Material and Methods.
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homogenate. B: LAMP2 expression in subcellular fractions. The PhL and DL fractions were prepared by differential centrifugation (see
Material and Methods). C: LAL activity in homogenate and subcellular fractions. The activity of LAL was measured as the release of FFA
from 3H-triolein at pH=4.5. D: LAL protein expression in homogenate and subcellular fractions. Values represent means + S.E.M. of
7 animals. Open bars = starved animals; black bars = fed animals, ** p<0.01 fed vs. starved.

Effect of autophagy and lysosomal inhibition on lipid
degradation products formation in liver slices in vitro

In order to verify the data obtained on primary
hepatocytes we determined the effect of autophagy
inhibition and lysosomal inactivation on the production
of FFA and DAG in liver slices from fasted animals
incubated in the presence of 0.01 M KCN. Under such
conditions the oxidative utilization of FFA is completely

blocked but lysosomal lipolysis is unaffected and is linear
for at least 4 hours (Mosinger et al. 1965). Consequently,
the released FFA and DAG remain in the tissue. There
was a linear correlation between DAG and FFA content
(R’=0.87). As shown in Fig. 3 the formation of lipid
degradation products, FFA and DAG, was significantly
diminished by both autophagy flux inhibitor asparagine
and by lysosomotropic agent chloroquine.
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Effect of starvation on autophagolysosome formation and

lipolytic activity in vivo
The effect of

lysosomal translocation into autophagolysosomes and

starvation on autophagy,
LAL activity and protein intracellular distribution was
determined in the liver of rats administered SD who had
either free access to food (“fed”) or were deprived of
food for 24 hours (“starved”). The autophagosome
formation was estimated according to the LC3-II/LC3-I
ratio. As shown in Fig. 4A, the LC3-II/LC3-I ratio was
elevated in the SD group after starvation and low in the
fed condition. In accordance with the hypothesis that
autophagy pathway involves the conversion of lysosomes
into autophagolysosomes and consequently the
degradation of their cargo (lipid droplets), we found that
starvation led to the increased abundance of lysosomal
marker, LAMP2 protein, in autophagolysosomal fraction
(Fig. 4B) but it had no effect on total LAMP2 expression.
If our presumption that autophagy mediates the formation
of activated autophagolysosomes containing LAL is
correct, than the corresponding changes in its intracellular
distribution should occur in response to starvation. LAL
(Fig. 4C) was
determined using exogenous substrate (*H-triolein).
Starvation did not affect the total LAL activity in the
whole-liver homogenate and in the fraction of dense

activity in particular subfractions

lysosomes (DL) that represents the reserve pool of the
enzyme which is not in contact with the substrate (lipid
droplets) and thus probably inactive under physiological
condition. In contrast, starvation significantly increased
LAL activity associated with PhL fraction being 100 %
higher in starved animals compared with the fed ones.
These results corresponded well with the effect of
starvation on the distribution of LAL protein among
subcellular fractions (Fig. 4D). We found no effect of
prandial status on LAL protein expression in homogenate
and in DL fraction but a significant elevation of LAL
protein amount in response to starvation was found in
PhL fraction.

Discussion

In this study we present evidence that the

autophagy-lysosomal pathway contributes to the
degradation of intracellular lipids in the liver. Our
conclusions are based on following findings: 1) in
primary hepatocytes, inhibition of autophagy as well as
inhibition of lysosomal activity, decreased formation of

lipid degradation-derived metabolites, i.e. TCA cycle

intermediates and ketone bodies, and VLDL secretion;
2)in the same model, stimulation of autophagy by
rapamycine resulted in the increased VLDL production
and this effect was completely abolished by the
inactivation of lysosomes; 3) in liver slices incubated in
vitro, both inhibition of autophagy and lysosomal
inactivation prevented the FFA and DAG formation from
intracellular lipids; 4) the autophagolysosome formation
(determined as LC3-II/I ration and LAMP2 translocation
into PhL fraction) and the translocation of lysosomal
lipase into autophagolysosomal fraction share the same
prandial-dependent pattern of regulation in the liver of
rats fed SD, i.e. stimulation in response to starvation and
down-regulation in fed state.

The first hints suggesting the importance of
autophagy in lipid metabolism came from Debeer et al.
(1979) who demonstrated on isolated hepatocytes that the
inhibition of lysosomal activity decreased not only
protein degradation but that it inhibited also ketone body
production. He suggested that autophagocytosis may be
of how the
triglycerides may be taken up by the lysosomes. Thirty

the likely mechanism intracellular
years later, Singh et al. (2009) using an electron
microscopy approach, showed that lipid droplets or their
parts are engulfed in autophagosome-like structures
during starvation and are degraded in lysosomes via
specific autophagy-related pathway, macrolipophagy. In
contrast to their findings, Shibata et al. (2009) proposed
an alternative role for autophagic machinery in lipid
metabolism in hepatocytes. They suggested that LC3 is
involved not only in lipid degradation but also in the
process of lipid droplet formation in non-adipose tissues.
Surprisingly both authors, using the same model, reported
different effects of autophagy deficiency on TAG storage.
Singh observed an increased TAG accumulation and lipid
droplets content while Shibata reported decreased amount
of lipid upon fasting in the same model of autophagy-
deficient hepatocytes. This apparent contradiction clearly
indicates some differences in experimental design — in
fact, the experiments of Shibata were carried out on
young, one month old mice while the data reported by
Singh were obtained on 5-month old animals. Further
studies are necessary in order to clarify this issue.

Our data supports the hypothesis of autophagy-
mediated lipid degradation in the liver. In our
experimental setting, the freshly isolated hepatocytes
were pre-incubated with '*C-oleate overnight in order to
label intracellular lipids on acyl moiety and the cells were
then cultivated in the absence of any exogenous fatty
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acids for 6 hrs. Under these conditions, the secreted
VLDL and products of fatty acid oxidation had to be
derived only from intracellular lipids and quantification
of these products may serve as an indicator of lipolysis.
As stated in Materials and Methods the lipid fraction
either from cells or medium was extracted according to
Folch (1957) and the
intracellular lipids were not separated by thin layer

individual lipid classes of

chromatography. Nevertheless we suppose that most of
the radioactivity detected in TCA, water-soluble fraction
or VLDL are derived from TAG. Our assumption is
based on the data published by Woodside et al. (1989)
who analyzed the deposition of '*C-oleate into lipid
fractions in isolated hepatocytes after 90 min incubation
and demonstrated that most (88 %) of radioactivity was
found in TAG. Francone et al. (1992) reported that
incorporation of '*C-oleate after in vivo application into
TAG, PL and cholesteryl esters (CE) is different in
microsomes  (consisting mostly of endoplasmic
reticulum) and floating fat (consisting mostly of cytosolic
lipid droplets). While in microsomes nearly half of the
"C-oleate was incorporated into PL, in floating fat
97.6 % of radioactivity was detected in TAG, 2.26 % in
(PL) fraction and 0.21% in CE.

Autolipophagy is supposed to be involved solely in the

phospholipids

degradation of cytosolic lipid droplets in which the PL
and CE labeling with '*C-oleate is rather insignificant.
When the hepatocytes were cultivated in amino
acid-poor medium (i.e. under the autophagy-promoting
conditions), we found that inhibition of autophagy flux
by asparagine (Berg ef al. 1998) decreased the formation
of VLDL, TCA cycle intermediates and ketone bodies.
A comparable effect was observed also when the
autophagy was not influenced but the lysosomal activity
was inhibited by chloroquine. Interestingly, Wiggins and
Gibbons (1992) found no effect of chloroquine on TAG
mobilization for VLDL secretion. To our opinion this
could be
experimental setting. In the study of Wiggins and

discrepancy explained by differential
Gibbons the hepatocytes were cultivated in the presence
of amino acid mixture during the experimental phase (the
composition and the concentrations were not described in
detail). Amino acids are widely used inhibitors of
autophagy and if the autophagy is down-regulated, the
inhibition of lysosomal activity could have no additional
effect. In accordance with this we also saw virtually no
effect of chloroquine on VLDL secretion in fed
hepatocytes as it will be discussed further. Furthermore,
the dose of chloroquine used by Wiggins and Gibbons

was quite low (10 uM). In comparable studies focused on
the manipulations of lysosomal degradation of either
lipids the
administered in vitro vary from 0.1 mM (Francone ef al.
1992) to 1 mM (Furuya ef al. 2001).

In another experimental setting we tested the

proteins  or chloroquine concentrations

possibility of increasing the lipid degradation by

stimulation of autophagy. The hepatocytes were
incubated in the presence of exogenous proteins and
amino acids in order to attenuate autophagy and in some
of them autophagy was stimulated by rapamycine that
attenuates amino acid-dependent inhibition of autophagy
via mTOR/TORCI1

autophagy significantly increased the formation VLDL

signaling. The stimulation of
and this effect was completely prevented by the inhibition
of lysosomal activity. The autophagy stimulation by
rapamycine did not elevate the ketone body production in
this setting, i.e. under “fed” conditions. Ketogenesis has
three highly regulated control points: 1. FFA supply
(from the diet, from adipose tissue or from intrahepatic
TAG), 2. mitochondrial fatty acids entry and
3. mitochondrial HM-CoA synthase. The second and
third processes are down-regulated in a fed state and a
simple increase of FFA availability cannot overcome this
regulation. Consequently, the FFA surpluses are directed
into VLDL 2004).
Furthermore, the formation of lipid degradation-

only secretion (Fukao et al

dependent products was significantly lower in
hepatocytes cultivated in “fed” conditions (with serum)
than in those incubated in “starved” conditions (without
serum) which correlated with the autophagy intensity.
Nevertheless, the inhibition of autophagy-lysosomal
pathway did not abolish the lipid degradation completely
which suggests that this pathway is an important but not
the only mechanism involved in liver TAG metabolism.
The evidence obtained on primary hepatocytes
were further confirmed by the analysis of the effect of
inhibition on DAG and FFA

production in liver slices incubated in vitro in the

autophagy/lysosomal

presence of KCN. Under these conditions, the lipolysis
occurs but the further utilisation of lipid degradation
products is completely blocked (Vavrinkova and
Mosinger 1971). Similarly to primary hepatocytes,
asparagine as well as chloroquine significantly decreased
FFA and DAG formation. The FFA : DAG ratio was 2.46
which suggests that approx. one half of DAG undergoes
further degradation. The DAG molecule may be further
degraded by some other lipase (i.e. by TGH) or re-
modelled by transacylation (Sugiura et al. 1988). Similar
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results were reported by Lankester on primary
hepatocytes culture (Lankester et al. 1998). This data
indicate that at least part of the TAG in the liver may be
degraded in lysosomes and that the normal autophagy
flux is necessary for this process.

In vivo, the regulation of autophagy is
determined by its main function which consists in
maintaining energy balance during the period of nutrient
shortage. It has been shown that autophagy is increased
during acute (24 hrs) starvation. The increased autophagy
determines the increased delivery of intracellular material
into autophagolysosomes and consequently, its decreased
degradation and release of degradation products. In our
study we proved this regulatory pattern in animals in
vivo. In this group, fasting was associated with higher
autophagy together with the increased translocation of
LAL activity, LAL protein and LAMP2 lysosomal
marker into autophagolysosomal fraction in fasted
compared to fed animals. Nevertheless, the exact data
directly showing the contribution of the autophagy-
derived FFA to VLDL production or FFA oxidation in
vivo are still lacking. In this context it is important to
mention the finding of Du et al. (2001) who showed that
LAL KO mice exhibit normal triglyceridemia. This rather
surprising observation could be explained as the result of

double defect in two metabolic pathways, both of them
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Summary

Autophagy is the basic catabolic mechanism that involves
degradation of dysfunctional cellular components through the
action of lysosome as well as supplying energy and compounds
for the synthesis of essential biomacromolecules. This process
enables cells to survive stress from the external environment like
nutrient deprivation. Autophagy is important in the breakdown of
proteins, carbohydrates and lipids as well. Furthermore, recent
studies have shown that autophagy is critical in wide range of
normal human physiological processes, and defective autophagy
is associated with diverse diseases, including lysosomal storage
disease, myopathies, neurodegeneration and various metabolic
disorders. This review summarizes the most up-to-date findings
on what role autophagy plays in metabolism.
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Introduction

Autophagy, or the process of degradation of

intracellular components in lysosomes, has been

traditionally linked to cellular energy balance and
nutritional status (Mizushima et al. 2004). Lysosomes are

cellular organelles responsible for an important portion of
the degradative activity that is necessary for maintaining
cellular homeostasis and defense (Dell'Angelica et al.
2000). Plasma membrane proteins and their ligands are
targeted into lysosomes by the endosomal pathway when
destined for degradation. Extracellular pathogens reach
lysosomes for destruction as part of cellular defense via
fusion of phagosomes with lysosomes. Intracellular
components that need to be degraded, either because they
are dysfunctional or to meet cellular energetic or
metabolic demands, reach lysosomes by several pathways
collectively termed “autophagy” (Eskelinen and Saftig
2009). The discovery of the autophagic molecular
machinery has been rapidly followed by numerous
studies supporting the occurrence of autophagic alteration
in different common human disorders such as cancer,
neurodegenerative and muscular diseases, metabolic
syndrome, and infectious disorders, among others. Most
of these connections of autophagy with cellular
physiology and disease have emphasized the important
function of autophagy in quality control and clearance of
altered and damaged intracellular proteins and organelles,
its contribution to cellular remodeling through
degradation of structural components, or its role in
cellular defense as part of both innate and acquired

immunity (Mizushima ef al. 2008).
Autophagic pathways

The process of autophagy is conserved from
yeast to mammals. During the past decade researchers
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have uncovered the existence of yeast autophagy genes
and the molecular mechanisms of autophagy have been
studied extensively in Saccharomyces cerevisiae. These
discoveries were followed by the identification of
mammalian orthologs with similar roles and provide
aseries of reagents for characterizing the molecular
machinery of the autophagy system (Klionsky 2007). The
process of autophagy is similar in yeast and mammalian
cells, but there are some distinct differences.

Autophagy, the definition of which is “self-
eating”, can be induced by starvation or other forms of
nutrient deprivation to supply a variety of substrates for
cellular energy generation (Finn and Dice 2006). Three
forms of autophagy have been defined: microautophagy,
(CMA)

organelles or

chaperone-mediated autophagy and

macroautophagy. In microautophagy,
protein are taken up within an invagination of the
lysosomal membrane for breakdown (Yorimitsu and
Klionsky 2005). CMA is a specific process that removes
individual proteins that contain a specific peptide motif
recognized by the chaperone protein Hsp70 (70 kDa heat
shock cognate protein). The chaperone-protein complex
translocates to the lysosome where it binds to lysosome-
associated membrane protein 2A (LAMP-2A) for protein
internalization and degradation (Orenstein and Cuervo
2010).

Macroautophagy is a non-specific process
occurring when a portion of cytosol is engulfed by
a double-membrane structure, termed an autophagosome,
that fuses with a lysosome whose enzymes degrade the
cellular constituents sequestered in the autophagosome

(Mehrpour et al. 2010). The regulation of this process is

Insulin

rapamycin
1

FIP200

{
&2
SN2 \

Autophagosome

complex and controlled by the coordinated actions of
autophagy-regulated genes (Atgs), over 30 of which have
been identified both in yeast and humans (Mizushima and
Levine 2010). Studies in yeast indicate that an initial
structure called an isolation membrane, or phagophore,
becomes a nascent autophagosome whose ends elongate
until they form the completely enclosed autophagosome.
The source of the double membrane is controversial, but
it might be derived from the endoplasmatic reticulum
(ER), mitochondria or plasma membrane (Hamasaki and
Yoshimori 2010). The exact mechanism for the formation
and elongation of the autophagosomal double membrane
is unclear. However, a number of multi-protein
complexes are known to be involved in these processes,
as discussed below.

There are three major pathways that regulate the
process of macroautophagy (Fig. 1). The first one is
dependent on the target of rapamycin complex 1
(TORC1) pathway. In direct response to nutrients supply,
or  nutrient-induced insulin secretion, class I
phosphatidylinositol 3-kinase (PI3K) activates protein
kinase B (Akt) and TORCI1. This signaling pathway
blocks macroautophagy through the ability of TORCI1
(mammalian homologue of mammalian
inhibit  Atgl
homologue ULK1/2) from recruiting its partner Atgl3
(mammalian  homologue  mAtgl3) and Atgl7
(mammalian homologue FIP200) (Neufeld 2010). The
Atgl-Atgl3-Atgl7 (ULK1/2-mAtgl3-FIP200) complex

recruits and organizes other proteins for the developing

target of

rapamycin mTOR) to (mammalian

autophagosome.

Fig. 1. The three major pathways that
regulate process of macroautophagy.
The first is an inhibitory pathway in
which nutrient or insulin stimulation of
the mTOR signaling pathway blocks
autophagosome formation (red line).
Two other pathways are stimulatory.

phosphorylation of Bcl-2

The first,
\ »L / dissociates it from beclin-1, which allows

beclin-1 to form complex with Vps34
and Atgl4, which is required for
induction of autophagy (blue line). The
l other pathway involves a series of

conjugation steps that generate LC3-II

and the Atg5-Atgl2-Atgl6 protein
@a‘mhore complex, which are both necessary for
autophagosome  formation  (green
line). IR: insulin receptor, PE:

phosphatidylethanolamine, 3-MA:

3-methyladenine.

Lysosome

—I—) Autolysosome
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The second pathway that regulates autophagy is
mediated by Atg6 (mammalian homologue beclinl),
which forms a complex with the class III PI3K Vps34.
Activation of the Atgl-Atgl3-Atgl7 (ULK1/2-mAtgl3-
FIP200) complex leads to organization of the Atg6
(beclinl)-Vps34 complex on the lipid membrane. Vps34
produces phosphatidylinositol 3-phosphate, which is
involved in recruiting other proteins to the autophagy
complex (Cheong et al. 2005). It is important to
distinguish this PI3K from the insulin-activated, class I
PI3K, which activates mTOR. Vps34 is the target of
the widely used pharmacologic inhibitor of autophagy
3-methyladenine (Seglen and Gordon 1982). Beclin 1 is
an important interface between the autophagic and cell
death pathway because the anti-apoptotic protein Bcl-2
and Bcl-X; bind beclin 1 to inhibit autophagy (Levine et
al. 2008).

The third pathway that mediates autophagosome
formation and elongation involves 2 ubiquitin-like
conjugation processes that generate membrane-bound
protein complexes. In the first, Atg7 and Atgl0 mediate
the conjugation of Atgl2 to Atg5, which subsequently
interact with Atgl6. The Atgl2-AtgS complex associates
with the membrane and then dissociates when the
fully formed. Another
conjugation reaction involves Atg8 (mammalian analog

autophagosome is critical
microtubule-associated protein 1 light chain 3, LC3). In
nutrient-rich condition Atg8 labels the PAS to the
vacuole. Moreover, upon starvation, the Atg8 translokate
the PAS to autophagosomes (Cheong and Klionsky
2008). LC3 is constitutively cleaved by Atg4 to produce
LC3-1. When autophagic signal is induced, Atg7 and
Atg3 mediate the conjugation of LC3-I to the membrane
lipid phosphatidylethanolamine, to form LC3-II
(Ichimura et al. 2000). LC3-II associates with the
autophagosomal membrane, where the lipidated protein
can mediate membrane elongation and closure. LC3-II is
degraded late in the autophagic pathway after
autophagosome fusion with the lysosome (Tanida et al.
2005).

Taken together, the maturation and degradation
of autophagosome and autolysosome is a complicated
process regulated by many autophagy-associated
proteins. Physiologically, autophagy occurs at a low basal
level, which is enhanced during starvation as well as in
the response to the accumulation of non-required cellular
components in order to accomplish its homeostatic
mission. however,

Pathologically, dysfunctions of

autophagy are the cause of several diseases.

Autophagy in carbohydrate homeostasis

The regulatory function of autophagy has a role
in glucose metabolism, particularly in glycogenolysis.
Glycogen degradation by phosphorylase and debranching
enzymes occurs primarily in cytosol, but lysosomal acid
glycosidases also contribute to glycogen breakdown.
There is an important role for autophagy in regulating
cellular glycogen stores, and indeed, glucagon, one of the
most important hormones controlling glycogen
metabolism, was the first hormone known to activate
autophagy (Schworer et al. 1979). Autophagy is acutely
required during childbirth in which the neonatal liver
induces autophagy to mobilize glycogen stores to
increase availability of glucose (Kalamidas and Kotoulas
2000). At birth the cardiac muscle of mice has a very
high glycogen content, but glycogen levels fall coinciding
with the appearance of glycogen-containing autophagic
vacuoles. Similarly, glucagon and adrenalin enhance the
breakdown of cardiac muscle glycogen by increasing the
number, size, and total volume of glycogen-containing
autophagic vacuoles, and the activity of acid glucosidase
(lysosomal glycogen-hydrolyzing enzyme) (Kotoulas
et al. 2004). Lysosomal mannose 6- and glucose
6-phosphatase modulate the phosphorylation of glucose
favoring its exit from the lysosome.

Autophagy can indirectly impact glucose
metabolism by modulating pancreatic -cell mass and
Mice
macroautophagy reveal progressive B-cell degradation
These

demonstrated that the absence of autophagy within

function. with B-cell-specific inhibition of

and decreased insulin secretion. models
B-cells resulted in the impaired insulin secretion, as well
as overall impaired glucose homeostasis in the animal
(Ebato et al. 2008). B-cells are characterized by active
mitochondrial respiration. Several independent lines of
evidence indicate that autophagy, particularly mitophagy
(autophagy of mitochondria), is of essential importance
for PB-cell damaged

mitochondria. Accordingly, any disruption of this quality

homeostasis as it removes
control mechanism is expected to result in accumulation
of damaged mitochondria and increases in the
accompanying negative consequences, such as, elevated
ROS production, severe oxidative stress and [-cell
apoptosis. Another essential role of autophagy lies in the
regulation of intracellular insulin stores and, more
generally, in whole protein turnover (Marsh et al. 2007).
Rab3A knockout mouse exhibits a dysfunction in insulin
secretion due to a defect in B-cell granule transport
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concomitantly with a normal rate of proinsulin synthesis
and processing. Despite this disconnection between
insulin production and secretion, insulin content in
isolated islets from Rab3 A knockout mice is normal due
to a marked up-regulation of autophagy that keeps the
granule number constant.

Studies in db/db mice with diet-induced obesity
and insulin resistance have revealed increased
autophagosome formation and B-cell expansion. It is
possible that autophagy protects against chronic lipid
stress in the pancreas in these settings, particularly since
B-cell autophagy deficient rodents failed to display
similar increases in B-cells mass (Jung et al. 2008).
Closer examination of the B-cells revealed these cells had
accumulated aggregates of polyubiquinated proteins and
structurally abnormal mitochondria. These results are
consistent with the housekeeping and known recycling
function of autophagy. As such, these models suggest that
a functional autophagic system is necessary to maintain
B-cell health and that distruption of autophagy can lead to

profound metabolic impairment.
Autophagy in protein catabolism

Although lysosomes contain a broad array of

hydrolases  (lipases, proteases, glycosidases and
nucleotidases) that allows them to degrade many different
molecules, most of the functional studies on autophagy
have focused on protein breakdown. In fact, for a long
time, changes in the rate of degradation of long-lived
proteins were used to monitor autophagy. In the liver,
autophagy was estimated to degrade from 1.5 to 5 % of
total proteome per hour under fed or starved conditions
(Deter et al. 1967). Autophagy was thus responsible for
up to 70 % of intracellular protein breakdown in this
organ during prolonged (24 h) fasting, which was later
confirmed in mice with hepatic knockouts of essential
autophagy genes (Komatsu et al. 2005). There are two
purposes for protein breakdown: to utilize amino acids
for cellular fueling and to replenish the intracellular pool
of amino acids required to maintain protein synthesis.
Amino acids can be utilized in fasting to provide
substrates for gluconeogenesis and ketogenesis (in liver)
and to replenish the intracellular pool of amino acids. The
contribution of different proteolytic systems to these
processes seems to be timed with the duration of
starvation. Studies in cultured cells have shown that the
proteasome system contributes most of the amino acids to

this pool during first hours of starvation (Vabulas and

Hartl 2005), whereas macroautophagy starts soon after
and reaches a peak at about 6-8 h later (Deter ef al. 1967).
In fact, although autophagosomes are still visible up to
24 h of starvation, the maximal rate of autophagosome
formation is reached approximately at the sixth hour of
starvation and decline progressively after that. The exact
mechanism by which amino acids signal through mTOR
to downregulate macroautophagy is still unclear, but the
contribution of Vps34, Ras-related small GTPases (that
relocate mTOR to the lysosomal compartment) and
a bidirectional transporter that exchanges L-glutamine for
essential amino acids have all been involved in this
signaling process (Nicklin et al. 2009).

Autophagy in lipid metabolism

Lipid droplets (LDs) are intracellular deposits of
lipid esters surrounded by a monolayer of phospholipids
and separated from hydrophilic cytosolic environment by
a coat of structural proteins, known as perilipins
(Fujimoto and Parton 2011). As with many other
organelles, LDs have been shown to adapt to changes in
the cellular environment and to interact with other
intracellular compartments in a regulated manner, with
different outcomes. First, the interaction between LDs
and other organelles may be a source of membrane lipids.
Second, LD
peroxisomes may enhance the provision of lipid for

interaction with mitochondria or
B-oxidation. Finally, lipid droplets originating from the
ER and maintaining a close connection with this
organelle may facilitate exchange of lipids and proteins
both compartments to meet metabolic
of the cell (Ohsaki et al. 2009).
Mobilization of the lipids inside the LD occurs through

between
requirements

lipolysis that is activated in response to the increased
energy demand but also in response to a large affluence
of lipids to prevent stores from becoming
compromisingly enlarged for cells (Lass et al. 2011). The
rate of lipolysis is modulated by the interaction of lipases
present at the surface of the LD with the structural
proteins that surround LD and with inhibitory proteins in
the cytosol.

Although mobilization of LD by lipolysis has
been attributed to the LD-associated cytosolic lipases like
adipose triacylglycerol lipase (ATGL) or hormone
sensitive lipase (HSL), recent studies have revealed a role
for autophagy in LD breakdown. Lipolysis and autophagy
share striking similarities. Both are essential catabolic

pathways activated in response to nutrient deprivation.
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They are under identical hormonal control, being
inhibited by insulin or activated by glucagon (Finn and
Dice 2006). Intracellular lipids were not previously
considered autophagic substrates, but the similarities
between lipolysis and autophagy, together with the
existence of lysosomal lipases, suggested a possible link
between these two pathways. An interrelationship
between the two processes has been demonstrated by the

finding that autophagy mobilizes lipids from lipid

Lipid droplet

Autophagosome

O ©©

‘/

1 . T
&

ATP

The presence of lipases in the lysosomal lumen,
along with a large variety of hydrolases such as proteases,
glycases and nucleases, has been acknowledged since the
discovery of this organelle. Lysosomal lipase was thought
to serve mainly for the degradation of lipids contributed
by the diet though endocytosis or those present in the
membranes of the organelles digested during the
autophagic process. The elevation of LD to the category
of cytosolic organelles was in part a motivation to address
their turnover by autophagy. The first hint that LDs could
become substrates of the autophagic process originated
from studies in cultured hepatocytes knocked-down for
Atg5, one of the genes essential for the formation of
autophagomes. In addition, hepatocytes respond to an
acute oleate challenge by increasing lipolysis, which
of the LD

compartment. An oleate challenge resulted in a marked

would prevent massive enlargement
increase in the number and size of LD in cells with
compromised macroautophagy. The same was true

in vivo when the knockout of another essential autophagy

droplets for metabolism, through a process termed,
“lipophagy” (Singh et al. 2009) (Fig. 2). We have
previously shown that manipulation of either autophagy
or lysosomal activity independently and comparably
affects
degradation product formation in primary hepatocytes

intracellular lipid degradation and lipid-

and liver slices incubated in vitro. At least part of TAG in
the liver is degraded in lysosomes and normal autophagic
flux is necessary for this process (Skop et al. 2012).

Fig. 2. Process of LD breakdowm by
lipophagy. Portion of large LD or small LD
are enclosed with an autophagosomal
double-membrane. Autophagosomes fuse
with lysosomes to form autolysosomes and
lysosomal enzymes are mixed with
the autophagosomal cargo. It leads to
degradation of lipids and releases FFAs into
the cytoplasm. FFAs are important for stable
mitochondrial B oxidation for generation
of ATP to maintain cellular energy
homeostasis.

Lysosome

Autolysosome

gene (Atg7) in the liver led to an accelerated development
of liver steatosis (fatty liver) when compared to control
animals (Singh et al. 2009).

Lipophagy is not limited to hepatocytes but
occurs in almost every cell type investigated to date. In
addition to the initial observation obtained in cultured
hepatocytes and embryonic fibroblasts, it has been
confirmed that disruption of macroautophagy leads to
intracellular accumulation of lipids in endothelial cells,
lymphoblasts, dendritic cells, glial cells, and even in
neurons (Koga et al. 2010), suggesting a generalized
function of macroautophagy in cellular lipid mobilization.
The accumulation of LD upon blocking macroautophagy
even in the absence of any nutritional challenge, supports
the hypothesis that lipophagy is a constitutive process in
many cells (Singh et al. 2009).

The determinants for autophagic initiation on the
surface of LD remain unknown. Polyubiquitination has
been detected in polarized areas of LD in part resulting
from the accumulation of clusters of polyubiquitinated
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apolipoprotein B (ApoB) on their surface (Ohsaki et al.
2006). It seems that ApoB can undergo both proteasomal
and lysosomal degradation as proteasome inhibition
caused an increase of autophagic vacuoles abundance and
Whether or not the
lysosomal degradation of ApoB occurs as a result of the

ApoB content in lysosomes.

activation of lipophagy and how the accumulation of this
protein contributes to the initiation of the process require
future investigation. Of particular interest is the fact that
LDs have been shown to dynamically interact with two of
the organelles — the ER and mitochondria — that have
been proposed as sites of formation of the limiting
membrane of the autophagosomes. Interaction with the
ER may be related to LD biogenesis, as this is the
compartment from where these organelles originate, but
may also favor the distribution of lipids from the LD
towards other organelles through the endosecretory
pathway. In the case of mitochondria, the proximity of
LDs to the outer-membrane of this organelle could
FFA for
considering  the

mitochondrial
described
association of the autophagic initiation complex to
of ER and the
mitochondria, and the formation of cup-like precursors of

facilitate delivery of the
B-oxidation. However,

precise area in the membrane
the limiting membrane of the autophagosome from these
regions, it is tempting to at least propose that the
previously described interactions of LD with these
organelles could contribute to the initiation of their
autophagic degradation.

Mobilization of LD by autophagy was first
observed both in cultured hepatocytes in response to fatty
acid exposure and in the liver of mice maintained on
a diet enriched in fat for prolonged period of time (Singh
et al. 2009). The liver responds to the massive influx of
lipids from the blood by up-regulating LD biogenesis as
a defense mechanism against the toxicity of FFAs, which
upon esterification get converted into TAG that are stored
in LDs (Lass et al. 2011). However, in order to prevent
uncontrolled expansion of LD, activation of lipolysis also
occurs under these conditions and contributes to
maintaining of LD size. Failure to regulate lipid
accumulation in hepatocytes may be the basis of
pathologic conditions such as liver steatosis and
steatohepatitis (Christian et al. 2013). Autophagy has
now been added to the mechanism that controls the
growth of the hepatic LD under these conditions
(Greenberg et al. 2011).

After the first observations demonstrating the

existence of lipophagy and the upregulation of this

process in response to lipid challenge, numerous studies
have confirmed the stimulatory effect of dietary lipids on
the autophagic process. In contrast, an equal number of
studies have reported inhibition of autophagy in response
to high concentrations of particular lipids. In animals
exposed to a high-fat diet for prolonged periods of time, it
is possible to detect an increase in autophagic activity
during the first weeks of treatment that is followed by
a gradual decrease in autophagy. This decrease in
autophagy further contributes to the expansion of the LD
compartment, eventually leading to hepatotoxicity and
steatosis (Singh ez al. 2009). Other results showed that in
the liver, the autophagic response to the increased fat
supply in the diet is biphasic. At the beginning of high-fat
diet feeding autophagy flux is stimulated but over time
autophagy flux is nearly completely impaired (Papackova
etal. 2012).

Recently, a significant role for autophagy in
lipid metabolism has been revealed in human enterocytes
(Khaldoun et al. 2014). Enterocytes have to deal with
massive alimentary lipids upon food consummation.
They orchestrate complex lipid trafficking events that
lead to secretion of TAG-rich lipoproteins and the
transient storage of lipids in LDs. The authors showed
that delivering alimentary lipid micelles to polarized
human enterocytes induced an immediate autophagic
response. This was accompanied by rapid capture of
newly synthesized LDs by nascent autophagosomal
structures at the ER membrane and hence targeting them
to the
hypothesis according to which the autophagosomes,

lysosomes. They proposed an interesting
despite their primary lysosomal-delivery function, could
also be used as a “hiding” compartment in the cell in
order to avoid excessive TAG accumulation from the
membranes where lipid biosynthesis occurs. Such a local
program could act as a global protection and adaptation
response to the arrival of neutral lipids, as is the situation
for enterocytes during the postprandial phase (Khaldoun
etal 2014).

Autophagy in other disease

A basal and constitutive level of autophagy is
indispensable for intracellular homeostasis and quality
control for healthy individuals. The molecular dissection
of autophagy and the growing number of physiological
function attributed to this process are leading to a better
understanding of the role of autophagy in disease.
Mounting evidence has demonstrated that many of its
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physiological function is strongly related to human
diseases such as cancer, myopahies, bacterial and viral
infections and neurodegenerative, liver and heart diseases
(Fig. 3).

Direct evidence for impaired autophagy in
a myopathy was first obtained when the gene encoding
a lysosomal membrane protein (lamp?2) was knocked out
in mice (Saftig et al. 2001). The predominant phenotype
of these mice is a massive accumulation of autophagic
vacuoles in cells of the liver, muscle and heart. Despite
the increased number of autophagic vesicles, the rate of
lysosomal degradation of proteins is reduced because the
clearance of autophagosomes through lysosomal fusion is
impaired. Autophagy of glycogen is not limited to the

liver. In fact, altered autophagic degradation of glycogen
stores may underlie the basis of some muscle disorders
that are now classified as autophagic vacuolar myopathies
such as Danon disease, X-linked vacuolar myopathy with
excessive autophagy and Pompe disease (Fukuda et al.
2007). Glycogen granules accumulate in muscles of
Danon disease patients resulting in cardiomyopathy,
proximal muscle weakness and mental retardation
(Nishino et al. 2000). The histological resemblance of the
skeletal and heart muscles from the lamp-2 knockout
mice to those from patients with Danon disease led to the
identification of mutations in LAMP2 as the primary
defect in this lysosomal storage disease (Yamamoto et al.
2001).

Fig. 3. Autophagy in disease.
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Degradation of proteins by autophagy
contributes to quality control and prevents proteotoxicity
associated with accumulation of abnormal proteins. In
fact, defective autophagy often associates with formation
of proteins aggregates and it is likely the basis for protein
conformational  disorders such as  Alzheimer’s,
Huntington’s and Parkinson’s disease (Komatsu et al.
2006). Although the mutated protein is different in each
of these disorders, the sequence of events leading to
protein aggregation is apparently exactly the same and
proceeds as follows: 1) the abnormal conformation of

affected protein exposes normally hidden hydrophobic

residues; 2) the cell responds to these abnormal proteins
by activating chaperone system and cytosolic proteases;
and 3) in the initial stages of the disorder, chaperones and
proteases can sometimes revert, or at least slow down,
protein aggregation. However, as the levels of the
pathogenic protein increase, the process becomes
irreversible and even the ‘“helpful” proteins become
trapped in the aggregates. Although this might have
originally been a defensive mechanism against
hydrophobic patches, the hydrophobic nature of these
proteins makes them resistant to attack by cytosolic

proteases, leaving removal by macroautophagy as the
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only viable possibility (Michalik and Van Broeckhoven
2003). Recent studies show that, at least in experimental
systems, the activation of macroautophagy facilitates the
removal of newly formed aggregates (Webb ef al. 2003).
Insulin signaling is critical for the regulation of
glucose homeostasis in the adipose and muscle. Eating an
unhealthy diet and obesity contribute to the development
of insulin resistance where hepatic, adipose and muscle
tissues no longer respond to insulin signaling, thus
2008).
Recently, a role for autophagy in insulin signaling has

resulting in hyperglycemia (Martyn et al.
been discovered. Intriguingly, it seems that the role of
autophagy in the regulation of insulin signaling in
different tissues may be opposite. Hyperinsulinemic high-
fat diet fed mice and ob/ob mice both display impaired
hepatic autophagy activity indicated by decreased
expression of autophagy markers and increased levels of
p62, a protein that is normally degraded by autophagy.
Decreased autophagy in ob/ob mice led to a decreased
insulin signaling and induction of ER stress, both of
which were rescued by atg7 overexpression (Yang et al.
2010). This

regulates

suggests that insulin signaling down-

autophagy activity in the liver during
a hyperinsulinemic state. In contrast, autophagy was
shown to be up-regulated in adipose tissue of obese and
T2D patients. Kovsan et al. (2011), in a human study,
reveals direct correlation between different types and
degrees of obesity and autophagic activity and fat
deposits size. Surprisingly, autophagy was extreme high
in omental fat tissue extract from obese individuals and
was also increased in insulin-resistant obese subjects
(Kovsan et al. 2011). It has been suggested that diabetic
state is associated with pseudo starved state, leading to
increased adipocyte autophagy, elevated TAG hydrolysis
and enhanced plasma fatty acid concentration (Ost et al.
2010).

One of the prominent features of T2D clinical
defective

manifestation is the angiogenesis and

consequent  microvascular  complications. Some
conditions that are tightly associated with T2D, like
inflammation or chronic hyperglycemia, are connected
also with alterations in autophagy regulation, but the
relationship between altered autophagy and the
development of these complications is still not fully
understood. It has been reported that inflammatory
molecules as MCP-1, TNF-a, IL-1B and IL-8 are known
to promote angiogenesis. Roy et al. (2012) demonstrated
that all these pathways converge at the MCP-induced

protein (MCPIP), that is able to switch on the cascade of

oxidative stress, ER stress, autophagy and angiogenic
differentiation in HUVEC cells. Interestingly, inhibition
of each particular step caused inhibition of each
subsequent step that was postulated. These data suggest
that cellular stress evoked by the diabetic milieu may be
(Roy and
Kolattukudy 2012). Somewhat contradictory results were
(2012), who showed that
methylglyoxal (MGO) (a small carbohydrate compound
that is in T2D)
degradation of VEGFR2 in endothelial cells. Suppression

translated into de novo angiogenesis

reported by Liu et al

elevated stimulated autophagic
of autophagy either by inhibitors or siRNA, but not of the
proteasome and caspase, normalized both the VEGFR2
protein levels and angiogenesis. Conversely, induction of
autophagy either by rapamycin or overexpression of LC3
and Beclin-1 reduced VEGFR2 and angiogenesis (Liu et
al. 2012).

Retinopathy belongs to the serious pathologies
associated with T2D progression. Most retinal cells are
fully or terminally differentiated cells; therefore, a steady
supply of nutrients, cell growth and cell cycle control are
important for long-term survival (Dyer and Cepko 2000,
Lee et al. 2006) and make these cells extremely sensitive
to metabolic disturbance. Recently, it has been published
that the crucial role in the process of retinopathy plays
a pro-oxidant and pro-apoptotic thioredoxin interacting
protein (TXNIP) (Singh, 2013). TXNIP contributes to the
oxidative and nitrosative stress by significant attenuation
of antioxidant cell capacity, induction of mitochondrial
damage and consequent stimulation of mitophagy. In the
end, this cascade of events may program autophagic cell
death involving caspase-3 or cellular energy collapse.
Nonetheless, in the broader context the autophagy could
serve as an adaptive and even protective mechanism
preventing excessive bursts of reactive oxygen species
production and necrotic cell death.

Aging

Morphological alterations in the lysosomal
system and changes in its enzymatic content are common
in almost all tissues from older mammals (Ward 2002).
Considering the physiological functions of autophagy, the
cellular consequences of diminished autophagy flux are
easily inferred and include inefficient removal of
damaged intracellular structures, alterations in cellular
homeostasis, inability to adapt to extracellular changes
and poor defensive response against damaging agents.

Decreased protein degradation plays an important role in
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aging with regard to prolonging protein lifespan, which
increases the probability of their undesired alteration. The
defects in the autophagic/lysosomal proteolytic system
may be the main cause of reduced protein degradation,
since the proteasomal system cannot digest larger
proteins or impaired organelles. Indeed, there is evidence
of gradual reduction in autophagy with age (Cuervo ef al.
2005). Autophagy activation may protect an organism
from aging due to the increased ability to get rid of
damaged proteins and organelles. Caloric restriction, the
only intervention that delays aging and increases lifespan,
reverses the decline in autophagy that occurs with age
and may come about through reduced insulin/IGF-1
signaling (Kenyon 2005). Fasting can promote longevity,
but it may cause potentially adverse effects of caloric
restriction on human health and hence alternative
approaches are currently being studied that mimic the
beneficial effects if caloric restriction. The application of
antilipolytic drugs that increase autophagy and extend
longevity is a good example (Bergamini 2005).

Conclusion
Autophagy has been shown to complement
“classical pathways” in the catabolism of carbohydrates,

proteins and mitochondria in fasting and nutrient
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Summary
Autophagy-lysosomal pathway is a cellular mechanism ensuring
of various macromolecules

degradation like proteins or

triacylglycerols (TAG). Its disruption is related to many
pathological states, including liver steatosis. We compared the
effect of short- and long-established steatosis on the intensity of
autophagy-lysosomal pathway in rat liver. The experiments were
carried out on 3-month old Wistar rats fed standard (SD) or high-
fat diet for 2 (HF-2) or 10 (HF-10) weeks. HF diet administered
animals accumulated an increased amount of TAG in the liver
(HF-2—HF-10). Autophagy flux was up-regulated in HF-2 group
but nearly inhibited after 10 weeks of HF administration. The
expression of autophagy related genes was up-regulated in HF-2
but normal in HF-10. In contrast, total activities of two lysosomal
enzymes, lysosomal lipase (LAL) and acid phosphatase, were
unaffected in HF-2 but significantly increased in HF-10 groups.
mRNA expression of lysosomal enzymes was not affected by the
diet. We conclude that in a state of metabolic unbalance
(steatosis), autophagy machinery and lysosomal enzymes
expression are regulated independently. The accumulation of
TAG in the liver is associated with the increase of total LAL
activity and protein expression. In contrast, the autophagy
response is bi-phasic and after rapid increase it is significantly
diminished. This may represent an adaptive mechanism that
counteracts the excessive degradation of substrate, i.e. TAG, and
eliminate over-production of potentially hazardous lipid-

degradation intermediates.
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Introduction

Autophagy-lysosomal pathway is essential for
the maintenance of cellular and metabolic homeostasis.
Following nutrient deprivation, the primary cellular
response is the induction of autophagy that breaks down
redundant cellular components and provides amino acids
and additional precursor molecules for processes critical
for cellular survival (Singh 2010). For a long time,
autophagy was mostly associated with degradation of
proteins. Only recently, Singh et al. (2009) showed that
lipid droplets in hepatocytes can enter the autophagic
degradation pathway in the same manner as damaged
proteins or  organelles via formation of
autophago(lipo)somes that carry the cargo to the final
degradation in lysosomes.

The autophagy-lysosomal pathway consists of
two different, but functionally interconnected, parts.
Autophagy (autophagocytosis) starts with the engulfing or
sequestration of a part of the cytoplasm by a specialised
membranous organelle called a phagophore (Seglen 1987).
The resulting autophagosome matures into or delivers the
sequestered cytoplasm to an amphisome, a collecting
vacuole that can also receive material from endocytosis
(Gordon et al. 1992). Amphisome in turn delivers its
content to a lysosome, resulting in exposure of the
autophagocytosed cytoplasm to the hydrolytic enzymes of
the lysosomes. Lysosomes are permanently present in the
cell and formed in the Golgi complex. They contain
various hydrolytic enzymes capable of digesting an array
of biological polymers, including proteins, nucleic acids,
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carbohydrates and lipids (De Duve and Wattiaux 1966).
Autophagy is a complex process that involves the
participation of at least 30 proteins (Suzuki et al. 2007).
These proteins can be divided into 3 functional groups
(Levine and Kroemer 2008). The first group are
serin/threonine kinases like ATG1 and mTOR that sense
the external nutrient environment and initiate the
autophagy process (Jung et al. 2009). Next, parts of
cytoplasm containing material for degradation are engulfed
by simple membrane forming phagophore containing a
protein complex carrying Beclin 1 and PI3K activity. This
complex modifies the nascent autophagosomal membrane
(Cao and Klionsky 2007) and the cargo is sequestered in a
double membrane structure called autophagosome. During
this step a protein called ATG8/LC3-II is inserted into both
sides of the autophagosomal membrane and serves as a
convenient marker for this structure (Klionsky ef al. 2008).
After formation of autophagosome, the outer membrane
fuses with lysosomes while the inner membranes and
sequestered contents are subsequently digested by
lysosomal hydrolases within the lysosomal lumen (Jager et
al. 2004).
Mounting evidence has demonstrated that
disruption of the physiological function of autophagy is
strongly related to human diseases, including
neurodegeneration, cancer, liver and heart diseases, ageing,
myopathies, and infection (Mizushima et al. 2008). The
newly described interrelationship between autophagy and
lipid metabolism suggests that alteration in autophagic
function may play a role in the pathophysiology of human
disorders that result from excessive cellular lipid
accumulation, such as liver steatosis. Autophagy and
lipolysis share striking similarities. Both are essential
catabolic pathways activated in response to nutrient
deprivation. They are under identical hormonal control,
being activated by glucagon and inhibited by insulin (Finn
and Dice 2006). The main objection given against
autophagy involvement in the degradation of intracellular
lipid droplets was different intracellular localisation of
lipolytic enzyme
lysosomes) and substrate (lipid droplets in cytoplasm).

(lysosomal lipase sequestered in
Only recently, Singh et al. (2009) brought evidence
supporting the hypothesis that lipid droplets in hepatocytes
can enter the autophagic degradation pathway in the same
manner as damaged proteins or organelles via formation of
autophago(lipo)somes that carry the cargo to the final
degradation in lysosomes. Further evidence for the role of
autophagy in hepatocyte lipid metabolism came from
experiments carried out on mice with a hepatocyte-specific

knockout of the autophagy gene atg7 that developed a
massively enlarged liver. The enlargement was partly
caused by markedly increased in triacylglycerol and
cholesterol content and decreased VLDL secretion. These
findings suggest that a general impairment in autophagy or
a specific defect in lipophagy might in part underlie the
development of steatotic liver diseases such as non-
alcoholic fatty liver disease but the causal relationship
remains to be verified.

The aim of our study was to address the issue
concerning the effect of the duration steatosis-promoting
high-fat diet on the intensity of autophagy-lysosomal
pathway in the rat liver. We particularly focused on the
regulation of autophagy flux and on the lysosomal
activity at the functional (autophagy flux measurements
in vivo, determination of lysosomal enzymes activities)
and transcriptional (determination of mRNA expression)
levels.

Material and Methods

Animal and experimental protocol

Male Wistar rats were kept in temperature-
controlled room at 12:12-h light-dark cycle. The animals
had free access to drinking water and standard chow-diet
if not stated otherwise. Starting at the age of 3 months,
the rats were fed with standard (SD, 25 w.w. % protein,
4ww.% fat, 68 w.w.% starch) or high-fat (HF,
14 w.w. %, protein, 33 w.w. % fat, 20 w.w. % starch) diet
for 2 or 10 weeks (Table 1). The main source of fat was
lard supplemented with soybean oil (1 %) in order to
provide essential fatty acids (Cahova et al. 2012). This
diet contains approx. 40 % of saturated fatty acid, 50 %
of monounsaturated fatty acid (mainly oleic acid) and up
to 10 % polyunsaturated fatty acids (mostly linoleic acid).
A balanced composition of all necessary nutrients was
ensured by the use of dried milk and yeast together with
casein as the source of protein. The animals designed as
“fasted” were deprived of food for 16 hrs prior the
experiment. All experiments were performed in
agreement with the Animal Protection Law of the Czech
Republic 311/1997 and were approved by the ethical
committee of Institute for Clinical and Experimental

Medicine.

Determination of autophagy flux

Our assay is based on the method described by
Haspel et al. (2011) with significant modification. Fasted
rats underwent a partial hepatectomy. Through an
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Table 1. Composition of the diets. The content of the
macronutrients is given in weight to weight percent.

MACRONUTRIENTS

W.W SD HF
Crude protein % 22 14
Fat % 3 33
Fiber % 3 3
Ash % 5.5 -
Starch % 68 17
MINERALS & VITAMINS
Cu mg/kg 25 25
Vitamin A 1U/kg 30 30
Vitamin D3 ug’kg 3 3
Vitamin E mg/kg 120 200
Vitamin C mg/kg 120 120
Vitamin PP mg/kg 36 36
Vitamin B1 mg/kg 2.8 2.8
Vitamni B2 mg/kg 32 3.2
Vitamin B6 mg/kg 4 4
Calcium pantothenate mg/kg 13.2 13.2

incision of mid-abdomen wall under general isoflurane
anaesthesia, the median and left lateral lobes of the liver
were ligated and then resected (Higgins and Anderson
1931). This piece of liver was marked as sample A and
was immediately frozen in liquid nitrogen. The
abdominal cavity was closed and chloroquine (120 mg/kg
b.wt.) was administered intraperitoneally in order to
inhibit lysosomal activity in the liver. Rats were
terminated by exsanguination from abdominal aorta 4 hrs
later. We visually checked the abdominal cavity and we
did not observe any significant bleeding. We removed the
rest of liver that was marked as sample B and was
dissected and immediately frozen in liquid nitrogen.
Samples of tissue were stored in —40 °C until processing.
Autophagy intensity was assessed as the accumulation of
autophagy marker LC3-II in chloroquine-treated samples.

The isoflurane anaesthesia was employed as it is
well tolerated by the animals fed a 10 week high fat diet
exhibiting severe steatosis. This type of anaesthesia is
associated with a significant decrease by serum FFA
concentration which is the consequence of the inhibitory
effect of isoflurane on isoproterenol-stimulated lipolysis
in adipose tissue (Prokocimer et al. 1987). We found no
information indicating any effect of isoflurane on liver

lysosomal lipase.

Separation and immunodetection of proteins

The liver (20 % wt/vol) was
prepared by homogenisation of fresh liver tissue (part of
sample A) in 0.25 M sucrose; 0.001 M EDTA pH=7.4;
heparin 7 IU/m, 1 mM PMSEF, leupeptin 10 pg/ml,
aprotinin 10 pg/ml by Teflon pestle homogeniser. The

homogenate

crude impurities were removed by brief centrifugation at
850 g. Fat cake and all traces of the fat remaining on the
tube wall were carefully removed in order to prevent
contamination of the homogenate. Proteins in fraction
were separated by SDS-PAGE and the protein of interest
was recognised by specific antibody. LAL content was
determined in 20 % homogenate and recognised with
mouse monoclonal [9G7F12] to lysosomal acid lipase,
Abcam, Cambridge, UK. LC3-II content was determined
in 20 % liver homogenate lyses by 2 % SDS at 100 °C.
LC3 in the lysates was recognised with rabbit polyclonal
to LC3A/B (Abcam, Cambridge, UK). LC3-I and LC3-II
were distinguished by difference and molecular weight
(18 and 16 kDa). The bands were visualised using ECL
and quantified using FUJI LAS-3000 imager (FUIJI
FILM, Japan).

Assay of lysosomal lipase activity

4 % homogenate prepared from fresh tissue
under isosmotic conditions (250 mM sucrose) were used
for the assay. The reaction medium (92.5 kBq *H triolein,
100 uM cold triolein, 110 uM lecithin, 0.15 M NaCl) was
emulsified by  sonification (Hielsler
homogeniser UP200S, Teltow, Germany) in 0.1 M
acetate buffer (pH=4.5) containing 6 % BSA free fatty
acids. The assay itself was performed under hypoosmotic

ultrasonic

conditions in order to ensure the release of the enzyme
sequestered within the lysosomes. The substrate was
incubated with the enzyme for 60 min at 30 °C. The
released fatty acids were extracted according to Belfrage
and Vaughan (1969) and counted for radioactivity.

Determination of glucuronidase and acid phosphatase
activities

Enzyme activities were determined in 20 %
homogenate diluted in saline and 0.1 M acetate buffer
(pH=4.5). Glucuronidase (GU) (EC 3.2.1.31) activity was
assayed according to Koldovsky and Palmieri (1971).
The activity of acid phosphatase (AP) (EC 3.1.3.2) was
determined employing Acid Phosphatase Assay Kit
(Sigma Aldrich, Saint Louis, USA).
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Triglyceride content in tissues

Lipids were extracted from 1 g of fresh tissue
homogenised in 4 ml of H,O. 1 ml of the homogenate
was extracted in 15 ml of 2:1 chloroform : methanol for
24 hours. The organic and aqueous phases were removed
by adding of 6 ml KH,PO, and -centrifugation at
3000 rpm for 20 min. 1 ml of the organic phase was
dried, 100 ul  of
isopropylalcohol and 10 pl were used for the analysis.

completely resuspended  in
The triglyceride concentration in this aliquot was
determined using commercially available kit (Pliva-
Lachema Diagnostics, Czech Republic).

Real-time RT-PCR

The samples of liver tissue (sample A) were
dissected immediately after decapitation and frozen in
liquid nitrogen. Total-RNA was extracted from tissue
samples using Trizol reagent (Invitrogen) according to
standard protocol as described previously (Brinkhof et al.
2006). A DNAase step was included to avoid possible
DNA contamination. The standard amount of total RNA

Table 2. Primer characteristics.

(500 ng) was used to synthesise the first-strand cDNA
(High Capacity RNA-to-cDNA kit, Applied Biosystems,
Foster City, CA). No template control was included in the
test for contamination. RT-PCR amplification mixtures
(25 pl) contained 1 pl template cDNA, SYBER Green
master mix buffer (Quanti-Tect, Qiagen, Hilden) and
400 nM (10 pmol/reaction) forward and reverse primer
(Table 2). Reactions were run on Applera 7300H Fast
Real-Time PCR detector (Applied Biosystems). The
results were analysed by SDS software vs. 2.3 (Applied
Biosystems). All primers were designed using Primer3
software. The expression of genes of interest was
normalised to the housekeeper gene beta-2 microtubulin
(B2M) and calculated using AACt method.

Statistic analysis

Date are presented as mean + SEM. Statistical
analysis was performed using Kruskal-Wallis test with
(n=5-7).
considered statistically significant at the level of p<0.05.

multiple  comparison Differences  were

NCBI ] . ]
Gen Left primer Right primer
Ref. Sequence
Glucuronidase NM 017015.2 CGAACCAGTCACCACTGAGAG ATTGTGAACGGTCTGCTTCC
Acid phosphatase NM 016988.1 CTGCAGACACAGAGGTGATTG TTTGGGCGTAGGTAATCAGG
Lysosomal lipase NM 012823.1 CAATCAGAGTTATCCACCCTTG CCACAAGAACATTCCCGAGT
Beta-2
e.a . NC 005102.2 ATTCAGAAAACTCCCCAAATTC AAAGACCAGTCCTTGCTGAAG
microglobulin -

Table 3. Characteristics of experimental groups.

SD HF-2 HF-10
Body weight (g)-14 wks 305+5 309+5 299 +4
Body weight (g)-16 wks 343+ 6 359+7 327+4
Body weight (g)-24 wks 415+9 — 402+ 8
Adiposity (g) fasting 12+0.11 1.4 +0.04 2+0.08"
s-glucose (mmol/l) fasting 6.3+0.2 7.4+02" 7.4+0.1%
s-insulin (ng/l) fasting 112+9 121+6 165+ 10™
s-TAG (mmol/l) fasting 23+0.7 31+04 3+£04
. p
B-hydroxybuiyrate (umol/) ;Zjltmg ol. 1gf 09614 ()3.468106.102*** 0.2512.00.;###
Liver TAG (umol/g w. wt.) fasting 10.8+2.0 39.6+6.0" 50.6+9.6"

Adiposity was expressed as weight of epididymal fat pad per 100 grams body weight. Results are shown as mean £ SEM, n=6-10.
" p<0.01, ™ p<0.001 HF-2 vs. SD, * p<0.05, ** p<0.01, *** p<0.001 HF-10 vs. SD
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Results

Characteristics of experimental groups

We found no difference in body weight among
experimental groups (Table 3). The adiposity (expressed
as weight of epididymal fat pad per 100 grams body
weight) was similar in SD and HF-2 but significantly
higher in HF-10. Fasting glycaemia was elevated in both
HF-2 and HF-10 groups but hyperinsulinemia was proved
only in HF-10. The alterations in glucose metabolism
were not accompanied by fasting hypertriglyceridemia.
The increased fat utilisation for energy production was
documented by the elevation of B-hydroxybutyrate
in HF-2 and HF-10 animals.
Interestingly, ketogenesis in fasting is lower in HF-10

content in serum
compared with HF-2 group (P=0.035) which suggests a
tendency to the attenuation of TAG utilisation in the
liver. As expected, compared with the SD group, the HF
diet administered animals accumulated an increased
amount of TAG in the liver depending on the length of
diet administration.

Effect of high fat diet on autophagy flux

The aim of our experiment was to evaluate the
effect of a high fat diet on the autophagy flux, which we
determined as the change of the amount of the
autophago(lyso)somal membrane marker LC3-II before
and after chloroquine treatment in vivo. The difference in
LC3-II content before and after chloroquine treatment
could be interpreted as the rate of LC3-II formation and
may thus serve as the indicator of autophagy intensity.
The results are shown in Figure 1. The autophagy flux
was significantly elevated in HF-2 compared with SD
group. In contrast, no autophagy flux was detected in HF-
10 group. Taken together, these results indicate that

short- and long-term lasting steatosis has opposite effects
on autophagy in the liver, the latter leading to its
profound impairment.
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Fig. 1. Effect of HF diet on autophagy intensity. Fasted animals
in isoflurane narcosis were subjected to the partial hepatectomy
and sample of liver tissue (A) was immediately frozen in liquid
nitrogen. Lysosomal activity was inhibited by chloroquine
(120 mg/kg b.wt., i.p.). The experiment was terminated 4 hrs
later and the liver tissue sample B was dissected and frozen.
Autophagy flux was assessed as the accumulation of autophagy
marker LC3-II in chloroquine-treated samples. Results are
expressed as the ratio of LC3-II post- (B) and pre- (A)
chloroquine treatment; given as mean + S.E.M., n=6. ** p<0.01
HF-2 vs. SD; **# p<0.005 HF-10 vs. SD

Table 4. mRNA expression of selected autophagy markers and lysosomal enzymes.

SD HF-2 HF-10

Autophagy Beclin 1 1.26 +0.06" 1+0.03
markers Atg 16 1 1.45+0.04" 0.63 +£0.15"

Lysosomal lipase 1 0.9 +0.04 1+0.06
Lysosomal .

Glucuronidase 1 1.02 £0.08 0.76 £0.06
enzymes i

Acid phosphatase 1 1.16 £0.1 0.89 £0.06

mRNA was quantified by RT-PCR, with expression in standard diet (SD) arbitrary set at 1. * p<0.05, * p<0.01 HF-2 vs. SD; # p<0.05 HF-

10 vs. SD
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Effect of high fat diet on the expression of autophagic
genes

As described above, we found that a high fat diet
had serious impact on autophagy flux and we were
further interested if this effect is regulated at the
transcriptional level. We tested the mRNA expression of
two autophagy markers, Beclin 1 and Atg 16 (Table 4).
The former is implicated in the proximal part of
autophagy pathway and initiates the formation of
phagophore, the latter is important for modification the
nascent autophagosomal membrane and it is involved in
the lipidation of LC3 protein and in the translocation of
LC3-II into the autophagosomal membrane. We found
small but significant increase in the expression of beclin
(P=0.048) and more pronounced increase in the
expression of Atg 16 (P=0.015) in HF-2 group which
indicates that the rise in autophagy is reflected also at the
transcriptional level. In rats fed HF diet for 10 weeks
(HF-10), the expression of beclin returned to the normal
level and the Atgl6 expression was significantly down-
regulated. This data indicates that HF diet induced
changes in autophagy flux are, at least partly, mediated
also at the mRNA transcription level.

Effect of high fat diet on the activity and expression of

lysosomal enzymes

The availability of lysosomal enzymes

represents the necessary condition of successful

degradation of material via autophagy-lysosomal
pathway. At first, we focused on the effect of high fat diet
on the activity and expression of an enzyme responsible
for TAG degradation in lysosomes, lysosomal lipase. We
found that the total activity of lysosomal lipase is similar
in SD and HF-2 groups, but that it is significantly
elevated in HF-10 (Figure 2A). The expression of LAL
protein followed a partly different pattern. After 2 weeks
of HF diet feeding, LAL protein content was significantly
diminished compared with the SD group (Figure 3). In
contrast, long-term HF diet administration resulted in the
significant increase of LAL protein detected in liver
homogenate.

We further determined the activities of two other
enzymes generally accepted as lysosomal markers
(glucuronidase, acid phosphatase). We observed no
uniform trend in the influence of the HF diet on their
activities due to short- or long-term diet administration.
The activity of glucuronidase was attenuated in HF-2
compared with HF-10 and SD groups (Figure 2B) while

the activity of acid phosphatase was unaffected in HF-2

and elevated in HF-10 group (Figure 2C).

The mRNA expression of any of the three
lysosomal enzymes tested (LAL, GU, AP) was not
affected by the length of HF diet administration and was
not different from the SD group (Table 4).
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Fig. 2. Effect of HF diet on lysosomal enzymes activities.
A: lysosomal lipase, B: glucuronidase, C: acid phosphatase. The
enzyme activities were determined in liver homogenates prepared
from sample A (i.e. before chloroquine treatment). Results are
shown as arithmetic mean + SEM, n=6. " p<0.05 HF-2 vs. SD,
#p<0.05 ## p<0.01 HF-10 vs. SD, * p<0.05 HF-10 vs. HF-2
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Fig. 3. Effect of HF diet on lysosomal lipase protein content in
homogenate. Results are expressed as mean + S.E.M., n=6.
*p<0.01 HF-2 vs. SD; #*## p<0.005 HF-10 vs. SD

Discussion

In this study, we bring the evidence that the
intensity of autophagy-lysosomal pathway depends on the
TAG liver content and on the duration of steatosis. Our
data further suggests that in response to HF diet
administration, autophagy flux itself and lysosomal
enzymes expressions are regulated independently. Our
conclusions are based on following findings: 1) the
autophagy response to HF diet is biphasic - two weeks of
HF administration resulted in the increased autophagy
flux in the liver while the long-term HF feeding led to its
significant attenuation; 2) total activity of lysosomal
enzyme responsible for TAG degradation, LAL, was
increasing along with the duration of HF administration
and TAG liver accumulation; 3) the total activity of two
other lysosomal enzymes was not uniformly influenced
by HF diet. These results indicate that the regulation of
the whole autophagy-lysosomal pathway in response to
the increased supply of dietary fat occurs at the proximal
step (autophagy flux).

The TAG metabolism in the liver is subject to a
highly sensitive regulation in order to fulfil the actual
needs of the organism. It has been shown that the liver is
a site of continuous lipolysis of endogenous TAG stored
in the form of cytosolic lipid droplets. The released
FFA'’s are used for oxidation, VLDL synthesis or are re-

esterified back to the intracellular lipid storage pool
(Lankester et al. 1998). This process must be carefully
regulated as the insufficient lipolysis may lead to an
energy substrate shortage while an excessive one may
result in the production of surplus potentially toxic
intermediates of lipid metabolism. There are some hints
that steatosis is associated with the impairment of
autophagy function (Singh et al. 2009) but exact
experimental proof is still lacking.

This task is complicated by the difficulties
associated with the in vivo quantification of the intensity
of autophagy flux. Cellular LC3-II levels correlate with
numbers of autophago(lyso)somes in cells at a snapshot
in time. LC3-II measured in this way rise: a) if there is
enhanced autophagosome synthesis or b) if there is a
block in LC3-II degradation.
snapshot levels of LC3-II can be associated with a drop in

Likewise, decreased
autophagosome formation but can also occur when
autophagy flux, including lysosomal degradation, is
induced (Rubinsztein ef al. 2009). In order to overcome
this problem, LC3-II protein must be measured in the
presence of lysosomal activity inhibitor, i.e. chloroquine,
which prevents LC3-II degradation in lysosome. We
modified a standard in vitro method for measuring of
autophagic flux in vivo using chloroqiune assay. In our
experimental setting, the animals were subjected to
partial hepatectomy to obtain a sample of unaffected liver
tissue. Then chloroquine was then applied i.p. and the
intra-abdominal  organs

were exposed to this

lysomotropic agent. Autophagy flux intensity was
assessed as the accumulation of autophagy marker LC3-II
in chloroquine-treated vs. untreated samples from the
same animal. The data presented in Fig. 1 show the
importance of this approach. If only the untreated
samples were evaluated, then the conclusion would be
that autophagy is comparably stimulated both after short-
and long-term HF diet feeding. Nevertheless, the
determination of autophagy flow revealed that autophagy
is actually stimulated only in HF-2 group while in HF-10
is substantially diminished.

Our results showed that in the liver the
autophagic response to the increased fat supply in the diet
is biphasic. At the beginning, autophagy flux is
stimulated. We speculate that this transitional increase of
autophagy may represent an adaptive mechanism in order
to get rid of the fat overload. The total activity of
lysosomal lipase, lysosomal TAG degrading enzyme, was
comparable with SD fed animals but as we have

previously shown, a short-term HF diet is associated with
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a significant translocation of LAL activity as well as LAL
protein into autophagolysomal fraction enriched with
TAG and with increased formation of TAG degradation
products (Cahova et al. 2012). Rather surprisingly, total
LAL protein content was decreased in the HF-2 group.
We explain this discrepancy by the accentuated

degradation  of  the enzyme in  activated
autophagolysosomes. The total LAL amount present in
the cell exceeds several times the amount of the enzyme
actually active so the degraded enzyme could be easily
replenished from the inactive stores. The effect of long-
term HF diet was quite opposite. In the liver of rats fed
HF diet for 10 weeks, the autophagy flux was nearly
completely impaired. In contrast, the activities (measured
on artificial substrate under optimal conditions) of
lysosomal enzymes LAL and AP were significantly
higher than in the SD group and the GU activity was
comparable. We suppose that this observation could be
explained by their significantly attenuated degradation in
lysosomes that are not activated by autophagy. In
accordance with this hypothesis, we observed an
elevation of LAL protein content in HF-10 group.

In the liver of animals chronically fed the high-
fat diet, the autophagy could be down-regulated by
several mechanisms. First, it has been reported that
expression of some key autophagy genes (vps34, atgl?2,
and gabarapll) were suppressed in the presence of
insulin resistance and hyperinsulinemia via FoxOl-
dependent pathway (Liu ef al. 2009). Second, one of the
most important cellular inhibitors of autophagy is mTOR
kinase which serves as a cellular sensor of nutrients. Data
coming from several groups revealed that mTOR is
chronically activated in the liver of high-fat diet
administered mice (Korsheninnikova et al. 2006, Wang et
al. 2010). And finally, Koga et al. (2010) showed that
macroautophagy failure chronic

induced by lipid
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We tested the hypothesis that TAG accumulation in the liver induced by short-term high-fat diet (HFD) in rats leads to the
dysregulation of endogenous TAG degradation by lysosomal lipase (LIPA) via lysosomal pathway and is causally linked with
the onset of hepatic insulin resistance. We found that LIPA could be translocated between qualitatively different depots (light
and dense lysosomes). In contrast to dense lysosomal fraction, LIPA associated with light lysosomes exhibits high activity on
both intracellular TAG and exogenous substrate and prandial- or diet-dependent regulation. On standard diet, LIPA activity
was upregulated in fasted and downregulated in fed animals. In the HFD group, we demonstrated an increased TAG content,
elevated LIPA activity, enhanced production of diacylglycerol, and the abolishment of prandial-dependent LIPA regulation in
light lysosomal fraction. The impairment of insulin signalling and increased activation of PKCe was found in liver of HFD-fed
animals. Lipolysis of intracellular TAG, mediated by LIPA, is increased in steatosis probably due to the enhanced formation of
phagolysosomes. Consequent overproduction of diacylglycerol may represent the causal link between HFD-induced hepatic TAG

accumulation and hepatic insulin resistance via PKCe activation.

1. Introduction

NAFLD (nonalcoholic fatty liver disease) is often associated
with insulin resistance (IR) and type 2 diabetes [1]. High-fat
diet-induced liver triacylglycerol (TAG) accumulation results
in the hepatic IR even after three days of administration
and without significant impairment of insulin-mediated
peripheral glucose disposal [2]. However, the mechanism by
which hepatic fat accumulation might lead to the hepatic
insulin resistance is far from being clearly understood [3].
The TAG metabolism in the liver is subject to a highly
sensitive regulation in order to fulfil the actual needs of
the organism. It has been shown that the liver is a site

of continuous lipolysis of endogenous TAG and partial
reesterification of released free fatty acids (FFA) back to the
intracellular lipid storage pool [4]. The rate of intracellular
lipolysis is 2-3 times greater than required to maintain the
observed rate of TAG secretion [5].

Nevertheless, in spite of intensive research in this field,
there are many uncertainties concerning the enzyme(s)
responsible for intracellular TAG degradation. One possible
candidate is lysosomal lipase (LIPA) [6]. It belongs to a group
of more than 50 acid hydrolases that are characterised by
low pH optimum (4.5-5). Because these enzymes require a
pH range that is incompatible with the neutral cytoplasma
milieu, they are sequestered in specific cytoplasmic particles



termed lysosomes [7]. Due to a large variety of lysosomal
enzymes (including proteases, lipases, glycosidases, and
nucleases), lysosomes mediate complete breakdown of many
types of molecules and confer upon this organelle its high
degradative capacity [8]. Lysosomal enzymes are synthe-
sized in endoplasmic reticulum, sequestered into specialised
regions of Golgi apparatus, and bud out and detach as
small vesicles called primary lysosomes [9]. Substrates can
reach lysosomes via heterophagy (including exocytosis and
phagocytosis), in which cargo originates at the plasma
membrane or extracellularly, or via autophagy, for cargo
located in the cytosol. Material designed for degradation is
temporally stored in digestively inactive organelles termed
phagosomes. Only after fusion of phagosome with primary
lysosome and acidification of intralysosomal space could
the internalized material be degraded and the degradation
products released back into cytoplasm [10]. The lysosomal
pathway was originally associated with removal of organelles
and degradation of proteins [11]. Only recently the critical
role of this pathway in metabolism and storage of intra-
cellular lipids has been discovered [12]. Hayase and Tappel
[13] showed that lysosomal lipase is capable of hydrolyzing
triacylglycerols and that the dominant products of lysosomal
lipase action on TAG molecule are diacylglycerol (DAG) and
one molecule of fatty acid. DAG is a known activator of
classic and novel isoforms of protein kinase C (PKC), and
DAG concentrations have closely paralleled insulin resistance
in other models [14, 15]. While PKCs, in general, have been
implicated in the pathogenesis of insulin resistance in many
tissues, Samuel et al. [16, 17] delineated the specific role of
one particular isoform, PKCe, in the development of fat-
induced insulin resistance in the liver.

We hypothesized that steatosis-associated hepatic IR is
causally linked with alteration of endogenous TAG degrada-
tion in NAFLD. To address this issue, the activity of LIPA
and the production of TAG breakdown intermediates were
determined in animals with normal insulin sensitivity and
with hepatic IR induced by a two-week administration of a
high-fat diet. We identified the steatosis-associated changes
in the regulation of LIPA activity based on the alteration in its
intracellular distribution, and we proposed the mechanism
by which it can contribute to the establishment of hepatic IR.

2. Materials and Methods

2.1. Animals and Experimental Protocol. Male rats were
kept in temperature-controlled room at 12:12 h light-dark
cycle. Animals had free access to drinking water and diet
if not stated otherwise. All experiments were performed in
agreement with the Animal Protection Law of the Czech
Republic 311/1997 which is in compliance with Principles of
Laboratory Animal Care (NIH publication no. 85-23, revised
1985) and were approved by the ethical committee of the
Institute for Clinical and Experimental Medicine. Starting
at age 3 months (b.wt. 300 + 20g), all animals were fed
either HFD (70 cal% as saturated fat, 20 cal% as protein, and
10 cal% as carbohydrate) or standard laboratory chow diet
(SD) for 2 weeks. The groups labelled SD fed or HFD fed
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had free access to the diet until decapitation (10-11am),
and the groups designated as SD fasted or HFD fasted were
deprived of food for the last 24 hours. Glucose tolerance
was determined as the rate of disappearance of glucose
from circulation after a single dose of glucose (3 g/kg b.wt.)
administered intragastrically to overnight-fasted animals.

2.2. Preparation of Lysosomal and Phagolysosomal Fractions.
The lysosomes and phagolysosomes represent a heteroge-
neous population of organelles. 20% (wt/vol) homogenate
was prepared by homogenization of liver tissue in 0.25M
sucrose; 0.001M EDTA pH = 7.4; heparin 71U/m, 1mM
PMSE leupeptin 10ug/mL, and aprotinin 10ug/mL by
Teflon pestle homogenizer. The crude impurities were
removed by brief centrifugation at 850 g. The fat cake was
removed carefully in order to prevent contamination of
liquid fraction. An aliquot of the homogenate was kept
at 4°C until lipase assay (maximum 2 hour), the rest was
centrifuged for 10 000 g 20 min 4°C, and the resulting pellet
and supernatant were separated. The supernatant contains
preferentially the less dense lysosomes with higher TAG
content (light lysosomes), and the pellet is formed by more
dense particles (dense lysosomes).

2.3. Assay of Triacylglycerol Lipase Activity on Exogenous Sub-
strate. The optimal conditions for the lipase assay (substrate
concentration, reaction temperature, and linear range of the
assay) were determined in the pilot experiments. The data
are provided in supplements (a—c). 4% liver homogenate or
lysosomal subfractions prepared from the fresh tissue under
iso-osmotic conditions were used for the assay. The reaction
medium (92.5kBq *H triolein, 100 yM triolein, 110 uM
lecithin, 0.15M NaCl, and 0.1 M acetate buffer pH 4.5) was
emulsified by sonication (Hielsler sonicator UP200S). The
assay itself was performed under hypoosmotic conditions
(50 mM sucrose) in order to ensure the release of the enzyme
sequestered within the lysosomes. The liver homogenate or
isolated fractions were incubated for 60 minutes at 30°C.
The released fatty acids were extracted according to [18] and
counted for radioactivity.

2.4. Assay of Triglyceride Lipase Activity on Endogenous
Substrate. This approach takes advantage of the coordinated
changes in the intracellular localisation of LIPA and its
intracellular substrate. The optimal conditions for the lipase
assay were determined in the pilot experiments. The data
are provided in supplements (e, f). The liver homogenate
and subcellular fractions were prepared as described above
under iso-osmotic conditions that prevent the disruption of
lysosomes. The lysis of lysosomes was induced only after
separation of fractions during the assay. 20% homogenate
was mixed 1:1 with 0.2M acetate buffer pH = 4.5 and
incubated for 60 min in 30°C in shaking water bath. The
reaction mixture was extracted in chloroform-methanol, and
phases were separated by 1 M NaClL

Aliquots of lower chlorophorm phase were separated
for further determination of FFA and DAG content. An
aliquot of chlorophorm phase was evaporated, and 100 yL
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of Krebs-Ringer phosphate buffer (pH = 7.6) containing
6% FFA-free BSA was added. The tubes were incubated in
shaking incubator at 37°C for 2 hours. FFA concentration
in final KRF/BSA solution was measured using commercially
available kit. In order to check the efficiency of FFA
solubilisation, the emptied tubes were washed with fresh
KRB + 6% BSA, and then 100 yL of chlorophorm was added.
An aliquot was separated by TLC, but no substantial traces of
FFA were detected.

2.5. Determination of DAG Content. This method is based
on the phosphorylation of DAG in the sample to DAG-
3-phosphate using y*>-ATP followed by quantification of
radioactivity in a chlorophorm extract. Lipids from liver
tissue or incubation mixture were extracted in chlorophorm-
methanol and an aliquot of chlorophorm phase was evapo-
rated under the stream of nitrogen. The sample was than sol-
ubilised by sonication in detergent buffer (7.5% n-octyl-f-D-
glucopyranoside, 5mM cardiolipin, and 1 mM DETAPAC).
Reaction buffer (50 mM imidazole/HCl, pH = 6.6, 50 mM
NaCl, 12.5mM MgCl,, and 1 mM EGTA), diacylglycerol
kinase, and y?*-ATP were added and incubated 30 min in
25°C. Lipids were extracted into chlorophorm-methanol,
phases were separated with 1% HCLO4, and the exact volume
of lower chlorophorm phase was determined. An aliquot
was evaporated, resolved in 5% chlorophorm-methanol, and
separated by TLC. Individual populations of lipids were
visualised by iodine vapours, the bands corresponding to
DAG were scraped off, and the radioactivity was determined
by scintillation counting.

2.6. Incubation of Liver Slices In Vitro. The production of -
hydroxybutyrate from liver slices in vitro was measured in the
absence of exogenous FFA. Liver slices (width approximately
1 mm) were quickly dissected and incubated for 2 hours in
Krebs Ringer bicarbonate buffer with 5 mmol/L glucose, 2%
bovine serum albumin, gaseous phase 95% O, and 5% CO,.
All incubations were carried out at 37°C in sealed vials in a
shaking water bath. The aliquots of the incubation medium
were stored frozen until the further analysis.

2.7. Electrophoretic Separation and Immunodetection. The
homogenate, light lysosomal fraction, and dense lysosomal
fraction prepared as described above were used for the
assessment of LIPA protein content. A separate group of rats
were used to assess the impact of hepatic fat accumulation
on the insulin signalling pathway. The animals were either
deprived of food for 24 hours (fasted) or had free access to
food, and insulin (6 U/kgi.p.) was administered 30 min prior
decapitation (fed + insulin). Liver samples (200 mg) were
harvested in situ and stored in liquid nitrogen until further
utilization. The homogenate was prepared by Ultra-Turax
homogenizer (IKA Worke, Staufen, Germany) in homoge-
nization buffer (150 mM NaCl, 2mM EDTA, 50 mM TRIS,
20mM glycerolphosphate, 1 mM Na3;VOy4, 2mM sodium
pyrophosphate, 1 mM PMSE, leupeptin 10 yg/mL, and apro-
tinin 10 ug/mL). The homogenate was used for determina-
tion of mTOR and Akt phosphorylation. The proteins were

separated by electrophoretic separation under denaturing
conditions and electroblotted onto PVDF membranes. The
level of phosphorylation of Akt and mTOR kinases was
assessed by immunodetection using specific phospho-Akt
(Ser473) antibody and phospho-mTOR (Ser2448) antibody,
respectively. The total expression of Akt and mTOR protein
was determined on the same membrane after striping and
reblotting using specific antibodies. All these antibodies were
purchased from Cell Signalling Technology, (Boston, MA).
The immunodetection of LIPA protein was performed using
mouse monoclonal (9G7F12) antibody to lysosomal acid
lipase (Abcam, Cambridge, UK). The loading control was
performed using rabbit polyclonal antibody to beta actin
(Abcam, Cambridge, UK). The bands were visualized using
ECL and quantified using FUJI LAS-3000 imager (FU]JI
FILM, Japan) and Quantity One software (Biorad, Hercules,
CA).

2.8. PKC Membrane Translocation. The liver homogenate
was prepared as described above. The total membrane
and cytosolic fractions were prepared by centrifugation of
the homogenate at 100000 g. Solubilisation of membrane
fraction was carried out in 1% Triton X-100, 0.1% SDS,
and 0.5% deoxycholate. After electrophoretic separation and
blotting, the PKCe was detected using anti-PKCe antibody
(Sigma, St. Louis, USA). PKC translocation was expressed
as the ratio of arbitrary units of membrane bands over the
cytosol bands.

2.9. Biochemical Analysis. TAG content in liver homogenate
or phagolysosomal fraction was determined after the extrac-
tion according to Folch et al. [19]. The glycogen content
was determined in fat-free dry mass after hydrolysis in 30%
KOH and expressed as a glucose equivalent (umoles per g dry
weight).

FFA, insulin, TAG and glucose serum content, and f3-
hydroxybutyrate production were determined using com-
mercially available kits (FFA: FFA half microtest, Roche Diag-
nostics GmbH Mannheim, Germany; triglycerides and glu-
cose: Pliva-Lachema, Brno CR; insulin: Mercodia, Uppsala,
Sweden; S-hydroxybutyrate: RanBut, RANDOX Crumlin,
UK).

2.10. Statistical Analysis. Data are presented as mean + SEM.
Statistical analysis was performed using Kruskal-Wallis test
with multiple comparisons (n = 5-7). Differences were
considered statistically significant at the level of P < 0.05.

3. Results

3.1. The Effect of HED on Physical and Metabolic Parameters.
The two-week period of HFD resulted in higher body weight
and increased fat accumulation determined as epididymal fat
pad : body weight ratio (Table 1). The impairment of glucose
metabolism was indicated by increased fasting glycemia,
increased fasting insulinemia, and impaired glucose toler-
ance measured by oral glucose tolerance test and expressed
as AUC,_180 min- The alterations in glucose metabolism were
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TaBLE 1: The effect of HFD on physical and metabolic parameters.

Standard diet High-fat diet
Fasted Fed Fasted Fed

Body weight (g) 331 +6.9 379 + 10.7*
Epididymal fat pad/b.w. (g/100 g) 0.9 = 0.07 1+0.06 1.4 0.07* 1.4 + 0.04*
Glycemia (mmol/L) 5.1+0.1 7.9 +0.5* 59 +0.2* 8.1+0.3"
Insulinemia (pmol/L) 56 + 15 135 +21° 125 + 10* 127 + 18
AUC._130 (mmol glucose/L) 1168 + 26.6 1325 + 32.9%
Serum Tg (mmol/L) 0.7+0.1 1.4 +0.08" 0.7 £0.02 1.4+0.17
Serum FFA (mmol/L) 0.7 £0.05 0.4 +0.02" 0.6 = 0.08 0.45 + 0.07"
ALT (ykat/L) 1 2+0.
AST (ukat/L) + 0.6 39+0.3
B-hydroxybutyrate (ymol/L) 1.67 + 0.05 0.05 +0.01* 3.2 +0.25* 0.28 + 0.05%*

Data are given as means + SEM, n = 7. *P < 0.05 HFD versus SD group; *P < 0.05 fasted versus fed animals; *P < 0.05 SD- versus HFD-fasted animals;

#P < 0.05 SD- versus HFD-fed animals.
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FiGuRe 1: The effect of HED on the LIPA activity measured as FFA release from artificial substrate (*H-triolein). (a) Homogenate; (b) dense
lysosomes; (c) light lysosomes. The lipase activity was measured as the release of fatty acids at pH = 4.5 from *H-triolein. Open bars = fasted
animals; hatched bars = fed animals. **P < 0.01 fed versus fasted; **P < 0.01 HED fed versus SD fed.
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FIGURE 2: The effect of HFD on the LIPA activity measured as FFA release from endogenous TAG. (a) Homogenate; (b) dense lysosomes;
(c) light lysosomes. 10% liver homogenate, light or dense lysosomal fraction were incubated 60 min at pH = 4.5. At the end of incubation,
the released FFAs were quantified as described in Section 2. The graph shows the difference between FFA concentration in the sample at the
beginning and at the end of the incubation. Open bars = fasted animal; hatched bars = fed animals. *** P < 0.001 fed versus fasted; *P < 0.05
HEFD fasted versus SD fasted; *P < 0.05, P < 0.01 HED fed versus SD fed.

not accompanied by dyslipidemia. Serum f-hydroxybutyrate
concentration was significantly elevated in both HFD-fed as
well as HFD-fasted group compared to corresponding SD
groups what indicates increased utilisation of fatty acids for
ketogenesis in the liver. Short-term HFD administration did
not alter ALT and AST serum concentrations.

As expected, compared to the SD group, the HFD-
administered animals accumulated increased amount of TAG
(fasted: 14.6 + 1.4 versus 3.2 + 0.2; P < 0.001; fed: 16.2 + 2.5
versus 2.9 +0.2 ymol/g; P < 0.001) and DAG (fasted: 138 +17
versus 83 = 12; P < 0.01; fed: 145 + 19 versus 53 + 9 nmol/g;
P < 0.001) in the liver. The insulin-stimulated increase of
glycogen content in liver was lower in HFD compared to SD
animals (fasted: 27 = 7 versus 41 + 9 n.s.; fed: 123 = 10 versus
261 + 15 umol/g; P < 0.001).

3.2. The Effect of HFD on Lysosomal Lipase Activity. In order
to determine maximal LIPA activity in liver homogenate
and in particular lysosomal subpopulations, we employed

emulsified *H-labeled triolein as a substrate. In this exper-
imental setting, the substrate is present in excess, and the
only limiting factor is the amount of enzyme. The total
LIPA activity measured in the whole homogenate was not
affected either by prandial status (fasted or fed state) or
diet intervention (SD or HFD) (Figure 1(a)). Similar results
were observed in the fraction of dense lysosomes that
represent primary lysosomes (Figure 1(b)). On *H-triolein
as a substrate, we found most of total LIPA activity in this
fraction. The LIPA activity determined in light lysosomes
represents only minor portion of total activity, but unlike
homogenate or dense lysosomes, it responds to different
metabolic states (Figure 1(c)). In the SD group, it is elevated
in fasting and depressed in fed state. HFD feeding abolished
the prandial regulation of LIPA activity especially due to its
upregulation in fed state.

A separate set of experiment was designed in order to
evaluate the contribution of LIPA associated with dense and
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FIGURE 3: The effect of HFD on the LIPA protein expression. (a) Homogenate; (b) dense lysosomes; (c) light lysosomes. Representative
Western blots are shown above each graph (f = fasted, F = fed). The results are expressed as arbitrary units after normalisation to the actin
expression (loading control). Open bars = fasted animals; hatched bars = fed animals. **P < 0.01 fed versus fasted; **P < 0.01 HFD fed

versus SD fed.

light lysosomes to the degradation of intracellular TAG. In
this experimental design, the intracellular TAGs contained
in particular fraction are the only source of substrate, and
the intensity of lipolysis depends not only on the amount
of enzyme but also on the amount of substrate available in
the sample (Figures 2(a), 2(b), and 2(c)). Compared with
the same experiments carried on *H-triolein, we found two
differences. First, HFD administration led to a significant
increase of total LIPA activity measured in homogenate.
Second, after separation of lysosomal subpopulations, LIPA
activity associated with light lysosomes was higher than those
associated with dense lysosomes. This observation could be
explained by the previous “in vivo” translocation of both
the substrate (TAG droplets) and the enzyme (LIPA) into
light lysosomal fraction (phagolysosomes). In accordance
with this presumption, we found higher TAG content in
phagolysosomal fraction in HFD compared with SD group
(fasted: 2.3 + 0.2 versus 4.1 + 0.7; fed: 1.02 = 0.3 versus 5.6 +
0.48 yumol-mg prot™!). Similarly with the results obtained
on *H-triolein, the effect of fasting was manifested only
in SD group and only in light lysosomal fraction. HFD
feeding resulted into the elevation of LIPA activity in light
lysosomes and into the abolishment of prandial regulation.
Taken together, our results indicate that in the liver most of
the enzyme is present in inactive form in dense (primary)
lysosomes, and the physiologically active portion of the
enzyme could be determined in light lysosomal fraction.

3.3. The Effect of HFD on Lysosomal Lipase Protein Distri-
bution. In order to distinguish whether the higher LIPA

activity found in the light lysosomal fraction in HFD
group is consequent to the increased amount of enzyme
in this fraction or only to the increased availability of the
substrate, we determined the amount of LIPA protein in
liver homogenate and in particular fractions. We found that
the LIPA protein content in homogenate (Figure 3(a)) and
dense lysosomal fraction (Figure 3(b)) is similar in both
fasted and fed animals and that it is not affected by short-
term HFD administration. In contrast to these findings, the
abundance of LIPA protein in light lysosomal fraction is
lower than in homogenate or dense lysosomes, but it varies
according to several factors (Figure 3(c)). In SD group, it
strongly depends on prandial status. In SD-fasted rats, LIPA
protein abundance in this fraction is significantly higher
compared with their fed counterparts. Short-term HFD diet
has no effect on the content of LIPA protein in fasted
animals, but it significantly increases its amount in the fed
ones. Consequently, the prandial-dependent regulation is
completely abolished in HFD group.

3.4. Diacylglycerol Production in Incubated Liver Homogenate.
DAG is one of the major products of LIPA action on
TAG molecule as this enzyme has lower affinity to DAG
or monoacylglycerol compared with its affinity to TAG
[13]. In our experimental conditions (incubation of liver
homogenate or isolated fraction in pH =4.5), DAG could not
be further utilised for TAG biosynthesis, and the difference
in DAG concentrations at the end and at the beginning
of incubation represents the net DAG production from
TAG degradation. Nevertheless, we cannot exclude some
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FIGURE 4: The effect of HFD on the DAG production from intracellular TAG in vitro. (a) Homogenates; (b) dense lysosomes; (c) light
lysosomes. 10% liver homogenate, dense lysosomal or light lysosomal fractions were incubated 60 min at pH = 4.5. At the end of incubation,
DAG was extracted into chlorophorm-methanol and quantified as described in Section 2. The graph shows the difference between DAG
concentration in the sample at the beginning and at the end of the incubation. Open bars = fasted animals; hatched bars = fed animals.
*P < 0.05 fed versus fasted; *P < 0.05, **P < 0.01 HED fasted versus SD fasted; *P < 0.05, P < 0.01 HFD fed versus SD fed.

degradation of DAG by lysosomal carboxylesterases. In
homogenate, DAG production in SD group was significantly
lower compared with those in HFD, and it was prandial
dependent, that is, elevated in fasting and downregulated in
fed state. In HFD group, a significant DAG production was
detected in both fasted and fed animals (Figure 4(a)). The
stimulatory effect of HFD on DAG production was found in
both dense (Figure 4(b)) and light (Figure 4(c)) lysosomes.
In HFD group, approximately 60% of DAG formation
occurred in light lysosomal fraction, and in contrast to the
SD group, it was independent of prandial status.

3.5. The Effect of HFD on Ketogenesis In Vitro. LIPA is
expressed not only in hepatocytes but also in many other
cell types including Kupffer cells present in the liver. In
order to address the issue whether the above-mentioned
changes in LIPA activity could be ascribed to hepatocytes, we
measured ketone bodies production from liver slices in vitro

(Figure 5). Ketogenesis is the metabolic pathway occurring
exclusively in hepatocytes and tightly reflects the intracellular
TAG metabolism. We found an elevated ketogenesis due to
the HFD administration what under these experimental set
up implicates the accentuation of TAG hydrolysis. When
liver slices were incubated in the absence of exogenous
FFA, HFD-fasted group exhibited significantly higher f-
hydroxybutyrate production compared with SD fasted. A
similar trend was found also in fed animals.

3.6. The Effect of HFD on Key Components of Insulin Signalling
Pathway. To determine the effect of HFD on hepatic insulin
sensitivity, the activation of key components of insulin
signalling pathway was measured by immunodetection of
their phosphorylation status. As shown in Figure 6(a), the
insulin-stimulated phosphorylation of Akt kinase was sig-
nificantly impaired in HFD-compared to SD group. Similar
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Figure 5: The effect of HFD on f-hydroxybutyrate production
from liver slices in vitro. Liver slices were incubated in oxygenated
KRB without exogenous fatty acids. Open bars = fasted animals;
hatched bars = fed animals. TP < 0.05 fed versus fasted; **P < 0.01
HFD versus SD fasted; P < 0.05; *P < 0.05 HFD fed versus SD
fed.

results were obtained for mTOR (Figure 6(b)) suggesting an
impairment of insulin signal transduction.

3.7. The Effect of HFD on PKCe Activity. Determination of
the relative abundance of the particular PKC isoform in the
membrane and cytosol fractions reflects PKCe activation. An
increase in the membrane to cytosol fraction ratio was used
as an indicator of PKCe activation. As shown in Figure 7,
PKCe was significantly activated in the liver of the HFD-
administered animals.

4. Discussion

In the present study, we provide evidence that in steatosis
the increased degradation of TAG mediated by LIPA and
associated with the increased production of DAG may be
one of the mechanisms determining the rapid onset of
hepatic IR. Our hypothesis is based on following findings.
First, alterations in LIPA activity associated with different
metabolic states are based on prandial-dependent transloca-
tion of the enzyme from the inactive pool of dense lysosomes
into light lysosomal fraction, and it is upregulated in fasting
and downregulated in the fed state. After short-term HFD
administration, this prandial-dependent regulation of LIPA
activity is abolished. The fed state-associated downregula-
tion of LIPA activity is impaired, and the portion of the
active enzyme is permanently increased. These changes were
demonstrated on both endogenous TAG and exogenous
substrate (emulsified *H-triolein). Second, in steatosis, the
production of TAG degradation intermediates, FFA and
DAG, by lysosomal lipase was significantly elevated. Finally,
we proved an increased PKCe activation together with the
defects in the insulin-signalling cascade in the fatty liver.
Taken together, these data indicate that the enhanced activity
of LIPA in HFD-fed animals and following overproduction of
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PKCe activator DAG contribute to the establishment of HFD-
induced IR. We have previously shown that LIPA is involved
in the degradation of intracellular TAG in the liver [20]. The
essential role of LIPA for hydrolysis of TAG is supported by
findings of Du et al. [21] who reported that LIPA knock-out
mice (Lipa ~/~) exhibited progressive hepatosplenomegaly
and massive TAG accumulation in the liver.

Our data indicate that the principal factor regulating
the LIPA activity is not the total amount of the enzyme
itself but rather its intracellular localisation. We did not
find any significant differences in LIPA mRNA expression
in response to either fasting or diet intervention (not
shown), and in accordance with this, we did not find any
difference in total LIPA protein content determined in the
whole homogenate. According to Seglen and Solheim [22],
active phagolysosomes have a lower density than the small,
inactive lysosomes, allowing their separation by differential
centrifugation. Based on this observation, we separated the
total lysosomes into two subpopulations according to their
density. We expected that the active lysosomes containing the
TAG substrate would remain in the less dense fraction (light
lysosomes), while the inactive lysosomes would sediment
(dense lysosomes). In our experimental setting, the effect
of fasting or HFD was manifested predominantly in light
lysosomal fraction what supports the physiological relevance
of this methodology. In SD group, we observed a signif-
icant prandial-dependent regulation, LIPA activity being
upregulated in fasted and downregulated in fed animals.
HFD feeding was associated with a significant elevation of
LIPA protein content and LIPA activity in light lysosomal
fraction particularly in fed animals and consequently with
the abolishment of prandial-dependent regulation of LIPA
activity. Similar trends were observed on both exo- and
endogenous substrates. The changes in LIPA activity were
reflected by the corresponding changes in LIPA protein con-
tent in light lysosomal fraction. The interesting conclusions
come from the comparison of LIPA activity in the light and
dense lysosomal fractions determined on either *H-triolein
or intracellular TAG. The activity measured on *H-triolein
depends only on the amount of the enzyme present in the
particular fraction as the substrate is available in excess. In
contrast, when intracellular TAGs are the only source of
substrate, the activity in particular fractions depends on the
coordinated translocation of the enzyme and the substrate.
The main difference in LIPA activity determined by these
two approaches was found in the distribution of LIPA
activity among dense and light lysosomal fractions. In dense
lysosomes, we found high LIPA activity on *H-triolein but
only low LIPA activity on intracellular TAG. This difference
indicates that dense lysosomal fraction contains an enzyme
that is not active in physiological situation but that could be
activated after addition of the arteficial substrate. The LIPA
activity determined in light lysosomes represented the bulk
of total LIPA activity on intracellular TAG substrate but only
minor portion of total activity determined on *H-triolein. It
is possible to speculate that the LIPA activity on endogenous
substrate quantitatively reflects the formation of activated
lysosomes, that is particles containing both the substrate and
the enzyme. Taken together, these data indicate that LIPA
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FIGURE 6: Alterations of insulin signalling cascade associated with hepatic fat accumulation. All results are expressed as a fold increase in the
insulin-stimulated state relative to the basal state. Representative Western blots are shown above each graph. (a) Fold increase in Akt (Ser473)
phosphorylation, (b) fold increase in mTOR (Ser2448) phosphorylation. The basal level of protein phosphorylation was determined in the
homogenate prepared from the liver of 24 hours fasted animals. The effect of insulin was determined in identically processed samples from

animals which had free access to food and 40 min prior to decapitation were administered insulin 6 U/kg. The total protein (Akt or mTOR)
expression was determined after striping the membrane and reblotting with anti-Akt or anti-mTOR antibody. Values represent means +

S.E.M. of 7 animals. *P < 0.05.

associated with light lysosomes represents the physiologically
active enzyme.

We suppose that in NAFLD, characterised by high TAG
intracellular content, one of the factors determining the
phagolysosomal formation may be the substrate availability
itself. The increased amount of intracellular lipid droplets

Total membranes Cytosol

PKC, " s WS S o m——

Actin — e G aEny G G S—

in steatosis could promote the phagolysosome formation P HED P HED
and stimulate the lysosomal lipolysis. Only recently, Singh
et al. [23] described direct involvement of autophagy and
lysosomal pathway in the degradation of intracellular lipid 3 > X
droplets in the liver. They found that lipid droplets can = 44
enter the autophagic degradation pathway in the same é
manner as proteins and damaged organelles via formation < 37
of autophago(lipo)somes that further fuses with primary _§ 5.
lysosomes. As the only known lysosomal enzyme with E L
lipolytic activity is LIPA, we believe that our results are in g 14
accordance with findings of Singh et al.. %
The ketone body formation tightly reflects the liver 0 . HED

lipid metabolism. Debeer et al. [24] demonstrated that both
ketogenesis and FFA oxidation are a particularly good mark-
ers of lysosomal TAG degradation. We observed higher f3-
hydroxybutyrate concentration in serum and higher ketone
body production from isolated liver slices in the absence of
exogenous fatty acids in HFD group. We conclude that these
data provide indirect evidence that confirms the stimulatory
effect of short-term HFD on lysosomal lipolysis.

FIGURE 7: The effect of hepatic fat accumulation on PKCe
activation. Representative Western blot is shown in the upper part
of the figure; TM, total membrane fraction, C, cytosol fraction. The
PKCe membrane to cytosol ratio is shown in the graph. The relative
densities of the bands in the membrane fraction were compared
with corresponding ones in cytosol fraction in order to obtain
the measurable parameter of activation. Values represent means +
S.E.M. of 7 animals. *P < 0.05.
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Concomitantly occurring stimulation of lipolysis and
the accumulation of endogenous TAG after HFD adminis-
tration seem to be contradictory. However, in hepatocytes,
a significant portion of FFA released from intracellular
TAG (approximately 70%) is reesterified back [25]. HFD
impairs VLDL secretion [26], and most of FFA reenter
the intracellular storage pool. We have previously reported
that DGAT-1 expression is increased in fatty liver what
indicates enhanced esterification of fatty acids and may result
in the intensification of lipolytic/reesterification cycle in
hepatocytes [20]. The increased lipolysis thus does not result
in decreased TAG content but only in higher TAG turnover.

In the liver, PKCe, member of novel PKCs subfamily,
is involved in the development of HFD-induced IR [16,
17]. Samuel et al. showed that fat-induced hepatic IR may
result from activation of PKCe and its downstream targets.
Nevertheless, the nature of the signal that activates PKCe
has not been fully explained. Systemic increase in FFA
serum levels, as one possible underlying factor, has not been
described after HFD administration. Another candidate, 1,2-
sn-DAG, is an important intracellular signalling molecule,
and it is the known activator of novel PKCs isoform family
[27]. The increased DAG content due to the increased flux
through TAG synthetic pathway and the following PKCe acti-
vation was described in skeletal muscle in HFD-administered
animals [28]. However, DAG is also an intermediate in TAG
degradation pathway that, in contrast to muscle, is quite
active in the liver. Our findings suggest that DAG originating
from the increased lipolytic activity of LIPA and accentuated
TAG breakdown could act as PKCe activator in fatty liver.
This hypothesis is supported by the fact that in fatty liver
LIPA is activated specifically in the fed state, and possible
PKCe activator is available during the period of insulin
action.

In conclusion, we found that short-term HFD-induced
TAG accumulation in the liver is associated with the
increased degradation of intracellular TAG by lysosomal
lipase and with higher production of lipolytic products—
DAG and FFA. Our findings suggest that the elevated DAG
production by LIPA activated by increased supply of dietary
lipids may represent the causal link between dietary fat-
induced hepatic TAG accumulation and hepatic IR via the
PKCe activation. In the light of these findings, lysosomal
lipolysis may represent a new promising therapeutic target.
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Abstract. This study was designed to test the role
of liver lipases in the degradation of liver triacylglyc-
erols (TAG) and to determine the effect of dietary
induced TAG accumulation in the liver on regulation
of their lipolysis. Male Wistar rats were administered
high-fat or high-sucrose diet for two weeks. Individ-
ual lipases (HL; TGH; LAL) were identified accord-
ing to their different pH optimum. Administration of
both diets resulted in liver TAG accumulation (HFD
>>> HSD). The only lipase capable to hydrolyse in-
tracellular TAG was LAL. On standard diet, LAL
activity towards both endogenous and exogenous
substrates was up-regulated in fasting and down-
regulated in fed state. The intensity of autophagy de-
termined according to the LC3-II/LC3-I protein ra-
tio followed a similar pattern. HFD led to an increase
of this ratio, elevation of LAL activity in phagolyso-
somal fraction and abolishment of fasting/fed-de-
pendent differences. LAL activity significantly corre-
lated with ketogenesis in all groups (r =0.86; P <0.01).
In the HFD group, we determined the enhanced re-
lease of lysosomal enzymes (glucuronidase, LAL) into
the cytosol. Dgat-1 expression was up-regulated in
HFD- and HSD-fed groups, which indicates increased
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FFA esterification. We demonstrated that LAL is a
dominant enzyme involved in degradation of intracel-
lular TAG in the liver and its translocation into the
fraction of active (auto)phagolysosomes is stimulated
by diet-induced TAG accumulation. Autophagy is
stimulated under the same conditions as LAL and
may represent the mechanism ensuring the substrate-
-enzyme contact in autophagolysosomes. In fatty liver,
destabilization of (auto)phagolysosomes may contrib-
ute to their susceptibility to further stress factors.

Introduction

Non-alcoholic fatty liver disease (NAFLD) defined as
fat accumulation in the liver exceeding 5-10% of wet
weight (Mensink et al., 2008) is alarmingly spreading
around the Western world. It clusters with other disor-
ders associated with metabolic syndrome and increases
the risk of development of insulin resistance, type 2 dia-
betes, cardiovascular and liver diseases. Recent data in-
dicate that dietary induced liver triacylglycerol (TAG)
accumulation induces hepatic insulin resistance (IR) be-
fore the onset of whole body IR (Samuel et al., 2004).
Hepatic steatosis also represents a serious risk factor for
further development of progressive stages of liver injury.
There are several conditions contributing to the develop-
ment of fatty liver, i.e. impaired very-low-density lipo-
protein (VLDL) secretion or increased supply of FFA or
remnant chylomicrons from circulation, either as a result
of the increased supply of dietary lipids or as the conse-
quence of increased free fatty acid (FFA) release from
adipose tissue. The FFA entry into hepatocytes is not ac-
tively regulated and depends only on FFA concentration
in the serum. Nevertheless, the TAG liver content is not
merely a function of FFA serum levels but the induction
of steatosis is the result of concerted action of several
intrahepatic mechanisms. Changes in the FFA endog-
enous utilization, increased de novo FFA synthesis, chan-
ges in the secretion of VLDL and genetic predispositions
rank among the most important factors. In the past, sub-
stantial progress was made in identifying the molecular
and physiologic changes that cause hepatic steatosis.
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Nevertheless, one important feature of intrahepatocyte
fatty acid metabolism — the regulation of breakdown of
intracellular TAG — is still poorly understood.

Several groups using different experimental ap-
proaches have quantitatively determined that the TAG
droplets are not a metabolically inactive storage pool
but undergo an intensive cycle of lipolysis followed by
re-esterification within hepatocytes (Yang et al., 1995;
Lankester et al., 1998). Approx. 70 % of exogenous FFA
taken up by the hepatocyte are not directly utilized for
VLDL secretion but enter the intracellular storage pool
as TAG (Gibbons at Wiggins, 1995). The necessary con-
dition for TAG further utilization is their breakdown
catalysed by one of the hepatic lipases. Three main dis-
tinct lipolytic activities were identified in the liver. Lyso-
somal acid lipase (LAL) is an intracellular enzyme with
pH optimum 4-5 located in the lysosomes (EC 3.1.1.13)
(Vaviinkova and Mosinger, 1971). Triacylglycerol hy-
drolase (TGH) belongs to the carboxylesterase family of
enzymes (EC 3.1.1.1), is most active at neutral pH (opti-
mum 7-8) and is associated with endoplasmic reticulum
(Lehner et al., 1997). Hepatic lipase (HL) (EC 3.1.1.3) is
a heparin-releasable enzyme with alkaline optimum (pH
=9.5) and is associated with the exterior face of the plas-
ma membrane of hepatocytes and liver sinusoidal cells
(Assmann et al.,1973). In spite of the fact that these en-
zymes were described long ago, their exact role in phys-
iological TAG mobilization and in the development of
hepatic steatosis is still imperfectly understood and the
results obtained are sometimes contradictory.

Also the intracellular localization of the TAG degrada-
tion process is still controversial. Previous reports sug-
gested that TAG breakdown is associated with endoplas-
mic reticulum (Lehner et al. 1999; Dolinsky et al., 2004).
An alternative to this concept was published recently by
Singh et al. (2009), who described a previously unknown
function for autophagy in degradation of intracellular li-
pid droplets — macrolipophagy. According to their report,
the degradation of lipid droplets occurs in the cytoplasm,
particularly in autophagolysosomes. The lysosomal deg-
radation pathway, autophagy, is the main physiological
pathway for the degradation of intracellular macromo-
lecules such as proteins, organelles, etc., and provides
metabolic substrates during the period of starvation. Very
little information is available concerning the role of mac-
rolipophagy in NAFLD and associated disorders.

The aim of this study was to determine the role of
three liver lipases (TGH, HL, LAL) under different phy-
siological situations (fasted vs. fed animals) and after
different dietary manipulations (high-sucrose or high-
fat diet) with respect to their possible role in the degra-
dation of intracellular TAG in the liver.

Material and Methods

Animals and experimental protocol

Male Wistar rats were kept in a temperature-control-
led room at 12:12-h light-dark cycle. Animals had free

access to drinking water and diet if not stated otherwise.
All experiments were performed in agreement with the
Animal Protection Law of the Czech Republic 311/1997,
which is in compliance with European Community
Council recommendations for the use of laboratory ani-
mals 86/609/ECC, and were approved by the ethical
committee of the Institute the Clinical and Experimental
Medicine.

Starting at age of 3 months (b. wt. 300 + 20 g), all ani-
mals were fed either high-sucrose diet (HSD: 70 cal %
as sucrose; 20 cal % as protein, 10 cal % as fat), high-fat
diet (HFD: 70 cal % as saturated fat, 20 cal % as protein,
10 cal % as carbohydrate) or standard laboratory chow
diet (SD) for 2 weeks (N = 14 animals per group). The
groups labelled “fed” had free access to the diet until
decapitation (10-11 a.m.), the groups designated as
“fasted” were deprived of food for the last 24 h (N =7
animals in each subgroup). A separate experiment was
designed to assess the contribution of Kupffer cells to
the lysosomal lipase activity determined in whole liver
homogenate. The rats were fed SD or HFD according to
the above-described protocol. Kupffer cells were deplet-
ed using gadolinium chloride (GdCl, ) as described pre-
viously (Krohn et al., 2009). GdCl, was applied i.v. in
three doses (10 mg/kg each dose) 48 h, 24 h and 2 h
prior to the beginning of the experiment.

Preparation of subcellular fractions

Lysosomes and phagolysosomes represent a hetero-
geneous population of organelles sedimenting in a wide
range of relative centrifugation force. Active (auto)pha-
golysosmes have a lower density than the small, inac-
tive lysosomes, allowing their separation by differential
centrifugation (Seglen and Solheim, 1985). Twenty-per-
cent (wt/vol) homogenate was prepared by homogeniza-
tion of liver tissue in 0.25 M sucrose; 0.001 M EDTA,
pH = 7.4; heparin 7 IU/ml, 1 mM PMSF, leupeptin
10 pg/ml, aprotinin 10 pg/ml by Teflon pestle homoge-
nizer. Crude impurities were removed by brief centrifu-
gation at 850 g. Fat cake and all traces of fat remaining
on the tube walls were carefully removed in order to
prevent contamination of the homogenate. An aliquot of
the homogenate was kept at 4 °C until lipase assay (max.
2 h), the rest was centrifuged for 10 000 g 20 min 4 °C
and the resulting pellet and supernatant were separated.
The supernatant preferentially contains the less dense
lysosomes with higher TAG content (“(auto)phagolyso-
somes”), the pellet is formed by more dense particles
(“dense lysosomes”). The cytosolic fraction was ob-
tained after centrifugation of the initial homogenate at
100 000 g.

Assay of triacylglycerol lipase activity using
exogenous substrate

The use of exogenous substrate enables determina-
tion of maximal releasable enzyme activity using a
standard amount of the substrate. The reaction medium
for all lipase assays was prepared identically except for
the buffer used. *H triolein (92.5 kBq) in toluene was
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added to100 uM of cold triolein and 100 uM lecithin in
chloroform, and solvents were evaporated under a
stream of nitrogen. Three-percent FFA-free BSA was
dissolved in 0.1 M buffer (acetate buffer pH = 4.5 for
LAL, TRIS buffer pH = 8.0 for TGH or glycine buffer
pH = 9.5 for HL), 0.15M NaCl. The whole mixture was
emulgated by sonication in Hielscher sonicator UP200S
(Hielscher Ultrasonic GmbH, Teltow, Germany) 20 min
continuously and incubated with the homogenate or
subcellular fractions for 60 min at 30 °C in a shaking
water bath. The released fatty acids were extracted ac-
cording to Belfrage and Vaughan (1969) and counted for
radioactivity.

Assay of triglyceride lipase activity using
endogenous substrate

This approach takes advantage of the coordinated
changes in the intracellular localization of LAL and its
intracellular substrate. The liver homogenate was pre-
pared as described above under iso-osmotic conditions
that prevent disruption of lysosomes. The lysis of lyso-
somes was induced only after separation of fractions
during the assay. Twenty-percent homogenate was
mixed 1 : 1 with 0.2 M acetate buffer and incubated for
60 min in 30 °C in shaking water bath. The reaction
mixture was extracted in chloroform-methanol and
phases were separated by 1 M NaCl. Aliquots of lower
chloroform phase were separated by TLC. The lipid
subclasses (FFA, DAG) were visualized by Coomassie
blue staining (Sigma-Aldrich, St. Louis, MO) and quanti-
fied using Quantity One software (Bio-Rad Laboratories,
Hercules, CA). Palmitic acid, 1.2-dioleylglycerol and tri-
olein of known concentrations were used as standards.

Real-time RT-PCR

The samples of liver tissue were dissected immedi-
ately after decapitation and frozen in liquid nitrogen.
Total RNA was extracted from tissue samples using Tri-
zol reagent (Invitrogen, Carlsbad, CA) according to a
standard protocol as described previously (Brinkhof et
al., 2006). A DNAase step was included to avoid possi-
ble DNA contamination. A standard amount of total
RNA (1600 ng) was used to synthesize first-strand
cDNA (High Capacity RNA-to-cDNA kit, Applied Bio-
systems, Foster City, CA). No template control was in-
cluded to test for contamination. RT-PCR amplification
mixtures (25 pl) contained 1 pl template cDNA, SYBR
Green master mix buffer (Quanti-Tect, Qiagen, Hilden)
and 400 nM (10 pmol/reaction) forward and reverse
primers. Reactions were run in an Applera 7300H Fast
Real-Time PCR detector (Applied Biosystems). The re-
sults were analysed by SDS software vs2.3 (Applied Bio-
systems). DGATI primers were designed using Primer3
software (left primer: TGATGGCTCAGGTCCCACTG;
right primer: GTTAGGGAGGCTGGCCTTTG).

Incubation of liver slices in vitro

Production of B-hydroxybutyrate from liver slices in
vitro was measured in the absence of exogenous FFA.

Liver slices (width approx. 1 mm) were quickly dissect-
ed and incubated for 1 h in Krebs Ringer bicarbonate
buffer (Sigma-Aldrich) with 5 mmol/l glucose, 2% bo-
vine serum albumin, gaseous phase 95% O, and 5%
CO,. All incubations were carried out at 37 °C in sealed
vials in a shaking water bath. The aliquots of the incuba-
tion medium were stored frozen until further analysis.

Extraction, separation and immunodetection of
LC3

Twenty-percent liver homogenate was prepared as
described above and kept frozen at -50 °C until analysis.
The samples were lysed by 2% SDS at 100 °C and the
proteins were immediately separated by SDS-PAGE
(15% gel). LC3 in the lysates was recognized using rab-
bit polyclonal to LC3A/B (Abcam, Cambridge, UK).
LC3-I and LC3-II were distinguished by difference in
molecular weight (18 and 16 kDa, respectively).

Biochemical analysis

The TAG content in the liver was determined in chlo-
roform extract after the extraction according to Folch et
al. (1957). FFA, insulin, triglyceride and glucose serum
content and B-hydroxybutyrate production were deter-
mined using commercially available kits (FFA: FFA half
micro test, Roche Diagnostics GmbH, Mannheim, Ger-
many; triglycerides and glucose: Pliva-Lachema, Brno,
Czech Republic; glucuronidase: Sigma-Aldrich; insulin:
Mercodia, Uppsala, Sweden; B-hydroxybutyrate: Ran-
But, Randox Laboratories Limited, Country Antrim,
UK).

Chemicals

All materials were reagent grade. *H-triolein was pur-
chased from Amersham Biosciences (Amersham, Little
Chalfont, UK), FFA-free bovine serum albumin (frac-
tion V) was purchased from Serva (Heidelberg, Germa-
ny), palmitic acid and triolein from Fluka (Buchs, Swit-
zerland), all other chemicals were purchased from Sigma
Czech Republic (Prague, Czech Republic).

Statistical analysis

Data are presented as mean + S.E.M. Statistical anal-
ysis was performed using Kruskal-Wallis test with mul-
tiple comparisons (N = 7). Differences were considered
statistically significant at the level of P < 0.05. The cor-
relations between LAL activity and hepatic TAG con-
tent or LAL activity and serum B-hydroxybutyrate con-
centration were evaluated using Spearman’s correlation
coefficient.

Results

Characteristics of experimental groups

The animals fed the SD, HSD or HFD did not differ
in their final body weight, but the relative weight of
epididymal fat pads was higher in HSD and HFD groups.
Both diets induced fasting hyperinsulinaemia, but the
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Table 1. Characteristics of experimental groups
SD HSD HFD
fasted fed fasted fed fasted fed
weight (g) - 290 + 10 - 295 £ 15 - 299 £ 12
adiposity index 1.00 + 0.04 1.24+0.04"  1.40+0.05*
glycaemia (mmol/l) 4.60 +£0.10 7.90 £ 0.30 4.50 £0.05 8.90+0.10 540+0.05¢ 7.80+0.10
insulinaemia (pmol/1) 56+ 15 135+21 125+ 10% 281 +£32@ 115+ 12% 127+ 18
serum TAG (mmol/l) 0.70 £ 0.05 1.10 £ 0.08 1.00 = 0.10* 1.60 £0.10¢  0.65+0.08 0.85 +0.09*
serum FFA (mmol/l) 0.70 £ 0.05 0.40 £ 0.02 1.00 + 0.09* 1.30+£0.10¢  0.60 +0.08 0.45 +£0.07
serum B-hydroxybutyrate
(umol/1) 1.67 £ 0.05 0.05 +0.01 2.47 +0.14* 0.07 £ 0.01 320+0.25% 0.28+0.05"

Data are given as mean = S.E.M., N = 7. The adiposity index is expressed as the relative weight of epididymal adipose tissue per
100 g of total body weight. * SD vs. HSD P < 0.05; * SD vs. HFD P < 0.05; # HSD fasted vs. SD fasted P < 0.05; * HFD fasted vs. SD
fasted P < 0.05; @ HSD fed vs. SD fed P < 0.05; * HFD fed vs. SD fed P < 0.05.

elevated fasting glycaemia was found only in the HFD
group. The effect of HSD and HFD on serum TAG lev-
els was the opposite — HSD increased fed triglyceridae-
mia by 45 % compared with standard diet, while HFD
decreased the serum TAG content by 25 %. The changes
in serum FFA content followed a similar trend as TAG.
Both diets significantly increased the ketogenesis in
fasting, but only HFD led to increased production of

Table 2. Liver triacylglycerol content

diet fasted (umol/g ) fed (umol/g)
SD 41+0.8 32+0,3

HSD 6.6 +0.6" 44 +0.2%@
HFD 14.7 £ 1.1% 17.1 £0.4"

Data are expressed in umol triacylglycerol/g wet weight as
mean = S.EM., N =7. ® fasted vs. fed P < 0.05; * HSD fasted
vs. SD fasted P < 0.05; & HFD fasted vs. SD fasted P < 0.05;
@HSD fed vs. SD fed P < 0.05; * HFD fed vs. SD fed P < 0.05.
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B-hydroxybutyrate in the fed state. The data are shown
in Table 1.

Triacylglycerol content in the liver

Both diets resulted in TAG accumulation in the liver.
The effect of HSD was less pronounced (fasted +60 %,
fed +37 %) compared with HFD (fasted + 258 %, fed +
434 %). In SD and HFD groups, the liver TAG content
was higher in fasted compared with fed animals. In the
HFD group this relationship was reversed, the TAG con-
tent was higher in fed than in fasted liver (Table 2).

The effect of HSD and HFD on lipase activities
in liver homogenate: exogenous substrate

In the liver homogenate, we were able to distinguish
three lipolytic activities with distinct pH optimum in
vitro using exogenous triolein substrate: TGH (pH =
8.0), HL (pH = 9.5) and LAL (pH = 4.5) (Fig. 1). TGH
was responsible for production of approx. 10 % of the

HL LAL
pH=95 pH=45
+
&
#
@
. L
+
&

§D HSD HFD

SD HSD HFD

SD HSD HFD

Fig. 1. Liver lipase activities measured as the release of fatty acids from exogenous substrate: the effect of HSD and HFD
Four-percent liver homogenate was incubated in appropriate buffer with 100 uM cold triolein labelled by *H-triolein and
the release of *H-FFA was determined. LAL activity was measured at pH 4.5 (0.1 M acetate buffer); TGH activity was
measured at pH = 8.0 (0.1 M Tris buffer); HL activity was measured at pH = 9.5 (0.1 M glycin-HCl buffer).

Values represent means + S.E.M. of 7 animals. ® fed vs. fasted P < 0.05; #* HSD fasted vs. SD fasted P < 0.05;@ HSD fed vs.
SD fed P < 0.05; # HFD fasted vs. SD fasted P < 0.05; * HFD fed vs. SD fed P < 0.05. o fasted animals m fed animals.
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sum of FFA released by all three lipases and its activity
was not affected by any dietary manipulation or by the
fasted/fed state. HL activity accounted for approx. 40 %
of total FFA production. HSD increased the activity of
this enzyme (HL) only in fed animals, while HFD diet
led to a significant decrease of its activity independently
of the nutritional status. LAL exhibited the highest ac-
tivity among all three lipases tested. On SD, the activity
of LAL in the homogenate was elevated in fasting and
significantly lower in fed animals. Both diets increased
the activity of LAL in fasting, but only HFD resulted in
the elevation of LAL activity in the fed animals. In the
HFD group the difference between fasted and fed state
was blunted.

We determined the correlation between lipase activi-
ties and hepatic TAG content (possible source of sub-
strate) and between lipase activities and serum [-hy-
droxybutyrate (possible end product of intrahepatic lipid
metabolism). The LAL activity strongly correlated with
ketogenesis (r = 0.86; P < 0.01) and with hepatic TAG
content (fed: r = 0.97; P < 0.001; fasted: r = 0.65; P <
0.05). We found no correlation in the case of TGH and
HL (data not shown).

The effect of HED on lipase activities in liver
homogenate: endogenous substrate

A separate set of experiments was designed in order
to identify the roles of HL, TGH and LAL in the break-
down of endogenous TAG stores. Animals were fed
either SD or HFD and production of FFA and DAG from
liver homogenate at pH = 4.4; 8.0 and 9.5 during 60 min
incubation was determined without any addition of ex-
ogenous substrate. These experimental conditions en-

FASTED

arbitrary units

arbitrary units

sD HFD

sured that intracellular TAG were the only available
source of substrate. We found no detectable amount of
fatty acids released at pH = 8.0 and 9.5 (data not shown).
The results obtained at pH = 4.5 are shown in Fig. 2. We
were able to identify two main metabolites — FFA and
DAG. In the SD group, the LAL activity pattern was
similar as those observed with the exogenous substrate
— LAL was activated in fasting and significantly less ac-
tive in fed animals. In the HFD group, the fasting LAL
activity was comparable with those in the SD group but
in contrast to the latter, the LAL activity in the fed state
remained elevated. The net production of DAG during
incubation was found only in the HFD group.

The effect of HSD and HFD on Iysosomal lipase
intracellular distribution

Within the cell, LAL can degrade the substrate only
when it co-localizes with the substrate (TAG droplets)
in activated (i.e. acidified) (auto)phagolysosomes. Cen-
trifugation of the liver homogenate at 10 000 g allowed
us to separate the fraction containing dense lysosomes
and the fraction containing (auto)phagolysosomes. The
enzyme activity in individual fractions was determined
with a standard amount of *H-triolein. We found that the
type of the diet significantly affects the portion of LAL
activity detected in the (auto)phagolysosomal fraction
(Fig 3A). In the SD group, LAL activity in this fraction
is significantly higher in fasting compared with fed state.
In the HSD-fed group, this pattern of LAL activity regu-
lation (up-regulation in fasting, down-regulation in the
fed state) is preserved with an elevation found in fasted
animals. HFD led to a significant increase of LAL activ-
ity, and no difference between fasted and fed animals
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Fig. 2. Production of fatty acids and diacylglycerol from endogenous substrate in fasted (A) and fed (B) state

A typical result of TLC separation is shown in the upper part of the figure. Ten-percent liver homogenate was incubated
for 60 min at pH 4.5 and the released FFA and DAG were determined by TLC and visualized by Coomassie blue staining.
T, : state at the beginning of incubation, T, state at the end. Bars represent the difference T, - T, Values represent means
+ S.E.M. of 7 animals. & HFD fasted vs. SD fasted P < 0.05; * HFD fed vs. SD fed P < 0.05.
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Fig. 3. Effect of HSD and HFD on the distribution of LAL
activity between fractions of (auto)phagolysosomes (A)
and dense lysosomes (B) prepared from rat liver homoge-
nates

The subcelullar fractions prepared from fresh liver homo-
genate were incubated with emulgated *H-triolein and LAL
activity was measured as the release of fatty acids at pH =
4.5. Values represent means + S.E.M. of 7 animals. * fed vs.
fasted P < 0.05; * HSD fasted vs. SD fasted P < 0.05; * HFD
fasted vs. SD fasted P < 0.05; * HFD fed vs. SD fed P < 0.05.

was found. The changes in (auto)phagolysosomal LAL
activity were partly mirrored by the corresponding fluc-
tuations in the fraction of dense lysosomes (Fig 3B).

The effect of HSD and HFD on the intensity of
autophagy

The ratio of lipidated, membrane-bound (LC3-II) to
the cytosolic (LC3-I) form of LC3 protein is considered
to be an indicator of the intensity of autophagy. As
shown in Fig. 4, the LC3-II/LC3-I ratio was elevated in
the SD group after starvation and low in fed condition.
HSD had no significant effect either on the LC3-II
amount or on the LC3-II/LC3-I ratio. The HFD diet af-
fected LC-II formation in fed and starved animals dif-
ferently. In the fed animals, HFD administration resulted
in approximately three-fold elevation of the LC3-II/
LC3-I ratio compared with the SD group. LC3-II forma-
tion in fasting was not affected by the diet. Consequent-
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Fig. 4. Effect of HSD and HFD on autophagy in the liver
The intensity of autophagy was determined according to
the LC3-II/LC3-I ratio in phagolysosomal fraction. Repre-
sentative Western blots are shown above the graph. Values
represent means = S.E.M. of 7 animals. * fed vs. fasted P <
0.05; * HFD fed vs. SD fed P < 0.05.

ly, the effect of the prandial status was completely re-
versed by high-fat feeding being higher in the fed than
in the fasted animals.

The effect of HSD and HFD on the release of

lysosomal enzymes into the cytosol

Compared with SD fed animals, an elevated LAL
(Fig. 5A) and glucuronidase (Fig. 5B) activity was found
in the cytosol of both fasted and fed animals in the HFD
group. HSD had no effect. This finding may indicate in-
creased lysosomal fragility in the HFD group.

The effect of HSD and HFD on FFA
esterification

The expression of Dgatl specific mRNA was deter-
mined by RT-PCR (Fig. 6). This enzyme catalyses the
final step of TAG biosynthesis, i.e. translocation of the
acyl moiety to DAG. HSD increased Dgatl expression
both in fasted and fed animals. HFD led to significant
up-regulation of Dgatl expression in the fed animals,
but we found no differences between the HFD and SD
groups in fasting.

The effect of HFD and HSD on ketogenesis in
Vitro

Liver slices harvested from the fasted animals from
both HSD and HFD groups exhibited significantly high-
er B-hydroxybutyrate production into incubation medi-
um as compared to SD-fast rats (HSD < HFD). When
liver slices from fed animals were used for the incuba-
tion, ketone body production was potentiated only by
HFD (Fig. 7). Our results confirmed that ketogenesis
mirrors changes in the LAL activity, i.e. the nutritional
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Fig. 5. Effect of HSD and HFD on the release of lysosomal enzymes into the cytosol

The LAL activity (A) and the glucuronidase activity (B) were determined in freshly prepared cytosolic fraction. The re-
sults are expressed as % of total enzyme activity released from homogenate used for preparation of the cytosolic fraction.
Values represent means + S.E.M. of 7 animals. * HFD fasted vs. SD fasted P < 0.05; * HFD fed vs. SD fed P < 0.05.
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Fig. 6. Effect of HSD and HFD on Dgat! expression
Dgat]l mRNA expression was determined by RT-PCR. Val-
ues represent means + S.E.M. of 7 animals. * fed vs. fasted
P < 0.05; * HSD fasted vs. SD fasted P < 0.05; @ HSD fed
vs. SD fed P < 0.05; * HFD fasted vs. SD fasted P < 0.05;
“HFD fed vs. SD fed P < 0.05.

status-dependent regulation (stimulation in fasting/de-
pression in the fed state) and the stimulatory effect of
HFD.

The effect of gadolinium chloride treatment on
lysosomal lipase activity

Gadolinium chloride was applied in vivo in three
doses immediately prior to the experiment in order to
deplete resident liver macrophages (Kupffer cells). As
shown in Fig. 8, depletion of Kupffer cells led to an ap-
prox. 25% decrease of LAL activity determined in whole
liver homogenates (Fig. 8A). In contrast, in the phagolys-
osomal fraction, no significant changes in the LAL ac-
tivity due to the gadolinium treatment were detected ei-
ther in the SD or in the HFD group (Fig. 8B).
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Fig. 7. Effect of HFD and HSD on the B-hydroxybutyrate
production from liver slices in vitro

The liver slices harvested from fasted and fed animals of
each group were incubated in KRB buffer for 60 min. Val-
ues represent means + S.E.M. of 7 animals. ® fed vs. fasted
P <0.05;% HSD fasted vs. SD fasted P < 0.05; * HFD fasted
vs. SD fasted P < 0.05; * HFD fed vs. SD fed P < 0.05.

Discussion

Most fatty acids entering the liver are esterified to
TAG and their further utilization depends on intracellu-
lar TAG breakdown. In this study, we provided evidence
that lipolysis of endogenous TAG is actually stimulated
in the liver by dietary induced steatosis. Our results in-
dicate that LAL is involved in lipolysis and mobilization
of the stored TAG in liver cells and that the autophagy-
lysosomal pathway is involved in the degradation of in-
tracellular TAG. We further demonstrated that HFD
blunted the physiological down-regulation of both au-
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Fig. 8. Effect of Kupffer cell depletion on liver lysosomal
lipase activity

The fresh 4% liver homogenate and phagolysosomal frac-
tion prepared from the same homogenate were incubated
with emulgated *H-triolein, and LAL activity was measured
as the release of fatty acids at pH = 4.5. Values represent
means = S.E.M. of 7 animals. * fed vs. fasted P<0.05;% HFD
fasted vs. SD fasted P <0.05; * HFD fed vs. SD fed P <0.05;
* SD+GACI, fasted vs. SD fasted P < 0.05; b SD+GdCI, fed
vs. SD fed P <0.05; * HFD+GdCI, fasted vs. HFD fasted P <
0.05; ¢ HFD+GACI, fed vs. HFD fed P < 0.05.

tophagosome formation and LAL activity in the fed
state. Expression of Dgat-1 was increased in both HSD
and HFD groups, which indicates enhanced esterifica-
tion of fatty acids. Finally, stimulation of lysosomal ac-
tivity in the HFD group resulted in lysosomal destabili-
zation measured as the release of lysosomal enzymes
into the cytosol.

HSD and HFD had profoundly different effects on
the development of hepatic steatosis. HSD led to eleva-
tion of serum FFA and to increased accumulation of
liver TAG in fasting. On the other hand, these processes
were compensated by accentuated oxidation of FFA
originating from endogenous TAG (ketogenesis) in fast-
ing and by enhanced postprandial VLDL output from
the liver (Yamamoto et al., 1987). Taken together, the
result was only a mild elevation of liver TAG in the HSD

group. HFD actually led to lowering of TAG and FFA
serum levels and this is what made questionable the in-
creased uptake of FFA as the main cause of steatosis on
this diet. Nevertheless, the hepatic TAG content rose in
rats on HFD more than five times compared to SD and
two or four times (fasted or fed animals, respectively)
compared to the HSD group. In the light of these results,
the only possible explanation of the significant accumu-
lation of TAG in the liver and the normal TAG concen-
tration in the serum in HFD-fed animals is the impaired
output of VLDL. This effect of HFD has already been
described by several authors (Francone et al., 1992;
Oussadou et al. 1996).

As reported by Wiggins and Gibbons (1992), almost
all FFA entering the hepatocyte are esterified and must
be released from the TAG molecule prior to any utiliza-
tion. It remains an open question which lipase(s) are in-
volved in this process and whether manipulations lead-
ing to the accumulation of liver TAG influence its (their)
activities.

It has been suggested that lipase mobilizing intracel-
lularly stored TAG should be associated with endoplas-
mic reticulum (ER) in order to channel lipolytic prod-
ucts towards resynthesis to TAG at the site of VLDL
assembly. These demands could be met by TGH with
optimum at pH = 8 found nearly exclusively in the mi-
crosomal fraction. Nevertheless, TGH has high specific
activity towards soluble short-chain triacylglycerol sub-
strates and to esters, but much lower specificity towards
insoluble TAG containing long-chain fatty acids — the
specific activity of TGH towards tributyrin substrate
was 240 pumol FFA/mg protein and only 0.2 umol FFA/
mg protein towards triolein substrate, i.e. 1000 times
lower (Lehner et al., 1997). Recent results (Wei et al.,
2007) documented that TGH may catalyse one of the
important steps in the mobilization of lipids for lipopro-
tein assembly and secretion, but TGH activity has been
reported to be associated preferentially with lipids found
within the ER lumen (Gilham et al., 2003). This locali-
zation makes its contact with cytosolic lipid droplets
rather complicated. Our results indicate that LAL is a
dominant enzyme involved in the degradation of intra-
cellular TAG stores. LAL was responsible for the lipoly-
sis of a major part of the totally available exogenous
substrate and this portion was further significantly in-
creased in the HFD group. These findings are in accord-
ance with those of Debeer et al. (1979), who measured
the triacylglycerol lipase activity in liver homogenates
from livers perfused with heparin prior to homogeniza-
tion and found maximal activity at pH = 4.4. The essen-
tial role of LAL in the TAG hydrolysis was also demon-
strated in LAL knock-out mice (Lal/ /-), which developed
progressive hepatosplenomegaly and exhibited massive
TAG accumulation in the liver (Du et al., 2001).

Production of fatty acids exclusively from an endog-
enous source of substrate (during incubation of 10%
liver homogenate) was determined as this experimental
setup might be closer to the real processes occurring in
vivo. When using intracellular TAG as the exclusive
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substrate for hydrolysis, the only lipolytic activity was
detected at pH = 4.5. In contrast, the lipolytic activity
towards endogenous substrate in pH range correspond-
ing to TGH optimum (pH = 7-8) or HL (pH = 9.5) was
very low. The activity of LAL in the (auto)phagolyso-
somal fraction positively correlates with the liver TAG
content. Concomitantly occurring stimulation of lipoly-
sis and accumulation of endogenous TAG after HFD
administration seem to be contradictory. However, in
hepatocytes a significant portion of FFA released from
intracellular TAG (approx. 70%) is re-esterified (Gib-
bons et Wiggins, 1995). HFD impairs VLDL secretion
(Francone et al., 1992) and most FFA re-enter the intra-
cellular storage pool. The increased expression of
Dgat-1, an enzyme catalysing the final step of triacyl-
glycerol synthesis, in the HFD-fed group supports this
idea. Thus, the increased lipolysis in the HFD group
does not result in decreased liver TAG content but rather
in higher TAG turnover.

As a lysosomal enzyme, LAL is synthesized in endo-
plasmic reticulum, transported into the trans-Golgi net-
work and packed into vesicles termed primary lyso-
somes (Tanaka et al., 1990). Lysosomal enzymes can
adopt the active form only after primary lysosomes fuse
with autophagosomes or endosomes carrying the cargo
destined for degradation and form (auto)phagolysosomes
with acidic pH. Within the cell, most of LAL is present
in inactive form. Singh et al. (2009) have recently found
that lipid droplets in hepatocytes can enter the autophag-
ic degradation pathway in the same manner as damaged
proteins or organelles via formation of autophago(lipo)-
somes that further fuse with primary lysosomes. As the
only known lysosomal enzyme with lipolytic activity is
LAL and as it shares a similar regulatory pattern with
autophagy (stimulation in response to starvation), we
believe that our results are complementary to those of
Singh et al. It is possible that the LAL activity deter-
mined in the (auto)phagolysosomal fraction quantita-
tively reflects the autophagosome formation.

LC3 protein is an important member of the autopha-
gy metabolic pathway. During the formation of auto-
phagosomes, the cytosolic form of LC3 protein (LC3-I)
is conjugated to phosphatidylethanolamine (LC3-II).
LC3-II is incorporated into the autophagosomal mem-
brane and remains there until the stage of late au-
tophagolysosome (Rubinsztein et al., 2009). The
LC3-II/LC3-I ratio is considered to be an indicator of
the intensity of autophagy. In the SD group, fasting con-
dition was associated with the increase of LC3-1I/LC3-I
ratio (stimulated autophagy) while in the fed state this
ratio decreased (depressed autophagy). In contrast, in
the HFD group the LC3-II/LC3-I ratio in the fed state
remained elevated and the intensity of autophagy esti-
mated according to this parameter was stimulated and
not prandially-dependent. Since part of LC3-I1 is proces-
sed by lysosomal hydrolases, the rise in LC3-II abundan-
ce may indicate either the increased rate of autophago-
some formation or block in lysosomal degradation
(Klionsky et al., 2007). However, concomitant stimula-

tion of lysosomal lipolysis makes the second possibility
rather improbable. We suggest that increased expression
of the LC3-II protein in HFD groups indicates higher
intensity of autophagy.

It is important to note that Singh et al. (2009) reported
data indicating that formation of autophagosomes carry-
ing a lipid cargo may be decreased in mice fed HFD for
16 weeks. Apart from the difference in the duration of
HFD administration, they measured the LC3-II content
in lipid droplets (LD) and found an inhibitory effect of
the diet only in starved animals, while in the fed ones
the LC3-II content in the LD fraction was higher in HFD
compared with the SD group. This finding, i.e. the stim-
ulatory effect of HFD manifesting itself in the fed state,
is in accordance with our results.

Our data indicate that the activation of lysosomes, i.e.
increased formation of (auto)phagolysosomes, is asso-
ciated with destabilization of the (auto)phagosomal
membrane and with release of lysosomal enzymes into
the cytosol. The lysosomes contain a number of enzy-
mes, e.g. proteases (cathepsins) that are able to damage
subcellular organelles such as mitochondria (Li et al.,
2008). We propose the hypothesis that not steatosis itself
but rather the accelerated TAG lipolysis/re-esterification
cycle accompanied by lysosomal destabilization may be
one of the causes of NAFLD-associated liver injury.

LAL is present in a wide variety of cell types includ-
ing hepatocytes (Debeer at al., 1979) and resident mac-
rophages (Kupffer cells) (Du et al., 2001). Unfortunate-
ly, determination of the LAL activity in whole liver
homogenates does not allow the exact determination of
its source. To confirm that the described findings are
valid for hepatocytes we performed the following ex-
periment based on two presumptions: 1. hepatocytes are
the only mammalian cells capable of FFA conversion to
ketone bodies and 2. intracellular TAG are the only en-
dogenous source of FFA for ketogenesis (McGarry et
al., 1980). In vitro ketogenesis in liver slices incubated
in the absence of exogenous FFA thus reflects the intra-
hepatocyte TAG breakdown. Our results confirmed that
production of ketone bodies mirrors the changes in the
LAL activity, i.e. the nutritional status-dependent regu-
lation (stimulation in fasting/depression in the fed state)
and the stimulatory effect of HFD. Another approach to
the assessment of the Kupffer cells contribution to the
LAL activity measured in homogenate is the employ-
ment of GdCl,, which allows acute depletion of liver
resident macrophages. The total LAL activity in the liv-
er of GdCl -treated rats was 20-25 % lower compared
with the untreated ones, but no significant effect was
found in phagolysosomal fraction. Further, GdCl, treat-
ment did not affect the nutritional status-dependent or
dietary-induced changes of LAL activity. We conclude
that these findings provide evidence that the changes in
LAL activity reported in this study can be ascribed to
changes occurring in hepatocytes.

In conclusion, we found that fat accumulation in the
liver is associated with the increased lipolytic activity
towards intracellular substrate and with higher produc-
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tion of lipolytic products. LAL was identified as an im-
portant enzyme responsible for the breakdown of intra-
cellular TAG. The increased LAL activity was associated
with its translocation into the (auto)phagolysosomal
fraction. Our data indicate that autophagy may represent
the mechanism responsible for the transportation of the
substrate (lipid droplets) to the site of degradation (au-
tophagolysosomes). We further demonstrated that the
increased lipolytic activity is accompanied by increased
Dgat-1 expression in fatty liver, which may result in in-
tensification of the lipolytic/re-esterification cycle in
hepatocytes. Finally, our results showed that lysosomal
activation is associated with destabilization of (auto)-
phagolysosomes, which may contribute to the increased
susceptibility of fatty liver to further stress factors.
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Aims. To determine the effect of two different diets (high-sucrose (HS) and high-fat (HF)) on the main metabolic pathways
potentially contributing to the development of steatosis: (1) activity of the liver lysosomal and heparin-releasable lipases; (2) fatty
acid (FFA) oxidation; (3) FFA synthesis de novo; (4) VLDL output in vivo in a rat model of metabolic syndrome (MetS), hereditary
hypertriglyceridemic (HHTg) rats fed HS or HF diets. Results. Both diets resulted in triacylglycerol (TAG) accumulation in the liver
(HF > HS). The intracellular TAG lipolysis by lysosomal lipase was increased in both groups and positively correlated with the liver
TAG content. Diet type significantly affected partitioning of intracellular TAG-derived fatty acids among FFA-utilizing metabolic
pathways as HS feeding accentuated VLDL secretion and downregulated FFA oxidation while the HF diet had an entirely opposite
effect. FFA de novo synthesis from glucose was significantly enhanced in the HS group (fed > fasted) while being completely
eradicated in the HF group. Conclusions. We found that in rats prone to the development of MetS associated diseases dietary-
induced steatosis is not simply a result of impaired TAG degradation but that it depends on other mechanisms (elevated FFA

synthesis or attenuated VLDL secretion) that are specific according to diet composition.

1. Introduction

Metabolic syndrome (MetS) also known as insulin resis-
tance syndrome is characterized as a combination of car-
diometabolic risk determinants including insulin resistance,
glucose intolerance, dyslipidemia, nonalcoholic fatty liver
disease, and hypertension [1] and is associated with a
significantly increased probability of type 2 diabetes devel-
opment [2]. The liver is partially susceptible to ectopic fat
accumulation, one of the most important causal components
of MetS, and nonalcoholic fatty liver disease (NAFLD) is now
considered to be the hepatic manifestation of MetS.

Hepatic steatosis arises from imbalance in TAG acquisi-
tion and removal. The conventional explanation of hepatic
triglyceride accumulation is that obesity and insulin resis-
tance result in an increased release of FFAs from adipocytes.

Increased adipocyte mass and increased hydrolysis of triglyc-
erides through enhanced activity of a hormone-sensitive
lipase contributes to elevated plasma levels of FFAs. Up to
date no specific regulation of FFA transport into hepatocytes
has been described and hence it is supposed that the rate of
hepatic FFA uptake is gun-regulated and therefore directly
proportional to plasma FFA concentrations. Nevertheless
detailed studies performed by Kalopissis and her coworkers
showed that in fat-fed rats the cellular uptake of “C-oleate
by hepatocytes in vitro is decreased despite significant TAG
accumulation in the liver. Qualitatively this phenomenon
was observed on different metabolic backgrounds (Wistar,
Zucker lean, Zucker obese) and differs only in the extent
of its manifestation [3-5]. These observations indicate that
the regulation of liver triacylglycerol content is not merely
a function of plasma FFA delivery alone but that other



intrahepatic mechanisms (i.e., regulation of intracellular
TAG breakdown, partitioning of the FFA between oxidation
and esterification, de novo fatty acid synthesis, regulation of
TAG secretion) determine steatosis development.

Without any doubt dietary factors are one of the sig-
nificant contributors to the NAFLD phenotype and dietary
recommendations are a significant tool in current trends
in health promotion. From this point of view a detailed
understanding of the impact of different diets on the network
of metabolic pathways involved in liver TAG metabolism
is essentially necessary. Special attention should be given
to the interaction of dietary composition with particular
genetic/metabolic background.

Hereditary hypertriglyceridemic (HHTg) rats that were
the subject of our study display a majority of the MetS
symptoms including hypertriglyceridemia, impaired glu-
cose tolerance, hyperinsulinemia, insulin resistance, and
increased blood pressure (see Supplementary Material S1
available at doi:10.1155/2012/757205). This phenotype is
manifested even without nutritional stimuli but high sucrose
feeding aggravates these symptoms further [6]. The aim of
the present study was to determine the effect of two different
diets (high-sucrose and high-fat) on the main metabolic
pathways potentially contributing to the development of
steatosis specifically on genetic background that is particu-
larly prone to the onset of diabetes symptoms. We focused
on following metabolic processes: (1) mechanisms regulating
intracellular TAG degradation in the liver specifically on the
activities of liver lysosomal (LIPA; EC3.1.1.13) and heparin-
releasable (HL; EC 3.1.1.3) lipases; (2) partitioning of the
released FFA between oxidation and secretion as TAG; (3) on
the FFA de novo synthesis.

2. Materials and Methods

2.1. Animals and Experimental Protocol. Male heredi-
tary hypertriglyceridemic rats (HHTg) were kept in a
temperature-controlled room at a 12:12-h light-dark cycle,
the dark phase from 6 pm till 6 am Animals had free access
to drinking water and diet unless stated otherwise. The
strain of HHTg rats was originally selected from Wistar
strain rats in our laboratory [7]. All experiments were
performed in agreement with the Animal Protection Law of
the Czech Republic 311/1997 which is in compliance with
European Community Council recommendations for the
use of laboratory animals 86/609/ECC and were approved
by the ethical committee of the Institute for Clinical and
Experimental Medicine.

Starting at 3 months of age (b. wt. 281 + 3 g), all animals
were fed either a high sucrose diet (HS: 70 cal% as sucrose;
20 cal% as protein, 10 cal % as carbohydrate), a high-fat diet
(HF: 70 cal% as saturated fat, 20 cal% as protein, 10 cal % as
carbohydrate) or a standard laboratory chow diet (SD) for 4
weeks. All diets were isocaloric. (see Supplementary Material
S2). Groups designed as “fed” had free access to the diet until
termination and the groups designed as “fasted” were food
deprived for the last 24 hours.
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2.2. Determination of Fatty Acid Synthesis De Novo from
Glucose in Liver Slices In Vitro. The fasted or fed rats were
euthanized between 9-10 am and their liver slices (approx.
1 mm thickness, 150 +25 mg) were rapidly dissected. The tis-
sues were incubated for 2 hours in a Krebs-Ringer bicarbon-
ate buffer supplemented with 5mmol/L unlabelled “cold”
glucose, D-[U-1*C-] glucose (specific activity 20 uCi/mmol)
and 2% bovine serum albumin, gaseous phase 95% O,
and 5% CO,. All the incubations were carried out at 37°C
in sealed vials using a shaking water bath. The estimation
of the "C-glucose incorporation into total lipid content
was carried out as described previously [8]. Briefly, liver
slices were removed from incubation medium, rinsed in
physiological solution, and immediately put into CH3CL
The pieces of tissue were dissolved using a teflon pestle
homogeniser, methanol was added (CH3Cl: methanol 2:1)
and lipids were extracted at 4°C overnight according to Folch
et al. [9]. Next day the residual tissue was removed and
the clear extract was taken for further analysis. An aliquot
was evaporated, reconstituted in scintillation liquid and its
radioactivity was measured by scintillation counting.

To determine the site (glycerol versus acyl moiety)
of glucose incorporated into neutral lipids, an aliquot of
clear extract was evaporated and saponified in ethanolic
15% potassium hydroxide at 70°C. Saponification was
terminated by adding 5.4 M H,SO,. After cooling to room
temperature the released fatty acids were extracted repeatedly
into petroleum ether. The pooled petroleum ether fractions
were evaporated, reconstituted in scintillation liquid and
the radioactivity was measured by scintillation counting.
The amount of radioactivity incorporated into the glycerol
residue was calculated as the difference of total activity
incorporated into neutral lipids and the petroleum ether
fraction of the same aliquot.

2.3. Determination of the Metabolism of Intracellular TAG-
Derived Fatty Acid in Liver Slices In Vitro. The labelling
of cytoplasmic TAG in vivo was performed as described
by Francone et al. [10]. The rats received an intravenous
injection of 20uCi *C-palmitic acid complexed to 4%
albumin under light ether anaesthesia. The animals were
euthanised 90 min later and the preparation of liver slices
was carried out as described above. For determination of C-
palmitic acid oxidation to CO,, the experiment was carried
out in glass vials with central wells. The vials were capped
with rubber stoppers and the reaction was terminated by
addition of 0.5mL of 0.5M H,SO4 whereas strips of filter
paper soaked with hyamine hydroxide were added to the
central wells for collection of 1*CO,. TCA (tricarboxylic acid
cycle) intermediate content was measured in the incubated
liver slices after homogenisation by UltraTurax (IKA Worke,
Staufen, Germany) in 150 mM NaCl. The homogenate was
extracted into petroleum ether and radioactivity remaining
in the water fraction was counted by scintillation counting.
According to Kawamura and Kishimoto [11] this fraction
represents mostly TCA cycle intermediates (>80%) and a
minor part are amino acids derived from FFA via the TCA
cycle (<20%). The !'4C-palmitic acid incorporation into
secreted TAG was determined in a chlorophorm extract of
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the incubation medium. The conversion of “C-palmitic
acid into secreted water-soluble oxidation products (i.e.,
predominantly ketone bodies) was assessed according to
the radioactivity remaining in the aqueous fraction of the
incubation medium following the chlorophorm extraction.

2.4. Lipase Assay: Exogenous Substrate. Lipase activities were
determined in 2% homogenates or subcellular fractions
prepared from fresh tissue. 0.5 g of liver was homogenised in
2.5mL of homogenisation buffer (0.25M sucrose; 0.001 M
EDTA pH = 7.4; heparin 7IU/mL) on a teflon pestle
homogeniser. The homogenate was passed through a nylon
mesh, centrifuged briefly in order to remove crude impurities
(800 g, 5min, 4°C) and kept on ice until lipase assay was
performed (max. 1 hour). The subcellular fractions were
obtained by centrifugation at 10 000 g for 15 min.

The reaction medium for acid or alkaline lipase assay
was prepared identically except for the buffer used. *H
triolein in toluen was added to 88mg (100uM) of cold
triolein and the solvent was evaporated under a nitrogen
stream. 3% FFA free BSA was dissolved in 4mL 0.1M
buffer (acetate buffer pH = 4.5 for lysosomal lipase or
glycine buffer pH = 9.5 for hepatic lipase) with 150 mM
NaCl and 0.05% Triton X-100. The whole mixture was
emulsified on a Hielsler sonicator UP200S, amplitude 1 on an
ice/water bath 3 min continuously. 40 4L of the homogenate
or subcellular fractions were incubated for 60 min at 30°C
with the 160 yL of reaction medium in a shaking water bath.
After termination of the reaction, the released fatty acids
were extracted according to Belfrage and Vaughan [12] and
counted for radioactivity.

2.5. Lipase Assay: Endogenous Substrate. This approach takes
advantage of the coordinated changes in the intracellular
localisation of lysosomal lipase and its intracellular sub-
strate. The liver homogenate and subcellular fractions were
prepared as described above under iso-osmotic conditions
that prevent lysosome disruption. The lysis of lysosomes
was induced only after fraction separations during the
assay. 20% homogenate was mixed 1:1 with 0.2M acetate
buffer pH = 4.5 and incubated for 60 min at 30°C in
a shaking water bath. The reaction mixture was extracted
into chloroform-methanol and phases were separated by 1 M
NaCl. An aliquot of the chlorophorm phase was evaporated
and 100 uL of Krebs-Ringer phosphate buffer (pH = 7.6)
containing 6% FFA-free BSA was added. The tubes were
incubated in a shaking incubator at 37°C for 2 hours. FFA
concentration in final KRE/BSA solution was measured using
commercially available kit. In order to check the efficiency of
FFA solubilisation the emptied tubes were washed with fresh
KRB + 6% BSA and then 100 uL of chlorophorm was added.
An aliquot was separated by TLC but no substantial traces of
FFA were detected.

2.6. Determination of TAG Entry Rate into Plasma. The
TAG entry rate into circulation was estimated according
to Otway and Robinson [13]. Briefly, rats were starved

for 24 hrs and then given 1mL of 10% Triton WR-1339
in 0.9% NaCl or 0.9% NaCl alone intravenously via the
tail vein under the light ether anaesthesia. Triton WR-1339
is an alkaryl polyether anionic detergent that blocks the
removal of intravascular d < 1.006 g/mL lipoproteins. The
animals were sacrificed 90 min after receiving either Triton
or 0.9% NaCl by exsanguination via aortic puncture. It has
been demonstrated that the concentration of triglyceride in
plasma is linear up to 3 hrs after the intravenous injection
of WR 1339 hence the time point 90 min after application
lies within the linear range. Triglyceride entry (secretion) rate
into the plasma was calculated from the following formula:

TAG entry rate (umol. 100g b. wt.”L. hr™!) = [(Tgo—
To)/1.5] X V x (W/100), where Ty is plasma TAG concentra-
tion (ymol/mL) before Triton administration, Ty is plasma
TAG concentration (ymol/mL) at the end of the study, V is
plasma volume (mL) and W is body weight. Plasma volume
was determined as 3.86 mL/100 g body wt [14].

2.7. Triglyceride Content in Tissues. Lipids were extracted
from 1g of fresh tissue homogenised in 1mL of H,O.
0.2 mL of the homogenate was extracted in 15mL of
2:1 chloroform: methanol for 24 hours. The organic and
aqueous phases were separated by adding of 6 mL KH,PO,
and centrifugation at 3000 rpm for 20 min. 1 mL of the
organic phase was completely dried, resuspended in 100 yL
of isopropylalcohol and 10 L were used for the analyses.
The triglyceride concentration in this aliquot was determined
using a commercially available kit (Pliva-Lachema Diagnos-
tics, Czech Republic).

2.8. Biochemical Analyses. Nonesterified fatty acids, insulin,
triglyceride and glucose serum content and f-hydroxybu-
tyrare were determined using commercially available kits
(FFA: FFA half microtest, Roche Diagnostics, GmbH
Germany; triglycerides: Pliva-Lachema Diagnostics, Czech
Republic; glucose: Pliva-Lachema Diagnostics, Czech Repub-
lic; insulin: Mercodia, Sweden; f3-hydroxybutyrate: RanBut,
RANDOX, UK).

2.9. Chemicals. All materials were reagent grade. '*C-
palmitic acid and 3H-trioleinwere purchased from Amer-
sham, D-[U-C-] glucose was purchased from UVVVR,
Prague. FFA free bovine serum albumin (fraction V) was
purchased from Serva, palmitic acid and triolein from
Fluka, all other chemicals were purchased from Sigma Czech
Republic.

2.10. Statistical Analyses. Data are presented as mean +
SEM of multiple determinations. Statistical analyses were
performed using ANOVA and the Tukey-Kramer multiple
comparisons test (n = 5-7). Differences were considered
statistically significant at the level of P < 0.05. Pearson’s
correlation coefficients were calculated to assess possible
relationships between lipase activities and liver triglyceride
content and lipase activities and ketone bodies production.



3. Results

3.1. Characteristics of Experimental Groups. The weight of
the animals on HS and HF diet (HF > HS) rose rapidly
during the first two weeks, then the rate of the weight
gain significantly decreased. All tested diets were isocaloric
and the more rapid increase in body weight in the HF
and HS groups reflects the higher food intake during the
first two weeks of diet administration (see Supplementary
Material S3). In animals on standard diet this parameter was
even throughout the whole experiment (Figure 1). During
the last two weeks of diet administration the food intake
and the rate of the weight gain in all three groups was
comparable. Both final body weight and the weight of
epididymal fat pads was higher in HS and HF diet fed animals
in comparison with the SD group (HF > HS > SD) (Table 1).
The fasting glycaemia and insulinemia were increased only
in HF group. The effect of HS and HF diets on serum
triacylglycerol levels was the opposite—HS diet significantly
increased both fasted and fed triglyceridemia compared to
the standard diet while HF diets has slight hypolipidemic
effect (fed s-TAG decreased by 30%, P < 0.05). The changes
in serum FFA content followed a similar trend. Both diets
significantly increased the ketogenesis in fasting (HF > HS)
but only the HF diet led to the increased production of
ketone bodies in a fed state. The hepatic triacylglycerol
content in fasting animals was increased by 105% and by
280% after HS and HF feeding, respectively. On standard
diet, the liver triacylglycerol content was the same in the fed
and fasted states but in the HS group liver TAG content in fed
state was significantly lower than in fasting. In contrast, in the
HF group the trend was the opposite, hepatic triacylglycerol
content being actually higher in fasted than fed animals
(Table 2).

3.2. FFA Synthesis De Novo. The liver of rats fed both HS
and HF diets contained more triglyceride compared to the
SD group. In order to assess the contribution of de novo
FFA synthesis from glucose to the elevated TAG content, we
incubated liver slices prepared from the liver of rats fed each
particular diet in the presence of *C-labeled glucose without
exogenous FFA and measured the incorporation of glucose
into total lipids, into the glycerol part of TAG molecules
(i.e., glucose esterification) and into the acyl moiety of TAG
molecule (i.e., FFA synthesis de novo). As shown in Figure 2,
FFA de novo synthesis was significantly enhanced in the HS
group (fed > fasted) while being completely eradicated in
the HF group.

3.3. The Utilisation of Intracellular TAG-Derived Fatty Acids
in Liver Slices In Vitro. In order to estimate the acces-
sibility of FFA derived from intracellular liver TAG for
further metabolic utilisation we prelabelled cytosolic TAG
by the injection '*C-palmitic acid in vivo and measured
the radioactivity incorporation into TCA intermediates, CO,
and ketone bodies (FFA oxidation) and into TAG secreted
into medium (VLDL secretion) in liver slices in vitro 90 min
later. As reported by Francone et al. [15], nearly 90% of
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Ficure 1: Evolution of body weight in SD, HSD, or HFD fed rats.
Body weight was measured three times a week from the beginning of
the feeding period till the end of week 4. Mean values =+ s.e. obtained
in each group are represented. *Significant difference between SD
and HSD with P < 0.05 or more; *Significant difference between SD
and HSD with P < 0.05 or less.
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F1Gure 2: Glucose incorporation into lipids in liver slices in vitro.
The utilisation of glucose for esterification and de novo fatty
acid synthesis was determined in the same sample as glucose
incorporation into total lipids (described in Section 2). open bars =
fasted animals; closed bars = fed animals. All data are means SEM,
n = 6 individual incubations for each bar. ***P < 0.001 HS-fasted
versus SD-fasted; TP < 0.01, '"tP < 0.001 HS-fed versus SD-fed;
*P < 0.05 HF-fed versus SD-fed.

the radioactive label is found in cytosolic TAG 90 min after
the radioactivity administration into the venous blood, so
we expect that under this experimental setting most of the
FFA incorporated into oxidation products or VLDL had to
be released from intracellular TAG by lipolysis. In SD fed
animals, both oxidation and VLDL production was lower in
liver slices prepared from fed animals compared with those
from the fasted ones. The administration of HSD resulted
in a significant attenuation of TCA intermediates and
CO, production but the fasting ketogenesis was somewhat
accentuated in this group (P < 0.05) compared to SD fed
animals. The TAG secretion was significantly higher in HS
fed rats than in the two other groups and the prandial



Journal of Nutrition and Metabolism 5
TaBLE 1: Characteristics of experimental groups.
Prediet SD HS HF P P
values (post-diet) (post-diet) (post-diet) HS versus SD  HF versus SD
Body weight (g) 281 +3 311 + 4%** 335 + ]5%** 364 + 10*** <0.05 <0.001
Epididymal fat (g) — 2.8+0.2 3.8 +0.3* 5.5 + (.57 <0.05 <0.001
Fasted 45+0.2 4.6 = 0.1 4.5 +£0.05 5.4 + 0.05* N.S. <0.05
s-glucose (mmol/L)
Fed 6.2 +0.2 6 +0.1 11.4 £ 0.1%** 7.6 = 0.4* <0.001 <0.05
. . Fasted 126 = 18 135 + 21 155 + 12 204 + 20* N.S. <0.05
s-insulin (pmol/L)
Fed 155 + 20 158 + 15 342 + 29%** 127 + 18 <0.001 N.S.
Fasted *ok ok
- TAG (mmol/L) aste: 1.3 +0.25 1.5+0.3 49+0.5 1.4+0.3 <0.001 N.S.
Fed 2+04 24 +0.2 7.2 &+ 0.4%%* 1.8 +0.2 <0.001 <0.05
Fasted .65 + 0. 7 0. + 0.09* .6 £ 0. . .S.
s-FEA (mmol/L) aste 0.65 + 0.03 0.7 = 0.05 1 +£0.09 0.6 = 0.08 <0.05 N.S
Fed 0.38 = 0.02 0.4 + 0.02 1.3 = 0.1%** 0.45 = 0.07 <0.001 N.S.
s-p hydroxyl butyrate Fasted 1.2 £ 0.04 1.3 £0.05 2.2 +£0.14** 3.8 £ 0.2%%* <0.01 <0.001
(umol/L) Fed 0.02 £ 0.01 0.02 = 0.01 0.03 = 0.02 0.45 + 0.05%** N.S. <0.001

Data are given as mean + SEM, n = 6. *P < 0.05, **P < 0.01, ***P < 0.001 before versus after diet.

TaBLE 2: Liver triacylglycerol content.

Diet Fasted Fed

SD 3.7+0.3 3.7+0.2
HS 7.6 £ 0.6%* 4.8 +0.21
HF 14 + 1.1%# 20.8 + 2.3%

Data are given in ymol-g~! wet weight and expressed as mean + SEM, n =
6.

*¥*¥P < (.01 HS fasted versus SD fasted; TP < 0.05 HS fed versus SD fed;
###P < 0.001 HF fasted versus SD fasted; ®*P < 0.001 HF fed versus SD fed.

dependent regulation was eradicated. In liver slices from
the HFD group, we did not find any effect of the diet on
TCA intermediates and CO, production but the ketone body
production was significantly elevated in both fasting and fed
animals (P < 0.001). In contrast, TAG secretion into medium
was significantly decreased (P < 0.001). Taken together, this
data indicates that the diet type does not profoundly affect
the total availability of FFA for metabolic utilisation but that
it rather influences their partitioning between oxidation and
VLDL secretion (Table 3).

3.4. The Activity of Alkaline and Acid Lipase. As demon-
strated above, intracellular TAG’s were degraded in vivo
in the liver of both HS and HF administered animals. In
order to analyse the effect of the diets on liver lipolysis in
more detail, we directly measured the activity of two liver
lipases on exogenous substrate. In liver homogenate, we were
able to prove two distinct lipases with optimum pH 4.5
and 8-9. The acid lipase can be identified as “lysosomal”
(EC 3.1.1.13) while the alkaline is termed “hepatic” (EC
3.1.1.3). These two enzymes differ in their intracellular
distribution and regulation and are affected differently by the
administered diets. The effect of the diets on lipase activities
in homogenate is shown in Figures 3(a) (lysomal) and 3(b)
(hepatic). On standard diet, the activity of lysosomal lipase
is higher in fasting and depressed postprandially, whereas
the hepatic lipase activity did not differ between fed and
fasted animals. Both diets increased the activity of lysosomal

lipase but by different amount. On the HS diet, the lysosomal
lipase activity increased on fasting but remained unchanged
in the fed state. The stimulatory effect of the HF diet on
lysosomal lipase activity was significantly higher and was
found both in the fasting and fed states. The regulation due
to fasting was preserved in rats fed the HS diet but it was
completely eradicated in the HF group. The hepatic lipase
responded to the tested dietary manipulations differently. HS
diet increased the activity of this enzyme both in fasting and
postprandially while the HF diet led to significant decrease of
its activity.

Centrifugation of liver homogenate for 10 000 g allowed
us to separate fractions containing dense lysosomes (pellet)
and a fraction containing cytosol, total membranes and light
lysosomes (supernatant). On the standard diet, most of the
lysosomal lipase activity (85%) was localised in the 10000 g
pellet while most of the hepatic lipase activity (fasting
70%; fed 77%) was found in the 10000g supernatant.
Neither the HS nor HF diet influenced the subcellular
distribution of hepatic lipase, approx. 75% of the activity
was found in the 10000 g supernatant in all experimental
settings. As far as the lysosomal lipase is concerned, the HF
diet redistributed a significant portion of its activity into
the 10000 g supernatant (Table 4). This data indicate that
lysosomal lipase is significantly affected by the HF diet both
with regards to the total activity as well as the intracellular
localisation.

The activity of lysosomal lipase determined on endoge-
nous substrate in vitro was positively correlated with hepatic
triacylglycerol content. This correlation was stronger in the
fed (r> = 0.97) than in the fasting state (r> = 0.65)
(Figure 4). We found no significant correlation between the
hepatic triacylglycerols and hepatic lipase activity (fed: (r? =
—0.4; fasting: (r> = —0.35) (data not shown). Furthermore
the lysosomal lipase is activity positively correlated with
serum B-hydroxybutyrate concentration both in fasting (r* =
0.81) and fed (r?> = 0.62) states (Figure 5). These positive
correlations in the case of lysosomal lipase suggest that this
enzyme is affected by the availability of the intracellular
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TaBLE 3: The incorporation of intracellular TAG-derived *C palmitic acid into CO,, TCA intermediates, secreted -hydroxybutyrate, and

secreted triacylglycerols from liver slices in vitro.

SD HS HF
Fasted Fed Fasted Fed Fasted Fed
CO; (released) 16 + 1.2 119 +1 11 + 1.5* 8.3 +0.3F 15+ 0.7 9.8 +0.8
TCA intermediates (intracellular) 55.3 + 1.6 41 + 3.4 46.6 + 1.8** 25.7 + 1.5ttt 542 + 4.2 403 + 1
B-hydroxybutyrate (secreted) 269 £ 9 204 + 8 380 + 18** 178 + 15 452 + 2% 480 + 11
TAG (secreted) 581 + 35 401 + 44 713 = 29%* 825 + 2911t 314 = 16" 286 + 35%

Data are expressed in nmol palmitic acid per g tissue and given as mean + SEM n = 6. *P < 0.05, **P < 0.01 HS fasted versus SD fasted; 1P < 0.05, T1TP <
0.001 HS fed versus SD fed; *#P < 0.001 HF fasted versus SD fasted; **P < 0.01, ®*P < 0.001 HF fed versus SD fed.
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Figure 3: The activity of lysosomal (a) and hepatic (b) lipase in liver homogenate measured as FFA release from artificial substrate (*H-
triolein). The lipase activity was measured as the release of fatty acids at pH = 4.5 from *H triolein. Open bars = fasted animals; closed
bars = fed animals. *P < fed versus fasted; *P < 0.05 HS-fasted versus SD-fasted; #*P < 0.001 HF-fasted versus SD-fasted; **P < 0.001

HEF-fed versus SD-fed.

substrate and that FFA’s released by lysosomal lipase action
are available at least for ketogenesis.

3.5. VLDL Production. The rate of VLDL production in
vivo was estimated using Triton WR-1339. This detergent
effectively blocks the lipoprotein clearance from the blood
due to its inhibitory effect on LPL and thus it seems
that under such circumstances the accumulation of TAG
in plasma could be a valid measure of the rate of VLDL
secretion from the liver. As shown in Table 5, TAG entry rate
into the circulation is strongly accentuated in the HS group
while being significantly diminished in animals administered
with HF diet.

4. Discussion

The aim of the present study was to contribute to the
understanding of the role of different metabolic pathways in
the development of hepatic steatosis induced by two different
dietary manipulations (HS and HF diet) in the model of the

metabolic syndrome. The diet rich in simple carbohydrates
or in fat rapidly promotes the TAG accumulation in the liver.
It has been suggested that the development of steatosis is
associated with the attenuation of intracellular TAG hydrol-
ysis. In contrast to this hypothesis our data indicate that
lipolysis, the first step in the intracellular TAG utilisation,
is not negatively affected by HS or HF diets. We showed
that the important enzyme involved in the intracellular TAG
degradation is lysosomal lipase. Furthermore we provided
evidence that the mechanism underlying the dietary induced
hepatic steatosis depends on the prevailing component of
the diet. The HS diet induced steatosis is associated with a
significant stimulation of FFA synthesis de novo, decreased
FFA oxidation and with enhanced VLDL output from the
liver. In contrast HF diet associated steatosis is characteristic
by downregulated FFA synthesis de novo, increased FFA
oxidation and significantly impaired VLDL output.

In spite of decades devoted to the study of TAG
metabolism in the liver consensus is still not reached in
identification of the exact contribution of particular lipases
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TasLE 4: The intracellular distribution of lipases activities in liver.
Lysosomal lipase Hepatic lipase

Diet 10 000 g sediment 10 000 g supernatant 10 000 g sediment 10 000 g supernatant

Fasted Fed Fasted Fed Fasted Fed Fasted Fed
SD 86 +9.2 85+ 2 14 £ 1.5 15+2 30+ 4 23 £2 70 =5 77 £9.5
HS 87 + 6.8 86 +7.3 13 £0.8 14 £ 3.6 40 £ 8.3 38+7.3 60 + 8.2 725
HF 82 +4 75 £ 3% 18 + 2% 25 £ 2% 38 +5.2 24 + 3.1 62 +4.5 76 =7

Data are given in % of the sum of the activities in 10 000 g sediment and supernatant prepared from liver homogenates, n = 6. *P < 0.05 HF fasted versus SD
fasted; **P < 0.01 HF fed versus SD fed.
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TaBLE 5: Effect of HS and HF diet on TAG entry rate.

SD HS HF
TAG (ymol/mL) 3.9+0.2 6.4 £ 0.5 3.0 + 0.1°5711
TAGo, (ymol/mL) 7.4+ 0.4 11.7 + 0.75%*F 5.2 + (0.44°%991
TAG entry rate (umol-60 min~!-kg) 11.2+0.7 457 + 6.1+ 8.2 + 0.5°111

TAGg: triacylglycerol serum concentration before WR 1339 administration; TAGgo: triacylglycerol serum concentration 90 min after WR 1339 administration.
TAG entry rate was calculated according to the formula TAG entry rate (umol-100 gb. wt.”!+hr™!) = [(T9o—T()/1.5] x V x (W/100). Data are given as mean
+ S.EM. n = 6. **TP < 0.001 HS versus SD; ##P < 0.001 HF fasted versus SD fasted; **P < 0.01 HF versus SD; "17P < 0.001 HF versus HS.

to the intracellular TAG degradation. In our study, we
focused on two lipases present in the liver-heparin-releasable
hepatic lipase with pH optimum 8-9 and acid lysosomal
lipase with pH optimum 4.5. The activity of hepatic lipase
in liver homogenate was increased by HS diet but depressed
by HF feeding. Hepatic lipase seems to be induced by chronic
hyperinsulinemia [16] which is associated with high sucrose
as well. Numerous studies indicate that the expression
and activity of hepatic lipase is increased in an insulin
resistant state, mostly accompanied by visceral obesity [17].
Nevertheless, most of the activities attributed to the hepatic
lipase are oriented out of the hepatocyte, that is, facilitation
of the interaction of LDL and remnant chylomicrons with
an LRP receptor or participation in HDL metabolism [18—
21]. Furthermore, we have previously reported that alkaline
lipase is not able to degrade endogenous TAG in the
liver homogenate and the only lipolytic activity towards
intracellular substrate was found in the acidic range [22]. In
perspective of these findings, hepatic lipase is probably not
involved in the mobilisation of endogenous triacylglycerols.

Lysosomal lipase, first described by Vaviinkova and
Mosinger [23], is localised in lysosomes and its activity is
elevated in fasting under physiological conditions [24]. In
our experiments, this pattern of regulation was preserved
only in HHTg rats on standard and HS diets but it was
completely eradicated by HF feeding. Both HF and HS
diets had a stimulatory effect on the activity of lysosomal
lipase but the effect of HF diet was significantly higher
than the effect of the diet rich in sucrose. HF feeding led
to the translocation of part of the lysosomal lipase activity
to supernatant (up to 25%) at the expense of the activity
found in pellets. This observation is in accordance with
the recently proposed mechanism of lysosome-dependent
TAG degradation in the hepatocytes [25, 26]. According
to this hypothesis, lipid droplets are incorporated into
the autophago(lipo)lysosomes by the process of autophagy,
similarly to the autophagy of cytosolic proteins or damaged
organelles. The translocation of lysosomal activity from the
10000 g pellet to supernatant may thus reflect the formation
of less dense autophagolipolysosmes containing TAG [27].
We further found a strong positive correlation between acid
lipase activity and TAG content in the liver homogenate.
Taken together, these data indicate that TAG degradation
is actually enhanced in steatosis and that it is mediated by
lysosomal lipase.

In contrast to previously published hypotheses, our
results based on direct measurements of acid lipase activity
indicate that accumulation of intrahepatic lipids is not the

consequence of the impaired mobilisation of intracellular
triacylglycerol stores. Despite this, we found positive corre-
lation between the lysosomal lipase activity and oxidation
of endogenous triglycerides (ketogenesis) even in the HF
fed group which implies that the stored triglycerides are
accessible at least for some metabolic pathways. As the
capacity of hepatocytes to breakdown intracellular triglyc-
erides is actually raised in both diet groups another factor
must explain the different effects of HS and HF diets on
triacylglycerol accumulation in the liver and circulation.

Extensive literature concerning the effect of diet compo-
sition (carbohydrate versus fat) on liver TAG metabolism is
available. There is a fair consensus that a diet rich in carbohy-
drates and low in fat resultsin elevation of serum TAG levels,
increased VLDL production rate, elevation of TAG amount
per particle and attenuation of carbohydrate/fatty acid oxi-
dation [28-32]. However the sensitivity to high carbohydrate
intake is highly variable. Numerous studies were performed
in order to identify subject characteristics that may be
useful in predicting sensitivity to carbohydrate feeding.
Characteristics such as sex, TAG concentration when on
HF diet, BMI, and insulin concentration have been variably
shown to individually predict the effect of the diet and no
single variable has a significant predictive value.In contrast,
a highly significant effect of the type of carbohydrate has
been demonstrated, the effect of monosacharides being
much higher in comparison to polysaccharides, and this
effect was similar in both hyper- and normotriglyceridemic
subjects [33]. Previous studies performed in our laboratory
showed that HHTg rats are significantly more sensitive to
a HS diet but that the effects imposed by this diet on the
TAG metabolism are principally similar in HHTg and their
normotriglyceridemic controls although they differ in their
magnitude [34, 35].

The data concerning the effect of high fat dieton liver
TAG metabolism, particularly on VLDL secretion, are more
diverse. Several detailed studies focused on this issue and
performed on lean and obese Zucker rats were published
by Kalopissis group in the 90’s. They demonstrated on
primary hepatocytes that previous HF feeding (60 cal% as
fat, lard) decreases the uptake and utilization of exogenous
fatty acids and profoundly influences the intracellular par-
titioning of FFA released from intracellular TAG in favor
of FFA oxidation at the expense of VLDL secretion (40—
50% decrease) and lipogenesis (80% inhibition) [3-5, 10]. Of
note, qualitatively the effect of HFD on liver TAG metabolism
was the same both in lean and obese Zucker rats, but the
degree of the changes were more pronounced in the latter.
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In spite of the fact that the HF diet-induced inhibition
of VLDL secretion has been repeatedly observed the cause
of this phenomenon has not been fully elucidated yet.
The availability of glucose is severely lowered in HF diet
compared to the standard and HS diets. One of the direct
effects of glucose at the hepatic level is the increased secretion
of VLDL triacylglycerols [36, 37]. Brown et al. [38] in their
study on primary hepatocytes showed that glucose mediated
effects are numerous and involve enhanced transport of
triacylglycerols out of the cells as VLDL together with an
increase in the net synthesis of apoB-48 in the intestine
and apoB-100 in the liver. Based on this data, we could
speculate that the limiting condition determining the lipid
accumulation in liver is the rate of lipoprotein output from
the liver which depends on the availability of glucose. Never-
theless, we found a slight increase in fasting serum glucose
in HF fed rats which indicates the increased endogenous
glucose production. Whether this glucose is available for
VLDL production still remains an open question.

In the presented study we focused on the mechanisms
underlying the development of hepatic steatosis in a model
that is particularly prone to the dietary manipulation. In
conclusion, we provided evidence that in the HHTg rat
model of metabolic syndrome hepatic steatosis (both HS- or
HF-induced) is not associated with the impairment of intra-
cellular TAG lipolysis. On the contrary, the lysosomal TAG
breakdown was actually enhanced under these conditions.
Although the effect of both tested diets was qualitatively,
but not quantitatively, the same—TAG accumulation in
the liver—the underlying mechanisms were different. High
sucrose diet was associated with the depression of fatty acid
oxidation in parallel with increased TAG secretion and de
novo FFA synthesis. In contrast in HF diet administered
animals the intracellular TAG-derived FFA were channelled
predominantly to the oxidative utilisation, namely, ketoge-
nesis, at the expense of a secretory pathway. This finding
stresses the importance of understanding exact mechanisms
responsible for particular cases in order to choose an efficient
therapeutic approach.
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Summary

In this study, we focused on an analysis of biguanides effects on
mitochondrial enzyme activities, mitochondrial membrane
potential and membrane permeability transition pore function.
We used phenformin, which is more efficient than metformin,
and evaluated its effect on rat liver mitochondria and isolated
hepatocytes. In contrast to previously published data, we found
that phenformin, after a 5 min pre-incubation, dose-dependently
inhibits not only mitochondrial complex I but also complex II and
IV activity in isolated mitochondria. The enzymes complexes
inhibition is paralleled by the decreased respiratory control index
and mitochondrial membrane potential. Direct measurements of
mitochondrial swelling revealed that phenformin increases the
resistance of the permeability transition pore to Ca* ions. Our
data might be in agreement with the hypothesis of Schafer
(1976) that binding of biguanides to membrane phospholipids
alters membrane properties in a non-specific manner and,
subsequently, different enzyme activities are modified via lipid
phase. However, our measurements of anisotropy of fluorescence
of hydrophobic membrane probe diphenylhexatriene have not
shown a measurable effect of membrane fluidity with the 1 mM
concentration of phenformin that strongly inhibited complex I
activity. Our data therefore suggest that biguanides could be

considered as agents with high efficacy but low specifity.
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Introduction

Metformin  (N,N-dimethylimidodicarbonimidic
diamide) has been used for the treatment of type 2
diabetes since late 50’s in most European countries and in
the United States (Bailey and Turner 1996, Campbell et
al. 1992). Metformin is currently the first drug of first
choice in type 2 diabetes treatment and it is highly
efficient in lowering blood glucose levels. Initially, it was
suggested that one of its key actions is the stimulation of
the muscle glucose uptake (Goodarzi and Bryer-Ash
2005, Klip and Leiter 1990). Recently, there is a growing
body of evidence suggesting that the primary function of
metformin is to decrease hepatic glucose production,
mainly by inhibiting gluconeogenesis (Hundal et al.
2000). indicate that metformin

Numerous reports
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treatment leads to the diminution of ATP reserves in the
liver (Argaud et al. 1993, Owen et al. 2000), decreased
ATP/ADP ratio and to a reduction in cellular energy
charge. Quite reasonably, AMP-activated protein kinase
(AMPK) was therefore considered to be a major mediator
of the glucose-lowering effects of metformin (Boyle ef al.
2010, Zhou et al. 2001). Surprisingly, Foretz et al. (2010)
demonstrated that the hypoglycemic effect of metformin
was fully maintained in mice lacking AMPK. Moreover,
they showed that the control of hepatic glucose
production by metformin is linked to the inhibition of
gluconeogenesis in response to a decrease in hepatic
energy charge. In spite of long-lasting metformin
application in clinical practice, its precise mechanism of
action is still unknown (Campbell et al. 1996, Gonzalez-
Barroso et al. 2012).

The primary cellular target for metformin is
believed to be complex I of mitochondrial oxidative
phosphorylation. However, the data obtained on
hepatocytes, mitochondria or cultured fibroblasts showed
that high metformin concentrations (10 mM) and long-
term preincubation (2-24 hours) are required for
demonstration of its inhibitory effect on oxidation of
NADH-dependent substrates and also its direct effect on
complex I (NADH dehydrogenase) activity was not
completely confirmed (Owen et al. 2000). These data
indicate that the inhibition of mitochondrial respiratory
chain complex I may be one, but not the only, effect of
metformin. Regarding the mechanism of action it has
become likely that the hypoglycemic effect of biguanides
results from a combination of a number of modulations of
membrane-linked metabolic reactions, depending on the
particular experimental conditions.

In our last study (Palenickova et al. 2011), we
have shown that 10 mM metformin inhibits oxidation of
glutamate + malate or palmitoylcarnitine + malate by
about 60 % both in homogenate and in mitochondria after
3-5 min preincubation and that cell integrity is not
required for its action. A significant inhibitory effect
(about 20 %) can be detected also at 2.5-5 mM
concentration; however, these concentrations are much
above those detected in blood after in vivo application as
well.

Phenformin, another biguanide, has qualitatively
similar effects as metformin (Owen et al. 2000) but it is a
more potent inhibitor of mitochondrial oxidation and it
has been excluded from clinical practice because of an
lactate acidosis.

unacceptable incidence of severe

Nonetheless, it is highly eligible for experimental studies

focused on biguanide mechanisms of action due to its

more pronounced inhibitory effect at lower
concentrations.

Under physiological conditions metformin and
phenformin only can exist in the positively charged
protonated form. The positively charge on both drugs

could account for their generation of positive surface

potential at phospholipid membranes and their
accumulation within matrix of mitochondria. Phenformin
is more hydrophobic, lipid-soluble molecule, than

metformin. The phenyl and ethyl groups on phenformin
make it to permeate biological membranes readily. While
phenformin is accumulated transitorily in liver, kidney,
pancreas and muscle, metformin is concentrated mainly
in the walls of esophagus, stomach, duodenum and
salivary glands as well as in kidney. (Owen et al. 2000,
Schéfer 1983)

In this paper, we thus evaluated the phenformin
effect on activity of mitochondrial enzymes, on
respiratory control index, on mitochondrial membrane
potential and on function of mitochondrial membrane
permeability transition pore. We further focused on the
question whether the biguanides inhibitory effect is
dependent on cell structural integrity.

Methods

Animals

Male Wistar rats (6-8 months old) were kept in a
temperature-controlled environment (25+2 °C) with a
12 h light/dark cycle on standard laboratory diet and tap
water supply ad [libitum. All the experiments were
conducted in accordance with the Animal Protection Law
of the Czech Republic and according to the Institute for
Clinical and Experimental Medicine Animal Care and
Use Committee.

Preparation of rat liver homogenate and isolation of liver
mitochondria

Liver mitochondria were prepared by differential
centrifugation as described by Bustamante et al. (1977)
with
homogenized at 0 °C by a teflon-glass homogenizer as a

some modifications. Rat liver tissue was
10 % homogenate in medium containing 220 mM
mannitol, 75 mM sucrose and 1 mM HEPES, pH 7.2. For
homogenization, 0.5 g/l fatty acid free bovine serum
albumin (BSA) and 1 mM EGTA were added.
Homogenate was centrifuged for 10 min at 800 g. The

supernatant was filtered through nylon mesh and
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centrifuged for 10 min at 8 000 g. Pelleted mitochondria
were re-suspended in the medium without BSA and
EGTA and washed twice by 10 min centrifugation at
8 000 g. The final mitochondrial pellet was re-suspended
in the medium without BSA and EGTA
concentration of 20-30 mg protein/ml. Mitochondrial

to a

proteins were determined according to the method of
Bradford (1976) using BSA as a standard.

Determination of mitochondrial respiration

Oxygen consumption was measured at 30 °C
Oxygraph-K2 (OROBOROS, Austria).
Measurements were performed in 2 ml of K-medium
containing 80 mM KCIl, 10 mM Tris-HCI, 3 mM MgCl,,
1 mM EDTA, 5 mM KH,PO,, pH 7.4. The rate of
oxygen consumption was calculated using Oroboros

using

DatLab-4 software and expressed as nmol oxygen/s/mg
protein.

Determination of mitochondrial membrane potential

The mitochondrial membrane potential (MMP)
was determined using safranin O dye according to
Akerman and Wikstrom (1976). Fluorescence changes
were measured in 3 ml of K-medium containing 3 pM
safranin, Ex 495 nm/Em 586 nm wavelengths, 30 °C, and
ISS-Vinci Inc.-PC1
Spectrofluorimeter (Illinois U.S.A.).

using software in ISS

Determination of mitochondrial swelling

Mitochondrial swelling was measured as
described before (Drahota et al. 2012) as a decrease of
mitochondrial suspension absorbance at 520 nm after the
addition of Ca®". The measurements were carried out at
30 °C using a Shimadzu spectrophotometer. The swelling
medium contained 125 mM sucrose, 65 mM KCI, 5 mM
succinate, 10 mM HEPES and 1 mM KH,PO,, pH 7.2.
Mitochondria were added to yield an absorbance of
approximately 1. After 1 min of incubation, CaCl,
solution was added to the suspension of mitochondria.
The decrease in the absorbance was determined at 0.1-
min intervals for 5 min. The extent of swelling was
calculated as the difference of the optical density at the
beginning and the end of the measurement period.
Maximum swelling rate was calculated from the curve
obtained after derivation of the original swelling curve
and expressed as absorbency change per 0.1-min interval.
This derivation was used as a source to obtain the third
parameter of swelling process — the time at which the
maximum swelling rate was reached after calcium

addition. than can better

characterize the effects of biguanides on the kinetics of

These three parameters
the swelling process.

Determination of anisotropy of fluorescence hydrophobic
membrane probe diphenylhexatriene

The steady-state anisotropy of 1,6-diphenyl-
1,3,5-hexatriene (DPH) fluorescence was measured as
described previously (Brejchova et al. 2011). Frozen-
thawed rat liver mitochondria were labelled with DPH by
the fast addition of 1 mM DPH in acetone to the
mitochondrial suspension (0.1 mg protein/ml, final
concentration 1 pM) under mixing. After 30 min at
25°C, DPH fluorescence was measured at
Ex 365 nm/Em 425 nm wavelengths with a ISS PCI
spectrofluorometer and the steady-state anisotropy (rppg)
determined by ISS Vinci software. Both excitation and
emission spectra of 1 uM DPH were determined in the
presence of increasing concentrations of phenformin with
the aim of detecting a possible quenching effect on DPH

fluorescence.
Results

inhibits
respiratory chain in a dose-dependent manner

As previously reported (EI-Mir et al. 2000,
Owen et al. 2000, Palenickova et al. 2011), metformin
inhibits complex I of mitochondrial respiratory chain. In

Phenformin complex I of mitochondrial

this study, we focused our attention on the action of other
representative of biguanide family, phenformin, on rat
to obtain detailed
information about the effect of phenformin on different

liver mitochondria. In order
respiratory chain components, we determined the oxygen
consumption of isolated
different

equivalents specifically to the particular mitochondrial

liver mitochondria using

substrates known to provide reducing
complexes. Figure 1 demonstrates the typical result of the
oxygen consumption curve by rat liver mitochondria
shortly (5 min) incubated with 1 mM phenformin after
of NADH-

compared with

sequential additions and flavoprotein-

dependent substrates control, 1i.e.
untreated sample. When using only glutamate and malate
as substrates, the respiration was very low and we did not
observe any difference between phenformin-treated and
control mitochondria. In contrast, when the respiratory
chain was coupled to ATP synthesis by the addition of
ADP, we discovered a strong inhibitory effect of

phenformin on glutamate and malate respiration. Added
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Fig. 1. Oxygraphic measurement of rat liver mitochondria
respiration /n vitro. Oxygen consumption measurement is
described in Methods. Dashed trace indicate the respiration of rat
liver mitochondria (RLM) incubated in the absence of phenformin
(control), solid trace indicate the respiration of mitochondria to
which 1 mM phenformin (Ph) was added where indicated. Other
additions to both curves were: 10 mM glutamate and 2.5 mM
malate (Glu+Mal), 1.5 mM ADP and 10 mM succinate (Suc).
Mitochondrial protein concentration was 0.2 mg/ml. This figure
represents a typical result of three independent experiments.

succinate then significantly increased mitochondrial

respiration in both control and phenformin-treated
mitochondria but the respiration rate of both substrates
was still lower in the presence of phenformin compared
to controls (Fig. 1).

As we have shown previously (Palenickova et
al. 2011), the effect of metformin on glutamate + malate
+ ADP respiration was dose dependent with the
maximum inhibition to 30 % at 10 mM metformin, ECs,
was 5 mM. When we have measured under the same
experimental conditions inhibitory effect of phenformin,
maximum inhibition to 30 % of control values was
obtained at 1 mM concentration and ECsy was 0.25 mM
(Fig. 2A). At 1 mM phenformin glutamate respiration
was inhibited to 30 %, after addition of succinate to 55 %
only (Fig. 2A, B). Respiratory control index (RCI) was
calculated as a ratio of oxygen consumption with and
without ADP. In coupled mitochondria, phenformin
decreased RCI in dose-dependent manner (Fig. 2C) and
the course of the inhibitory curve was in parallel to its
effect on glutamate + malate + ADP oxidation (Fig. 2A).
We may thus conclude that both biguanides have the
same inhibitory effect on glutamate oxidation and on the
decrease of respiratory control, however, at different
concentrations.  Succinate  oxidation under these
experimental conditions was not much inhibited and
could thus partially compensate the inhibition of

glutamate + malate + ADP oxidation (Fig. 2B).
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Fig. 2. Dose-dependent effect of phenformin on the oxidation of
glutamate + malate and glutamate + malate + ADP (A), on the
FADH-dependent (B) substrates and respiratory control index (C)
in rat liver mitochondria. Respiration with glutamate + malate
(black squares) (A) and glutamate + malate + ADP (white
squares) as substrates (B). The effect of phenformin on
glutamate + malate + ADP + succinate respiration (black
rhombus) and on the increase of respiration induced by addition
of succinate after glutamate + malate + ADP (white rhombus).
dSuc was calculated as the difference of the oxygen consumption
before and after the addition of succinate to glutamate + malate
+ ADP. (C) Respiratory control index (RCI) is calculated as a ratio
of oxygen consumption with glutamate + malate with and
without ADP. Data are given as mean of three independent
experiments + S.E.M. p<0.05; ++ p<0.01; +++ p<0.001
phenformin-treated vs. control mitochondria.
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Fig. 3. The effect of phenformin on rotenone-sensitive NADH
oxidation by frozen-thawed liver mitochondria. (A) The effect of
1 mM phenformin on the NADH oxidation in the absence (dashed
line) or in the presence (solid line) 1 mM phenformin (Ph).
100 pM NADH and 2 pM rotenone (ROT) were added as
indicated. This figure represents a typical result of three
independent mitochondrial preparations. The extent of the
inhibitory effect of Ph in % of control values is shown in the
insert. (B) Concentration-dependent effect of phenformin on
NADH oxidation.

Phenformin inhibitory effect on NADH oxidation

The observed biguanide-induced inhibition of
NADH-dependent substrates oxidation may be explained
either by the inhibition of dehydrogenases producing
NADH or by inhibition of complex I (NADH-
oxidoreductase), i.e. by diminution of electron flux from
complex I through the respiratory chain. In order to
distinguish between these possibilities, we directly
measured NADH oxidation using frozen-thawed liver
mitochondria as in this model NADH had free and direct
access to complex 1. Figure 3A demonstrates that in the
presence of 1 mM phenformin rotenone-sensitive NADH
oxidation in disrupted mitochondria is decreased to the
same extent as the respiration of glutamate + malate +
ADP in intact mitochondria. Furthermore, the curve
describing the dependence of O, consumption on the
phenformin concentration (Fig. 3B) had a similar value of

50 % inhibition (0.25 mM) as for glutamate + malate +
ADP oxidation (Fig. 2A). These data indicate that
phenformin site of action is complex I.

Phenformin in high concentration inhibits not only
complex I but also other complexes of mitochondrial
respiratory chain

In our previous study, we were not able to find
any inhibitory effect of metformin on complex II at
concentrations required for the maximum inhibition of
2011).
phenformin is a 10 times more potent inhibitor of

complex 1 (Palenickova et al In contrast,
complex I compared with metformin and also exhibits
some inhibitory action on succinate oxidation when
complex I is fully inhibited (Fig. 2B). We have therefore
tested the inhibitory effect of higher concentrations of
phenformin on succinate and cytochrome ¢ oxidases and
we found that at 6 mM concentration phenformin
displays significant inhibitory effect not only on complex
I but also on complex II and IV (Fig. 4). Our data thus
have shown that biguanides do not specifically inhibit
complex I activity, but also other complexes of the
mitochondrial respiratory chain.

Phenformin inhibitory effect on mitochondrial membrane
potential is dependent on complex I function

As demonstrated in Figure 5, phenformin
inhibits glutamate + malate oxidation in uncoupled as in
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Fig. 5. Effect of phenformin on the oxidation of FADH-dependent
and NADH-dependent substrates by uncoupled rat liver
mitochondria. The inhibition of oxidation of glutamate + malate
(Glu+Mal, white squares) and for the increase of respiration
induced by succinate addition (black squares) after phenformin
treatment is shown. 0.15 mM 2,4-dinitrophenol (DNP) was added
prior to the other substrates in order to dissipate the electron
transport from oxidative phosphorylation. Data are expressed in
% of control, i.e. untreated mitochondria, values and are given
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Fig. 6. Effect of phenformin on the mitochondrial membrane
potential of rat liver mitochondria. Safranine O (Safr) was added
to the K-medium containing 10 mM glutamate and 2.5 mM
malate. Then intact rat liver mitochondria (RLM) were added
(0.12 mg of protein/ml) followed by addition of 0.25 mM and
0.5 mM phenformin (Pf), 10 mM succinate (Suc) and 0.05 mM
2,4-dinitrophenol (DNP). The curve demonstrates a typical
representative of three independent experiments.

coupled mitochondria (Fig. 2A). As the final step to
confirm these findings, we measured the effect of
phenformin on mitochondrial membrane potential.
Membrane potential measured by fluorescent probe
safranin O in the presence of glutamate and malate was

slowly discharged by the addition of phenformin,
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Fig. 7. Respiration of digitonin-permeabilised hepatocytes in the
absence (A) and presence (B) of 1 mM phenformin. Hepatocytes
(Hep; 2.5 x 10° cells/ml) were incubated in K-medium. Additions
to both curves were as follows: 0.03 mg/ml digitonin (Dig), 1 mM
phenformin (Ph, Fig. 7B), 10 mM glutamate and 2.5 mM malate
(Glu+Mal), 1.5 mM ADP; 10 mM succinate (Suc) and 0.02 mM
cytochrom c (Cyt). This figure represents a typical result of three
independent experiments.

however, when succinate was added, the membrane
potential was again recovered and could be released by an
addition of uncoupler (Fig. 6). Taken together, we may
conclude that phenformin has no uncoupling effect and
impairment of glutamate + malate + ADP respiration and
the decrease of the respiratory control index as well as the
mitochondrial membrane potential is the consequence of
the mitochondrial complex I inhibition.

Phenformin exhibits similar inhibitory effect both on
isolated mitochondria and permeabilized hepatocytes

Several lines of evidence indicate that
mitochondrial function may be modified in isolated
mitochondria due to the destruction of mitochondrial
filament structures as well as the disruption of contacts
between mitochondria and other cell structures that may
have an important role in their functional properties
2001, 2009). There are also

discussions whether there are differences in biguanides

(Kondrashova et al

action on intact cells and isolated mitochondria (El-Mir et
al. 2000). We have consequently tested the inhibitory
effect of phenformin on the activity of mitochondrial
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Fig. 8. Effect of phenformin on the calcium-induced swelling of
rat liver mitochondria. Mitochondria were shortly (3 min) pre-
incubated with 1 mM phenformin followed by the addition of
0.1 mM Ca®*. The decrease of absorbance at 520 nm was
detected in 0.1 min intervals. The extent of swelling (A) was
calculated as the change in the optical density during the
measurement period. Swelling rate (B) was calculated from the
curves obtained after as the original data derivation. This figure
represents a typical result of three independent experiments.

enzymes in permeabilized hepatocytes. Under these
conditions, mitochondria are still in contact with other
intracellular particles and mitochondrial filament
structures are preserved (Kondrashova et al. 2001, 2009).
As shown in Figure 7, in the presence of 1 mM
phenformin, we obtained the same inhibitory effects with
isolated hepatocytes as with isolated mitochondria (see
Fig. 1). Phenformin affected only the glutamate and
malate oxidation in the presence of ADP similarly as in
isolated mitochondria and the inhibition of electron flux
through complex I was partly compensated by electron
supply from succinate. No significant increase was

observed after cytochrome c addition which confirmed

that the mitochondria were not damaged by digitonin.
Similar data could be also obtained with
homogenate (not shown). We may thus conclude that the

liver

inhibitory effect of phenformin can be detected under the
same experimental conditions in liver hepatocytes, in
homogenate as well as in isolated mitochondria.

Phenformin increases the resistance of mitochondrial
permeability pore to Ca®*

Several reports indicate that biguanides can
modify the function of the mitochondrial permeability
transition pore (Detaille et al. 2005, Guigas et al. 2004).
These data have shown that in isolated cells, metformin
can change the mitochondrial calcium retention capacity
as well as the accompanying release of mitochondrial
cytochrome c.

We have tested the effect of
phenformin on the calcium induced swelling on isolated

therefore

mitochondria. Three parameters characterizing the
kinetics of the membrane permeability pore function were
evaluated — the extent of swelling, the maximum rate of
swelling and the time interval between the calcium
addition and the time, when the swelling rate reaches its
maximum rate (Drahota et al. 2012). As demonstrated in
Figure 8, the extent of swelling and the maximum rate of
swelling after addition of 0.1 mM CacCl, decreased due to
the phenformin treatment by 20 % from 0.36 to 0.29 As,,
the maximum swelling rate decreased by 44 % from
0.0819 to 0.0462 dAsy, /0.1 min and the time interval
preceding the maximum swelling rate after CaCl,
addition was prolonged two-fold from 0.2 to 0.4 min. All
these results confirm that phenformin can increase the
mitochondrial transition pore resistance to calcium and
influence mitochondrial membrane bound complex which

is not involved in the energy transformation process.

The effect of phenformin on anisotropy of fluorescence of
hydrophobic membrane probe DPH in liver mitochondria

Our previous data are in agreement with the
hypothesis that modification of various mitochondrial
functions by biguanides could be explained by their
unspecific modifications of protein-lipid interactions
(Schifer 1976, 1983, Wiernsperger 1999). We have
therefore tested to what extent inhibition of various
mitochondrial enzymes and functions by phenformin
could be explained by its non-specific change of the
hydrophobic interior of the mitochondrial membrane.
This has been performed by determination of steady-state
anisotropy of DPH (rppy) fluorescence. Fluorescence of
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Table 1. Effect of increasing concentrations of phenformin on fluorescence anisotropy of hydrophobic membrane probe DPH in frozen

rat liver mitochondria.

Phenformin (mM) 0 0.125 0.25 0.5 1 2
Mean 0.199 0.197 0.201 0.198 0.200 0.197
s.e. 0.001 0.001 0.002 0.001 0.005 0.003

Mitochondria were labeled with DPH as described in methods and the effect of increasing concentrations of phenformin on anisotropy of
DPH fluorescence was determined at Ex 365 nm/Em 425 nm wavelengths. The data are expressed as mean % standard error of means.
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Fig. 9. Quenching of DPH fluorescence intensity by increasing
concentrations of phenformin. DPH-labelled mitochondria were
exposed to increasing concentrations of phenformin and the
decrease of fluorescence intensity was determined up to the 2 mM
concentration of this inhibitory agent. Fluorescence intensity values
for each excitation wavelength (300-415 nm) were normalized as
fraction of the fluorescence intensity of excitation maximum at 365
nm (A) and values for each emission wavelength (380-500 nm)
were normalized as fraction of the fluorescence intensity of
emission maximum at 425 nm (B). Both emission curve and a
curve of excitation spectra represent 5 measurements with 0 mM,
0.125 mM, 0.25 mM, 0.5 mM, 1.0 mM and 2.0 mM phenformin.

this highly hydrophobic probe is based exclusively on the
membrane-bound signal and rppy reflects readily the
changes of the hydrophobic membrane interior altered by
temperature, hydrostatic and osmotic pressure, membrane
lipid composition (cholesterol level, state of saturation of
fatty acids, hydration), cell cycle, ageing and wide range
of pharmacological interferences (Shinitzki 1984, Cossins
and Sinenski 1984, de Laat et al. 1984, Hitzemann et al.
1984, Amler et al. 1986, 1990).

Surprisingly, we found that anisotropy of DPH
fluorescence was unchanged at 1 mM and 2 mM
(Table 1) wunder
experimental conditions when the activity of complex I
was strongly inhibited (Fig. 3 and 4). Simultaneously,
determination of both emission and excitation spectra of

concentration of phenformin

DPH-labeled membranes indicated no significant change
of intensity of DPH fluorescence which might obscure
rppy data (Fig. 9).

Discussion

In our study, we present data indicating that
biguanides (metformin and phenformin) seriously affects
more than one aspect of mitochondrial function. Our
conclusion is based on the following findings:
inhibits
mitochondrial respiration in dose-dependent manner,

1) Phenformin, as well as metformin,
phenformin being 10 times more efficient than metformin;
2) both the phenformin and the metformin inhibitory effect
is not dependent on cellular integrity but manifests itself in
liver homogenates and isolated mitochondria as well as in
permeabilized cells; 3) phenformin and metformin inhibit
most effectively the activity of mitochondrial complex I
but phenformin in higher concentration affects also
complex II and complex IV; 4) in isolated mitochondria,
phenformin decreases respiratory control
the mitochondrial
phenformin in

index and
releases membrane potential; 5)
vitro decreases the sensitivity of

mitochondrial Ca*"-activated pore to calcium and reduces



2014

Biguanides Inhibit Mitochondrial Function 9

the rate and extent of mitochondrial swelling.

From all the data presented in this study, we may
conclude that the contradictory results relating to
metformin inhibitory action on mitochondrial respiration
resulted from its very low efficacy to affect mitochondrial
complex I in in vitro experiments. On the contrary,
another biguanide, phenformin, was known as a
substance with many side effects when used for clinical
treatments and as a more potent inhibitor in in vitro
experiments. For this reason, for experimental studies,
phenformin is evidently a better choice when we try to
understand mechanism through which biguanides affect
mitochondrial functions.

Guanidines and biguanides cause a wide variety
of metabolic effects on many types of organisms and
species and this rather extreme variability is mirrored by
the heterogeneity of proposed explanations of their
actions. Nevertheless, we can find several common
features across all of the seemingly unrelated desired and
undesired biguanide effects: 1) there are no biguanide-
specific receptors which could transmit specific signals;
2) the glucose lowering effect of biguanides is not
associated with the increased insulin secretion; 3) all
blood glucose lowering biguanides exist only as
positively charged species in physiological environment
and 4) they bind readily to biological membranes.

It was proposed that membrane changes largely
represent a common denominator explaining metformin
effects on various systems involved in receptor signaling
and related functions (Schifer 1976, Wiernsperger 1999).
Indeed, no effects of biguanides at therapeutic doses are
known on soluble enzymes. As outlined in Schéfer
(1983), the interaction of phospholipid membrane with
biguanides may have several consequences on its
physiological properties which may in turn induce a
variety of disorders including changes at the membrane
surface of ion activities, K, of membrane enzymes, V.
of catalysis, protein conformation, receptor properties,
fluidity of lipids, water structure at interphase, etc.
Nevertheless, the exact character of this interaction
remains unclear.

Based on our results, the direct interference of
phenformin on the modification of hydrophobic lipid
interior of mitochondrial membrane may be excluded as a

mechanism of action of this potent inhibitory agent. The
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Summary

Metformin is widely used in the treatment of Type 2 diabetes,
however, mechanisms of its antihyperglycemic effect were not
yet fully elucidated. Complex I of mitochondrial respiration chain
is considered as one of the possible targets of metformin action.
In this paper, we present data indicating that the inhibitory effect
of metformin can be tested also in liver homogenate. Contrary to
previous findings on hepatocytes or mitochondria under our
experimental conditions, lower metformin concentrations and
shorter time of preincubation give significant inhibitory effects.
These conditions enable to study the mechanism of the inhibitory
effect of metformin in small samples of biological material
(50-100 mg wet weight) and compare more experimental groups
of animals because isolation of mitochonria is unnecessary.
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Type 2 diabetes is a progressive metabolic
disorder associated with abnormal glucose and lipid
(N,N-dimethylimido-
dicarbonimidic diamide) has been used for the treatment

metabolism. Metformin

of diabetes since the late 1950's (Bailey and Turner 1996)
and until now is the drug of the first choice. Metformin
decreases the hepatic glucose production mainly by
inhibiting gluconeogenesis (Hundal ez al. 2000). We have
previously also shown that metformin decreases fatty
acids oxidation in liver (Cahova ef al. 2010).

Recently it was reported that metformin inhibits
linked to
perturbation of mitochondrial function (Foretz et al

gluconeogenesis  through  mechanisms
2010). Its effect was explained as an inhibition of
mitochondrial complex I activity. The inhibitory effect of
metformin was demonstrated in hepatocytes incubated
with 10 mM metformin for 180 min (EI-Mir et al. 2000).
In isolated mitochondria incubated for 255 min in the
presence of 10 mM metformin the oxidation of
glutamate+malate+ADP was decreased by 40 % but in
disrupted mitochondria the inhibitory effect of metformin
was only 10 % (Owen et al. 2000). El-Mir et al. (2000)
could find inhibition by metformin only in intact cells but
not in isolated mitochondria. Recently it was
demonstrated that metformin attenuates the generation of
oxygen reactive species (Ouslimani et al. 2005) and
inhibits the opening of the mitochondrial membrane
permeability transition pore activated by cytosolic Ca*"
and ROS, which was associated with prevention of
necrotic processes (Carvalho et al. 2008, Guigras et al.
2004). Despite of these findings, the detailed mechanism
of metformin action on mitochondrial respiration and on
complex I in particular has not been well defined yet.
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Fig. 1. The effect of 10 mM metformin on the oxidation of glutamate and malate by isolated liver mitochondria (A) and liver
homogenate (B). Respiration of liver mitochondria (0.2 mg protein/ml) or liver homogenate (0.6 mg protein/ml) was measured with or
without 10 mM metformin (5 min preincubation) in potassium medium supplemented with 0.5 mg fatty acid free bovine serum albumin
per ml and 20 uM cytochrome c. 10 mM glutamate, 2.5 mM malate, 1.5 mM ADP and 10 M succinate were added as indicated.

thus
mechanisms through which metformin can

More data are required to understand the
inhibit
mitochondrial respiratory chain activity.

We tried therefore to compare the effect of
metformin on substrate oxidation of mitochondria and
liver homogenate and to define conditions for such in
vitro studies and we found that the metformin inhibitory
effect can be well evaluated also in tissue homogenate
which has not been used up to now. In our experimental
design we were able to detect significant metformin
inhibitory effect after short (3-5 min) preincubation at a
lower concentration range (2.5-5 mM) compared with
previously published data (Owen et al. 2000).

For the oxygen consumption measurements we
used High Resolution Oxygraph K2- OROBOROS
(Austria). Wistar male rats 200-250 g fed standard
laboratory diet were used. Liver homogenate was 10 %
(w/v) prepared in 0.25 mM sucrose, 10 mM Tris-HCI,
1 mM EDTA, pH 7.4 medium and liver mitochondria
were isolated by differential centrifugation according to
Schneider and Hogeboom (1950). Oxygen consumption
was registered in a medium (potassium medium)
containing 100 mM KCl, 10 mM Tris-HCI, 4 mM
KH,PO,, 3 mM MgCl,, 1 mM EDTA, pH 7.3 at 30 °C,
which was prepared with modification according to
Gnaiger et al. (1995). Palmityl carnitine ((3R)-3-hexa-
decanoyloxy-4-trimethylazaniumylbutanoate) —oxidation
was determined as described in our previous papers

(Ktivakova et al. 2008, Cervinkova et al. 2008, Endlicher
et al. 2009). The protein concentration was determined
according to Bradford (1976).

The data presented in Fig. 1 confirmed that
metformin inhibitory effect does not require measurement
in intact cell. The inhibitory effect of 10 mM metformin
could be demonstrated both in mitochondria and in
homogenate after a short 3-5 min preincubation. The
sensitivity of both homogenate and mitochondria to
metformin  was higher compared with previously
published data (Owen et al. 2000).

In further tested the
concentration dependence of the inhibitory effect of
glutamate+malate+ADP
palmitylcarnitine+malate+ADP as substrates. We found a
effect
glutamate+malate+ADP respiration and for respiratory

experiments, we

metformin using and

significant  inhibitory of metformin for
control index already at 5 mM concentration both for
homogenate and mitochondria. Maximum inhibitory
effect of metformin (about 80 %) was found in a range
between 10-20 mM concentration (Fig. 2). Inhibition of
“state 3” respiration was parallel with the inhibition of the
index (Fig. 2B).
respiratory control may represent another indicator of

respiratory control Decrease of
metformin action on mitochondria connected with
decreased ATP production, however, further studies are
necessary to elucidate this issue.
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Fig. 2. The effect of metformin concentration on glutamat+malate oxidation (A) and respiratory control index (B) in the rat liver
homogenate and mitochondria. Glutamate and malate-dependent respiration of rat liver homogenate and mitochondria was measured
as described in Fig. 1 after 5 min preincubation with 0, 1.25, 2.5, 5, 10, 20 mM metformin. Respiratory control index was calculated
from values obtained in Fig. 2A as the ratio of respiration rate in the presence and absence of ADP. *P<0.05 vs. untreated sample
(homogenate). *P<0.05 vs. untreated sample (mitochondria). The presented data represent average from 4 independent experiments
+ S.E.M. and they are expressed as percent of untreated sample values. The oxygen consumption of liver homogenate and
mitochondria were 609 pmol/s/mg protein and 1100 pmol/s/mg protein, resp. Control values of the respiratory control index of liver
homogenate and mitochondria were 7.7 and 7.6, resp.
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Fig. 3. The palmityl carnitine oxidation in rat liver homogenate A: the effect of single dose of metformin; B: concentration-dependent
effect of metformin on palmityl carnitine oxidation. Palmityl carnitine oxidation was determined under condition described at Fig. 1, but
BSA was not added. 12.5 pM palmityl carnitine was added to the incubation medium with homogenate malate and ADP after 5 min
equilibration with metformin. dPC were calculated as the difference of oxygen consumption in the presence of malate+ADP with and
without palmityl carnitine. Data are representative values from two independent experiments.

Palmityl carnitine oxidation which involves both ~ glutamate+malate (Fig. 3). Similarly, 60 % inhibition of
NADH- and flavoprotein-dependent dehydrogenases was  palmityl carnitine oxidation by 10 mM metformin after
inhibited at the same concentration range as oxidation of 5 min preincubation, as with glutamate+malate was found
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(Fig. 3A). We evaluated both the maximum rate of
palmityl carnitine oxidation in the presence of malate and
ADP and the net increase of respiration induced by
palmityl carnitine addition (Fig. 3A). Data in Fig. 3B
show that both these parameters are inhibited by
metformin similarly as glutamate+malate oxidation.

In agreement with previous findings, we found
that succinate oxidation is not affected by metformin (see
Fig. 1AB). Our data show that combination of two
substrates, NADH-dependent glutamate and flavoprotein-
dependent succinate, can fully saturate respiratory chain
(NADH-
dependent substrate) alone can not saturate respiratory

activity by electrons. Glutamate+malate
chain capacity and succinate (flavoprotein-dependent
substrate) was used to reach maximum values of the
respiratory rate. However, when the complex I activity is
decreased by metformin complex II activity can fully
compensate this decrease of electron flow (see Fig. IAB),
both in liver homogenate and isolated mitochondria.

We may thus conclude that liver homogenate
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Metformin prevents ischemia reperfusion-induced oxidative stress in the fatty

liver by attenuation of reactive oxygen species formation
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Cahova M, Palenickova E, Dankova H, Sticova E, Burian M,
Drahota Z, Cervinkova Z, Kucera O, Gladkova C, Stopka P,
Krizova J, Papackova Z, Oliyarnyk O, Kazdova L. Metformin
prevents ischemia reperfusion-induced oxidative stress in the fatty
liver by attenuation of reactive oxygen species formation. Am J
Physiol Gastrointest Liver Physiol 309: G100-G111, 2015. First
published June 4, 2015; doi:10.1152/ajpgi.00329.2014.—Nonalco-
holic fatty liver disease is associated with chronic oxidative stress. In
our study, we explored the antioxidant effect of antidiabetic met-
formin on chronic [high-fat diet (HFD)-induced] and acute oxidative
stress induced by short-term warm partial ischemia-reperfusion (I/R)
or on a combination of both in the liver. Wistar rats were fed a
standard diet (SD) or HFD for 10 wk, half of them being administered
metformin (150 mg-kg body wt™!-day!). Metformin treatment pre-
vented acute stress-induced necroinflammatory reaction, reduced al-
anine aminotransferase and aspartate aminotransferase serum activity,
and diminished lipoperoxidation. The effect was more pronounced in
the HFD than in the SD group. The metformin-treated groups exhib-
ited less severe mitochondrial damage (markers: cytochrome ¢ re-
lease, citrate synthase activity, mtDNA copy number, mitochondrial
respiration) and apoptosis (caspase 9 and caspase 3 activation).
Metformin-treated HFD-fed rats subjected to I/R exhibited increased
antioxidant enzyme activity as well as attenuated mitochondrial re-
spiratory capacity and ATP resynthesis. The exposure to I/R signifi-
cantly increased NADH- and succinate-related reactive oxygen spe-
cies (ROS) mitochondrial production in vitro. The effect of I/R was
significantly alleviated by previous metformin treatment. Metformin
downregulated the I/R-induced expression of proinflammatory
(TNF-a, TLR4, IL-1B, Cecr2) and infiltrating monocyte (Ly6c) and
macrophage (CD11b) markers. Our data indicate that metformin
reduces mitochondrial performance but concomitantly protects the
liver from I/R-induced injury. We propose that the beneficial effect of
metformin action is based on a combination of three contributory
mechanisms: increased antioxidant enzyme activity, lower mitochon-
drial ROS production, and reduction of postischemic inflammation.

metformin; oxidative stress; mitochondrial respiration; liver injury;
3P MR spectroscopy
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METFORMIN IS AN ORAL ANTIHYPERGLYCEMIC drug widely used in
the treatment of Type 2 diabetes (T2D) (7). There is evidence
that metformin also protects against oxidative stress in various
tissues, although the antioxidant activity of metformin is not
well understood. It has been shown that hyperglycemia is
associated with increased reactive oxygen species (ROS) for-
mation due to superoxide overproduction from the mitochon-
drial electron transport chain as a consequence of increased
glycolysis (8). It has been hypothesized that the antioxidative
effect of metformin is simply the consequence of its glucose-
lowering effect and subsequent decrease in superoxide anion
production (3). Nevertheless, metformin has also displayed
antioxidative characteristics in several models of oxidative
stress without hyperglycemia (2, 19, 20, 21, 62).

Increased production and/or ineffective scavenging of ROS
play an important role in the pathogenesis of many diabetic
complications (14). Nonalcoholic fatty liver disease, a compo-
nent of a cluster of pathophysiological conditions preceding the
manifestation of overt T2D, is often associated with chronic
oxidative stress. Surprisingly, there is not much data regarding
the effect of metformin on oxidative stress in the fatty liver in
the context of insulin resistance.

Liver ischemia-reperfusion (I/R) injury is a major contribu-
tor to tissue damage during liver transplantation, liver resection
procedures, hypovolemic shock, and trauma. It is a major cause
of primary nonfunction after liver transplantation (11). I/R
injury is a phenomenon in which damage to a hypoxic organ is
accentuated following the return of oxygen delivery. The
immediate response involves the disruption of the cellular
mitochondrial oxidative phosphorylation and accumulation of
metabolic intermediates during the ischemic period and oxida-
tive stress following the resumption of blood flow (42). As a
result, direct cellular damage occurs due to the ROS impact on
lipids and other biomacromolecules. Moreover, oxidative
stress impairs mitochondrial function, which leads to further
production of ROS and amplification of oxidative stress and
tissue injury (37). ROS produced during oxidative stress may
also act as signaling molecules, which activate inflammatory
pathways and which in turn accentuate primary injury (32).
Thus the extent of early ROS formation represents a critical
event in terms of the magnitude of the final injury.

http://www.ajpgi.org
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ANTIOXIDANT EFFECTS OF METFORMIN IN THE FATTY LIVER

The aim of our study was to assess the effect of metformin
on both chronic oxidative stress induced by high-fat diet (HFD)
feeding and acute stress caused by short-term warm I/R, or on
the combination of both. We recorded the effects of metformin
on whole body, tissue, and cellular levels. We further focused
on the possible mechanisms of metformin antioxidant action,
particularly on those related to metformin interaction with the
mitochondrial respiratory chain, ROS production, and inflam-
matory processes.

MATERIALS AND METHODS

Animals and experimental design. Male Wistar rats aged 4 mo were
kept in a temperature-controlled environment with a 12-h light-dark
cycle on either standard diet (SD; protein 33cal%, starch 58cal%, fat
9cal%) or HFD (protein 28cal%, starch 12cal%, fat 60cal%) diets.
Half of the animals in both groups were provided metformin in a dose
of 150 mg/kg body wt for 10 wk by gavage. This dose corresponds to
a human dose of 15 mg-kg ~'-day ~', according to the normalization
of body surface area (18), and results in comparable serum metformin
concentrations (1-10 wM). The animals in groups labeled I/R were
subjected to short-term (20 min) warm partial ischemia induced
during anesthesia by portal vein ligation. After restoration of circula-
tion, the abdominal cavity was closed and animals were left to recover
48 h prior to decapitation. Sham-operated animals were subjected only
to the opening of the abdominal cavity without portal vein ligation.
All experiments were performed in accordance with the Animal
Protection Law of the Czech Republic 311/1997, which is in compli-
ance with the Principles of Laboratory Animal Care (NIH Guide to the
Care and Use of Laboratory Animals, 8th edition, 2013) and were
approved by the Ethical Committee of the Institute for Clinical and
Experimental Medicine.

Histological evaluation of liver injury. Liver tissue was fixed in 4%
paraformaldehyde, embedded in paraffin blocks, and routinely pro-
cessed. Sections cut at 4—6 um were stained with hematoxylin and
eosin and examined with an Olympus BX41 light microscope.

Electrophoretic separation and immunodetection. The homogenate
and postmitochondrial fractions were prepared from freshly excised
liver tissue. The protein concentration was determined by the BCA
method (Thermo Scientific, Waltham, MA). The proteins were sepa-
rated by electrophoretic separation under denaturing conditions and
electroblotted to PVDF membranes. Proteins of interest were detected
by using specific antibodies (cytochrome c: ab53056 Abcam, Cam-
bridge, UK; caspase 3: no. 9662, caspase 9: no. 9506, Cell Signaling,
MA). The loading control was performed with rabbit polyclonal
antibody to 3-actin (ab 8227, Abcam, Cambridge, UK). Bands were
visualized by using ECL and quantified by using the FUJI LAS-3000
imager (FUJI FILM, Japan) and Quantity One software (Bio-Rad,
Hercules, CA).

Citrate synthase specific activity. Citrate synthase (CS) activity was
measured according to Rustin et al. (52). Briefly, the cells were lysed
with 1% lauryl maltoside and CS activity was measured according to
the conversion of acetyl-CoA and oxaloacetate to citrate and CoA.
This rate-limiting reaction catalyzed by CS was coupled to the
irreversible reduction of chromogenic substrate TNB (thionitroben-
zoic acid). Citrate synthase activity was measured as an increase of
absorbance at 412 nm per time interval (1 min) and was related to the
total content of protein determined by the BCA Protein Assay Reagent
(Thermo Scientific).

mtDNA copy number estimation. mtDNA copy number per cell was
quantified as the ratio of mitochondrial DNA to nuclear DNA as
previously described (70). In brief, quantitative PCR analysis using
SYBR green (Solis BioDyne, Tartu, Estonia) was performed with 25
ng of isolated DNA (Qiagen). Mitochondrial DNA was assessed
according to the expression of mitochondrial-encoded Nd5 gene.
Nuclear DNA level was determined by amplifying the genomic Ucp2.
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The relative amount of mitochondrial to nuclear DNA was determined
by normalized Nd5 to Ucp2 levels.

Isolation of liver mitochondria and preparation of submitochon-
drial particles. Liver mitochondria were prepared by differential
centrifugation as described by Bustamante et al. (10) with some
modifications. Rat liver tissue was homogenized at 0°C by using a
Teflon-glass homogenizer as a 10% homogenate in a medium con-
taining 220 mM mannitol, 70 mM sucrose, and 1 mM HEPES, pH 7.2
(MSH medium). Crude impurities were removed by centrifugation at
800 g, 10 min, and the remaining supernatant was centrifuged for 10
min at 8,000 g. Pelleted mitochondria were resuspended in the MSH
medium, washed twice via 10 min centrifugation at 8,000 g, and
finally resuspended in a concentration of 20-30 mg protein/ml.
Mitochondrial proteins were determined by the BCA method (Thermo
Scientific, Waltham, MA). To determine ROS production, submito-
chondrial particles (SMP) were prepared according to Ide et al. (27).
Briefly, the isolated mitochondria were sonicated and pelleted by
centrifugation at 21,000 g, 10 min. The resultant pellet was washed
three times in MSH buffer to get rid of matrix components and stored
at —80°C.

Measurement of mitochondrial respiration by the seahorse
technique. An XF 24 extracellular flux analyzer was used to determine
mitochondrial function (XF 24, Seahorse Bioscience, http://www.
seahorsebio.com/company/about.php). The validity of this method
compared with classical Clark electrode oxygraph measurements has
been proved recently (22). Freshly isolated liver mitochondria (10 pg
per well) in 50 pl of MAS buffer (220 mM mannitol, 70 mM sucrose,
10 mM KH,PO,, 5.5 mM MgCl,, 2 mM HEPES, 1 mM EGTA, pH
7.4) were delivered to each well on ice and the 24-well plate was
centrifuged at 20,000 g for 20 min at 4°C to enhance the attachment
of the mitochondria to the plastic. After centrifugation, 450 pl of
prewarmed MAS buffer was added to each plate and the first two
measurements were performed in the absence of any added substrate.
Subsequently, the following substances were added in the indicated
order (final concentrations): 10 mM glutamate + 5 mM malate; 4 mM
ADP; 2 pM rotenone; 10 mM succinate. The data are given as the
oxygen consumption rate (OCR) in picomoles O, per minute.

Parameters of oxidative stress. The activities of superoxide dismu-
tase (SOD), catalase, glutathione peroxidase 1 (GPx1) and thiobarbi-
turic acid reactive substances (TBARS) content were determined as
described previously (50). The content of reduced GSH was deter-
mined by using the Glutathione HPLC diagnostic kit (Chromsystems,
Munich, Germany), 4-hydroxynonenal (4-HNE) concentration by
OxiSelect HNE Adduct Competitive ELISA Kit (Cell Biolabs, San
Diego, CA).

Fluorometric determination of reactive oxygen species production.
ROS production in SMPs in vitro was measured by using a DCFDA
(Cell Biolabs, San Diego, CA) probe as described previously (67).
Briefly, the assay was performed with ~0.2 mg of mitochondrial
protein per milliliter in an MAS buffer supplemented with either 10
mM NADH, 10 mM glycerol phosphate (sn-glycerol 3-phosphate), or
10 mM succinate. The final concentration of DCFDA was 10 uM and
the excitation/emission wavelength was 485/528 nm. The fluores-
cence signal rose linearly from O until the 45th minute of the assay.
The presented data were obtained 45 min after the start of the assay.
All experiments were repeated in the absence of mitochondria and
background fluorescence changes were subtracted. The obtained val-
ues were normalized per milligram of protein.

EPR spin-trapping measurements. Measurement of free radicals by
electron paramagnetic resonance (EPR) is based on the ability of
radical compounds to absorb microwave energy in strong magnetic
fields. To demonstrate the effect of I/R and metformin on mitochon-
drial ROS production, an aliquot of the SMP suspension (2 mg
protein) was reacted with 10 mM NADH and the spin-trapping agent
5,5-dimethyl-1-pyrroline-N-oxide (DMPO) in a Quartz flat cell with a
thickness of 0.5 mm. Immediately after the start of the reaction, EPR
spectra were recorded at an ambient temperature (25°C) using an
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E-540 spectrometer operating at X-band (9.7 GHz). Microwave power
was 20 mV and magnetic field modulations were 1 and 4 Gauss. The
quantitation of the signals’ intensities was performed by comparing
the amplitude of the observed signal with the standard Mn?*/ZnS and
Cr3*/MgO markers. EPR spectra were recorded as the first derivation
and the main parameters [g-factor values, hyperfine coupling constant
A, line widths AHpp (peak-to-peak distance) and AApp (peak-to-peak
amplitude)] were calculated according to Weil and Bolton (68). The
DMPO adducts were identified according to g factor, and diphenyl-
1-picrylhydrazyl (DPPH) served as an internal standard (g = 2.0036).
The Bruker and Origin (Bruker, Rheistetten, Germany) software
interface was used for spectra recording, handling, and evaluation
(51).

3IP-NMR studies. Rats were anesthetized with ketamine/dormitor,
the abdominal cavity was opened and a vessel loop was loosely
positioned around the porta hepatica. Spectra were scanned on the
Bruker Biospec 47/20 (4.7-T field strength) animal scanner (Ettlingen,
Germany) by using a custom-made 10-mm loop diameter remotely
tuned 3'P/"H coil. The coil consisted of two parts: a sole probe head
lying on top of the exposed liver to get rid of muscle tissue signals and
access the portal vein, and a remote block of tuning capacitors set ~10
cm apart from the probe head to reduce the influence of the weight and
tuning torque reaction forces of the bulky tuning capacitors on the
observed liver. During the nuclear magnetic resonance (NMR) exper-
iment, the animals lay on the back in a holder rig with the coil on the
top of the exposed liver. After acquisition of the first spectrum, the
portal vein was occluded and the subject was repositioned to the same
position in the magnet. Spectra were then acquired for the next 20
min. The occlusion was then released and 18 more spectra were
acquired in 5-min intervals. A single-pulse sequence without proton
decoupling was used to acquire the *'P spectra with the following
parameters: TR = 500 ms, 512 averages. Relative ATP levels were
then evaluated from intensities of 3-ATP peaks using the jMRUI
software package (63).

Real-time quantitative PCR analysis. Total RNA was extracted
from rat liver tissue by using an RNeasy Mini Kit (Qiagen, Courta-
boeuf, France); 500 ng of total RNA was reverse-transcribed by use of
a High Capacity Reverse Transcription Kit (Life Technologies, For-
rest City, CA) and real-time quantitative PCR analysis (RT-qPCR)
was performed (viiA7, Life Technologies, Forrest City, CA) with
EvaGreen qPCR Mix (Solis BioDyne). The primers were designed
with Primer3 software; details are given in Table 1. Gene expression
values were normalized to the expression value of the housekeeping
genes Gusb and B2m. Calculations were based on the comparative
cycle threshold Ct method (2~ 2A€Y),

Biochemical analyses. Nonesterified fatty acids (FFA), triacylglyc-
erol, glucose, lactate, and B-hydroxybutyrate serum content were

Table 1. Primer sequences
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determined with commercially available kits (FFA: FFA half micro
test, Roche Diagnostics, Mannheim, Germany; triglycerides, choles-
terol, and glucose: ERBA-Lachema, Brno, Czech Republic; B-hy-
droxybutyrate: Cayman Chemical, Ann Arbor, MI; lactate: Biovision,
San Francisco, CA). Serum glucose was measured using an Accu-
Chek glucometer (Roche, Czech Republic). Glycogen and triacylglyc-
erol content in the liver were determined as described previously (12).

Statistical analyses. Data are presented as means = SE of multiple
determinations. Statistical analyses were performed with SigmaStat
(Systat Software, San Jose, CA) or Microsoft Excel statistical pack-
ages. One-way ANOVA with Bonferroni or two-way ANOVA with
multiple determinations was employed to test the differences between
more than two groups. The Student’s 7-test was used to detect the
effect of I/R within groups. Differences were considered statistically
significant at the level of P < 0.05.

RESULTS

Metabolic characteristics of the experimental groups. Table
2 summarizes the effects of HFD administration and metformin
treatment on selected metabolic characteristics. As expected,
HFD led to the elevation of serum concentrations of lactate and
nonesterified fatty acids and to the increase in ketogenesis.
Metformin had no significant effect on most of the parameters
despite the enhanced lactate production in both SD and HFD
groups. However, metformin administration resulted in dimin-
ished weight gain in the HFD group. Liver triacylglycerol
content was elevated and glycogen content reduced in the HFD
group, but the effect of the diet was not reversed by metformin.
To estimate the degree of liver injury induced by oxidative
stress, we measured the serum aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) activities after I/R
(Table 3). As expected, I/R led to a significant increase of
serum AST and ALT, and this effect was more pronounced in
HFD-fed animals. Metformin had no significant effect on I/R
injury in SD-fed rats, but it significantly alleviated I/R-induced
AST and ALT release in the HFD group.

Metformin alleviates acute oxidative stress-induced liver
injury. As demonstrated by histological findings (Fig. 1A),
SD-administered animals exposed to I/R developed confluent
predominantly centrilobular necroses in 10% of the liver pa-
renchyma. In HFD-fed rats, there were unevenly distributed
necroses in 10—15% of the centrilobular hepatocytes in the I/R
group. SD- and HFD-fed animals treated with metformin and

Gene NCBI Ref. Seq. Forward Primer Reverse Primer
Arg 1 M_017134.1 CTGCTGGGAAGGAAGAAAAG TTCCCAAGAGTTGGGTTCAC
CD68 NM_001031638.1 CAAGCAGCACAGTGGACATTC GGCAGCAAGAGAGATTGGTC
Emrl NM_001007557.1 CAACCGCCAGGTACGAGATG TGCCGCCAACTAACGATACC
Mrcl NM_001106123.1 CAACCAAAGCTGACCAAAGG AGGTGGCCTCTTGAGGTATG
TLR4 NM_019178.1 GGATTTATCCAGGTGTGAAATTG GTCTCCACAGCCACCAGATT
Osp NM_012881.2 TGATGAACAGTATCCCGATG TGGTTCATCCAGCTGACTTG
Cer 2 NM_021866.1 TTTGATCCTGCCCCTACTTG AACGCAGCAGTGTGTCATTC
1IL10 NM_012854.2 CTGCAGGACTTTAAGGGTTACTTG TTCTCACAGGGGAGAAATCG
Cdl1b NM_012711.1 CTTCTCCCAGAACCTCTCAAG ATGCGGAGTCGTTAAAGAGG
IL1B NM_031512.2 AGTCTGCACAGTTCCCCAAC GAGACCTGACTTGGCAGAGG
Ly6-C NM_020103.1 GTGTGCAGAAAGAGCTCAGG ATTGCAACAGGAAACCTTCG
Tgflb NM_021578.2 ACTGCTTCAGCTCCACAGAG TGGTTGTAGAGGGCAAGGAC
TNFa NM_012675.3 CAAGGAGGAGAAGTTCCCAAATG GCTTGGTGGTTTGCTACGAC
mtNd5 NC_001665.2 GACTACTAATTGCAGCCACAGGAA GTAGTAGGGCAGAGACGGGAGTTG
Ucp 2 NC_005100.4 AGAACGGGACACCTTTAGAGA TGCCCCAGTTTCCATCACAC

Ref. Seq., reference sequence.
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Table 2. Metabolic characteristics of the experimental
groups

SD SD + Met HFD HFD + Met
Body weight, g 4829 466 = 12 490 = 7! 437 + 10!
Serum
Metformin,
pmol/l 6.8 £0.8 6.1 =1
Glycemia,
mmol/l 6.4+ 0.1 6.2 0.2 6.1 =0.1 6.3 0.1
Lactate, mmol/l ~ 3.5 = 0.2%* 47 +03* 59 *05% 6.7 *03
Triacylglycerol,
mmol/l 1.8 20.09c 1.8+02 14=*+0.12¢ 15%x02
FFA, mmol/l 0.75 = 0.05¢ 0.81 =0.04 1.02 = 0.05¢ 0.91 = 0.1
Cholesterol,
mmol/l 1.6 = 0.11 1.4*x0.13 15%x0.17 1.6 0.1
3-OH butyrate,
mmol/l 0.17 0.2 0.23 £0.01 094 =0.2¢ 1.03 £0.03
Liver
Triacylglycerol,
pumol/g 120+ 1.3% 91+ 1.1 605+ 11.32 53.9=*38.6
Glycogen,
pmol
glucose/g 280 *+ 13h 277 £ 20 219 + 280 185 = 14

All parameters were determined in the serum or liver of fed animals. Data
are expressed as means * SE. Serum parameters: n = 20 per group (blood was
collected prior operation); liver parameters: n = 10 per group (only sham-
operated animals). SD, standard diet; Met, metformin; HFD, high-fat diet;
FFA, free fatty acids. Values marked with the same letter are statistically
significantly different; >>49P < 0.05; >MP < 0.01; ©F2P < 0.001.

subjected to I/R injury showed mild predominantly centrilobu-
lar steatosis without any significant necroinflammatory reac-
tion. The HFD itself increased lipid peroxidation measured as
TBARS or 4-HNE content in the liver (Fig. 1, B and C). For
TBARS, I/R comparably increased lipoperoxide formation in
both groups. Importantly, metformin administration dimin-
ished TBARS formation by 30 and 25% in the SD and HFD
groups, respectively. 4-HNE content was increased only in the
HFD, but not in the SD group subjected to I/R. Metformin
mitigated the combined effect of the HFD and I/R and reduced
4-HNE content ~2.5 times. These results indicate that met-
formin protects liver tissue against acute oxidative stress in
vivo, probably by preventing excessive ROS formation or
strengthening the antioxidant defense.

Metformin reduces oxidative stress-induced mitochondrial
damage and apoptosis in vivo. Lower oxidative stress may
result in less severe mitochondrial damage in metformin-
treated animals exposed to stress conditions compared with
untreated ones. In the liver exposed to I/R, we found
increased cytochrome c¢ content in cytosol (SD<<KHFD),
suggesting its leakage from the outer mitochondrial space
(Fig. 2A). This was substantially diminished in metformin-
treated animals, thus indicating less mitochondrial injury.
Cytosolic cytochrome ¢ is known to trigger apoptotic cell
death, and we further wanted to confirm whether the reduced/
increased mitochondrial damage would be reflected by the
changes in the intensity of cell death executed by the apoptotic
pathway. Therefore, we determined the activation of caspase 9
and its downstream target caspase 3 in liver homogenates. I/R
resulted in caspase 9 and caspase 3 activations in both SD and
HFD groups, the effect being more pronounced in the latter.
Metformin administration eradicated (SD) or significantly at-
tenuated (HFD) proapoptotic signaling in both groups (Fig. 2,
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B and C). To assess whether the antiapoptotic effect of met-
formin is translated into the quantitative preservation of mito-
chondria, we determined the activity of citrate synthase which
an exclusive mitochondrial matrix enzyme. Figure 2D demon-
strates that I/R resulted in the reduction of citrate synthase
activity in both the SD and HFD groups and that the effect of
I/R was prevented by metformin. The presence of mitochon-
drial damage and the protective effect of metformin were
independently confirmed by the direct determination of
mtDNA copy number in all experimental groups (Fig. 2E). In
the HFD group, the effect of metformin and I/R on mitochon-
drial function was assessed by measuring mitochondrial respi-
ration of NADH-dependent (Fig. 34) and FADH-dependent
substrates (Fig. 3B). In the basal state, i.e., without addition of
any substrates and in the presence of malate and glutamate only
(NADH-dependent substrates), we did not find any difference
between the groups. In contrast, the maximal respiration rate
(OCR), measured after the addition of ADP, was significantly
diminished both by I/R and metformin administration, but this
effect was not additive. In other words, although mitochondria
from metformin-treated animals exhibited lower OCR com-
pared with the untreated ones, they were not further damaged
by the exposure to I/R. With succinate used as a substrate
(FADH dependent), the OCR was not affected by metformin
treatment or I/R injury. Taken together, these data indicate that
metformin treatment protects liver mitochondria from I/R-
induced mitochondrial damage, which further ameliorates ap-
optosis and partly preserves mitochondrial function.

Effect of metformin on antioxidative defense status in vivo.
The previous data demonstrate that metformin significantly
alleviates oxidative stress evoked by the HFD itself or, more
pronouncedly, in combination with I/R. Subsequently, we
tested whether the effect of metformin is mediated by the
increased activity of antioxidative mechanisms. In the liver,
HFD administration itself was associated with diminished GSH
stores and decreased activities of GPx1 and SOD, whereas
catalase activity was upregulated (Table 4). Metformin treat-
ment ameliorated some of these parameters (GSH content and
SOD activity) affected by the diet alone. In the HFD group,
oxidative stress evoked by I/R resulted in further exhaustion of
liver GSH content and in reduction of antioxidant enzyme
activity by 25-50% compared with the values in nonischemic
animals. Metformin treatment led to partial restoration of GSH
content and enzyme activity. We did not observe any effect of
metformin on the expression of relevant genes that encode
antioxidative enzymes (not shown). The presented data dem-

Table 3. Effect of ischemia reperfusion on the markers of
liver injury

SD SD + Met HFD HFD + Met
AST, pkat/l
Control 3.7 0.2 3.8 +0.1° 4.1 £0.3¢ 3.9 = 0.5¢
I/R 7.0 = 0.3* 6.8 =0.3° 12.6 = 1.5¢4 7.0 = 0.84¢
ALT, pkat/l
Control 0.8 = 0.1 0.7 £0.1 1.0 £0.1¢ 0.7 = 0.1"
I/R 1.1 £0.2 1.0x0.3 4.1 = 0.8%2 2.0 = 0.780

Data are expressed as means *= SE, n = 10. AST, aspartate aminotransfer-
ase; ALT, alanine aminotransferase; I/R, ischemia-reperfusion. Values marked
with the same letter are statistically significantly different; P < 0.05; 4P <
0.01; »><fp < 0.001.

AJP-Gastrointest Liver Physiol - doi:10.1152/ajpgi.00329.2014 « www.ajpgi.org



G104

A SD

sham

Fig. 1. Effect of metformin (met) on liver
injury induced by ischemia-reperfusion. A:
confluent necroses of hepatocytes were ob-
served in animals fed a standard diet (SD)
and high-fat diet (HFD) after ischemia-rep-
erfusion (I/R) injury (dashed lines delimit the
necrotic areas); no necroinflammatory activ-
ity was observed in sham-operated controls
and in the SD+I/R and HFD+I/R groups
treated with metformin. Hematoxylin and
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onstrate that the protective effect of metformin against oxida-
tive damage is associated with increased activity of antioxidant
systems in some stress situations.

Metformin decreases reactive oxygen species formation
from succinate and NADH, but not from glycerol-3-phosphate.
Electron transport through the mitochondrial respiratory chain
is associated with potential ROS generation. This risk is further
exacerbated during reoxygenation after ischemia. In vitro stud-
ies identified three potential targets of the antioxidant effect of
metformin: forward electron flux through complex I, reverse
electron flux from complex II to complex I and mitochondrial
glycerol-3-phosphate dehydrogenase (mGPDH). In vitro, uti-
lization of NADH as the sole substrate stimulates forward
electron flux, while utilization of succinate in the absence of
NADH promotes reverse electron flux. To characterize the
combined effect of in vivo metformin treatment and HFD
administration on ROS formation, we used a model of SMP.
ROS production in vitro was measured by using a fluorescent
probe DCFDA on three different substrates: NADH as a source
of electrons for complex I, glycerol-3-phosphate (G-3-P) for
mGPDH, and succinate for succinate dehydrogenase (Fig. 4).
SMPs isolated from rats subjected to I/R without metformin
treatment exhibited significantly increased ROS production
from NADH and succinate (succinate >=> NADH) when com-
pared with sham-operated controls. Previous metformin ad-
ministration reduced ROS production from both these sources.
No effect of metformin was observed in animals that were not
exposed to I/R. Rather surprisingly, we observed no effect of
either I/R or metformin on ROS production from G-3-P.

EPR spectroscopy is the only technique that can directly
detect and identify different types of free radicals. We em-
ployed this method to investigate NADH-dependent ROS gen-
eration in vitro by SMPs prepared from HFD-fed groups. As
shown in Fig. 5, after the addition of NADH to the SMP

suspension, we were able to detect the following free radicals:
organic free radical OR, showing a symmetric singlet signal;
nitroxide radicals NO: triplet spectrum 1:1:1; superoxide rad-
ical OOH: quartet 1:1:1:1; and hydroxyl radical OH: quartet
1:2:2:1, as adducts of these radicals with DMPO. The signal
intensity was quantified by comparing the amplitude of the
observed signal to the standard Mn>*/ZnS and Cr**/MgO
markers, the results of which are presented in Table 5. We
found a significant increase in OH formation in animals sub-
jected to I/R compared with sham-operated controls. A similar
trend was observed for OOH, but it did not reach statistical
significance (P = 0.061). Metformin treatment had no effect on
sham-operated animals but completely prevented I/R-induced
generation of OOH and OH radicals (P = 0.008 and 0.045,
respectively). Other radical species were not affected by any of
the interventions. In conclusion, our data indicate that long-
term metformin administration in vivo effectively prevents
I/R-associated ROS production from NADH-dependent sub-
strates and succinate.

Metformin slows down ATP synthesis in the liver in vivo.
The evidence given in the previous paragraph strongly indi-
cates that metformin administered in vivo attenuates mitochon-
drial respiration. If so, metformin should also affect ATP
synthesis. To confirm this hypothesis, we measured the extent
and rate of ATP repletion during reperfusion after partial liver
ischemia using *!P MR spectroscopy (Fig. 6). The restraint of
blood supply led to a rapid fall of ATP levels in all groups. In
the SD group, ATP rapidly (within 15 min of reperfusion)
resumed original values. In the HFD group, ATP content did
not fully recover within examination time, reaching only
~80% of preischemic values. The rate of ATP resynthesis was
not significantly different from the SD group. The SD and HFD
curves were significantly different (P < 0.05) from the 60th
min until the end of the experiment. Metformin had a nonsig-
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Fig. 2. Effect of metformin on oxidative stress-induced mitochondrial damage and apoptosis in rats subjected to ischemia-reperfusion (IR). A: cytochrome ¢ (cyt
¢) release to cytosol estimated according to the abundance of cyt ¢ in the freshly prepared postmitochondrial fraction. Cyt ¢ band intensity was normalized to
actin and expressed as cyt c-to-actin ratio. B and C: caspase 9 (B) and caspase 3 (C) activation. The signal intensities corresponding to the full-length proteins
and cleaved fragments (caspase 9: 51, 40, and 38 kDa; caspase 3: 35 and 17 kDa) were assessed by densitometry. Graphs show the ratio of cleaved fragments
to full-length protein density. D: citrate synthase activity in the liver homogenate. E: mitochondrial DNA copy number per cell in the liver. Data are presented
as means = SE, n = 10. Bars marked with the same letter are statistically significantly different; ®b-c-dhlnosuvxp < () 05; emprtwp < () (1; tetikp < (0.001.

nificant effect in the SD group, but the drop in ATP concen-
tration was further emphasized in the HFD+metformin group
compared with animals fed only a HFD. ATP content reached
only 60% of initial values after reperfusion and ATP repletion
in the HFD+metformin group was also significantly slower
than for both other groups. The HFD+metformin and HFD
curves were significantly different (P < 0.05) during the first
40 min of reperfusion (20 — t60).

Metformin attenuates the expression of proinflammatory
markers in the liver. I/R injury is associated with the proin-
flammatory activation of immune cells in the liver, which is
considered to be secondary to direct cellular damage resulting
from ischemic insult. As we have shown, metformin reduced
the I/R-induced liver injury. We further wanted to know
whether this protection translated into an amelioration of pro-
inflammatory status. Using RT-qPCR, we determined that the
hepatic expression of proinflammatory markers TNF-a, TLR4,

IL-1B, and Ccr2 was significantly higher in the liver of HFD-
fed animals subjected to I/R compared with sham-operated
controls and that it was significantly attenuated by metformin
treatment (Fig. 7). With the exception of TLR4, we did not find
this I/R-induced proinflammatory activation in rats fed a stan-
dard diet. We did not observe any effect of the diet, metformin
treatment, or I/R injury on the expression of alternative acti-
vation markers (Argl, Mrcl, IL-10).

The liver accommodates two different subsets of macro-
phages: resident macrophages [Kupffer cells (KCs)] and mac-
rophages that infiltrate the liver by circulation. The expression
of markers characteristic of KCs (CD68, F4/80) was not
different among the groups and did not depend on the diet or
I/R injury. In contrast, the expression of Ly6c and CDI11b,
infiltrating monocyte and macrophage markers, respectively,
were significantly increased in the liver of both SD+I/R and
HFD+1I/R groups. Metformin treatment significantly decreased
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Fig. 3. Mitochondrial respiration of NADH-dependent (A) and FADH-dependent (B) substrates. Liver mitochondria were isolated from rats fed HFD without or
with metformin, half of the animals in each group (n = 5) being subjected to ischemia-reperfusion (I/R) as described in MATERIALS AND METHODS. The oxygen
consumption rate of isolated liver mitochondria (10 g protein per well) was monitored on an XF 24 Analyzer in the presence of chemicals added at time intervals
shown on the graph. The additions included 5 mM malate (M), 10 mM glutamate (G), 4 mM ADP, 2 uM rotenone, and 10 mM succinate (final concentrations).
Data are presented as means = SE. The maximal respiration rate (M+G+ADP) was statistically significantly higher in HFD compared with all other groups.

their expression; in the case of Ly6c, even below the levels in
controls. Our data suggest that long-term metformin adminis-
tration alleviates I/R-induced inflammation, particularly in an-
imals fed a HFD.

DISCUSSION

Our data show that in vivo, metformin protects both the
steatotic and normal liver from oxidative stress-related hepa-
totoxic injury caused by I/R. This effect is, at least in part,
mediated by decreased mitochondrial ROS production result-
ing in reduced mitochondrial damage, attenuation of apoptotic/
necrotic cell death, and elimination of inflammation.

It has been previously shown that several tissues endangered
by oxidative imbalance associated with T2D, particularly the
myocardium (38, 44), endothelial cells (5, 48), and the brain
(13), could be protected by metformin administration. Surpris-

Table 4. GSH concentration and antioxidant enzyme
activities in the liver of rats exposed to ischemia/reperfusion

SD SD + Met HFD HFD + Met
GSH, mM/mg protein
Control 7+0.144 68=02 43x0.1% 64=0.13
I/R 43+04> 46=*03 1.7*02% 35=x0.1F
GSH-Px, pM
GSH'min~'-mg
protein~!
Control 540 = 30¢ 583 £45 414 £22¢ 476 * 40
/R 428 =224 429 =25 258 £204 435 =41
Catalase, pM
H>02-min~!-mg
protein~!
Control 758 =26° 82051 947 = 13° 893 =30
I/R 693 =331 729 =49 508 x29tm 764 = 3™
SOD, pnU/mg protein
Control 143 = 102 156 £5 91 * 3en 129 = 10
/R 95 =5 138 £ 6" 73 = 5i° 130 = 8°

GSH content was determined in the isolated mitochondria; all other param-
eters were determined in the whole liver homogenate. Data are expressed as
means = SE, n = 10. Values marked with the same letter are statistically
significantly different; &finpP < 0.05; beehlop < (.01; *4hmp < 0.001.

ingly, there are scarce data regarding the antioxidant effect of
metformin in the fatty liver, despite the fact that steatosis is a
hallmark of T2D and that the fatty liver is highly susceptible to
oxidative stress. One study conducted on 208 Indian diabetic
patients showed that metformin restores antioxidant status in
plasma (24). A hepatoprotective effect of metformin (de-
creased serum ALT and AST levels, improved histological
parameters) was proved in two small studies focused on NASH
patients (41, 65). Our results show that long-term metformin
treatment not only alleviates chronic (HFD-induced) oxidative
stress directly in liver tissue, but it also effectively protects the
liver against acute and massive oxidative injury, particularly in
the fatty liver. Nevertheless, the mechanism of metformin
antioxidant activity is still far from clear.

The degree of oxidative stress results from the balance
between the ROS formation rate and antioxidant defense ca-
pacity. Metformin is not able to scavenge superoxide radicals
and is unlikely to engage in direct scavenging activity (6, 33,
49). In some models, antioxidative activity of metformin has
been associated with its hypoglycemic effect, but in the pre-
sented study HFD-fed rats did not exhibit hyperglycemia.
Numerous studies have demonstrated that both T1D (Type 1
diabetes) and T2D are associated with decreased activity and
expression of antioxidant enzymes and that metformin treat-
ment can restore normal conditions (13, 19, 62). In our exper-
imental design, HFD-fed rats exhibited augmented markers of
oxidative stress (lipoperoxides) accompanied by a significant
decrease of liver GSH content and SOD activity and elevated
catalase activity. I/R further exacerbated both oxidative injury
and HFD-induced dysfunction of antioxidant mechanisms.
Long-term metformin treatment normalized all these markers,
both in sham-operated controls and in ischemic animals.

By directly measuring ROS production using a fluorometric
assay and EPR, we showed that metformin attenuates mito-
chondrial ROS production. In reperfused liver, ROS can be
generated by several mechanisms, including xanthine/xanthine
oxidase, cytosolic NADPH oxidase, and the electron transport
chain of mitochondria. Earlier work with rat hepatocytes using
selective inhibitors has suggested that xanthine oxidase is the
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Fig. 4. Reactive oxygen species (ROS) production from different substrates in submitochondrial particles (SMPs). SMPs were prepared from liver mitochondria
of rats fed HFD without or with metformin, half of the animals in each group being subjected to I/R as described in MATERIALS AND METHODS. ROS production
in mitochondria was measured by DCFDA (10 wM) in the presence of either 10 mM NADH (A), 10 mM glycerol-3-P (B), or 10 mM succinate (C). Values
represent fluorescence units and are normalized per 1 mg of mitochondrial protein. Data are presented as means = SE, n = 5. Bars marked with the same letter

are statistically significantly different; **4P < 0.05; °P < 0.01.

main generator of ROS (1). However, xanthine oxidase inhib-
itors employed in these studies were later recognized as mito-
chondrial inhibitors as well and mitochondria are now consid-
ered to be an important source of ROS within hepatocytes (28).
Estimating the relative contribution of mitochondria to total
ROS production is difficult, because it depends on actual
physiological conditions, such as the ratio of resting to phos-
phorylating mitochondria and the capacity of reverse electron
transport. In the case of the ethanol-stressed liver, where
nonmitochondrial ROS production from CYP2EI1 is accentu-
ated, mitochondrial contribution has been estimated at ~22—
46% (30). In hypoxia/ischemia, when the portion of nonphos-
phorylating mitochondria is increased and reverse electron
flow accentuated, this contribution may be significantly higher.

Several production sites for ROS are recognized at the
respiratory chain, including complex I (36) and complex III
(35), complex I being considered crucial for the regulation of
mitochondria-related ROS production (66). At complex I, the
superoxide radical may be generated either by reverse electron

OR" ooHr
OH'

v

00K op
OH-

Vol

OOH"
OH:

v

10G

/I\

NO* /r
DPPH He:
0
NO*

Fig. 5. Typical electron paramagnetic resonance spectra obtained after addition
of NADH (10 mM) to the suspension of SMP by using 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO) as a spin-trapping agent. The DMPO adducts were
identified according to their g factor and DPPH served as an internal standard
(g = 2.0036). OOH and OH radicals were distinguished by detailed analysis of
overlapping OOH and OH signals using computer simulation. OR, organic free
radical; NO, nitroxide radicals; OOH, superoxide radical; OH, hydroxyl
radical; DPPH, diphenyl-1-picrylhydrazyl.

transfer (e~ transport from succinate to NAD™ through com-
plex I) upon succinate oxidation at complex II, or in lower
amounts during forward electron transport from NADH-linked
substrates (36).

In a model of a liver perfused with 1072 M metformin,
Batandier et al. (4) demonstrated that metformin powerfully
inhibits reverse flux-related ROS production. However, these
data were obtained using extremely high metformin concen-
trations. We are the first to demonstrate that metformin admin-
istered in vivo has the same effect, as we observed significantly
decreased ROS production from succinate in submitochondrial
particles isolated from metformin-treated rats subjected to I/R
compared with untreated animals. Importantly, this effect per-
sisted even when no metformin was added to the reaction in
vitro. The contribution of reverse flux-related ROS generation
under normoxic conditions remains questionable, but it seems
to be highly relevant in hypoxia (30). This is in accordance
with our results as we found the inhibitory metformin effect on
ROS production from succinate only in rats that underwent I/R.
Batandier et al. have shown that reverse flux-related ROS
generation is very sensitive to changes in membrane potential.
We have previously shown that biguanides decrease membrane
potential as a consequence of mitochondrial complex I inhibi-
tion (16). We hypothesize that this phenomenon may, at least

Table 5. Free radical generation in submitochondrial
particles in vitro

HFD +
HFD HFD + Met HFD+I/R Met+I/R
Free organic
radical 79 = 1.1 79003 7.6*08 6.9 0.3
Nitrosyl radical
NO- 38 +0.8 41x02 43 £05 42 +0.6
Superoxide radical
OOH- 41*02* 40=*025 5.1*03*% 33=x04°
Hydroxyl radical
OH- 1.2 +0.03¢ 1.1 £0.1 1.7 024 1.2 *0.05¢

Submitochondrial particles prepared from liver mitochondria were isolated
from rats fed HFD without or with metformin, half of the animals in each
group being subjected to I/R as described in MATERIALS AND METHODS.
Reactive oxygen species production in mitochondria was measured by electron
paramagnetic resonance spectroscopy with 10 mM NADH as a substrate. Data
are expressed as means * SE, n = 5. Values marked with the same letter are
statistically significantly different; #b<4P < 0.05.
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Fig. 6. Effect of long-term metformin administration on
ATP resynthesis during reperfusion after partial isch-
emia. Partial ischemia was induced by portal vein liga-
tion (time 0) and released 20 min later (time 20). The
measurement continued in 5-min intervals. Liver ATP
content was determined by 3!P-NMR spectroscopy.
Data are expressed as the relative change compared
with the respective value in fime 0 and presented as
means * SE, n = 10. The statistical significance of the
course of the curves was tested by 2-way ANOVA with
repeated measurements.
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partly, underlie metformin-dependent attenuation of reverse
flux-related ROS production.

Inhibition of forward electron flux at the level of complex I
by the specific inhibitor, rotenone, results in increased ROS
production (46) and thus it can be assumed that metformin as
a mild inhibitor of complex I may have the same effect. In
contrast, we observed the inhibitory effect of metformin on
NADH-dependent ROS production. This apparent contradic-
tion could be reconciled in light of recent findings published by
Matsuzaki and Humphries (43). Complex I has two reversible
conformational states: active and deactivated (23). In its deac-
tivated state, ROS production at complex I is significantly
attenuated. Biguanides selectively inhibit the deactivated form
of complex I. Consequently, this deactivation greatly enhances
the sensitivity of complex I toward biguanides, forming a
feedback loop that “locks” complex I in a deactivated state
leading to decreased superoxide production capacity (43).
Furthermore, ischemia represents a condition that promotes
deactivation of complex I in vivo, thereby increasing the
sensitivity to biguanide-mediated inhibition. On the basis of
these findings, we suggest that metformin could serve as an
antioxidant, particularly during oxidative stress associated with
ischemia, and also following reperfusion.

Another potential source of ROS may be mGPDH, a key
component of the glycerophosphate shuttle, which ensures the
transport of reduced equivalents from cytosol to complex II
(45). Quite recently, mGPDH was recognized as a new target
of metformin (40). Its contribution to ROS production has been
documented in brown adipose tissue (65), but no data concern-
ing liver mitochondria are available. In our study, the contri-
bution of ROS produced by G-3-P was significantly lower than
that from succinate. It also failed to respond to I/R and
metformin. Given that mGPDH expression in the liver is very
low (34), we do not consider this enzyme to be an important
target of metformin antioxidant activity.

The accumulation of intracellular ROS induces cell death
and, during hepatic I/R, hepatocytes undergo both apoptosis
and necrosis (56). Some studies have suggested apoptosis to be
the primary mode of death (55), whereas others have reported
necrosis (61). In the present study, we found signs of both
necroinflammation and ongoing apoptosis in the liver tissue of
rats subjected to I/R, where the effect was more pronounced in
the HFD group. We can explain the beneficial effect of met-
formin on both forms of cell death as the consequence of lower
mitochondrial ROS production.

20 30 40 50 60 70 80 90 100 110
time (min)

In the liver of metformin-treated animals, we observed lower
expression of proinflammatory as well as infiltrating monocyte/
macrophage markers 2 days after short-term ischemia, which
points to the possible anti-inflammatory effect of metformin.
The direct anti-inflammatory action of metformin has been
reported in several animal experimental studies, both in the
liver (69, 54, 47) and in circulating polymorphonuclear cells
(9). In contrast to these experimental findings, metformin
efficiency in human NASH treatment is the subject of open
debate (58, 60). The beneficial effect of metformin in our study
could be explained either by the direct effect of metformin on
KCs or by the attenuation of intracellular ROS production in
hepatocytes, resulting in diminished necrosis and suppressed
inflammation.

Many reports demonstrated that ROS are important modu-
lators of signaling pathways and the intensity of their produc-
tion seems to be a key factor in discriminating between cell
death and survival (53, 25, 39). It has been suggested that ROS
act as second messengers that promote sustained activation of
c-Jun NH,-terminal kinase (JNK) and apoptotic signaling (59).
Furthermore, they also have been shown to inhibit NF-kB by
preventing transcription of survival genes (26). During reper-
fusion after ischemia, Kupffer cells generate ROS, which in
turn activate JNK at least in part through the ROS-dependent
ASKI1 (apoptosis signal-regulating kinase 1) pathway and en-
hance secretion of various chemokines and cytokines including
TNF-a (57). TNF-a may serve as a potent activator of either
prosurvival or proapoptotic pathways (15), and some authors
even report that it is a critical mediator in warm hepatic I/R
injury (64). TNF-a released from Kupffer cells may activate
TNF receptors on hepatocytes, which induce JNK activation as
well as ROS production. JNK activation results in the activa-
tion of its downstream targets, i.e., AP-1 family members
c-Jun, ATF-2, and JunD, which are involved in the regulation
of inflammation, proliferation, and cell death (57). In addition,
ROS oxidize and inactivate MAPK phosphatases, which de-
phosphorylate JNK, leading to its prolonged activation and
augmentation of apoptosis (31). In the present study we
showed data indicating that metformin reduces mitochondrial
ROS production and we hypothesize that the attenuation of
ROS signaling may explain, at least partly, the protective effect
of metformin in IR. Another mechanism contributing to the
reduction of inflammation in metformin-treated animals may
be the reduction of ROS-induced lipoperoxide products forma-
tion during early reperfusion phase. These products are potent
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Fig. 7. Effect of metformin on the relative expression of pro and anti-inflammatory markers in the liver. The expression of individual mRNAs was determined
by RT-qPCR. Data are expressed as a fold change related to the untreated SD group. Values are given as means = SE, n = 5. Bars marked with the same letter
are statistically significantly different; b-<fehijklorstup < () 05; demaprp < (0.01; YP < 0.001.

chemotactic factors for neutrophils and are the determining
factor for the continuation of neutrophil recruitment and ag-
gravation of injury (29). In accordance with this supposition
we observed a significantly lower expression of infiltrating
macrophages markers in metformin-treated animals subjected
to IR.

Attenuation of mitochondrial respiration compromises the
hepatocyte energy state. Foretz et al. (17) have shown that
metformin decreases ATP content in a dose-dependent manner,
both in primary hepatocytes and in the liver after metformin
administration in vivo. Using direct >'P-NMR measurements in
vivo, we demonstrated that long-term metformin treatment
decreased ATP repletion during reperfusion, in terms of both
rate and relative quantity. As we have previously shown (16),

metformin does not function as an uncoupler and thus the
decrease in ATP content reflects the weaker performance of the
mitochondrial respiratory chain. Low ATP availability is gen-
erally an unfavorable condition and may contribute to high-
dose metformin toxicity, but we suggest that under conditions
of acute oxidative stress the beneficial consequences of dimin-
ished electron flux through the respiratory chain, i.e., lower
ROS formation, outweighs the disadvantages of compromised
energy production.

In conclusion, we demonstrate that metformin protects the
fatty liver from acute oxidative stress-related mitochondrial
injury and cell death. We propose that the beneficial effect of
metformin action is based on the combination of three contrib-
utory mechanisms: increase of antioxidant enzyme activity,
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lower mitochondrial ROS production at complex I, and reduc-
tion of postischemic inflammation. The presented data support
the extension of the therapeutic application of metformin as an
antioxidant, particularly during I/R-related oxidative stress.
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Carnitine supplementation alleviates lipid metabolism
derangements and protects against oxidative stress in
non-obese hereditary hypertriglyceridemic rats

Monika Cahova, Petr Chrastina, Hana Hansikova, Zdenek Drahota, Jaroslava Trnovska, Vojtech Skop,
Jana Spacilova, Hana Malinska, Olena Oliyarnyk, Zuzana Papackova, Eliska Palenickova,
and Ludmila Kazdova

Abstract: The aim of this study was to estimate the effect of carnitine supplementation on lipid disorders and peripheral tissue
insulin sensitivity in a non-obese animal model of insulin resistance, the hereditary hypertriglyceridemic (HHTg) rat. Male HHTg rats
were fed a standard diet, and half of them received daily doses of carnitine (500 mg-kg—! body weight) for 8 weeks. Rats of the original
Wistar strain were used for comparison. HHTg rats exhibited increased urinary excretion of free carnitine and reduced carnitine
content in the liver and blood. Carnitine supplementation compensated for this shortage and promoted urinary excretion of ace-
tylcarnitine without any signs of (acyl)carnitine accumulation in skeletal muscle. Compared with their untreated littermates,
carnitine-treated HHTg rats exhibited lower weight gain, reduced liver steatosis, lower fasting triglyceridemia, and greater reduction
of serum free fatty acid content after glucose load. Carnitine treatment was associated with increased mitochondrial biogenesis and
oxidative capacity for fatty acids, amelioration of oxidative stress, and restored substrate switching in the liver. In skeletal muscle
(diaphragm), carnitine supplementation was associated with significantly higher palmitate oxidation and a more favorable complete
to incomplete oxidation products ratio. Carnitine supplementation further enhanced insulin sensitivity ex vivo. No effects on whole-body
glucose tolerance were observed. Our data suggest that some metabolic syndrome-related disorders, particularly fatty acid oxidation,
steatosis, and oxidative stress in the liver, could be attenuated by carnitine supplementation. The effect of carnitine could be explained, at
least partly, by enhanced substrate oxidation and increased fatty acid transport from tissues in the form of short-chain acylcarnitines.

Key words: metabolic syndrome, insulin resistance, antioxidant, liver steatosis, mass spectrometry.

Résumé : Cette étude se propose d’estimer I’effet de la supplémentation en carnitine sur les troubles du métabolisme des lipides
et sur la sensibilité des tissus périphériques a I'insuline chez des rats présentant une hypertriglycéridémie héréditaire (« HHTg »), un
modeéle animal non obese d’insulinorésistance. On soumet des rats males HHTg a un régime normal et, a la moitié d’entre eux,
on administre tous les jours durant 8 semaines de la carnitine a raison de 500 mg-kg-' de masse corporelle. Des rats de la lignée
Wistar originale servent de comparaison. Les rats HHTg présentent une plus grande excrétion urinaire de carnitine libre et une
diminution du contenu hépatique et sanguin en carnitine. La supplémentation en carnitine comble le déficit et favorise
I’excrétion urinaire d’acétylcarnitine en ’absence de signes d’accumulation d’(acyl)carnitine dans le muscle squelettique. Les
rats HHTg traités a la carnitine présentent un gain de poids inférieur, une atténuation de la stéatose hépatique, une plus faible
triglycéridémie a jeun et une plus grande diminution sérique d’acides gras libres a la suite d’une charge glucidique, et ce,
comparativement aux individus non traités dans la méme portée. Le traitement a la carnitine est associé a ’'augmentation de la
biogenese mitochondriale et a la capacité d’oxydation des acides gras, a ’'amélioration du stress oxydatif et a la restauration du
changement de substrat dans le foie. Dans le muscle squelettique (diaphragme), la supplémentation en carnitine est associée de
facon significative a une oxydation de palmitate plus élevée et a un ratio plus favorable de I'oxydation compléte/incompléte des
produits. La supplémentation améliore davantage la sensibilité a I'insuline ex vivo. On n’observe pas d’effet sur la tolérance
corporelle globale au glucose. D’apreés nos données, la supplémentation en carnitine pourrait atténuer des anomalies du
syndrome métabolique telles que, notamment, ’oxydation des acides gras, la stéatose et le stress oxydatif dans le foie. L’effet de
la carnitine pourrait s’expliquer, du moins partiellement, par une meilleure oxydation du substrat et un accroissement du
transport des acides gras provenant des tissus sous la forme d’acylcarnitines a courte chaine. [Traduit par la Rédaction]

Mots-clés : syndrome métabolique, insulinorésistance, antioxydant, stéatose hépatique, spectrométrie de masse.
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Fig. 1. Basal growth and metabolic characteristics of Wistar, hereditary hypertriglyceridemic (HHTg) control, and carnitine-treated HHTg rats.
(A) Total weight gain, (B) relative weight of individual organs, (C) glucose concentration during an oral glucose tolerance test (OGTT),

(D) serum free fatty acid (FFA) concentration during the OGTT, and (E) serum triacylglycerol (TAG) concentration during the OGTT. The
relative weight of individual organs is expressed per 100 g of body weight. Serum FFA and TAG concentrations were determined before

(0 min) and 60 min after glucose administration. EAT, epididymal adipose tissue; RTPN, retroperitoneal adipose tissue; BAT, brown adipose
tissue. Data are means * SE, n = 8-10. Open bars: Wistar group; grey bars: HHTg group; closed bars: HHTg + carnitine group; dotted bars:
determinations made prior to glucose administration (0 min); hatched bars: determinations made 60 min after glucose administration.

*, p < 0.05, HHTg control vs. Wistar; §, p < 0.05, HHTg + carnitine vs. HHTg control; f, p < 0.05, HHTg control vs. Wistar (60 min after glucose
administration); §, p < 0.05, HHTg + carnitine vs. HHTg control (60 min after glucose administration). bwt, body weight.
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Introduction

Metabolic syndrome is a clinical disorder characterized by the
clustering of multiple risk factors for diabetes and cardiovascular
disease, including dyslipidemia, insulin resistance, and increased
blood pressure (Kaur 2014). The use of macromolecules and nutri-
ents that can correct relative or absolute deficiencies of critical
metabolic components constitutes the basis of one possible ther-
apeutic direction, metabolic medicine. Among many other candi-
dates, 1-carnitine and its analogs have been extensively studied
with the objective of ameliorating metabolic abnormalities asso-
ciated with mitochondrial dysfunction (Marcovina et al. 2012).

Carnitine supplementation has become very attractive as an
adjunctive treatment for type 2 diabetes mellitus (T2DM) and re-
lated disorders. Many clinical studies have been performed, with
variable outcomes (for reviews, see Ringseis et al. 2012; Vidal-Casariego
et al. 2013). The diverse results may be due to the extreme variabil-

20 min B60 min

B
4 —50
*
i 40
_ 3 i a
Z " -30 o
(@)] 2 o
S «
- -20 2
S -
_10
0 my |

liver EAT RTPN heart soleus BAT

E
. 7
T 6 I
i ~ 5
. [
e €4
i £
3 o3
S B2
. [}
E:Z 1
Wistar HHTg HHTg+car Wistar HHTg  HHTg+car

00 min @60 min

ity of tested individuals, the presence of other pharmacological
treatments or regime interventions, differing doses of carnitine,
or differing durations of treatment. In general, carnitine therapy
is less effective in obese patients either with or without T2DM and
no other intervention (Galloway et al. 2011; Liang et al. 1998;
Gonzdlez-Ortiz et al. 2008) and in prediabetics (Bloomer et al.
2009) in which symptoms are less manifest. Carnitine supplemen-
tation has beneficial effects in patients with T2DM when sup-
ported by oral antidiabetics (Rahbar et al. 2005), a hypocaloric diet
(Molfino et al. 2010), or moderate physical activity (Derosa et al.
2010a, 2010b). Carnitine is also effective in subjects newly diag-
nosed with T2DM (Derosa et al. 2003), who have probably suffered
from diabetes-related metabolic disorders for a shorter period of
time.

In contrast to clinical trials, animal studies provide more oppor-
tunities to change experimental conditions. To our knowledge,
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only a few rodent studies have investigated carnitine in the treat-
ment of diabetes. According to the type of animal model, these
studies can be divided into several groups. First, genetically obese
models (obese BAP-agouti mice, obese Zucker rats), in which car-
nitine treatment started when the obesity was already fully estab-
lished (Power et al. 2007; Mingorance et al. 2009); second, rats fed
a life-long (12-month) high-fat diet, in which carnitine treatment
started at the age of 1 year and continued for 4 months together
with the high-fat diet (Noland et al. 2009); and third, rodents
(Black Swiss/129 mice selected according to their susceptibility to
a short-term high-carbohydrate diet or Wistar rats) challenged for
ashort time (4 weeks) with a high-fructose diet, in which carnitine
treatment started concomitantly with the diet intervention (Power
etal. 2007; Rajasekar et al. 2005). In the “preventive” studies, when
carnitine was administered concurrently with dietary manipula-
tion, a rapid (within the range of weeks) and positive effect of
carnitine on glucose homeostasis and lipid metabolism was ob-
served. However, in the “reversion” studies, when the carnitine
treatment started on the background of a fully developed meta-
bolic disorder, results were not uniform. In BAP-agouti mice, car-
nitine had a significant positive effect on glucose tolerance but
did not influence parameters of lipid metabolism (serum free fatty
acids, B-hydroxybutyrate). In contrast, carnitine treatment of obese
Zucker rats led to significant amelioration of lipid metabolism
disorders but had no effect on glucose tolerance. In Wistar rats fed
a life-long high-fat diet, perturbations in glucose and fatty acid
metabolism were substantially reversed by short-term oral carni-
tine supplementation (Noland et al. 2009).

In our laboratory, a unique non-obese model of hypertriglycer-
idemia and insulin resistance, the hereditary hypertriglyceride-
mic (HHTg) rat, was developed from a colony of Wistar rats (Vrana
and Kazdova 1990). A number of previously recognized facets of
the metabolic syndrome, such as hypertriglyceridemia, hyperin-
sulinemia, resistance of muscle and adipose tissue to insulin ac-
tion, impaired glucose tolerance, ectopic lipid accumulation, and
elevated blood pressure, have been observed in this HHTg strain
(Vrana et al. 1993). Although obesity is the main factor in patho-
physiology of metabolic syndrome, 25% of humans suffering from
this disease are not obese or overweight (Voulgari et al. 2011).

The current study was undertaken to determine whether oral
carnitine supplementation would improve glucose metabolism in
a non-obese polygenic model of metabolic syndrome (HHTg rats).
We further focused on the effect of carnitine on dyslipidemia in
this model, particularly liver steatosis, fatty acid oxidation, and
oxidative stress.

Materials and methods

Animals

The HHTg rat strain was originally selected from the Wistar
strain in our laboratory (Vrana and Kazdova 1990) and since then
has been kept in the breeding facility of the Institute for Clinical
and Experimental Medicine, Prague, Czech Republic. Wistar rats
were obtained from Charles River Laboratories, Germany. Male
HHTg rats (4 months, 420 + 10 g), fed a standard diet (VKS, Czech
Republic) containing 20% protein, 43% carbohydrate, 3% fat, and
30% fibre, were randomly divided into 2 groups (n =10). One group
was provided with 1% carnitine in drinking water for 8 weeks
(HHTg + carnitine), while the second group served as a control
(HHTg control). The daily water intake was measured and ranged
from 18-20 mL, i.e., approximately 500 mg carnitine per kilogram
body weight. The animals had free access to drinking water and
food and were kept in a temperature-controlled room with a
12-h light/12-h dark cycle. All experiments were performed in ac-
cordance with the Animal Protection Law of the Czech Republic
(311/1997), which is in compliance with European Community
Council recommendations for the use of laboratory animals

Appl. Physiol. Nutr. Metab. Vol. 40, 2015

Table 1. Metabolic characteristics of experimental groups.

HHTg HHTg+
State Wistar control carnitine
Serum
Glucose (mmol-L-')  Fasted 5.1+0.2 6.0%0.3 5.6+0.28
Fed 5.410.2 6.710.2* 6.510.2
Insulin (pmol-L-) Fed 257+47 231+20 298130
TAG (mmol-L?) Fasted 1.3%£0.2 5.5+0.4* 4.1+0.3%
Fed 1.5%0.4 5.4+0.5* 5.710.3
FFA (mmol-L?) Fasted 0.710.1 1.7+0.15* 1.4%0.19
Fed 0.33+0.04 0.69%0.06* 0.67+0.05
Liver
TAG (mmol-g-) Fed 4.6¥0.7  10.5%0.6* 7.9%0.7%
Soleus
TAG (mmol-g-) Fed 3.540.4 8.9+1.3*  10.3*1.3
Heart
TAG (mmol-g-7) Fed 1.60.4 1.240.4 0.98%0.2

Note: Data are means * SE, n = 8-10. FFA, free fatty acids; HHTg, hereditary
hypertriglyceridemic; TAG, triacylglycerols.

*p < 0.05, HHTg control vs. Wistar.

tp < 0.05, HHTg + carnitine vs. HHTg control.

(Directive 86/609/ECC), and were approved by the Ethical Commit-
tee of the Institute for Clinical and Experimental Medicine.

Oral glucose tolerance test

Rats were starved overnight and then given a single dose of
glucose (3 g-kg~! body weight) dissolved in water by gavage. Blood
was taken from the tail vein at 0, 30, 60, 120, and 180 min and
glucose was measured using an Accu-Chek Performa glucometer
(Roche Diagnostics, Germany). Blood samples for determination
of non-esterified fatty acids (FFA) and triacylglycerols (TAG) in
serum were collected immediately before and 60 min after glu-
cose administration.

Carnitine and acylcarnitine determination

Free carnitine and acylcarnitines were analyzed in whole blood,
urine, liver, musculus soleus, extensor digitorum longus (EDL),
and diaphragm by electrospray ionization-tandem mass spectrome-
try with a derivatized MassChrom reagent kit (Chromsystems,
Germany). All samples were investigated on an API 2000 triple
quadrupole tandem mass spectrometer (AB SCIEX) with TurbolonSpray
interface, used in combination with a PerkinElmer Series
200 Autosampler and a PerkinElmer Series 200 microgradient
system. One 3-mm diameter dot was punched from a dried blood
spot specimen into a single well of a 96-well microtiter filter plate,
to which was added 200 pL of a solution of internal deuterated
standards. For tissue acylcarnitine measurements, 200 pL of a
solution of internal deuterated standards was added to a meth-
anol tissue extract. A 40 pL aliquot of the derivatized sample was
injected directly into the tandem mass spectrometer at a solvent
flow rate of 60 pL-min~?, resulting in a run time of 2.5 min for
each sample. Detection of acylcarnitines was carried out using
a precursor-ion scan of m/z 85 and scanning from mj/z 200 to 550.
Each acylcarnitine was quantified using the signal intensity ratio
of the compound to its internal standard and related to concen-
trations using the slope derived from standard curves.

Real-time quantitative PCR analysis

Total RNA was extracted from rat liver, kidney, and skeletal
muscle (diaphragm and EDL) tissue using an RNeasy Mini Kit
(Qiagen, France). Five hundred nanograms of total RNA was reverse-
transcribed using a High-Capacity cDNA Reverse Transcription Kit
(Life Technologies, Carlsbad, Calif., USA), and real-time quantita-
tive PCR was performed using a ViiA 7 Real-Time PCR System (Life
Technologies) and HOT FIREPol EvaGreen qPCR Supermix (Solis
BioDyne, Estonia). The primers were designed using Primer3 soft-

< Published by NRC Research Press



Appl. Physiol. Nutr. Metab. Downloaded from www.nrcresearchpress.com by CSP Staff on 03/06/15
For personal use only.

Cahova et al.

283

Table 2. Free carnitine (C0) and acetylcarnitine (C2) contents in whole blood and tissue.

Whole blood Urine (mmol-mol~*  Liver Soleus EDL Diaphragm

(nmol-L-1) creatinine) (nmol-g) (nmol-g—) (nmol-g) (nmol-g)

Cco C2 Cco Cc2 Cco C2 Cco C2 co C2 Cco Cc2
Wistar 31+0.9 3.910.3 2.6x0.4 0.9%0.2 63.513 18.3%2 12118 56.916.6 25055 7819 274133 7716
HHTg control 25%0.7  4.510.1 6.1+2.9* 0.7£0.03 43+5* 18.3+2 144%+16  55.6%5.7 24137 7610 299157 94114
HHTg+carnitine 48+2.4Ff  5.9+0.27T  581+767  220+297 7187 23.242.3 180+19 82.4+9.67 234+26 81+8 312167 109%30

Note: Data are means * SE, n = 10. EDL, extensor digitorum longus; HHTg, hereditary hypertriglyceridemic.

*p < 0.05, HHTg control vs. Wistar.
Tp < 0.05, HHTg + carnitine vs. HHTg control.

ware; sequences are listed in Table S1.! Gene expression values
were normalized to the expression value of the housekeeping
gene 3-2 microglobulin. Values were calculated using the compar-
ative threshold cycle (Ct) method (2-2ACt),

Ex vivo tissue incubation procedure

The diaphragm (200 * 20 mg) and liver slices (width approx.
1 mm) were rapidly dissected. Tissue sensitivity to insulin was
measured in vitro for both the liver slices and diaphragm by mea-
suring [U-"C|glucose incorporation into glycogen. The effect of
pyruvate on fatty acid oxidation was assessed by measuring
conversion of [U-"“C]palmitate into CO, and tricarboxylic acid
(TCA) cycle intermediates. The tissues were incubated for 2 h in
Krebs-Ringer buffer with 5 mmol-L-! glucose, [U-*4C|glucose (7.4 x
10° Bg-mmol~! glucose) or [U-*C]palmitate (1.85 x 107 Bq-mmol—
palmitate), 2% or 4% bovine serum albumin, and 95% O, and
5% CO, as the gaseous phase. Insulin (250 pU-mL™) or pyruvate
(5 mmol-L-') was added as indicated. All incubations were carried
out at 37 °C in sealed vials in a shaking water bath. Glycogen
synthesis in skeletal muscle and fatty acid oxidation in liver slices
were measured as described previously (Cahova et al. 2004). The
conversion of “C-palmitate into secreted water-soluble oxidation
products (i.e., predominantly ketone bodies) in liver slices was
assessed according to the radioactivity remaining in the aqueous
fraction of the incubation medium after chloroform extraction
(Skop et al. 2012). For determination of the amount of TCA cycle
intermediates, tissues were homogenized by sonication (2 x 30 s,
Hielscher UP200S ultrasonic homogenizer, Teltow, Germany) in
150 mmol-L-! NaCl and extracted with petroleum ether, and the
radioactivity remaining in the water fraction was measured. Ac-
cording to Kawamura and Kishimoto (1981), this fraction repre-
sents mostly TCA cycle intermediates (>80%), and minor parts are
amino acids derived from fatty acids via the TCA cycle (<20%).

Pyruvate dehydrogenase activity determination

Pyruvate dehydrogenase activity in the liver and muscle ho-
mogenates was determined by measuring “CO, production by
decarboxylation from [1-**C]pyruvate (Dudkova et al. 1995). The
incubation mixture contained 0.1-0.2 mg protein, 75 mmol-L!
Tris-HCL, 0.5 mmol-L-! EDTA, 4 mmol-L-' MgSO,, 2 mmol-L-! CaCl,,
7.5 mmol-L~! 1-carnitine, 1.5 mmol-L~' B-NAD*, 1 mmol-L thia-
mine pyrophosphate, 2 mmol-L~! coenzyme A (CoA), and 0.5 mmol-L-
“C-pyruvate (18.5 kBq-pmol) in a final volume of 0.5 mL. Assays
were performed in sealed glass vials with filter paper soaked with
17 pL of 10% KOH. The mixture was pre-incubated for 10 min at
37 °C and the reaction was started by adding “C-pyruvate. After a
20-min incubation at 37 °C, reactions were stopped by the addi-
tion of 50 pL of 50% trichloroacetic acid and the radioactivity
associated with KOH was measured by scintillation counting.

Determination of mitochondrial respiration
Liver mitochondria were prepared as described previously (Drahota
et al. 2014). Oxygen consumption was measured at 30 °C using an

Oxygraph-K2 system (OROBOROS, Austria). Measurements were
performed in 2 mL of K-medium containing 80 mmol-L- KCl,
10 mmol-L-! Tris-HCI, 3 mmol-L-* MgCl,, 1 mmol-L-! EDTA, and
5 mmol-L! K-PO4, pH 7.4. The rate of oxygen consumption was
calculated using OROBOROS DatLab 4 software and expressed as
pmoles per minute per milligram of protein.

Determination of mitochondrial (mt)DNA copy number

The mtDNA copy number per cell was quantified as the ratio of
amplicons from PCR with specific primers for the mitochondrial
gene Nd5 (bp 11 092 to 11191, according to sequences from Gen-
Bank, National Center for Biotechnology Information, USA) and
the nuclear gene Ucp2 (intron 2 and exon 3). Total DNA was iso-
lated from cells using an Invisorb Spin Forensic Kit (Stratec
Molecular, Germany). Quantification of mitochondrial and genomic
genes was performed by real-time quantitative PCR using HOT
FIREPol EvaGreen qPCR Supermix (Solis BioDyne) on a ViiA 7 Real-
Time PCR System (Life Technologies). Primer sequences are listed
in Table S1. The mtDNA copy number was calculated as 22t (ACt =
Ct -Ct

nuclear mitochondrial) .

Parameters of oxidative stress

Tissue homogenate was prepared by homogenizing liver tissue
in Tris-EDTA buffer (0.025 mol-L-! Tris-HCI, pH 7.4, 2 mmol-L-!
EDTA, 0.025 mol-L! sucrose) on a Potter-Elvehjem homoge-
nizer. The activities of superoxide dismutase (SOD), glutathione
peroxidase (GSH-Px), and glutathione reductase and the levels
of reduced (GSH) and oxidized (GSSG) glutathione were ana-
lyzed using commercially available kits (Superoxide Dismutase,
Glutathione Peroxidase, and Glutathione Reductase Assay Kits,
Cayman Chemical, Ann Arbor, Mich., USA; Glutathione HPLC re-
agent kit, Chromsystems) according to the manufacturers’ in-
structions. Measurement of catalase activity was based on the
ability of H,O, to produce a colored complex with ammonium
molybdate, detected spectrophotometrically (Aebi 1974). The lev-
els of conjugated dienes were measured spectrophotometrically
in the heptane layer after extraction of the tissue homogenate
with heptane-isopropanol (2:1) (Ward et al. 1985). The levels of
thiobarbituric acid reactive substances (TBARS) were determined
by reaction with thiobarbituric acid.

Biochemical analyses

FFA, insulin, TAG, and glucose contents in serum were deter-
mined using commercially available kits (FFA: Free fatty acids,
Half-micro test, Roche Diagnostics, Germany; TAG and glucose:
Erba Lachema Diagnostics, Czech Republic; insulin: Mercodia,
Sweden).

Chemicals

All materials were reagent grade. p-[U-'*C]glucose (specific
activity, 3.7 GBq-mmol-!) and [U-*“C|palmitic acid (specific ac-
tivity, 31.45 GBq-mmol-!) were purchased from UVVVR, Prague,

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/apnm-2014-0163.
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Fig. 2. Acylcarnitine species content in whole blood (A), urine (B), liver (C), musculus soleus (D), extensor digitorum longus (E), and

diaphragm (F). Data are means * SE, n = 8-10. Open bars: Wistar rats; gray bars: hereditary hypertriglyceridemic (HHTg) control rats; closed

bars: HHTg + carnitine rats. *, p < 0.05, HHTg control vs. Wistar; f, p < 0.05, HHTg + carnitine vs. HHTg control.
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Czech Republic, and PerkinElmer, Waltham, Mass., USA, respec- Statistical analyses

tively. FFA-free bovine serum albumin (fraction V) was purchased Data are presented as means * SE (n = 8-10). Statistical anal-
from Serva, palmitic acid was purchased from Fluka, and all other yses were performed using SigmaStat (Systat Software, San Jose,
chemicals were purchased from Sigma, Czech Republic. Calif., USA) or Microsoft Excel. One-way ANOVA with Bonferroni
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correction was employed to analyze the differences among the
Wistar, HHTg control, and HHTg + carnitine groups. Possible dif-
ferences in the courses of the glycemic curves during the oral
glucose tolerance test (OGTT) were tested using ANOVA with re-
peated measures (time intervals) and grouping factors (experi-
mental groups). Student’s t test was used to detect the effects of
pyruvate or insulin within groups. Differences were considered
statistically significant at the level of p < 0.05.

Results

Metabolic characteristics

Throughout the experimental period (8 weeks), HHTg control
and Wistar rats exhibited stable and significant weight gain, al-
though this was more pronounced in Wistar rats (Fig. 1A). In con-
trast, the average weight in the HHTg + carnitine group remained
unchanged. Food intake was not different among the groups. The
differences in relative body composition are shown in Fig. 1B. In
relation to total body weight, HHTg control rats exhibited a
slightly increased amount of epididymal adipose tissue (p = 0.028)
and a significantly increased amount of brown adipose tissue
(p = 0.009). As shown in Table 1, HHTg control rats displayed signif-
icant deviations in glucose and lipid metabolism from Wistar rats.
Glucose tolerance was measured by an OGTT, which revealed a
significant difference between HHTg control and Wistar rats but
no effect of carnitine (Fig. 1C). At the beginning of the test, the
serum FFA content was comparable in the HHTg control and
HHTg + carnitine groups, but 60 min after glucose administration,
it was significantly lower in HHTg + carnitine rats than in HHTg
controls (Fig. 1D). The same effect of carnitine was observed in
relation to serum triglyceridemia (Fig. 1E). In conclusion, carni-
tine supplementation did not improve glucose tolerance, but the
results concerning lipid metabolism parameters during the OGTT
suggested an enhancement of the antilipolytic effect of insulin.
Carnitine administration partially ameliorated fasting triglyceri-
demia and decreased liver TAG content while having no effect on
glycemia, serum FFA content, or fed triglyceridemia.

Carnitine homeostasis is disturbed in HHTg rats

Data on the free carnitine and individual acylcarnitine species
contents in whole blood, urine, liver, musculus soleus, EDL, and
diaphragm are given in Table 2 and Fig. 2A-2F. In blood, there
were significantly lower concentrations of free carnitine, some
short-chain acylcarnitines (C3, C5), and long-chain acylcarnitines
(C12-C18) in HHTg controls compared with Wistar rats. Medium-
chain acylcarnitines were not influenced at all. Importantly, the
urinary excretion of free carnitine, but not any of the other acyl-
carnitine species, was significantly higher in the HHTg control
group compared with the Wistar group. In the liver, free carnitine
and short-chain acylcarnitines (C3 and C5) were reduced in HHTg
control rats, while both medium- and long-chain acylcarnitines
were comparable between the strains. We did not observe any
difference in (acyl)carnitine species between HHTg control and
Wistar rats in any of the skeletal muscles tested, i.e., musculus
soleus, EDL, and diaphragm. To test whether the observed short-
age of free carnitine and some acylcarnitine species in serum and
liver of HHTg rats could be explained by reduced carnitine biosyn-
thesis, we determined the expression of mRNA for enzymes cata-
lyzing different phases of carnitine biosynthesis — trimethyllysine
hydroxylase-¢ (Tmlhe, initial phase), aldehyde dehydrogenase-9
family member A1l (Aldh9, third step), and y-butyrobetaine hy-
droxylase-1 (Bbox, final step) — in the liver and kidney (Fig. 3).
Rather surprisingly, no differences between the strains were ob-
served in the liver, and Aldh9 expression in kidney was increased
(9-fold) in HHTg control rats compared with Wistar rats. We then
looked at the expression of genes involved in carnitine transport
(Fig. 4A-4C). Expression of the main plasmalemmal carrier of
carnitine from circulation into cells, Octn2, was significantly
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Fig. 3. Expression of genes involved in carnitine biosynthesis in
liver and kidney of hereditary hypertriglyceridemic (HHTg) and
Wistar rats. car, carnitine; Aldh9, aldehyde dehydrogenase-9
family member Al; B2M, 3-2 microglobulin; Bbox, y-butyrobetaine
hydroxylase-1; GOI, gene of interest; n.d., not determined;

Tmlhe, trimethyllysine hydroxylase-¢. Data are means * SE, n = 8.
Open bars: Wistar rats; gray bars: HHTg control rats; closed bars:
HHTg + carnitine rats. *, p < 0.05, HHTg control vs. Wistar.
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higher in the liver and diaphragm but was attenuated in the kid-
ney in HHTg control rats compared with Wistar rats. The expres-
sion of 2 other transporters facilitating (acyl)carnitine transport
across the inner mitochondrial membrane, Octnl and Cact, was
significantly increased in HHTg kidney. Our data indicate that the
observed carnitine shortage in HHTg rats may be a consequence of
higher urinary excretion. The increased inward transportation
capacity in muscle may represent an adaptation to the compro-
mised carnitine availability.

Carnitine supplementation increases (acyl)carnitine
excretion

Dietary carnitine supplementation normalized the carnitine
shortage in the blood and liver of HHTg rats (Table 2, Fig. 2A
and 2C). Furthermore, carnitine supplementation significantly
promoted the urinary excretion of free carnitine, acetylcarnitine,
and other acylcarnitine species in HHTg rats compared with their
untreated littermates (Fig. 2B). This effect was most notable in the
case of acetylcarnitine (300-fold), C3—-C5 acylcarnitines (200-fold),
and free carnitine (95-fold). The tissue acylcarnitine content was
unchanged in skeletal muscle (diaphragm, musculus soleus, and
EDL). Carnitine supplementation did not affect the expression of
genes involved in carnitine biosynthesis (Fig. 3) but did affect the
expression of genes encoding carnitine transporters. The expres-
sion of Octn2, a transporter facilitating inward carnitine trans-
port, was downregulated in the liver (Fig. 4A) and kidney (Fig. 4B),
while the expression of Cact, which catalyzes the export of ace-
tylcarnitine from mitochondria, was elevated in skeletal muscle
(Fig. 4C). These data are in accordance with the hypothesis that
carnitine supplementation facilitates the efflux and excretion of
short-chain acylcarnitines and does not promote their accumula-
tion within tissues, particularly muscles.

Fatty acid utilization in the liver

One of the possible explanations for the positive effect of car-
nitine treatment on TAG content in the liver of HHTg rats could be
increased utilization of fatty acids. To test this hypothesis, we
measured the oxidation of palmitate to CO, (Fig. 5A) or TCA cycle
intermediates (Fig. 5B) and the production of ketone bodies in
liver slices ex vivo (Fig. 5C). There was no difference in palmitate
oxidation to CO, between HHTg control and Wistar rats. The for-
mation of TCA cycle intermediates was higher in Wistar rats com-
pared with the HHTg control group, while no significant differences
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Fig. 4. Expression of genes involved in carnitine transport in the liver (A), kidney (B), and diaphragm (C) of hereditary hypertriglyceridemic
(HHTg) and Wistar rats. B2M, -2 microglobulin; Cact, solute carrier family 25 (mitochondrial carnitine/acylcarnitine translocase), member 20;
GOI, gene of interest; car, carnitine; Octnl, solute carrier family 22 (organic cation/zwitterion transporter), member 4; Octn2, solute carrier
family 22 (organic cation/carnitine transporter), member 5. Data are means * SE, n = 8. Open bars: Wistar rats; grey bars: HHTg control rats;
closed bars: HHTg + carnitine rats. *, p < 0.05, HHTg control vs. Wistar; f, p < 0.05, HHTg + carnitine vs. HHTg control.
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Fig. 5. Utilization of [U-**C]palmitate in liver slices ex vivo in the presence and absence of pyruvate. (A) Production of CO,, (B) formation of
tricarboxylic acid (TCA) cycle intermediates, and (C) production of ketone bodies. car, carnitine. Open bars: basal Krebs-Ringer (KRB) medium;
closed bars: KRB medium + 5 mmol-L pyruvate. Data are means * SE, n = 8-10. *, p < 0.05, hereditary hypertriglyceridemic (HHTg) control vs. Wistar
(basal); T, p < 0.05, HHTg + carnitine vs. HHTg control (basal); I, p < 0.05, HHTg control vs. Wistar (+ pyruvate); §, p < 0.05, pyruvate vs. basal.
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were found in ketogenesis. The inhibitory effect of pyruvate on  Fig- 6. Effect of carnitine supplementation on pyruvate dehy-
palmitate utilization was preserved in Wistar but not HHTg rats. drogenase activity in the liver and diaphragm of Wistar, hereditary
In HHTg rats, carnitine supplementation had no effect on CO, hypertriglyceridemic (HHTg) control, and HHTg + carnitine rats. car,
production but increased the production of TCA cycle intermedi- ~ Carnitine; prot, protein. Data are means * SE, n = 8-10. Open bars:
ates in liver slices and significantly elevated ketogenesis. Further- ~ Wistar rats; grey bars: HHTg control rats; closed bars: HHTg +
more, it partially restored the inhibitory effect of pyruvate on  Carnitine rats.”, p < 0.05, HHTg control vs. Wistar; f, p < 0.05,
fatty acid utilization. HHTg + carnitine vs. HHTg control.
Substrate selection between glucose and fatty acids is mediated 3
by pyruvate dehydrogenase (PDH). In accordance with the ob- 1 T O Wistar
served influence of carnitine supplementation on the inhibitory _ HHT
effect of pyruvate on palmitate utilization in liver slices, we found 5 2.5 4 - g
a significant increase of PDH activity in the liver of HHTg + carni- & W HHTg+car
tine rats compared with HHTg controls (Fig. 6). g’ 2
The data obtained in tissues ex vivo were compared with direct .
measurements in isolated mitochondria (Table 3). We found no & 15
difference in mitochondrial respiration between the HHTg con- €
trol and Wistar groups when succinate or malate + glutamate — 1
were provided as substrates. In contrast, palmitoylcarnitine utili- g .
zation was significantly diminished in HHTg rats, and this defect € 0.5 -
was compensated by carnitine treatment.
Because we used palmitoylcarnitine and not only palmitic acid 0

as a substrate for mitochondria, the positive effect of carnitine on liver diaphragm
palmitate respiration could not be explained only by improved
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Table 3. Effect of in vivo carnitine treatment on respiration (pmol O,-min-'-mg-!
protein) in isolated liver mitochondria using different substrates.

Malate + Respiratory

glutamate Palmitoylcarnitine Succinate control
Wistar 363132 261+19 473141 3.410.2
HHTg control 347148 214+14* 446168 2.8%0.3
HHTg+carnitine 421+28 266+13% 555135 3.5+0.1

Note: Data are means * SE. All measurements were performed in the presence of ADP (state 3).

HHTg, hereditary hypertriglyceridemic.
*p < 0.05, HHTg control vs. Wistar.

tp < 0.05, HHTg + carnitine vs. HHTg control.

Fig. 7. Expression of genes involved in mitochondrial biogenesis and respiration (A) and mtDNA copy number (B). B2M, -2 microglobulin;
car, carnitine; GOI, gene of interest. Data are means * SE, n = 8-10. Open bars: Wistar rats; grey bars: hereditary hypertriglyceridemic (HHTg)
control rats; closed bars: HHTg + carnitine rats. *, p < 0.05, HHTg control vs. Wistar; f, p < 0.05, HHTg + carnitine vs. HHTg control.
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Table 4. Effect of carnitine supplementation on antioxidant systems and lipid peroxidation in the liver of HHTg rats.

Wistar HHTg control HHTg + carnitine
GSH (umol-g-) 4+0.4 3.3%0.005* 3.1%0.25
GSSG (pmol-g-) 0.13%0.04 0.210.02* 0.11+0.006"
GSH/GSSG ratio 28.914.3 14.9+0.5* 28.3+0.9F
Superoxide dismutase (U-mg-?) 168+0.03 137+0.01* 167+0.017
Glutathione peroxidase (wmol NADPH-min-'-mg-1) 261+15 238+10* 278127
Glutathione reductase (wmol NADPH-min-'-mg) 162+14 17420 156120
Catalase (pmol H,0O,-min-'-mg-!) 1278+59 909+24* 11601467
Conjugated dienes (nmol-mg!) 25.110.9 28+3 2613
TBARS (nmol-mg) 0.769%0.02 0.974+0.03* 0.84+0.04%

Note: Data are means + SE, n = 8-10. GSH, reduced glutathione; GSSG, oxidized glutathione; HHTg, hereditary hypertriglyceridemic;

TBARS, thiobarbituric acid reactive substances.
*p < 0.05, HHTg control vs. Wistar.
tp < 0.05, HHTg + carnitine vs. HHTg control.

fatty acid transportation. To find another explanation, we mea-
sured the expression of several genes involved in mitochondrial
metabolism (Fig. 7) in the liver. We found significantly higher
expression of 2 genes involved in mitochondrial biogenesis, Pgcla
and Tfam, in HHTg rats that was substantially potentiated by car-
nitine treatment. In the HHTg + carnitine group, we also found an
increased mtDNA copy number. The expression of 2 fatty acid
transporter genes, Cptl and Cpt2, was not different among the
groups. In conclusion, our data support the hypothesis that car-
nitine supplementation results in increased fatty acid oxidation
in the liver and that this effect could be mediated, at least partly,
by increased mitochondrial biogenesis.

Oxidative stress in the liver

Theoretically, increased fatty acid oxidation in the liver of
HHTg rats could be accompanied by an intensification of oxida-
tive stress. To test this possibility, we measured the activities of
the most important antioxidant enzymes as well as the concen-

trations of reduced and oxidized glutathione and lipid peroxides
(Table 4). Most of these oxidative stress markers were significantly
elevated in the liver of HHTg control rats compared with Wistar
rats and were significantly ameliorated by carnitine treatment.
The activities of GSH-Px, SOD, and catalase were significantly in-
creased and the lipid peroxide (TBARS) content was significantly
reduced in the liver of HHTg rats treated with carnitine compared
with HHTg controls. The concentration of reduced glutathione
was similar in both groups but the concentration of oxidized
glutathione was markedly lower in the HHTg + carnitine group.
Consequently, the GSH/GSSG ratio was higher in the carnitine-
treated group. Taken together, these data indicate that the anti-
oxidative defense capacity was elevated by carnitine supplementation,
which resulted in lower oxidative stress.

Peripheral insulin sensitivity

Next, we examined whether carnitine supplementation af-
fected glucose and fatty acid metabolism in skeletal muscle. Both
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Fig. 8. Utilization of [U-“C]palmitate and [U-**C]|glucose in diaphragm ex vivo. (A) Production of CO, from palmitate, (B) formation of
tricarboxylic acid (TCA) cycle intermediates from palmitate, (C) incorporation of glucose into glycogen, and (D) production of CO, from
glucose. car, carnitine. Open bars: basal Krebs-Ringer (KRB) medium + [U-“C]palmitate; closed bars: KRB medium + [U-"“C|palmitate +

5 mmol-L! pyruvate; dotted bars: basal KRB medium + [U-“C|glucose; hatched bars: KRB medium + [U-“C|glucose + insulin (250 pU-mL™).

*, p < 0.05, hereditary hypertriglyceridemic (HHTg) vs. Wistar (basal); f, p < 0.05, HHTg + carnitine vs. HHTg (basal); f, p < 0.05, HHTg vs.
Wistar (+ pyruvate); §, p < 0.05, pyruvate vs. basal; ||, p < 0.05, HHTg + carnitine vs. HHTg (+ pyruvate); 9§, p < 0.05, HHTg vs. Wistar (+ insulin);
**, p < 0.05, basal vs. insulin; ff, p < 0.05, HHTg + carnitine vs. HHTg (+ insulin).
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complete (CO,) and incomplete (TCA cycle intermediates) palmi-
tate oxidation ex vivo was reduced in HHTg rats compared with
the Wistar strain. Carnitine supplementation led to significantly
higher palmitate oxidation to CO, in HHTg rats but did not in-
crease formation of TCA cycle intermediates, which resulted in a
more favorable complete to incomplete oxidation products ratio
(Fig. 8A and 8B). It also enhanced insulin sensitivity, measured as
incorporation of C-glucose into glycogen in the diaphragm, in
HHTg rats (Fig. 8C). Glucose oxidation was not affected (Fig. 8D).
The inhibitory effect of pyruvate on fatty acid utilization was seen
in the diaphragm of Wistar but not HHTg rats, and it was not
affected by carnitine treatment. No differences were found in PDH
activity in the diaphragm of carnitine-treated rats (Fig. 7). Taken
together, these results show that carnitine supplementation en-
hances insulin sensitivity in muscle and that this effect may be
associated with better substrate oxidation.

Discussion

In this study we have shown that the free carnitine content in
whole blood and liver is significantly reduced in a rat model of
genetically determined hypertriglyceridemia associated with in-
sulin resistance, probably because of elevated urinary excretion.
Oral carnitine supplementation led to full compensation of this
shortage, significantly increased the urinary excretion of ace-
tylcarnitine and other (acyl)carnitine species, and resulted in the
amelioration of some aspects of dyslipidemia. Carnitine-treated
HHTg rats exhibited increased utilization of fatty acids in the liver
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(ketogenesis) and skeletal muscle (oxidation), a significant reduc-
tion of steatosis, alleviation of oxidative stress in the liver, and
improved insulin sensitivity in skeletal muscle.

There are several possible mechanisms that could explain the
beneficial metabolic effects of carnitine: (i) increased oxidation of
fatty acids owing to their increased transport into mitochondria
via carnitine palmitoyltransferase; (ii) an efflux of surplus ace-
tylcarnitine from the mitochondria, resulting in the regeneration
of free CoA and better oxidative capacity of the cell; (iii) a reduc-
tion in the accumulation of potentially toxic intermediates of
lipid metabolism (i.e., long-chain acyl-CoA) owing to better oxida-
tion.

The first proposed mechanism of carnitine action, enhancement
of fatty acid utilization in mitochondria, may be responsible for
the observed reduction of liver steatosis in HHTg rats supple-
mented with carnitine. In fact, we observed increased expres-
sion of transcription factors regulating mitochondrial biogenesis
(PGCla, Tfam) in carnitine-treated HHTg rats as well as an in-
creased mtDNA copy number, which suggests stimulation of mi-
tochondrial formation in the liver of carnitine-treated HHTg rats.
In accordance with this, we observed increased utilization of fatty
acids, provided in the form of palmitate bound to albumin, in the
liver of carnitine-treated HHTg rats ex vivo, particularly for keto-
genesis. This observation could be explained by the unique ability
of hepatocytes to produce ketone bodies in mitochondria. Owing
to our experimental conditions, the capacity of mitochondria to
oxidize fatty acids was limited by the availability of ADP, i.e.,
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respiratory control. Because we do not have any evidence indicat-
ing uncoupling in the liver mitochondria of carnitine-treated an-
imals, the formation of ketone bodies is the most likely response
to the increased fatty acid supply facilitated by enhanced carni-
tine availability. Rather surprisingly, we observed an increased
capacity to oxidize palmitoylcarnitine in isolated liver mito-
chondria of HHTg rats supplemented with carnitine. Because
fatty acids in this experiment were provided in the form of
palmitoylcarnitine, the effect of previous carnitine treatment
could not be explained by the activity of CPT1and probably occurs
in some post-transport step. Similar results were reported by
Mingorance et al. (2012), who found that propionyl-i-carnitine sup-
plementation in mice fed a high-fat diet was associated with ele-
vated respiratory chain enzyme activities and increased citrate
synthase activity. Their data were obtained by direct measure-
ment of enzyme activities and thus avoided the fatty acid translo-
cation step mediated by CPT1 and CPT2. Taken together, our data
show that carnitine treatment increases the capacity for fatty acid
utilization in the liver by a mechanism that involves increased
mitochondrial biogenesis and an enhanced mitochondrial capac-
ity for fatty acid utilization. We speculate that the effect would be
even greater in combination with physical activity, which would
allow fatty acid oxidation in the mitochondria to be used for ATP
production.

An important feature of metabolic fitness is the ability to switch
between substrates (glucose versus fatty acids) according to their
actual supply and the metabolic needs of the organism. In our ex
vivo experiments, the livers of HHTg control rats were completely
insensitive to the presence of pyruvate, but carnitine treatment
rescued the inhibitory effect of pyruvate on fatty acid utilization.
PDH plays a key role in shifting mitochondrial substrate selection
between glucose and fatty acids, its activity being inhibited by
high acetyl-CoA/CoA ratios. In our study, carnitine treatment sig-
nificantly increased liver PDH activity, indicating a positive effect
of carnitine on substrate flux and suggesting a role of carnitine in
regenerating free CoA in the liver.

The potential negative side effects of increased fatty acid oxida-
tion, particularly elevated reactive oxygen species (ROS) production,
were compensated for by elevated activity of the antioxidative de-
fense system in the liver. An antioxidative effect of carnitine has
also been described in other models of steatosis, i.e., steatosis
induced by alcohol consumption (Sachan et al. 1984; Augustyniak
and Skrzydlewska 2009), a high-fat diet (Kang et al. 2011), and
some drugs (Bianchi et al. 1996; Yapar et al. 2007). Nevertheless,
the mechanisms of the antioxidative action of carnitine have not
been fully elucidated and probably involve more than one effect.
One possible explanation is based on the ability of carnitine to
directly scavenge both superoxide and H,0O, radicals (Giilgin 2006;
Derin et al. 2004). In addition, several recent reports have docu-
mented an association between carnitine administration and in-
creased SOD activity, as well as catalase and GSH-Px activities and
expression (Yapar et al. 2007; Gémez-Amores et al. 2007; Cao et al.
2011). Interestingly, although we found a highly significant eleva-
tion of the GSH/GSSG ratio in carnitine-treated HHTg rats, this was
due to decreased GSSG rather than increased GSH. We suggest
that this reflects lower ROS formation in carnitine-treated ani-
mals and thus provides indirect evidence supporting the radical-
scavenging function of carnitine.

The most common states of glucose intolerance, obesity and
diabetes, have been shown to be tightly associated with mitochon-
drial dysfunction and high rates of incomplete fat oxidation
(Koves et al. 2005, 2008), which occurs when the carbon flux
through the B-oxidation machinery outpaces the entry of acetyl-
CoA into the TCA cycle. The fluent flux of energetic substrates
through the TCA cycle and electron transport chain is critically
dependent on the availability of free CoA, among other factors. To
avoid “mitochondrial collapse”, mitochondria possess a mecha-
nism that allows the regeneration of free CoA when there is an

Appl. Physiol. Nutr. Metab. Vol. 40, 2015

excess supply of energy substrates for oxidation due to the action
of carnitine, which could facilitate not only an influx of fatty acids
into the mitochondria but also an efflux of excess carbon fuels.
The crucial player in this process is the mitochondrial enzyme
carnitine acetyltransferase, which converts acyl-CoAs to their
acylcarnitine counterparts and simultaneously regenerates free
CoA (Muoio et al. 2012). Unlike acyl-CoAs, short-chain acylcar-
nitines are capable of diffusing across cellular membranes and
may be eliminated in the urine. According to this hypothesis,
carnitine supplementation might contribute to the amelioration
of mitochondrial dysfunction and insulin resistance.

In our study, we found that carnitine supplementation was
associated with significantly increased urinary excretion of short-
chain acylcarnitine species, but we did not observe their accumu-
lation in skeletal muscle. Furthermore, the complete to incomplete
oxidation products ratio was increased in the muscle of HHTg rats
supplemented with carnitine. The elevated expression of Cact, the
transporter facilitating acylcarnitine transport across the mito-
chondrial membrane, in the diaphragm and EDL is in accordance
with the anticipated enhancement of acetylcarnitine efflux from
the skeletal muscle. Our finding of elevated insulin sensitivity in
the skeletal muscle of HHTg rats treated with carnitine is in line
with the observed improvement in mitochondrial performance in
skeletal muscle. On the other hand, carnitine treatment neither
restored metabolic flexibility in terms of pyruvate-induced sub-
strate switching nor affected PDH activity in skeletal muscle.

In conclusion, we found that in a non-obese genetic model of
insulin resistance associated with hypertriglyceridemia, there is a
carnitine shortage in the liver and blood and some metabolic
syndrome-related disorders could be reversed by carnitine supple-
mentation. The effect of carnitine was most pronounced in the
liver, where its administration enhanced fatty acid oxidation, di-
minished steatosis, and increased the capacity of the antioxidant
defense system. The beneficial effect of carnitine could be ex-
plained, at least partly, by the enhanced removal of incomplete
oxidation products from the tissues via increased urinary excre-
tion.
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The effect of w-3 polyunsaturated
fatty acids on the liver lipidome,
proteome and bile acid profile:
parenteral versus enteral
administration

Kamila Bechynska®?, Nikola Daskova?®, Nikola Vrzackoval?, Karel Harant?, Marie Heczkova?,
Katerina Podzimkova*, Miriam Bratova?, Helena Dankova?, Zuzana Berkova(®?, Vit Kosek?,
Jaroslav Zelenka?, Jana Hajslova?, Radislav Sedlacek®?*, Jiri Suttnar®, Alzbeta Hlavackova®,
Lenka Bartonova(®®7’ & Monika Cahova(®?*

Parenteral nutrition (PN) is often associated with the deterioration of liver functions (PNALD). Omega-3
polyunsaturated fatty acids (PUFA) were reported to alleviate PNALD but the underlying mechanisms

have not been fully unraveled yet. Using omics” approach, we determined serum and liver lipidome,

liver proteome, and liver bile acid profile as well as markers of inflammation and oxidative stress in rats
administered either w-6 PUFA based lipid emulsion (Intralipid) or w-6/w-3 PUFA blend (Intralipid/Omegaven)
via the enteral or parenteral route. In general, we found that enteral administration of both lipid emulsions
has less impact on the liver than the parenteral route. Compared with parenterally administered Intralipid,
PN administration of w-3 PUFA was associated with 1. increased content of eicosapentaenoic (EPA)- and
docosahexaenoic (DHA) acids-containing lipid species; 2. higher abundance of CYP4A isoenzymes capable
of bioactive lipid synthesis and the increased content of their potential products (oxidized EPA and DHA); 3.
downregulation of enzymes involved CYP450 drug metabolism what may represent an adaptive mechanism
counteracting the potential negative effects (enhanced ROS production) of PUFA metabolism; 4. normalized
anti-oxidative capacity and 5. physiological BAs spectrum. All these findings may contribute to the
explanation of w-3 PUFA protective effects in the context of PN.

Parenteral nutrition (PN) provides life-saving nutritional support in situations where caloric supply via the
enteral route is either not possible or cannot cover the necessary needs of the organism'. Nevertheless, PN does
have serious adverse effects, one of which is the deterioration of liver function®. While the liver function abnor-
malities are usually normalized after discontinuation of PN, it may represent a serious risk factor in individuals
receiving long term PN>.

The etiology of parenteral nutrition-associated liver disease (PNALD) is not well understood and is likely multifac-
torial®. Among the risk factors, intravenous fat emulsions constituents play an important role’. The first well-tolerated
lipid emulsion (Intralipid) introduced to parenteral nutrition mixtures was based on soybean oil rich in w-6 polyun-
saturated fatty acids (PUFA)°. Besides their undeniable benefits comprising the dense source of non-protein calories,
prevention of essential fatty acid (FA) deficiency and minimization of respiratory and metabolic stress’, w-6 PUFA
serves as precursors for the synthesis of pro-inflammatory cytokines and eicosanoids and Intralipid administration was
associated with serious adverse effects including inflammation and oxidative stress®.
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control ENIL ENILOV | PNIL PNILOV

ALT 07402 07+0.1 0.9+03 0.4+0.1 05402
ukat. 1
AST 25407 18403 19404 23408 21405
ukat.
Tg 0.7+0.2 0.6-0.2 04+02° | 0.6+0.1 0.5+0.3"
mmol. |
total bilirubin 15403 | 14406 | 16407 | 23404 21406
umol. 1

serum N - ;
direct bilirubin 0.640.2 0.640.3 0.540.1 134025 0.740.2"
umol. 1
TNFo 143463 [125+43 |193+87 244472 201463
pg/ml
IL-6 171425 [162+43 |105£72 224465 193454
pg/ml
IL-10

23431 974144 15437 142470 167 +142

pg/ml

liver |18 | 33£13 3.0+20 41421 | 47.8421% 13.1485"
umol. mg prot

Table 1. Characteristics of the experimental groups. Data are expressed as a mean +s.d. ALT alanine
transaminase; AST aspartate transaminase; Tg triglyceride. TNFa tumor necrosis factor. “p < 0.05 vs control;
*p < 0.05 vs ENIL; 'p < 0.05 vs PNIL; ¥<0.05 vs ENILOV.

The introduction of fish oil rich in w-3 PUFA into nutrition mixtures was associated with several beneficial
effects in the prevention and reversal of PNALD in both infant and adult patients®'’. In spite of the ongoing
research, the exact mechanisms that would explain why either lipid load or FA composition confers the optimal
metabolic function and prevention of PNALD are not fully established yet. The proposed mechanisms include the
absence of phytosterol occurring in high concentration in soybean oil and consequent normalization of bile acids
(BAs) metabolism!!, improved lipid clearance due to the PPAR« activation'? and modulation of inflammation
due to the immunomodulatory potential of eicosapentaenoic (EPA) and docosahexaenoic (DHA) acids-derived
eicosanoids'>!.

Lipids have been recognized as essential cellular components and energy sources of living organisms.
Nevertheless, recent data show that they are also a source of bioactive lipid species exerting pleiotropic effects'
and altered lipid composition is increasingly recognized as a signature of many disease states'*™'®. We hypoth-
esized that not only the composition of the lipid emulsion itself but also the parenteral route of administration
bypassing the physiological mechanisms of dietary fat transport and distribution would specifically influence
the composition of the liver lipidome and/or proteome and may constitute one of the first triggers towards final
pathology.

Therefore, the present study aimed to identify liver lipid, protein and BAs signature associated with the lipid
emulsion composition and the route of administration and to identify potentially significant processes/markers
that may contribute to the PN-associated liver injury. To fulfill this task, we determined liver lipidome, proteome,
and BAs profile as well as markers of inflammation and oxidative stress in rats administered either w-6 PUFA
based lipid emulsion (Intralipid) or w-6/w-3 PUFA blend (Intralipid/Omegaven) via the enteral or parenteral
route.

Results

Characteristics of the experimental groups. The animals were divided into five groups subjected to
different nutrition regimes, i.e. control (Plasmalyte i.v., granules per os); ENIL (Plasmalyte i.v. Intralipid per os,
granules per os); ENILOV (Plasmalyte i.v., Intralipid + Omegaven per os, granules per os); PNIL (nutrition mix-
ture with Intralipid i.v.); PNILOV (nutrition mixture with Intralipid + Omegaven i.v.). Neither of the nutrition
regimes resulted in the liver injury as evidenced by normal levels of serum aspartate transaminase (AST) or ala-
nine transaminase (ALT). w-3 PUFA administration, both enteral and parenteral, was associated with the reduc-
tion of serum triglyceride (Tg) concentration compared with controls or with animals provided only w-6 PUFA.
Parenteral administration of both emulsions led to the elevation of serum bilirubin. We did not observe any
significant differences in the serum concentration of pro- (TNFa, IL-6) or anti-inflammatory (IL-10) cytokines
among groups. Parenteral, but not enteral, administration of lipid emulsions resulted in the enhanced Tg accumu-
lation in the liver but steatosis was significantly higher in PNIL than in the PNILOV group (Table 1). The histolog-
ical evaluation confirmed the biochemistry data. We observed only a few cases of focal microvesicular steatosis
in ENIL (2/6) or ENILOV (1/6) groups, and no signs of more severe injury. In the PNIL group, we detected liver
pathology in four out of seven samples, particularly focal microvesicular steatosis (2/7), focal microvesicular ste-
atosis combined with necrosis close to a portal tract with markers of inflammation (1/7) and metabolic changes
with focal Mallory hyaline inclusions (1/7). In the PNILOV group, we found focal microvesicular steatosis (2/6)
and metabolic changes with focal Mallory hyaline (2/7) (Supplementary Figure 1).

Oxidative stress and inflammatory markers. Oxidative stress was estimated according to the malon-
dialdehyde (MDA) concentration in the liver homogenate, antioxidant capacity, and expression of genes asso-
ciated with oxidative stress (Table 2). We did not find any markers of oxidative stress in the liver of animals fed
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control ENIL ENILOV PNIL PNILOV
ﬁ’lni? ! 15408 0.5+0.2 1.6£2.0 1.7£16 1.8£15
aA‘{}ig’“daﬁve capacity | 155413 127420 119+12 96+£12" | 113423
Gcle mRNA 1.0£0.2 124010 0.9+0.3" 1.6£0.4" 2.340.3"
Gelc protein 226442 253 4247 2344 120 415481 465+ 153"
Hmox1 mRNA 1.0£0.1 0.74+0.1"% 0.840.1"% 2.3+0.6" 2.1+0.7"
Hmox1 protein 62.105+9 634 5% 63+ 7% 724 8% 106 424"
Ngol mRNA 1.0£0.5 1.0£0.75& 1.0£0.4M& 3.240.9" 43+17"
Ngqol protein 12848 99 + 541 95+ 55H& 236+£91° 199+52°
Ccr2 mRNA 1.0£0.2 1.04£0.3" 0.940.2" 3.0+1.7" 1.1£0.2°
IL-13 mRNA 10402 0.7+0.1" 0.9+0.3" 1.84£0.2° 0.9+0.1"
IL-6 mRNA 1.0+04 0.7 +0.3%F 1.3+£0.4% 22+1.0 1.5+0.5
IL-8 mRNA 1.0+0.6 0.4+ 0.4 0.440.1"H& 59+2.8" 2.6+0.9%"
TNFa mRNA 1.040.4 0.6+0.3 0.740.3 1.1£05 0.9+0.5
IL-4 mRNA 1.0+0.3 1.0£0.2 12405 1.0£0.3 14404
Ptgs2 mRNA 1.0+0.8 0.9+0.4 12405 13406 0.9+0.5
Ptges mRNA 1.0+0.7 0.6+0.4 0.740.5 12407 0.9+0.6
Ptgis mRNA n.d. n.d. n.d. n.d. n.d.
Alox5 mRNA n.d. n.d. n.d. n.d. n.d.

Table 2. Oxidative stress and inflammatory markers. Data are expressed as a mean = s.d. mRNA data are
expressed as fold change over control, protein abundance is expressed as protein intensity. n.d. not detected.
*p < 0.05 vs control; 'p < 0.05 vs PNIL; ¥p < 0.05 vs PNILOV.

either w-6 PUFA or w-6/w-3 PUFA enterally (ENIL and ENILOV groups). MDA content tended to be even lower
in the ENIL group although it did not reach statistical significance (p = 0.062). Parenteral nutrition itself, irre-
spective of the type of the emulsion, did not elevate the MDA content in the liver but resulted in the increased
expression of Hmox-1, Nqol, and Gcle mRNA and NQO1 and GCLC protein. All these genes are known to be
positively regulated in response to oxidative stress. Antioxidant capacity of liver extract was significantly lower
in PNIL but not in the PNILOV group compared with control, ENIL or ENILOV groups. The mRNA expression
of pro-inflammatory cytokines Ccr2 and IL-103 was significantly higher in PNIL but not in the PNILOV group
compared with controls. IL-8 mRNA expression was increased in both PNIL and PNILOV groups compared
with controls but it was significantly lower in PNILOV than in the PNIL group. The expression of key enzymes
involved in prostaglandin synthesis Ptgs2 and Ptges did not differ among groups, the expression of Ptgis and
Alox5 was below the detection limit (Table 2).

Liver bile acids profile.  Analysis of the bile acid profile in the liver revealed 15 bile acid species (Table 3).
Unconjugated BAs were present in concentrations lower by several degrees of magnitude compared with their
conjugated derivatives. Ten of the BAs were not significantly different among groups but gCDCA, DCA, gDCA
and LCA content was significantly higher while tUDCA content was significantly lower in PNIL compared with
all other groups including PNILOV. Neither of the BAs tested significantly differ in PNILOV and control groups.

Serum lipidome. Inserum, we detected 204 lipid signals confirmed by MS/MS fragmentation spectra. Using
ANOVA, we filtered out 182 lipids significantly different (p < 0.01, FDR adjusted) between at least two groups.
PCA analysis (Fig. 1A) identified separate clusters representing PNIL, ENILOV and PNILOV groups. Control
and ENIL samples clustered into one cluster and were separated from the others. Hierarchical clustering (HC)
confirmed a tendency to the separation of the groups albeit some exceptions occur (Fig. 1B).

Using supervised multivariate analysis (series of binary OPLS-DA models) based on significantly different
(VIP > 1) lipids we identified eight sets of lipids most significantly contributing to the group separation. We
identified partially overlapping subsets of 22, 27, 37 and 40 lipid species distinguishing ENIL, ENILOV, PNIL and
PNILOV groups from controls, resp. (Supplementary Table 1). The parenteral route of lipid emulsion administra-
tion was associated with the increased content of choline- and ethanolamine-derived phospholipids containing
C16 and C18 fatty acids (Supplementary Figure 2). As expected, the presence of w-3 FA in the nutrition mixture
was reflected by the increased content of EPA and DHA as well as of various lipid species containing these FAs
(PNILOV > ENILOV) (Supplementary Figure 3).

Liver lipidome. In the liver extract, we detected 456 lipid signals confirmed by MS/MS fragmentation spec-
tra. Using ANOVA, we filtered out 435 lipids significantly different (p < 0.01, FDR adjusted) between at least two
groups. PCA scores plot (Fig. 2A) shows a separation of samples according to both the type of emulsion and the
route of administration. Hierarchical clustering analysis confirmed excellent grouping of samples (Fig. 2B) with
respect to these characteristics, the route of nutrition administration (enteral vs parenteral) being a superior dis-
criminating parameter to the type of emulsion.
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control ENIL ENILOV PNIL PNILOV
CA 0.0240.01 0.0240.01 0.0140.01 0.0140.01 0.0140.01
gCA 1.0+0.8 0.8+£0.3 08=£1.1 1.0+0.5 09+0.8
tCA 782+41.3 66.11+27.3 78.1£39.2 52.2+19.8 329+422
CDCA 02£0.3 0.8+1.0 0.31+0.3 0.1£0.04 0.2£0.1
gCDCA 42+3.1 1.6+1.7 22+21 8.6+ 5.7 % L1+0.7"
tCDCA 9.6+3.9 8.1+6.3 6.61+2.9 6.51+5.6 9.6+4.1
aMCA 0.02£0.02 0.03£0.02 0.01+0.01% 0.023£0.02 0.04+0.02
BMCA 0.0140.00 0.0240.01 0.0140.01 0.0140.00 0.0140.01
DCA 0.000340.0003 | 0.000240.0003 | 0.00014-0.0000 | 0.0008 40.0013"** | 0.0001 = 0.0000"
gDCA 26+1.3 32+24 1.5£1.1 13.6£6.5"%* 6.8+3.6
tDCA 6.7+£3.2 11.2+7.8 54+3.1 6.0£1.2 47+26
UDCA 0.0340.01 0.0540.01 0.0340.01 0.0740.01 0.0640.01
gUDCA 0.9+0.5 0.54+0.2 0.2440.13 21+£18 1.0£0.8
tUDCA 1.7£0.8 1.6£0.8 1.1£08 0.6£0.2"* 1.0+0.17
LCA 0.1040.05 0.1540.01 0.0540.01 0.30+0.28"%* 0.07 £ 0.02°

Table 3. Bile acid profile in the liver. The values are given in uM and expressed as a mean £ s.d. CA, cholic acid;
gCA, glycocholic acid; tCA, taurocholic acid; CDCA, chenodeoxycholic acid; gCDCA, glycochenodeoxycholic
acid; tCDCA, taurochenodeoxycholic acid; «MCA, alpha muricholic acid; BMCA, beta muricholic acid; DCA,
deoxycholic acid; gDCA, glycodeoxycholic acid; tDCA, taurodeoxycholic acid; UDCA, ursodeoxycholic acid;
gUDCA, glycoursodeoxycholic acid; tUDCA, tauroursodeoxycholic acid; LCA, lithocholic acid. *p < 0.05 vs
control; *p < 0.05 vs ENIL; *< 0.05 vs ENILOV; 'p < 0.05 vs PNIL; ¥p < 0.05 vs PNILOV.
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Figure 1. Lipidome composition in serum. (A) PCA score plot. Each sample was determined in a doublet.
(B) Lipidome heatmap with the clustering dendrogram of samples. Samples are colored according to the
experimental groups.

We further analyzed the w-3 and w-6 FA abundance in individual lipid classes. Regarding phospholipids,
both PCA and HC analyses revealed excellent separation of the groups that suggest the combined effect of
both the lipid component of the nutrition mixture and the way of administration (Supplementary Figures 4,5).
Phospholipids, the main constituents of plasma membranes, were particularly enriched with EPA and DHA in
PNILOV and ENILOV groups while phospholipids in the PNIL group were rich in linoleic acid, which is the
prevailing component of soybean oil. Diacylglycerols and lysophospholipids containing w-3 and w-6 as well as
respective free FA formed two separate clusters (PNILOV + ENILOV vs PNIL + ENIL + controls) but within
these clusters, we did not find clear distribution pattern (Supplementary Figures 6-8). This indicates that the
composition of these lipid species is dictated mainly by the dominant lipid constituent of nutrition mixture inde-
pendently on the enteral or parenteral route of administration. The experimental conditions exhibited only the
weak influence on the composition of the least biologically active lipid species, TAGs, (Supplementary Figure 9).

Using OPLS-DA models based on significantly different (VIP > 1) lipids we identified eight sets of lipids most
significantly contributing to the group separation. As expected, the administration of lipid emulsions resulted in
a significant alteration of liver lipidome. We identified partially overlapping subsets of 131, 113, 70 or 118 lipid
species distinguishing ENIL, ENILOV, PNIL and PNILOV groups from controls, resp. (Supplementary Table 2).
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Figure 2. Lipidome composition in the liver. (A) PCA score plot. Each sample was determined in a doublet.
(B) Lipidome heatmap with the clustering dendrogram of samples. Samples are colored according to the
experimental groups.

As the next step, we wanted to identify significant lipids characterizing the different types of emulsion or
administration strategies. Figures 3 and 4 show the relative content of significant lipids (without triglycerides)
expressed as log(2) fold change over mean control value. First, we evaluated the effect of the route of adminis-
tration, i.e. we compared PNIL vs ENIL and PNILOV vs ENILOV groups and looked for the unique and com-
mon features. Irrespective of the type of emulsion, parenteral feeding was associated with a significantly (100- to
464-times) increased content of six fatty acid esters of hydroxy fatty acids (FAHFA), i.e. FAHFA (16:2/20:1),
FAHFA (18:0/18:3), FAHFA (18:2/18:2)_FAHFA (16:1/20:3), FAHFA (18:2/18:1) and FAHFA (18:2/18:3) and
FAHFA (18:3/18:1) (Fig. 3A). In both PNIL and PNILOV groups we found comparable (five times) decrease of
PC(20:0/20:4). The dominant markers of ENIL compared with PNIL and control lipidome was the increased
content of 18:4, 20:5 (EPA), 21:5 and 22:4 FAs, of the oxidized FAs (18:2 + O; 22:4 + O; 20:4 + O; 20:5+ O,
18:3+ O) as well as of phosphatidylglycerol (PG) containing arachidonic acid (20:4, AA). Parenteral Intralipid
administration (PNIL group) was associated with significantly decreased content of phospholipids (phosphatidy-
lethanolamines, PEs and phosphatidylcholines, PCs) containing AA mostly in combination with fatty acid with
odd number of carbons and increased content of phospholipids containing linolenic acid, 22:5 FA, DHA and
dihomo-~-linoleic acid (20:3) (Fig. 3B). Parenteral feeding of w-3 PUFA (PNILOV group) was associated with
the increased concentration of diacylglycerols (DAG) containing DHA and with the decreased concentration
of diacylglycerol containing AA and several other PC or PE lipid species compared with animals fed w-3 PUFA
enterally (ENILOV) or with controls (Fig. 3C).

We further examined the effect of the type of the lipid emulsion, i.e. we compared ENILOV vs ENIL and
PNILOV vs PNIL groups. As expected, animals provided w-3 PUFA exhibited the increased amount of lipid
species containing EPA or DHA no matter if w-3 PUFA was administered parenterally or per os. We also observed
an increased amount of oxidized DHA (22:6 + O) in both ENILOV and PNILOV groups (Fig. 4A). The lipid
species most discriminating between Omegaven and Intralipid emulsions administered enterally were three FAs
(dihomo-~-linoleic acid, EPA, 22:4) increased in ENIL group and PCs and plasmenyls containing AA and 22:4
FA higher in ENILOV group (Fig. 4B). In parenteral feeding, the difference between emulsions was most evident
in FAHFA liver content. Albeit these compounds were dramatically increased in all parenterally fed animals, w-3
PUFA administration resulted in their significant reduction compared with their content in the liver of animals
provided only w-6 PUFA (control <« PNILOV < PNIL). We also found the increased content of DHA and DAG
or PG containing DHA in PNILOV compared with the PNIL group (Fig. 4C).

Liver proteome. In the liver, we distinguished 3439 proteins. Using ANOVA, we selected 1560 proteins
which abundance significantly differed (p < 0.01, FDR adjusted) between at least two groups. PCA scores plot
shows clear separation of control, PNILOV and PNIL groups from each other. ENILOV and ENIL groups formed
one homogenous cluster that was separated from all other groups (Fig. 5A). HCA analysis performed on all sig-
nificantly different proteins (n = 1560) identified the route of nutrients administration as the dominant parameter
determining the similarity/dissimilarity of the liver proteome as control, ENIL and ENILOV groups grouped into
one cluster while PNIL and PNILOV groups to the other one (Fig. 5B). At the next level, the samples clustered
according to either the lipid presence itself or to the type of administered lipid.

Using supervised multivariate analysis based on significantly different proteins we identified eight sets of
proteins most significantly (VIP > 1) contributing to the separation of the groups (Supplementary Table 3). We
further employed the DAVID database to gain insight into the potential biological function of the differentially
expressed proteins obtained from the group comparisons (Supplementary Table 4). Compared with controls,
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Figure 3. Effect of the route of administration on the relative content of selected lipid species in the liver. (A) all
groups; (B) PN vs EN: Intralipid; (C) PN vs EN: Intralipid + Omegaven Data are expressed as log(2) fold change
over median control value. *p < 0.05 vs control; “p < 0.05 vs ENIL.

enteral administration of lipid emulsions affected liver proteome less than parenteral. In the ENIL group, we
found 40 differently expressed proteins; eight of them were classified into four overlapping pathways (terpe-
noid backbone biosynthesis; synthesis and degradation of ketone bodies; butanoate metabolism; valine, leucine
and isoleucine degradation). Four of these proteins (HMGCS1, HMGCS2, ACAT1, and ACAT2) were involved
in the acetoacetyl-CoA synthesis. Thirty-three proteins distinguish the ENILOV group from controls but these
proteins do not cluster into any metabolic pathway. PNIL group differed from controls in 134 proteins classified
into a heterogeneous spectrum of metabolic pathways including the metabolism of carbohydrates (propanoate
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Figure 4. Effect of the composition of lipid emulsions on the relative content of selected lipid species in the
liver. (A) all groups; (B) IL vs ILOV: enteral application; (C) IL vs ILOV: parenteral application. Data are
expressed as log(2) fold change over median control value. *p < 0.05 vs control; *p < 0.05 vs ENIL.

and butanoate metabolism), amino acids (tryptophan, valine, leucine, isoleucine), fatty acids, steroid hormones,
terpenoids, and retinol metabolism. Some of these pathways overlap with the ENIL group but the specific fea-
ture of the PNIL group is the deregulation (both up or down) of CYP 450 family members. In the PNILOV
group, 305 proteins distinguish this group from controls. Within this subset, four metabolic pathways were
identified (chemical carcinogenesis, glutathione metabolism, metabolism of xenobiotics by CYP450 and drug
metabolism-CYP450). Dominating proteins in this set were isoforms of glutathione-S-transferase that were
included in all these pathways. ENILOV and ENIL groups differed only in one protein (Acotl) what indicates
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Figure 5. Proteome composition in the liver. (A) PCA score plot. (B) Proteome heatmap with the clustering
dendrogram of samples. Samples are colored according to the experimental groups.

that when administered enterally, n-3 PUFA does not significantly affect the liver proteome. Parenteral vs enteral
application of w-6 PUFA resulted in a different expression of 147 proteins. Two pathways belonging to carbo-
hydrate metabolism (glycolysis/gluconeogenesis; pyruvate metabolism) and steroid hormone biosynthesis were
identified. The groups differing in the route of administration of w-3 PUFA (PNILOV vs ENILOV) exhibited
altered expression of 198 proteins and four partially overlapping metabolic pathways (FA metabolism, FA degra-
dation, PPARa signaling, and drug metabolism-CYP450). All these pathways were downregulated in PNILOV
compared with ENILOV.

Figure 6 shows the quantitative changes in the expression of proteins included in the deregulated pathways
(data are expressed as fold change over control). Most of the enzymes involved in FA degradation or FA synthesis
was downregulated in PNILOV compared to other groups. Proteins involved in FA transport (CD36) and storage
(PLIN2) were significantly upregulated in all experimental groups while lysosomal phospholipase A2 (PLA2G15)
was upregulated only in groups provided w-3 PUFA (PNILOV > ENILOV). Key enzymes involved in glucose
metabolism (GCK, HK3, PCK2) were increased only in parenterally fed animals. All enzymes involved in the
metabolism of xenobiotics or glutathione metabolism, i.e. glutathione-S-transferase isoforms, flavin-containing
monooxygenases (FMO1, FMO5) and HSD11B1, were significantly downregulated in PNILOV group. Ten CYP
450 family members were deregulated due to the interventions studied in this experiment. Cyp17A1, CYP2B2,
CYP4A10, and CYP4A14 were significantly upregulated in all groups (ENILOV = PNILOV > ENIL > PNIL).
CYP2C12 was upregulated and CYP1A2 downregulated only in parenterally fed groups but not influenced by
enteral feeding. CYP2C11, CYP2D4, CYP3A9, and CYP51A1 were downregulated in all groups (control > EN
feeding > PN feeding).

Discussion

Hepatobiliary dysfunction is one of the most common complications associated with long-term dependence on
parenteral nutrition. The liver injury is more severe with fat-free than with fat-containing PN, but the type of
fat matters as well. Our data show that both the way of nutrient administration (enteral vs parenteral) and lipid
emulsion composition (pure w-6 vs w-6/w-3 mixture) significantly influence the composition of serum and liver
lipidome, liver proteome and liver BAs profile in the rat model.

PUFA (AA, EPA, and DHA) are an essential source of biologically active lipids and several studies revealed
that significant alterations in the content of PUFA and their metabolites occur in numerous pathophysiological
conditions'®. The first step in their synthesis is the release of FA from the sn-2 position of membrane phospholipid
or DAG followed by enzymatic conversion mediated by one of three enzymatic systems - COX, LOX or CYP450
(CYP2C, CYP2J and CYP4A families). While EPA and DHA are considered to be relatively poor substrates for
COX and LOX?, virtually all CYP isoforms involved in AA metabolism accept a wide variety of other w-6 and w-3
PUFA as efficient alternative substrates?'. Therefore, EPA and DHA compete with AA for binding and conversion
by CYP 450 enzymatic system and the combination of precursor availability together with the activity of indi-
vidual enzymatic systems leads to the unique combination of bioactive compounds determining the final effect.

Functionally, these compounds are extremely diverse and may exert a wide spectrum of biological proper-
ties. AA and EPA are precursors of pro-inflammatory eicosanoids (AA: 2-series prostaglandins, thromboxanes,
4-series leukotrienes; EPA: 3-series prostaglandins, 3-series thromboxanes, 5-series leukotrienes) albeit EPA gives
rise to weaker pro-inflammatory agents than those derived from AA. On the other hand, all these fatty acids
may be transformed into anti-inflammatory mediators like lipoxins (derived from AA), resolvins of the E-series
(derived from EPA), and resolvins of the D-series, protectins, or maresins (derived from DHA)'>'%?2, These
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Cyp4al0 2,1 6,7 2,1 6,5 GSTA4 -1,1 -1,2 -1,4 -1,8
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PLA2G15 -1,0 2,2 -1,0 7,1
PLIN2 13,4 10,6 14,2 29,7

Figure 6. Expression of selected proteins in the liver. The values (x) represent fold change of protein intensity
(experimental group to control), if x < 1 we used the equation —1/x. Statistically significant values are shown
in bold. Red color: increased vs control; blue color: decreased vs control. Gene names are listed according to
HGNC guidelines.

lipokines are involved in the resolution of inflammation by several mechanisms including attenuation of the
inflammatory response, induction of efferocytosis (clearance of apoptotic cells), and stimulation of macrophage
migration from the site of inflammation to the peripheral lymph nodes®.

CYP 450-catalyzed transformation of PUFA results in the formation of hydroxy- or epoxy-PUFA?!. These
compounds serve as second messengers of various hormones and growth factors and play partially opposing roles
in the regulation of vascular, renal or cardiac function and regulation of inflammation?-*

EPA, DHA, and AA are highly susceptible to the modification by exogenous supply. AA is derived from
essential linoleic acid (LA,18:2, n-6). EPA and DHA may be synthesized from another essential FA, a-linoleic
acid (ALA, 18:3, n-3) but the conversion rate is very limited®!. Arnold et al. showed that oral administration of
diet rich in either w-6 or w-3 (EPA + DHA) PUFA resulted in dramatic enrichment of liver lipidome with LA
or EPA + DHA, resp*. Similarly, EPA/DHA supplementation caused a profound shift in the endogenous CYP
450-derived eicosanoid profile.

Our data revealed that introducing of w-3 PUFA into lipid emulsion results in a significant enrichment of liver
lipidome with EPA- and DHA-containing lipid species that may serve as substrates for bioactive lipid synthesis. The
content of oxidized DHA (22:6 + O) was increased in both PNILOV and ENILOV groups while significantly ele-
vated content of oxidized EPA (20:5 + O) was found only in PNILOV compared with other groups. Even though our
methodology does not allow us to differentiate what form of oxygen modification is present (hydroperoxydation/
dihydroxylation or epoxidation/hydroxylation), it still describes the occurrence of oxidized forms of free fatty acids.

In PNILOV and ENILOV groups, we further confirmed the significant upregulation of two isoenzymes from
the CYP4A family that catalyze microsomal w-oxidation and are capable of synthesis of hydroxylated derivatives
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of EPA or DHA**>*, Therefore, our data suggest that introducing w-3 PUFA into the nutrition mixture may sig-
nificantly affect both substrate availability and the CYP 450 isoenzymes activities thus altering the final CYP
450-derived eicosanoid profile towards less pro-inflammatory phenotype. This conclusion is supported by the
expression pattern of pro-inflammatory cytokines (IL-8, IL-13, Ccr2) where we found an anti-inflammatory
effect of parenterally administered w-3 PUFA. Nevertheless, it is necessary to mention that our experimental set-
ting does not allow inferring any extensive conclusions regarding the anti-inflammatory effect of w-3 PUFA. The
general pro-inflammatory status of all animals was low what is evidenced by the normal levels of serum TNFa
and IL-6 or comparable mRNA expression of TNFa and enzymes involved in prostaglandin synthesis in the liver
among groups.

A characteristic feature, discriminating all PN patients from controls or enterally fed experimental groups,
is an elevated content of FAHFAs in the liver. Only recently, this novel class of endogenous lipokines, branched
fatty acid esters of hydroxy fatty acids, was identified*. These FAs are synthesized in nearly all mammalian tissues
being most abundant in adipose tissue and liver, and they are also present in the blood. The biological function of
FAHFA is far from being completely understood. The first reports show their beneficial effects on glucose home-
ostasis* and in suppressing inflammation®”. Furthermore, Kuda et al. showed that FAHFA biosynthesis in white
adipose tissue is involved in the adaptive Nrf2-regulated antioxidant system®. At present, only some aspects of
the mechanisms regulating FAHFA expression are known. FAHFA biosynthesis is positively regulated by carbo-
hydrate responsive-element binding protein (ChREBP) and FAHFA levels are elevated also in fasting, probably
due to the decreased degradation®. In our study, FAHFAs (derived from palmitoleic, palmitolinoleic, linoleic,
and linolenic fatty acyl moieties and oleic, linoleic, linolenic, icosaenoic and icosatrienoic hydroxylated fatty acid
moieties) were significantly elevated in the liver in both PNIL and PNILOV groups. Our study design does not
allow identifying the mechanisms contributing to the PN-associated FAHFA elevation but we may speculate that
it is the response to chronic oxidative stress or the sub-optimal saturation of energy needs. Interestingly, albeit
the parenteral route of feeding was always associated with a dramatic increase in FAHFA content, the inclusion
of w-3 PUFA resulted in the significant reduction of FAHFA content in the liver. We have not sufficient data to
speculate about the biological meaning of this observation but available information indicates that FAHFA are
potent lipokines involved in metabolic homeostasis regulation and further research is needed to unravel their role
in PN-associated metabolic adaptations.

Due to the high number of double bonds, n-3 PUFA may be more susceptible to lipid peroxidation and may
increase the risk of oxidative stress*’. The expression of enzymes involved in xenobiotic or glutathione metabo-
lism (HSD11B1, FMO1/5, CYP3A9, CYP2C11, GST isoforms) was significantly attenuated in PNIL and PNILOV
groups, the effect being more pronounced in PNILOV. All reactions catalyzed by these enzymes are associated
with electron transfer and potentially may be the source of reactive oxygen species. The main function of GSTs is
to conjugate electrophilic compounds with glutathione, thereby enabling their excretion®® but its activity is asso-
ciated with the depletion of glutathione. The increased intake of PUFA prone to lipid peroxidation may enhance
the risk of oxidative stress. Therefore, the decreased activity of these pathways may represent an adaptive mech-
anism to prevent some PUFA-mediated deteriorative effects such as ROS production. On the other hand, it may
negatively affect the effectivity of detoxification.

The published data support both pro- and antioxidant effect of w-3 PUFA in the context of parenteral nutri-
tion. Human studies are based mostly on the analysis of plasma lipids because of the inaccessibility of liver tissue.
In animal studies, two authors confirmed the anti-oxidative effect of fish oil in mice*! or rats subjected to intes-
tinal ischemia®?. In contrast, Lavoie et al. described the increased oxidative stress in the lung tissue of newborn
guinea pigs administered w-3 PUFA (SMOFlipid) compared with w-6 PUFA (Intralipid)*. In our study, we did
not find the elevated MDA content, the marker of lipoperoxidation, in any group. Nevertheless, we identified
early markers of oxidative stress, i.e. the elevated mRNA and protein content of Nrf-regulated genes Hmoxl1,
Nqol, and Gclc in the liver of all parenterally fed animals, regardless of the type of the lipid emulsion. The anti-
oxidant capacity of liver homogenate was significantly decreased in PNIL (w-6; PN) but normal in the PNILOV
group (w-6/w-3; PN). These findings suggest that PN itself is associated with the pro-oxidant status in the liver
but w-3 PUFA protect the anti-oxidative defence capacity. Our study is limited by the short time of the treatment
which is insufficient for the full development of the oxidative stress-related injury. Further studies are needed to
fully explain the role of w-3 PUFA in the PN-associated liver oxidative stress.

Cholestasis, i.e. the intrahepatic accumulation of bile acids, is one of the most common metabolic problems
associated with PN especially in infants*. Lipophilic bile acids, which are often increased in PNALD?, are known
to cause cellular apoptosis. In contrast, hydrophilic bile acids, i.e. UDCA or tUDCA, have a rather protective
effect through activation of mitogen-activated protein kinase survival pathway*. gCDCA, the most abundant BA
in serum and bile in cholestasis*, is highly toxic. In vitro, rat and human hepatocytes or hepatic cell lines treated
with gCDCA in high concentration (>100 uM) develop severe mitochondrial dysfunction and apoptosis*’~>°.
The exposition to lower, physiological concentrations results in the expression of inflammatory mediators®!
that stimulate the recruitment of hepatic neutrophils that in turn induce the oxidative injury of the liver tissue.
Furthermore, the low-level BAs-induced mitochondrial dysfunction may contribute to stress the hepatocytes and
worsen the ongoing inflammatory injury®2. Recent clinical research demonstrated that pure w-3 PUFA-based
lipid emulsions reversed severe cholestasis in infants or adult patients when administered instead of soybean oil
emulsion'®****, Tillman et al. reported that EPA and DHA treatment attenuated the CDCA-induced hepatocel-
lular apoptosis in HepG2 cells in vitro®. Our data confirmed the accumulation of four toxic BAs (gCDCA, DCA,
gDCA and LCA) and depletion of protective tUDCA in the liver of animals administered parenterally w-6 PUFA.
In contrast, no such effect was observed when animals were provided w-3/w-6 PUFA mixture what supports the
hypothesis about the protective effect of w-3 PUFA.
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Conclusions. In this study, we employed -omics approach to describe characteristic features of lipid, pro-
tein and BAs liver profile associated with enteral or parenteral administration of w-6 PUFA and w-3/w-6 PUFA
based lipid emulsions and possible implications for the development of PNALD. In general, we found that enteral
administration of both lipid emulsions has less impact on the liver than the parenteral route. Compared with
parenterally administered Intralipid, PN administration of w-3 PUFA was associated with 1. increased content
of EPA- and DHA-containing lipid species; 2. higher abundance of CYP4A isoenzymes capable of bioactive
lipid synthesis and the increased content of their potential products (oxidized EPA and DHA) with potentially
anti-inflammatory properties; 3. down-regulation of enzymes involved CYP450 drug metabolism what may rep-
resent an adaptive mechanism counteracting the potential negative effects (enhanced ROS production) of FA
metabolism; 4. normalized anti-oxidative capacity; 5. physiological BAs spectrum. All these findings may con-
tribute to the explanation of w-3 PUFA protective effects in the context of PN. In the present state of knowledge,
we cannot assess the physiological relevance of the w-3 PUFA influence on FAHFA liver content.

Material and Methods

Animals and experimental design.  Male Wistar rats (Charles River, initial weight 300-325 g) were kept in
a temperature-controlled environment under a 12 h light/dark cycle. After the acclimatization period, all animals
underwent the same operation procedure. The right jugular vein was cannulated with a Dow Corning Silastic
drainage catheter (0.037 inches) as previously described®. The catheter was flushed daily with TauroLock HEP-
100 (TauroPharm GmbH, Waldbiittelbrunn, Germany). After the operation, the rats were housed individually
and connected to a perfusion apparatus (Instech, PA, USA), which allows free movement. For the next 48 hours,
the rats were given free access to a standard chow diet (SD, SEMED) and provided Plasmalyte (BAXTER Czech,
Prague, CZ) via the catheter at increasing rates (initial rate: 1 ml/hr; goal rate: 4ml/hr) in order to adapt to the
increasing fluid load. Two days after the operation, the rats were randomly divided into five groups as follows:
Control (Plasmalyte i.v. granules); ENIL (Plasmalyte i.v. Intralipid per os, granules); ENILOV (Plasmalyte i.v.
Intralipid + Omegaven per os, granules); PNIL (nutrition mixture with Intralipid i.v.); PNILOV (nutrition mix-
ture with Intralipid + Omegaven i.v.) (Supplementary Table 5). The composition of the i.v. nutrition mixture is
described in Supplementary Table 6. The infusion was applied daily for 10 hrs (CTRL, ENIL, ENILOV, PNIL) or
11 hrs (PNILOV) in the light phase for 12 consecutive days. In ENIL and ENILOV groups, the lipid emulsion was
administered three times a day by gavage. Each animal was provided the same amount of energy (60kcal. day™!)
and had free access to water. All experiments were performed in accordance with the Animal Protection Law of
the Czech Republic 311/1997 in compliance with the Principles of Laboratory Animal Care (NIH Guide for the
Care and Use of Laboratory Animals, 8'" edition, 2013) and approved by the Ethical Committee of the Ministry
of Health, CR (approval no. 53/2014).

Histological evaluation. Liver tissue samples were fixed in 4% paraformaldehyde, embedded in paraffin
blocks and routinely processed. Sections cut at 4-6 um were stained with hematoxylin/eosin and examined with
an Olympus BX41 light microscope.

Biochemical analyses. Biochemical analyses were performed using commercially available kits (Roche
Diagnostics, Basel, Switzerland; ALT-(ALAT/GPT) cat.no.: 10851132; AST-(ASAT/GOT) catno.: 10851124;
TG-Triglycerides GPO-PAP cat.no.: 11730711; Bilirubin - BLT3 cat.no.: 05795320) on Hitachi analyzer 902.
Statistical analyses for biochemical assays were performed using Graph PadPrism version 5.03 for Windows.
Results were expressed as means =+ standard deviation (SD). Kruskal-Wallis test with Bonferroni correction for
multiple comparisons was performed to determine significant differences between the groups at a significance
level of p < 0.05.

Determination of malondialdehyde concentration. The total malondialdehyde (MDA) content in
liver homogenate was determined using stable isotope dilution assay based on liquid chromatography-tandem
mass spectrometry. An internal standard of 1,3-dideuteromalondialdehyde (MDA-D2) stock solution was pre-
pared by acid hydrolysis of 1,3-D2-1,1,3,3-tetracthoxypropane (Cambridge Isotope Laboratories, Tewksbury MA,
USA). 100 ul of washed erythrocytes was mixed with 10l of diluted internal standard MDA-D2 (10 uM) and
lysed with four volumes of cold distilled water in a refrigerator at 4 °C for 15 min; the cell debris was removed by
centrifugation. The concentration of hemoglobin was measured at 540 nm using an extinction coefficient E.,; =
8.5. For plasma samples, 100 ul of EDTA plasma was mixed with 10 ul of internal standard MDA-D2 (10 uM) The
supernatant was hydrolyzed with NaOH (1 M final concentration) for 30 min at 60 °C. To the hydrolysate, 3M
HCIO, was added for protein precipitation and samples were centrifuged. The supernatant was derivatized by
5mM 2,4-dinitrophenylhydrazine (DNPH). The reaction mixture was centrifuged and 20 ul was injected onto
HPLC column Nucleosil C18 ec (125 x 3 mm, 5 pm) (Macherey-Nagel, Diiren, Germany) at 40 °C using isocratic
mobile phase composed of 0.1% of formic acid in 50% acetonitrile (v/v), flow rate 400 pl/min.

The HPLC system was connected to the mass spectrometer QTRAP 4000 (Sciex, Prague, Czech Republic).
MDA and MDA-D2 DNPH derivatives (MDA-DNPH and MDA-D2-DNPH) were detected in positive multiple
reaction monitoring (MRM) mode. MDA-DNPH was monitored at m/z 235—189 and MDA-D2-DNPH at m/z
237—191. MDA and MDA-D2 DNPH derivatives eluted at 3.00 min. Analyst v.1.6 from SCIEX was used for the
acquisition and analysis of data.

Real-time quantitative PCR. Liver samples were dissected and immediately frozen in liquid nitrogen.
Total RNA was extracted using the Qiagen Mini RNeasy isolation kit (Qiagen, Hilden, Germany). A DNAase
step was included to avoid possible DNA contamination. The integrity was detected on the fragment analyzer
Automated CE System (Advanced Analytical Technologies, Inc., Ames, USA). The concentration of total RNA
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was measured on Qubit (Thermofisher Scientific, USA). A standard amount of total RNA (700 ng) was used to
synthesize the first-strand cDNA with the High Capacity RNA-to-cDNA Kit (Applied Biosystems, Foster City,
CA, USA). The RT-PCR amplification mixture (20 ul) contained 1 ul template cDNA, 5xHOT FIREPol Eva Green
qPCR SuperMix (Solis BioDyne, Tartu, Estonia) and 400 nM (10 pmol/reaction) sense and antisense primer. The
reaction was run on the ViiA 7 Real-Time PCR System (ThermoFisher Scientific, USA). Results were analyzed
using ViiA software v 1.1 (ThermoFisher Scientific, USA). The expression of genes of interest was normalized to
the housekeeper gene (B2M and Cycl) and calculated using the AACt method.

Primer design. Primers were based upon known rat sequences available from the GeneBank Graphics data-
base https://www.ncbi.nlm.nih.gov. List of primers is shown in Supplementary Table 7.

Lipidomics analysis. The liver extracts were prepared by a previously described method relying
on MTBE:MeOH (methyl tert-butyl ether: methanol) extraction®® with the modification of resuspend-
ing the dried extract in a mixture of isopropyl alcohol:MeOH:H,0O (65:30:5,v/v/v), the full preparation is
described in Supplementary Methods. For the lipidomic analysis, U-HPLC (Infinity 1290, Agilent) coupled
to a high-resolution mass spectrometer with a hyphenated quadrupole time-of-flight mass analyzer (6560 Ion
Mobility Q-TOF LC/MS; Agilent) with the Agilent Jet Stream (AJS) electrospray (ESI) source were employed.
Mass spectrometer acquired data in the m/z range of 100-1200 in MS1 mode for all the samples and a repeatedly
(every 10 samples) injected QC sample. Fragmentation experiments for lipid identification were carried out on
the QC sample using ddMS2 acquisition mode. The collision energy was set to 10, 20 and 40 eV. Chromatographic
separation was based on 150 mm BEH C18 reverse-phase column (details in supplemental) with a mobile phase
gradient of A: ACN:H20 60:40) and B: 2-propanol/ACN (90:10) using ammonium formate and formic acid
(ESI+) or ammonium acetate and acetic acid (ESI-) as additives.

Lipid identification and statistical analyses. The mass spectrometry data was processed LipidMatch
suite®” which uses MZmine 2 for feature extraction and an R script for lipid identification based on in-silico frag-
mentation databases. At least a class-specific fragment was required for lipid identification. One item, FAHFA
(18:2/18:2)_FAHFA(16:1/20:3), was not identified unequivocally. Due to the number of isomers the separation
technique does not allow to separate some of them properly, the fragmentation spectrum contains fatty acyl ions
confirming both lipid identities.

Lipidomics data processing was performed in both web-based and R based MetaboAnalyst (metaboanalyst.
ca) packages followed by SIMCA (Umetrics) and subjected to two-dimensional hierarchical cluster analysis
(HCA). A custom-built R script based on the MetaboAnalystR package was used to filter out features based on
their univariate statistics. In MetaboAnalyst, sum normalization, log transformation, and Pareto scaling were
used for signal processing. Statistically insignificant compounds were filtered out if they did not meet the criteria
of a t-test or ANOVA p-value < 0.01 (FDR adjusted). These filtered data matrices were the first sum normal-
ized in MS Excel and then loaded to SIMCA, where statistical models were built. When OPLS-DA (Orthogonal
PLS-DA) models in SIMCA logarithmic transformation and Pareto scaling was used. Fragmentation spectra of
the VIP score based significant compounds were double-checked both against the in-silico fragmentation library
and against METLIN and LIPIDMAPS databases for their identities to be confirmed. Profiles of oxidized forms
of free fatty acids were obtained by feeding a database with their respective molecular formulas to MassHunter
Profinder, which scans the LC-HRMS data for respective features, which satisfy molecular formula requirements.
These requirements were set as m/z value of 5 ppm, high confidence of isotopic pattern distribution and isotope
spacing within 10 ppm. The features with a score of less than 80 were discarded.

Proteomic analysis. The tissue was lysed in the detergent-containing buffer, cysteines were reduced, blocked
and samples were digested with trypsin®. The samples were injected on nanoLC coupled with Orbitrap Fusion™
Tribrid™ (Thermo Scientific, USA, San Jose) mass spectrometer. Data were collected during a two-hour gradient.
For protein identification and quantification were used MaxQuant software. The search was performed with the
Rattus Norvegicus UniProt proteome database from 11/2018 (29965 entries). Gene names are listed according
to HGNC guidelines (https://www.gennames.org). The detailed workflow is present in Supplementary Methods.

Bile acid analysis. The BAs were determined in methanol extract of lyophilized liver tissue. Liquid chroma-
tography separation was performed using 1290 Infinity LC (Agilent Technologies) followed by mass spectrometry
using 6550 iFunnel LCQ- TOF-MS (Agilent Technologies) equipped with a Dual AJS ESI probe in negative-ion
mode. System control and data acquisition were performed by Agilent MassHunter Quadrupole Time of Flight
Acquisition Software (B.06) with Qualitative Analysis (B.07 SP2) Software. The detailed workflow is present in
Supplementary Methods.
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Summary

Parenteral nutrition-associated liver disease (PNALD) is a severe
complication in patients completely dependent on parenteral
nutrition (PN). The gold diagnostic standard, liver biopsy, is
associated with significant health risk and therefore its use is
limited. MicroRNAs (miRNAs) are small non-coding regulatory
RNA molecules with highly tissue-specific expression and the
secreted miRNAs may serve as non-invasive diagnostic
biomarkers. The aim of this study was to evaluate the expression
of a panel of specific miRNAs associated with liver diseases of
different origin in PN-dependent adult patients in order to design
miRNA panel enabling to precise monitoring of PNALD
progression. Twelve PN-dependent patients with short bowel
syndrome (SBS) were monitored on three/four-month basis for
up to 24 months. Forty-five age- and sex-matched subjects
without any known liver pathology served as controls. Specific
miRNAs expression was determined by RT-gPCR using TagMan
probes (Thermofisher). Liver function test parameters were
determined in certified clinical laboratories. Six of the tested
miRNAs exhibited significantly altered expression compared with
healthy controls, three of them (MIR122, MIR1273g, and
MIR500a) were upregulated while three were down-regulated
(MIR505, MIR199a, MIR139). MIR122 positively correlated with
serum AST and ALT activities while MIR1273g positively
correlated with serum CRP concentration and GGT activity.
MIR505, MIR199a, and MIR139 negatively correlated with serum
GGT activity. Fluctuation of these parameters well paralleled
serum miRNA concentrations in all patients throughout the whole

observation period. We identified six miRNAs whose serum
concentrations are significantly altered in PN-dependent patients
with PNALD and correlate with markers of inflammation,
cholestasis or hepatic injury. Their reliability as markers of PNALD
progression needs to be further evaluated.
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Long-term administration of total parenteral
nutrition (PN) is often associated with the development of
parenteral nutrition-associated liver disease (PNALD).
The origin of this pathologic condition is multifactorial
with numerous contributing factors, such as sepsis,
inflammation, cholelithiasis,

intestinal cholangitis,

bacterial translocation, short bowel syndrome, the
disturbance of hepato-biliary circulation, the lack of
enteral nutrition, etc. PNALD clinical manifestations —
which range from steatosis, cholestasis, gallbladder
sludge/stones, fibrosis, and cirrthosis — can occur
separately or in combination (Drongowski et al. 2009,
Luman et al. 2002). The history of PNALD in adult

patients is characterized by elevated liver enzymes in
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association with steatosis lasting for years, followed by
steatohepatitis, cholestatic hepatitis as well as fibrosis and
cirrhosis (Cahova et al. 2017). The exact staging of the
disease progression is necessary for the determination of
the right prognosis and efficient treatment, including the
indication for the intestine transplantation. It was
repeatedly shown that liver tests alone are not sensitive
enough for the diagnosis (Klek et al. 2016). Therefore,
aliver biopsy remains the gold diagnostic procedure.
Nevertheless, liver biopsy is associated with significant
health risk and therefore its use is limited. There is
an urgent need for seeking novel diagnostic tools for
PNALD. These would help to optimize existing PN
administration regimen/composition in order to delay or
even prevent the development of PNALD. The aim of our
study was to determine serum concentrations of selected
miRNAs associated with liver pathologies of different
origin in a cohort of adult PN-dependent patients in order
to design miRNA panel enabling to precise monitoring of
PNALD progression.

miRNAs are small endogenous RNA molecules
that post-transcriptionally regulate gene expression by
preferentially targeting the 3 -untranslated region of
specific mRNA (Marin et al. 2014). The specific
miRNA/mRNA interaction typically results in negative
regulation of the expression of the protein encoded by
target mRNA (Grimson ef al. 2007). The occurrence of
miRNAs is not restricted into intracellular space, in
contrast, they are found in extracellular body fluids like
blood, milk, urine, cerebral spinal fluid, semen, saliva and
bile (Shigehara et al. 2011). Extracellular miRNAs are
quite stable (Gori et al. 2014). Many of the circulating
miRNAs are highly tissue-specific (Ninomiya et al. 2013)
and emerging evidence shows that they can serve as
non-invasive diagnostic biomarkers for various diseases,
including non-alcoholic fatty liver disease (Yamada et al.
2013), steatohepatitis (Jin et al. 2012), biliary diseases
(Munoz-Garrido et al. 2012) or hepatocellular cancer
(Gailhouste ef al. 2013).

We performed an extensive computer-based
search of published articles in PubMed to identify
relevant studies on the usefulness of serum miRNAs as
non-invasive biomarkers for the detection of liver
pathologies. The used Medical Subject Headings terms
and keywords were “miRNA”, “biomarker”, ,liver
disease”, “PNALD”, “cholestasis” and “NASH”. We
found 52 miRNAs proposed as putative biomarkers of
liver injury (Table 1) that were further analyzed in
a cohort of adult patients with chronic intestinal failure.

The discovery cohort consisted of 12 subjects
with short bowel syndrome of different etiologies who
were repeatedly monitored on three/four-month basis for
up to 24 months. Underlying cause of SBS were
(n=4), (n=1),
ulcerative colitis (n=1), Gardner syndrome (n=1), post

mesenteric  ischemia Crohn disease
radiation enteritis (n=3), postsurgical adhesion (n=1) and
trauma (n=1). Control cohort included 45 apparently
healthy age- and sex-matched subjects without any
known liver pathology. Blood sample with no additives
was taken between 7-8 a.m. in a fasting state and it was
left at room temperature for 30 min. Then it was
centrifuged twice for 3000 g, 15 min, 4 °C, serum
removed to the new tube and centrifuged again 3000g,
10 min, 4 °C in order to remove any blood elements. The
serum was aliquoted and stored at -80 °C until analysis.
miRNA extraction was performed using miRCURY RNA
isolation kit — biofluids (Exiqon) with RNA Carrier MS2
10 ng/pl (Roche). miRNA detection system included
specific Tagman MicroRNA Reverse Transcription kit
microRNA (Thermofisher
Scientific). The PCR reaction was performed on ViiA7
Real-Time PCR system (Thermofisher Scientific). The
specific miRNA expression was normalized to Stock

and TaqMan assays

Serum/Plasma spike-in control Caenorhabditis elegans
MIR39 (cel miR-39-3p), 2 x 10° molecules per sample
(Qiagen). The data are expressed as pAct (ACt = Ctpirna —
Cteel mir-39) and presented as a median and interquartile
range. Statistical analysis was performed using the
Kruskal-Wallis  test.
statistically significant at the level of p<0.05. Spearman's

Differences were considered
rank correlation coefficient was used to assess the
correlation between the studied variables.

SBS patients represent a highly diverse cohort
with respect to the primary diagnosis, duration of
PN-dependence or age. Most of the patients (11 out of
12) exhibited chronically abnormal liver function tests
(Table 2). Among all miRNAs tested, six exhibited
significantly altered expression compared with healthy
controls. Three of them (MIR122, MIR1273g, and
MIR500a) were upregulated while three were down-
regulated (MIR505, MIR199a, MIR139) in SBS patients.
MIR122 positively correlated with s-AST and s-ALT
activities while MIR1273g positively correlated with
s-CRP concentration and with s-GGT activity. MIR505,
MIR199a, and MIR139 negatively correlated with s-GGT
activity (Table 3). Fluctuation of these parameters well
paralleled serum miRNA concentrations in all patients
throughout the whole observation period.
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Table 1. miRNAs identified as potential biomarkers of liver injury.

HGNC TagMan reference
ID assay ID
31476 MIRLET7A 000377 liver fibrosis 10.1371/journal.pone.004836
31479 MIRLET7b-5p 002619 APAP-induced liver injury 10.1093/toxsci/kfy200
MIR16 000391 NAFLD, NASH 10.1371/journal.pone.0023937
31575 MIR19b 002425 liver fibrosis 10.1371/journal.pone.0048366
31586 MIR21 000397 APAP-induced liver injury 10.1093/toxsci/kfy200
liver inflammation 10.1371/journal.pone.0023937
31599 MIR22 002301 liver inflammation 10.1371/journal.pone.0048366
MIR24 000402 liver fibrosis 10.1371/journal.pone.0048366
31616 MIR29A 002112 lower circulating levels in 10.1002/hep.23922
31619 MIR29B1 000413 patients with liver fibrosis
31621 MIR29C 000587
31625 MIR30B 000602 primary biliary cirrhosis 10.1371/journal.pone.0066086
NAFLD 10.1016/j.hep.2018.08.008
31634 MIR33a 002135 primary biliary cirrhosis 10.1371/journal.pone.0066086
32791 MIR33b 002085 NAFLD 10.1016/j.hep.2018.08.008
31635 MIR34a 000426 APAP-induced liver injury 10.1002/jat.3722
liver inflammation 10.1371/journal.pone.0048366
NAFLD 10.1016/j.hep.2018.08.008
31648 MIR96 000186 apoptosis, necrosis 10.1080/1354750X.2018.1528631
31650 MIR99A 000435 NASH 10.4254/wjh.v6.18.613
31495 MIR106b 000442 liver fibrosis 10.1371/journal.pone.0048366
31501 MIR122 002245 drug-induced liver injury 10.1093/toxsci/kfy200
apoptosis, necrosis 10.1080/1354750X.2018.1528631
oxidative stress 10.3164/jcbn.17-123
NASH 10.1016/j.cca.2013.05.021
NAFLD 10.1371/journal.pone.0153497
31505 MIR125 002198 NAFLD 10.1136/gutjnl-2014-306996
31514 MIR130a 000454 apoptosis, necrosis 10.1080/1354750X.2018.1528631
liver inflammation 10.1371/journal.pone.0048366
31526 MIR139 001096 primary biliary cirrhosis 10.1371/journal.pone.0066086
NAFLD, NASH 10.1038/ij0.2017.21
31530 MIR143-3p 002249 cholestasis 10.1093/toxsci/kfy200
32079 MIR146B 001097 NAFLD, NASH 10.1136/gutjnl-2015-309456
10.4254/wjh.v6.18.613
31537 MIR150 002637 NAFLD, NASH 10.1136/gutjnl-2015-309456
10.1016/j.bbrc.2017.10.149
31762 MIR151a 002642 APAP-induced liver injury 10.1002/jat.3722
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Table 1., continued.

31549 MIR181a
31554 MIR183
31560 MIR190
31562 MIR192-5p
31563 MIR193a
MIR194
31567 MIR196
31569 MIR197
31571 MIR199a
31579 MIR200B
MIR218a-5p
31601 MIR221
31771 MIR320-3p
31868 MIR375
32053 MIR451
32134 MIR500a
32140 MIRS505
32827 MIR571
32828 MIR572
32831 MIRS575
32894 MIR638
32915 MIR659
37316 MIR711
33658 MIR744
33923 MIR-1224-5p
MIR1273g
MIR1274B

000480

002269
000489
000491

002281

000493
241070 _mat
474626 mat

000498

002274

000521
002096

002230
000564
001141
002428
002087

001614
001617
001582
001514
241090 mat
002324
002752
462577 mat
002884

NAFLD progression
liver cirrhosis

apoptosis, necrosis
cholestasis

drug-induced liver injury
oxidative stress
NAFLD, NASH

APAP-induced liver injury
liver inflammation

APAP-induced liver injury
apoptosis, necrosis

primary biliary cirrhosis
liver inflammation

alcoholic liver disease
liver fibrosis

liver inflammation
steatosis

cholestasis

liver fibrosis
hepatocellular carcinoma

steatosis

NASH

NAFLD

primary biliary cirrhosis
primary biliary cirrhosis

correlates with disease stages
during alcoholic or HCV-
induced liver cirrhosis

NASH

NASH

NASH

liver inflammation

liver inflammation
NASH

oxidative stress

primary biliary cirrhosis

liver inflammation

10.1016/j.taap.2012.04.018
10.1016/j.bbrc.2012.03.025

10.1080/1354750X.2018.1528631
10.1097/MOG.0000000000000051

10.1093/toxsci/kfy200
10.3164/jcbn.17-123
10.1016/j.hep.2018.08.008

10.1002/jat.3722
10.1371/journal.pone.0048366

10.1002/jat.3722
10.1080/1354750X.2018.1528631

10.1371/journal.pone.0066086
10.1371/journal.pone.0048366

10.3390/ijms17030280
10.1038/nrgastro.2013.87

10.1016/S0168-8278(15)31170-3
10.18632/oncotarget.9183

10.1093/toxsci/kfy200

10.1038/nrgastro.2013.87
10.1073/pnas.0907904107

10.1093/toxsci/kfy200
10.1136/gutjnl-2014-306996
10.1016/j.cca.2013.05.021
10.1371/journal.pone.0066086
10.1371/journal.pone.0066086
10.1371/journal.pone.0032999

10.3748/wjg.v18.137.5188
10.3748/wjg.v18.i37.5188
10.3748/wjg.v18.i37.5188
10.1371/journal.pone.0048366
10.1371/journal.pone.0048366
10.3748/wjg.v18.i37.5188
10.3164/jcbn.17-123
10.1371/journal.pone.0066086
10.1371/journal.pone.0048366
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MIR122 is highly enriched in the liver but absent
in other tissues (Lagos-Quintana ef al. 2002). MIR122
participates on the regulation of the expression of enzymes
involved in crucial metabolic pathways in the liver including
glycolysis and gluconeogenesis, carbohydrate digestion and
absorption, glucagon signaling pathway, starch and sucrose
metabolism, cholesterol synthesis or iron homeostasis
(Joppling 2012). Several lines of evidence indicate that it
functions as a tumor suppressor (Bai ef al. 2009). Roderburg
et al. (2015) showed that serum MIR122 concentrations
were strongly elevated in mice after hepatic
ischemia/reperfusion injury, as well as in the cellular

supernatants in an in vitro model of hepatocyte injury,

Table 2. Clinical characteristics of patients.

supporting the hypothesis that the passive release of MIR122
represents a surrogate for hepatocyte death in liver injury.
This finding corresponds with our observation that serum
MIR122 levels correlate with ALT and AST concentrations.
Taken together, MIR122 levels may serve as an independent
marker of ongoing liver injury and hepatic cell death.

Serum content of all other miRNAs deregulated
in PN-dependent patients significantly correlated with
GGT serum activity, which is a marker of cholestasis. To
our knowledge, this association has not been described
yet. Three of these miRNAs (MIR199a, MIR505, and
MIR139) were described as tumor suppressors and their
down-regulation is associated with disease progression.

1'2_ ] _ =
2 2 g z
o = =
s 2 H )
3 i & 3
4 £ z 2 3
2 _ 2 ] E A = = 5 o~ = = =
= 2 T z = 2= = - d = d ~
g « & z 2 s S =2 =3 S S S = =
£ 3 2 & z = £ Z = F =3 &3 : oy
= ¢ 3 % & £ B85 £ £§ £§8 22 2: 232 832 EE
60* 32.8* 1.4% 2.6* 4.1%* 2.4% 7.7*%
1 6 M 36 1 1 50 8
G7) (22 (07 (13) (14 (1.1) (549
28* 12%* 0.5 0.5 2.2% 1.9% 0.6
2 4 F 71 1 2 100 87
5y (3)  (0.08) (0.16) (02) (02) (0.2)
3 1 F 52 1 3 200 84 9.4 n.d. 0.4 0.5 1.8% 0.6* 53
19.5*  11.0%* 0.7* 0.6* 3.6* 1.3*%  75.8%
4 3 F 64 1 5 40 96
63) (24 (02) (02) (23) 03) (39.8)
5 1 M 64 1 7 ? 13 19.9 11.0 0.6* 0.7* 5.1%* 2.7* 2.3
7 3.7 0.7* 0.5* 6.5% 1.6* 31*
6 4 F 53 1 5 120 16
2.6) (15  (03) (03) (1.7) (0.6) (41)
8.7 34 0.5 0.7* 1.8% 0.3 3.7
7 5 F 38 11 4 15 27
(3.4 0.9 (0.3)  (0.62) (0.7) 0.9) 4.3)
14.6 7.6 0.5*% 0.7* 2.2% 2.4% 11.4*
8 4 F 68 1I 1 40 88
(B9 (17)  (02) (041) (33) (1.7) (194
27* 10.3* 04 0.6* 3.0* 03 0.2
9 5 F 40 11 1 30 61
(188) (45) (02) (0.19) (14) (02) (0.1)
6.1 2.9 0.3 0.53 1.6 0.5 0.5
10 3 F 37 11 1 30 52
(1.9)  (0.4) (0.02) (0.08) (0.1) (0.1) (0.4
11 1 M 21 1I 6 80 18 6.7 2.7 0.7* 0.9* 0.7 0.3 2.5
12 1 F 50 11 5 ? 84 6.2 3.1 1.8* 1.1* 2.3% 0.4 13.2%
29F/1 40 7.8 2.8 0.3 0.4 0.9 0.2 1.8
controls N/A  N/A NA NA
6M  (25) (1.9)  (0.7) (04) (0.6) (0.5 (02) (2.1)

SBS type I. end-ostomy, SBS type II: bowel in continuity. Diagnoses: 1 mesenteric ischemia, 2 Crohn disease, 3 ulcerative colitis,
4 Gardner syndrome, 5 post-radiation enteritis, 6 post-surgical adhesion, 7 trauma. AST aspartate transaminase; ALT alanine
transaminase; ALP alkaline phosphatase; GGT gamma-glutamyl transpeptidase; CRP C-reactive protein. When applicable, data are given
as a median and interquartile range. Values marked with * were above the normal range in more than half samples during the

observation period.
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Table 3. Content of selected miRNA in the serum of PN-dependent patients and healthy controls.

Spearman’s correlation coefficient

symbol HGNC ID fold change p-value AST ALT ALP GGT CRP
MIRI122 31501 1.7 (1.8) 0.024 0.685* 0.873*  0.305 0.254 0.008
MIRI273G - 3.7 (6.9) 0.003 -0.048  -0.131  0.316 0.761*  0.531%
MIR5004 32134 2.1(1.9) 0.049 -0.157  -0.126  -0.038 -0.463* -0.021
MIRI199A1 31571 0.3 (0.5) 2.7x107 -0.070  -0.085 -0.246  -0.510*  -0.325
MIR505 32140 0.1 (0.1) 24x10" 0.336 0.250  -0.323  0.697* 0.056
MIRI139 31526 0.5(0.3) 0.025 -0.195  -0.254 -0.044 -0.599*  -0.338

Fold change is calculated as the ratio of normalized Ct values (patients vs a median of control cohort) and expressed as a median and
interquartile range (IQR). p-value shows the significance of the difference between control and patient cohorts (Kruskal-Wallis test with
Bonferroni correction). Spearman “s correlation coefficient: values marked by * are statistically significant at the level p<0.05.

MIRS505 is down-regulated in the serum of pancreatic
cancer patients (Schultz et al. 2014) and patients with
hepatocellular carcinoma (HCC) (Li et al. 2015) as well
as in serum of patients with primary biliary cirrhosis
(Ninomiya et al. 2013). In hepatoma cell lines down-
regulation of MIR505 promoted proliferation, invasion
and epithelial-mesenchymal transition (Lu et al. 2016).
Serum means values of MIR199a were significantly
decreased among HCC patients (Kamel ef al. 2016, Yin
et al. 2015) and served as a predictor of hepatitis B- or
hepatitis C-related HCC (Fiorino et al. 2016). MIR139
suppresses tumor growth and metastasis in HCC and its
decreased serum levels may serve as biomarker of this
pathology (Zou et al. 2018). MIR500a promotes the
progression of hepatocellular carcinoma and enhances
HCC (Bao et al. 2018, Jiang et al. 2017, Zhao et al.
2017). The biological function of MIR1273g has not been
described yet but the increased MIR1273g content was
observed in mice pancreatic cancer tissue (Rachagani
et al. 2015) and in human colorectal carcinoma tissue
(Vishnubalaji et al. 2015). Interestingly, the expression
pattern of all these five miRNAs in patients’ cohorts
(down MIR199a, MIR505, MIR139; up MIR500a,

References

MIR1273g) follows the
hepatocellular or pancreatic cancer. In our cohort of

signature characteristic of

patients, there was only one case with diagnosed
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Background: Liver transplantation leads to non-alcoholic fatty liver disease or non-
alcoholic steatohepatitis in up to 40% of graft recipients. The aim of our study was to
assess transcriptomic profiles of liver grafts and to contrast the hepatic gene expression
between the patients after transplantation with vs. without graft steatosis.

Methods: Total RNA was isolated from liver graft biopsies of 91 recipients. Clinical
characteristics were compared between steatotic (n = 48) and control (n = 43) samples.
Their transcriptomic profiles were assessed using Affymetrix HuGene 2.1 ST Array Strips
processed in Affymetrix GeneAtlas. Data were analyzed using Partek Genomics Suite 6.6
and Ingenuity Pathway Analysis.

Results: The individuals with hepatic steatosis showed higher indices of obesity
including weight, waist circumference or BMI but the two groups were comparable in
measures of insulin sensitivity and cholesterol concentrations. We have identified 747
transcripts (326 upregulated and 421 downregulated in steatotic samples compared
to controls) significantly differentially expressed between grafts with vs. those without
steatosis. Among the most downregulated genes in steatotic samples were P4HAT,
IGF1, or fetuin B while the most upregulated were PLINT and ME7. Most influential
upstream regulators included HNFTA, RXRA, and FXR. The metabolic pathways
dysregulated in steatotic liver grafts comprised blood coagulation, bile acid synthesis
and transport, cell redox homeostasis, lipid and cholesterol metabolism, epithelial
adherence junction signaling, amino acid metabolism, AMPK and glucagon signaling,
transmethylation reactions, and inflammation-related pathways. The derived mechanistic
network underlying major transcriptome differences between steatotic samples and
controls featured PPARA and SERPINET as main nodes.

Conclusions: While there is a certain overlap between the results of the current study
and published transcriptomic profiles of non-transplanted livers with steatosis, we have
identified discrete characteristics of the non-alcoholic fatty liver disease in liver grafts
potentially utilizable for the establishment of predictive signature.

Keywords: microarray, non-alcoholic fatty liver disease (NAFLD), transcriptomics profile, predictive signature, liver
transplant
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is the most common
chronic liver disease in industrialized countries, its prevalence
being estimated at 19-31.3% (1). It encompasses a range of
conditions that are thought to arise from fatty liver (simple
steatosis) through non-alcoholic steatohepatitis (NASH), which
refers to findings on liver biopsy reflecting typical metabolic
and inflammatory changes (fat-related inflammation) with or
without fibrosis in the absence of significant alcohol consumption
(2, 3). NASH may develop into liver cirrhosis and hepatocellular
carcinoma. Although NAFLD itself may be rather benign in
the majority of patients, it is associated with increased specific
(liver-related) mortality (4) and represents a substantial risk
particularly for both fatal and non-fatal adverse cardiovascular
events (5, 6) and chronic kidney disease (7).

The pathogenesis of NAFLD is multifactorial and multiple
genetic and behavioral factors were identified to contribute to
hepatic mishandling of fatty acids and carbohydrates as energy
sources, as recently reviewed in detail. The overload of fatty
acids in hepatocytes is deemed to result in the formation of
lipotoxic species, paving the way toward NASH and fibrosis (5).
As no targeted pharmacological therapy for NASH is currently in
general clinical use, the modification of lifestyle is of particular
importance in the prevention and therapy of this condition.
Physical exercise, diet, and their combination belong to major
modifiable aspects of non-pharmacological management of
NAFLD. Reduction in caloric intake and macronutrients such
as fat and carbohydrate have been utilized, sometimes with
supplementation of natural antioxidants, with the aim to treat
NAFLD (8-10). Although results of the studies have been so
far somewhat conflicting, consistent effects leading to alleviation
of NAFLD were repeatedly shown for weight loss and physical
exercise (11).

It has been previously reported that among liver transplant
recipients, post-transplant NAFLD affects 18-40% of subjects
(12-14) and even 39-70% (15, 16) of those transplanted for
NAFLD-related cirrhosis. At our Center, we performed a study
based on repeated liver graft biopsies up to 15 years from liver
transplantation and diagnosed graft steatosis in 56.4% patients,
a proportion significantly exceeding the NAFLD prevalence in
general population (17). In that study, liver graft steatosis was
associated with a trend for diminished survival (mostly due
to cardiovascular and oncologic reasons), and graft steatosis is
considered a risk factor for poor outcome (18).

In clinical practice, simple steatosis is a frequent finding on
ultrasonography, computer tomography or magnetic resonance
examination. Nevertheless, the disease progression and impact
on patient survival over time is the result of complex
and dynamic interactions among many processes and the
pathophysiological mechanisms leading to the development of
a progressive and deleterious form of damage to the liver graft
post-transplant as well as to the liver in general population are
incompletely understood. The possibility to identify markers
indicating the pro-steatotic condition of the graft prior to clinical
manifestation of NAFLD may allow to start the specific therapy
early and to reverse the negative trend. Moreover, we assume

that the situation in liver graft recipients could serve as a
valuable model for the study of NAFLD applicable to the general
population. Liver transplantation offers a unique opportunity to
follow graft recipients since engraftment, and unlike in general
population, most factors putatively involved in pathogenesis
could be extensively studied during the comprehensive follow-up
including the repeated graft biopsies.

While the gene expression and other “-omic” signatures
have been recently reported mostly for distinct oncological
conditions including liver cancer (19), the systems biology-level
analyses indicate that similar types of analyses applied to NAFLD
might produce clinically-relevant results (20-22). Therefore, the
aim of the presented study was to identify and contrast the
gene expression profiles in liver graft biopsies in a cohort of
patients either with or without histologically proven steatosis
who successfully underwent liver transplantation.

<

MATERIALS AND METHODS
Cohort

The cohort consisted of unselected adult liver transplant
recipients who received cadaveric whole or partial liver graft
in between 1995 and 2013 at the Institute for Clinical
and Experimental Medicine (IKEM) Prague, scheduled for
regular surveillance biopsy, and consented to participate in
the study. Recipients transplanted for HCV-related cirrhosis
were excluded unless they achieved sustained virologic response
after the antiviral treatment. The study conformed to the
ethical guidelines of the 1975 Declaration of Helsinki and was
approved by the Joint Ethics Committee of the Institute for
Clinical and Experimental Medicine and Thomayer Hospital.
All patients signed informed consent. Patients received different
immunosuppression protocols based either on cyclosporin or
tacrolimus depending on transplantation era. All relevant clinical
data are provided in Supplementary Table S1.

Clinical Assessment

All patients were followed by transplant physicians at the
Center at regular intervals. At the time of biopsy (£1 month),
clinical assessment (blood pressure, body weight, and abdominal
circumference measurement), as well as laboratory evaluations of
bilirubin, ALT, AST, GGT, ALP, total cholesterol, LDL- and HDL-
cholesterol, and triglycerides were performed. Patients further
underwent examination focused on insulin sensitivity: fasting
glucose, HbAlc concentration, C-peptide, and fasting insulin.
Based on these data, HOMA (homeostatic model assessment)
and QUICKI (quantitative insulin sensitivity check) indexes were
calculated. All biochemical analyses were performed by the in-
house routine biochemistry laboratory according to the approved
protocols. Total Bilirubin, ALT, AST, GGT, ALP, total cholesterol,
HDL-cholesterol, triglycerides a glucose were determined on
automatic Architect c16000 Analyzer (Abbott Diagnostics) using
the following kits: Bilirubin Total: 6L.45-21, ALT: 8L92-41, AST:
8L91-41, GGT: 7D65-21, ALP: 7D55-22, Cholesterol: 7D62-
21, HDL-Cholesterol: 3K33-21, Triglycerides: 7D74-21, and
Glucose: 3L82-41). LDL-cholesterol was calculated using the
Friedwald equation. HbAlc was measured by HPLC on Tosoh

Frontiers in Endocrinology | www.frontiersin.org

April 2019 | Volume 10 | Article 270


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Seda et al.

Liver Graft Steatosis Prediction Markers

Automated Glycohemoglobin Analyzer HLC 723 G8 (Tosoh
Corp., Japan). C-peptide was determined by immunochemistry
(ECLIA method) on Cobas e801 Analyzer (Roche Diagnostics).
Insulin was measured using an immunoradiometric (IRMA) kit
(Beckman Coulter, Prague, CR).

Histological Assessment

Liver graft biopsies were obtained either by Menghini technique
(1.6 G needle) or by true cut biopsy device. Formalin-fixed,
paraffin-embedded liver graft tissue was routinely processed
and 4 pum thick serial sections were stained according to the
standard protocol of our laboratory with hematoxylin and
eosin, elastic-van Gieson and Shikatas orcein method, Perls
Prussian Blue reaction, and periodic acid-Schiff technique after
diastase digestion. For the purpose of the study, all biopsies
were evaluated by two experienced pathologists. All biopsies
were classified according to the Kleiner’s histological scoring
system for NAFLD (23). NAS (NAFLD activity score) was
calculated as the sum of the scores for the hepatocellular
steatosis (0-3), lobular inflammation (0-3), and ballooning (0-
2). Additionally, the extent of the liver graft fibrosis stage
was classified as proposed by Kleiner et al. (23), i.e., (stage
1A—mild perisinusoidal fibrosis in zone 3; stage 1B—moderate
perisinusoidal fibrosis in zone 3; stage 1C—portal/periportal
fibrosis; stage 2—perisinusoidal and portal/periportal fibrosis;
stage 3—perisinusoidal and bridging fibrosis; stage 4—cirrhosis).
Liver graft steatosis was defined as the presence of liver fat in >5%
hepatocytes on hematoxylin-eosin staining.

RNA Isolation, Transcriptomics,

qPCR Validation

Liver tissue (20-30 mg) was placed into RNAlater (ThermoFisher
Scientific, Waltham, MA, USA) immediately after the biopsy
and then stored in —80°C until further processed. Total RNA
was isolated using TRIzol Reagent (ThermoFisher Scientific,
Waltham, MA, USA) and RNeasy Mini Kit (Hilden, Germany).
The quality and integrity of the total RNA were evaluated on the
Agilent 2100 Bioanalyzer system (Agilent, Palo Alto, CA, USA).
Only samples surpassing the minimal quality threshold (RIN
> 8.0) were used in the subsequent transcriptomic assessment.
Microarray experiments were performed using the GeneChip™
Human Gene 2.1 ST Array Strip (Thermo Fisher Scientific,
Waltham, MA, USA) on Affymetrix GeneAtlas™ system
(Thermo Fisher Scientific, Waltham, MA, USA) according to
manufacturer’s instructions. The quality control of the chips
was performed using Affymetrix Expression Console (Thermo
Fisher Scientific, Waltham, MA, USA); Partek Genomics
Suite 7.0 (Partek Inc., St. Louis, Missouri, USA) was used
for subsequent data analysis. Transcriptomic data were then
processed by standardized sequence of analyses (hierarchical
clustering and principal component analysis, gene ontology, gene
set enrichment, “Upstream Regulator Analysis,” “Mechanistic
Networks,” “Causal Network Analysis,” and “Downstream Effects
Analysis”) using Ingenuity Pathway Analysis (IPA hereafter,
Qiagen Redwood City, Inc., Redwood City, CA, USA). For
qPCR validation, the expressions of 19 selected transcripts were
verified in 47 randomly chosen samples (19 control, 28 steatotic).

The complete procedure involving reverse transcription (TATAA
GrandScript cDNA Supermix; TATAA Biocenter AB, Goteborg,
Sweden), pre-amplification (iQ Supermix, Bio-Rad Laboratories,
Inc., Hercules, CA, USA + Applied Biosystems TagMan Assays;
Thermo Fisher Scientific, Waltham, MA, USA) and High-
throughput qPCR System BioMark (Fluidigm Corporation,
South San Francisco, CA, USA) analysis using 48.48 Gene
Expression Dynamic Chip (Fluidigm Corporation, South San
Francisco, CA, USA). The primary analysis of the data was
performed by Fluidigm Real-Time PCR Analysis 4.1.2, the
comparisons were assessed using the Livak analysis method (24)
with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as
reference gene (Supplementary Figure S1).

Statistics

After applying quality filters and data normalization by Robust
Multichip Average algorithm, the set of obtained differentially
expressed probesets [analysis of variance with hepatocellular
steatosis (0 vs. 1,2, and 3) as fixed effect] was subsequently filtered
by false discovery rate (FDR) method implemented in PARTEK
Genomics Suite 7.0 (Partek Inc., St. Louis, Missouri, USA).
For further analysis, only genes showing statistically significant
(FDR < 0.05) differences in expression between patients with vs.
without steatosis were included in subsequent analyses. Selected
genes and patients were subject to two-dimensional hierarchical
cluster analysis with a Pearson correlation coeflicient being
a measure of dissimilarity. Outcomes of the cluster analysis
were displayed in a heatmap. Moreover, selected covariates
(time from transplantation, fibrosis, ballooning, inflammation,
NAS score) were analyzed with respect to steatosis using a
Spearman correlation coefficient. The results were also displayed
in heatmaps. Analyses were performed using a statistical
package R version 3.4.4 (25). P-values <5% were considered
statistically significant.

RESULTS

Cohort Comparison
Samples from 91 liver graft recipients (45 men, 46 women) passed
all the quality controls and were included in the subsequent
analyses. The relevant clinical characteristics are shown in
Table 1. The individuals with hepatic steatosis showed higher
indices of obesity including waist circumference and BMI. Except
for the latter two parameters, the subjects with mild steatosis
(grade 1) were comparable in remaining measures with controls.
The individuals with more severe steatosis (grade 2+43) in
their liver grafts had higher levels of ALT, total cholesterol
and triglycerides compared to controls, yet the values of these
parameters were still in the normal range. As expected, the
parameters associated with insulin sensitivity, i.e., fasting glucose,
HbA1c, fasting insulin, C-peptide, and HOMA index were higher
in patients with grade 243 steatosis compared to controls and
for fasting insulin, C-peptide and HOMA index even when
compared to subjects with grade 1 steatosis.

Immunosuppressive medication of patients in both cohorts
was comparable (Supplementary Table S2). All participants
were treated with calcineurin inhibitor tacrolimus, only a
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TABLE 1 | Clinical characteristics of patients without or with graft steatosis.

Non-steatosis

Steatosis grade 1 Steatosis grade 2, 3

(n =43) (n =37) (n=11)
Sex (women/men) 25/18 16/21 4/7
Age (years) 51.6 (49.0; 59.7) 61.7* (54.6; 66;6) 58.4 (47.1; 64.5)
Time from Tx (days) 906 (443; 3756) 899 (433; 1922) 751 (482; 1880)
BMI (kg/m?) 24.0 (21.5; 28.4) 26.2* (24.4; 31.0) 28.4* (26.8; 32.2)
Waist circumference (cm) 91.0 (17.5; 99.5) 103.0* (89.0; 111.0) 108.0* (102.5; 113.5)
LIVER FUNCTION TESTS
Total bilirubin (mol/l) 12.1(9.3;17.8) 12.5(9.9; 18.9) 13.5 (8.35; 16.4)
AST (nukat/l) 0.38 (0.32; 0.44) 0.41(0.33; 0.47) 0.49 (0.38; 0.58)
ALT (wkat/l) 0.4 (0.34; 0.48) 0.45 (0.35; 0.61) 0.59% (0.58; 0.72)
ALP (nkat/l) 1.32(1.08; 1.16) 1.31(1.07; 1.69) 1.54 (1.21; 2.18)
GGT (nkat/l) 0.36 (0.28; 0.54) 0.38 0.28; 0.73 0.93% (0.53; 1.44)
LIPID METABOLISM
TAG (mmol/l) 1.0(0.8; 1.9 1.1(0.9;1.4) 1.8 (1.3; 2.6)
Total cholesterol (mmol/l) 4.5 (3.8; 5.0) 4.4 (3.7; 4.9) 4.8 (4.2, 5.4)
LDL-cholesterol (mmol/l) 2.5(2,0;3.0) 2.5(1.9; 3.0) 3.2(1.9; 3.4)
HDL-cholesterol (mmol/l) 1.3(1.1;1.5) 1.2(1.0; 1.4) 1.1(0.8;1.2)
GLUCOSE METABOLISM
Fasting glucose (mmol/l) 5.2 (4.9; 5.6) 5.2 (4.9; 6.0) 5.8 (5.6; 6.6)
HbA1c (mmol/mol) 37 (32; 40) 37 (32; 43) 41 (36; 47)
C-peptide (nmol/l) 0.7 (0.6; 0.9) 0.8(0.7;0.9) 1.2 (0.9; 1.5)
Fasting insulin (1U/ml) 7.1(4.35; 8.8) 7.0 (5.2;9.6) 10.1*# (6.9; 18.1)

HOMA-IR
QUICKI

1.554 (0.982; 2.182)
0.337 (0.339; 0.3845)

2.6467* (1.518; 4.361)
0.330 (0.308; 0.360)

1.647 (1.139; 2.559)
0.354 (0.332; 0.375)

Data are given as a median (1st quartile; 3rd quartile). Statistical significance between both groups was calculated by Student’s t-test with Bonferroni correction. *p < 0.05 compared
to non-steatosis, *p < 0.05 compared do steatosis grade 1. ALT alanine aminotransferase; ALF, alkaline phosphatase; AST, aspartate aminotransferase; BMI, body mass index; CRRP,
C-reactive protein; GGT, gamma-glutamyl transferase; HDL, high-density lipoprotein; HbATc, glycated hemoglobin; HOMA-IR, homeostatic model assessment for insulin resistance;
LDL, low-density lipoprotein; QUICKI, quantitative insulin sensitivity check index; TAG, triacylglycerol; Tx, transplantation.

few were receiving cyclosporine. In addition, most of the
patients received mycophenolate mofetil, while azathioprine,
sirolimus or everolimus were prescribed only to the minor
portion of patients. Eleven patients without steatosis and
twelve patients with steatosis received antilymphocyte
induction with either antithymocyte globulin or anti-
CD25 monoclonal antibody (daclizumab or basiliximab).
All received a high dose of methylprednisolone during
anhepatic phase (immunosuppressive therapy is detailed in
Supplementary Table S1). In the subcohorts of patients with
steatosis, statin, insulin and PAD treatment was more frequent
compared to the patients without steatosis.

In the whole cohort, the prevailing primary diseases leading
to liver transplantation were alcoholic cirrhosis and biliary
cirrhosis. In patients with graft steatosis, the alcoholic cirrhosis
was more frequent (29.2 vs. 11.6% in steatosis group vs. controls,
respectively), while in controls, the biliary cirrhosis dominated
(18.8 vs. 41.9%). Other diagnoses represented in both groups
included hepatitis B (10.4 vs. 2.3% in steatosis group vs. controls,
respectively), hepatitis C (all of them genotype 1) (4.2 vs. 7%),
autoimmune disorders (8.3 vs. 7%) and cryptogenic cirrhosis
(8.3 vs. 2.3%). Less frequent diagnoses distinct from the above
comprised 20.8 and 23.3% of steatotic cases and controls,
respectively. These diagnoses included polycystic liver disease

(n = 5), epithelioid hemangioendothelioma (n = 3), acute liver
failure (n = 3), hepatic adenoma (n = 2), cholangiocarcinoma
(n = 2), Wilson’s disease (n = 2), alpha-1 antitrypsin deficiency
(n = 1), neuroendocrine carcinoma (n = 1), and Rendu-Osler
disease (n =1).

Transcriptome Comparison

In order to find genes significantly associated with steatosis
in transplanted liver grafts, we adopted a strategy based on
testing the difference of transcriptome profiles between patient’s
steatotic and non-steatotic cohorts. All subjects with the liver
fat content higher than 5% were included in the steatotic group
while those with <5% of liver fat were considered as non-
steatotic. After correction for multiple testing (FDR < 0.05),
we identified 747 significantly differentially expressed transcripts
(326 upregulated and 421 downregulated in steatotic samples
compared to controls) out of 53,617. The top differentially
expressed genes are shown in Table2, the complete set is
provided in Supplementary Table S3.

We further performed hierarchical clustering of the genes
selected in the previous step. Most of the graft recipients
tended to form separate clusters according to the level of
steatosis (Figure 1A). This analysis, expectedly, revealed two
distinct clusters of transcripts based on their expression

Frontiers in Endocrinology | www.frontiersin.org

April 2019 | Volume 10 | Article 270


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Seda et al.

Liver Graft Steatosis Prediction Markers

TABLE 2 | Top differentially expressed transcripts.

Symbol Gene name Fold change p

P4HAT Prolyl 4-hydroxylase —2.26 1.08E-07
subunit alpha 1

CYP1A1 Cytochrome P450 —1.98 7.75E-05
family 1 subfamily A
member 1

IGF1 Insulin-like growth —1.73 3.27E-06
factor 1

SHBG Sex hormone binding —-1.72 3.10E-07
globulin

SLC2A12 Solute carrier family 2 —1.66 2.71E-06
member 12

ENST00000560967 Predicted non-coding —1.59 3.46E-07
transcript

IGFBP2 Insulin-like growth —1.58 7.75E-08
factor binding protein
2

PROZ Protein Z, vitamin K —1.50 6.29E-04
dependent plasma
glycoprotein

APOA4 Apolipoprotein A4 1.55 1.95E-04

ME1 Malic enzyme 1 1.565 4.30E-05

SERPINE1 Serpin family E 1.56 5.73E-04
member 1

PLINT Perilipin 1 1.65 5.33E-05

SCUBET Signal peptide, CUB 1.66 3.42E-07
domain and EGF like
domain containing 1

MAMDC4 Mam domain 1.67 2.31E-07
containing 4

DOPEY2 Dopey family 1.69 3.43E-04
member 2

LOC101928635 Uncharacterized 1.70 2.73E-04
LOC101928635

Only the transcripts showing >50% difference in fold change of gene expression in
steatotic vs. non-steatotic grafts ratio are shown. Unadjusted p-values are indicated (FDR
< 0.05 cut-off value is 8.29 E-04).

patterns. We further wanted to know whether the genes
differentially expressed in steatotic grafts show association with
other features of liver histology typical for NAFLD/NASH
and therefore we displayed inflammation, ballooning, fibrosis
level, and NAS score, in the clustering heatmaps as well.
We found no association between steatosis and fibrosis grade
(p = 0.8877) (Supplementary Figure S2) or the time interval
from transplantation (p = 0.2873) (Supplementary Figure S3)
respective. On the other hand, the graft recipients showed
significant associations between steatosis and the NAS score (p <
0.0001), ballooning (p < 0.0001), and inflammation (p < 0.0001)
(Figures 1B-D).

Identification of Deregulated

Metabolic Pathways

In order to identify the metabolic processes and functions
deregulated in steatotic grafts we subjected the set of 747
differentially expressed genes to systematic set of gene

enrichment, clustering and network analyses using several
dedicated tools and databases—IPA, KEGG (Kyoto Encyclopedia
for Genes and Genomes) and DAVID (Database for Annotation,
Visualization and Integrated Discovery).

We identified following significantly enriched biological
processes: blood coagulation, bile acid synthesis, and transport,
cell redox homeostasis, lipid and cholesterol metabolism,
epithelial adherence junction signaling, amino acid metabolism,
AMPK and glucagon signaling, transmethylation reactions, and
inflammation-related pathways. The list of all significantly
deregulated pathways and involved genes is shown in Table 3.
Employing IPA, we predicted the potential upstream regulators
that may modulate the gene expression in steatotic grafts,
including FXR-ligand-FXR-retinoic acid-RXRa, NR1H4, RXRa,
HNFla, HNF4a, and INSR. Furthermore, using the Regulator
effect module, we identified the downstream processes most
likely to be perturbed in steatotic grafts, including the transport
of specific substances and cellular export machinery (Figure 2).
Then we proceeded to generate mechanistic networks based
on the observed significant expression shifts. The network
reaching the highest arbitrary score in IPA is shown in
Figure 3. Several distinct major nodes are apparent including
PPARA downregulated in steatotic grafts and SERPINEI
upregulated in steatosis compared to controls. These results
combined show systematic shifts of gene expression that
distinguish liver grafts with vs. those without signs of
steatosis development.

DISCUSSION

In this study, we identified a set of 747 genes associated
with the development of graft steatosis in patients after liver
transplantation. Previously, Ryaboshapkina (26) published
systematic meta-analysis of available human gene expression
studies on liver biopsies and bariatric surgery samples from
NAFLD patients. Using regression models, they identified a set
of 280 genes showing a consistent association with NAFLD in
at least three independent studies. Thirty genes from this list
overlap with those identified by us including genes involved in
cellular stress (annexins, DNAJCI12), mitochondrial metabolism
(PPARGCI, ATPIAI), lipid and cholesterol metabolism
(PPARA, LPINI, ABC transporters, APOF), regulation of
gene expression (H2AFY) or extracellular matrix metabolism
(LAMA 2,3/LAMA5, PCOLCE2). The possible explanation for
the difference between our and others’ studies may arise from
several reasons. First, the cohort represents a rather unique
subset in the “garden variety” NAFLD patients given the fact
that our study was performed on liver transplant recipients.
Therefore, while presumably there are common mechanisms
underlying most NAFLD cases, specific changes may be at play
in its pathogenesis in the transplanted graft. Also, we cannot
exclude the effect of administered immunosuppressive and
concomitant therapy (ursodeoxycholic acid, statins). Second,
all of the above-mentioned studies were focused on markers of
NAFLD progression toward NASH and fibrosis; however, an
only minor fraction of our patients exhibited these pathologies.
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FIGURE 1 | Gene expression heatmaps with the clustering dendrogram of samples. Samples are colored according to (A) the grade of steatosis classified according
to the Kleiner’s histological scoring system for NAFLD (23); (B) the NAS score. NAS score was calculated as the sum of the scores for the hepatocellular steatosis
(0-3), lobular inflammation (0-3), and ballooning (0-2); (C) the ballooning; (D) grade of inflammation.
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Traditionally NAFLD is one of the hallmarks of insulin
resistance. In our cohort of patients with graft steatosis, we saw
clear markers of deregulated glucose metabolism in individuals
with steatosis grade 2+3 but not in those with the only mild
form of the disease (grade 1). Because of the limited cohort
size, we had to combine all steatotic samples into one set in
order to perform a transcriptomic analysis. When we performed
hierarchical clustering on the selected set of NAFLD-associated
genes we observed clear grouping of individuals with grade 3
steatosis but subjects with grade 2 steatosis did not form a
separate cluster and were mixed with both grade 1 and grade
3 samples in a diffused manner. This result indicates that the
expression of NAFLD-associated genes is altered even in the early
stages of NAFLD prior to the onset of insulin resistance.

Within our subset of deregulated genes, we identified
metabolic pathways associated predominantly with cholesterol
and bile acid metabolism, inflammation, lipid metabolism,
blood coagulation, and oxidative stress. Interestingly, similar
pathways were unveiled by meta-analysis performed by Wruck
et al. (27) on NAFLD datasets published by Ahrens (28), du
Plessis (29), Horvath (30), and Wruck (31). Several deregulated

pathways are associated with cholesterol metabolism. There
is a growing body of evidence that poor NAFLD outcome,
i.e., progression toward NASH and cirrhosis, is not associated
with triglyceride accumulation per se but rather with altered
cholesterol homeostasis and free cholesterol accumulation (32).
In our cohort of patients, several pathways profoundly involved
in cholesterol metabolism (FXR/RXR activation, LXR/RXR
activation, bile acid biosynthesis, bile acid excretion, ABC
transporters) were significantly downregulated in steatotic grafts.
Consequently, this implicates that cholesterol conversion to bile
acids, cholesterol efflux to the bile as well as cholesterol transport
to apo-Al and HDL-C formation were reduced.

Farnesoid X receptor (FXR) pathway downregulation in
grafts that developed steatosis corroborates the data on this
major bile acid sensor and metabolism regulator (33) involved
in the gut-liver axis homeostasis. Observations showing that
activation of FXR directly leads to decrease in liver lipogenesis
and amelioration of insulin sensitivity served as the rationale
for the development of FXR agonists (e.g., obeticholic acid)
as potential therapeutic agents for NAFLD (34, 35). Taken
together, all these data suggest that alteration of cholesterol
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TABLE 3 | Metabolic pathways deregulated in steatotic liver.

Pathway ID Database Description p-value Involved genes
G0:0002576 DAVID Platelet degranulation 0.000 A2M, F5, FGA, IGF1, SERPINE1
hsa04610 KEGG Complement and coagulation 0.000 A2M, CPB2, F5, C2, C9, FGA, KLKB1, MBL2, SERPINCT1,
cascades SERPINET
GO:0007596 DAVID Blood coagulation 0.000 GNAQ, CPB2, F5, FGA, RAC1, SERPINC1
GO:0042730 DAVID Fibrinolysis 0.008 CPB2, FGA, KLKB1, SERPINE1
IPA Coagulation system 0.008 A2M, F5, FGA, KLKB1, SERPINC1, SERPINET1
IPA Intrinsic prothrombin activation 0.045 COL5A3, F5, FGA, KLKB1, SERPINC1
pathway
GO:0006699 DAVID Bile acid biosynthetic process 0.000 ABCB11, ACOX2, CYP27A1, CYP7B1, SLC27A5
hsa00120 KEGG Primary bile acid biosynthesis 0.030 ACOX2, CYP27A1, CYP7B1, SLC27A5
hsa04976 KEGG Bile secretion 0.010 ABCC2, ATP1B1, SLC27A5, ABCG2, AQPS8, ABCB11, ATP1A1
hsa02010 KEGG ABC transporters 0.042 ABCA6, ABCB11, ABCC2, ABCG1, ABCG2
GO:0045454 DAVID Cell redox homeostasis 0.022 ADI1, ALDH1A1, ALDHBEAT, AOX1, CBS, CYP1A1, CYP27A1,
CYP7B1, LIPF, ME1, MTHFD1, MAOB, NOS1, P4HA1, SESN3
hsa01230 KEGG Biosynthesis of amino acids 0.003 ACO1, ASS1, CTH, CBS, MAT1A, MAT2B, OTC, PSAT1
IPA Cysteine biosynthesis/homocysteine 0.027 CBS/ CBSL, CTH
degradation
IPA S-adenosyl-L-methionine 0.045 MAT1A, MAT2B
biosynthesis
hsa03320 KEGG PPAR signaling pathway 0.036 ACOX2, CYP27A1, PLIN1, PPARa, PCK2, SLC27A5
IPA FXR/RXR activation 0.000 ABCB11, ABCC2, AKT1, APOA4, APOF, C9, CYP27A1, FETUB,
FGA, GC, ITIH4, ORM1, PCK2, PON3, PPARa, PPARGC1«,
SLC27A5
IPA LXR/RXR activation 0.013 ABCG1, APOA4, APOF, C9, FGA, GC, IL18RAR, ITIH4, ORM1,
PON3
IPA AMPK signaling 0.045 AKT1, EP300, INSR, KAT2B, MAPK13, PCK2, PIK3R4,
PPARGCT1a, PPM1D, RAB11A, RAB27A, SIRT1
hsa04922 KEGG Glucagon signaling pathway 0.004 AKT1, EP300, GNAQ, CAMK2D, ITPR2, PPARa, PCK2,
PPP4R3B, SIRT1
IPA LPS/IL-1 mediated inhibition of RXR 0.013 ABCB11, ABCC2, ABCG1, ACOX2, ALDH1A1, ALDH6AT,
function IL18RAR, MAOB, MGST2, PPARa, PPARGC1a, SLC27A5,
SULT1A2, SULT1C3
IPA Acute phase response signaling 0.036 A2M, AKT1, C2, C9, FGA, ITIH4, KLKB1, MAPK13, MBL2,
ORM1, SERPINET
IPA Epithelial adherence junction signaling 0.041 ACVRC1, AKT1, APC, ARPC1A, CDH2, CTNNAT1, MET, PARD2,

RAC1, RAP1A

homeostasis, cholesterol accumulation within hepatocytes, and
down-regulation of bile acid synthesis are characteristic features
of graft steatosis and may play a role in NAFLD progression.

As expected, we identified deregulation of lipid metabolism-
related pathways, i.e., the down-regulation of PPAR signaling
and AMPK signaling. This metabolic milieu setting promotes
the triglyceride accumulation and weakens their oxidation what
further establish the pro-steatotic feedback loop. Our previous
study demonstrated that high serum triglyceride level was an
independent risk for graft steatosis (17).

Oxidative stress (36) and inflammation (37) belong to the
well-recognized components of NAFLD/NASH pathophysiology.
In our cohort of patients, we observed significant down-
regulation of 15 genes involved in the maintenance of redox
homeostasis what implicates at least an increased susceptibility to
the oxidative stress. The patients in our cohort did not manifest
histological markers of severe inflammation and therefore it
is not surprising that we did not find an increased activation
of pro-inflammatory cytokines and other related genes that

were reported in transcriptomic studies focused on NAFLD
progression toward NASH or fibrosis (26, 38). Furthermore,
all liver graft recipients are subjected to immunosuppressive
treatment. Nevertheless, we detected the up-regulation of
LPS/IL-1 mediated inhibition of RXR function suggesting
the presence of subclinical inflammation or infection. RXR
inactivation results in attenuation of the expression of hepatic
transport and biosynthesis enzymes (ABC, CYP) what, together
with other factors, may contribute to the described metabolic
alterations in the liver.

We observed down-regulation of S-adenosyl-L-methionine
biosynthetic ~pathway, particularly ~S-adenosylmethionine
synthetases MATIA and MAT2B, in steatotic grafts. Their
product S-adenosylmethionine is a cofactor involved in methyl
group transfers. It is essential for numerous biological processes
like methylation of phospholipids that affects membrane fluidity
(39), or epigenetic silencing via methylation of gene promoter
regions (40). Its role in NAFLD/NASH development was
unraveled in experimental animal models (41) and confirmed in
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FIGURE 2 | Upstream regulators and downstream processes most affected in steatotic liver grafts. Mechanistic network summarizing main differences in activation
(not present) or inhibition (shades of blue) of upstream regulators (top part) and downstream processes (bottom part) in steatotic liver grafts as compared with the
non-steatotic transplanted controls. Gene expression comparison between the two groups is shown according to the level of its difference in shades of green
(downregulation in steatotic samples) or red (upregulation, not present). Lines depict direct (full lines) or indirect (dashed lines) known interactions. Derivation of the
network was performed using Ingenuity Pathways Analysis. The gene symbols are used in accordance with the names approved by the HUGO Gene Nomenclature

Committee.
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FIGURE 3 | Network analysis of steatosis in transplanted liver grafts. The figure represents the network with the highest score derived using the set of transcripts
showing significant difference in expression between steatotic liver grafts and the non-steatotic transplanted controls. The level of difference in gene expression
between the two groups is shown in shades of green (downregulation in steatotic samples) or red (upregulation in steatotic samples). Empty symbols indicate entities
not found in the experimental dataset of differentially expressed genes. Lines depict direct (full lines) or indirect (dashed lines) known interactions. Derivation of the
network was performed using Ingenuity Pathways Analysis. The gene symbols are used in accordance with the names approved by the HUGO Gene Nomenclature

Committee.
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human studies (42-44). Importantly, MATIA gene expression in
the liver can distinguish between patients with mild vs. advanced
NAFLD (38, 45). In our cohort with rather mild steatosis, we
found modest but significant downregulation of MATIA and
MAT2B. Together with other findings, our data indicate that the
expression of these genes may serve as one of the indicators of
NAFLD progression.

In our study, several pathways associated with blood
coagulation  (intrinsic ~ prothrombin  pathway, platelet
degranulation, fibrinolysis and  complement/coagulation
cascade) were significantly deregulated. Rather surprisingly,
their activation pattern was incoherent. In accordance with
previously published observations that consider NAFLD to
be the pro-thrombotic state (46), we confirmed significantly
increased expression of SERPINEI (PAI-1). In contrast, all other
genes involved in blood coagulation pathways were down-
regulated. We could speculate that this downregulation may
either represent a counter-regulatory mechanism compensating
for the increased risk of thrombosis or reflect the decreased
general proteosynthesis in the transplanted liver.

In an attempt to identify the major drivers of the observed
gene expression changes, we identified NR1H4, HNFlo, HNF4e,
RXRa, and FXR-RXR among top upstream regulators that
govern the expression of the number of downstream targets
differentially expressed in steatotic grafts. These transcription
factors belong to the family of liver-enriched transcription factors
that regulate hepatocyte-specific gene transcription (47). They
control numerous functions including glucose and fatty acid
metabolism, synthesis of blood coagulation factors, detoxification
(CYP450 activity) and biliary metabolism. In our cohort of
patients, we did not observe the downregulation of HNF
transcription factors itself but we observed deregulation of many
of their downstream targets. However, the activity of HNF
transcription factors is regulated on several posttranscriptional
levels and our findings suggest that deregulation of these
transcription factors may represent an early event in the
deterioration of overall hepatic function.

Not surprisingly, hierarchical clustering analysis confirmed
the association between the selected set of differentially expressed
genes and groups of graft recipients based on the level of steatosis.
More interestingly, we found that based on the expression
patterns of these “pro-steatotic” genes the graft recipients tend
to cluster also according to the other histological markers of
NAFLD activity score (NAS), inflammation or ballooning (a
histological marker of mitochondrial dysfunction). This finding
supports the hypothesis that our set of genes may be indicative
for the negative prognosis of further NAFLD development in the
transplanted liver.

We have found no association between gene expression
pattern and graft fibrosis, despite fibrosis is considered an
important feature of NAFLD progression. The explanation could
be the low number of patients with high NAS score (with
advanced NAFLD), which comprised <10% in our study with
extensive follow up of our recipients (17). Other reason for this
finding could arise from the nature of population studied, where
many other factors besides NAFLD could contribute to graft
fibrosis, namely subclinical graft rejection, disease recurrence,

and transfer from the donor, which could not be excluded.
Importantly we have found no association of gene expression
pattern and time elapsed between engraftment and liver biopsy.

Despite its merits, our study has limitations that are important
to acknowledge. First, prior further considerations, validation
of the ascertained expression profiles and networks must be
performed on an independent cohort. Second, the cross-sectional
design of the study precludes the use of discrete data points
to reflect NAFLD development. The fact that a particular gene
or pathway is differentially expressed in NAFLD patients may
identify it as a marker but it does not imply its causative
role in NAFLD development. Further mechanistic studies are
necessary to verify or disprove the role of identified genes in the
disease progression.

CONCLUSIONS

In summary, we present transcriptomic profile and pathway
deregulation patterns distinguishing steatosis-prone from
steatosis-free transplanted liver grafts. While some parts of the
identified molecular signature are shared with those found in
NAFLD in non-transplanted individuals, the unique revealed
characteristics may, upon validation in independent studies, lay
the groundwork for the establishment of predictive assessment
of NAFLD risk in liver grafts.
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Abstract

Background & aims

MiR-33a has emerged as a critical regulator of lipid homeostasis in the liver. Genetic defi-
ciency of miR-33a aggravates liver steatosis in a preclinical model of non-alcoholic fatty liver
disease (NAFLD), and relative expression of miR-33a is increased in the livers of patients
with non-alcoholic steatohepatitis (NASH). It was unknown whether miR-33a is detectable
in the serum of patients with NAFLD. We sought to determine whether circulating miR-33a
is associated with histological hepatic steatosis, inflammation, ballooning or fibrosis, and
whether it could be used as a serum marker in patients with NAFLD/NASH.

Methods

We analysed circulating miR-33a using quantitative PCR in 116 liver transplant recipients
who underwent post-transplant protocol liver biopsy. Regression analysis was used to
determine association of serum miR-33a with hepatic steatosis, inflammation, ballooning
and fibrosis in liver biopsy.

Results

Liver graft steatosis and inflammation, but not ballooning or fibrosis, were significantly asso-
ciated with serum miR-33a, dyslipidemia and insulin resistance markers on univariate analy-
sis. Multivariate analysis showed that steatosis was independently associated with serum
miR-33a, ALT, glycaemia and waist circumference, whereas inflammation was indepen-
dently associated with miR-33a, HbA1 and serum triglyceride levels. Receiver operating
characteristic analysis showed that exclusion of serum miR-33a from multivariate analysis
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resulted in non-significant reduction of prediction model accuracy of liver steatosis or
inflammation.

Conclusions

Our data indicate that circulating miR-33a is an independent predictor of liver steatosis and
inflammation in patients after liver transplantation. Although statistically significant, its contri-
bution to the accuracy of prediction model employing readily available clinical and biochemi-
cal variables was limited in our cohort.

Introduction

NASH has become a major cause of cirrhosis and hepatocellular carcinoma, and represents
one of the most common indications for liver transplant in the United States [1]. NASH devel-
ops in the context of hepatic steatosis, a process during which hepatocytes accumulate exces-
sive amount of lipids via mechanisms that have only recently been characterized [2] [3]. Liver
steatosis develops in up to 50% of liver transplant recipients and shares many etiopathogenetic
factors with steatosis in NAFLD patients in general population [4-7].

Recent reports have highlighted the critical role of microRNAs in regulation of hepatic stea-
tosis. MicroRNAs negatively regulate expression of a wide variety of proteins involved in lipid
metabolism, and thus post-transcriptionally modify lipolysis, lipogenesis and lipoprotein turn-
over [8]. In addition, microRNAs are exported from liver cells and their profile in the serum
correlates with the underlying mechanism of liver pathology in preclinical models of liver dis-
ease [9].

Numerous studies have shown that miR-33 is a critical microRNA regulating metabolism
of fatty acids and cholesterol by cooperating with transcription factors SREBP-1 and -2 (sterol-
regulatory element-binding protein-1 and -2), respectively, and by regulating expression of
genes of lipid and cholesterol synthesis [10] [11]. Mice deficient in miR-33a exposed to high-
fat diet develop severe fatty liver disease, compared to wild-type littermates [12]. In a recently
published clinical trial, increased expression of miR-33a in the liver was associated with steato-
hepatitis in morbidly obese humans [13].

Considering the crucial role of miR-33a in hepatic lipid metabolism and its increased pres-
ence in steatotic livers in humans, we hypothesized that miR-33a will be increased in the
serum of patients with NAFLD and could be used as non-invasive diagnostic marker. We eval-
uated this hypothesis in a cohort of patients after liver transplant and used this cohort because
of its well-defined demography, clinical data, meticulous follow-up and availability of protocol
liver biopsy. Here we show that circulating miR-33a is significantly increased in serum of
patients with fatty liver disease after liver transplantation, and that circulating miR-33a is inde-
pendently associated with steatosis and lobular inflammation in liver biopsy.

Patients and methods
Patients

One hundred and sixteen liver transplant recipients undergoing protocol liver biopsy during
standard post-transplant follow up between May 2015 and May 2017 were enrolled in this pro-
spective study. We excluded patients with known or suspected alcohol abuse after liver trans-
plantation (LTx), with HCV infection of the graft or with corticosteroids administration
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higher than 5 mg of prednisone per day. The most common indications for LTx in our cohort
were biliary disorders (PBC, PSC, overlap PSC/AIH; 33 patients, 28.5%), alcoholic liver disease
(28 patients, 24.1%) and HBV, autoimmune hepatitis and cryptogenic cirrhosis (8 patients, 7%
each, S1 Fig). Only one patient in our cohort was indicated for LTx because of NASH (0.9%).
All patients included in the study signed informed consent for participation in the study. The
study conformed to the ethical guidelines of the 1975 Declaration of Helsinki and was
approved by the Joint Ethics Committee of the Institute for Clinical and Experimental Medi-
cine and Thomayer Hospital.

Clinical data and laboratory testing

Blood samples were collected in fasted state in the morning prior to liver biopsy. We measured
serum glucose, HbAlc, C-peptide, insulin, triglycerides, total cholesterol, LDL-cholesterol,
HDL-cholesterol, bilirubin, ALT, AST, blood count, and creatinine. All these analyses were per-
formed in an accredited biochemistry laboratory according to the standard manufacturer’s pro-
tocols. Homeostatic model assessment index (HOMA-IR), the quantitative insulin-sensitivity
check index (QUICKI) and the glomerular filtration rate (MDRD-GFR) were calculated using
standard formulas. We also analysed clinical and anthropometric data, including age, body
mass index (BMI), waist circumference, time from liver transplantation (LTx), presence of
comorbidities such as hypertension, diabetes, and prescription medications (especially immu-
nosuppressive drugs). Next, we analysed clinical and anthropometric data of liver graft donors.

Circulating miRNAs relative expressions analysis

Blood samples for miRNA relative expressions analysis were collected at the same time as
blood samples for biochemical testing on same day when liver biopsy was performed. Serum
was separated by centrifugation and stored at -80°C. MiRNAs were isolated from serum using
miRCURY RNA isolation kit for biofluids (EXIQON). Before isolation, serum samples were
spiked with control miRNA cel-miR-39-3p (QIAGEN), which served as control of quality of
isolation and as reference gene. RNAcarrier—bacteriofage MS2 (Roche) was added for better
yield.

Liver biopsy

Liver biopsies were performed using the Menghini technique. Histologic sections of formalin-
fixed, paraffin-embedded liver tissue were routinely stained according to the standard proto-
cols. All samples were reviewed by an experienced histopathologist who was blinded to
miRNA analysis. Liver biopsies were graded according to the scale published by Kleiner,
where four morphological features related to NAFLD were semi-quantitatively appraised on
light microscopy: steatosis, lobular inflammation, hepatocellular ballooning and fibrosis [14].

Statistical analysis

One-way ANOVA or Mann-Whitney test, when appropriate, were used for comparison of
continuous variables, and chi-square or Fisher’s exact test were used for comparison of pro-
portions. To assess the role of miRNAs, clinical and demographic variables in clinical out-
comes, stepwise logistic regression was used. Predicted probability values for clinical outcomes
calculated in regression models were used to construct receiver operating characteristic curves.
Goodness-of-fit statistics were assessed for all regression models. The level of significance was
set at P less than 0.05. All P values were two sided. Statistical calculations were performed
using SPSS Statistics Version 25 (IBM Corporation).
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Results
Cohort characteristics

Demographic and clinical data of all patients enrolled in the study are shown in Table 1 and S1
Table. In total, 116 patients (median BMI was 25.3 kg/m?) in stable clinical condition partici-
pated in the study (60 men and 56 women). Median time from LTx was 2.2 years (minimum: 1
year, maximum: 20.5 years). Thirty-one patients had diabetes and 70 patients had hyperten-
sion. On average, plasma levels of aminotransferases were within normal range (Table 1).
Donor characteristics and immunosupresion regimens are described in S1 Table.

Liver biopsy findings are shown in Fig 1. Steatosis, lobular inflammation, ballooning of any
grade, and fibrosis of any stage were present in 53%, 40%, 18% and 100% patients, respectively
(Fig 1). Advanced degree of steatosis (>2), lobular inflammation (>2), ballooning (>2) or
fibrosis (>3) was present in 13%, 8%, 2% and 18% patients, respectively (Fig 1).

Table 1. Demographic and clinical characteristics of enrolled patients. Data are given as N (%) or median (1* - 3rd
quartile).

N=116
Male gender 60 (52%)
Age [years] 56.8 (42.0-64.8)
Time from LTx [days] 805 (446-2381)
BMI [kg/m?] 25.3 (22.4-29.5)
Waist circumference [cm] 96 (85-107)
Hypertension 70 (60.3%)
Diabetes 31 (27%)
Statins 19 (16.4%)
Laboratory values: Reference range:
Bilirubin [pmol/L] 12.2 (9.2-18) 3.4-20
AST [pkat/L)] 0.40 (0.33-0.47) 0.17-0.75
ALT [pkat/L) 0.45 (0.37-0.59) 0.17-1.17
Glycaemia [mmol/L] 5.3 (4.9-6.0) 3.6-5.59
HbAlc [%] 37.0 (32.8-41.3) 20-42
C-peptide [nmol/L] 0.8 (0.6-1.1) 0.26-1.03
Insulinemia [mIU/mL] 7.6 (4.8-10.0) 2.1-22
HOMA-IR 1.8 (1.1-2.6) 0.5-1.4
QUICKI 0.35 (0.33-0.38) 0.45-0.339
Triglycerides [mmol/L] 1.1 (0.8-1.6) 0.5-1.69
Total cholesterol [mmol/L] 4.5 (3.8-5.0) 2.9-5
LDL-cholesterol [mmol/L] 2.6 (2.0-3.1) 1.2-3
HDL-cholesterol [mmol/L] 1.2(1.0-1.4) 1-2.1
Creatinine [pumol/L] 92 (79-115) 49-90
MDRD-GFR [ml/min/1.73%] 68 (53-80) > 80
WBC [x10°/L] 6.1 (4.9-7.3) 4-10
Erythrocytes [x10'%/L] 47 (4.3-5.1) 3.8-5.2
Haemoglobin [g/L] 136 (125-150) 120-160
Thrombocytes [x10%/1] 174 (143-219) 150-400
CRP [mg/L]* 2.4 (1-4.5) 0-5

* CRP was measured only in 59 patients from the cohort

https://doi.org/10.1371/journal.pone.0224820.t001
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Distribution of liver histology findings
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Fig 1. Distribution of liver histology findings in our cohort. Steatosis, lobular inflammation, ballooning of any grade, and fibrosis of any stage were present in 53%,
40%, 18% and 100% patients, respectively. Advanced degree of steatosis (>2), lobular inflammation (>2), ballooning (>2) or fibrosis (>3) was present in 13%, 8%, 2%
and 18% patients, respectively.

https://doi.org/10.1371/journal.pone.0224820.9001

Circulating miR-33a is increased in patients with liver graft steatosis and
lobular inflammation

Given its crucial role in lipid metabolism regulation, we compared serum levels of miR-33a in

patients with no steatosis and patients with liver graft steatosis (Table 2). In order to validate

this analysis, we also evaluated serum levels of two miRNAs with known association with

NASH (miR-34a and miR-122, positive validation) and one miRNA not previously associated
with NASH (miR-106b, negative validation). Next, we compared serum of those four miRNAs
in patients with and without lobular inflammation, with and without ballooning and with and

without fibrosis.

Table 2. Associations of miRNAs with liver biopsy findings. Top row shows fold changes and 95% confidence intervals. Bottom row shows p-values derived from

1-way ANOVA. Statistically significant results are printed in bold.

Steatosis Inflammation Ballooning Fibrosis
miR-33a 1.17 (1.04-1.30) 1.25 (1.08-1.42) 1.10 (0.86-1.35) 1.02 (0.93-1.11)
0.034 0.003 0.30 0.79
miR-34a 1.42 (0.74-2.10) 1.96 (0.88-3.04) 2.23(0.27-4.20) 1.38 (0.81-1.96)
0.28 0.030 0.86 0.39
miR-122 1.19 (0.92-1.46) 1.46 (1.06-1.87) 1.57 (1.02-2.12) 0.76 (0.60-0.92)
0.29 0.031 0.023 0.13
miR-106b 1.06 (0.73-1.38) 1.04 (0.74-1.34) 1.18 (0.57-1.80) 1.05 (0.79-1.36)
0.62 0.83 0.36 0.82

https://doi.org/10.1371/journal.pone.0224820.t002
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We found that serum miR-33a was associated with liver graft steatosis and lobular inflam-
mation. Specifically, patients with steatosis on liver biopsy had 17% (95% CI 1.04-1.30)
increase of serum miR-33a, compared to subjects without steatosis (p = 0.034, Table 2), and
patients with lobular inflammation on liver biopsy had 25% (95% CI 1.08-1.42) increase of
serum miR-33a in comparison to subjects without inflammation (p = 0.003, Table 2). There
was no association between miR-33a and ballooning or fibrosis (Table 2). Consistent with pub-
lished reports, miR-34a and miR-122, used for positive validation, but not miR-106, used for
negative validation, showed a significant increase in patients with liver inflammation [15].

Circulating miR-33a is an independent predictor of graft steatosis in
context of clinical and laboratory characteristics

The increased serum levels of miR-33a in patients with steatosis prompted us to investigate
whether miR-33a has a potential role as non-invasive biomarker of graft steatosis. We also pos-
tulated that if such role exists, miR-33a should be associated with graft steatosis independently
of demographic, clinical, and biochemical variables.

To answer this question, we first used univariate analysis to identify demographic, clinical
and biochemical variables associated with graft steatosis. To do so we divided all patients into
group without steatosis and group with steatosis (Table 3). This analysis showed that in addi-
tion to serum miR-33a, steatosis was also associated with laboratory or demographic variables
including age, BMI, waist circumference, diabetes, treatment with statins, ALT, glycaemia,
HbAlc, C-peptide, HOMA-IR and triglycerides. Multivariate regression analysis showed that
miR-33a was independent predictor of graft steatosis. For each fold-change of miR-33a serum
level, the odds ratio for graft steatosis increased 2.9-fold (Table 4). In addition, glycaemia,
waist circumference and ALT were found to be independent predictors of graft steatosis as
well, consistently with previous reports [4].

Circulating miR-33a is an independent predictor of liver graft
inflammation in context of clinical and laboratory characteristics

Next, we asked whether miR-33a is independently associated with liver graft inflammation.
Hence, we divided all patients into two groups. The first one included patients without lobular
inflammation in their liver biopsy and the second one included patients with present lobular
inflammation. Based on the results of univariate analysis, we analysed miR-33a along with age,
BMI, waist circumference, diabetes, glycaemia, HbAlc, C-peptide, HOMA-IR, triglycerides,
total cholesterol plasma concentration, glomerular filtration rate (MDRD-GFR) and C-reac-
tive protein (CRP) (Table 5). In addition, we found that liver graft inflammation was also asso-
ciated with miR-34a and miR-122 in univariate analysis (Table 2 and Table 5). Multivariate
regression analysis showed that miR-33a, but not miR-34a or miR-122 was an independent
predictor of lobular inflammation. For each fold-change of miR-33a serum level, the odds
ratio for lobular inflammation was increased 4-fold (Table 6). In addition, HbAlc and triglyc-
erides were found to be independent predictors of lobular inflammation as well.

Clinical utility of miR-33a in non-invasive diagnosis of liver graft steatosis
or inflammation

Multivariate regression showed that miR-33a, glycaemia, waist circumference and ALT repre-
sent independent predictors of hepatic steatosis. Based on the Wald’s statistics, which assesses

the relative contribution of each variable to the outcome in regression model, we hypothesized
that the relative significance of miR-33a (Wald’s coefficient 4.3) in prediction of liver graft
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Table 3. Steatosis. Univariate analysis of the effect of clinical and laboratory findings on developing graft steato-

sis. Data are given as N (%) or median (1

st _ 3rd

quartile). Significant results are printed in bold. Normal ranges of bio-

chemical values are mentioned in Table 1. Non-steatosis group includes subjects without histologically proven graft

steatosis (< 5% of hepatocytes); steatosis group comprises all patients with steatosis grade 1-3.

Non-steatosis Steatosis p-value
N =55 (47.4%) N =61 (52.6%)
Male gender 23 (41.8%) 37 (60.7%) 0.06
Age [years] 48.7 (37.5-59.2) 60.1 (50.8-65.9) 0.001
Time from LTx [days] 798 (471-3711) 894 (445-1916) 0.51
BMI [kg/rnz] 23.6 (21.5-27.4) 27.3 (24.5-31.1) < 0.001
Waist circumference [cm] 88 (81.5-96) 103 (92-111) < 0.001
Hypertension 29 (52.7%) 41 (67.2%) 0.13
Diabetes 8 (14.5%) 23 (37.7%) 0.006
Statins 5(9.1%) 14 (23%) 0.049
Liver function tests:
Bilirubin [pmol/L] 12.1 (9.4-19.2) 12.4 (9.1-17.1) 0.67
AST [pkat/L] 0.39 (0.32-0.45) 0.40 (0.34-0.50) 0.12
ALT [pkat/L] 0.41 (0.34-0.49) 0.52 (0.40-0.69) 0.021
Glucose metabolism:
Glycaemia [mmol/L] 5.2 (4.9-5.6) 5.5 (4.9-6.5) 0.003
HbAlc [%] 36 (32-39) 38 (33-45) 0.010
C-peptide [nmol/L] 0.7 (0.6-0.9) 0.8 (0.6-1.2) 0.030
Insulinemia [mIU/mL] 7.2 (4.6-9.1) 7.6 (5.0-11.2) 0.06
HOMA-IR 1.7 (1.0-2.2) 2.1(1.1-3.2) 0.01
QUICKI 0.35 (0.34-0.38) 0.34 (0.32-0.38) 0.19
Lipid metabolism:
Triglycerides [mmol/L] 1.0 (0.8-1.3) 1.2 (0.9-1.9) 0.004
Total cholesterol [mmol/L] 4.4 (3.8-4.9) 4.5(3.8-5.2) 0.27
LDL-cholesterol [mmol/L] 2.5(2.1-3.0) 2.6 (1.9-3.2) 0.42
HDL-cholesterol [mmol/L] 1.3 (1.0-1.5) 1.1 (0.9-1.4) 0.07
Renal function:
Creatinine [pmol/L] 91 (76-101) 99 (82-121) 0.08
MDRD-GFR [ml/min/l.732] 73 (54-82) 63 (51-77) 0.11
Blood count:
WBC [x10°/L] 5.9 (4.8-7.3) 6.2 (5.1-7.5) 0.86
Erythrocytes [x10'%/L] 4.6 (4.3-5.0) 4.8 (4.3-5.1) 0.39
Haemoglobin [g/L] 136 (122-148) 136 (128-152) 0.39
Thrombocytes [x10>/L] 184 (142-238) 172 (145-216) 0.34
CRP [mg/L]* 1.8 (0.8-3.1) 2.9 (1.3-5.7) 0.06
miRNAs:
miR-33a 1.19 (0.96-1.48) 1.29 (0.89-1.76) 0.034
miR-34a 1.37 (0.91-2.65) 1.76 (1.15-3.02) 0.28
miR-106b 1.62 (1.06-2.18) 1.37 (1.03-2.12) 0.62
miR-122 3.31 (1.44-5.95) 3.99 (2.05-8.44) 0.29

* CRP was measured only in 59 patients from the cohort.

https://doi.org/10.1371/journal.pone.0224820.t003

steatosis will be, at most, at par with clinical and laboratory parameters (waist circumference
(Wald’s coefficient 13.6), glycaemia (Wald’s coefficient 4.5), ALT (Wald’s coefficient 4.93))

(Table 4). To confirm or reject this hypothesis, we constructed a receiver operating
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Table 4. Steatosis. Multivariate logistic regression involving all significant variables from univariate analysis (including miR-33a). ALT underwent logarithmic

transformation.

miR-33a
waist circumference
glycemia
ALT
https://doi.org/10.1371/journal.pone.0224820.t004

p-value Odds ratio 95% CI Wald
0.039 2.86 1.06-7.75 4.27

< 0.001 1.07 1.03-1.11 13.63
0.034 1.51 1.03-2.21 4.48
0.026 3.71 1.17-11.79 4.93

characteristics (ROC) curve, which showed that inclusion of all four variables rendered 80.2%
accuracy of the regression model for steatosis (Fig 2). Exclusion of miR-33a from the model
decreased the accuracy of the regression model by 0.7% to 79.5% (Fig 2).

Utilizing a similar approach for assessment of relative contribution of miR-33a to lobular
inflammation in regression model, we found that the area under the curve (AUROC) for all
three independent predictors (serum miR-33a, triglycerides, HbAlc) was 75.7%, whereas
exclusion of miR-33a decreased accuracy to 74.7% (Fig 3). Taken together, although serum
miR-33a was an independent predictor of liver graft steatosis or lobular inflammation, its con-
tribution to the predictive model was limited.

Discussion

Our results have shown that serum levels of miR-33a are significantly increased in liver trans-
plant recipients with graft steatosis or lobular inflammation. Using multivariate regression anal-
ysis we showed that miR-33a is an independent predictor of liver graft steatosis or lobular
inflammation in the context of clinical and biochemical variables. To the best of our knowledge
this is the first study that described increased circulating miR-33a in patients with NAFLD, and
these novel findings are consistent with our current understanding of the role of miR-33a in
lipid metabolism. We believe, that as the transplant recipients with graft steatosis share most of
risk factors associated with NAFLD in general population, particularly high prevalence of risk
alleles of PNPLA3 rs738409 and TM6SF2 rs58542926 gene polymorphism in corresponding
donors, higher BMI, higher triglycerides plasma concentration and diabetes mellitus [4,16,17],
our finding could probably, with caution, also apply to regular NAFLD/NASH patients.

Our finding of increased serum level of miR-33a in patients with liver graft steatosis is con-
sistent with the known role of miR-33a in lipid metabolism. First, miR-33 is encoded by an
intronic sequence within genetic loci encoding SREBP-1 and SREBP-2, two transcription fac-
tors critically involved in regulation of fatty acid and cholesterol homeostasis [10] [11]. Second,
expression of miR-33, along with expression of SREBP-1 and -2, is upregulated by insulin
resistance, which has a causal role in pathogenesis of NAFLD [18]. Third, suppression of miR-
33a by genetic approaches or by therapeutic RNA in preclinical models of NAFLD [12] [19]
resulted in the development of liver steatosis or in major changes of plasma lipoprotein profile.
Although our findings suggest that the increased serum levels of miR-33 may reflect increased
expression of SREBP-1 and -2 driving an increased lipid and cholesterol synthesis, we cannot
completely rule out the possibility that increased miR-33 reflects insulin resistance rather than
increased lipogenesis. Similarly, we cannot attribute the increased levels of miR-33 in the
serum solely to its release from liver cells as miR-33 (and SREBP-1) are expressed in all tissues
metabolizing lipids or cholesterol, albeit to a lesser degree compared to hepatocytes [11].

Although we identified miR-33a as independent predictor of liver graft steatosis and
inflammation, it needs to be emphasized that statistical significance does not always imply
clinical relevance. Using ROC analysis we showed only limited contribution of miR-33a to pre-
diction modelling of steatosis and lobular inflammation in the context of other independent
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clinical or demographic predictors. This finding of limited clinical relevance is consistent with
previously published reports, that showed that AUROC of microRNA (namely miR-34a miR-
122) in the diagnostics of lipid accumulation or liver inflammation was between 0.6-0.8 [20].

Table 5. Lobular inflammation. Univariate analysis of the effect of clinical and laboratory findings on developing

liver graft inflammation. Data are given as N (%) or median (1

st _ 3rd

quartile). Significant results are printed in bold.

Normal ranges of biochemical values are mentioned in Table 1. Non-lobular inflammation group includes subjects
without histologically proven lobular inflammation; lobular inflammation group comprises all patients with lobular

inflammation grade 1-3.

Non- inflammation Lobular inflammation p-value
N =70 (60.3%) N =46 (39.7%)
Male gender 35 (50%) 25 (54.3%) 0.71
Age [years] 52.5 (40.9-62.4) 60.1 (50.8-65.3) 0.038
Time from LTx [days] 898 (482-3680) 771 (433-1901) 0.39
BMI [kg/mz] 24.2 (21.9-28.2) 27.7 (24.5-30.9) 0.002
Waist circumference [cm] 91 (83-103) 103 (93-113) < 0.001
Hypertension 40 (57.1%) 30 (65.2%) 0.44
Diabetes 11 (15.7%) 20 (43.5%) 0.001
Statins 10 (14.3%) 9 (19.6%) 0.46
Liver function tests:
Bilirubin [umol/L] 12.4 (9.4-19.3) 12 (9.1-16.3) 0.42
AST [ykat/L] 0.40 (0.32-0.45) 0.39 (0.34-0.54) 0.15
ALT [upkat/L] 0.44 (0.36-0.52) 0.53 (0.39-0.70) 0.09
Glucose metabolism:
Glycaemia [mmol/L] 5.2 (4.9-5.7) 5.6 (5.0-6.8) 0.003
HbAlc [%] 36 (32-40) 39 (34-47) < 0.001
C-peptide [nmol/L] 0.7 (0.5-0.9) 0.8 (0.7-1.1) 0.032
Insulinemia [mIU/mL] 7.1 (5.0-9.5) 8.1(4.3-114) 0.13
HOMA-IR 1.6 (1.1-2.5) 2.2 (1.0-3.2) 0.037
QUICKI 0.36 (0.33-0.38) 0.34 (0.32-0.38) 0.21
Lipid metabolism:
Triglycerides [mmol/L] 1.0 (0.8-1.3) 1.3 (1.0-2.1) < 0.001
Total cholesterol [mmol/L] 4.2 (3.7-4.9) 4.7 (4.1-5.3) 0.019
LDL-cholesterol [mmol/L] 2.4 (1.9-3.0) 2.7 (2.3-3.2) 0.06
HDL-cholesterol [mmol/L] 1.3 (1.0-1.5) 1.1 (0.9-1.4) 0.08
Renal function:
Creatinine [pmol/L] 91 (77-104) 100 (83-123) 0.07
MDRD-GFR [ml/min/1.73?] 73 (54-83) 63 (50-76) 0.032
Blood count:
WBC [XIOQ/L] 5.8 (4.8-7.2) 6.6 (5.5-7.9) 0.08
Erythrocytes [x10'%/L] 4.7 (4.4-5.0) 4.8 (4.3-5.2) 0.40
Haemoglobin [g/L] 135 (125-148) 142 (125-151) 0.56
Thrombocytes [x10°/L] 173 (140-218) 176 (146-223) 0.60
CRP [mg/L]* 1.8 (0.75-3.4) 3.1 (1.4-5.2) 0.027
miRNAs:
miR-33a 1.18 (0.92-1.50) 1.35 (0.93-1.92) 0.003
miR-34a 1.37 (0.94-2.39) 2.09 (1.16-3.22) 0.03
miR-106b 1.41 (1.06-2.06) 1.38 (1.01-2.41) 0.83
miR-122 3.34 (1.46-5.61) 4.97 (1.98-10.14) 0.031
* CRP was measured only in 59 patients from the cohort.
https://doi.org/10.1371/journal.pone.0224820.t1005
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Table 6. Lobular inflammation. Multivariate logistic regression involving all significant variables from univariate
analysis (including miR-33a, miR-34a, miR-122).

p-value Odds ratio 95% CI Wald

miR-33a 0.006 3.95 1.49-10.46 7.62
HbAlc 0.049 1.07 1.00-1.15 3.87
Triglycerides 0.053 2.40 0.99-5.82 3.74

https://doi.org/10.1371/journal.pone.0224820.1006

Not only miRNAs, that failed to act as useful biomarker of NAFLD/NASH but most of other
recently suggested noninvasive biomarkers are lacking sufficient discriminatory power, or pos-
ses other shortcommings preventing them from use in routine clinical practice [21].

The inherent drawback of using miRNAs as non-invasive markers of liver disease relies in
their mechanism of activation, which is usually dependent upon gene or metabolic pathways
they are part of. If, as it is often in the case of NAFLD, those genes are involved in glucose or
lipid regulation, then readily available laboratory markers of insulin resistance or dyslipidemia
will provide similar diagnostic information and therefore it would be of no surprise that add-
ing the corresponding miRNA does not further contribute to the diagnostic model accuracy.

We used a cohort of liver transplant recipients for our study because we believe that these
represent appropriate in vivo model of liver steatosis and steatohepatitis demonstrating most
of the epidemiologic and genetic risks described in general population [5,16,17]. We are not

ROC for steatosis
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Fig 2. ROC curve for liver graft steatosis. ROC curve for steatosis shows that exclusion of miR-33a from the model decreased the accuracy of the regression model by

0.7%.
https://doi.org/10.1371/journal.pone.0224820.9002
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Fig 3. ROC curve for lobular inflammation. ROC curve for liver graft inflammation shows that exclusion of miR-33a from the model decreased the accuracy of the

regression model by 1%.

https://doi.org/10.1371/journal.pone.0224820.9003

aware of any difference between pathogenetic mechanisms employed in NAFLD in general
population and in liver transplant recipients. It was also described previously that graft steato-
sis is not transferred from the donor as it rather resolves shortly after transplantation [22-24].
Despite we have found no association between immunosuppressive treatment and develop-
ment of graft steatosis after liver transplantation in cohort of 268 liver transplant recipients,
this influence cannot be easily ruled out [17]. The advantage of this cohort is that graft steatosis
after liver transplant develops with high prevalence (20-40% on average) and faster than in
general population [5] [6]. In addition, liver transplant recipients have close follow-ups includ-
ing protocol liver biopsy, which is still the gold standard in diagnosis of NAFLD. We also used
the two most investigated miRNAs (miR-34a and miR-122) in non-transplanted patients with
NAFLD as positive validation of our results and they were also upregulated in case of liver
transplant recipients. Next, we are aware that most of our patients had mild NAFLD pheno-
type, and we believe that including patients with more advanced NAFLD could unravel greater
contribution of serum miR-33a to the liver phenotypes investigated in this study.

Nevertheless it is necessary to keep in mind that transplanted patients are specific cohort,
due to immunosuppression including steroids, (described in detail in S1, S2 and S3 Tables),
and host-graft interactions which are nowadays not completely understood. Taken all together,
patients with NAFLD after liver transplantation has many similarities with the general
NAFLD population and probably serve as valuable model, but the findings should apply to
general population with considerable caution.
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In conclusion, we have shown that circulating miR-33a is associated with steatosis and
inflammation in patients with non-alcoholic fatty liver disease after liver transplantation. If
validated in more robust cohorts of patients with more advanced stages of NAFLD/NASH,
preferably from general population, miR-33a could potentially be used as a useful biomarker.
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